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Abstract: Globally, the transportation sector stands as the third largest contributor to greenhouse
gas (GHG) emissions. Nepal is no exception, relying entirely on imported petroleum products. The
capital city of Nepal, Kathmandu Valley, with its unique bowl-shaped topography, faces major urban
challenges including inadequate mobility and poor air quality. This paper aims to investigate the
magnitude of GHG emissions from conventional vehicles within Kathmandu Valley and analyze
the counter-role of electric mobility in creating a more livable city. This study conducted a primary
survey to estimate transport energy consumption and mobility characteristics for the base year
2022. The Low Emission Analysis Platform (LEAP) served as the modeling tool to forecast energy
consumption and quantify associated GHG emissions in three scenarios: business-as-usual (BAU),
sustainable development (SD), and net-zero emission (NZE). Additionally, this study estimated
co-benefits, focusing on local pollutant reductions. With the present trend of increasing urbanization,
motorization, and development, GHG emissions from the transportation sector are projected to more
than triple by 2050 in the BAU scenario. Widespread adoption of electric mobility in the SD scenario
would achieve up to a 95% reduction in GHG emissions by 2050. The NZE scenario foresees complete
electrification and hydrogen-based vehicles by 2045, achieving complete abatement of both GHG
emissions and local pollutants. The SD and NZE scenarios will require, respectively, 64% and 84% less
energy than the BAU scenario, along with 74% and 100% reductions in petroleum consumption by
2050. These reductions contribute to enhanced energy security and energy sustainability. Achieving
the SD and NZE scenarios will require approximately 1048 GWh and 1390 GWh of additional
electricity solely for Kathmandu Valley by 2050. This paper is expected to provide valuable insights
for policy implementors, transport planners, and city administrators to develop effective action plans
and policies aimed at improving pollution levels and making cities in developing countries more
livable and sustainable.

Keywords: decarbonization; electric mobility; greenhouse gas emissions; Kathmandu Valley; LEAP

model; local air pollutants; net-zero emissions

1. Introduction

Greenhouse gases (GHGs) are responsible for global warming on earth. Human-
induced activities, primarily fossil fuel burning, increase heat-trapping GHG levels in the
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earth’s atmosphere and are the dominant cause of the global warming observed since
the mid-20th century [1]. Energy is a vital commodity for economic development and
a key factor in anthropogenic GHG emissions. Globally, the transport sector is a major
contributor to GHG emissions, and this contribution is likely to grow in the future with the
rising trend of urbanization and motorization, most particularly in the case of developing
economies. Out of 36.80 gigatonnes (Gt) of global energy-related carbon dioxide (CO,)
emissions, 7.98 Gt was produced by the transport sector alone, making it the third largest
contributor in 2022 [2]. Emissions from this sector have almost tripled due to growing
populations and economies since 1970 [3].

Nepal is among the ten least urbanized countries in the world; however, it is among the
top ten countries with the highest rates of urbanization [4]. Kathmandu Valley, the capital,
and the largest city in the country, is one of the fastest-growing metropolitan areas in the
South Asian region [5]. The valley is experiencing rapid and haphazard urbanization with
an increasing demand for motorized travel, causing a rise in CO, emissions, poor urban
air quality, and higher concentrations of particulate matter well above the World Health
Organization (WHO) guidelines. Figure 1 shows the administrative map of Kathmandu
Valley, which consists of three districts, namely, Kathmandu, Bhaktapur, and Lalitpur. It holds
10.4% of the country’s total population and occupies 0.5% of the total area of the country [6].

The unique bowl-shaped topography traps pollutants inside the valley, which is home
to more than 3 million people, for longer periods, making them prone to adverse health
effects that not only diminish the quality of life but also threaten the prosperity of the urban
economy [6,7]. According to WHO, air pollution kills an estimated seven million people
worldwide every year, and every nine in ten people breathe air containing high levels of
harmful particles [8]. The air pollution levels in Nepal are 4.9 times higher than those
recommended by the WHO. Such pollution has been consistently found to be the leading
risk factor for death and disability in Nepal [9].
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Figure 1. Administrative map of Kathmandu Valley [10].

Transportation is a crucial sector, ranking third in terms

of energy consumption and
contributing a share of 30% to the total energy-related GHG emissions in Nepal [11,12]. The
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country relies heavily on imported petroleum products to energize its transportation sector.
As of 2022, a significant portion, specifically, over 57% of the total imported petroleum
fuel, is consumed within the transportation sector in the country [11]. This dependence
on fossil fuels has been growing over the years, thereby triggering emissions mainly
from the road transportation sector in Nepal, which is the major mode of mobility in the
valley. In addition to the rapidly rising GHG emissions, the complete dependency on
imported energy makes the country highly vulnerable to fluctuating international market
prices. The high import cost of petroleum products has consistently created an economic
burden for Nepal. In the fiscal year (FY) 2022/2023, about EUR 2.1 billion was spent on
imported petroleum products [13]. This occupied a major share of 19.2% among the top
20 commodities imported to Nepal and equated to a 76% increase compared with the
imported commodities in the FY 2020/2021 [13].

Despite being in the early stages of motorization, Nepal has witnessed remarkable
vehicular growth, with the number of registered vehicles increasing by 14.6% from 1997
to 2021 and exceeding 17% growth from 2015 to 2021 [14-16]. Two-wheelers have shown
particularly high growth, accounting for a 16% increase during the 1997-2021 period [14-16].
Notably, Bagmati province alone holds a major share (approximately 45%) of all registered
vehicles in Nepal, with the majority operating on the roads of Kathmandu Valley [17]. This
trend is expected to continue due to factors like expanding road infrastructure, urbanization,
and economic progress.

