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ABSTRACT 

Received: 2 April 2025 

This  study  evaluates  the  operational  cost  efficiency  and  environmental  implications  of Revised: 14 May 2025 

transitioning from diesel to electric buses, using the Trans Jogja public transport system in Accepted: 23 May 2025 

Indonesia  as  a  case  study.  Employing  a  total  cost  of  ownership  (TCO)  framework  and Available online: 30 June 2025 

emissions  analysis,  the  study  compares  the  financial  performance  and  greenhouse  gas (GHG)  emissions  between  diesel  and  battery  electric  buses.  Results  show  that  electric buses incur approximately 50% higher operating costs, primarily due to elevated capital 

 Keywords: 

expenditures  and  depreciation.  Moreover,  under  Indonesia's  coal-dominated  electricity electric  bus,  diesel  bus,  total  cost  of grid,  electric  buses  generate  higher  indirect  CO₂  emissions  than  their  diesel  ones, ownership, carbon emissions, grid electricity, highlighting a critical energy-emission paradox. However, electric buses eliminate tailpipe urban transport, public policy, Indonesia pollutants such as NOx and PM2.5, offering considerable public health benefits. A systemic scenario  analysis  reveals  that  full  fleet  electrification  without  concurrent  reform  in  the energy sector could raise annual emissions by over 2,200 tons. The study identifies key barriers—including  high  upfront  costs,  limited  charging  infrastructure,  and  regulatory misalignment—and  proposes  phased  policy  interventions.  Recommendations  include targeted  subsidies,  contract  revisions,  integration  with  renewable  energy,  and  technical capacity-building.  The  findings  offer  valuable  insights  for  Indonesian  cities  seeking  to scale sustainable urban mobility through electric transportation. 


1. INTRODUCTION

10,000 electric buses by 2030 [8]. 

However,  challenges  remain  concerning  high  initial Estimates  suggest  that  transportation  accounts  for investment  costs,  limited  charging  infrastructure,  and approximately  25%  of  global  anthropogenic  carbon  dioxide continued  reliance  on  coal-fired  power  plants  (CFPPS)  for (CO₂) emissions [1, 2]. In addition to CO₂, fossil-fuel-powered electricity  generation.  As  of  mid-2024,  Indonesia's  installed vehicles  release  harmful  pollutants  such  as  nitrogen  oxides power generation capacity reached 93 GW, with 85% sourced (NOₓ) and fine particulate matter (PM2.5), which deteriorate from  fossil  fuels.  PLTUs  alone  contribute  53%,  while urban air quality and pose serious public health risks [3, 4]. 

renewable  energy  sources,  primarily  hydropower  and In Indonesia, the transport sector contributes about 16.4% 

bioenergy, account for only 15%. This energy mix illustrates of  the  nation’s  total  CO₂  emissions,  making  it  a  significant a critical dilemma: Although electric buses eliminate tailpipe emitter  within  the  energy  subsector  [5].  In  2016,  Indonesia emissions,  they  still  produce  substantial  indirect  emissions accounted for 1.41% of global CO₂ emissions and ranked as when powered by coal-based electricity [9]. 

the  highest  emitter  among  ASEAN  countries  [6].  Rapid Coal-fired plants emit approximately 1.075 kg of CO₂ per urbanization and growing reliance on motorized vehicles have kilowatt-hour of electricity generated [10, 11]. Consequently, intensified  energy  efficiency  challenges  and  air  pollution  in integrating  transport  electrification  into  broader  energy cities.  Therefore,  adopting  low-carbon  technologies  and transition  strategies  is  essential  to  maximise  environmental developing  sustainable  transport  systems  have  become benefits and ensure their full realisation. 

increasingly urgent. 

Trans  Jogja,  established  in  2008,  is  Yogyakarta's  primary To address these challenges, the Indonesian government has public  transport  system  and  operates  under  a  government-introduced a series of national policies, including Presidential funded  "buy-the-service"  model.  The  system  currently  runs Regulation  No.  55/2019,  which  supports  the  acceleration  of 128  buses  (116  in  operation  and  12  held  in  reserve), battery electric vehicle (BEV) adoption [7]. This policy aims positioning  it  as  a  potential  frontrunner  in  public  transport to  promote  energy  efficiency  and  reduce  emissions  by electrification among medium-sized cities. Empirical evidence encouraging the  deployment of electric  vehicles across both suggests  that  bus  fleet  electrification  could  deliver  33-65% 

private and public transportation sectors. Major cities, such as reductions  in  greenhouse  gas  emissions  over  a  10-14-year Jakarta, have responded by setting a target of deploying over period,  depending  on  the  clean  energy  mix  and 449

implementation  speed.  When  combined  with  cleaner  power and  PM2.5  have  been  directly  linked  to  chronic  respiratory generation, such electrification efforts could also reduce local diseases, lung cancer, and cardiovascular disorders. 

pollutants  (NOₓ,  CO,  VOCS,  and  PM2.5)  by  over  80%, In  large  urban  centres  such  as  Jakarta,  Yogyakarta,  and significantly  improving  urban  air  quality  and  public  health Surabaya, emissions from motorised vehicles have become the outcomes [12-14]. 

primary  leading  source  of  local  air  pollution  [19,  20].  The In addition to environmental benefits, electric  buses offer resulting  socio-economic  impacts  include  environmental several  operational  advantages,  including  higher  energy degradation,  rising  healthcare  costs,  and  declining  labour efficiency,  approximately  25%  lower  maintenance  costs productivity. 

compared to diesel buses, and reduced noise pollution [15, 16]. 

CO₂ emissions from diesel buses can be calculated using the Nonetheless,  widespread  adoption  remains  constrained  by following standard formula: 

high capital costs, battery-related limitations, and inadequate charging infrastructure. 

𝐸𝐶𝑂 = 𝐹𝐶  ×   𝐸𝐹

(1) 

2

𝐶𝑂2

This study seeks to: 

(1)

Assess  the  operational  cost  efficiency  of  electric where, 

buses compared to diesel buses within the Trans Jogja system. 

• 𝐸𝐶𝑂 : Direct carbon dioxide emissions (kg/km) (2)

Analyse both direct and indirect emissions associated 2

• 𝐹𝐶: Fuel consumption (litres/km)

with  each  bus  type,  with  particular  attention  to  Indonesia's 

• 𝐸𝐹 : CO₂ emission factor = 2.68 kg/litre coal-dominant electricity grid. 

𝐶𝑂2

(3)

Recommend  policy  interventions  to  support  a sustainable transition to electric public transport in Indonesia. 

Here,  the  factor  2.68  kg  CO₂  per  litre  represents  the  CO₂ 

The study further includes assessing charging infrastructure released from the complete combustion of one litre of diesel. 

requirements, fleet reserve needs, and total cost of ownership This  factor  is  based  on  stoichiometric  calculations, (TCO) to ensure reliable and sustainable public transportation. 

considering the carbon content of diesel fuel and the molecular The findings are intended to guide local and national policy weight ratio of CO₂ to elemental carbon. It is internationally decisions and offer a scalable model for other Indonesian cities recognised  and  adopted  by  institutions  such  as  the  U.S. 

pursuing transport electrification. 

