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Abstract

Background Bhutan has pledged to remain carbon neutral (CN) in perpetuity. Whether they can sustain this is ques-
tionable due to the country’s increasing economic growth (GDP) and commitment to gross national happiness (GNH)
outcomes, both of which can lead to a rise in greenhouse gas (GHG) emissions. The nexus between GHG, GNH and

transport.

the net zero Paris agenda. Bhutan shows it is possible.

GDP is the essence of the Paris Agreement and Sustainable Development Goals global project.

Results Through scenario modelling using the Long-range Energy Alternative Planning (LEAP) model, the study
finds that the carbon neutral declaration will derail between 2037 and 2050 without mitigation measures. By putting
in place mitigation measures especially in the industry and transport sectors, CN can be retained even under high
growth pressure, which may cost just 2% of GDP. CN can be easily retained under low economic growth, but this
could undermine GNH. High growth will require immediate interventions to enable electrification of industry and

Conclusions The options to remain CN will require Bhutan to adopt more efficient technologies and electrify
industry and transport under both low and high growth scenarios. The additional cost to the Bhutanese economy is
feasible through low and high growth opportunities. The options are similar to those confronting emerging nations
struggling with issues of climate commitments under economic growth pressures. All will need to adapt their specific
economic contexts to achieve the simultaneous objectives of the Sustainable Development Goals whilst addressing
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Background

Bhutan is famous for its Gross National Happiness
(GNH) indicator [1-4]. It is less well known for its status
as one of the few Carbon Neutral (CN) countries in the
world. It achieved this status in 2011 [5] and reaffirmed it
in 2015 for the Paris Agreement [6] and further in its Sec-
ond Nationally Determined Contribution [7]. This has the
potential to be a strong model for any emerging nation

*Correspondence:

Dorji Yangka

dorjlhen@gmail.com

! Curtin University Sustainability Policy (CUSP) Institute, Curtin University,
GPO Box U1987, Perth, WA 6845, Australia

2 ClimateClever, Fremantle, Western Australia

B BMC

to follow as the pressure to go beyond simply reducing
emissions and reach CN status is set to grow. But at the
same time nations and cities looking to achieve CN status
must show how this can be set in strong economic pol-
icy. As well as the CN and GNH commitments, Bhutan
has a policy to become a middle-income country by 2023
which means substantial increases in Gross Domestic
Product (GDP). At the heart of these intertwined issues
lies energy, ‘the golden thread that connects economic
growth, social equity and environmental sustainability’
[8]. This paper looks at how Bhutan will need to trans-
form its energy system if it is to continue its CN status
in the light of competing demands for economic growth
and GNH. The challenge is how to manage environmen-
tal goals when faced with competing economic and social
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Fig. 1 The 3G mechanism. Adapted from [11]. (GDP - gross domestic
product; GNH - gross national happiness; GHG — greenhouse gas)
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goals, a challenge that has been set since the Brundtland
Commission [9] and now the Sustainable Development
Goals (SDGs) [10].

This nexus is the challenge for every nation but espe-
cially emerging nations under growth pressures. It calls
for economic analysis that can integrate the three inter-
connected goals for GNH, GDP and GHG (greenhouse

Fig. 2 Location of Bhutan [12]
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gas) in Fig. 1. The figure shows the interacting mechanism
at a high-level of what Bhutan is attempting to do and is
a unique way for a developing country to have reduced
these complex issues down to three key indicators. No
other country has developed a Gross National Happiness
set of indicators. It is why Bhutan is worth being seen as a
case study of a globally significant approach.

The following sections provide a brief overview of why
Bhutan is unique from a geography perspective before
providing a synthesis on the relationship between eco-
nomic growth, carbon emissions, energy use and social
wellbeing. It then highlights Bhutan’s energy system, the
context of earlier studies conducted on energy model-
ling and emissions reduction, then gives the results from
seven economic scenarios created to examine the nexus
growth pressures and their policy recommendations. A
separate Methods section shows the scenario storylines
and how the modelling was done as well as the scope and
limitations of the study.

Regional characteristics of Bhutan

Bhutan is a small land-locked developing country
nested between China and India in the eastern Hima-
laya range (see Fig. 2) with a population of less than a
million people having a per capita GDP of USD 3372
[13]. Being in the Himalayas, Bhutan is a mountainous
country with altitude reaching up to 7500 m above sea

Bhutan
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level in some places. 71% of Bhutan’s land area is cov-
ered by forest, which is the cornerstone for Bhutan’s
carbon neutrality. The popular religion in Bhutan is
Buddhism, which has influenced the GHN-based devel-
opment paradigm with it’s leaders cautiously crafting
their national development pathways at the intersec-
tion of economic growth, human wellbeing and nature
conservation.

Carbon emissions, energy use and socio-economic
wellbeing

While the relationship between carbon emissions, energy
use and economic growth appear simple, they are in fact
complex, intertwined and evolving. This is demonstrated
by the volumes of research uncovering issues of cou-
pling and decoupling phenomena among these variables
[14] and others that explore energy and economic sys-
tem decarbonisation for a net zero transition [15], which
is the new term for carbon neutrality. The complexity
intensifies when the social dimension is included due to
many indirect ways that energy is consumed; for Bhutan,
the social is primarily considered through its GNH index
(see Table 1). It is not hard to see that in the GNH Index
there are indicators that traditionally would have led to
increased energy consumption such as ‘economic devel-
opment; ‘living standard’ and even ‘health’ and ‘educa-
tion, though decoupling all of these is now part of the UN
agenda to achieve the SDG’s and the Paris Agreement at
the same time.