Fortunately, Nepal possesses abundant hydropower resources, offering immense
potential for renewable energy generation to support electric vehicle (EV) growth. Recog-
nizing this potential, the Government of Nepal (GoN) has committed to increasing the share
of EVs through various policies, including the Second Nationally Determined Contribution
(NDC), the Long-term Strategy for Net-zero Emissions, the 15th Periodic Plan, National
Transport Policy, and the Environment-Friendly Vehicle and Transport Policy [18-22]. Ad-
ditionally, the GoN has implemented numerous incentives to promote EVs, such as tax
exemptions, preferential registration, and reduced customs duties and excise taxes [23].
Domestic manufacturers of EVs can enjoy a five-year tax holiday accompanied by a sub-
stantial 40% reduction in trade tax. Additionally, there is a noteworthy 75% customs duty
tax relaxation to import spare parts essential for EVs. Also, GoN has a promotional policy
to convert Internal Combustion Engine (ICE) vehicles to EVs. While doing so, it charges
only a 1% customs duty to import the needful conversion kit [23]. These policies have
made EVs more affordable and accessible for consumers over the years. As a result, there
has been a gradual shift toward electric mobility in Nepal, with increasing adoption of
electric two-wheelers, buses, and cars [24].

Several fiscal and non-fiscal policies have been put forward to facilitate the adoption
of clean mobility in Asia. India has launched a flagship scheme designed to incentivize and
promote electric mobility and hydrogen fuel cell vehicles. With a focus on boosting the
electrification of public and shared transportation, this flagship initiative aspires to facilitate
the adoption of over 1.6 million electric vehicles through strategic subsidies [25-27]. India’s
state-level policies include financial incentives, waiving road tax and registration fees,
establishing a wide network of charging stations and swappable battery stations, setting
up of recycling ecosystem for batteries, levying additional taxes and fees on inefficient
or polluting vehicles, etc. [28]. Maharashtra State, India, has implemented policies to
accelerate the adoption of battery-operated EVs (BEVs) so that they contribute to 10% of
new vehicle registrations by 2025 [29]. India is aspiring to establish Delhi as the EV capital
of the country by accelerating the pace of EV adoption across vehicle segments, aiming for
BEVs to contribute 25% of all new vehicle registrations by 2024 [28].

Bangladesh has proposed a 10-year tax holiday for local EV assembling and manufac-
turing, along with the establishment of an energy-efficient vehicle manufacturing fund to
deposit fines and taxes collected from environment-polluting vehicles. This initiative aims
to meet the country’s targets of transforming the majority of passenger cars and public
vehicles (mainly buses, trucks, and three-wheelers) to EVs by 2030 [30,31].
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Similarly, China, a global leader in EV adoption with a 47% share of the global EV
market, has actively supported EV adoption [32]. The impetus behind this push is the ur-
gency to mitigate GHG emissions within the transportation sector, starting with initiatives
in some of the most heavily polluted cities such as Beijing, Shanghai, and Shenzhen. A
range of monetary incentives such as financial subsidies and tax exemptions for fuel-saving
capacity, mileage per charge performance, new vehicle purchase, and exemption/reduction
of annual vehicle tax were implemented in China. Non-monetary incentives such as traffic
control exemptions, research and development support, license plate/registration privi-
leges, parking fee incentives, and road access privileges with the city’s traffic control during
peak hours were exercised [33]. Notably, China also mandated new vehicle manufacturers
to include EVs in their production alongside petroleum vehicles [34].

Within the existing literature, limited studies have specifically focused on the energy
and emissions from the transportation sector policy perspective within the valley [35-37].
Given the substantial contribution of the transportation sector to the country’s overall GHG
emissions, a comprehensive study analyzing the energy and environmental implications
in the Kathmandu Valley was conducted in 2010 [38]. Few other studies explored the
impacts of low-carbon development strategies on energy consumption and GHG emission
mitigation within Nepal’s transportation sector [39,40]. There was also a study that focused
on assessing the energy and environmental benefits of electrifying the transport sector in
Nepal [41]. Furthermore, some studies have even focused on formulating strategies to
attain net-zero emissions, aligning with the targets of the Paris Agreement, specifically
targeting the context of Nepal [42,43].

A comprehensive analysis that specifically addresses the present and future energy and
emissions scenario in the transport sector, following the promulgation of the Sustainable
Development Goals (SDGs) and the Long-term Strategy (LTS) for Net-zero Emissions
policies, is yet to be conducted from a perspective of the local city level. Several research
questions need to be addressed in this respect: In what ways can the adoption of SDGs
and the implementation of LTS policies contribute to mitigating GHG emissions in the
valley? What level of capacity expansion in hydroelectricity generation would be necessary
to align with the envisioned target? What are the co-benefits associated with mitigating
GHG emissions, specifically in terms of reducing local air pollutants? What are the key
challenges and opportunities involved in the implementation of EVs? How can the results
of this study inform and guide policy implementers in developing and implementing clean
and efficient transport policies in the valley?

Given the prevailing trend in ICE vehicle usage, the GoN is aspiring to facilitate a
potential transition to electric vehicles, aligning with a net-zero emission (NZE) target
by 2045 [12]. This strategic initiative is designed to ensure the timely achievement of
SDGs. A study in China shows the existence of a significant correlation between GHG
and local pollutant emissions in terms of spatial and temporal aspects [44]. Similarly,
a study conducted in Bangkok, the capital city of Thailand, which suffers from severe
ambient particulate matter (PM) pollution, underscores the potential for robust policies
promoting zero-carbon transport. The study also indicates that such policies can constitute
a sustainable investment, yielding significant economic impacts of policy implementation
that far surpass the associated expenditures. This perspective is especially evident from the
viewpoint of public health at the local level, with substantial benefits in terms of emission
reduction and climate change mitigation [45].

This paper addresses critical questions that remain unanswered: How can the valley,
which serves as Nepal’s central hub for cultural and economic activities, expedite its
journey toward net-zero emissions? This analysis is undertaken in the context of policy
implementation related to SDGs and LTS, coupled with the development of electric mobility
infrastructure. To achieve this, this study quantifies the GHG emissions of the valley over
the period of 2022 to 2050, considering a business-as-usual (BAU) scenario and two GHG
mitigation scenarios. Further, the co-benefits of GHG emission mitigation, specifically in
terms of reducing local air pollutants, with a focus on the counter role of electric mobility are
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analyzed. The findings aim to provide valuable insights for policy implementers, transport
planners, and metro-city administrators, assisting in accelerating the implementation of
clean and efficient transportation initiatives.

