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a b s t r a c t

There is a growing number of national, subnational and even company targets for net-zero emissions
of CO2 in support of the Paris Climate Agreement goals of limiting the global average temperature
increase within 1.5 ◦C by 2100. The challenges faced by developing countries in achieving net-zero
emissions targets are, however, very prominent due to their common desire for rapid economic growth,
improved socio-economic conditions, and greater climate resilience. In addition, this has to overcome
many constraints related to the competitiveness, acceptability, and sustainability of proposed and
planned low-carbon initiatives. It is thus very important to understand the economic and technical
characteristics of net-zero emissions concepts and pathways. The constraints can best be addressed
if actual and transparent co-benefits related to these initiatives are identified and reflected during
their implementation. Here we employ the Low Emissions Analysis Platform (LEAP) to examine Nepal’s
recently introduced ‘Long-term Strategy for Net-zero Emissions’ and to estimate anticipated co-benefits
in terms of reducing air pollutants emission and enhancing energy security and energy equity. Under
the reference scenario (REF), the annual CO2 emission is expected to increase from 23 MtCO2 in 2019
to 79 MtCO2 in 2050 with significant increase in air pollutants emissions in the range of 60% (Organic
Carbon) to 183% (SO2), increase in energy import dependency, reaching electricity consumption per
capita below one-quarter of the world average. Under the ‘With Additional Measures (WAM)’ strategy
scenario, air pollutants would be reduced in the range of 70% (Organic Carbon) to 85% (Black Carbon)
respectively, in 2050 as compared to the REF. Similarly, it results drastic improvement in energy
security indicators and energy equity. It is expected that the findings of this study will provide
useful input to policymakers, private sector, societal actors and researchers in support of successful
implementation of the initiatives for sustainable socio-economic transformation pathways.

© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Climate change as a result of global warming due to emissions
f greenhouse gases (GHG) is an increasingly urgent major global
hallenge of our time that impacts the planet and people, now
nd in the future, in all countries across the world. In the 21st
onference of Parties (COP 21) to the United Nations Framework
onvention on Climate Change (UNFCCC), the Paris Agreement set
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352-4847/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access a
specific long-term goals to hold global temperature increase to
well below 2 ◦C, and to pursue efforts to limit it to 1.5 ◦C, to reach
the peak of global GHG emissions and begin their decrease as
soon as possible, and to achieve a neutral balance between emis-
sions and removals in the second half of the century (UNFCCC,
2016). As of November 2021, 192 states and EU, representing 98%
of global GHG emissions, have ratified or acceded to the Paris
Agreement (UNFCCC, 2022b). As of September 2022, 62 parties to
the Paris Agreement including 54 countries and European Union
(EU) have submitted to the UNFCCC a long-term strategy to attain
a net-zero emissions target and more than 100 countries are plan-
ning to do so. At present, Bhutan and Suriname are the only two
net negative countries in accounting for carbon dioxide emissions

and natural uptake within the country borders. China being the

rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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argest contributor of annual GHG emission has committed to
ttain net zero carbon emissions by 2060, India has aimed to
net-zero carbon emissions target by 2070, while the EU and
ost other countries aim to achieve net-zero carbon emissions
y 2050. Whereas, small economy countries which are more
ulnerable to climate change effects like Maldives, Laos, Malawi
tc. have set target to achieve net-zero before or 2050 in their
olicy document or made declaration (UNFCCC, 2022a). Despite
he various mitigation efforts and government commitments,
he global GHG emissions are rising, at 49.8 billion metric tons
f CO2-equivalent emissions in 2015 (Ritchie and Roser, 2020),
xpected to reach 56 billion tons in 2030, which is approximately
wice the targeted emissions for 2030, if global warming is to be
imited to 1.5 ◦C, for which emissions would instead need to be
educed by 7.6% annually (UNEP, 2019b).

The role of developing and emerging economies in achiev-
ng net-zero emissions targets will be very prominent in the
uture. As the global economy is beginning to emerge from the
mpacts of the COVID-19 pandemic, it is expected that it will
ecover at a slower pace in the event of emerging new COVID-
9 variants and geopolitical situations. The immediate priority
f developing and emerging nations is faster economic growth
o support a socio-economic transformation towards a better
tandard of living, whereas maintaining climate neutrality and
limate resilience is a long-term imperative. They also suffer
everely from emissions of air pollutants (AP), with most of the
early 7 million air pollution-related premature deaths across the
orld every year being in developing countries (HEI, 2020). As
ost developing countries are still in the process of addressing

he issue of energy equity in terms of access to affordable, reli-
ble, and modern energy for all by 2030 under the UN sustainable
evelopment goal, SDG-7 (UNDP, 2021), it is anticipated that
emand for modern energy will grow rapidly until access as
ell as basic per capita energy demand are achieved. Further-
ore, energy security on the supply side is also a major concern

or developing countries, which mostly depend strongly upon
mported fossil fuels. Following the low carbon economic devel-
pment path is seen as the best option which can address both
ssues, but its realization depends on many constraints related to
he competitiveness, acceptability, and sustainability of the low
arbon options under the existing market, trade, financing, and
egulatory mechanisms (Goldthau et al., 2020; O’connor, 2010).
hese constraints can be addressed to a greater extent if all
ctual co-benefits besides climate benefits, both monetary and
on-monetary, are identified and reflected transparently during
he assessment and implementation of the low carbon options.
uring COP26, this was highlighted by mentioning the need for
ncorporating an environment service charge into commodities
rade, and for phasing-out subsidies on fossil fuels, and by more
han 100 countries pledging to cut methane emission by 30%
nd to stop deforestation by 2030. Therefore, it is very important
o understand the economic and technical characteristics of the
urrent local and global situation and future low-carbon options.
Nepal is among the 10 most vulnerable countries to climate-

