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1. INTRODUCTION 
Lifecycle costing (LCC) is a method used to assess the 

entire range of costs related to any given system, asset, or output 
during its life, including all phases of expenses that fall within 
pre-manufacturing, manufacturing, use, and disposal. It 
considers production costs, operating costs, maintenance costs, 
and disposal fees to provide a holistic picture of what may be 
expected in financial terms throughout the lifespan of an item. 
The approach has mainly been on internal costs and benefits for 
market participants over time neglecting externalities like 
environmental degradation[1]. However, increasing interest in 
sustainability and Environmental Social Governance (ESG) 
principles have led organizations towards integrating 
environmental concerns into LCC. It is understood that many 
researchers are interested in studying LCC at this stage[2]. With 
a strong emphasis on sustainability, given the automotive 
industry, it is now necessary to integrate LCC principles with 

environmental impacts. Organizations that want to balance 
economic performance against environmental responsibility 
must be aware of the financial implications of carbon pricing in 
LCC. Firms that aim at meeting climate goals and reducing their 
carbon footprint should therefore strategically incorporate 
carbon pricing within the framework of LCC[2]. 

The overall purpose of this paper is to examine how carbon 
mechanism affects LCC. The study examines three main 
components during the use-stage: initial cost, operation and 
maintenance costs as well as disposal value. This research is to 
provide a broader understanding of how carbon pricing affects 
the cost structure and financial viability of green heavy-duty 
vehicles. 

 

 

The automotive industry is undergoing a significant transformation towards environmental 
sustainability, driven by the urgent need to mitigate climate change. Green heavy-duty 
vehicles (GHDV) have emerged as a promising solution to reduce the environmental impact 
of transportation, particularly in the freight and logistics sectors. Life cycle costing (LCC) 
is a well-established method for assessing the total cost of ownership of assets in the long-
term, but it traditionally overlooks environmental externalities. The main purpose of this 
paper is to. investigates the integration of carbon pricing into LCC analysis, focusing on its 
implications for GHDVs. The study examines the impact of carbon pricing on four (4) key 
cost components during the use phase of HDVs, initial costs, operation and maintenance 
costs, and disposal cost. By incorporating carbon costs across all phases of the vehicle 
lifecycle, the research develops a comprehensive framework for evaluating the financial 
viability of HDVs in a carbon-constrained environment. Sensitivity analysis will then be 
discussed onto several scenario to understand the factors that influence the carbon cost in 
each phase. The findings of this study provide valuable insights for policymakers and 
industry stakeholders in Malaysia, supporting the nation's transition towards a low-carbon 
transportation system and its ambitious net-zero targets. Integrating carbon pricing into LCC 
analysis can incentivize the adoption of low-emission technologies and contribute to a more 
sustainable and environmentally responsible automotive industry. 
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2. LITERATURE REVIEW 
This literature review explores various carbon pricing 

mechanisms, such as carbon taxes and emissions trading 
systems, and their global implementation and effectiveness. 
The review highlights the impact of carbon pricing on the 
automotive sector, including its influence on vehicle 
manufacturing, consumer behavior, and the adoption of low-
emission technologies. Additionally, it discusses operational 
costs and environmental impact assessments at the use stage for 
GHDVs, supported by case studies. Finally, it considers 
emerging technologies, provides policy recommendations, and 
identifies areas for further research. 

2.1 Carbon Pricing Mechanism 

Carbon pricing has emerged as a Carbon pricing is a crucial 
policy tool designed to internalize the external costs associated 
with carbon emissions, making it particularly relevant for the 
automotive sector, which significantly contributes to global 
CO2 emissions This approach requires transformative policies 
that extend beyond individual consumer choices to drive broad-
scale industrial changes within the automotive industry, 
aligning it with sustainability goals [3]. The automotive sector 
faces increasingly stringent CO2 emission limits set by 
regulatory bodies, compelling manufacturers to innovate and 
adopt alternative powertrains, such as battery-powered electric 
vehicles, to remain competitive [3, 4]. Effective carbon pricing 
strategies are essential for achieving targeted reductions in 
greenhouse gas emissions, especially as the global vehicle fleet 
is projected to grow significantly.  

Carbon pricing can manifest as carbon taxes or emissions 
trading systems (ETSs). These mechanisms assign a monetary 
value to carbon emissions, creating a financial incentive for 
businesses to reduce their carbon footprint. Many countries, 
including Canada, the European Union, Sweden, China, South 
Africa, and some regions of the United States, have 
implemented carbon pricing policies to reduce greenhouse gas 
emissions [5]. Studies have shown that carbon pricing 
mechanisms, such as carbon taxes and cap-and-trade systems, 
increase the cost of fossil fuels, making electric and hybrid 
vehicles more economically attractive. Additionally, carbon 
pricing can influence consumer behavior, driving demand for 
vehicles with lower carbon footprints ([3, 4, 6].  