This paper is divided into five sections. Section 2 provides the methodological
overview, detailing the data and assumptions used, along with comprehensive details
of the scenario formulation. Section 3 presents the results pertaining to the transportation
situation of the valley derived from a primary-level survey. This section further discusses
the modeling output of results examining GHG emissions and the counter-role of electric
mobility within the projected scenarios. Section 4 discusses the challenges and opportu-
nities surrounding the promotion of electric mobility in the valley, drawing insights from
consultations with various stakeholders and reports. The last section outlines the key
findings and concludes this paper.

2. Materials and Methods

This study considered the Low Emission Analysis Platform (LEAP) as a tool for
forecasting energy consumption and quantifying GHG emissions, as well as selected local
pollutants. Both primary and secondary datasets were used for the analysis. The primary
data collection involved a structured survey. The survey gathered information on energy
consumption, mobility characteristics, socioeconomic information of vehicle users, details
of transportation registration, and technical parameters such as mileage, distance covered
per day, fuel consumed per day, and load carried. The survey also provided information
on barriers and obstacles to a widespread shift toward EVs as well as the preferred mode
of EVs. The surveyed respondents included professionals from EV companies, vehicle
users, and national experts/policymakers. The collection and analysis of the base year
primary dataset served as an important contribution to understanding the existing context
and provided knowledge extension for future analyses.

The secondary data for this study were collected with extensive reviews of the litera-
ture. The collected data included information on demographics, national and provincial
energy consumption, emission factors, and plans and policies related to the transport
sector. In addition to the structured surveys, broader consultations with stakeholders were
conducted at the Alternative Energy Promotion Centre (AEPC), Kathmandu, in April 2023.
Participants in the consultations involved representatives from the National Planning Com-
mission, various ministries, government institutions related to trading/supply/generation
of energy, trading/manufacturing of electric vehicles, academia/research institutes, devel-
opment partners, practitioners, and journalists. The consultation assisted in validating and
obtaining further inputs for this study.

The overall methodological framework of this study is presented in Figure 2.

2.1. Sample Size Determination for the Baseline Survey

Sampling is the method used to identify the number of samples and sample units from
a population, utilizing statistical methods to ensure that the selected samples possess the
characteristics of the entire population. In this study, sampling was conducted to identify
the sample size and sample units within the existing transportation sector. The existing
number of vehicles in operation is considered as the population, and each individual
vehicle serves as a sample unit. Equation (1), based on [46], was used to estimate the
sample size:
n=x>xNxpxq/A(N-1)+x>*xpxq (1)

where
n = required sample size;
X2 = x square for specific confidence level of 95% (assumed to be 3.841);
p = probability of success (assumed to be 0.5);
g =1 — p = probability of no success (assumed to be 0.5);
e = margin of error;
N = population size;
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n, = total non-response rate = 5%.
Hence, the total sample size = n + 5% of n,.

Secondary Data Collection & Primary Data Collection through
Analysis Questionnaire Survey
Data Analysis
Service Demand
Projections
Technical Parameters LEAP Model Environmental Parameters

| }

Business as Usual Sustainable Net Zero Emissions
Scenario Development Scenario Scenario

l

Results

l

Comparative
Analysis

Discussion
&
Conclusion

Figure 2. Overall methodological framework.

2.2. Data and Assumptions

The population of the valley in the base year 2022 was obtained from the Central
Bureau of Statistics (CBS) of Nepal [6,47]. As Nepal undertakes population census updates
on a decade-long interval, the most recent available population data were from 2011. Due to
the COVID pandemic, the scheduled 2021 census survey faced delays and was eventually
published in November 2023. However, the population estimates considered in this study
were validated thoroughly. Projected population growth for the valley is based on the
national estimates projected by the CBS [48] and the United Nations World Population
Prospects [49], as detailed in Table 1. According to these projections, the population of the
valley is estimated to reach 4.2 million by 2050.

Table 1. Estimated growth rates of socioeconomic parameters during the period 2022-2050.

Population Growth Rates (%) GVA Growth Rates (%)

2022-2025 1.63 6.50
2025-2030 1.51 7.50
2030-2035 1.37 8.00
2035-2040 1.20 8.50
2040-2045 0.99 8.30

2045-2050 0.75 8.00
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The estimation of the gross domestic product (GDP) and the transport gross value
added (GVA) of the valley in 2022 involved the use of proportions of the valley’s GDP
with respect to the national GDP, as mentioned in the National Human Development
Report [50,51]. Due to a lack of annual updates of the GDP and GVA for the transport
sector at the city level, this study used an indirect approach based on the National Human
Development Report 2014 [50]. The National Human Development Report published in
2020 was also reviewed, but it lacked updated GDP data at the city level [51].

The future estimated growth rates of transport GVA is presented in Table 1. These growth
rates are considered based on various national studies, including the Long-term Strategy for
Net-zero Emissions [12], the Sustainable Development Goals [52], the 15th Periodic Plan [20],
and the Energy Sector Vision 2050 [53]. The LTS and SDGs assume a GDP growth rate of
7% per annum; the 15th Periodic Plan assumes an average of 9.6%; and the Energy Sector
Vision assumes 4.4%, 5.6%, and 6.5% in low, medium, and high economic growth scenarios,
respectively. The electricity demand forecast analysis considers a GDP growth rate of 4.5% in
low, 7.2% in medium, and 9.2% in high growth scenarios [54]. Based on these considerations,
this study used a medium economic growth rate, as presented in Table 1.

Carbon dioxide (CO,), methane (CH,), and nitrous oxide (N,O) were considered GHG
emissions in this study. Additionally, to estimate the co-benefits associated with GHG miti-
gation, only selective air pollutants, namely, carbon monoxide (CO), non-methane volatile
organic compounds (NMVOC), nitrogen oxide (NOx), particulate matter-2.5 (PM; 5), black
carbon (BC), and organic carbon (OC) emissions, were analyzed. The emission factors
considered in this analysis are based on the guidelines outlined in the Intergovernmental
Panel on Climate Change (IPCC) 2006 [55] and the Atmospheric Brown Clouds Emission
Inventory manual [56].