hange-related disasters and risks (Eckstein et al., 2021) despite
ts small contributions to global GHG emissions, being 0.06% in
011, which grew from 0.025% in 1994 (MoPE, 2017; MoSTE,
014). Nepal’s GHG emissions from both energy and non-energy
ectors are increasing with growing economic activities, with
2.5-fold increase from 24 million metric tons in 2000 to 60
illion metric tons in 2019, at an annual average growth rate
f 4.8% (Government of Nepal, 2021; MoSTE, 2014). As Nepal is
reparing for graduating from the category of least developed
ountries to middle income countries by 2030 (CDP, 2021), it is
xpected that the pace of economic development will increase

n the country, with increasing consumption of fossil fuels if the
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existing trend of energy consumption continues in the long run
as observed in other developed countries (Yamaka et al., 2021).

The country’s supply of fossil fuels is mostly based on the
import from the neighboring country India, accounting for 22%
of merchandise imports from India and 14% of overall imports
in 2019/20 (NRB, 2020). Nepal’s total export earnings are not
enough to pay for the imports of petroleum products (NRB, 2020),
raising concerns about the economic vulnerability and energy
supply security (Shakya et al., 2022a). In addition, ambient and
indoor air pollution from the burning of solid fuels and fossil fuels
result in nearly 42,000 premature deaths per year in Nepal (HEI,
2020). Besides, Nepal is still in the process of attaining access
to electricity for 100% of its population, along with attaining
other economic development goals, including the SDG target 7.1
of providing universal access to affordable, reliable, and modern
energy services by 2030. Recent study has shown that energy
equity factors like per capita electricity consumption and electric-
ity access plays the major role in the national energy transition
mostly in the developing countries (Shakya et al., 2022b).

Nepal is a Party to the UNFCCC since 1992. It has been con-
tinuously and actively supporting international efforts on climate
change mitigation and adaptation. Nepal submitted its second Na-
tionally Determined Contribution (NDC) in 2020 with quantified
mitigation targets along with supporting policies for the reduc-
tion of GHG emissions. In 2021, the country has introduced a
Long-term Strategy (LTS) for Net-zero Emissions which aspires to
achieve sustainable net-zero CO2 emissions by 2045 (Government
of Nepal, 2021). This is in line with the Paris Agreement to address
climate change effects and its long-term economic transition goal
to reach middle income countries by 2030 pursuing low carbon
and sustainable development. The country is in the process of de-
veloping and implementing NDC implementation plan following
the LTS for Net-zero emissions.

There are limited studies on the co-benefits of low carbon
development strategies in Nepal. They analyzed co-benefits re-
lated to environmental emissions and/or energy security result
from sectoral electrification and energy efficiency (Nakarmi et al.,
2014; Shakya and Shrestha, 2011), carbon tax (Pradhan et al.,
2020; Shakya et al., 2012), and low carbon development paths
(Shrestha and Shakya, 2012). Pradhan et al. (2019) studied the
strategies to achieve net-zero GHG emissions for Nepal, but did
not analyze co-benefits. Nakarmi et al. (2020) reported health
and crop yield benefits with the implementation of measures
to reduce short-lived climate-forcing pollutants (SLCP) consisting
of black carbon, methane, and PM2.5, but they did not analyze
o-benefits related to energy security, energy equity and broader
ir pollutants. The detailed historical emissions of GHGs and
ir pollutants from technology use in Nepal for 2001 to 2016
ere analyzed by Sadavarte et al. (2019), while Shrestha (2018)
eported emissions of GHGs and air pollutants from all sectors
or one year (2008/09), though again neither explicitly considered
he range of co-benefits.

This study attempts to address the research gap related to
he earlier studies by analyzing for the first time various co-
enefits of Nepal’s Long-term Strategy for Net-zero Emissions as
ollows: (i) it considers, in addition to greenhouse gases (CO2,
H4 and N2O), the emissions of seven air pollutants, namely car-

bon monoxide (CO), nitrogen oxides (NOx), non-methane volatile
rganic compound (NMVOC), sulphur dioxide (SO2), particulate
atter (PM2.5), black carbon (BC), and organic carbon (OC); (ii)

it analyzes energy security in terms of accessibility, availabil-
ity, and affordability by using five distinctive indicators; (iii) it
studies the effects on the energy equity in terms of access to
sufficient electricity as envisioned in the SDG-7. The findings in
this study highlight the co-benefits of the net-zero emissions
initiatives in the context of developing countries and provide im-

petus to diverse actors from policymaking, research, businesses,
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on-governmental organizations and civil society for successful
mplementation of the initiatives, and to follow pathways that
ead to societal change towards sustainable development.

. Methods

This study used quantitative method with the use of bottom-
p national GHG emission modeling framework to examine
resent status of environmental emissions and energy indicators
nd to estimate anticipated co-benefits in terms of reducing
ir pollutants emission and enhancing energy security and en-
rgy equity while implementing recently introduced Long-term
trategy for Net-zero Emissions of Nepal following the Paris
greement. The main methodological procedures followed in the
tudy consists of following steps:

• development of national GHG emissions inventory estima-
tion model representing all the energy and non-energy ac-
tivities emitting GHG and air pollutants following 2006 IPCC
Guidelines for National Greenhouse Gas Inventories (IPCC,
2006).

• estimation of the emissions and the indicators for energy
for the base year 2019 and future projection till 2050 under
base case scenario using econometric model (Shakya and
Shrestha, 2011) and projections mentioned in the existing
literature for activity demand projections.

