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Abstract

New Generation Vehicle such as Hybrid Electric (HEV) and Battery Electric Vehicles (EV) have higher
efficiency compared to conventional vehicles, and therefore releasing less carbon emissions. However,
arguments arise whether this kind of New Generation Vehicle is truly clean compared to the existing system,
especially in developing country such as Malaysia since current knowledge only focus on Greenhouse Gas
(GHG) generation. This study aims on provide better understanding of the environmental consequences of the
compact vehicle production activities based on 5 impact classifications which is GHG generation, Acidification,
Eutrophication, Carcinogenic Effect, and Human Health measured in “Disability Adjusted Life-Year” (DALY)
using Life Cycle Inventory (LCI) Analysis under local electricity mix in 2017 and 2030. A trade-off comparison
then can be made to assess the current vehicle technologies with high potential of mass usage in Malaysia—
Conventional Internal Combustion Engine Vehicle (CV), EV, and HEV vehicles with two types of batteries;
Nickel Magnesium Hydride (HEV-NiMH), and Lithium Nickel-Magnesium-Cobalt (HEV-NMC). This study
found that EV have slightly higher potential to cause a global warming (5,791kg of CO, equivalent emission),
follow by HEV-NiMH (4,814kg), HEV-NMC (4,596kg) and CV (4,166kg) embodied per vehicle. Cradle-to-gate
of CV is better in term of GHG emission and Carcinogenic impact compared to all the studied subjects but in
overall measurement, it is not the best solution for human health, measured in DALY. Conversely, HEV have
high environmental impact on the same categories. DALY for 2017 EV production is at 0.0014, CV at 0.0019,
HEV-NiMH at 0.0036 and HEV-NMC at 0.0022. The situation created a trade-off between having higher
Acidification and Eutrophication from CV production against having higher GHG emission of its replacement
EV production.
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1. Introduction
1.1 Background, Purpose & Present State of Research

Global anthropogenic carbon dioxide increased alarmingly since the past decade, forecasted to pass 400ppm in
2016 (Betts, Jones, Knight, Keeling, & Kennedy, 2016) caused from fossil fuel burning such as energy
production and vehicle use. This situation will most likely bring catastrophic consequences if no intervention is
taken. Hence, increasing environmental awareness and desire to reduce our reliance on fossil fuel give rise to the
introduction of Hybrid Electric Vehicle (HEV) and pure battery driven Electric Vehicles (EV) to reduce the
impact from the transportation sector. These new generation vehicles tend to have higher fuel efficiency and
lower emissions compared to current mass produced conventional internal combustion engine vehicles (CV).

Several countries lead in this New Generation Vehicle production and adoption. Japan for instance is seeing
registered New Generation Vehicle exceeding five million units in 2015 (Japan Automobile Manufacturers
Association Inc., 2016) which was driven by strong government policy towards clean emission vehicle. Similarly
in Norway, EV contributed to 22% of total vehicle sales in 2015 (Jeff Cobb, 2016). Increasing trend of New
Generation Vehicle ownership can be seen across European Union countries due to various EV and HEV friendly
policies and incentives(International Energy Agency Organization, 2015).
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Ever since the successful introduction of mass-produced New Generation Vehicles, Toyota and Honda leap far
ahead in HEV technology compared to other manufacturers, and Nissan turns out to be the main producer of EV.
New technological innovations help Japan to be the global leader of New Generation Vehicle production and
export, while having production facilities in foreign nations. In recent years, United States also shown great
interest in embracing cleaner emission vehicles. Tesla is starting to dominate the electric cars market. However,
arguments arise whether this kind of New Generation Vehicle is truly clean compared to the existing system,
especially in developing country such as Malaysia. Out of 11 million active passenger cars here, only 50,000
units is consisting of new generation vehicles (Ministry of Transportation Malaysia, 2015). This trend is unlikely
to change as the current policies still favors the previous generation vehicles, further degenerating the
environment. Worse, Malaysia ended support for New Generation Vehicle in December 2013 through disposition
of tax incentive after only 2 years of application (Monical, 2014). This decision leads to a plummeting number of
New Generation Vehicles being sold in the market while reducing public confidence on future of New
Generation Vehicle. Changing the situation requires an underlying improvement and comprehension in
policy-making. The last improvement in vehicle-environmental related policy was done in 1996. Current vehicle
emission regulation, only equals to EURO 2 emission standard while developed world are currently embracing
EURO 6, further indicating that a vehicle policy overhaul is long overdue.