The estimation of the electric vehicle counts primarily focused on road passenger
vehicles. Vehicles categorized as “Crane/Dozer/Roller/Excavator/Loader”, used for con-
struction purposes, were not considered in the estimation of either energy consumption or
emissions. The reason behind their exclusion stems from the lack of proven electric tech-
nologies capable of replacing these heavy-duty vehicles. Furthermore, their insignificance,
both in terms of quantity and usage within the Kathmandu Valley, compared with other
common modes of vehicle types, led to their exclusion in the present analysis. Moreover,
the rapid decline in the registration rate of vehicles used for agricultural purposes, such
as tractors and power tillers, within Bagmati Province, with their numbers diminishing to
zero in recent years, further supports their exclusion from this analysis [15].

The primary focus of this study is to analyze the counter role of electric mobility in
mitigating GHG emissions, with a specific emphasis on replacing ICE vehicles in the valley.
The analysis is focused on tailpipe emissions and does not consider life-cycle assessments,
including cradle-to-grave analysis.

2.3. Service Demand Projections

The transport sector GVA and population are the fundamental basis for the estimation
of energy service demand projections. In addition to these, numerous other socio-economic
factors influence the demand for transport sector services. To comprehensively address
these dynamics, this study considered an econometric approach for service demand pro-
jections, which is a methodology that has been used in other studies [38,57]. The end-use
energy service demand, expressed in terms of passenger-kilometer (passenger-km) for
passenger vehicles, was estimated using Equation (2):

B GVA,\" _ (POP,\P
SD"_SDOX(GVAO> X(POP()) 2)

where
SD,: energy service demand for passenger transport in year n;
SDy: energy service demand for passenger transport in the base year;
GVA;: gross value added for the transport sector in year n;
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GVAy: gross value added for the transport sector in the base year;

POPy;: population of Kathmandu Valley in year n;

POPy: population of Kathmandu Valley in the base year;

«: value-added elasticity;

B: elasticity for population.

As GDP is one of the key drivers for changes in freight transport demand, this study
used the value added for the transport sector as the basis for projecting energy service
demand within this sub-sector. It is important to highlight that the service demand pro-
jections for the freight transport sector were also derived using Equation (2). However, it
should be noted that the population factor is not taken into consideration for this specific
sub-sector. In Equation (2), the assumed elasticity for GVA is 0.6 for freight transport,
0.41 for passenger transport, and a population elasticity of 1.44 for passenger vehicles [38].
The projections for passenger-km and tonne-km are presented in Table 2.

Table 2. Service demand projections.

Ttem 2022 2025 2030 2035 2040 2045 2050

Passenger-km 14.86 17.23 2226 28.75 37.02 46.80 57.85
(in billion)

Tonne-km 1.23 1.38 1.72 217 2.77 3.52 4.44
(in billion)

2.4. Overview of the LEAP Modeling Framework

The LEAP modeling framework, originally developed in the early 1990s by the Stock-
holm Environment Institute (SEI) and the International Institute for Applied Systems
Analysis (IIASA), is a highly flexible bottom-up energy—economic—environmental mod-
eling tool specifically designed for energy policy analysis and climate change mitigation
assessment. LEAP is an integrated, scenario-driven modeling tool, which is proficient
in tracking energy consumption, production, and resource extraction across all sectors
of an economy. The model excels in determining GHG emissions from both energy and
non-energy sectors. In addition, the model can also analyze emissions related to local and
regional air pollutants [58].

LEAP software is widely used across countries for undertaking integrated resource
planning, GHG mitigation assessments, and the formulation of Low Emission Development
Strategies (LEDSs). Many countries, including Nepal, have considered the LEAP modeling
framework to formulate emission commitments to report to the United Nations Framework
Convention on Climate Change (UNFCCC) [58]. This model has been widely used at
various scales, ranging from cities and states to national, regional, and even global contexts,
particularly in the realm of transport sector research [59-70].

The analytical results presented in this study are generated with the integration of
service demand projections, technical parameters, and environmental factors, alongside
the scenario characteristics detailed in Section 2.5, into the LEAP framework. This study
uses LEAP Version 2020.1.106 for the analysis.

2.5. Scenario Development

Three scenarios, namely, (i) business-as-usual, (ii) sustainable development, and
(iii) net-zero emissions, were developed to evaluate energy growth and emissions in align-
ment with the GoN'’s target for SDGs and LTS policies. Each of these scenarios is described
in brief as follows.

2.5.1. Business-as-Usual Scenario

The business-as-usual (BAU) scenario represents the continuation of the existing trend
in transport sector energy consumption and vehicle utilization until 2050. This scenario
maintains the historical patterns of technology and fuel use within the valley. However,
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this scenario does not account for the potential impacts of climate policy interventions and
a mass shift toward electric vehicles.

2.5.2. Sustainable Development Scenario

The sustainable development (SD) scenario was formulated in alignment with the
targets of the second NDC and the SDGs of Nepal. The use of electric vehicles are assumed
to be limited to passenger vehicles within this scenario. Based on the targets of the second
NDC, the share of electric vehicles is estimated to reach 99.3% of the total passenger vehicles
by 2050. As such, the following vehicular shares were considered in this scenario:

e  Sales of private passenger electric vehicles (including two-wheelers) were assumed to
be 25% of the total sales in 2025 and 90% of the total sales in 2030.

e  Sales of public passenger electric vehicles (excluding e-rickshaws and electric three-
wheelers) were assumed to be 20% of the total sales in 2025 and 60% of the total sales
in 2030.

e No change in the energy consumption pattern of freight vehicles was considered.

2.5.3. Net-Zero Emissions Scenario

The net-zero emissions (NZE) scenario considers the targets set forth in the Long-
term Strategy for Net-zero Emissions submitted to the UNFCCC. In this scenario, the
road transport sector is envisioned to achieve zero emissions with complete electrification
and the adoption of hydrogen-fueled vehicles, contributing to the attainment of net-zero
emissions targets. Based on this, the following major considerations were taken into account
in this scenario:

o  Full electrification of passenger vehicles by 2045.
e  Complete transition of freight vehicles to green hydrogen-fueled vehicles by 2045.

3. Results

The results section is divided into two sub-sections. The first sub-section provides
the analytical findings obtained from the primary baseline survey, offering insights into
the energy status and characteristics of the transport sector in the base year. The second
sub-section presents a comparative analysis among three different scenarios in terms of the
future trajectory of the transport sector energy consumption, GHG emissions, and associated
co-benefits for the period spanning 2022 to 2050 generated using the LEAP model.