There are different approaches and methods to analyse
and understand the nexus between all these GNH and
GDP variables that can help us to understand their impli-
cations for carbon neutrality in Bhutan. Some approaches
use qualitative methods, others use econometric tech-
niques, and some others use spatial-based land-use plan-
ning and integrated energy-economy models, which are
either top-down, bottom-up or hybrid. These will be
briefly explained before showing how they were used in
this paper.

Qualitative approaches, such as through a social eco-
logical lens, assist with understanding the high level need

Table 1 Components of GNH Index
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to transform political and cultural dimensions among
others beyond techno-economic fixes, for example on
the need for drastic emission reduction towards carbon
neutrality [17]. A social ecological lens was also used to
inform spatial-based emission modelling for urban devel-
opment [18, 19] that can bring out high emission spots.
Econometric techniques show that the GDP-emission
relationship is non-linear and varies across countries
and their socio-economic structures as well as by the
functional form used in the analysis [20]. Econometric
analysis of the GDP-emission nexus mostly illuminates
the presence or absence of the Environmental Kuznets
Curve (EKC). This shows an inverted U-shaped curve
indicating that economic growth can lead to reductions
in emissions after a certain development level is reached.
Energy-economy models enable quantitative and holistic
assessment of climate policy [21] and they can be applied
to design a low carbon society [22]. Energy-economy
models have been deployed to assess different techno-
economic options to reach an emission reduction target
[23, 24]. This study also uses an energy-economy model
called LEAP — Long-range Energy Alternative Planning
— which is now re-named as Low Emissions Analysis
Platform, designed especially for emerging countries, to
investigate the future of carbon neutral Bhutan (see the
Methods section).

Net zero transition and carbon neutral challenge

The Paris Agreement requires a net zero transition by
2050 for a 1.5°C world. However, the sum of the nation-
ally determined contributions (NDCs) are nowhere close
to achieving this and every nation must now ratchet up
their commitments as part of the Agreement. Modelling
such as in this paper is required to ascertain how each
country can move towards carbon neutrality. Moreover
the pathways to a net zero transition are multiple, con-
tested and disruptive [25] and how the underlying drivers
interact and evolve are context-specific and place-based.
Thus place-based studies such as that for Bhutan under-
taken in this research can demonstrate how to resolve
such complexity, and thereby contribute to expanding the

a) Four pillars of GNH:
1) Good governance, 2) environmental conservation,
3) economic development and 4) cultural preservation
b) Nine domains of GNH:
1) good governance, 2) psychological wellbeing, 3) time use,
4) living standard, 5) health, 6) education, 7) ecological diversity,
8) community vitality and 9) cultural diversity.

See CBS [16] for details on the 33 indicators and how the GNH index is calculated
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knowledge base required globally to address this criti-
cal problem. Net zero transition for a country like Bhu-
tan means carbon neutrality that does not impede the
growth in its other goals towards happiness and being a
middle-income country — these are the growth pressures
that are part of every nation’s approach to the future.

The broadly accepted intention of CN is to balance
the carbon going into the atmosphere with the inputs
and outputs of any economic activities and requires the
measurement, reduction, and finally offsetting of emis-
sions [26, 27]. Birchall [28] considers CN as an extension
of long- term climate policy and GHG mitigation strat-
egies that should be applied at the national level. While
there is an International Standard 14,067:2018 for the
carbon footprint of products, there is no universal defini-
tion or framework for CN at the national level and many
of the countries that have pledged carbon neutrality have
not clearly defined it, although in some cases broader
strategies for achieving it have been outlined [29, 30].

Several countries have pledged to become CN [30],
though Bhutan is one of the very few that have actually
achieved this status. Carbon neutrality has many defini-
tions but the one Bhutan has used is based on neutral-
izing greenhouse gas emissions with forest-based carbon
sequestration [11] — taking a territorial approach. The
definition used here is the simplest for developing policy
scenarios. While some may argue that it should include
the export of renewable hydropower (to India), this
would imply that the import of embedded carbon in
many consumer items was well understood, which it is
not and is in fact very complex. This paper will therefore
be examining scenarios that fit within the carbon neu-
tralizing sink capacity provided by Bhutan’s current and
growing forests.

Whether Bhutan can remain CN in perpetuity is uncer-
tain. The Climate Action Tracker [31] expressed concern
over the rising GHG emissions in Bhutan. Yangka [32]
also cast doubt on the long-term carbon neutrality of
Bhutan based on the extrapolation of carbon emission
levels from 2005 to 2050. Thus, the challenge for Bhu-
tan is how it can remain CN under social and economic
growth pressures [11].

Energy system of Bhutan

Bhutan is endowed with 24,000MW of hydropower
potential and 71% forest cover. It lacks fossil fuel reserves
except for a limited sub-bituminous coal [33]. This pat-
tern of natural resource endowment provides a natural
advantage for Bhutan in upholding its CN declaration in
a carbon constrained world. However, Bhutan also has
very energy intensive and highly polluting industry sec-
tors such as the cement, iron and steel, calcium carbide
and ferrosilicon industries. Despite its small economy,
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Bhutan was also listed, along with eleven other countries
around the world, as a key economy for silicon produc-
tion [34]. Bhutan also has a very rigid transportation
system, in which commuters do not have the choice
of different modes of transportation, since there are no
railways and waterways and limited air transport, rely-
ing predominantly therefore on the surface road trans-
port system based on trucks, cars and motorbikes. This
is dependent on 100% imported diesel and gasoline from
India. In 2014, the base year of this study, both the trans-
port and the industry sectors contributed 30% each to the
total GHG emissions, which is expected to increase sub-
stantially over the planning period of this study.

Total energy demand in Bhutan increased from 402
ktoe in 2005 [35] to 650 ktoe in 2014 [36] leading to an
increase in the per capita energy consumption from 0.63
toe to 0.87 toe. Between these two periods, energy con-
sumption in the transport and industry sectors witnessed
a growth of 200% [36]. In 2014, fossil fuels (petroleum
and coal) formed the largest share at 37%, followed by
biomass at 36% and hydropower at 28%. At the sector
level, industry and transport together formed 56% of the
total energy consumption.