Carbon pricing is a critical component of efforts to mitigate 
climate change by internalizing the environmental cost of 
carbon emissions. Various carbon pricing mechanisms, such as 
carbon taxes and cap-and-trade systems, have been 
implemented globally to reduce greenhouse gas emissions. 
These mechanisms assign a monetary value to carbon 
emissions, effectively creating a financial incentive for 
businesses to reduce their carbon footprint. The literature on 
carbon pricing is extensive, with numerous studies examining 
its effectiveness and impact on different sectors. 

Table 1. Recent Examples of Carbon Pricing in the 

Automotive Industry [7] 

Country/ 

Region 

Carbon 

Mechanism 

Price 

(USD 

per 

tCO2) 

Notes 

European 

Union 

Emissions 

Trading 

System (ETS) 

$100 includes road transport, 

increasing costs for 

automotive manufacturers. 

Canada Federal Fuel 

Charge 

$50 This applies to fuel used in 

transportation, impacting both 

consumer and commercial 

vehicles. 

China Carbon Tax $30 Recently expanded to include 

the automotive sector, 

encouraging EV adoption. 

United 

States 

Regional 

Greenhouse 

Gas Initiative 

(RGGI) 

$20 Some states have included 

transportation fuels in their 

cap-and-trade programs. 

Japan Carbon Tax $40 Targeted at reducing 

emissions from the automotive 

sector, promoting hybrid and 

electric vehicles. 

South 

Korea 

Emissions 

Trading 

System (ETS) 

$25 Includes automotive 

manufacturers, incentivizing 

lower emissions technologies. 

Furthermore, carbon pricing can influence investment and 
research and development decisions within the automotive 
industry, as manufacturers seek to develop and introduce 
innovative technologies that minimize their carbon footprint 
and maintain competitiveness in the evolving marketplace. 
Additionally, collaboration between government and industry 
is crucial to stimulate the development of a broad portfolio of 
low-carbon technologies and reduce costs, which can help 
overcome longer-term challenges such as the need for energy 
storage systems[7, 8]. China, France, Germany, and India have 
each approached these challenges differently, reflecting their 
unique industry characteristics, political priorities, and patterns 
of economic governance. thus Policymakers must ensure that 
investments in new vehicles, more efficient batteries, and 
public charging infrastructures are undertaken simultaneously 
and in a coordinated way to maximize the impact of these 
efforts[9]. 

Based on the World Bank [10] has seen variation in carbon 
pricing levels and coverage across jurisdictions indicates that 
there is no one-size-fits-all approach to carbon pricing. 
Countries are tailoring their policies based on local economic 
conditions, political contexts, and environmental priorities. 
This diversity can lead to innovative solutions but may also 
create challenges in achieving global climate goals. the carbon 
price range from USD 51 to 122 per tCO2e indicate a growing 
momentum for carbon pricing as a critical tool for climate 
mitigation, with an emphasis on the need for comprehensive 
and integrated approaches to maximize impact. Hence, there are 
still room for improvement in transportation sector to improv as 
the 3rd largest contibutor on carbon emissions.[11].  

2.2 Implementation Challenges of Carbon Pricing 

The implementation of carbon pricing in the automotive 
sector faces significant challenges that impede its effectiveness 
in mitigating greenhouse gas emissions. Foremost among these 
obstacles is the complexity of aligning diverse stakeholder 
interests, including manufacturers, consumers, and 
policymakers, who may prioritize economic growth over 
environmental concerns. Additionally, the existing 
infrastructure—particularly in developing regions—may lack 
the necessary technological advancements to support low-
emission vehicles, thereby undermining incentives for 
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sustainable practices. For instance, (Abe M) highlights the 
Asia-Pacific automotive sectors struggle to reduce carbon 
dioxide emissions due to regional inconsistencies in policy 
frameworks and cooperation. Furthermore, operational factors 
such as the integration of Zero-Emission Heavy-Duty Trucks 
(ZE-HDT) are critical for logistics and heavily influenced by 
regulations and cost estimations, as examined in (Roman et al.). 
Addressing these multifaceted challenges is essential for the 
successful adoption of carbon pricing mechanisms that can 
effectively drive the transition to greener vehicle technologies.  