• development of policy intervention scenarios for limiting
GHG emissions with introduction of activity level targets
from energy and non-energy sectors mentioned in the na-
tional long-term strategy for net zero emissions.

• comparison and interpretation of the results obtained from
the base case and policy intervention case scenarios high-
lighting effects on the environmental, energy security and
energy equity co-benefits.

he detail description on the methodological steps is discussed in
he following sections.

.1. Development of national emissions system

There are various tools and software available that can be used
or the analysis of scenarios or to develop a modeling framework
or analysis. However, most of them have a specific purpose
nd have certain limitations, e.g., most of them treat the energy
ector and non-energy sector separately. The Low Emissions Anal-
sis Platform (LEAP) modeling tool developed by the Stockholm
nvironment Institute (Heaps, 2020), in contrast, includes both
nergy-related and non-energy-related emissions within a single
odeling framework. It has the provision of incorporating GHG
nd other environmental pollutant emission factors as per the
PCC guideline for national GHG inventories. Furthermore, LEAP
an analyze the interactions and their implications among the
nergy and non-energy sectors, the economy, and the environ-
ent. This study has used the LEAP modeling tool for developing
ifferent scenarios representing LTS for net-zero emissions in
epal by 2050.
The Nepal-LEAP model developed for this study is primarily

ivided into energy and non-energy sectors which are depen-
ent on macroeconomic and demographic indicators. Along with
hese, resource, technological, and emission factor databases are
lso fed into the system, firstly to create a base model and then
he future scenario development activities. The energy and the
on-energy sectors are subdivided into sub-sectors, each hav-
ng further categorization according to sectoral activities. The
etailed structures of the disaggregated sub-sector activities for
nergy and non-energy sectors are given in Appendix A.1 and

.2, respectively. This modeling framework has also been used for
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analyzing GHG emissions in support of the formulation of Nepal’s
LTS for net-zero emissions (CES/UNDP, 2021; Government of
Nepal, 2021). Fig. 1 shows a flowchart for the activities conducted
for the modeling analysis in this study.

2.2. Economy and demography

In the study, the energy-consuming activities are linked with
economic and demographic parameters (Pradhan et al., 2019;
Shakya and Shrestha, 2011; Shrestha and Shakya, 2012). The
agricultural, commercial, and industrial activities are taken to be
dependent on the respective GVA (gross value added) in each
sector. Meanwhile, in the residential sector, the total energy
demand is dependent primarily on the population. The trans-
port sector is dependent on both economic and demographic
parameters for freight and passenger transportation, respectively.
GDP growth rates have been taken from the targets set for the
national economy in government documents (MoF, 2016, 2020;
NPC, 2014, 2017, 2020). For the reference case, the annual GDP
growth rate of 7% between 2022 and 2050 as stipulated in the
15th development plan has been considered.

South Asia is expected to face its worst economic crisis for
several years due to impacts of the COVID-19 pandemic, and
Nepal’s real GDP in 2020 decreased by ca. 2.1% and increased by
1.8% in 2021 compared to the previous year (World Bank, 2020)
while an 8.5% growth was envisaged in the Nepal Government’s
budget for 2019/20. The Nepal Government budget for 2021/22
includes a projected GDP growth rate of 7%, assuming a quick
recovery of economic activities in the post-COVID-19 pandemic
period (MoF, 2020). Thus, a growth rate has been considered
to increase from 1.8% to 7% during 2021 to 2022 considering
economy bounce back as it did in 2016/17 after the April 2015
earthquake. The demographic development is assumed to include
a population growth rate of 1.35% and an urbanization rate of 2.8%
(CBS, 2012, 2014, 2020).

2.3. Structure of emissions from energy consuming sectors

The study has taken a bottom-up approach for estimating
energy-consuming activities and associated emissions. A first-
level categorization of sectors has been adopted as per the na-
tional energy synopsis report and thus divided into five economic
sectors (agriculture, commercial, industrial, residential, and trans-
port). There are 325 demand technologies considered in the en-
ergy sector. Each sector is further subdivided as per subcate-
gory and end-use in subsequent sectors (Fig. A.1). Under the
agriculture sector, the end-use service demand comprises water
pumping for irrigation and farm machinery such as tractors and
threshers. The commercial sector is sub-categorized into three
types based on the Nepal Standard Industrial Classification (NSIC),
consisting of tourism and trade, financial and real estate, and
other services. The industrial sector has been classified into nine
categories by type of products and economic output as per NSIC.
In the case of the residential sector, it is subdivided into rural
and urban categories as the energy consumption patterns in
those areas are quite different based on the energy resource
availability, affordability, infrastructure development, and other
socio-economic drivers. The transport sector is initially classified
into three groups: intercity (passenger, long-distance transport),
intracity (passenger, short-distance transport within the local
area), and freight (transportation of goods and materials). It is
further classified as per the vehicle types into the respective
groups. The total population of vehicles in each province is taken
from the total number of registered vehicles in the province as
per the list published by the Department of Transport Manage-

ment. The emission factors used in the analysis are taken from
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Fig. 1. Low Emissions Analysis Platform (LEAP) Structure and Quantitative Analysis Flow chart (Based on Heaps, 2020) used for analysis of Nepal’s strategies for
net-zero GHG emissions and associated co-benefits.
various reports and studies, selecting the country and technology-
specific data as much as possible (Bhattacharya et al., 2002;
Bond et al., 2013, 2004; EEA, 2019; IPCC, 1996, 2006; Sadavarte
et al., 2019; Shrestha et al., 2013; Venkataraman et al., 2010).
The stocks and prices of domestic energy resources for biomass
(fuelwood, agriculture residues, and animal waste), hydropower,
solar, and others are considered from various national documents
(AEPC, 2008; NEA, 2021; NOC, 2021; WECS, 2010, 2019, 2021).
The estimated rates of fuel price increase during 2020–2050 are
based on earlier studies and reports (Greenpeace International,
2015; IEA, 2021; Teske et al., 2011). Further detail is given in the
supplementary materials.