Environmental 

Protection 

Agency 

(EPA), 

the 

Intergovernmental Panel on Climate Change (IPCC), and the Ministry for the Environment of New Zealand. 


2. LITERATURE REVIEW

This  emission  factor  provides  a  practical  basis  for calculating  direct  CO₂  emissions  from  diesel  bus  operations Transport  electrification  has  emerged  as  a  promising over any distance or operational cycle [21]. 

strategy to address the dual challenges of urban air pollution and  climate  change.  However,  assessing  the  viability  and 2.1.2 Emission reduction potential of electric buses and grid effectiveness  of  electric  bus  adoption  requires  a challenges 

comprehensive understanding of environmental and economic Battery Electric Buses (BEBs) offer significant potential to aspects.  This  literature  review  provides  the  theoretical reduce  local  emissions  because  they  produce  no  tailpipe foundation and empirical references for the study's analytical emissions during operation. The absence of tailpipe emissions framework.  This  literature  review  structures  the  discussion makes BEBs highly suitable for densely populated urban areas into  four  main  sections:  greenhouse  gas  (GHG)  emissions that  demand  cleaner  air  and  quieter  transportation  solutions from  transportation,  electricity  grid  emissions,  operational 

[22].  However,  although  BEBs  operate  as  zero-emission cost frameworks, and enabling policy environments for public vehicles  at  the  point  of  use,  they  still  generate  indirect transport  electrification.  Each  section  synthesises  relevant emissions, which vary depending on the carbon intensity of the findings  from  international  and  local  sources,  offering  a electricity  used  for  charging. In  Indonesia,  the  national  grid contextual  basis  for  evaluating  Indonesia's  public  transport remains dominated by coal-fired power plants, with an average transition. 

emission  intensity  of  approximately  1.075  kg  CO₂  per kilowatt-hour (kWh) of electricity generated [10, 11]. 

2.1 Transportation and GHG emissions To estimate the indirect CO₂ emissions of electric buses, the following formula is applied: 

Road-based  transport  is  a  major  contributor  to  GHG 

emissions,  particularly  in  developing  economies  with  rising 𝐸𝐶𝑂 = 𝐸𝐶  ×  𝐸𝐹

2

𝑔𝑟𝑖𝑑

(2) 

vehicle  ownership.  This  section  explores  the  emission characteristics  of  conventional  diesel  buses  and  compares where, 

them with electric bus systems. It distinguishes between direct 

• 𝐸𝐶𝑂 : Indirect carbon dioxide emissions (kg/km) 2

and  indirect  emissions  to  highlight  the  importance  of  grid 

• 𝐸𝐶: Electricity consumption (kWh/km)

decarbonisation in amplifying the climate benefits of electric 

• 𝐸𝐹𝑔𝑟𝑖𝑑: Grid emission factor = 1.075 kg CO₂/kWh mobility. 

Using  a  typical  energy  consumption  rate  of  1.2  kWh  per 2.1.1 Diesel bus emissions: CO₂, NOₓ, and PM2.5 

kilometre (a conservative value based on international studies Road  transportation  is  one  of  the  major  contributors  to for mid-sized electric buses operating under urban stop-and-greenhouse  gas (GHG) emissions that  drive  climate  change. 

go conditions) the estimated indirect CO₂ emissions are: Diesel-powered  buses  release  carbon  dioxide  (CO₂)  through fuel  combustion, along  with nitrogen  oxides  (NOₓ)  and  fine 1.2  ×  1.075  =  1.29 kg CO₂/km 

particulate matter (PM2.5), all of which significantly degrade air quality and pose risks to human health [17, 18]. Both NOₓ 

Although  BEBs  may  not  consistently  outperform  diesel 450

buses  in  terms  of  CO₂  emissions  when  powered  by  high-These  values  serve  as  baseline  reference  figures  derived carbon  electricity,  their  long-term  environmental  benefits from  secondary  sources  and  are  used  to  contextualise  the depend  significantly  on  the  decarbonisation  of  the  national findings in the subsequent discussion in Section 4. 

grid. Under Indonesia’s current electricity mix, electric buses may  emit  more  CO₂  annually  than  their  diesel  buses. 

2.2.2 Challenges in reducing indirect emissions Therefore, transport electrification strategies must be  tightly Although  electric  buses  generate  no  tailpipe  emissions integrated with national  energy transition policies,  primarily during  operation,  the  electricity  used  to  power  them  often through  the  accelerated  deployment  of  renewable  energy originates  from  fossil-based  power  plants,  particularly  in sources such as solar, hydro, and wind. 

countries with carbon-intensive grids. Numerous studies have Despite these challenges, BEBs offer substantial advantages shown that in systems dominated by coal and natural gas, the in  eliminating  local  pollutants  such  as  NOₓ  and  PM2.5.  For life cycle greenhouse gas (GHG) emissions of electric vehicles instance, a study conducted in Cluj-Napoca, Romania, found may approach—or even exceed—those of conventional diesel that  replacing  41  Euro-3  diesel  buses  with  electric  buses vehicles  [27-29].  Such  emission  dynamics  make  the  carbon reduced annual CO₂ emissions by 668 tons and NOₓ emissions footprint of electric mobility highly dependent on the structure by 6.41 tons [23]. These results highlight the considerable air and decarbonization level of national power systems. 

quality  benefits  of  adopting  electric  buses,  even  in  contexts Therefore,  diversifying  the  electricity  mix  is  a  critical where electricity decarbonisation is still in progress. 

strategy for reducing indirect emissions. It involves increasing the proportion of renewables, such as solar, wind, and hydro, 2.2 Electricity from fossil-based power plants in the  national  energy systems. A  cleaner grid improves the environmental  performance  of  electric  vehicles  and  ensures Electricity generation plays a decisive  role  in shaping the the long-term sustainability of electrified transport initiatives. 

overall environmental impact of electric vehicles, particularly Several countries have committed to ambitious renewable regarding  indirect  emissions. Although  electric  buses  (EBS) energy  targets  for  their  broader  energy  transition  strategies. 

do not emit greenhouse gases during operation, emissions still Such  commitments  are  crucial  for  realizing  the  full occur  at  the  power  generation  stage,  especially  in  countries environmental benefits of electric public transport. Moreover, where the electricity grid is predominantly powered by fossil emerging  technologies  such  as  carbon  capture  and  storage fuels  such  as  coal,  oil,  and  natural  gas.  Therefore,  to  fully (CCS) can mitigate emissions from fossil-based power plants. 

assess  the  environmental  benefits  of  electric  buses,  it  is However,  the  widespread  adoption  of  CCS  remains  limited essential to consider the carbon intensity of the electricity that due to high capital costs, technological barriers, and regulatory powers them. 

uncertainty [30-32]. 