2.3 LCC at Use-Stage of GHDV 

Life Cycle Costing (LCC) is a crucial tool for evaluating 
the total cost of ownership of assets and projects over their 
entire lifespan. Traditionally, LCC models have focused on 
direct costs such as initial capital expenditure, ongoing 
operation and maintenance, and disposal costs. However, the 
increasing emphasis on sustainability has led to the integration 
of environmental costs into LCC, ensuring that decisions reflect 
both financial and ecological impacts. Recent research has 
highlighted the need for a comprehensive approach that 
includes environmental and social considerations alongside 
financial costs. For instance, [12] developed a robust 
methodology for LCC as part of Life Cycle Sustainability 
Assessment (LCSA), addressing issues like double counting 
and stakeholder perspectives. There are different types of LCC, 
including Conventional LCC, Environmental LCC (En-LCC), 
and Societal LCC (S-LCC). Among these, En-LCC is most 
suitable for LCSA as it accounts for all life cycle stages and 
avoids double counting of environmental impacts (PRé 
Sustainability, 2022). Despite its benefits, LCC has limitations, 
such as its focus on cost minimization rather than value creation 
[13]. 

In the context of green heavy-duty vehicles (GHDVs), the 
terminology and classification are based on factors like gross 
vehicle weight (GVW), chassis configuration, and axle type 
[14]. Conventional heavy-duty vehicles typically use diesel 
engines, while alternative fuels for HDVs include hybrid 
powertrains, compressed natural gas, liquefied natural gas, 
biodiesel, and hydrogen fuel cells [15, 16]. Battery electric 
vehicles (BEVs) and plug-in hybrid electric vehicles (PHEVs) 
are also prominent, characterized by their efficient and simpler 
systems compared to conventional vehicles [17]. The 
advantages of these alternative powertrains are further 
enhanced under carbon pricing frameworks, which lower 
operational costs and encourage the adoption of cleaner 
technologies [18]. Hence, carbon pricing can significantly 
influence investment and research and development decisions 
within the automotive industry, driving manufacturers to 
develop innovative technologies that reduce their carbon 
footprint and maintain competitiveness in the evolving market. 
This integration of carbon pricing into LCC at the use stage for 
GHDVs is essential for promoting sustainable practices and 
achieving long-term environmental and economic benefits. 

2.4 Integrating Carbon Pricing in LCC 

Life Integrating carbon pricing into Life Cycle Costing 
(LCC) involves various methodologies that capture the 
financial impact of carbon emissions. One common approach is 
to incorporate carbon taxes or emissions trading system (ETS) 
costs directly into the LCC framework. This method allows for 
a straightforward calculation of the additional costs associated 
with carbon emissions. For example, [19] explored the impact 
of carbon pricing on construction projects, finding that initial 

costs tend to rise when carbon costs are included, particularly 
in carbon-intensive sectors such as cement and steel production. 
Another approach involves using shadow pricing, where a 
hypothetical price is assigned to carbon emissions to reflect 
their environmental impact. This method can help organizations 
understand the potential financial implications of future carbon 
pricing policies [20].  

Besides that, the integration of carbon pricing into LCC 
faces challenges such as uncertainty in future carbon pricing 
policies and market conditions, complicating long-term 
financial planning. Accurate forecasting of operation and 
maintenance (O&M) costs under carbon pricing schemes is 
complex due to energy price fluctuations and regulatory 
changes. Additionally, the lack of standardized methodologies 
for integrating carbon pricing into LCC can lead to 
inconsistencies in cost calculations and reporting [21]. Despite 
these challenges, integrating carbon pricing into LCC offers 
benefits like long-term cost savings by encouraging energy-
efficient technologies and materials. [13] argued that while 
initial costs may increase, long-term benefits of reduced energy 
consumption and lower carbon emissions can offset these costs. 

Emerging technologies in the automotive sector, such as 
electric and hydrogen-powered vehicles, significantly influence 
LCC and carbon pricing by reducing carbon emissions and 
improving energy efficiency. Continued research and 
development in these areas are essential for driving innovation 
and achieving sustainability goals. Policy recommendations to 
enhance the effectiveness of carbon pricing and LCC 
integration include developing standardized methodologies, 
promoting transparency in reporting carbon costs, and 
providing incentives for adopting energy-efficient technologies 
[21]. Addressing gaps in current research, such as developing 
accurate forecasting models for O&M costs under carbon 
pricing schemes and assessing the long-term financial and 
environmental benefits, will support the transition to a more 
sustainable automotive industry [19].Cycle Costing (LCC) is a 
crucial tool for evaluating the total cost of ownership of assets 
and projects over their entire lifespan. Traditionally, LCC 
models have focused on direct costs such as initial capital 
expenditure 