2.4. Structure of emissions from non-energy sectors

For the non-energy sector, industrial processes and product
se (IPPU), waste, and agriculture, forestry and other land use
AFOLU) have been considered with structural distributions as
hown in Fig. A.2. Fugitive emissions (IPCC category 1B) have not
een considered in this study as such emissions are considered
egligible in the country (CES/UNDP, 2021; Government of Nepal,
021). To estimate the emissions in the non-energy sector, the
tudy refers to the (IPCC, 2006) Guidelines (IPCC, 2006) using the
ier1 method due to the data limitation (CES/UNDP, 2021).

.5. Descriptions of scenarios

Three main scenarios are considered in this study:

• A reference scenario (REF) assuming continuation of current
trends (without the implementation of recently-decided
policy measures);
2362
• A scenario with existing measures (WEM) mentioned in the
plans and policies adopted up to 2020;

• A scenario with additional measures (WAM) beyond those
listed under WEM and which are feasible for the country.

These are described in the following subsections.

2.5.1. Reference (REF) scenario
The reference scenario assumes that current trends of various

parameters will continue in the future as well if existing policies
remain in place as they are. The major assumptions of this sce-
nario for the projections in the future, with 2019 as the base year,
are as follows. Other descriptions of the reference scenario used
here are described in a report by CES/UNDP (2021):

• Annual average population growth rate during 2022–2050:
1.35%.

• Annual average GDP growth rate during 2022–2050: 7%
with the composition of GDP VA following the trend ob-
served in the past.

• Technology-mix of the end-use activities in the energy and
non-energy sector in future years: similar to the recent
calibrated year or base year.

• No new policy interventions during 2019 to 2050.
• Livestock and crop production projections: as in Kumar et al.

(2019) until 2035 and then following the average growth
rate during 2030–2035 mentioned in Enahoro et al. (2019).

• Fertilizer consumption: a linear growth during 2020–2050
with 121 kg per hectare in 2019 and 175 kg/ha by 2050
(MOALD, 2020).

• Changes in the land-use area including forest area during
2020 to 2050: as mentioned in MoFE (2021).
Other descriptions of the reference scenario used here are
mentioned in CES/UNDP (2021).
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.5.2. With existing measures (WEM) scenario
In this scenario, the same methodology has been used as in the

eference scenario, but with a focus on the intervention measures
pecified in the plans and policies implemented and adopted up
o 2020. It assumes the GDP growth rate to be the same as in
he reference scenario. The mitigation measures consist of the
mplementation of low carbon technologies considered in the
xtended Nationally Determined Contribution (eNDC) 2020, the
oadmap for achieving the SDGs by 2030 prepared by the National
lanning Commission (NPC), and the government’s other existing
lans and policies (CES/UNDP, 2021). The details about mitigation
easures and targets (CES/UNDP, 2021; Government of Nepal,
021) considered in various energy and non-energy sectors in the
EM scenario are presented in Table 1 and Tables S11-14 re-

pectively. They are briefly mentioned here. Mitigation measures
n the energy sector include: electrification in major end-uses
n all economic sectors such as efficiency improvement and al-
ernative clean fuel intervention in the application of industrial
rocess heat; substituting traditional brick kilns with 100% zigzag
iring technique and biomass fuel mix in the brick industry;
uel switching to modern fuels (electricity, LPG) and renewable
nergy technologies (e.g., solar, biogas); and a modal shift to mass
lectric mobility in the transport sector. In the agriculture sector,
hey include biogas digesters in manure management, improved
ater management in rice cultivation, and low-or-no tillage prac-
ices in soil management. In the waste sector, the mitigation
ptions include implementation of methane recovery, anaerobic
igesters, and waste incinerator; however, the WEM scenario
ssumes that their implementation level is low. In the land use,
and-use change and forestry (LULUCF) sector, mitigation mea-
ures include reduction in forest degradation and deforestation
long with increased plantation and sustainable management of
orests. There are no interventions in the industrial processes and
roducts use (IPPU) sector in the WEM scenario.

.5.3. With additional measures (WAM) scenario
This scenario builds on the GHG mitigation measures con-

idered in the WEM scenario and also includes the accelerated
ate of penetration of measures and the impacts of additional
itigation actions that are feasible for the country. It assumes the
DP growth rate is the same as that of the reference scenario. The
etails about measures and targets (CES/UNDP, 2021; Govern-
ent of Nepal, 2021) considered in WAM scenario are presented

n Tables SI11-14. They include implementation of all the proven
echnologies to the currently-acknowledged maximum technical
easibility to achieve net-zero CO2 emissions before or by 2050.
n the energy sector, the measures include electrification in major
nd-uses in all the economic sectors. The interventions in the
ndustrial sector involve: electrification in motive power, boil-
rs, and process heat; switching to alternative fuel mixes and
ydrogen technology in the cement industry; and adoption of
lectric tunnel kilns in the brick industry. Likewise, the mitigation
easures to reduce CO2 emissions in the transport sector involve

he introduction of fuel cells for passenger and freight vehicles,
he use of electric vehicles, a synthetic fuel mix in aviation, and
modal shift to mass electric transportation. In the non-energy
griculture sector, over 20 mitigation measures have been con-
idered, and the mitigation technologies are based on the most
ecent findings as of 2021, while the implementation potential is
ssumed to be the maximum technically feasible. Similarly, in the
aste sectors, the mitigation measures are implemented at full
echnical feasibility by 2050. In the IPPU sector, carbon capture
tilization and storage is considered as the primary mitigation
easure to reduce CO2 emission in the cement industry. The
itigation measures in LULUCF are similar to the WEM scenario,
ut the level of implementation is more stringent. It is assumed
hat agri-residue burning on fields would be completely stopped
y 2050.
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2.6. Indicators of co-benefit measures