Energy-economy modelling for Bhutan’s carbon
neutral assessment

There are many studies on emissions reduction using
an energy-economy modelling framework, but they are
primarily to examine how to reach a desired emission
reduction target without necessarily leading to carbon
neutrality. Most carbon neutral studies are at city or
other sub-national level [17, 37] and a few are at global
level [15] with only limited studies at national level [21].
The fundamental difference between a generic emission
reduction and a carbon neutral study is that the latter
includes carbon offsetting, which for Bhutan is the forest-
based carbon sequestration. But for Bhutan there are only
limited studies covering long term integrated energy-
economy modelling and policy analyses let alone studies
on carbon neutral issues (see Yangka and Newman [38]).
Shrestha, et al. [39] highlighted a number of options to
reduce GHG emissions, while Yangka and Diesendorf
[40] quantified the benefits of expanding electric cooking
in terms of reduction in the emissions of CO, and other
local air pollutants.

The National Low Carbon Strategy for Bhutan [5]
discusses CN in Bhutan. The Strategy [5] was devel-
oped using a Microsoft Excel based model without a
cost module whilst assuming a low GDP growth rate of
5.7%. The analyses assumed saturation of travel demand
and industrial output by 2020. Such assumptions invari-
ably lead to lower emission levels, thereby overlooking
the need to foresee the challenges of CN development
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and the subsequent policy implications as the coun-
try grows (see also the ‘Scope and Limitations’ section).
Similarly, national documents on low emissions road-
maps and strategies including Bhutan’s Third National
Communication to the UNFCCC [41] do not include
a cost module. Only one study provides information
on the probable costs of Bhutan’s CN pathway into the
future [38] but does not have the full scenarios outlined
here. The method in this study is based on the LEAP
model, enabling the nexus between carbon neutral, hap-
piness and economic development goals to be analysed
under various growth pressures. Methods of analysis and
the different scenarios are outlined in a separate Meth-
ods section below with further details provided in the
Appendix.

Results and discussion of Bhutan'’s CN futures

The Bhutan-LEAP model runs of the seven scenarios are
shown in Table 2 in two groups: Group A is a baseline
of essentially present growth with high and low growth
variations, including the Nationally Determined Contri-
butions (NDC), and the other, Group B, is how the CN
status is retained under the growth pressures and what
this will take in terms of technology and policy.

Table 2 Group A and Group B scenarios

Group A (baseline) scenarios Group B (Carbon neutral) scenarios

1) Business As usual (BAU)

) 5) Carbon Neutral BAU (CNBAU)
2) High economic growth (HGDP)
)

6) Carbon Neutral HGDP (CNHGDP)
3) Low economic growth (LGDP)?

4) Nationally Determined Contri-
bution (NDCplan)

7) Carbon Neutral NDC (CNNDCplan)

Group B forms the corresponding carbon neutral counterpart of the group A
scenario

2 Carbon dioxide equivalent (CO,e) emissions remain well below the carbon
neutral budget of Bhutan (see section on Emission Trajectory)

Table 3 CO,e emissions (MT-million tonnes) under each scenario

Page 5 of 16

Emissions trajectory: implications on carbon neutral
pledge

The emissions trajectory is the most important model
results that shed light on the future carbon neutral
status. The trajectories for the total GHG emissions
under each scenario in Group A and B are shown in
Table 3.

The Group A scenarios are not very encouraging. The
CN sink capacity of 6.3 MT’s of CO,e is exceeded in most
of the Group A scenarios especially BAU, but also even
in the NDC plan scenario. The emissions level exceeds
the sink capacity by 2037 under the HGDP scenario, by
2044 under the BAU scenario and by 2047 under the
NDC plan scenario. These results suggest the need for
intervention to limit the carbon emissions within the CN
sink capacity. Reducing carbon emissions inadvertently
contributes to strengthening the environmental dimen-
sion of the GNH since socio-environmental sustainabil-
ity forms the core premise for GNH and measuring and
minimising carbon emissions is a must for climate policy
and the SDGs. Without mitigation measures, the emis-
sions level remains below the sink capacity only under
the low economic growth outlook. Bhutan does not envi-
sion such a lean horizon, as like most emerging nations
the Bhutanese dream of improving their living standard
in the twenty-first century when humanity moves out
of poverty towards a more sustainable and comfortable
livelihood as suggested by the Sustainable Development
Goals. Thus, these set of scenarios (Group A) do not
work and other scenarios are needed to demonstrate how
to resolve the conflicts between these three core goals of
increasing wealth, improving happiness, and maintaining
carbon neutrality.

The Group B Scenarios show what mitigation meas-
ures can do to keep Bhutan within its forest sink capac-
ity and thus sustain its carbon neutral status going into
the future and thus will be analysed in more depth. The
results show that there are measures that can keep the

2014 2020 2025 2030 2035 2040 2045 2050
Group A scenarios
BAU 240 267 3.16 376 4.54 5.54 6.78 8.28
HGDP 240 274 344 443 582 7.70 10.28 13.97
NDCPlan 240 2.60 3.00 346 4.16 5.01 6.06 7.25
LGDP 240 261 292 3.21 349 373 3.95 419
Group B scenarios
CNBAU 240 252 282 2.89 342 4.06 4.76 5.58
CNHGDP 240 251 287 292 353 4.23 5.04 6.00
CN_NDCPlan 240 252 283 2.89 349 4.23 5.14 6.21
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emissions within the carbon sink capacity but at varying
mitigation costs as explained further in the next section.
The results are summarised with their CN counterpart in
Fig. 3a, b and ¢!