One of the strong point of New Generation Vehicle is having much better fuel efficiency compared to
conventional vehicles, and therefore having less carbon emissions. However, policy makers continue to dispute
whether this kind of New Generation Vehicle is truly clean especially if embodied emissions is being factored in.
Several studies have been done in order to study this through life cycle assessment of New Generation Vehicle.
Brinkman et al. (2005) uses probability based distribution function to measure the energy use and emission for
individual vehicle focusing more on the fuel system variable than vehicle production inventory. Hawkins uses
the whole lifecycle of a vehicle as basis of study, including usage, fuel type used, mileage, and based on
European condition. Additionally, Hawkins et al. (2013) uses the Eco-Invent database for inventory with ReCiPe
for impact calculation method. Higuchi et al. (2012) uses data from existing material from Japanese literature to
manually calculate the Disability Adjusted Life Year (DALY) and Expected Increase in Number of Extinct
Species (EINES) based on Japanese specific case while Zackrisson et.al (2010) alternatively uses Eco-Invent
database as information source to estimate the impact of Lithium Ion Battery for EVs. This database serves as
tools in order to quantify the impact of each product being studied.

Another related study is from Messagie et al. (2010) which assess the vehicle technologies based on Belgium
inventory context, also using information from Eco-Invent database. Hawkins et al. (2012) also stated that out of
51 LCA studies being reviewed, none of it provides a complete assessment of a single vehicle which may lead to
a significant error due to insufficient representation of production phase. Similarly, Nordelof et al. (2014)
presents a conclusion based on 79 research papers of the same area. Main problems are related to intention of
study application and proper reason of carrying out the study. Correspondingly, this study aims to answer the
question related to quantitative and comparative environmental impact of various type of vehicle production
stage. Also, results of this study is expected to provide supporting information for manufacturers and policy
makers to improve related environmental management policies especially in national level.

This study aims to quantify the amount of environmental impact of vehicle production activities from material
mining until final production of compact passenger vehicle cars in Malaysia using IDEA database and LIME
factorization method. This article will provide 5 impact classifications which is Greenhouse Gas (GHG)
generation, Acidification, Eutrophication, Carcinogenic Effect, and overall Human Health Impact — DALY. An
integration calculation is done via Life-cycle Impact Assessment Method Endpoint Modeling (LIME2)
methodology by (Itsubo & Inaba, 2010) based on the information generated. This method uses material and
weight based calculation in order to determine the impact for each product and process. Result of impact
calculation carry the purpose as evaluation information between the vehicle technologies. It also serves as
calculation basis for modeling of vehicle management policy for the determination of best case scenario to assist
policy development of future regulation adaption and environmental improvements.

Study will also be limited on the simulation of production to Malaysia context, with implementation of localized
data information. Power generation mix for national grid is used as one of the primary variable with electricity
production divided into five major categories; coal, natural gas, hydro, nuclear, and renewables.

2. Method and Modeling Process
2.1 Life Cycle Assessment Method

The assessment method used to evaluate certain stage of vehicle lifecycle is known as life cycle assessment
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(LCA). It includes all life stage including production, usage and post-usage thus also known as “cradle-to-grave”.
Each life cycle stage has plenty of variables which have the potential to modify the outcome of lifecycle study.
Nearly all studies found focused on vehicle cradle-to-grave analysis. Moreover, in order to create an LCA
analysis, researchers often left out the details of material inventories with minor attention given in cradle-to-gate
stage. Hence, some study focus only on specific stage of vehicle lifecycle which is known as Life Cycle
Inventory (LCI) or “cradle-to-gate”. One reason for focusing on limited life stage is to increase the transparency
and improving existing understanding and estimation (Hawkins et al., 2013).

Previous LCI study for CV cars ranges from 4500 to 10,000 kg of CO, being released during the whole process
of production (Gbegbaje-Das, 2013; Maclean & Lave, 2003; Schweimer, 2000; Volkswagen AG, 2012).
Hawkins (2013) offered a factorization of Skg CO, per 5kg of the vehicle weight. Most studies were also found
using heavier passenger vehicles compared to this study. Nearly all of the current LCA & LCI studies utilize
inventory database form either GREET from US or Eco-Invent from Europe. Absence of studies utilizing tools
from Asia gave idea to this paper.

2.2 Scope, System Description

This paper evaluates the risk of environmental impact of all vehicle classes from the viewpoint of Life Cycle
Inventory (LCI). Studies of environmental impact of vehicle lifecycle has been done by various researchers
focusing on whole vehicle lifecycle (Hawkins et al., 2013; Majeau-Bettez, Hawkins, & Stromman, 2011). Due to
the complexity of Life Cycle Assessments calculations, researchers opted to use commercially available software
using many available inventory databases.

This situation had lead this study into constructing own vehicle model in LCA software. It is decided to utilize
MiLCA software tool as to provide an alternative analysis compared to other existing articles. Clues for the
inventory database had been collected from various existing sources (Althaus, Gauch, & Empa, 2010; Babu &
Ashok, 2014; Majeau-Bettez et al., 2011). Unlike previous studies, vehicle LCI in this research uses Inventory
Database for Environmental Analysis (IDEA database) which was developed and maintained by Japanese
Environmental Management Association for Industry. This LCI research focus is exclusively from material
extraction from mining activity until the finished product is ready for delivery (cradle-to-gate analysis) without
consideration of the usage and end-of life stage. LCI was originally only one part of LCA studies. The reason for
focusing on production stage is to provide a clear and unbiased assessment between the technologies.

