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The Himalayan countries Nepal and Bhutan have been confrontinigrsciimate change and
energy emergency for quite a long time. Its influence can be felt as a barrier in financial, social,
infrastructural, and political development. Despite having an enormous amount of renewable energ
sources, these nations are unabldulfil their current energy demand by local resources. Thus,
depending on energy and fossil fuel imports from India. This study guides to a path of energy
independency, energy for all and an energy transition towards a 100% renewable energy syster
Themodelling of the energy sector is done using the LUT Energy System Transition model for a
period from 2015 to 2050 in ayear time step. This study covers the main energy sectors: power,
heat, and transport. Two scenarios are visualized, one considgeeghouse gases (GHG)
emissions and the associated mitigation cost and another without thesthoogth both scenarios

aim at achieving a high share of renewable energy by 2050. A substantial drop in levelized cost o
energy is observed for a scenasithout GHG emission cost, however, taxing GHG emissions will

accelerate the energy transition with a LCOE on a similar level. It is well possible to transition from



90 4/ MWh in 2015 to 49 a4/ MWh by 2050 flow- t h
cost renewable energy. The role of solar photovoltaics and hydropower is imminent in 2050, having
a share of 67% and 31% respectively. Consequently, this leads to zero GHG emissions. An energ
transition towards a sustainable and secure energy systeth by 2050 is well possible in Nepal

and Bhutan only through 100% renewable sources and it is both technically and economically
feasible despite having substantial limitations in infrastructure and economic development

currently.
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1 INTRODUCTION

The sixth assessmentport from the Intergovernmental Panel on Climate Change (IPCC) on
impacts of global warming finds that warming in the South Asian region is expected to be higher
than the global averad#?CC-Intergovernmental Panel on Climate Change, 200dhsequently,
resuling in changing monsoon patterns, rising sea levels, and melting gld@sticallyimpacing

the SouthAsian society. Nepal and Bhutan, two small countries situated on the Himalayan slopes
will be severely impacted by flooding due to glacier melt and irregular rainfalls; threatening the
livelihood, food security, energy security, health and wellbeingsaditese nation€limate and
Development Knowledge Network, 2014he impact of Nepal and Bhutan on glogetéenhouse
gases GHG) emissions is negligible, howevedhese countries are most vulnerable to climate

change.

Nepal (9% largest) and Bhutan (133argest) by size, are the south Asian Himalayan-lanked
countries with an enclosed area of 147,18% lamd 38,392 krhrespectively. The population
density in Nepal is 1®inhabitants per square kilometre whereas @tlynhabitants per square
kilometre in BhutarfWorld Bank, 2020a, 2020b)he general topography of these natimreugh
mountainous and hilly terrain structure wathparsely distbuted populatiomainly residingn the
rural areasThePeopl ebés Republic of China bortheeass t h
south and wesfAsian Development Bank, 2017)hey have tiny ecomies compared to the
emerging supergiant markets of India and Clireter 2018) The rational population and housing
census, which happens in every 10 years, conducted in Nepal in the year 20&1 ttwutdtal
inhabitants and househalih the nation as 26.5 million and 5.4 million respectiv@Bentral
Bureau & Statistics, 2012) According tothe National Statistics Bureau of BhutgNational
Statistics Bureau, 2019735,553 inhabitants residesBhutanin which 37.8% lives in the urban
areaqDorji et al., 2019)

Nepal 0s main primary energy source is fro
hydropower, coal and oil in 2014. Because of not having deposits of any petroleum products in th
country excepsome lignite, all petroleum products are imported from India. Biomass mainly in the

form of forest firewood, agricultural debris, and animal dung are used for cooking, lighting and

heating purposes due to the lack of other alternative energy sourceslaaytiin the rural areas
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and also because these are locally available sources. More than 84% of energy is consumed
residential sectors, followed lay7% share in transport and 6% in the industhe iemaining share

is consumed in commercial and pabplaces and in the agriculture sectAsian Development
Bank, 2017) Similarly, in Bhutan, biomass in the form of fuelwood, biogas and briquettes
dominates the primary energy source in 2015. The other iamg@burce, hydropower, mostly Fun
off-rivers fulfil most of the electricity demand in the country. The import of coal, diesel and other
petroleum products from India fulfils the remaining primary energy den{amtdrnational
Renewable Energy Agency (IRENA), 201%he primary energy source mix in Nepal and Bhutan

in presented ifrigurel.