The total CO,e emissions steadily rose in all the scenar-
ios, however, as can be seen, the rise is lower in the cor-
responding CN scenarios (orange colour in figures) due
to fuel switching and energy efficiency measures. Fig-
ure 4 shows the role of reducing carbon intensity in three
key scenarios; although the total emissions increase,
the carbon intensity of the Bhutanese economy stead-
ily improves from 2.67 kgCO,e/US$ in the base year to
0.41kgC0,e/US$ by the end of the planning horizon in
the CNHGDP scenario. This demonstrates the potential
of the Bhutanese economy to decouple its growth from
environmental pressure whilst meeting its CN goal [14].
The question then becomes whether this is feasible.

The cost of emission reduction in the Bhutanese economy
The LEAP model calculates total system cost from a soci-
etal perspective, where various scenarios can be com-
pared based on their Net Present Value (NPV). The total
system cost comprises demand costs, transformation
costs and net resource costs.

Within the limits of the mitigation measures specified
and selected (see Table 4 under Methods section), the
cost to Bhutan of mitigating carbon emissions so as to
hold the emissions level below the sink capacity will be
US$2.07/t CO,e in the CNBAU scenario and US$37.93/t
CO,e in the CNHGDP scenario as there is a lot more
carbon to be removed and this is more difficult techno-
logically (more of the expensive F8050-80% emission
reduction by 2050). Under the CN_NDC Plan scenario
(which assumes that certain measures will be taken in
advance of the CN measures as per Table 5, Methods sec-
tion), Bhutan has the potential to save US$ 8.07/t COe.
This low cost is due to the no-regret/cost savings miti-
gation measures such as Industrial Symbiosis (IS) and
Modern Fuel by 2030 (MF30) highlighting the benefits of
early action.

The high cost associated with the CNHGDP scenario
highlights the issues around high growth. To maintain its
carbon neutral status following the NDC Plan scenario,
Bhutan could be saving US$ 7.2m/yr over the planning
period (i.e. to 2050) and in the low growth BAU scenario,
Bhutan would only bear an annual average cost of US$

! We did not assign confidence intervals due to an uncertainty in how to do so
in such model-based projection. It may be possible to place confidence inter-
val in the stylised terms of low, medium and high but not in quantified terms
that are readily applied in econometric techniques. This may be a limitation
of this study, but it is also a strength of the model that any nation can afford
to do such work since LEAP is provided free of cost for use for developing
countries.
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2.2m/yr. However, under the high growth scenario which
would appear necessary for the middle level economy
and higher GNH objectives, Bhutan would need to spend
US$95m/yr. On the other hand, this is just 2% of GDP
due to the extra opportunities created by such growth.
High economic growth creates the need for more rapid
change in carbon neutrality measures as well as the
means to do them. This growth is not in opposition to the
happiness agenda as the policy commitments to fairness,
sufficiency and well-being measured by the GNH criteria
[38] also result in increases in GDP. In other words, rising
GDP is an imperative for a low-income emerging country
to expand and improve its critical infrastructures such as
water supply, transport, health and education - a collec-
tive requirement to deliver decent living standards [48].
Empirical studies in Bhutan [49] show that education and
income have positive effects on choosing cleaner energy,
which in turn can facilitate other good life provisions (see
section on Energy and Electricity Demand).

This suggests a need to explore climate financing
options to help to cover the additional costs under the
low growth and high growth scenarios, in the early phases
and adjusting as growth changes. Under both scenarios
Bhutan would need to ensure the opportunities created
from economic growth can include the technological
switches required to maintain carbon neutrality. This will
need to include both public and private commitments to
these changes. The biggest challenge is switching from
fossil-based technologies to electric technologies so that
they can be hydropower-based. In particular, the elec-
tric transport system entails large cost attributable to
relatively high capital cost of electric trucks and an elec-
tric passenger transport system, however these systems
are all reducing rapidly in cost. For example, an electric
public transport system can be introduced that removes
many cars from the road system [50] with technologies
like the Trackless Tram (involving cross-over autono-
mous rail technologies) which is around one tenth of the
cost of urban rail as no track work is required [51]. Such
options can reduce the oil burden on the Bhutanese GDP,
while increasing GNH whilst reducing GHG. Such dis-
ruptive technologies are not included in the modelling.

Energy and electricity demand in Bhutan

Considering that energy is interconnected to economic
wellbeing, social equity and environmental sustain-
ability [8], understanding the future trajectory of energy
consumption is important. Access to modern and clean
energy (SDG7) has a greater number of synergies than
trade-offs with other SDGs that are vital for foster-
ing human wellbeing [52]. Considering the SDGs and
GNH have many common grounds, modelling the CN
measure ‘MF30’ for the building sector: residential and
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Fig. 3 Carbon Neutral scenarios under different growth pressures. a BAU and its carbon neutral counterpart. b NDC Plan and its carbon neutral
counterpart. ¢ HGDP and its carbon neutral counterpart
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Fig.4 Carbon intensity of the Bhutanese economy

Table 4 Carbon Neutral measures

2030

HGDP

1.07

0.96

0.41

2035 2040 2045 2050

CNHGDP

CN Measure Groups Sector Measures

Residential

Commercial

Transport Industry

IS (Industrial Symbiosis) Not Applicable

ATECH (Advanced TECHnology) Not Applicable

MF30 (Modern Fuel by 2030)

Not Applicable

Blended cement [42] and waste
heat recovery in other three
major industry sub-sectors [43]

Not Applicable

Not Applicable

Electric vehicles penetration
follow the trajectory specified
under the 2DS of the IEA [44];
LRT is introduced in passenger

Oxy-combustion technology in
cement industry from 2045 [45];
Maerz PFR kiln system in the
CaCd industry [46];

Traditional bioenergy and kerosene usage in the

transportation catering to 30%
of the travel demand from
2030;

Not Applicable Not Applicable

residential and commercial sectors are reduced
to zero (replaced by biogas and electricity) by
2030 following SDG 7 (universal access to mod-

ern and clean energy for all)

F8050 (80% Fossil fuel reduction
by 2050)

Fossil fuel energy demand is reduced by 80% by 2050 as per the target set by Intergovernmental Panel on Climate
Change (IPCC) [47], largely driven by hydroelectricity displacing fossil fuels.