2.6.1. Ambient air pollutants emission
This study considers the seven major air pollutants emis-

sion which are responsible for the negative effects on the public
health, crops yield, forest and other socio-economic and environ-
mental effects (Karlsson et al., 2020; Nakarmi et al., 2020; Son-
wani et al., 2022). The air pollutants considered in this study are
carbon monoxide, nitrogen oxides, non-methane volatile organic
compound, sulphur dioxide, particulate matter, black carbon, and
organic carbon.

2.6.2. Energy security indicators
Energy security deals with long-term security of supply of

energy resources in terms of availability, accessibility and af-
fordability and can be represented by using different indicators
(Kruyt et al., 2009). This study used five different indicators of
energy security, i.e., net energy import ratio (NEIR), the share
of renewable energy (SRE), Shannon–Weiner Index (SWI).1 the
ratio of import fuel cost to GDP (FGDP), and energy intensity of
GDP (EGDP) (Kruyt et al., 2009). NEIR measures the dependence
on imported fuels for the supply of energy commodities, with
higher values signifying a higher level of import dependency
(accessibility). Similarly, SRE indicates the self-sufficiency in the
energy supply from national resources, with a higher value indi-
cating desirable conditions (availability). SWI measures the level
of diversification of energy resources, with a higher value indi-
cating a more diversified energy resource mix. Here four types
of energy resources are assumed for calculation purposes (fossil
fuels, biomass, hydropower, and others). The maximum possible
value of SWI is 1.39 (if an equal amount of energy is supplied
by each energy resource) and the minimum possible value is
zero (if supplied by only one type of energy resource). FGDP
indicates affordability of the energy consumption with a higher
value indicating economic vulnerability due to its scale of expen-
diture of the foreign currency as compared to the national GDP.
Finally, EGDP is a measure of the energy efficiency of the national
economy, with a higher value indicating more dependence on the
limited non-renewable energy resources.

2.6.3. Energy equity indicators
In this study, the electricity consumption per capita is taken

as the proxy of the energy equity or energy poverty indica-
tor (Shakya et al., 2022b). There is a large disparity in the per
capita electricity consumption between developed and devel-
oping countries. Per capita electricity consumption is expected
to rise during the economic transition of a developing country
following the trends observed in the developed countries in the
past (Shakya et al., 2022b).

3. Results and discussion

3.1. Analysis of reference scenario

3.1.1. GHG and AP emissions in the reference scenario
The annual total CO2 emissions from the energy and non-

nergy sectors in 2019 were 23 Megatons Carbon Dioxide
MtCO2), which is expected to rise to 34 MtCO2 in 2030 and
79 MtCO2 in 2050 under the reference scenario. In 2019, non-
energy-related emissions accounted for 46% of net total CO2
emissions after deducting carbon sequestration from the forest
and it would gradually decline to 32% by 2050. The annual CO2
emission from LULUCF is estimated to roughly double, from 8
MtCO2 in 2019 to 17 MtCO2 by 2050.

1 Shannon-Wiener Index SWI =
∑

s ln s where, s = the share of fuel ‘i’.
i i i i
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Table 1
Low carbon technology penetration targets of energy sector for WEM and WAM scenarios.
Source: CES/UNDP (2021) and Government of Nepal (2021).
Scenario/Target Year
sectors

WEM -2050 WAM-2050

Residential Urban:
20% LPG, 70% electric cooking
75% electrification in space heating, water heating
Rural:
10% ICS, 40% LPG, 40% electric Cooking
50% electric space heating,
25% electric water heating

Urban/Rural: 100% electric cooking
100% LED lighting

Industrial sector Food and beverage:
100% electrification in process heat and motive power, 50%
electric Boiler
Textile and leather products:
100% electrification in process heat and motive power, 100%
electric boiler
Industrial chemical rubber and plastics:
50% electrification in process heat, 100% in motive power, 50%
electric Boiler
Mechanical engineering, metallurgy:
50% electrification in process heat, 100% in motive power
Electrical engineering products:
100% electrification in process heat and motive power,
Wood products and paper:
50% electrification in process heat, 100% in motive power, 50%
electric boiler
Bricks and clay products:
100% electrification in motive power
Substitute traditional Brick Kilns with 100%
Zigzag Kiln and 25% biomass fuel mix by 2027
Cement and non-metallic products:
75% alternative clean fuel and 25% coal in process heat, 100%
in motive power
Limestone usage to improve energy efficiency by 20%

100% LED lighting

2% efficiency improvement rate

100% electrification in
Food and beverage,
Textile and leather products.
Industrial chemical rubber and
plastics,
Mechanical engineering, Metallurgy,
Electrical engineering products and
wood products and paper

In bricks and clay products:
100% electrification in motive
Power
100% electric tunnel kiln by 2050

Cement and non-metallic products:
70% alternative clean fuel, 10%
electric, 5% hydrogen, 15% coal in
process heat, 100% electric in
motive power