Therefore,  while  transport  electrification  is  essential  to 2.2.1  Fossil  fuel  consumption  and  CO₂  emissions  in  power sustainable  urban  mobility,  its  environmental  success generation 

ultimately  hinges  on  parallel  progress  in  decarbonizing Coal-fired  power  plants  (CFPPS)  dominate  electricity electricity  generation.  Without  this  alignment,  the generation  in  many  developing  countries.  In  India,  for environmental benefits of electric  buses may remain limited example,  coal  accounts  for  approximately  77%  of  total by upstream emissions. 

electricity production [24]. These plants are among the most significant  industrial  contributors  to  carbon  dioxide  (CO₂) 2.3 Operational cost analysis 

emissions due to the high carbon content of coal. In countries utilising low-grade coal, the power plant efficiency is further Transitioning to electric buses not only raises questions of reduced, resulting in higher CO₂ emissions per kilowatt-hour environmental  impact  but  also  demands  a  thorough (kWh) of electricity produced. Burning approximately 0.43 kg understanding of financial implications. The operational cost of coal to generate 1 kWh of electricity can release up to 1.075 

of  electric  buses  differs  substantially  from  those  of kg  of  CO₂,  depending  on  the  coal's  carbon  content  and  the conventional  diesel  buses  in  terms  of  capital  investment, efficiency of combustion technology used [25, 26]. 

energy  expenses,  maintenance  costs,  and  depreciation. 

In Indonesia, coal-fired power plants remain the cornerstone Therefore, a comprehensive assessment of operational costs is of electricity production. As of mid-2024, they accounted for essential  for  evaluating  the  economic  viability  of 53%  of  the  country's  93  GW  installed  generation  capacity, electrification in public transportation systems. 

equivalent to 49.8 GW. The calorific value of Indonesian coal varies widely (ranging from 4,500 to 6,000 kcal/kg), directly 2.3.1 Total cost of ownership (TCO) 

affecting  emission  outputs—lower  calorific  value  coal The  total  cost  of  ownership  (TCO)  is  a  widely  adopted requires  greater  input  volume,  thereby  increasing  CO₂ 

framework for comparing the economic performance of diesel emissions. 

and  electric  buses  over  their  whole  service  life.  TCO 

Given that electric buses consume an average of 1.2 kWh calculations  include  capital  expenditures  (Capex),  daily per kilometre, and the national grid has an emission intensity operational costs, routine maintenance, and the replacement of of 1.075 kg CO₂ per kWh, the estimated indirect emissions per key components. While electric buses generally have higher kilometre are: 

initial costs, several studies indicate that over a 10- to 15-year lifecycle,  electric  buses  can  achieve  a  10-15%  lower  TCO 

1.2  ×  1.075  =  1.29 kg CO₂/km 



compared  to  diesel  buses,  primarily  due  to  higher  energy efficiency and reduced maintenance requirements [33]. 

On  an  annual  basis,  assuming  an  operational  distance  of Electric  buses  operate  on  simpler  drivetrains  (lacking 82,125 km per bus, total indirect emissions amount to: internal  combustion engines and multi-speed transmissions), reducing  mechanical  complexity  and  lowering  the  risk  of 1.29  ×  82,125  =  105.9 tons CO₂ per year  



breakdowns. Maintenance costs may be up to 25% lower for 451

electric  buses,  and  regenerative  braking  systems  extend  the support,  regulatory  clarity,  and  cross-sectoral  coordination. 

lifespan  of  brake  components.  A  Life  Cycle  Cost  (LCC) This  section  reviews  Indonesia's  national  and  subnational analysis over a 25-year horizon shows that electric buses can policy  landscape  and  international  case  studies  illustrating reduce total cost by 5-10% relative to diesel buses. However, how  policy  interventions  can  accelerate  the  transition  to these  advantages  are  more  pronounced  where  public  policy electric public transport. 

offers supporting incentives, including purchase subsidies, tax exemptions,  energy  pricing  regulations,  and  investment  in 2.4.1 National and local policies in Indonesia charging infrastructure [34, 35]. 

The Indonesian government has signalled strong support for The  total  cost  of  ownership  per  kilometres  (TCO/km)  is transport  electrification  through  Presidential  Regulation  No. 

calculated using Eq. (3): 

55 of 2019, which mandates accelerating the development and adoption  of  battery  electric  vehicles  (BEV).  The  regulation 𝑇𝐶𝑂 

(𝐴𝐹𝐶 + 𝐴𝑉𝐶)

aims  to  reduce  GHG  emissions,  improve  energy  efficiency, 

=

(3) 

𝑘𝑚

𝐴𝐷𝑇

and  stimulate  the  domestic  electric  vehicle  industry.  This policy was further strengthened by Presidential Instruction No. 

where, 

7  of  2022,  which  requires  government  institutions—both 

• 𝐴𝐹𝐶: Annual Fixed Costs

national  and  local—to  use  BEVS  in  their  operational  fleets 

• 𝐴𝑉𝐶: Annual Variable Costs

[38]. 

• 𝐴𝐷𝑇: Annual Distance Travelled

At the municipal level, the Provincial Government of DKI This  study  applies  the  TCO  framework  to  assess  the Jakarta has set a target of complete electrification of the Trans financial  performance  of  diesel  and  electric  bus  fleets Jakarta  fleet  by  2030.  Governor's  Decree  No.  1053  of 2022 

operating under the same service conditions. 

outlines a roadmap for implementation and provides non-fiscal incentives,  such  as  route  prioritisation  and  terminal  fee 2.3.2 Cost efficiency studies in developing countries reductions, to encourage electric bus adoption [39]. 

In  developing  countries,  cost  efficiency  remains  a  key Outside the capital, electrification progress remains limited concern  when  adopting  electric  buses.  Several  studies and  is  mainly  confined  to  pilot  programs.  For  instance,  the highlight  the  potential  for  long-term  savings  when  electric early-stage  deployment  of  electric  buses  in  Yogyakarta buses  are  deployed  under  appropriate  policy  and  financial illustrates  the  potential  but  also  highlights  the  persistent conditions. For example, life cycle analyses in India indicate challenges: 

that electric buses can achieve a 5-10% lower TCO than diesel 

• High initial capital costs, 

buses. However, findings vary significantly across Southeast 

• Continued dependence on coal-based electricity, Asia. Unlike Singapore, most ASEAN cities still report higher 

• Limited charging infrastructure, 

TCO for electric buses, primarily due to elevated capital costs, 

• Innovative financing mechanisms such as leasing models inadequate tax incentives, and relatively high electricity tariffs or Battery-as-a-Service (Baas) schemes are absent. 

[36, 37]. 