2.5 Empirical Data on Carbon Pricing Effects 

The existing literature has explored the implications of 
carbon pricing on vehicle operations, yet comprehensive 
analyses specific to HDV remain limited. While studies have 
examined the impact of carbon pricing on operational costs and 
economic behavior, the integration of carbon pricing into the 
LCC of heavy-duty vehicles has been limited.  [22] developed 
a carbon simulation model that assesses emissions and 
identifies offsetting measures but noted a lack of research on 
integrating carbon pricing into the use-stage life cycle cost of 
heavy-duty vehicles. [23] discussed the implications of carbon 
pricing policies on operational costs yet acknowledged the 
absence of detailed analyses tailored to heavy-duty vehicles. 
[24] aimed to study the impact of carbon pricing on economic 
behavior, including investment decisions, but highlighted the 
limited integration of carbon pricing into life cycle cost analysis 
for heavy-duty vehicles. The current body of research lacks 
robust methodologies that account for the complexities of 
carbon pricing, particularly how it can be factored into life cycle 
costs beyond mere operational expenses. This deficiency 
highlights the need for advanced models that can capture the 
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nuanced impacts of carbon pricing on the overall cost structure 
of HDVs, including purchase, operation, and disposal phases. 

The lack of empirical studies on the impact of carbon 
pricing on total LCC is another critical research gap. [25] 
underlines the need for empirical data to quantify the effects of 
carbon pricing on HDVs. Although theoretical models provide 
a foundation, they often lack real-world data that could offer 
concrete insights for policymakers and industry stakeholders. 
The absence of such empirical studies limits the ability to assess 
the economic implications of carbon pricing accurately, which 
is essential for making informed decisions regarding the 
adoption and promotion of green vehicles in the heavy-duty 
sector. The influence of carbon pricing on consumer behavior 
and the adoption of green vehicles, as identified by [8] 
represents a crucial area requiring further research. 
Understanding how carbon pricing impacts consumer decisions 
is vital, as it directly affects market dynamics for HDVs. 
Without a clear understanding of consumer responses, policies 
aimed at promoting green vehicles may fail to achieve the 
desired adoption rates. This gap calls for studies that investigate 
consumer attitudes and behaviours in response to varying levels 
of carbon pricing, particularly in the context of HDVs. 

Another important research gap concerns the geographical 
and contextual variability in the application of carbon pricing 
to promote battery electric vehicles (BEVs) within the HDV 
segment. [26] highlights the limited understanding of how 
carbon pricing policies influence the transition to BEVs across 
different geographical contexts. The current research 
predominantly focuses on specific regions, overlooking the 
diverse economic, regulatory, and infrastructural conditions 
that can significantly impact the effectiveness of carbon pricing. 
Addressing this gap requires research that considers the unique 
characteristics of different geographies, enabling the 
development of tailored strategies for HDV decarbonization. 

Finally, Yuanyuan Liu (2023) [27] points out the need for 
more focused research on how carbon pricing affects the initial 
costs, operational costs, maintenance costs, and resale values of 
green HDVs [27]. This area is particularly underexplored, yet it 
is crucial for developing effective policies and financial models 
that support the transition to low-emission vehicles. 
Understanding these cost dynamics will help stakeholders 
create more accurate LCC models that reflect the real economic 
impacts of carbon pricing, thereby facilitating more informed 
decision-making and policy development. 

 

3. METHODOLOGY 
Based on the above literature reviews, it is notable that 

there are many researchers interested in studying vehicles 
related to LCC at use-stage. In this context, recent research is 
reviewed on finding study approaches amongst in LCC method 
green vehicles and environmental impacts. To review the LCC 
methods, GHDV LCC element at the stage, a comprehensive 
literature review was carried out by analyzing authors provided 
keywords (Automotive Carbon Pricing mechanism; LCC 
Heavy Vehicle; Life Cycle Cost; LCC green heavy vehicle; 
TCO green heavy vehicle; LCC alternative fuels vehicle; Green 
LCC; Life-Cycle Cost; Life cycle carbon emission; TCO 
carbon emission; electric vehicle; life cycle cost assessment; 
carbon pricing) using text mining on web journals such as 
Scopus, Web of Science, Google Scholar,  ScienceDirect and 
IEEE Xplore. This research was carried out using the main 

scientific databases, journal articles, conference papers, books, 
and other relevant documentation. The articles found are then 
reviewed and transformed into author and related vehicle 
factors in LCC as in Table 3 on most recent and related articles 
or journal articles to LCC necessity. 