Environmental assessment used in this study is based on “Lifecycle Impact Assessment Method Based On
Endpoint” (LIME and LIME2) methodology. LIME method basically covers the evaluation of common
environmental impact such as Global Warming Potential, Acidification Potential (AP), Eutrophication Potential
(EP) and Carcinogenic Potential. LIME2 expansion offers to further integrate the inventories in order to provide
damage on human health and damage on ecosystem index. The vehicle types being studied is CV, HEV with
Nickel-Metal Hydride (Ni-MH) and Nickel Manganese Cobalt Oxide (NMC) based Lithium Ion (Li-Ion)
batteries, and EV with NMC Li-ion batteries. It is modelled according to IDEA inventory database which are
based from statistical and industry input of Japan.

In order to estimate the associated risk from vehicle production, it is decided to construct a vehicle inventory
model from past researches for most components before any analysis can be done. As for base model, we chose
to model a Conventional Internal Combustion Engine Vehicle based on a locally manufactured vehicle as the
‘glider’ — a vehicle with all necessary components and equipment, minus the addition of the vehicle power plant
and its immediate components. Furthermore, a modified version of the vehicle is also being modeled with
additional parts suited for Hybrid Electric Vehicle and Battery Electric Vehicles. Model build is based on
material type and weight for each component. This information is used as input on IDEA database to calculate all
the necessary upstream processes involved either directly (foreground) or indirectly (background). Our
estimation uses global average values from IDEA database as basis of calculation for this study with
modification to suit Malaysian case.

2.3 Time Period

The energy mix of 2017 and 2030 was used to test whether the planned energy mix have any substantial
difference on overall environmental impact. The Energy Commissions of Malaysia (2013) provided local
historical and future plan of electricity generation. The country plans to generate 53% of electricity from Coal,
41% from national gas, while 4% from hydroelectric dam and 2% from other renewables in 2017. However, in
2030, 52% of electricity will be generated from coal, 24% from natural gas, 9% from the planned nuclear power
plant, 13% from hydroelectric plant and 3% from other renewable sources.
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2.4 Target Area

Aiming at quantifying the impact of vehicle produced in Malaysia, the target area is Malaysia. Boundary for the
lifecycle study will be from cradle-to-gate, which starts from prime material extraction until the vehicle is ready
to be delivered. Complimenting this is geographic boundaries which limits to Malaysia. Most inventory data for
vehicle production and material mining was using the supplied data from IDEA on Malaysia. However, the
vehicle model, parts and component weight was modified to reflect the target vehicle models. Malaysian power
generation characteristics was also integrated into the modified data.

2.5 Inventory and Analysis

This study limits the LCA scope until the production process of a completed compact passenger car. Functional
unit for this study will be on per vehicle basis. For the purpose of modeling, logistical part of each inventory
were excluded as the main components was considered to be manufactured in-house (foreground).
Transportation of inventories further up in the production stream (background) has been integrated within each
production steps. The compact vehicle is selected in this model due to the very high ownership of compact cars
in Malaysia (Ministry of Transportation Malaysia, 2015).

Table 1. Vehicle model component parameter (in Kilogram weight)

Component modules CV HEV (NiMH) HEYV (Li-lon) EV
Curb weight 980kg 830 830 830 830
Glider

Internal Engine 150 150 150 -
NiMH battery (55.3aH per KG) - 28 - -
Li-Ion battery (112aH per KG) - - 13.8 200
Power Distribution Unit - 2.9 3.9 3.9
Inverter - 9.5 9.5 9.5
Electric Motor - 26.5 26.5 42.4

Base vehicle used as model for this study only weighted 980kg. It was based on one glider shell which consists
of all the necessary parts to be distinguished as a complete vehicle which includes all the interior and exterior
parts & panels, tires and its spare, windows, cables and instrument, lead-acid type battery, minus the engine and
power generation unit with its auxiliary items. Main difference between vehicle models can be seen in Table 1.
As for Electric motor, the value of 50kW for HEV, and 80kW for EV was used. Power distribution and inverter
remains the same for both units. All foreground inventories for electric motor and its directly related components
is gathered from Habermacher (2011).

Previously New Generation Vehicle was often modeled with weight reduction compared to existing vehicles.
However, in recent years the manufacturers started to implement the hybridization of current vehicle models
without the weight reduction as battery technology continues to shrink in size. Therefore, this study will use the
same CV models as basic model and retrofit with respective New Generation Vehicle System.