To scale up electric bus adoption in medium-sized cities, a Singapore serves as a noteworthy exception. Its progressive more integrated policy approach is needed to connect transport fiscal  policies  and  robust  transport  governance  have  made strategies  with  energy  planning  within  a  robust  institutional electric buses financially viable. Incentives such as reductions framework. 

in  the  Additional  Registration  Fee  (ARF),  road  tax exemptions, and Early Adoption EV programs contribute to a 2.4.2 International case studies: Shenzhen and Singapore cost  structure  in  which  electric  buses  outperform  diesel Shenzhen,  China,  achieved  full  electrification  of  over alternatives over time. 

16,000 public buses in less than a decade, establishing itself as Another  advantage  of  electric  buses  is  their  reduced a global leader in electric public transport. This transformation maintenance needs. Electric drivetrains eliminate the need for was  made  possible  through  strong  national  policies, engine  oil,  air  filters,  and  transmission  fluid.  Moreover, substantial  government  subsidies  for  fleet  procurement  and regenerative braking reduces wear on brake  pads, extending charging  infrastructure,  and  well-coordinated  institutional their lifespan. These factors can lead to 20-30% maintenance efforts  between  central  and  local  governments.  Shenzhen's savings depending on usage patterns. 

local  authorities  offered  operational  support,  while  national Nonetheless,  a  significant  barrier  to  adoption  remains  the policy ensured financial viability and long-term commitment high upfront cost. Electric buses typically cost 1.5 to 2 times to cleaner energy integration [40]. 

more than diesel units. As a result, policy mechanisms such as Singapore has also adopted an integrated approach to public innovative financing models (e.g., leasing schemes or Battery-transport electrification. Progressive taxation, high fossil fuel as-a-Service),  targeted  subsidies,  and  fiscal  incentives  are prices,  and targeted incentives drive the  city-state's strategy. 

essential to promote the transition, particularly in cities with These  include  reductions  in  the  Additional  Registration  Fee limited fiscal capacity. 

(ARF),  road  tax  exemptions,  and  the  Electric  Vehicle  Early These  insights  underscore  the  importance  of  designing Adoption  Incentive  (EEAI).  Such  financial  measures  have holistic  support  frameworks  that  combine  financial, made  electric  buses  economically  more  attractive,  enabling technological,  and  institutional  interventions  to  ensure  the Singapore to become the only ASEAN country where electric economic feasibility of electric  public transport in emerging buses currently exhibit a lower TCO than diesel alternatives economies. 

[37]. 

Both  case  studies  demonstrate  that  public  transport 2.4 Electrification policies for public transport electrification requires more than technological readiness—it depends  critically  on  multi-sectoral  policy  alignment, The success of transport electrification initiatives depends financial  support,  and  institutional  collaboration.  The not  solely  on  vehicle  technology  but  also  on  strong  policy Shenzhen  model  illustrates  how  scale  and  speed  can  be 452

achieved with centralised planning and fiscal incentives, while Yogyakarta  Department  of  Transportation  represent  the Singapore highlights the importance of long-term regulatory current  Trans  Jogja  system,  they  may  not  fully  capture and fiscal coherence in a liberal market context. 

performance  variations  across  all  service  corridors  or  future In  line  with  global  frameworks  such  as  the  International operational  adjustments.  This  limitation  is  addressed  by Association  of  Public  Transport  (UITP)  and  UN-Habitat's incorporating  scenario-based  projections  and  parameter Urban  Mobility  Strategy,  these  case  studies  exemplify  how ranges. 

electric  bus  adoption  supports  broader  urban  sustainability goals.  These  include  reducing  greenhouse  gas  emissions, 3.3 Analytical methods 

improving  air  quality,  and  ensuring  inclusive  access  to mobility. Accordingly, the literature reviewed in this chapter 3.3.1 Cost efficiency analysis (TCO) 

reinforces the understanding that transport electrification is not The  analysis  calculates  the  TCO  for  diesel  and  electric merely  a  technological  upgrade  but  a  core  component  of buses.  The  TCO  framework  includes  capital  investment, sustainable  urban  transformation  that  must  be  supported  by energy  consumption  (litres/km  versus  kWh/km),  routine coherent policy, planning, and financing systems. 

maintenance  costs,  asset  depreciation,  and  supporting infrastructure  (charging  stations).  All  fees  are  expressed  in Indonesian  Rupiah  per  kilometre  (IDR/km)  and  analysed 3. METHODOLOGY

annually.  To  account  for  economic  uncertainties,  the  study incorporates  a  simplified  sensitivity  analysis  using  three 3.1 Research design 

scenarios  (base  case,  optimistic,  and  conservative)  by adjusting  key  input  variables  such  as  fuel  prices,  electricity This study adopts a case study approach and comparative tariffs, and maintenance factors. 

analysis between electric and diesel buses operating within the Trans  Jogja  public  transport  system.  The  research  evaluates 3.3.2 Emissions analysis 

operational  cost efficiency, environmental impact (including This  component  estimates  direct  emissions  from  diesel direct and indirect emissions), and implementation challenges buses  using  standard  emission  factors  (kg  CO₂/litre).  For from  technical  and  institutional  perspectives.  The  study electric buses, the analysis evaluates indirect emissions based applies  a  quantitative-descriptive  framework,  using  actual on  the  national  electricity  grid’s  carbon  intensity  (kg operational  data,  simulation,  and  relevant  literature  from CO₂/kWh). 

national and international sources. 

The analysis calculates annual CO₂ emissions per unit and In  addition,  an  evaluative  framework  supports  assessing totals them at the fleet level. In addition, the study compares charging  infrastructure  needs  (e.g.,  public  electric  vehicle local  pollutants,  such  as  NOₓ  and  PM2.5,  using  reference charging stations) and their impact on the TCO. 

assumptions and secondary literature. 

This study does not perform formal hypothesis testing but Sensitivity analysis is also applied to test how grid emission focuses  on  real-world  system  representation  and  scenario-factors  influence  the  relative  environmental  performance  of based assessments.  

electric buses. 


3.2 Data sources and types 

3.3.3 Infrastructure and implementation assessment The analysis estimates charging station requirements based This study utilizes a combination of primary and secondary on fleet size and operational schedules. It also calculates the data: 

number of reserve buses necessary to compensate for charging Primary Data: 

time constraints. 

(1)

Operational  cost  data  for  Trans  Jogja  in  2025, The analysis assesses institutional readiness and regulatory obtained  from  the  operator  PT  Anindya  Mitra  Internasional frameworks  to  determine  their  support  for  transitioning  to and the Yogyakarta Department of Transportation, including electric buses. 

cost-per-kilometre (IDR/km) for each bus type. 

Finally,  the  study  provides  policy  recommendations  for (2)

Emission  estimates  based  on  technical  reports  and scalable and sustainable public transport electrification. 

calculations  derived  from  energy  consumption  and  vehicle These  recommendations  are  designed  to  align  with efficiency. 

Indonesia’s  energy  transition  targets  and  international  best Secondary Data: 

practices. 

(1)

Energy mix statistics and emission intensity from the Indonesian  Ministry  of  Energy  and  Mineral  Resources (ESDM). 


4. RESULTS AND DISCUSSION

(2)

International case studies from India, Singapore, and Shenzhen, China. 