Then, formulation to integrate the carbon emission and 
carbon emissions pricing into the use-stage LCC will be 
developed. The formulation will test in sensitivity analysis 
based on ICEV and BEV powertrain. The specifications are as 
follows: 

Table 2. LCC elements found in literature reviews  

A
u

th
o
r(

s)
 Approach Related to Carbon 

Mechanism 
Phase LCC 

Focus 

 [22] Carbon simulation model that assesses 
emissions and identifies offsetting 
measures to evaluate the financial 
implications of carbon pricing on vehicle 
operations. 

Operational 

[23] Implications of carbon pricing policies, 
which can be directly related operational 
costs and pricing strategies for green 
vehicles 

Operational 

[24] Study the impact of carbon pricing to 
economic behaviour, including 
investment decisions in clean 
technologies 

Initial 

Operational  

Disposal 

[26] The analysis and findings on the critical 
CO2 price required to make Battery 
Electric Vehicles (BEVs) competitive 
under various subsidy levels. The study 
used a Johnson SB distribution to model 
the distribution of CO2 prices, fitting it 
with the method of moments and quasi-
Newton optimization 

Initial 

Operational 

 

[28] Employs a non-linear autoregressive 
distributed lag (NARDL) model to 
analyse the demand for gasoline, high-
speed diesel, and electric vehicles.  

Operational 

 

[8] Proposing Personal carbon trading (PCT) 
into use stage LCC 

Operational 

 

[25] The articles employ various approaches, 
including cap-and-trade systems, carbon 
taxes, and subsidy programs to analyse the 
economic implications of carbon pricing 
on vehicle lifecycle costs. 

Operational 

disposal 

[27] The study employs an integrated LCA-
LCCA framework that considers CO2 
emissions and costs associated with 
various modules, including materials, 
work activities, and usage. This approach 
can be adapted to evaluate the life cycle 
costs of green heavy-duty vehicles, 
incorporating carbon pricing into the 
analysis 

Initial  

operational 

[29] Integrating carbon credits and emission 
trading into life cycle costing for 
manufacturing to enhance economic 

Operational 

Maintenance 
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sustainability and incentivize eco-friendly 
practices. 

 

Fig. 1. Flowchart of Integration Carbon Pricing into LCC 

 
Then, mathematical modelling will be formulated as such 

explained in Figure 1. and integrated with carbon emissions and 
carbon cost integration. A critical component of integrating 
carbon pricing into LCC is the quantification of carbon 
emissions. In this modelling, the LCC formulation is develop 
based on [2]  and further refined with carbon pricing simulation. 
This includes both direct emissions, such as tailpipe CO2 
emissions during the use phase, and indirect emissions from 
fuel production, energy use for charging (in the case of battery 
electric vehicles), and manufacturing processes associated with 
maintenance parts. By summing the direct and indirect 
emissions across all phases of the vehicle's life, a 
comprehensive understanding of the vehicle's carbon footprint 
can be established. 

Integrating carbon pricing into Life Cycle Costing for 
heavy-duty vehicles provides a comprehensive view of a 
vehicle's cost throughout its lifespan, while accounting for its 
environmental impact. Traditional LCC models typically 
encompass factors such as purchase price, operational 
expenses, maintenance, and disposal [30]. This approach 
expands on the traditional model by incorporating the cost of 
carbon emissions at each stage. For example, the initial 
purchase cost is adjusted to include the carbon emissions 
generated during manufacturing. Operational expenses are 
impacted by the carbon cost of fuel or electricity. Maintenance 
costs factor in emissions associated with producing and 
utilizing maintenance materials. Finally, disposal costs consider 
potential future emissions related to end-of-life options. By 
integrating carbon pricing into the LCC model, this study aims 
to analyze how these adjustments can encourage more 
sustainable practices within the HDV sector, particularly during 
the vehicle's operational phase. 

After that, both powertrains will be illustrated in Tornado 
Diagrams based on ±50% fluctuation of each input parameter 
around the base case scenario. This fluctuation maintains an 

equitable approach to LCC while taking uncertainties into 
consideration. The scenario included are justified as below: 

a. Carbon Pricing: Carbon pricing is critical because it assigns 
a monetary value to carbon emissions, incentivizing the 
adoption of low-emission technologies like BEVs. High 
variability in this parameter highlights its dependency on 
policy changes and market volatility, directly impacting the 
LCC, especially for ICEVs. 

b. Carbon Cost at Initial Stage: this is substantially due to 
energy-intensive manufacturing stage and carbon demand 
transfer method cost. This stage shows the critical need to 
decarbonize supply chains and adopt cleaner energy 
sources. 