This consists of different combinations of demand technologies (in terms of share or the year of entry) in each cat-
egory of end-use demand in a manner that reduces fossil fuel consumption by 80% by 2050. It is not a summation
of the other three measures: MF30, ATECH and IS.

commercial (see Table 4 under Group B scenario in
the Methods section for details on different mitigation
measures) alongside other energy efficiency and fuel
switching options in other economic sectors is likely
to enhance GNH. Furthermore, Bhutan will need its
hydropower-based electricity system to expand deeper
into various energy end-uses, as is being expounded by
many expert studies on how to remove fossil fuels from
the economy by becoming more electric [44, 53, 54]. In
Bhutan this means greater use of electricity in the trans-
port and industry sectors. The LEAP model shows this
where carbon neutral scenarios lead to larger increases
in electricity demand compared to non-carbon neutral

counterparts as shown in Table 6. For example, under the
HGDP and CNHGDP scenarios per capita annual aver-
age electricity consumption increases at 7.0 and 7.8%.

Implications for GNH from the scenarios
The above discussion around carbon emission reduc-
tion, economic growth, and access to modern and clean
energy with concurrent increase in energy demand pro-
vides a basis for an initial attempt to assess their plausible
implications at a high level on the domains of GNH. This
is shown in Table 7.

On assessing the likely impacts, the indicators associ-
ated with each of the nine domains were considered. A
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Table 5 The Scenarios — sector conditions and their growth trends
Residential Sector Commercial sector Transport sector Industry sector
Sectors Conditions
BAU conditions Fuelwood usageis allend-  Fuelwood usage declines Bus share increases from 45
uses expected to declineto by 50%; to 65% by 2050;
23% by 2050 following the Passenger transport by air
declining rural population; increases from 20 to 25%
Saturation of households by 2050;
with heating facilities to Light diesel truck share
increase from 50% in 2014 to increases from 17 to 30%
70% by 2050; by 2050;
NDC Plan conditions (from  Fuelwood usage decreases ~ Fuelwood usage decreases  Electric vehicles share in Improved refractories
the broad strategy outlined in  to 10% by 2050; to 10% by 2050 the market assumed to in cement industry and
the NDC) Biogas reaches full potential follow half of the intake rate  efficiency improvement in
of 20,000 plants by 2030, specified under 2DS of the  Iron & Steel and Ferro Alloy
which meets 28% of cook- IEA [44]. industries [42];
ing energy demand; Vocarse kiln system in CaCd
Industry [46];
Group A Scenarios
BAU BAU conditions with GDP growth rate of 7.8% and sustaining at 5.6% until 2050
HGDP High GDP growth rate of 10% in 2020 and 2025, thereafter declining to 7.8% by 2050, inherited from BAU
LGDP Low GDP growth rate of 5.6% in 2020 and declining to 2.5% by 2050, inherited from BAU
NDC Plan NDC conditions with BAU growth rate
Group B Scenarios
CNBAU BAU with CN measures consisting of ATECH and IS
CNHGDP HGDP scenario with CN measures consisting of F8050, IS and MF30
CN_NDC Plan NDC Plan scenario with CN measures consisting of IS and MF30

Table 6 Electricity demand under different scenarios (Billion kwh)

Scenarios 2014 2020 2025 2030 2035 2040 2045 2050
BAU 1.89 237 336 4.70 6.53 891 11.96 15.79
CNBAU 1.89 2.37 3.36 4.65 6.54 9.06 12.32 1648
HGDP 1.89 250 392 6.10 9.25 13.60 19.75 28.71
CNHGDP 1.89 2.86 4.80 7.74 11.73 1741 25.63 37.88
NDCPlan 1.89 2.39 3.36 4.62 6.34 8.61 11.55 15.29
CN_NDCPlan 1.89 261 3.87 552 740 9.86 13.00 16.96
LGDP 1.89 2.25 2.88 3.57 431 503 5.77 6.62

tick mark attached to a GNH domain under energy, emis-
sion or GDP does not necessarily show unequivocal and
unilateral positive impacts on all the indicators under
that domain. For example, the time use domain has work
and leisure as the two indicators, but the tick mark for the
time use domain is attributed to ‘work’ only. Economic
growth entails production and consumption, which inad-
vertently leads to ecological damage and ecological diver-
sity is beyond emissions reduction and clean energy.
Table 7 highlights the need for more extensive future
research (e.g. through surveys, interviews or focussed
group meetings) to analyse any potential deeper impli-
cations of the plausible impacts shown here. A carbon

neutral economic growth fuelled by hydropower and
other clean energy sources alongside energy efficient
technologies can lead to an overall enhancement of GNH
as shown by several plausible positive impacts on the
nine domains of GNH.