There are plenty of high capacity batteries deemed suitable for electric vehicle usage. Majeau-Bettez et.al. (2011)
provided the inventories for Nickel-Metal Hydride and Li-Ion battery used in this study. Two types of batteries
being used in the HEV model — Nickel Magnesium Hydride (NiMH) and Nickel-Manganese-Cobalt Oxide
(Li-Ion NMC) which have higher energy density per kilogram compared to NiMH as a comparative assessment.
The battery energy capacity for HEV is fixed to 1550 wH and 44000 wH for EV model based on currently
available vehicle in the market. The EV being modeled in this study is expected to be able to reach 270 km per
full charge. This travel distance represents the average of one week of commute for residents in Kuala Lumpur
for day-to-day activities.

Impact categories being considered for this study in order to quantify the environmental impact of vehicle
construction is shown in

Table 2. Global warming potential (GWP) which calculated at per kilogram of carbon dioxide equivalent is
commonly used as indicator for climate change. Acidification calculated using LIME represents the potential of
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transforming air and ground in becoming more acidic, which technically including acid rain potential (Itsubo &
Inaba, 2012a). Eutrophication is the potential of causing algae bloom as direct result from increase of nutrient
salts such as phosphorus and nitrogen. This have the potential to increase biochemical oxygen demand and
causing suffocation of aquatic lives. Carcinogen being measured in LIME target on toxic chemicals which may
endanger human health. It is characterized as Human Toxicity Potential (Carcinogen) and being factorized as 1
kg of benzene equivalent exposure. The values also accompanied with 1 main indicator; DALY.

Table 2. Impact assessment parameter

Impact Category Method Unit
Global Warming Potential IPCC, 2007 kg-CO; eq.
Acidification LIME, 2006 kg-SO, eq.
Eutrophication LIME, 2006  kg-phosphate eq.

Human Toxicity Potential (Carcinogen) LIME, 2006  kg-benzene eq.
Human Health LIMEZ2, 2006 DALY

DALY is the characterization of the ability loss of health due to loss of life expectancy. Murray (1994,1996)
developed the groundworks for DALY characterization together with World Health Organization for research on
the Global Burden of Disease. Itsubo and Inaba (2012b) modified this in order to compute the impact of each
substance used in LCI for LIME2 to make calculation easier. In our case, DALY is being calculated for the
passenger car production sector. The damage factors are initially calculated by product inventory’s DALY per kg
for each substance before integrating all of the substance. This gave the result of total DALY expressed in
number of year loss. This is expressed in Equation 1. Substance impact have been pre-calculated in the LCI tool.

DALY Indexy,q, = Z Z {Damage Factor'™?%t(Human Health, Substance) X Inventory(Substance)}

Equation 1

Impact Substance
3. Result and Discussions
3.1 Factorized Environmental Impact

Evaluation results in Figure 1 to Figure 8 is the LCI comparison between four vehicle technologies in question. It
represents current conventional internal combustion engine vehicle (CV), Hybrid electric vehicle with Nickel
Metal Hydride (HEV-NiMH) batteries, Hybrid electric vehicles with Dbatteries of Lithium
Nickel-Magnesium-Cobalt Oxide type (HEV-NMC) and pure battery driven electric vehicle (EV). It was
modelled by power generation mix of Malaysia in 2017 (see Appendix A).

Environmental impact in interest are Global Warming Potential (GWP) measured from greenhouse gas emissions,
Acidification, Eutrophication, Carcinogen Emission, and indexed in Disability-Adjusted-Life-Year (DALY).
Calculation and factorization was done using LIME2 library and methodology apart from GWP which uses
IPCC factoring method.

The global warming potential of passenger vehicle production in Malaysia is shown in Figure 1. The values
portrayed is results of factorization based on IPCC 2007 method for each emitted gas. Production of electric cars
based on the same platform have the potential to increase 39% extra CO, equivalent gas per vehicle. This
increase was due to the production of the electrical drive components which contributes 960kg of CO, equivalent
GHG whilst the 200kg Lithium NMC carries 1860kg of GHG. HEV with NiMH battery also releases a
noticeable increase of GHG compared to Lithium NMC due to higher mass required to carry the same energy
capacity. NiMH batteries carries CO, intensity of 14.96kg CO, for each kg as oppose to 13.41kg in Lithium
NMC. Changing of power generation mix to include nuclear, solar, and more hydroelectric energy as planned is
likely to reduce the total GHG by a slight margin.
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kg CO, equivalent

7000

0 1000 2000 3000 4000 5000 6000
EV 30 B 5645
EV 17 Bl 5791
HEV-NMC 30 I 4550
HEV - NMC 17 I 4596
HEV - NiMH 30 I 4756
HEV - NiMH 17 I 4814
CV 30 I 4130
Cv 17 I 4166
M Carbon Dioxide (Biogenic) B Carbon Dioxide (Fossil) Methane B Methane (Fossil)
B Nitrous Oxide Tetrafluoromethane M Sulfur Hexafluoride

Figure 1. Global Warming Potential of passenger vehicle production in Malaysia, measured in kilogram of CO2

Note: Electric Vehicle (EV), Hybrid Electric Vehicle with Lithium Ion battery (HEV-NMC), Hybrid Electric
Vehicle with Nickel Metal Hydride battery (HEV-NiMH), Conventional Internal combustion engine vehicle (CV).
16 = modelled with 2017 power mix, 30 = modelled with 2030 power mix.