4.1 Comparison of operational costs 

(3)  Policy 

documents, 

including 

Presidential 

Regulations,  Presidential  Instructions,  Governor’s  Decrees, Operational  cost  evaluation  is  essential  to  assess  the and related technical guidelines. 

economic efficiency between diesel and electric buses in the (4)

The  International  Energy  Agency  (IEA)  and  peer-Trans Jogja public transport system. This analysis uses a cost-reviewed studies reference carbon emission factors for coal-per-kilometre  approach  (IDR/bus-km),  categorising  the fired power plants. 

components  into  fixed  and  variable  costs.  The  comparison (5)

Literature  supporting  indirect  emission  modelling provides a comprehensive overview of cost structures and the and cost parameters under varying energy mix and electricity long-term saving potential for each type of service. 

tariffs.  

Table 1 presents a detailed breakdown of operational cost While  the  operational  data  from  PT  AMI  and  the components  per  kilometre  for  three  Trans  Jogja  service 453
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configurations:  diesel,  dedicated,  and  bulk-service  electric buses. 

 

Table 1.  Operating cost comparison per bus-kilometre for Trans Jogja (in IDR/bus-km) 



Electric Bus–

Electric 

Diesel 

Component 


Dedicated 

Bus–Bulk 

Bus 

Service 

Service 


A. Fixed Costs 

1. Vehicle 

1,898.76 

4,691.00 

4,691.00 

depreciation 

2. Bank interest 

688.90 

3,403.90 

3,403.90 

3. Vehicle tax 

39.39 

2.49 

2.49 



4. Vehicle 



66.68 

698.06 

698.06 

insurance 

Figure 1.  Comparison of fixed and variable cost components 5. Vehicle 

per bus type (diesel, electric dedicated, electric bulk) in Trans 2.07 

2.44 

2.44 

inspection (keur) 

Jogja operations 

6. Passenger 

7.31 

10.46 

10.46 



insurance 

The analysis from Table 1 shows that the total operational 7. Bus crew cost 

3,590.78 

2,745.60 

2,745.60 

cost per kilometre for diesel buses is IDR 11,164.88, dedicated 8. Organda dues 

0.73 

1.05 

1.05 

electric buses reach IDR 17,529.07, and bulk electric buses are 9. Route permit 

0.12 

0.31 

0.31 

fee 

slightly lower at IDR 16,780.56. 

10. Terminal 

The most significant cost differences emerge from the fixed 36.35 

642.71 

642.71 

retribution 

cost components: 

11. Office staff 

(1)  Vehicle  depreciation  reaches  IDR  4,691.00  for 1,061.14 

1,654.33 

1,654.33 

cost 

electric  buses,  more  than  double  the  depreciation  cost  for 12. Land and 

diesel buses (IDR 1,898.76), driven by higher initial vehicle building tax 

3.26 

3.26 

3.26 

prices. 

(PBB) 

(2)  Bank interest reaches IDR 3,403.90 for electric buses, 13. Office rental 

38.05 

38.05 

38.05 

far exceeding the IDR 688.90 incurred by diesel buses. This Total Fixed 

7,433.53 

13,893.65 

13,893.65 

Costs (A) 

reflects the more significant financial burden associated with B. Variable Costs 

electric fleet acquisition. 

1. Energy (fuel 

(3)  Vehicle insurance premiums for electric buses reach 1,581.40 

1,203.02 

517.19 

/electricity) 

IDR 698.06, compared to IDR 66.68 for diesel buses. 

2. Tires 

282.86 

330.00 

330.00 

In contrast, electric buses demonstrate greater efficiency in 3. Maintenance 

841.43 

620.45 

620.45 

the variable cost category: 

4. Management 

90.66 

17.43 

17.43 

(1)  Energy cost, particularly for bulk services, amounts cost 

to IDR 517.19 per km, almost one-third of the  fuel  cost for 5. Overhead and 

716.09 

1,121.63 

1,073.62 

diesel buses (IDR 1,581.40 per km). 

profit margin 

6. Corporate tax 

218.92 

342.90 

328.22 

(2)  Maintenance costs reach IDR 620.45 per km, lower Total Variable 

than  diesel  buses  (IDR  841.43)  because  electric  buses 3,731.35 

3,635.42 

2,886.91 

Costs (B) 

eliminate  the  need  for  components  such  as  oil,  filters,  and Total Operating 

combustion engine servicing. 

11,164.88 

17,529.07 

16,780.56 

Cost (A + B) 

(3)  However, overhead and profit margins remain higher for electric buses, reaching IDR 1,121.63 per km compared to To  provide  a  more  precise  comparison  between  the  cost IDR  716.09  per  km  for  diesel  buses.  These  margins  reflect structures  of  each  service  mode,  a  bar  chart  is  presented  in investment  risks  and  revised  contract  economics  associated Figure 1, showing the proportion of fixed and variable costs with electric vehicle deployment. 

for each bus type. Figure 1 illustrates that diesel buses have a Therefore,  although  electric  buses  offer  greater  energy relatively  balanced  composition  of  fixed  and  variable  costs, consumption  and  maintenance  efficiency,  their  higher  fixed with a slight dominance in variable expenses such as fuel and costs due  to investment and financing constraints keep their maintenance.  In  contrast,  dedicated-service  electric  buses total  per-kilometre  cost  less  competitive.  To  address  this dominate  fixed  costs,  primarily  driven  by  high  depreciation challenge, electrification strategies should be accompanied by and bank interest. Although the bulk electric buses offer better investment subsidies, revised service contracts, and innovative efficiency in energy consumption, fixed costs still account for financing schemes that reduce fixed-cost burdens and support most of their total cost. This visualisation reinforces that the sustainable deployment of low-emission transport systems. 

main challenge in lowering the cost per kilometre of electric buses lies in capital structure and financing burden rather than 4.2 Emissions and environmental impact analysis daily operating expenses. 

 



Electrifying the Trans Jogja bus fleet contributes to efforts to  reduce  greenhouse  gas  (GHG)  emissions,  particularly carbon dioxide (CO₂) and local air pollutants such as nitrogen oxides  (NOₓ)  and  delicate  particulate  matter  (PM2.5).  This section  comprehensively  evaluates  direct  and  indirect 454
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emissions to assess the environmental impact of electric buses. 

However,  if  the  entire  fleet  were  replaced  with  electric buses  powered  by  coal-based  electricity,  the  total  indirect 4.2.1 Direct and indirect emissions 

emissions would be: 

When  evaluating  the  environmental  impact  of  public transport electrification, it is essential to distinguish between 1128 × 105.9 = 13,544 tons CO₂/year 



direct  emissions  produced  from  the  vehicle’s  operation  and indirect  emissions  originating  from  the  energy  generation This  indicates  that,  under  current  energy  mix  conditions, processes that power the vehicles. 

full electrification of the Trans Jogja fleet could result in a net The  direct  emissions  of  diesel  buses  result  from  fuel increase of 2,278 tons of CO₂ per year. This phenomenon is combustion.  Assuming  an  average  fuel  consumption  of  0.4 

referred to in environmental policy literature as the rebound litres per kilometre and an emission factor of 2.68 kg CO₂ per effect, where indirect emissions offset the expected benefits of litre, the CO₂ emission per kilometre can be calculated using electrification 

due 

to 

insufficient 

energy 

sector 

the following equation: 

decarbonization. 