Conclusions

This study adds to the literature on CN development at
the national level, using long term energy-economy mod-
elling for the case of Bhutan. The study has shed light
on some key concerns for Bhutan if it intends to sus-
tain its CN status under growth pressures. This paper
has shown that despite having clean hydroelectricity, if
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Table 7 Plausible impact of emissions reduction, energy access and economic growth on GNH

Nine domains of GNH Reduced carbon emission

Increased access to modern and clean Increased economic

energy growth for middle- income
aspiration
Psychological wellbeing v v
Time use NK v 4
Community vitality NK v v
Cultural diversity NK NK NK
Ecological diversity v v X
Living standard NK v v
Health v v v
Education NK v v
Good governance v v v

v positive impact; x — negative relation; NK not known

Bhutan follows the 2014 BAU energy-economy pathway,
the GHG emissions arising from it will exceed the sink
capacity by as early as 2037 under high economic growth
due to its industry and transport GHG. Low growth
will mean the CN goal is easier to maintain but it will
not achieve other goals. The model however does show
that all three goals of increased wealth and happiness
can be achieved and at the same time maintaining car-
bon neutrality, through greater electrification of indus-
try and transport. This shows that the integration of CN
with economic growth and the SDG’s can be achieved by
other developing nations, a message of great hope as we
approach the future.

Nevertheless, such general conclusions require more
detailed and nuanced policy directions in any one loca-
tion. In this case the LEAP model suggests Bhutan can
leapfrog existing carbon intensive technologies by adopt-
ing efficient technologies and fuel switching options to
curb its rising carbon emissions especially in the industry
and transport sectors. But the model runs for the various
scenarios show that energy system changes in Bhutan are
possible to maintain its CN status though there are addi-
tional costs that may make this difficult, except under
the CN_NDC Plan scenario where Bhutan will achieve
both financial savings as well as sufficient emissions
reduction to maintain CN. However, this is not the high
growth scenario that is more likely due to Bhutan’s aspi-
ration and policy of becoming a middle-income nation
by 2023 and its policy of maintaining its fairness, suffi-
ciency and well-being as measured by GNH. Under these
high growth pressures Bhutan will need to rapidly elec-
trify their industry and transport as part of its economic
growth strategy. The costs are not prohibitive, just 2% of
GDP, and the results achieve GNH and GDP commit-
ments. Disruptive innovations in transport and industry
may make this even easier as reduced cost solutions for

electric transport and industry electrification suggested
for Bhutan are likely to be part of the agenda of economic
growth in all emerging nations under growth pressures
[55]. Such approaches have been called regenerative
development as a way of showing that reducing impacts
is not enough when a net zero outcome is required [56].
This study therefore recommends detailed planning by
any emerging nation as it approaches the future under
such growth pressures whilst needing to adapt their
economies to the net zero Paris agenda. The modelling
of Bhutan’s future suggests it will need to develop a CN
strategy that can avoid the structural path dependence
and lock-in of carbon intensive infrastructure by enabling
new CN technologies for simultaneous growth in GDP
and GNH with reductions in GHG. Such changes may
require concerted efforts to identify potential barriers to
deploy these options and seek access to finance [57]. Such
development issues are central to the future planning of
any emerging nation and this study shows that it is pos-
sible to maintain CN status under both low and high
growth pressures. The Bhutan study undertaken here is
a high level demonstration of how developing and devel-
oped nations, can avoid the lock-in of structural path
dependence on carbon intensive activities whilst growing
economically and socially. But the particular context of
each place will need to be addressed so that growth pres-
sures can be adapted to achieve these simultaneous goals.

Methods

This study used the Long-range Energy Alternatives
Planning (LEAP) model to conduct an integrated energy
system analysis of Bhutan through scenario model-
ling. LEAP is an energy system model developed by the
Stockholm Environment Institute (SEI), which is flexible,
user-friendly and free for emerging economies [58]. The
objective function of LEAP is cost minimisation from a
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societal perspective. LEAP can support combinations
of top-down and bottom-up approaches to energy sys-
tem modelling [59], and it is capable of modelling issues
beyond technological choices and thus is useful for
capacity building applications [60] and to assess Sustain-
able Development Goal issues [59, 61]. The LEAP model
is increasingly being used for low emission development
(LED) studies, notably in emerging economies [59, 60,
62—68]. In building the LEAP Bhutan model, its opti-
misation capability was used for electricity generation
expansion alongside its simulation features. The simula-
tion model gives more flexibility to the user to incorpo-
rate practical issues.

Scope and limitations

In this study, discussions and analysis are limited to those
topics which are deemed pertinent to understanding the
overall energy mix, the associated cost and GHG emis-
sions purely from a CN perspective. For this reason,
the trend and implications of local air pollutants, are
not analysed as the focus is primarily on GHG emis-
sions represented by carbon dioxide equivalent (CO,e)
consisting of carbon dioxide (CO,), methane (CH,) and
Nitrous oxide (N,O). The study also does not incorpo-
rate embodied carbon emissions, or costs associated with
infrastructure, houses and buildings including retrofits,
which can reduce energy demand. The easiest step for
emission reduction from a modelling exercise would be
demand reduction through reduction in energy services
such as cooking, lighting or passenger-km travelled. But
such heavy dependence on absolute end-use demand
reduction may not be an appropriate policy tool for a
poor emerging country wanting to grow its economy.
Notwithstanding this, options for reducing final energy
demand (without necessarily reducing end-use demand
— a matter of people’s lifestyle) are explored in the LEAP-
Bhutan model through energy efficiency, technological
shift and fuel switching. Learning rates” are assumed only
for disruptive, rapidly expanding technologies such as
wind, solar photovoltaic and electric transport systems
(see Appendix).

It should also be acknowledged that LEAP do not pro-
vide the feedback loop of price adjustment arising from a
specific mitigation measure [60]. Furthermore, this study
also does not analyse the implications of changes to for-
est cover and its sink capacity is taken as reported by the
National Environment Commission [41]. The Constitu-
tion of Bhutan has mandated that the State must ensure a

2 Learning rates refer to a percentile value which implies reduction in the cost
of technologies when its production amount doubles
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minimum of 60% forest cover for all time and until now,
forest cover in Bhutan is being maintained at 71% [69].