Global Warming Potential is often used as common measurement for vehicle technology comparison. This
provide an opportunity for a comparative analysis with previous studies. Table 3 lists the GHG comparison
between result of LCI between previous studies and this study, under vehicle expected lifetime of 150,000 km.
GHG emission is lowest compared to other existing studies at 4,166 kg per CV. Reason for this is the compact
vehicle model being modeled for the study, as well as inventory data uncertainty caused by different database
used, and power generation mix used in vehicle production.

Table 3. Comparative GHG emissions of CV with other studies

Impact Category Total GHG Emission (kg) GHG emission per distance (g/km)
This Study 4,166 27.77
(Schweimer, 2000) 4,402 29.35
(Maclean & Lave, 2003) 10,000 66.67
(Notter et al., 2010) 6,000 40.00
(Dunn, Gaines, Kelly, James, & Gallagher, 2015) 7,000 46.67
(Volkswagen AG, 2012) 5,000 33.33
(Hawkins et al., 2012) 6,450 43.00

Cradle-to-gate GWP studies for Battery Electric Vehicles, done by Del Duce et al. (2014) suggested 74.6g/km
while Hawkins et al. (2013) suggests 87 to 95g/km and Onat et al. (2015) 43.83g/km for 150,000km estimated
life. Other finding also suggested (Argonne National Laboratory (ANL), 2015; Dunn et al., 2015; Kim et al.,
2016; Notter et al., 2010) 66g to 70g/km on the same estimated vehicle life. Comparatively, this study only
calculated 38.6g/km for the same case. This might be due to the different Lithium Ion battery technology being
applied in the model, or different process input being used. The lower output from utilizing IDEA database can
provide an alternate understanding regarding environmental emissions.

The human toxicity potential of passenger vehicle production in Malaysia is shown in Figure 2. Production of
EV have the highest potential of carcinogenic material emission with each of electric cars emitted about 1.27 kg
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of benzene equivalent throughout its supply chain under 2017 energy profile. However, changing to 2030 energy
profile does not yield any change as we have hoped for. LIME calculated the emissions by integrating all
chemicals involved according to its weight emission and later factoring it to equals to a kilogram of benzene.
Under this analysis, CV have much less potential for toxicity compared to both HEV and EV.

kg benzene equivalent

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40
EV 30 t— : : : : 1.27 I
EV 17 | B 1.27
HEV-NMC 30 1 | B 0.62
HEV - NMC 17 1 | B 0.62
HEV - NiMH 30 -I-_ 1.06
HEV - NiMH 17 _I-_ 1.06
CV30 0.30
V17 j— 0.30
B Cadmium - Air B Cadmium - Water ® Nickel - Air B Nickel - Water ® Nickel Compounds - Water = PCDDs
Figure 2. Human Toxicity Potential of passenger vehicle production in Malaysia
However, the same situation is not applicable to Acidification Potential (AP), which is factorized in kg SO,
equivalent. LCI under IDEA database shown that highest potential of producing acid rain is generated from
production of HEV with NiMH batteries as shown in Figure 3. The lowest score was EV production which was
likely due to reduced utilization of copper and sulphuric acid during smelting of mineral ores (aluminium, copper,
zinc, lead, and iron) for the engines. This is consistent with results from Boureima et al. (2012). This is not
always the case nevertheless when compared to another related study by Hawkins et al. (2013) which indicates
higher AP of 10% compared to base model. Highest emissions are from release of nitrogen dioxide as a
by-product from electric power generation. In another sense, EV have lower Acidification potential, but resulted
in higher CO, emission during production. This created trade-off between AP and HTP, as well as AP and GWP.
kg SO, equivalent
0 5 10 15 20 25
EV 30 | I 5.71 I I I I
EV 17 5.76
HEV-NMC 30 13.50
HEV - NMC 17 13.51
HEV - NiMH 30 23.04
HEV - NiMH 17 23.06
CV 30 11.94
Cv17 11.95

B Ammonia B Hydrogen Chloride Nitrogen Dioxide M Nitrogen Oxides M Sulfur Dioxide Sulfur Oxides

Figure 3. Factorized Acidification Potential for different type of passenger vehicle production in Malaysia

Similarly, Eutrophication Potential for EV is lowest among the vehicles while HEV with NiMH batteries have
nearly four times the amount of phosphate equivalent emission compared to CV as shown in Figure 4. This
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increase of eutrophication potential is caused by increased use of nickel and copper in its batteries and electronic
motor.