3.1. The Base Year Survey

This section presents an overview of the analytical findings obtained from the baseline
survey conducted in 2022.

3.1.1. Vehicular Situation

Nepal is administratively divided into seven provinces, fourteen zones, and seventy-
seven districts. The Department of Transport Management in Nepal provides vehicle
registration information categorized either by province or zone. In the absence of district-
wise vehicle registration information at present, an estimation of the registered vehicles in
the valley, consisting of three districts, namely, Kathmandu, Lalitpur, and Bhaktapur, was
derived. This estimation is based on both zone-wise and province-wise vehicle registration
data from the Bagmati region [15,16] and the total vehicle registration statistics of Nepal [14],
as well as the traffic volume and annual average daily traffic specific to the valley [71]. The
estimated vehicle registration up to the FY 2021/2022 are presented in Table 3. The number
of vehicles in operating condition by vehicle type is estimated as the product of the total
registered vehicles and the corresponding operating factors. These operating factors for
different vehicles, as shown in Table 3, are referenced from [39].
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Table 3. Vehicles in operation in the valley.

S.N. Vehicle Registered up to 2021/2022 Operating Factor Vehicles in Operation
1 Two-wheeler 701,502 0.50 350,751
2 Three-wheeler 2453 0.29 711
3 Car/jeep/van 122,287 0.60 73,372
4 Microbus 2061 0.55 1134
5 Minibus 9547 0.39 3723
6 Bus 10,075 0.45 4534
7 Truck/minitruck 18,373 0.38 6982
8 Pickup 16,665 0.68 11,332
9 Tractor 2823 0.11 311

10 Other 10,017 0.56 5609

3.1.2. Sample Size Determination

The overall sample size was determined using Equation (2), considering a population
size of 816,225 at a 95% confidence interval, a probability of success of 0.5, a 5% margin of
error, and a non-response rate of 5%. The overall sample size was thus calculated to be 403.
This calculated sample size was further disaggregated into different vehicle types. To collect
the necessary data, interviews were conducted with the respective vehicle owners. For
better consistency, a minimum of three (“3”) vehicles within each category was considered.
The detailed breakdown of the sample size for different vehicle types considered for data
collection is outlined in Table 4.

Table 4. Samples size by type of vehicle.

S. No. Vehicle Samples Calculated Samples Adjusted
1 Two-wheeler 308 308
2 Three-wheeler 1 9
3 Car/jeep/van 64 64
4 Microbus 1 3
5 Minibus 3 5
6 Bus 4 6
7 Truck/minitruck 6 7
8 Pickup 10 10
9 Tractor 1 5

10 Other 5 5
Total 403 422

Samples were collected from some of the major bus terminals in the valley. As illus-
trated in Table 4, certain sample sizes were adjusted, and, where necessary, even increased
to capture data from different types within each vehicle category. Comparatively, the
total number of two-wheelers in the overall vehicle registration significantly surpasses
that of other vehicle types in Nepal, resulting in a relatively higher total sample size for
two-wheelers compared with the other vehicle types.

3.1.3. Status of Transport Sector Energy Consumption in 2022

According to the survey findings, the total energy consumption related to the transport
sector in the valley is estimated to be 10.3 Petajoule (PJ), which is more than 15% of the
national total transport sector energy consumption [11]. Figure 3a shows the overall energy
consumption by fuel type, and Figure 3b provides a breakdown by vehicle types for 2022.
Gasoline and diesel are the dominant sources of energy for road transportation, collectively
making up approximately 97.2% of the share. Comparatively, liquified petroleum gas (LPG)
and electricity contribute 2.2% and 0.6%, respectively. Two-wheelers and cars/jeeps/vans
collectively occupy more than 50% of the total share in the total transport sector’s energy mix.

In the FY 2021/2022, Bagmati Province accounted for approximately 25% of the total
sales of petroleum products, including gasoline, diesel, kerosene, jet fuel, and LPG [17,72].
Within Bagmati Province, the valley alone consumed about 33% of the entire petroleum sales.
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Figure 3. Energy consumption in the transport sector in 2022.

3.1.4. Characteristics of Transport Mobility in the Valley

Figure 4a—d presents various parameters of the transport sector categorized by vehicle
types for the passenger mode of transportation. The survey results show the highest
average occupancy for buses and minibuses (32.3), followed by microbuses (11.2) and other
vehicle types. In terms of passenger-km, buses have the highest share (45%), followed
by microbuses, indicating a preference for public transport. The energy intensity per
passenger-km is highest for three-wheelers at 0.93 megajoule (M]), while microbuses exhibit
the lowest energy intensity. The cause behind the lower energy intensity per passenger-km
of microbuses compared with buses/minibuses may be attributed to the presence of old
existing buses in the latter category. Additionally, the narrow roads and better performance
in intercity traffic congestion make microbuses more efficient than buses.
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Figure 4. Characteristics of passenger mobility.

Similarly, Figure 5a—d demonstrates a comparative analysis of various parameters
pertaining to different freight vehicles. The results indicate that the average load carrying
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capacity is highest for trucks/minitrucks and lowest for tractors. In terms of energy
intensity per tonne-km, pickups emerge as the most efficient option. However, in terms
of energy intensity per tonne of load carried, trucks/minitrucks exhibit the lowest values.
More than 50% of the road freight transport share is dominated by trucks and minitrucks.
Trucks and minitrucks are found to be the most fuel-efficient means of transporting goods
over long distances.
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Figure 5. Characteristics of freight mobility.

3.2. Comparative Analysis of Energy and Emissions from the Transportation Sector in the Valley

This section presents a comparative analysis of three scenarios, the BAU and two GHG
mitigation scenarios with respect to energy consumption, GHG emissions, and co-benefits
obtained from the LEAP modeling analysis specific to the transport sector. Additionally,
the comparative analysis of electricity demand and generation requirements in the SD and
the NZE scenarios are also discussed. Further, this section also addresses the imperative of
hydrogen production in the NZE scenario.