Transport sector Intercity:
30% electric train,
20% electric car
40% diesel bus (bus/minibus)
10% airplane
Intracity:
33% electric bus
20% electric car
5% electric motorcycle
35% public bus (bus and minibus)
2% monorail

Freight:
30% electric train

Intercity:
20% electric bus
20% electric car
30% electric train
20% fuel cells electric bus,
10% airplane (synthetic fuels)
Intracity:
20% electric car
48% electric bus
10% electric motorcycle
2% monorail
10% fuel cells electric car
10% fuel cells electric bus
Freight:
40% electric train
30% electric vehicles
30% fuel cells vehicles

Commercial sector 100% electrification 100% electrification

Agriculture sector Water pumping:
40% electric, 40% Solar PV pumping
Farm machinery:
25% electricity

Water pumping:
60% electricity, 40% Solar PV
pumping
Farm machinery:
100% electrification
r
2
c
i
d

The annual total GHG emissions (CO2, CH4, and N2O) from the
nergy end-use sector and non-energy sector in 2019 were 60
tCO2e, which would reach 79 MtCO2e in 2030 and 142 MtCO2e

n 2050 in the reference scenario, which also clearly shows a
ignificant contribution (61.5%) of non-CO2 GHGs. The share of
on-energy-related emissions was 71% of the net GHG emission
n 2019. In 2050, the share of energy-related emissions would be
3%. The emissions from agriculture accounted for 46% in 2019
hich would decrease to 34% in 2050. The shares of waste and

PPU would remain less than 8% and 5%, respectively, of total GHG
missions through 2019–2050. There would be net emissions
2364
ather than sequestration from the LULUCF sector during 2019–
050 in the reference scenario. In addition, with no additional
leaner solutions (policies and plans) there would be a significant
ncrease (at least 60%) in emissions of various air pollutants (AP)
uring 2019–2050, e.g., OC by 60% and SO2 by 183% (Table 2),

contributing to indoor and ambient air pollution which is already
severe in the country.

3.1.2. Energy security
How would the energy security of the country be affected

over time in the reference scenario? To answer this question, for
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Table 2
National GHG emissions (in Megatons per year) and AP emissions (in 103 tons
per year) during 2019 to 2050 in Nepal under the reference scenario.
Emission 2019 2030 2050 Ratio

2050/2019

CO2 23.064 34.723 78.637 3.4
CH4 1.242 1.514 2.137 1.7
N2O 0.0085 0.0101 0.0143 1.7

Total GHG emissionsa , MtCO2e 60.076 79.783 142.245 2.4

CO 3153 3545 5427 1.7
NOX 146 186 404 2.8
SO2 31.5 39.1 89.3 2.8
NMVOC 653 738 1140 1.7
PM2.5 285 313 470 1.6
BC 36.5 43.3 78.6 2.2
OC 126 138 202 1.6

aTotal GHG here includes CO2 , CH4, and N2O with CO2 equivalent of CH4 and
N2O estimated based on 100-year global warming potential (GWP) of 28 and
265 respectively as used in the IPCC Fifth Assessment Report (AR5). MtCO2e
stands for Megatons Carbon Dioxide equivalent with mentioned GWP.

Table 3
Energy security indicators in the REF scenario during 2019–2050 (unit: in %
except SWI and EGDP).
Indicator 2019 2030 2040 2050

Net energy import ratio (NERI) 29.8% 34.9% 41.8% 47.3%
Share of renewable energy (SRE) 70.2% 65.1% 58.2% 52.7%
Shannon–Weiner Index (SWI) 0.86 0.97 1.01 1.03
Imported fuel cost to GDP ratio (FGDP) 18.4% 25.6% 22.6% 20.4%
Energy intensity of GDP (EGDP) (GJ/1000 USD) 46.7 30.4 21.1 15.8

selected years Table 3 presents five different indicators of energy
security as defined in Section 2.6.2.

The increasing trend of SWI shows the growing diversifica-
ion in the deployment of primary energy resources during the
tudy period, which is mostly due to a decrease in the share of
raditional biomass and an increase in the shares of fossil fuels,
ydropower, and other renewables. The increasing trend of NIER
nd decreasing trend of SRE shows the increasing dependency on
mported fuels and decreasing contribution of renewable energy
n the total primary energy supply. At the same time increas-
ng SWI indicates the improving energy supply mix with better
istribution of the share of energy resources. This indicates that
he country’s dependence on imported energy (mainly fossil fu-
ls) would increase significantly during 2019–2050 despite an
ncreased level of diversification in the use of energy resources.
he value of FGDP increases till 2030 but slightly decreases after
030 to reach 20.4% by 2050 indicating a higher economic vulner-
bility. In the case of EGDP, there will be a gradual decrease in the
alue indicating improvement in energy efficiency in Nepal over
019–2050 mostly due to fuel switching during urbanization and
conomic growth from traditional biomass with lower conversion
fficiency to commercial energy (fossil fuels and electricity) with
igher conversion efficiency. The share of traditional biomass in
he total primary energy supply would change from 63.6% in 2019
o 42.1% in 2050.