kg phosphate equivalent
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.9

EV 30 0.106
EV 17 0.106
HEV-NMC 30 (I 0.215
HEV-NMC 17 | 0.215
HEV - NiMH 30 | 0.778
HEV - NiMH 17 | 0.778
CV30 | 0.212
CV17 [ 0.212

HAmmonia EAmmonium Chemical Oxygen Demand ® Nitrogen M Phosphorus

Figure 4. Factorized Eutrophication Potential for different type of passenger vehicle production in Malaysia

Previous studies such as listed in Table 3 focus primarily on the impact of GHG from vehicle production. This
creates a situation where production of EV seems to have worse environmental impact compared to CV. DALY
is often used as quantitative measurement of overall impact on human health endpoints. It is expressed as the
number of years lost due to ill-health, disability or early death. Table 4 list the factorized DALY related materials
used throughout the process of vehicle production for CV, both HEV, and EV. Factorize DALY on NiMH
equipped HEV is highest at 0.0036 represented from the essential elementary flow while NMC equipped HEV
scores 0.0022 DALYs. This is followed with CV and EV at 0.0019 and 0.0014 respectively.

LCI analysis found that highest DALY impact is brought by key GWP components methane and carbon dioxide.

However, cumulative impact from non-GHG related have the potential to change the total DALY of each vehicle.

Further analysis shown that majority of the damage is from production of engine and car shell. HEV with NIMH
batteries scored the most regardless of the two application of energy mix. On top of having an engine, it also
equipped with 28kg of NiMH batteries which contributes 32% of total HEV production DALY.

139



jsd.ccsenet.org Journal of Sustainable Development Vol. 9, No. 6; 2016

Table 4. Factorized DALY impact for each vehicle type with its respective material based on 2017 and 2030
power generation

2017 2030
DALY HEV -
ELEMENTARY FLOW cv HEV-NiMH  HEV - NMC EV cv HEV-NiMH EV
Factor NMC

2,3,7,8-tetrachlorodibenzo-p-dioxin - air 1.3E+02  1.6E-07 5.2E-07 3.1E-07 6.1E-07 1.6E-07 5.2E-07 3.1E-07  6.1E-07
Arsenic — air 7.9E-03  5.1E-06 5.8E-06 5.4E-06 3.6E-06 5.1E-06 5.8E-06 54E-06  3.7E-06
Arsenic - water 7.9E-03  8.1E-08 4.3E-07 2.2E-07 5.5E-07 8.1E-08 4.3E-07 2.2E-07  5.5E-07
C6 Alkylbenzene - water 2.0E-06  3.7E-17 6.3E-17 4.0E-14 5.8E-13  5.1E-17 8.5E-17 4.0E-14 58E-13
Cadmium - air 2.2E-02  2.1E-08 2.9E-08 2.6E-08 6.8E-08  2.1E-08 2.9E-08 2.6E-08  6.9E-08
Cadmium - water 2.2E-02  1.2E-09 7.4E-09 3.7E-09 9.6E-09 1.2E-09 7.4E-09 3.7E-09  9.6E-09
Carbon dioxide (fossil) - air 1.3E-07 5.2E-04 6.0E-04 5.8E-04 7.3E-04 5.2E-04 6.0E-04 5.7E-04  7.2E-04
Lead - air 2.0E-02  1.3E-06 3.0E-06 2.1E-06 5.5E-06 1.3E-06 3.0E-06 2.1E-06  5.5E-06
Lead - water 4.8E-02  4.9E-06 5.4E-06 5.2E-06 3.1E-06 4.9E-06 5.4E-06 52E-06  3.1E-06
Mercury - air 4.8E-02  1.6E-06 1.9E-06 1.8E-06 2.6E-06 1.6E-06 1.9E-06 1.8E-06  2.6E-06
Mercury - water 4.5E-02  1.1E-09 1.1E-09 1.1E-09 5.5E-10  1.1E-09 1.1E-09 1.1E-09  5.5E-10
Methane - air 3.3E-06  7.0E-06 8.9E-06 7.6E-06 1.2E-05  6.9E-06 8.6E-06 7.4E-06  1.2E-05
Methane (fossil) - air 3.3E-06 8.2E-20 44E-13 1.0E-11 1.4E-10  9.1E-20 4.4E-13 1.OE-11  1.4E-10
Nickel - air 9.1E-05  5.4E-09 6.2E-09 5.9E-09 8.5E-09  5.4E-09 6.2E-09 59E-09  8.6E-09
Nickel - water 9.1E-05  1.4E-08 1.4E-08 1.4E-08 7.0E-09 1.4E-08 1.4E-08 1.4E-08  7.0E-09
Nitrogen dioxide - air (NO,) 2.1E-05  8.4E-10 1.2E-09 2.3E-08 3.2E-07 8.4E-10 1.2E-09 2.3E-08  3.2E-07
Nitrogen oxides - air (NO) 1.2E-05  5.0E-05 6.2E-05 5.6E-05 3.4E-05 5.0E-05 6.2E-05 5.6E-05  3.4E-05
Nitrous Oxide - Air (N,0) 3.9E-05 4.6E-06 6.2E-06 5.4E-06 1.2E-05 4.6E-06 6.2E-06 5.4E-06  1.2E-05
Non-methane volatile organic compounds -