3.2.1. Energy Consumption

The transport energy consumption across the three different scenarios is graphically
presented in Figure 6. Incorporating the given transport sector characteristics as outlined
in Section 3.1.4 within the LEAP framework, the BAU scenario forecasts a continuous rise
in energy consumption, rising at a compound annual growth rate (CAGR) of 5.2% from
2022 to 2050. In contrast, the SD scenario projects a comparatively lower CAGR of 1.4%,
resulting in a 64% reduction in energy needs by 2050 compared with the BAU scenario. This
reduction is attributed to the introduction of energy-efficient electric passenger vehicles
replacing conventional ICE vehicles. In the NZE scenario, a fully electrified along with
a hydrogen fuel-based transport system is envisaged, leading to an energy consumption
with a negative CAGR of 1.4%. This translates into an 84% decrease in energy needs by
2050 when compared with the BAU scenario. Despite population and vehicular growth,
the negative CAGR is mainly attributed to the adoption of highly efficient transportation
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modes compared with existing ICE vehicles. This will greatly contribute to enhancing en-
ergy security and energy sustainability, particularly in the context of a developing country
like Nepal, whose economy struggles with import dependence. This information serves
as a compelling motivation for policy implementers and city developers to implement
efficient modes of transportation, mainly electric and hydrogen-based vehicles. The envi-
sioned energy needs are expected to be fulfilled with indigenous hydroelectricity, further
contributing to reducing dependence on external energy sources.
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Figure 6. Comparative analysis of transport energy consumption in the valley.

In the NZE scenario, a sudden fall in the graph is observed around 2045 due to
the complete electrification of the transport sector and the adoption of green hydrogen
vehicles. However, post-2045, a small increment in energy consumption is observed. This
incremental growth is due to the sustained growth of electric and hydrogen-based vehicles,
as illustrated in Figure 6.

Energy Consumption by Fuel Type

The trend in the transport sector energy consumption by fuel type is demonstrated
in Figure 7a-d. The consumption of gasoline undergoes an increase of more than five-
fold from 2022 to 2050, while the consumption of diesel almost triples during the same
period in the BAU scenario, raising a very alarming signal for the national economy. The
consumption of electricity in the transportation sector exhibits a CAGR of 9% from 2022
to 2050 in the BAU scenario. This heightened demand is expected to be met with surplus
indigenous hydroelectricity.

By 2050, electricity consumption equates to a significant increase in both the SD and
NZE scenarios compared with the BAU scenario. The consumption of electrical energy
invariably increases at a CAGR of 16% in the SD scenario and 17% in the NZE scenario over
the period from 2022 to 2050. In the NZE scenario, the electricity consumption is anticipated
to be 1.3 times higher than that in the SD scenario by 2050. This calls for adequate readiness
and strengthening of the electricity infrastructure within the valley.

In the SD scenario, a remarkable shift is anticipated in the consumption of petroleum
fuels. Gasoline consumption is expected to witness a substantial decline of 99%, while
diesel consumption is expected to experience a modest fall by only 25% in the SD scenario in
2050 when compared with the BAU scenario. The absence of electrification options in road
freight transportation accounts for the continuous increase in diesel consumption in the SD
scenario, though at a lower CAGR of 2.8% from 2022 to 2050. Here, the substantial declining
trend in gasoline provides compelling evidence supporting the potential funds saved with
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a strategic shift in resource allocation. This redirection aligns with the development of
electricity infrastructure, thereby truly driving toward sustainable development objectives.
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Figure 7. Comparative analysis of energy consumption by fuel type.

Furthermore, the increased electrification of the transportation sector and the penetra-
tion of green hydrogen fuel freight vehicles, starting from 2030, are poised to completely
substitute both gasoline and diesel consumption in the NZE scenario from 2045 onward,
providing a promising scenario for the national economy. With this shift in the consumption
pattern, the energy mix in the transportation sector is projected to consist of 81.6% electricity
and 18.4% hydrogen by 2050 in the NZE scenario. The requirement for green hydrogen
fuel is expected to undergo significant growth, increasing by more than tenfold from 2030
to 2050 (Figure 7d). This underscores the urgent need for comprehensive preparation and
fortification of national hydrogen infrastructure facilities. However, decarbonizing the
transportation sector of the valley by 2045 with the adoption of an electricity and hydrogen
technology mix poses a highly challenging task for a developing country like Nepal.

Energy Consumption by Vehicle Type

The energy consumption by vehicle types in both the BAU and alternative scenarios
from 2022 to 2050 is presented in Figure 8. In the BAU scenario, two-wheelers remain the
predominant energy consumer throughout the study period.

In the SD scenario, pickups are estimated to account for the predominant share of
energy consumption in freight transport by 2050. The energy mix within this scenario
would have been different if electrification or cleaner fuel alternatives had replaced diesel
consumption in road freight transportation. However, the SD scenario witnesses a reduction
in energy consumption, primarily from two-wheelers, buses, and microbuses, owing to the
escalating electrification targets and the adoption of efficient electric technologies compared
with ICEs in road passenger vehicles.

By 2050, cars/jeeps/vans emerge as the highest energy-consuming vehicle in the
transport energy mix under the NZE scenario. The complete electrification of passenger
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vehicles and the transition of conventional fossil-fueled freight vehicles to green hydrogen-
fueled alternatives contribute to a rapid decline in energy consumption. There is a notable
decline of 6.9 PJ in 2045 and of 8.2 PJ in 2050 when compared with the SD scenario. This
equates to a remarkable 54% to 55% reduction in energy consumption in the NZE scenario
compared with the SD scenario around the period from 2045 to 2050.
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Figure 8. Energy consumption by vehicle type in various scenarios.

To translate the outcomes of the SD and NZE scenarios into a practical perspective, the
adoption of an increasing trend in efficient electric vehicles, along with hydrogen-powered
vehicles and the discontinuation of conventional ICE vehicles should be backed up by
stable national and municipal fiscal policies.