.1.3. Energy equity
In this study, the electricity consumption per capita is taken as

he proxy of the energy equity or energy poverty indicator. It will
ncrease by 159% from 276 kWh in 2019 to 715 kWh per capita in
050 under the REF scenario (Fig. 2). This means even in 2050 the
lectricity consumption per capita in Nepal will reach only 21% of
he global average of 3358 kWh per capita in 2019. This indicates
hat under the REF scenario, the issue of energy equity will still
revail in 2050, thus affecting the well-being of the majority of
opulation of the country.
2365
3.2. Implications of net-zero emissions strategy

3.2.1. Reduction in GHG emissions
The WEM scenario would generally show a significant reduc-

tion in CO2 and other emissions. Annual CO2 emissions would
only be 3.9 MtCO2 in 2030, a decrease of 89% compared to the
emissions in the REF scenario, though they would then increase to
29.4 MtCO2 in 2050, a 63% decrease compared to the REF scenario
(Table 4). This seemingly odd result is due to the saturation of
the sequestration potential of forests in the LULUCF sector in
the WEM scenario (CES/UNDP, 2021; MoFE, 2021). In the WAM
scenario, there would be a net sequestration during 2022–2033,
and then again from 2045 onwards. In 2050, there would be a
net CO2 sequestration of about 6 MtCO2 per year (Government of
epal, 2021; MoFE, 2021). Regarding methane, the country would
e able to reduce its emission by 17% in 2030 under the WAM
cenario, which would reach 40% by 2050, thus supporting the
H4 emission reduction target as envisioned during the recent
OP26 of the UNFCCC. In terms of total CO2e greenhouse gases,
nder the WEM scenario there would be a 44% reduction in the
missions in 2030 and likewise a 44% reduction in 2050, while
nder the WAM scenario the reduction would be 61% in 2030 and
8% in 2050, all compared to the REF scenario.

.2.2. Reduction in air pollutant emissions
The implementation of the measures to reduce carbon emis-

ions also would result in significant reductions in the emissions
f air pollutants, as shown in Table 4 and Fig. 3.
Under the WEM scenario, there would be a substantial re-

uction in AP emissions in 2050 compared to the REF scenario,
anging from 41% for NOx emissions to 80% for NMVOC emissions.
he co-benefit value further increases under the WAM scenario,
ith a reduction of about 70% or more for the emissions of all
ir pollutants, e.g., 69.9% for OC and 85.6% for BC. Reduction in
P emissions are mostly due to the fuel switching from emission
ntensive fossil fuels to electricity from renewable energy like hy-
ropower in the energy sector and reduction in the uncontrolled
urning of agri-residue and waste in non-energy sector. This
eduction in AP emissions would result in clear health benefits
n terms of avoided sickness and deaths, as well as reduced
rop yield loss due to the effects of air pollutants (Kuylenstierna
t al., 2020; Nakarmi et al., 2020; UNEP, 2019a). It is worth it
entioning two key species here, namely CH4 and BC, which
re short-lived climate-forcing pollutants (SLCPs). CH4 is a potent
HG and a precursor to the formation of ground-level ozone
another GHG which is also an air pollutant, toxic to humans and
lants), while BC is an air pollutant and another strong global
arming agent (UNEP, 2019a,b). The reduction of BC emissions
y 86% and CH4 emissions by 17% by 2050 is expected to yield
mmediate climate benefits as well. In addition, various other
enefits are also expected, since improved air quality reduces
he negative effects on the environment and ecosystems, as well
s on glaciers and snowfields on the mountains, and in turn
n aviation, tourism and infrastructure (UNEP, 2019a,b). These
esults highlight that Nepal’s existing decarbonization strategies
nd potential additional plans would be valuable for cutting ems-
ions of non-CO2 GHGs and climate-forcing air pollutants in the
hort term, along with deeply cutting CO2 emission in the long
un. Similar results of air pollutants reduction due to low carbon
nitiatives were reported in other studies for Nepal (Shakya and
hrestha, 2011; Shrestha and Shakya, 2012), China (Zhang et al.,
021), and India (Mittal et al., 2015).
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Fig. 2. Electricity consumption per capita (kWh per capita) in Nepal under the REF Scenario. Note: data obtained from https://ourworldindata.org/grapher/per-capita-
electricity-consumption?time=2019.
Table 4
Change in GHG (in Megatons, Mt, per year) and AP emissions (in 103 tons per year) from energy and non-energy sectors in the
WEM and WAM scenarios (in thousand Metric tons, mMt) National GHG emissions and AP emissions during 2019 to 2050 in Nepal
under the reference scenario.
Emission 2019 2030 2050

REF REF WEM WAM REF WEM WAM

CO2 23.064 34.723 3.943 −5.793 78.637 29.433 −5.730
CH4 1.242 1.514 1.372 1.256 2.137 1.754 1.283
N2O 0.0085 0.0101 0.0076 0.0068 0.0143 0.0070 0.0032
Total GHG emissiona , CO2e 60.076 79.783 44.356 31.193 142.245 80.382 31.032
CO 3153 3545 1842 1932 5427 1881 1352
NOX 145.9 185.7 139.0 136.1 403.9 237.4 73.9
SO2 31.5 39.1 24.4 23.6 89.3 43.2 16.3
NMVOC 652.9 738.1 286.4 302.4 1139.5 226.5 167.2
PM2.5 284.6 312.7 153.8 166.6 469.6 152.0 122.0
BC 36.5 43.3 20.5 21.4 78.6 25.0 11.3
OC 126.3 137.7 73.4 78.7 201.5 69.1 60.6

aTotal GHG here includes CO2 , CH4, and N2O, where CO2 equivalent of CH4 and N2O is based on 100-year global warming potential
(GWP) of 28 and 265 respectively as used in the IPCC Fifth Assessment Report (AR5).
.2.3. Energy security enhancement
The strategic measures aimed at net-zero CO2 emissions would

esult in substantial improvement in energy security indicators.
s compared to the REF scenario, both WEM and WAM scenarios
how a drastic reduction (Fig. 4) in the NEIR, due to reduced
mport dependency, and an increase in SRE, indicating improve-
ent in the accessibility and availability of sustainable energy