) 6.9E-06  2.5E-07 3.2E-07 3.0E-07 7.3E-07 2.3E-07 3.0E-07 2.8E-07  6.7E-07
air
Particles (PM10) - air 7.1E-04  7.4E-17 2.8E-05 9.1E-09 1.3E-07 8.2E-17 2.8E-05 9.1E-09  1.3E-07
Phenol - water 6.0E-07  4.0E-17 5.2E-17 4.9E-17 1.2E-16  5.9E-17 8.3E-17 7.3E-17  2.0E-16
Sulfur dioxide — air 1.5E-04  1.2E-04 1.3E-04 1.3E-04 1.9E-04 1.2E-04 1.3E-04 1.3E-04 1.9E-04
Sulfur hexafluoride — air 3.0E-03  6.8E-10 7.0E-10 6.9E-10 7.6E-10  6.8E-10 7.0E-10 6.9E-10  7.7E-10
Sulfur oxides — air 1.5E-04  1.2E-03 2.7E-03 1.4E-03 3.6E-04 1.2E-03 2.7E-03 1.4E-03  3.6E-04
Total DALY 0.0019 0.0036 0.0022 0.0014  0.0019 0.0036 0.0022 0.0013

Absence of an engine which requires casting process and constant melting of metal enables cradle-to-gate of an
EV to be reduced over half total DALY as opposed to current CV. An engine block is the largest single piece of
metal in a car, housing components such as pistons and cylinders. It need to be casted from molten metal in order
to retain its strength and heat resistance. This process utilizes most of the energy for CV and HEV production.
This situation overturns the disadvantage for EV in the initial assessment. Consistent with other impact
assessment, the 2030 power mix does not carry any substantial difference for each vehicle’s DALY.

National vehicle fleet transformation from CV to EV will also create trade-off especially between GHG
generation as specific impact, against overall human health impact which was depicted in Figure 5. As the
production of EV increases, so will total GHG emission from higher EV potential. On the other hand, overall
Human Health will be reduced creating a trade-off. Current policy analysis method relies heavily only on GHG
emissions while giving less care on the overall impact. This shows that producers, policy makers and
governmental agencies need to thread more carefully in order to take measure to control the environmental
impact by the transportation sector.
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Figure 5. Fleet transformation trade-off between Conventional Vehicle (CV) and Electric Vehicle (EV)

Environmental impact from vehicle production also have the potential to be reduced. This can be achievable
through weight reduction, as well as introduction of newer production processes. Moreover, less impact can also
be gained by using renewable energy in much larger scale such as demonstrated in the result between 2017 and
2030. Emission reduction is a direct result from the increase of renewable energy from 2% to 2.6% and increase

of hydroelectric energy production from 4.3% to 12.6 %.
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Figure 6. Factorized compact vehicle production environmental impact

Summary of environmental impact from compact passenger vehicle is depicted in Figure 6. HEV-NIMH is
shown to have the largest impact in all the impact category studied. However, newer battery technology such as
lithium ion on HEV NMC have managed to reduce this impact substantially making fleet transformation towards
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this technology needs to also weight the impact of vehicle usage, fuel consumption, and distance travelled.
Trade-off of vehicle transitions to EV can also be observed here.

4. Conclusions

Present work is an expansion of LIME2 methodology into the assessment of compact vehicle production in
Malaysia. The environmental impact of compact passenger vehicle based on 5 impact classifications;
Greenhouse Gas (GHG) generation, Acidification, Eutrophication, Carcinogenic Effect, and
Disability-Adjusted-Life-in-Year (DALY) covering only until vehicle production phase. Vehicle models is
inventoried by using IDEA inventory database, and analysed using LIME2 method. Main methods for the
integration of environmental impacts is better represented with impact data from Asian countries under LIME2
method, especially in term of population body weight and size. Thus, its use is more suitable for Malaysia use.

This study examines three types of compact passenger vehicle production in Malaysia which are Conventional
Internal Combustion Engine Vehicle (CV), Battery Electric Vehicle (EV), and Hybrid Electric (HEV) vehicles
with two types of batteries; Nickel Magnesium Hydride (HEV-NiMH), and Lithium Nickel-Magnesium-Cobalt
(HEV-NMO).

Main conclusion from this study is as follow;

First, production of EV have slightly high potential to cause a global warming, follow by HEV and CV. Even
without the traditional components, EV consumes higher energy for the production of the 200 kg battery and its
components. The 5,791 kg embodied CO, emissions is 39% increase compared to the existing CV. The values
generated in this study are significantly low compared to other existing studies mainly due to reduction of the
total vehicle weight. Overall impact, DALY is much lower compared to other vehicle being analysed.