This study uses the baseline data sets openly accessible
in Yangka and Newman [38], which were collected from
various sources for the same research project. However,
the scope, scenario formulations, and the issues analysed
and discussed were distinct from the earlier work. For
example, this paper formulated seven distinct scenarios
against four in the earlier work. In any case, the scope of
modelling an energy-economy system is extensive where
scenario formulation comprises different combinations
of macroeconomic variables alongside techno-economic
variables under an overarching storyline (see the sections
below).

Structure of LEAP-Bhutan model and general assumptions
The LEAP-Bhutan model comprised of four main
branches: Key Assumptions, Demand, Transforma-
tion and Resources, which are further subdivided as per
the research requirement and data availability as shown
in the Appendix (Al). Key Assumptions consist of the
macro-economic parameters which are deployed as driv-
ers of future energy consumption and they are linked
at the activity levels under each of the demand sectors.
The Demand branch consists of four major demand sec-
tors: Residential, Commercial/Services, Industry and
Transport. These are further disaggregated into sub-
sectors and end-use type purely based on data avail-
ability. Energy consumption in the agriculture sector in
Bhutan is negligible compared to other sectors, hence it
is accounted under ‘others’ in the commercial sector. The
transformation branch is comprised of energy conver-
sions such as electricity generation, coal mining among
others. The Resources branch includes primary energy
sources and secondary energy sources whether imported
or indigenous.

The planning period extends from 2014 to 2050. The
emission factors and the global warming potential (GWP)
were taken from the technology and emission database
(TED) of LEAP. For details on the general assumptions
adopted in this study see Appendix (A2). Further infor-
mation on the data sets and their sources are provided in
Appendix (A3).

Distinct features of LEAP-Bhutan model

LEAP-Bhutan model is relatively simple in that there are
no fossil fuel extraction and conversion processes such
as oil refineries except for coal mining, biogas produc-
tion, briquette making and the hydropower system. On
the demand side, there is no rail system or water ways
for transport and limited domestic air ways. Petroleum
products are consumed in all the demand sectors; they
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are imported from India as Bhutan has no oil reserves or
oil refineries.

It was noted that there are distinct energy usage pat-
terns in the urban and rural residential areas of Bhutan,
which may call for a unique policy intervention, however
such disaggregated data are not available in the Energy
Data Directory [36]. Further, in the Energy Data Direc-
tory, the Industry sector was categorised based on elec-
trical voltage levels such as high, medium, low voltage
irrespective of the production system. In this study, the
Industry sector was categorised based on industrial out-
put, which was deemed more appropriate for assessing
technological options for CN development. Also, in the
Industry sector, this study considers charcoal, woodchips
and bamboo chips that are being used as reducing agents
and as raw materials in the production process, which
were not provided in the Energy Data Directory. These
goods are mostly imported from India and the required
data are synthesised from Department of Industry [70]
and Revenue and Customs [71]. All these features lead to
distinct parameterization of LEAP-Bhutan model.

Energy resource and supply

The LEAP model requires the reserve levels for exhaust-
ible resources and yield levels for renewable resources.
Such data were calculated from the Bhutan Energy Data
Directories [36, 72]. Techno-economic parameters for
existing and candidate power plants were obtained from
various data sources (see Appendix (A2) and (A3)). The
generation profile of the hydropower plants were con-
strained by the availability curve based on the actual
monthly electricity generation obtained from the Druk
Green Power Corporation [73]. See Appendix (A2) for
details. Increasing exports of renewable energy would
theoretically increase the sink capacity for Bhutan’s emis-
sions though this is not considered in this analysis due to
the need to also include imports of embedded carbon in
a range of products. However, as a general climate policy,
exporting renewables to India would be of value to both
the global carbon agenda and the local economic growth
agenda, while increasing imports from the Indian grid is
harmful to both.

Projection of energy demand

Population, Household, GDP, per capita GDP and Sec-
toral Value Added were used as the drivers of energy
consumption that ultimately effects CO,e emissions, the
‘Impact’ in this study under the ImPACT formulation
popularly called the Kaya Identity [74-76] for green-
house gas emissions and “I” being represented by vari-
ous ‘technologies’ in the LEAP model. These drivers were
also used for modelling the low carbon scenario for India
[77] and carbon neutral transport system in Iceland [78].
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See Appendix (A4) for details. Considering the lack of
studies specific to Bhutan to establish an elasticity value
between the macroeconomic parameters and the sec-
toral energy demand, this study assumes an elasticity
value of one between the chosen driver and the sectoral
energy demand. Yophy, et al. [79] had used GDP elastic-
ity of energy demand as one for the Taiwan LEAP model.
It was recognised that elasticity values change over time
and are brought about by structural changes and energy
efficiency gains, which are separately modelled through
fuel substitution and efficiency improvements in the
LEAP-Bhutan model over the planning period.

Projection of energy prices

Price of domestic biomass energy was assumed to
increase at 3% per annum [40] and for bamboo chips and
wood charcoal, which are mostly imported from India for
use in the Industry sector were assumed to rise at 4.1%
per annum [80]. The prices for petroleum products (see
Appendix (A4), Table A.13) were projected to follow
the international oil price and thus indexed to the price
changes calculated from US-DoE [81]. It is reasonable to
project the price of petroleum products in Bhutan along
with the international oil price projection, since the oil
import dependency of India is expected to increase from
74% in 2013 to 91% by 2040 as per the world energy out-
look special report [82]. In that report prices of oil, coal
and natural gas in India were projected by linking to
international prices.