Primary energy supply mix in 2014 Primary energy supply mix in 2015
in Nepal [~ in Bhutan
4% Qil Hydro Coal
12% 28% 15%

Other
Hydro petroleum
3% products
5%
Diesel
16%
Biomass Biomass
81% 36%

Figure 1: Primary energy supply mix in Nepahd Bhutan in 2014 and 2015 respecti@gian Development Bank,
2017; International Renewable Energy Agency (IRENA), 2019)

Bhutan has comparativeljlargeshare othe population, around 98%Asian Development Bank,
2020) thathasaccesgo electricity, either byhe national grid o from localgenerationAccording

to the Asian Development BanfAsian Development Bank, 201 4h Nepal, the proportion dhe
population with acess to electricity is around 85% in 2017, while it was only around 68% during
the 2011 national censu&Central Bureau of Statistics, 2012)he total hydropower installed
capacity in Nepal by 2019 is 1,127 MW whereas 2,326 MW in Bhité@rnational Hydropower
Association, 20200Bh ut an 6 s maoweris thimugh rareff-rigefrs hydropower plants,
and power generation is highly dependent on the seasons. Bhutan grardwee 1500 MW power
during its pealseason and falls to as low as 300 MW dutmgwinter due to a lowun-off in the
riversin 2013(Druk Green Power Corporation Limited, 2015; Jamtsho, 204 winter is the

time when they need more power for heating purposes as well. To meet the ongoing demand fc
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power, Bhutan importslectricity from neighbaring India whilst it exports surpluslectricity to

India during the highun-off in therivers whenelectricity production is excess. Bhutan exports its
green energy and imporédectricity producedfrom coal and othefossil fuels(Jamtsho, 2015)
Consequently his has a negative influence on theerallenergy tradéalanceand energy security.
Bhut ands GDRperrcapia which ig around three timésgherthanthat ofNepal(Ogino,
Nakayama and Sasaki, 2018hd expeditious urbasation has altered the lifestyles of Bhuts@e
people. This has led to more motor vehicles in the country and acéouh&6% of total energy
consumption in 2014Kamei et al., 2020Q)which is 1.2 TWh. Bhutan has acknowledged the
transport sector importance and increasing energy demand in the future. Thus, Bhutan introduce
the 6Transport Vision 204006 which constitut
civil aviation, intercitypassenger transport, freight transport, regional connectivity, urban transport,
road safety, road transport regulation and transport sector manag@siantDevelopment Bank,
2013) Moreover, future plans include the ways for transpagel GHG emission reduction and
vehicles switching to renewable fuels and electric vehi@legional Environment Commission,
2012) Similarly in Nepal, to address the aggressive increase of transport sectduinitbeNepal
Government set-FupemE&EInwi Yehimehéeé and Transpor
targets to have &ast 20% of total vehicle fleet be environment friendly vehicles, including electric
vehicle. Also, a national sustainable trangsptrategy (201£2040) is initiated to lower down the
GHG emissions by vehicles. Hydrogen as a potential fuel is also being studied in the @houry

Zhou and Manandhar, 202@urrently, die to a lack of fossil fuel reserves in the country, Nepal
and Bhutan heavily rglon expensive petroleum produgtports from India(Alam et al., 2019)
Specifically, Nepal has been importing oil products, coal and electricity from $ntiethelast 40

years. Stat®@wned Indian Oil Corporation supplies petroleum products at Indian market rate.
Nepal 6s petroleum storage f aci | idemandavhiah ish ol
comparably limiteccompared to 270 days in Israel or 240 dayth@Republic of Koea(Asian
Development Bank, 2017y hi s s hows Nepal 0s thetranspor¢indastryw ul n e

Environmentallyfriendly renewable energ{RE) sources can be of significant importance in
modern econonass, which are confronted witksuesf supplyingsustainablyenough energy along
with accessibility for alllChicaOlmo, Salaheddine and Moygernandez, 2020 Chien and Hu
(Chien and Hu, 2007oncludedfor 45 countries that the development of renewable energy may

help in elevatingc o u nt r y 6 sand alteroativelyn gconomy may demse with the usage of
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conventional fossil fuels. Nepal and Bhutan are blessed with bountiful water sources as the
snowmelt from the mountains flow from north to south. The high to low topographynfscim
towards south and continuously flowing snowmalers are the means for electricity generation.
Hydropowerdominateselectricity generation, though other means of-B&Sed energy generation

is also available and possible. Thereaisommercially exploitable potentialf 26,760MW and

42,000 MW of clean fadropower extraction in Bhutan and Nepal respectively, but only 1,614 MW
and 856 MW hydropower is extractéa 2016 (Asian Development Bank, 2017; International
Renewable Energy Agency (IRENA), 201®Besideshydro resources, both these Himalayan
countries are rich in otheenewablaesourcesSolar photovoltai¢PV) is also very promising in
Nepal as therareon average 300 sunshine days per yédr solar irradiéion rangingbetween

1080- 1860 kwh/(n2-a) (Adhikari, Bhattaraiand Gurung, 2013Satellite maps show the solar
radiation vaiesin Bhutan from 1600 2700 kWh/(m2.aJIRENA, 2019) This make solar PVa
promisingand lastingsource of energfor Nepaland Bhutar(Nepal, 2012; Poudyal et al., 2019)
Unfortunately, these two countries have not been able to harness green energy with respect to |
resource availability. Development of moRE technologies is the utmost way for Nepal and
Bhutan to be engy independentThus, this paper agtas an imperative tool to expedite new
pathways towards fully sustainable 100% Riased selSufficient energy system for Nepal and
Bhutan.