Second, HEV-NiMH production release 4,814 kg CO, while HEV-NMC production emitted 4,596 kg CO, during
its production process. HEV-NiMH also have highest acidification potential at 23.06 kg SO, and eutrophication
potential at 0.78 kg phosphate equivalent for each unit production. Utilization of this two different battery
technologies have notable difference especially in Carcinogen, Eutrophication, and Acidification impact
categories. Swapping the NiMH batteries to lithium ion batteries can provide less impact to the environment.

Third, cradle-to-gate of CV is better in term of GHG emission and Carcinogenic impact compared to all the
studied subjects. CV production process added 4,166 kg of GHG and 0.30 kg of benzene equivalent into the
environment for every unit produced, posing the least impact among all the vehicles being studied. However, if
vehicle usage emission is being considered, the total emissions from CV will become the worst as it consumes
much more fuel, and thus produces more exhaust by-products compared to the other vehicle type.

Lastly, the various impact is being summarized in term of DALY. Although GHG emissions from EV is the
highest during production, the overall index in human health is the least among the vehicles being studied.
Lowest DALY from production is exhibited by EV at 0.0014, followed by CV at 0.0019, HEV-NMC at 0.0022
and finally by HEV-NIMH at 0.0036. This shows that EV production still is the best solution for the global
sustainability. Under this premise, national car manufacturers should invest more on creation and production of
EVs, while governing bodies should develop more active policies towards increasing the ownership of Electric
Vehicles.

This study also provided the trade-off between GHG and DALY in vehicle fleet transition from CV to EV.
Although GHG emission from EV is higher, overall impact towards human health is effectively 35% lower
compared to conventional vehicles production.

Moreover, as EV technology is considerably new, the improvement potential is much more compared to
conventional vehicles. Current state-of-knowledge regarding fuel consumption HEV and EV also have the
capability to reduce the overall vehicle lifecycle impact much lower compared to CV. Upcoming battery
improvement may have the potential to reduce it further down and helps to create a more sustainable future.
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Appendix A
Malaysia Energy Generation Plan 2017 and 2040.
Year Coal Natural Gas  Hydro Nuclear Renewables
(%) (%) (%) (%) (%)
2017 52.8 40.9 43 0 2
2030 523 23.5 12.6 8.9 2.6

Source: Malaysia Energy Statistics Handbook (Energy Commission, 2015).
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Appendix B
B Ammonia B Ammonium Chemical Oxygen Demand  H Nitrogen Phosphorus

Figure 4.
GWP (GHG, kg CO, equivalent) Factorization cr HEV-NiMH HEV - NMC EV
Carbon Dioxide (Biogenic) 0 0 0 0 0
Carbon Dioxide (Fossil) 1 3994 4608 4402 5609
Methane 21 44 56 48 76
Methane (Fossil) 21 0 0 0 0
Nitrous Oxide 310 38 50 44 97
Tetrafluoromethane 6500 94 106 107 24
Sulfur Hexafluoride 23900 0 0 0 0
Total GWP 4170 4820 4601 5806
ACIDIFICATION (kg SO, Equivalent) Ccv HEV-NiMH HEV - NMC EV
Ammonia 5.99 0.02 0.02 0.02 0.01
Hydrogen Chloride 2.61 0.00 0.00 0.00 0.00
Nitrogen Dioxide 0.72 0.00 0.00 0.00 0.01
Nitrogen Oxides 0.72 2.99 3.74 3.38 2.05
Sulfur Dioxide 1.00 0.83 0.88 0.88 1.28
Sulfur Oxides 1.00 8.11 18.42 9.23 243
Total Acidification 11.95 23.06 13.52 5.77
EUTROPHICATION (kg Phosphorus Eq.) ICEV HEV-NiMH HEV - NMC EV
Ammonia 0.09 0.00 0.00 0.00 0.00
Ammonium 0.20 0.00 0.00 0.00 0.00
Chemical Oxygen Demand 0.00 0.00 0.00 0.00 0.00
Nitrogen 0.01 0.21 0.78 0.21 0.11
Phosphorus 1.00 0.00 0.00 0.00 0.00
Total Eutrophication 0.21 0.78 0.22 0.11

CARCINOGEN (kg Benzene Eq.) ICEV HEV-NiMH HEV-NMC EV
Cadmium - Air 3764 0.00 0.01 0.00 0.01
Cadmium - Water 7500 0.00 0.00 0.00 0.00
Nickel - Air 84 0.01 0.01 0.01 0.01
Nickel - Water 182 0.03 0.03 0.03 0.01
Nickel Compounds — Water 8114 0.05 0.29 0.15 0.38
PCDDs 185555963 0.22 0.73 0.43 0.85
Total Carcinogen 0.30 1.06 0.62 1.27
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