Scenarios storyline and carbon neutral measures
Considering Bhutan’s rising carbon emissions [32, 83,
84] and the need to keep these emissions within the car-
bon neutral budget of Bhutan, plausible energy-economy
pathways were explored. Raskin, et al. [53] note the ben-
efits of scenario analyses stating that ‘Scenarios enlarge
the canvass for reflection to include a holistic perspec-
tive over space, issues and time’ (pg. 3). Thus, numerous
scenarios can be imagined and formulated to explore the
future. This study deviates from the usual scenario analy-
ses of comparing alternative scenarios to a baseline in
that two groups of scenarios were formulated — Group
A and Group B - to provide a clear understanding of the
underlying assumptions that drive each scenario and also
to expand the scenario space (see following sections).
Group A has four different baseline scenarios of growth
against the use of a single baseline in the existing energy-
economy planning literature, but they are all plausible
baselines. Group B has the corresponding CN scenarios;
the aim here is to investigate what it will take for Bhu-
tan to sustain its CN pledge if it pursues those plausible
growth pathways defined in Group A.
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The scenarios under group A emerge from a macroeco-
nomic outlook and entail a distinct energy system pattern
— in terms of type and amount of energy consumed, type
of primary resources extracted, and type of demand tech-
nology used by the demand sectors. Group A comprise
the Business-as-usual (BAU) scenario, the high economic
growth (HGDP) scenario, the low economic growth
(LGDP) scenario and the Nationally Determined Con-
tributions (NDC) Plan scenario. The NDCPlan scenario
attempts to depict some of the key aspects of the NDC
committed to by Bhutan, which had outlined nine broad
strategies [84] but without specific targets. This present
study assigned some reasonable quantitative targets
for modeling purposes based on past trends and other
national level documents, with an intention to reduce
carbon emissions.

Group B consists of the CN counterparts for each of
the scenarios in Group A though with a distinct sector
in focus (e.g. the ‘advanced technology’ scenario focusses
just on the transport and industry sectors and the ‘mod-
ern fuel’ scenario focusses just on the residential and
commercial sectors). Group B is intended to decouple
the growing Bhutanese economy and its energy demand
from GHG emissions, thereby holding the emission levels
within the sink capacity. Decoupling is explained in New-
man [14]. To formulate Group B scenarios, distinct and
exclusive CN measures are specified as shown in Table 2.
Group B scenarios are therefore more challenging to the
economy than Group A but are not seen as highly radical
or beyond possibilities.

The various scenarios will be examined to see how they
keep within the sink capacity of 6.3 MT (million tons)
of CO,e — this is the total forest sink capacity that can
neutralize any carbon emissions produced in Bhutan —
apparently taking a territorial approach. Combinations of
mitigation measures will also be done to form Group B
scenarios.

Group A scenarios

Group A scenarios consists of the BAU, HGDP, LGDP
and the NDCPlan scenarios. The BAU scenario repre-
sents the 2014 energy-economy trajectory and assumes a
GDP growth rate similar to that witnessed in the past two
decades (refer Table 3). Major policy interventions are
not anticipated except for the general trends such as the
declining usage of fuelwood in the residential and service
sectors due to achievement of nation-wide electrifica-
tion and some push in the public transport sector. The
HGDP scenario represents the high economic growth
rate of 10% per annum until 2025 and thereafter sustain-
ing at 7.8%. In recent years Bhutan has achieved such
high growth as a result of the commissioning of mega-
hydropower projects. The LGDP scenario represents low
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economic growth of 5.6% which further declines to 2.5%
by 2050. Bhutan has also witnessed such low economic
growth in 2012.

Group B scenarios and mitigation measures

For each of the scenarios under Group A, a correspond-
ing CN scenario was formulated based on the selection of
mitigation measures outlined below.

This study specified four aggregated measures based
on data availability, suitability to Bhutan’s context and
the emerging global vision shown in Table 4 with detail
descriptions provided in Appendix (A5.3).

Selection of the mitigation measures

The mitigation measures outlined in Table 4 above were
then deployed one by one onto the BAU scenario to
obtain the cost of mitigating a tonne of GHG through the
cost-benefit summary report in the LEAP model. It was
observed that none of the measures except for the F8050
were effective enough on their own to keep the GHG
emissions within the sink capacity, despite some of the
measures being no-regret options (i.e. options with no
cost or negative cost, meaning they save money). Given
these limits, the mitigation measures were combined to
form groups of cost-effective CN measures to hold the
emission level within the sink capacity at the lowest cost
of mitigation during the planning period. The process of
moving from one combination to the next is based on the
cost of mitigation shown in Fig. 5. The cheaper options
(e.g. 1st and 2nd lowest) were combined first to see if the
emissions level remains within the sink capacity, if not,
then the 1st is combined with the 3rd lowest and so on.
If the combination of any two measures failed to keep the
emission levels within the sink capacity, then the combi-
nation of three measures were applied onto the scenario
under investigation. This leads to the formation of Group
B scenarios.

Group B - carbon neutral scenarios

The CNBAU represents the Carbon Neutral BAU sce-
nario, which includes the two mitigation measures ‘IS +
ATECH’ that form the least cost option in holding the
emissions level within the sink capacity. Similarly, CN_
NDCPlan represents the Carbon Neutral NDCPlan sce-
nario with ‘IS + MF30’ as the combined measures. The
CNHGDP represents the Carbon Neutral high economic
growth (high GDP) scenario with ‘IS + MF30 + F8050’ as
the combined measures. Under the LGDP scenario, the
emissions level remains well below the sink capacity, thus
application of the mitigation measures does not arise.
Low growth may not be an effective policy, however, as
economic and social goals are largely pushing the coun-
try towards a high growth future based on the need to
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Fig. 5 The cost of aggregated carbon neutral measures (US$/tCO,e)

create opportunities and growth provides these. Growth
is therefore driving the politics inevitably in this direction
as in most emerging countries looking to break out of
poverty. Its implications for energy need to be addressed.
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