Figure  2  presents  a  visual  comparison  of  total  annual 𝐸𝐶𝑂

emissions across the  two fleet scenarios. This highlights the 2 𝑑𝑖𝑒𝑠𝑒𝑙 = 𝐹𝐶  ×  𝐸𝐹 = 0.4  ×  2.68



= 1.072 𝑘𝑔 𝐶𝑂

systemic scale of the emissions difference and reinforces the 2/𝑘𝑚 



conclusion that transport electrification cannot be assessed in With an average annual mileage of 82,125 kilometres per isolation from the energy sector. 

unit, the total annual CO₂ emissions from a single diesel bus This  analysis  reinforces  the  argument  that  the are: 

environmental  benefits  of  electric  public  transportation depend not only on the type of vehicle used but also on  the 1.072  ×  82,125  =  88.1 tons 𝐶𝑂

carbon  intensity  of  the  electricity  grid.  For  electrification  to 2/year 





deliver system-wide emission reductions, it must be integrated In contrast, electric buses do not produce tailpipe emissions with broader clean energy transition strategies. 

during  operation.  However,  they  still  contribute  to  indirect This value exceeds the annual direct emissions from diesel emissions depending on the carbon intensity of the electricity buses (88.1 tons CO₂), reinforcing the concern that transport supply.  Under  current  conditions  in  Indonesia,  where  coal-electrification—if  pursued  without  simultaneous  electricity fired power plants still dominate the power grid, and with an sector  reform—may  paradoxically  lead  to  higher  total energy consumption of 1.2 kWh per kilometre and an emission greenhouse gas emissions. This outcome, often referred to as factor of 1.075 kg CO₂ per kWh, the calculation is: a rebound effect in environmental policy literature, highlights the systemic risk of relying solely on tailpipe emission metrics. 

𝐸

To address this challenge, national energy strategies must 𝐶𝑂2 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 = 𝐹𝐶  ×  𝐸𝐹 = 1.2  ×  1.075



= 1.29 𝑘𝑔 𝐶𝑂

prioritise  the  decarbonisation  of  the  electricity  grid  by 2/𝑘𝑚 



integrating  renewable  sources  such  as  solar,  wind,  and Assuming  the  same  annual  mileage,  the  annual  indirect hydropower.  Only  by  aligning  transport  electrification  with emissions per electric bus are: 

broader  clean  energy  transitions  can  the  full  potential  of electric  public  transport  systems  to  reduce  emissions  be 1.29  ×  82,125  =  105.9 tons CO₂/year effectively realised. 





The  comparison  of  energy  consumption  and  annual  CO₂ 

emissions per unit is summarised in Table 2 below to provide a clear side-by-side view of both vehicle types. 



Table 2. CO₂ emission comparison between diesel and electric 

 

Electric Bus (Coal-

Parameter 


Diesel Bus 

Based) 

Energy consumption 

0.4 litre/km 

1.2 kWh/km 

2.68 kg 

Emission factor 

1.075kg CO₂/kWh 

CO₂/litre 

CO₂ emission per km 

1.072 kg 

1.29 kg 



Annual CO₂ emission 

88.1 tons CO₂ 

105.9 tons CO₂ 

 

(per bus) 

Figure 2.  Comparison of annual CO₂ emissions per bus: diesel vs. electric (coal-based grid) 

The  data  clearly  shows  that,  on  a  per-unit  basis,  electric buses,  when  powered  by  a  coal-dominated  energy  grid,  can 4.2.2 Impact on local emissions and air quality result in higher CO₂ emissions than diesel buses to assess the While  electric  buses  may  produce  higher  indirect  CO₂ 

full-scale impact on the system, it is essential to calculate total emissions  under  a  coal-based  electricity  grid,  they  offer emissions based on the entire Trans Jogja fleet. 

significant  advantages  in  reducing  local  air  pollutants, Trans Jogja currently operates 128 buses. If the entire fleet particularly  nitrogen  oxides  (NOₓ),  carbon  monoxide  (CO), were diesel-powered, the total annual emissions would be: volatile  organic  compounds  (VOCS),  and  fine  particulate matter  (PM2.5).  Pollutants  linked  to urban  air  pollution  and 128 × 88.1 = 11,266 tons CO₂/year 



adverse public health outcomes. 
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Based  on  findings  from  operational  simulations  and sector integration becomes imperative. Electrification alone is empirical studies in cities such as Cluj-Napoca (Romania) and insufficient. Institutional coordination between transportation Bogotá (Colombia),  replacing  diesel  bus  fleets  with  electric agencies,  energy  authorities,  and  utility  providers—

buses  can  reduce  local  air  pollutant  emissions,  particularly particularly  Perusahaan  Listrik  Negara  (PLN),  Indonesia’s NOₓ  and  PM2.5,  by  30%  to  over  90%,  depending  on  fleet State-Owned Electricity Company, and the Ministry of Energy characteristics and local traffic conditions. A similar impact is and  Mineral  Resources—is  essential  to  align  technological projected for the Trans Jogja system, especially along its most deployment with low-carbon energy supply. 

congested  corridors  such  as  Malioboro–Airport  and Furthermore, this transition must be guided by a long-term Giwangan–Condong  Catur,  which  currently  experience  high policy  framework  that  addresses  the  concerns  of  key passenger volumes and traffic density [22, 41]. 

stakeholders, including bus operators, local governments, and Numerous studies have demonstrated that improvements in urban  communities.  Financial  and  regulatory  incentives air  quality  yield  immediate  and  measurable  public  health should  support  vehicle  procurement  and  charging benefits.  Reductions  in  ambient  air  pollution  have  been infrastructure  and  accelerate  renewable  energy  generation. 

associated  with  rapid  respiratory  symptom  decline,  hospital Electrified public transport systems can only deliver systemic admissions,  premature  births,  and  overall  mortality  within and enduring carbon intensity reductions. 

weeks [42]. Evidence also suggests that meeting international This  integrated  approach  aligns  with  the  principles  of air quality guideline targets, such as those issued by the World sustainable 

mobility—resource 

efficiency, 

reduced 

Health  Organisation,  could  prevent  a  significant  number  of environmental  impact,  and  intergenerational  equity—

non-accidental  deaths  annually,  particularly  those  related  to strengthening the case for coherent energy-transport planning cardiovascular and respiratory diseases [43]. 

in Indonesia’s urban development agenda. 