3.2.2. GHG Emissions

GHG emissions from vehicular use would undergo a staggering 3.5-fold increase in
the BAU scenario from 2022 to 2050. These emissions would reduce to one-fifth of the
base year emissions in 2050 in the SD scenario (Figure 9). The NZE scenario, driven by the
complete electrification of passenger vehicles and the transition to green hydrogen-fueled
freight vehicles, aims to achieve zero GHG emissions by 2045 in alignment with national
net-zero goals. Both the SD and NZE scenarios evidenced significant alleviation of air
pollution, offering profound relief from GHG emissions to the residents of the valley.
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Figure 9. Comparative analysis of GHG emissions from the transport sector.
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3.2.3. Co-Benefits of GHG Emission Reductions

The actions aimed at reducing GHG emissions yield valuable co-benefits in terms of
local air pollutant reduction within the transport sector. The complete substitution of con-
ventional ICE vehicles with electric and hydrogen-fueled counterparts in the NZE scenario
results in a considerable decrease in CO, NMVOC, NOy, PM, 5, BC, and OC emissions
(Figure 10a—f). This will be a substantial relief to dwellers of the valley, particularly where
local pollutants are retained due to its bowl-shaped topography.
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Figure 10. Comparative analysis on co-benefits of GHG mitigation from the transport sector on local
air pollutants in the valley.

CO emissions from the road transport sector in the valley is estimated to rise by
5.8 times by 2050 under the BAU scenario. However, with increased electrification initia-
tives, CO emissions are projected to fall by 99% in the SD scenario. NMVOC emissions
in the BAU scenario are estimated to increase by over sevenfold. In the SD scenario,
these emissions are estimated to be completely eliminated by 2050, and the elimination is
expected to start from 2045 onward in the NZE scenario.

There is a significant projected increase in various other local air pollutant emissions
in the BAU scenario: nearly eightfold for OC, sevenfold for PMj; 5, fourfold for BC, and
twofold for NOx emissions. However, in the SD scenario, these local air pollutant emissions
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would be abated by more than 90% by 2050 compared with the BAU scenario. This valuable
insight provides city planners with an informed basis for formulating strategies to transition
the city into a more breathable and sustainable environment.

3.2.4. Electricity Demand and Generation Requirements

Table 5 compares the electricity demand and generation requirements for the SD and
NZE scenarios against the BAU scenario. The ambitious targets set in both the SD and NZE
scenarios expect a substantial increase in the adoption of electric vehicles, consequently
driving up the demand for electricity.

Table 5. Electricity demand and capacity requirement.

Scenario 2025 2030 2035 2040 2045 2050
Electricity Consumption Requirement (GWh)
BAU 23 42 67 100 141 188
SD 72 325 528 750 992 1236
NZE 78 228 458 800 1278 1578
Electricity Capacity Requirement (MW)
BAU 5 10 16 23 33 44
SD 17 76 124 176 233 291
NZE 18 54 108 188 300 371

More importantly, achieving the NZE scenario requires a substantial increase in the
number of electric vehicles, reaching approximately 1.4 million in 2045 and 1.7 million in
2050. As a consequence, there is an additional electricity capacity requirement of 247 MW
in the SD scenario and 327 MW in the NZE scenario by 2050. This equates to an additional
electricity consumption demand of 1048 GWh in the SD scenario and 1390 GWh in the
NZE scenario in 2050. The envisioned capacity addition seems to be achievable within the
national existing and future power system expansion plans, complemented by forthcoming
pipeline hydropower projects. It should be noted that while the global commitment to
the NZE scenario is set for 2050, Nepal has optimistically set its targets for 2045, with
conditions outlined in [12].

These figures indicate that both power sector development and the corresponding
infrastructure development in the transport sector should be prioritized to facilitate the
widespread adoption of electric vehicles in the valley. As such, prioritizing the development
of electrical infrastructure for charging stations becomes crucial. The new installation and
expansion of charging stations involve substantial investments and require adequate space,
thereby imposing significant challenges to the easy implementation of EVs.

4. Discussion of Challenges and Opportunities for Promoting Electric Vehicles

This section summarizes a synthesis of the outcomes derived from comprehensive
consultation sessions involving relevant stakeholders, including representatives from
various government, non-government, and private institutions. Additionally, insights from
the review of various research papers are incorporated into the summary.

Substituting conventional fossil fuel-powered ICE vehicles with electric alternatives
would not only mitigate emissions but also lessen the burden on imported commodities,
promoting optimal utilization of indigenous hydroelectricity. This, in turn, directly con-
tributes to enhancing the economic condition of the country [73]. In the FY 2021/2022
alone, about 735 MW was added into Nepal’s central grid system out of the total installed
electricity generating capacity of 2190 MW [74]. This strategic move has upgraded the
nation into an era of surplus electricity, particularly during the wet season. This number
has been on a continuous rise, with the capacity reaching 2684 MW in the subsequent FY
2022/2023 [75]. Electricity generation capacity from hydropower and other renewable en-
ergy options such as solar power is likely to grow in subsequent years, resulting in surplus
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electricity throughout the year [54,76]. Proper planning regarding EV charging during
off-peak hours not only helps the country in demand management but also contributes to
smoothing the load curve and optimizing the utilization of spillage energy.

Similarly, EVs are not just catalysts for creating new job opportunities but they also
create avenues for local manufacturing ventures. The increased promotion of EVs can foster
technological advancements, reduce import dependence, and aid in job creation across
manufacturing, assembly, maintenance, and service sectors.

The expansion of EVs necessitates sufficient electric power infrastructure. Specifically
in the valley, the increased penetration of EVs will impose heightened demands on the
power network, potentially leading to negative consequences such as increased short-circuit
currents, non-standard voltage levels, diminished power quality, and accelerated aging
and failure of electrical equipment. Hence, substantial reinforcement and investment in
the power network will be required to ensure the attainment of the GoN’s targets. Huge
challenges extend beyond the government, requiring collaboration from the private and
public sectors in leveraging resources in partnerships with international organizations for
investments in charging infrastructure, provision of technical expertise, establishment of
repair and maintenance centers on par with ICE vehicles, support for awareness campaigns,
development of curriculum for EVs to foster wider acceptance, and cultivation of workforce
needed for the near future. Moreover, challenges such as high initial investment, very
low-capacity utilization, a limited number of public vehicles, dependence on imported
technology, technology transfer challenges at the local level, poor voltage profile, insuffi-
cient skilled manpower in the EV industry, issues related to batteries and recycling, and
the need for grid infrastructure development are to be addressed at the level possible to
promote sustainable EV adoption within the valley.