esources. This is due to the fuel switching from the imported
ossil fuels to electricity from renewable energy in the energy
ector. The required power generation capacity by 2050 will
ncreases from 10.1 GW under the Reference scenario to 35.9 GW
nder WEM and 51.8 GW under WAM which is mostly supplied
y hydropower. For the energy mix (SWI), the WEM scenario
hows improvement in all years as compared to the REF scenario,
hereas the WAM scenario shows a reduced energy mix after
045, mostly due to the significant reduction in the consumption
f fossil fuels as a result of decarbonization measures. In terms
f affordability and economic vulnerability, both WEM and WAM
cenarios show improvements in energy security as is evident in
he reduced values of FGDP due to avoidance of imported fossil
uels. Likewise, the efficiency of energy use increases as shown
y the continued reduction in the value of the EGDP indicator
ttributed to the higher efficiency of electric devices compared
o the fossil fuel-based devices. Similar results of improvement
n energy security due to low carbon measures were reported
n other studies for Nepal (Shakya and Shrestha, 2011; Shrestha
2366
and Shakya, 2012), India (Pathak and Shukla, 2016) and Europe
(Schwanitz et al., 2015).

3.2.4. Energy equity improvement
Our analysis shows that net-zero emissions initiatives would

also help to address energy equity issues, because there would
be a significant increase in electricity consumption per capita in
2050 (Fig. 5). Under the WEM scenario, in 2050 it will reach 2499
kWh per capita and under the WAM scenario it would be 3396
kWh reaching the average world value. There would be a ca. 12-
fold increase in electricity consumption per capita between 2019
and 2050 (WAM vs. REF) under low carbon initiatives thus help-
ing to address energy equity issues of the country. Similar results
of improvement in energy equity, indirectly through increase in
the electricity consumption compared to the base case, due to
low carbon measures were reported in other studies for Nepal
(Shakya et al., 2012; Pradhan et al., 2019).

4. Conclusions

In order to keep the increase in global average temperature
well below 2 ◦C by end of the century, as called for by the Paris
Agreement, global carbon dioxide emissions would have to drop
to net zero by around mid-century. Many countries across the
globe are putting forward decarbonization strategies, setting net-

https://ourworldindata.org/grapher/per-capita-electricity-consumption?time=2019
https://ourworldindata.org/grapher/per-capita-electricity-consumption?time=2019
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Fig. 3. Emissions of air pollutants under the REF, WEM and WAM scenarios during 2019–2050 in Nepal.
ero targets around 2050 as their commitments to this global
ffort. The role of developing countries in achieving net-zero
missions targets will be very prominent. However, they face the
hallenge of balancing short-term economic growth, desired for
ttaining a socio-economic transformation towards higher stan-
ards of living, with maintaining climate neutrality and climate
esilience in the long run. This study has focused on Nepal in
his context and used the Low Emissions Analysis Platform (LEAP)
latform to analyze the multiple co-benefits, besides reducing
2367
carbon dioxide emissions, that would result from the imple-
mentation of Nepal’s recently-introduced ‘Long-term Strategy for
Net-zero Emissions’.

Two major policy intervention scenarios were considered, con-
sisting of With Existing Measures (WEM) and With Additional
Measures (WAM). Both of these lead to a substantial reduction
in emissions of air pollutants, along with improvements in en-
ergy security and energy equity compared to the reference (REF)
scenario. For instance, emissions of seven different air pollutants
would be reduced by at least 40% (41.2% for NOx and 80.1% for
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Fig. 4. Change in energy security indicators in WEM, and WAM scenarios relative to the reference (REF) scenario in Nepal during 2019–2050.
Fig. 5. Change in electricity consumption per capita (an energy security indicator) in Nepal in the year 2019, 2030 and 2050 under the REF, WEM, and WAM
scenarios.
NMVOC) in 2050 under the WEM scenario, increasing to about
70% or more (OC by 69.9% and BC by 85.6%) under the WAM
scenario. Reduction of these air pollutants, including short-lived
climate-forcing pollutants (SLCP) such as BC and methane, is
expected to produce additional benefits from avoided adverse
health outcomes and crops yield losses, along with reduced im-
pacts on glacier melting and climate. Furthermore, there would
be a drastic improvement in energy security indicators, with a
reduction in the net energy import ratio, increase in the share of
renewable energy, and decreases in the imported fuel cost to GDP
ratio and the energy intensity of GDP. In the case of the energy
mix, both WEM and WAM show improvement till 2044, but from
2045 onwards WAM shows a slight decrease due to a significant
reduction in the use of fossil fuels affecting diversity of energy
supply. In addition, net-zero emission initiatives help increase
electricity consumption per capita, thus supporting improving the
energy equity issue.
2368
Our analysis helped understand how net-zero greenhouse gas
emissions strategies and pathways, in this case in Nepal, can
leverage multiple co-benefits such as those mentioned above, if
they are identified, valued and incorporated during implemen-
tation of decarbonization options. In doing so, they can also
help address many conditional constraints related to the com-
petitiveness, acceptability, and sustainability of the low carbon
options. It is expected that the insights from this study will pro-
vide valuable guidance for decision makers during evaluation of
existing and future policy options regarding making investment
decisions, prioritizing research and development needs, putting
societal change in the country following a sustainable develop-
ment pathway. Further studies can be done in quantification of
the health benefits, effects on the agricultural yield etc. due to
reduction in the environmental emissions under net zero path
way.
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Fig. A.1. Energy sector structure.
Fig. A.2. Non-energy sector structure.
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