In dense urban environments, adopting zero-emission buses can significantly reduce exposure to harmful pollutants such 4.3 Implementation challenges of electric buses as NO₂ and PM2.5, especially among vulnerable groups, such as children and older people. The transition is anticipated to The electrification of public transport fleets, such as Trans lower healthcare demand, reduce public health expenditures, Jogja,  presents  significant  implementation  challenges  that and enhance overall productivity and life expectancy. 

span  financial,  technical,  institutional,  and  societal From a sustainability perspective, the transition to electric dimensions.  Foremost  among  these  is  the  high  capital public  transport  aligns  strongly  with  the  United  Nations expenditure required to procure electric buses, which leads to Sustainable Development Goals (SDGS)—in particular, SDG 

elevated  depreciation  and  financing  costs.  Without  targeted 3  (Good  Health  and  Well-being)  and  SDG  11  (Sustainable subsidies  or  alternative  financing  schemes,  such  as  leasing Cities  and  Communities).  Therefore,  even  if  the  transition models  or  battery-as-a-service,  these  upfront  costs  hinder does  not  immediately  reduce  total  CO₂  emissions  are  not wider adoption, particularly in resource-constrained cities. 

immediately  reduced,  the  local  environmental  and  public Another  key  obstacle  is  the  charging  infrastructure. 

health benefits justify the electrification of city bus fleets as a Expanding electric bus fleets demands extensive investment in priority policy direction. 

land,  grid  capacity,  and  technical  standards  for interoperability.  Coordinating  with  Indonesia's  State 4.2.3 The role of energy transition in supporting electrification Electricity Company (PLN) ensures grid readiness and service The  effectiveness  of  public  transport  electrification  in reliability.  Delays  in  infrastructure  rollout  can  limit  route reducing greenhouse gas (GHG) emissions critically depends coverage and reduce operational flexibility. 

on the national energy mix. As of 2024, Indonesia still relies Battery-related issues also pose long-term risks. Replacing on coal-fired power plants (PLTU) for approximately 53% of battery  packs  after  6-8  years  contributes  significantly  to its  installed  power  generation  capacity,  making  indirect lifecycle  costs.  Compounding  this  is  the  lack  of  domestic emissions from electric buses substantially high, even though recycling infrastructure for lithium batteries, raising concerns they produce zero tailpipe emissions. 

over environmental sustainability and the absence of a circular Thus, electrification strategies must be  accompanied by a economy framework. Furthermore, Indonesia's dependence on structural energy transition towards renewable sources such as imported  components  exposes  the  electric  bus  ecosystem  to solar,  wind,  and  biomass.  The  General  Plan  for  Electricity global supply chain volatility and price fluctuations. 

Supply (RUPTL) 2021–2030 targets a renewable energy share Institutionally,  existing  regulatory  frameworks  remain of 23% by 2025. However, progress remains slow, and coal centred  on  diesel-based  systems.  Current  procurement dominance  undermines  the  environmental  gains  from standards  and  contract  models  under  the  buy-the-service electrified transport. 

(BTS)  scheme  do  not  yet  reflect  electric  fleets'  operational This emission trade-off highlights a central paradox: while characteristics and cost structure. This misalignment reduces electric  buses  reduce  local  pollutants  like  NOₓ  and  PM2.5, the  incentives  for  local  governments  and  operators  to leading to significant air quality improvements, their indirect transition. 

CO₂  emissions  may  surpass  those  of  diesel  buses  when Beyond infrastructure and policy, stakeholder engagement powered  by  coal-heavy  grids.  Therefore,  without is equally essential. Public acceptance of electric buses, which decarbonising  the  power  sector,  the  full  environmental are characterized by quieter operation and reduced pollution benefits of electrification will remain unattainable. 

must  be  supported  through  awareness  campaigns  and  user Regional  evidence  reinforces  this  interdependence; education.  Operators  need  capacity-building  programs  to countries such as Vietnam and the Philippines have explicitly manage new technologies and maintenance regimes. 

linked transport electrification policies with renewable energy From  a  broader  sustainability  perspective,  electrification investments, ensuring synchronised progress across the energy should  not  be  seen  in  isolation.  Long-term  environmental and transport sectors. 

gains  require  aligning  transport  policy  with  national  energy In the context of sustainable transport development, cross-planning  and  urban  development  strategies.  Exploring 456

complementary pathways, such as hydrogen or bio-CNG, may for each fleet type. Under current conditions, the electric bus further  diversify  Indonesia's  decarbonization  options  while fleet  incurs  significantly  higher  costs—IDR  176.2  billion enhancing system resilience. 

compared to IDR 117.4 billion for the diesel fleet. This 50% 



cost increase is primarily due to elevated fixed costs such as 4.4 Policy implications 

vehicle  depreciation,  interest  payments,  and  insurance 

 

premiums. 

Practical  electrification  of  Indonesia’s  public  transport Meanwhile, Table 4 summarises the projected annual CO₂ 

systems—exemplified  by  the  Trans  Jogja  case—requires  a emissions. Under a coal-dominated power supply, the electric well-structured  policy  roadmap  that  aligns  with  fiscal fleet generates more emissions than the diesel fleet, 13,555.2 

constraints, institutional capacity, and local urban conditions. 

tons  versus  11,276.8  tons.  This  counterintuitive  result  is  a The  following  measures  are  proposed  based  on  short-term consequence of Indonesia’s carbon-intensive electricity grid, feasibility and long-term sustainability: which relies heavily on coal. 

a. Short-term priorities (0-3 years): 



(1)  Introduce  targeted  subsidies  for  electric  bus Table 3.  Projected annual operating costs procurement  and  charging  infrastructure,  prioritising  pilot corridors in major urban areas. 

Annual 

Operating 

Total 


Total 

(2)  Revise  buy-the-service  (BTS)  contract  models  to Bus 

Distance 

Cost per 


Number  Operating Cost 

reflect  electric  vehicle  (EV)  cost  structures,  including Type 

per Bus 

km 


of Buses 

(IDR) 

depreciation  cycles,  battery  replacement,  and  charging (km) 

downtime. 

Diesel 

11,164.88 

82,125 

128 

117,413,460,960 

(3)  Launch  technical  capacity-building  programs  for Bus 

Electric 

transport  operators  and  local  agencies  to  support  early Bus-16,780.56 

82,125 

128 

176,157,948,480 

adoption. 

Bulk 

(4)  Strengthen  coordination  with  PLN  to  ensure  grid Note: The cost for bulk-service electric buses reflects a more conservative readiness  and  expedite  permit  processes  for  charging estimate and represents the scenario more realistically than the premium-infrastructure. 

service variant 

b. Medium-to-long-term priorities (3-10 years): (1)  Gradually integrate renewable energy into the public Table 4. Projected annual CO₂ emissions for 128-unit transport power supply chain by establishing green charging Trans Jogja fleet 

hubs connected to solar or biomass installations. 



(2)  Develop  domestic  battery  recycling  facilities  and CO₂ 


Total 

establish a circular economy regulatory framework. 