According tothe International Energy Agen¢lEA) (International Energy Agency (IEA), 2016a)
energy, air pollution and health issues are interconnected to eachAbgling conventional
fuels, andutilising indigenous RE sourceéewardsa sustainal# transitioncould help lower air
pollution and eventualljower air pollution borne health hazar@®Roudyal et al., 2019; Galimova,
Ram and Breyer, 2021hlowever, usage of hinass as cooking means is being practiced by around
3 billion people around the world and are subject to indoor air pollution which emits harmful gases
(Putti et al., 2015; Clements et al., 2020)d also they pollute climate once they mix up in the
atmospheréShindell et al., 2012; Rupakheti et al., 2QI&)e majority of people in rural areas of
Nepal and Bhutan, mostly women and children are no exceptiotsitonly in 2013, there were
15,000 premature deaths in Nepal because of the air pollutiom dowking with solid fuels
(Forouzanfar et al., 2015; Rupakheti et al., 20T8plel shows the general power sector statistics
of Nepal and BhutarfOgino, Dash and Nakayama; Bhutan Power Corporation Limited, 2016;
Nepal Electricity Authority, 2016; Bhutan Elecity Authority, 2017)
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Table 1 Power sector and country data for Bhutan and Nepal.

Bhutan  Nepal

Estimated hydropowerotential MW) 50,000 84,000
Economically feasible hydropower potential (MW) 26,760 43,000
Installed generation capacity (MW) (2016) 1614 856
Peak power demand (MW) (2016) 336 1385
Electrification ratio (%) excluding ofjrid supply(2015) 97 53
Average electricity retail tariff (US cent/kWh)(2015) 3.7 8.4

The bitter truth prevails foNepal and Bhutaras they lack proper sustainable energy system.
Despite havingan abundanceof RE resource such ashydro, solar,and biomass(Ahamad and
Tanin, 2013; Shahi, Rijal and Shukuya, 2Q20))e to multiple reasons, it has not been successful
in harnessing those energy sources. Particularly in Negsales of energy pevty and energy
injustice are critical and persistent problerhack of proper management in every sector and
inefficient energy distribution triggers more energy problems. The ongoing or upcoming energy
projects are delayed by months and years due tanipeoper handling and lack of technical
expertise. Nepalese people suffered on average 90 hours of power blackout weekly durng 201
2016 because of insufficient power generatidamar Ramesh, 2018RAIso, a major 7.8 Richter
scale magnitude earthquake in 2015 disrupted the entire energg syaising landslides and
floods which destroyed poorly built hydropower plants. On top of that, intergovernmental political
hurdles between Nepal and India in 2186 created an unofficial blockade by India, which led

to a cease ithesupply of petrolem products in NepalUnderwood, Hill and Lamichhane, 2020)
This created chaos in Namal és s8hawspowt vsé
energy sector il he general causes of energy problems in developing countries is shiéigara

2 alla
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Figure 2. The general causes of energy problems in developing coufRoesyal et al., 2019)

Wars and
attacks

For Nepal and Bhutan, there have been very limited studies conducted previously regarding the fu
energy transition possibilities during the past ye@ahle 2 alla outlines the selected few studies

and their key findings. However, none of these studies is in relevance to this study approach, as th
study is based oanhourly resolved moddbr the whole year, which guarantees a sense of reality
and accuracy. Also, this study is further assessedlimegions to anake the grid transmission

cost structure, which is an essential perspective to breakdown the need for energy storage and

costs. This study deals with thaergy transitiorof power, heat and transport sectors.

Table 2: List of studies conducted on several future energy demands and RE systems for Nepal and Bhutan.

Study Scope Key findings
Water and Energ) Nepal Electricity demangrojectionthroughout 2012040
Commission Secretaria based on MAED considering 3 different scenar
Government of Nepa i.e. (1) Busness as usual, current 4.5% GDP gro
(Water  and Energ) rate (2) Reference, 7.2% GDP growth rate and
Commission Secretaria High growth, 9.2% GDP growth rate. Total fin
2017) electricity demand projection reaches ta04BWh,
66.1 TWh and 949 TWh respectively by the yea
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2040. The share in engy consumption during
2014/15is through fuelwood, renewables sourg
electricity, petroleum, coal, cow dung and agricult
residue which shares to 70%, 3%, 3%, 13%, 4%,

and 3% respectively.