c. Carbon Cost at Operational Stage: Operational costs are 
highly sensitive to the energy source. Fossil-fuel-dependent 
grids increase BEV carbon costs, while renewable energy 
integration dramatically lowers them. For ICEVs, the cost 
remains tied to fuel efficiency and carbon intensity of diesel. 

d. Carbon Cost at Maintenance Stage: BEVs typically have 
lower maintenance carbon costs due to fewer moving parts 
and reduced wear and tear compared to ICEVs. However, 
some emissions may arise from battery component 
replacements or repairs. 

e. Carbon Cost at Disposal: While ICEVs primarily face 
challenges with waste disposal, BEVs rely heavily on 
battery recycling technologies. Efficient battery material 
recovery can offset disposal costs, both economically and 
environmentally 

 

4. RESULT AND DISCUSSION 
For HDVs, integrating LCC with carbon pricing entails 

establishing system boundaries throughout the vehicle's life 
phases, including purchase, operation, maintenance, and 
disposal phase. Carbon emission-related incentives or penalties 
are included in the purchase price during the acquisition phase. 
Carbon emissions are measured while in operation, and fuel 
production, energy consumption, and direct emissions are all 
considered when calculating carbon price. While the disposal 
phase takes into consideration the carbon impact of resale 
value, the maintenance phase accounts for emissions associated 
with energy use and maintenance supplies. This model 
encourages more sustainable practices in the HDV industry by 
incorporating carbon pricing and offering a thorough 
understanding of a vehicle's financial and environmental 
implications. 

4.1 Initial Stage 
The initial stage involves calculating the carbon emission 

cost at manufacturing due to demand transfer cost. This is 
represented by the formula 𝑪𝑰𝑬𝑴, which calculates the cost 
based on carbon emissions at the pre-manufacturing and 
manufacturing stages, considering the carbon pricing rate and 
exchange rate. 

𝐶I𝐸𝑀 = 𝑐𝑒𝑚 (𝐶𝑝 𝑥 𝑈𝑟)   (1) 

 

𝒄𝒆𝒎: Total carbon emissions during pre-manufacturing and 
manufacturing stages, measured in tons of CO2 equivalent 
(tCO2e). 

Define the 
problem and 
objectives of 

the LCC

Identify the 
key inputs, 

outputs and 
assumptions 

of the analysis

Develop a 
mathematical 
model for the 

LCC

Collect and 
organize data

Input data and 
Run a 

sensitivity 
analysis with  

input variables 
change

Interpret the 
results of the 

sensitivity 
analysis

Interpret the 
results

Conclusion 
and 

Recommendat
ion



                                                     K.M Raini et al./ Malaysian Journal of Science and Advanced Technology                                                         96 

    

𝑪𝒑: Carbon pricing rate according to the country’s policy, 
expressed in USD per ton of CO2e. 

𝑼𝒓: Exchange rate from USD to the local currency. 

In this modelling equation method, the 𝑉𝐸𝐹𝑚𝑎𝑛 is used for 

Vehicle Manufacturing LCA to simplify the method. Hence, the 

calculation will be recommended as below. 

𝐶I𝐸𝑀 = VEFman (𝐶𝑝 𝑥 𝑈𝑟)   (2) 

4.2 Operational Stage 

𝐶O𝐸 =
EF

100000
 𝑃𝑟𝑓x 𝑉𝑙 x VEF (3) 

EF : Fuel efficiency during operation (liters per 100 km or miles 
per gallon). 

𝑉𝑙 Total vehicle life or total distance the vehicle is expected to 
travel. 

VEF : Vehicle emission factor representing emissions per unit 
of fuel consumed. 

𝑃𝑟𝑓: Refuelling Price. 

This cost covers the emissions produced by the vehicle 
during its operational life. It includes CO2 and other 
greenhouse gases emitted from fuel combustion as the vehicle 
is driven. The environmental cost is calculated by estimating 
the total emissions over the vehicle's lifetime and converting 
that to a monetary value. 

4.3 Maintenance Stage 

The energy consumed during maintenance tasks is the 
Energy consumption (in kWh or equivalent units) times the 
Carbon intensity of energy source. Then, the maintenance part 
cost should be determined by LCA for oil consumption and part 
consumption.  it is recommended that the formulation to 
develop 𝑐𝑒𝑚 as below according to [31] 

CMEM  

=
Vl

10000
 [VEFEU x [

(𝜇𝑐sp + 𝜇msp)

ER
𝑈𝑟]  x (𝐶𝑝 𝑥 𝑈𝑟)] 

 

  (4) 

𝑉𝑙 Total vehicle life or total distance the vehicle is expected to 
travel. 