Bus 

Emission per 

Number 

Annual CO₂ 

Type 

Bus per Year 

of Buses 


Emissions 

(3)  Design  fiscal  disincentives  for  high-emission (tons) 

(tons) 

vehicles while incentivising electric fleet conversion at scale. 

Diesel 

(4)  Establish  national  mandates  and  regulatory 88.1 

128 

11,276.8 

Bus 

benchmarks  for  local  governments  to  plan  the  phased Electric 

105.9 

128 

13,555.2 

electrification of public fleets. 

Bus 

These recommendations are applicable to Yogyakarta and scalable  to  other  Indonesian  cities  with  similar  transport 4.5.2 Systemic interpretation and trade-offs dynamics. Secondary cities such as Surakarta, Semarang, and The results present a crucial policy paradox: while electric Denpasar, which operate medium-sized public bus fleets, may buses eliminate local tailpipe emissions and offer public health serve  as  logical  next  adopters.  By  embedding  flexibility  in advantages, they do not automatically reduce greenhouse gas policy  design—allowing  for  regional  adaptation  and  budget emissions without a  cleaner energy grid. Under current grid variations—Indonesia  can  create  a  replicable  model  for conditions,  electrification  yields  higher  CO₂  emissions, national electric mobility expansion. 

creating a climate trade-off despite air quality improvements. 

Furthermore,  policy  coherence  between  the  energy  and Nevertheless, the health benefits from eliminating NOₓ and transport  sectors  must  be  institutionalised  through  inter-PM2.5  remain  significant.  Electric  buses  can  substantially agency  coordination  platforms  and  integrated  planning reduce exposure  to respiratory pollutants in urban corridors, frameworks.  Without  this  alignment,  electrification  may aligning with public health goals even when carbon emissions proceed in silos, limiting systemic decarbonisation impacts. 

are not immediately reduced. 





4.5  Systemic  projection:  Full  electrification  scenario  for 4.5.3 Applicability and scalability for other cities the Trans Jogja fleet 

These  projections  offer  practical  insights  for  other 

 

Indonesian cities considering large-scale electrification. Cities To  evaluate  the  broader  implications  of  a  complete such as Semarang, Surakarta, and Denpasar—each with mid-transition from diesel to electric buses, this section presents a sized  public  transport  systems—can  use  these  findings  to comparative simulation of two full-fleet configurations: (1) all anticipate  cost  and  emission  impacts.  The  comparative 128  Trans  Jogja  buses  remain  diesel-powered,  and  (2)  the framework  is  adaptable  across  regions,  provided  that  local entire fleet is electrified. The analysis uses actual unit cost and electricity mixes and fiscal conditions are considered. 

emission  factors  and  uniform  operational  assumptions  of 82,125 kilometres per bus annually. 

4.5.4 Sensitivity and future scenarios 



This analysis assumes  static  cost and emission factors. In 4.5.1 Projected operating costs and emissions reality,  technological  and  policy  developments  may Table 3 presents the projected total annual operating costs significantly  alter  outcomes.  Scenario-based  sensitivity 457

analyses—factoring in declining battery costs, changes in grid emission factor below 0.7 kg CO₂/kWh could flip the emission emission  intensity,  and  supportive  fiscal  policies—are balance  in  favour  of  electric  buses,  making  them essential for future planning. For instance, reducing the grid environmentally and economically advantageous. 



electrification. 
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This study evaluates the operational cost efficiency and environmental implications of
transitioning from diesel to clectric buses, using the Trans Jogja public transport system in
Indonesia as a case study. Employing a total cost of ownership (TCO) framework and
emissions analysis, the study compares the financial performance and greenhouse gas
(GHG) emissions between diesel and battery electric buses. Results show that electric
buses incur approximately 50% higher operating costs, primarily due to clevated capital
expenditures and depreciation, Morcover, under Indonesia's coal-dominated electricity
grid, electric buses generate higher indirect CO; emissions than their diesel ones,
highlighting a critical encrgy-emission paradox. However, electric buses eliminate tailpipe
pollutants such as NOx and PM2.5, offering considerable public health benefits. A systemic
scenario analysis reveals that full fleet electrification without concurrent reform in the
energy sector could raise annual emissions by over 2,200 tons. The study identifics key
barriers—including high upfront costs, limited charging infrastructure, and regulatory
misalignment—and proposes phased policy interventions. Recommendations include
targeted subsidies, contract revisions, integration with renewable energy, and technical
capacity-building. The findings offer valuable insights for Indonesian citics seeking to
scale sustainable urban mobility through electric transportation.

1. INTRODUCTION

Estimates  suggest that

transportation accounts  for

10,000 electric buses by 2030 [8].
However, challenges remain concerning high initial
investment costs, limited charging infrastructure, and

approximately 25% of global anthropogenic carbon dioxide
(CO2) emissions [1, 2]. In addition to CO», fo: fuel-powered
vehicles release harmful pollutants such as nitrogen oxides
(NOy) and fine particulate matter (PM2.5), which deteriorate
urban air quality and pose serious public health risks [3, 4].

In Indonesia, the transport sector contributes about 16.4%
of the nation’s total CO: emissions, making it a significant
emitter within the energy subsector [5]. In 2016, Indonesia
accounted for 1.41% of global CO: emissions and ranked as
the highest emitter among ASEAN countries [6]. Rapid
urbanization and growing reliance on motorized vehicles have
intensified energy efficiency challenges and air pollution in
cities. Therefore, adopting low-carbon technologies and
developing sustainable transport systems have become
increasingly urgent.

To address these challenges, the Indonesian government has
introduced a series of national policies, including Presidential
Regulation No. 55/2019, which supports the acceleration of
battery electric vehicle (BEV) adoption [7]. This policy aims
to promote energy efficiency and reduce emissions by
encouraging the deployment of electric vehicles across both
private and public transportation sectors. Major cities, such as
Jakarta, have responded by setting a target of deploying over

449

continued reliance on coal-fired power plants (CFPPS) for
electricity generation. As of mid-2024, Indonesia's installed
power generation capacity reached 93 GW, with 85% sourced
from fossil fuels. PLTUs alone contribute 53%, while
renewable energy sources, primarily hydropower and
bioenergy, account for only 15%. This energy mix illustrates
a critical dilemma: Although clectric buses eliminate tailpipe
emissions, they still produce substantial indirect emissions
when powered by coal-based electricity [9].

Coal-fired plants emit approximately 1.075 kg of CO: per
kilowatt-hour of electricity generated [10, 11]. Consequently,
integrating transport eclectrification into broader energy
transition strategies is essential to maximise environmental
benefits and ensure their full realisation.

Trans Jogja, established in 2008, is Yogyakarta's primary
public transport system and operates under a government-
funded "buy-the-service" model. The system currently runs
128 buses (116 in operation and 12 held in reserve),
positioning it as a potential frontrunner in public transport
electrification among medium-sized cities. Empirical evidence
suggests that bus fleet electrification could deliver 33-65%
reductions in greenhouse gas emissions over a 10-14-year
period, depending on the clean energy mix and
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