In recent years, the rapidly decreasing cost of EVs has positioned them as a competitive
transportation option for individuals in developing countries. Modern EVs can offer the
capability to commute considerable distances, often hundreds of kilometers, along with
the possibility of commuting in challenging terrains, making them a practical and versatile
choice. The Nepal Electricity Authority (NEA) has taken a significant step in this direction
by installing a total of 51 EV charging stations spread across 33 locations all over Nepal. In
addition to this, various private companies are also contributing to the cause by installing
charging stations across the country [77].

If the BAU scenario persists in Nepal, national GHG emissions are projected to double
by 2030 and quintuple by 2050. Of notable concern is the transport sector, which is estimated
to nearly double its GHG share by 2050, relative to 2005 levels [78]. Being the nation’s
cultural and political hub, the widespread adoption of EVs in the valley would make
a substantial contribution toward achieving the nation’s NZE target. The GoN has set
ambitious goals, aiming to boost EV sales to 25% for private vehicles and 20% for public
passenger vehicles by 2025. Furthermore, there is a more ambitious target to increase
these figures to 90% of sales for private vehicles and 60% for public passenger vehicles by
2030. To attain the set target, the GoN has implemented supportive policies and incentives,
including lower taxes on EVs in comparison with ICE vehicles and more favorable financing
arrangements for EV purchases [14].

Kathmandu Valley, being the capital city, is densely populated, covering a mere 0.5% of
the total land area of the country. Therefore, establishing a recycling plant within the valley
may not be an appropriate option. The option of establishing recycling plants elsewhere in
the country or developing an appropriate end-life vehicle/battery management system,
considering potential environmental impacts, could be an area of future research endeavors.
The LTS study discussed the investment costs for the power sector to achieve the NZE
scenario at the national level. In addition, conducting research to formulate a specific
city-wise investment scenario for the overall transport ecosystem could be an avenue of
further exploration, ensuring the optimal allocation of resources.

In addition to these limitations, this study extensively advocates for policymakers,
particularly in terms of electric power requirements in congested cities like “Kathmandu”,
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where concerns exist over whether pipeline hydroelectric projects will be able to meet esca-
lating energy needs. Furthermore, this paper provides sufficient evidence of a significant
reduction in the reliance on imported petroleum products, specifically for conventional ICE
vehicles, directing the nation toward enhanced energy security and prosperity. Currently,
Nepal incurs a considerable economic burden as it exclusively fulfills its petroleum fuel
needs through imports. Moreover, EVs are comparatively more cost-effective in Nepal
compared with their ICE counterparts, thereby increasing public interest in the widespread
deployment of EVs. Given Nepal’s huge potential for hydroelectricity development, the
country has immense stride to excel in the adoption of EVs.

By addressing the challenges and leveraging the outlined opportunities, Kathmandu
Valley has the potential to establish itself as a pivotal hub for electric mobility. This endeavor
would not only contribute to sustainable and cleaner transportation within the region but
also serve as an example city for other developing countries sharing similar characteristics.

5. Conclusions

The potential role of transport sector electrification and the deployment of green
hydrogen-fuel vehicles in GHG mitigation in Kathmandu Valley was assessed from 2022 to
2050. Considering the present trend in development, energy consumption is estimated to
quadruple by 2050 in the BAU scenario, with two-wheelers maintaining their position as
the most prominent energy consumers. The associated GHG emissions are estimated to
undergo more than a threefold increase during this period.

In accordance with the targets outlined in both the NDC and the SDGs, energy con-
sumption is estimated to witness a substantial reduction of 64% in the SD scenario when
compared with the BAU scenario. This decline is attributed to the pivotal role played by
highly efficient electric vehicles in contrast to petroleum vehicles. However, in the NZE sce-
nario, energy consumption is estimated to experience an even more pronounced decrease,
reaching 84% by 2050. There will be a significant reduction in petroleum consumption in
2050, i.e., 74% in the SD scenario, and a complete discontinuation, or a 100% reduction, in
the NZE scenario.

Hydroelectricity and green hydrogen are poised to play major roles in the complete
decarbonization of the transportation sector within the valley, gradually phasing out
petroleum fuels. By 2050, it is expected that electricity will contribute a substantial 82% of
the total energy consumption in the valley’s transport sector, with hydrogen fuel account-
ing for the remaining 18%. In the NZE scenario, GHG emissions are projected to reach
438 thousand tons by 2030 and to achieve zero emissions by 2045. This trajectory aligns
with the national goal of achieving net zero emissions. The complete electrification of
passenger transport, coupled with the introduction of green hydrogen fuel vehicles, partic-
ularly in hard-to-abate heavy-duty vehicles in freight transportation, will play a pivotal
role in phasing out petroleum fuels. Hence, establishing readiness for the adoption of green
hydrogen fuel in vehicles will be needed well before 2045 for smooth adoption.

Since 2003, Nepal has successfully been utilizing 100% renewable energy for electricity
production [79]. Further harnessing the untapped renewable energy potential would
support the expansion of electric mobility, paving the way for complete decarbonization.
With the capacity to harness 100% renewable energy, Nepal stands as a sustainable solution
to replace imported fossil fuels, thereby enhancing energy security and fostering economic
prosperity, particularly in the context of an import-driven economy.

This paper serves as compelling evidence, motivating policy implementers and city
developers to vigorously promote the widespread implementation of efficient electric as
well as hydrogen-based vehicles. Simultaneously, this study paves the way for future
research endeavors focusing on potential strategies for phasing out of conventional ICE
vehicles. Achieving these goals necessitates the formulation of needful stable national and
municipal fiscal policies to align with SD and NZE targets. Exploring the establishment of
recycling plants within the country or developing an appropriate end-life vehicle/battery
management system, in view of possible environmental impacts, could be a valuable area
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for further research. Furthermore, investigating a city-specific investment scenario for the
total transport ecosystem could also provide valuable insights into the proper allocation
of resources.

Effectively mitigating GHG emissions in cities or urban areas is crucial for achieving
net-zero emissions and addressing climate change. Cities, given their dense population,
substantial energy consumption, and sizeable infrastructure, are significant contributors
to global carbon emissions. This study can serve as an inspiring example and can also be
replicated in other similar growing cities in developing countries. By implementing similar
strategies, urban areas can improve air quality, promote sustainability, and create a more
habitable environment.
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