VEFEU: Vehicle emission factor representing emissions per unit 
of fuel consumed (Euro) 

𝜇𝑐sp : Cost of Cost corrective maintenance 

𝜇msp : Cost of Cost preventive maintenance 

ER : Exchange rate from EURO to the local currency 

𝑈𝑟  : Exchange rate from USD to the local currency 

4.4 Disposal Stage 

𝐶𝐷𝐸 = [FE
(𝑉𝑙  −  𝑉𝑙𝑠)

100
 x VEF (𝐶𝑝 𝑥 𝑈𝑟)] 

  (5) 

Where: 

𝐶𝐷𝐸 : This represents the disposal cost related to environmental 
emissions. 

FE: This could refer to Fuel Efficiency or another factor related 
to emissions during the vehicle's operational phase. 

𝑉𝑙 : Vehicle Life in years, representing the total duration the 
vehicle is expected to be in operation. 

𝑉𝑙𝑠 : Vehicle Life Spent so far, indicating the number of years 
the vehicle has already been used. 

VEF : Vehicle Emission Factor, which accounts for the 
emissions per unit of fuel or distance travelled. 

𝐶𝑝: Carbon pricing rate according to the country’s policy, 

expressed in USD per ton of CO2e. 

𝑈𝑟  : Exchange rate from USD to the local currency. 

4.5 Use-Stage LCC 

Finally, the integration of LCC at use-stage will be done. In this 

article, the final integration of LCC is as below 

LCCUP = CI + CO + 𝐶𝑀  +  CD + 𝐶𝐸   (6) 

 

LCCUP = CI + CO + 𝐶𝑀  +  CD + VEFman (𝐶𝑝 𝑥 𝑈𝑟)
+ 𝐶O𝐸

=
EF

100000
 𝑃𝑟𝑓x 𝑉𝑙 x VEF + 𝐶𝐷𝐸

= [FE
(𝑉𝑙  −  𝑉𝑙𝑠)

100
 x VEF (𝐶𝑝 𝑥 𝑈𝑟)] 

  (7) 

4.6 Sensitivity Analysis 

Finally, the integration of LCC at use-stage will be done. 
In this article, the final integration of LCC is as below. The 
comparison is based on two (2) identical vehicles. In this 
research focusing on integrating the LCC, the cost of LCC 
without is simplified to observe the impact of carbon pricing 
across powertrains of Internal Combustion Engine (ICEV) and 
BEV in Malaysia context. 

Table 3. LCC component of ICEV and BEV Result 

LCC Component ICEV BEV 

Initial Cost 434,500.00  847,000.00  

Carbon Cost Initial 7,344.00 3672.00 

Operational Cost 1,313,903.20 2,429,719.80  

Carbon Cost Operational 41,332.38 40,591.76 

Maintenance Cost 627,693.67  44,358.17  

Carbon Cost Maintenance 33,988.36 14,998.87 

Disposal Cost -8,897.82 -22,091.96  

Carbon Credit Disposal -10,333.10 -36,165.84 

Total Carbon Cost 72,331.65 23,096.789 

Total LCC 2,439,520.68 3,322.082.05 

Based on a 7.5-ton HINO truck, this study assesses the 
financial effects of carbon-related expenses for ICEV and BEV. 
Cost drivers are ranked according to their influence on total 
lifetime costs using a tornado diagram. The results highlight 
how grid decarbonisation, carbon pricing policies, and battery 
recycling technologies influence how economically 
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competitive BEVs are in comparison to ICEVs. The total LCC 
is generated based on all phases and the result is MYR 
2,439,520.68 for ICEV and MYR 3,322.082.05 for BEV.  

 

Fig. 2. LCC Comparison ICEV and BEV 

The results for ICEV in Figure 3 reveal the following key 
observations with the Carbon Pricing parameter exhibits the 
largest variability relative to the base value case. ICEVs are 
directly impacted by carbon pricing due to their high reliance 
on fossil fuels, making this the most critical driver of lifecycle 
costs. The high sensitivity suggests that carbon pricing policies, 
such as carbon taxes or cap-and-trade systems, will 
disproportionately increase the costs for ICEVs, further 
reducing their long-term viability. Then, the operational phase 
demonstrates a variability range of MYR2,4189,000 to 
MYR2,460,000 which reflects the influence of fuel 
consumption and emission factors as well as market volatility 
in diesel prices. In this case, it is important to reduce fuel 
consumption, such as improving engine efficiency or adopting 
hybridization, could partially mitigate this sensitivity. 
Maintenance, disposal costs and initial phases, exhibit limited 
variability, with ranges near the base value. These phases are 
comparatively predictable, as they depend on established 
servicing schedules and regulatory compliance for disposal. 

On the other hand, BEV indicated distinct cost dynamics 

with operational carbon cost shows the highest sensitivity range 

which directly reflects dependency factor to electricity costs 

and power grid’s carbon intensity. Thus, lowering BEV LCC 

will depend on grid decarbonisation, underscoring the 

complementary relationship between the use of renewable 

energy sources and transportation electrification. An inverse 

sensitivity trend in disposal costs indicates that the "low" option 

is more expensive than the "high" scenario. This reflects 

presumptions about offsetting disposal expenses due to the 

savings on the mileage from higher carbon emission. When 

compared to ICEVs, maintenance costs show less sensitivity, 

confirming the dependability of BEV technology. 

In summary, BEVs have lower lifespan emissions and more 

resilient to changes in carbon prices. The wide sensitivity range 

for ICEVs suggests that they are highly vulnerable to carbon 

pricing systems, which will have a disproportionate impact on 

their ability to compete in a low-carbon economy. The 

significance of decarbonising power generation is underscored 

by the operational cost sensitivity of BEVs. While ICEVs will 

continue to be limited by fluctuating fuel prices, BEV lifecycle 

costs will further decline as power networks shift to renewable 

energy. 

 

Fig. 3. Tornado Diagram for ICEV Powertrain 

 

Fig. 4.  Tornado Diagram for BEV Powertrain 

Higher predictability and long-term financial stability are 
suggested by BEVs' decreased total variability across lifespan 
phases. This is consistent with fleet operators' growing 
preference for BEVs and carbon-neutral regulatory 
frameworks. 

4.7 Strategic Implications 

Firstly, a policy recommendation on carbon mechanism 
should be implemented to introduce and continuously improve 
carbon pricing schemes to encourage the use of BEVs and other 
low-emission vehicles. BEV adoption will be accelerated by 
gradual rises in carbon pricing, which will penalise high-
emission alternatives. It is suggested Carbon Pricing Strategy 
for Malaysia in stages from USD 10 to USD 30 per tCO2e as a 
start at initial phase. This is to ensure the introductory phase 
would not affect significantly to the entirety of LCC as carbon 
demand transfer. The rate is designed to be competitive with 
other markets, like China and Japan, which have implemented 
similar levels [3, 8].  

As for the Operational Carbon Pricing, this would be levied 
on the carbon emissions generated during the operation phase 
of HDVs, calculated based on fuel consumption. For instance, 
diesel-powered trucks would face higher costs, while electric 
vehicles (EVs) would be largely exempt. However, BEV is also 
prone to sensitivity of the grids cost and this matter needs to be 
taken into serious consideration for Malaysia to ensure 
renewable energy integration a crucial investment. This is to 
reduce the carbon intensity of electricity and directly maximize 
the environmental and economic benefits of transitioning to 
BEVs. Besides that, maintenance and  disposal carbon cost 
Resale Carbon Costs would apply to the emissions generated 
during the maintenance phase and the resale value of the vehicle 
[25]. In this case, the lower  the failure rate and generation of 
parts activities will lower down the carbon intensity[31]. 

 -
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Maintenance and disposal stages often get overlooked in LCC, 
but applying carbon pricing here ensures that the entire lifecycle 
of a vehicle is considered, promoting more sustainable practices 
throughout[2].  

Malaysia also should develop policies to promote efficient 
recycling of EV batteries to reduce end-of-life (EOL) costs and 
enhance material circularity. In this case, the EOL can lowering 
down the LCC cost as carbon credit. This includes with the 
optimization strategies to ensure fleet manager adopt Adopt 
data-driven maintenance schedules and energy 
management systems to optimize BEV operational costs 
further. Fleet replacement must be considered well at an 
optimum price and mileage used will ensure the entirety of 
LCC cost at the optimum level. 

 

5. CONCLUSION 
In conclusion, the carbon mechanism integrated with LCC 

at use-stage is crucial for achieving both economic and 
environmental sustainability. This approach aligns with global 
efforts to reduce carbon emissions, stakeholders can make more 
informed decisions that reflect the true cost of LCC in relation 
to sustainability effort. This is also crucial for Malaysia to 
address emissions in the transportation sector, which is a 
significant contributor to the country's overall carbon footprint.  
The suggested rates provide flexibility and can be adjusted over 
time as Malaysia's carbon market matures. On top of that, this 
method provides a clear signal to manufacturers and operators 
about the financial benefits of transitioning to low-carbon 
vehicles, thereby fostering innovation and investment in green 
technologies. By adopting this carbon pricing strategy, 
Malaysia can effectively manage the environmental impacts of 
its transportation sector while simultaneously driving the 
growth of a green economy.  
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