Shakya(Shakya, 2016)

Kathmandu,

Nepal

A study on GHG mitigation specifically for
Kathmandu city using the LEAP framework owe
period of 19 years (20122030). Six different
scenariosare consideed in the study. The stud
concludes that, relative to the base case scena
2030, the impact of adoptingfiérent low carbon
development strategy options will eliminate 35.29
overall GHG emissions from energy usage. On tof
GHG emissions reduction, results also focus
energy security and the economic cost of G
mitigation. During the year 2030, thenfal energy
consumption is mostly through electricity, dies
biomass which account®r 16%, 15% and 149
respectively. The remaining shares is fulfilled

petroleum products, coal and solar.

Yangka & Diesendorf
(Yangka and Diesendor
2016)

Bhutan

A MARKAL model framework study on the benefi
of electric cooking overraditional kerosene an
firewood cooking from the year 2005 to 204the
fuel share in total primary energy supply in 2004
mostly from biomass (58%), followed by hydropow
(16%), diesel and petrol (14%), coal (7%), keros|
& LPG (4%) and other (1%).he study highlights th
sociceconomic impacts on the livelihood a
emissions reductions of GOSG and NQ by 17%,
12% and 8% respectively by the year 2040.
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2 METHODOLOGY

The objective of this research is to arsalall sector energy transition pathways toward90%
RE-based system for the Himalayan countries Nepal and Bhutan. The LUT Energy System
Transition model is applied on an hourly temporal resolution from 2015 to 2050 at an interval of
every 5 years. An @genous model for seffeneration and consumption of power and heat for
residential, commercial, and industrial consumers is also simulated on thenadotiened
temporal resolution. A detailed description of the model, input data, technical and financial
assumptions and various constraints is desciibéte following

2.1 LUT Energy System Transition model overview

The LUT Energy System Transition Mod@ogdanov et al., 2019, 202€)a linear optimisation

tool, which models a transition of the integrated power, heat and transport sectors on an hourly tim
scale for every fyear time step from 2015 to 2050, under given specific constr&ot a given
integrated energy system, the model defines an optimal cost structure and operation modes for ea
of the energy systembs el Eeloorly sme scale igcreases tha |
reliability of the results, as it takes intonsideration that for every hour of a year, demand and
supply matches. However, this increases the computation time for every time step. The targe
function of the optimisation isiinimisation of the total cost of the system calculatethasum of

the annual capital and operational expenditures, including ramping costs, for all the considerec
technologies in the modelling as giverbquation 1. The referengear for this study was chosen

as 2015, due to unavailability of all the input data for the 28320

fEB B 60600@I Q000 QME i 0P (N0 OO I

1 0anoDED YRAN (1)

Abbreviations are for CAPEXtCapital cost of each technology; critapital ecovery factor for
each technology, OPEXfix;t fixed operational cost for each technology, OPEXva¥ariable
operational cost each technology, instCaptirstalled capacity in a region, Egent,electricity
generation by each technology, rampCesttimping cost of each technology, totRampgnnual

total power ramping values for each technology,-nesgion, and tech technology.
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The individual residential, commercial and industrial prosumers can install their own rooftop PV
systems and heating technologies as part ofgesi€ration of electricity and heat. These heating
technologies based on electricity or fuels satisdemar for hot water and space heating. The
electricity storage for these prosumers is based on lithounbatteries. These prosumers can
purchase in times of low generation or sell surplus electricity to the distribution grid in order to
fulfil their power denand. Minimisation of the cost of consumed electricity and heat is the target
function of the prosumers. This cost is cal
annual cost, cost of consumed fuels for heating, cost of purchased eleftinitthe grid minus

profit earned on selling excess electricity to the grid.

Someof theimportant constraints used in the modelling of the energy system and pragtinsérs

a restriction orthe installation of newcoal, oiland nucleabased power pldas afterthe starting
period Therefore, power plants which are planned or in the construction pfias¢he starting
period are not considered in this studyowever, gas turbines can be installed as they can be
operated by fuel switching from fossilgto synthetic gassecondno more than 20% of the total
installed capacity share can be changed in apgdab time step to avoid excessive RE capacities
installation in a single time step which would lead to disruption of the power system. Third, if
profitable, share of prosumers can progressively increase from 3% in 2015 to 20% in 2050.

The general flow of the LUT model from data preparation to the results and evaluation is shown ir
Figure3, while a detailed description of the model can be foun8agdanov et al(Bogdanov et
al., 2019, 2020)
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(Technical and financial assumptions)

[ Data preparation }

. N
Model setup and simulation
A 4
Power prosumers and
individual heat producers
simulation
* h 4
4 ™
System simulation
Power Heat Transportation
sector sector sector
Industrial sector:
Industrial fuels  Desalination  CO, removal
AN vy
o J

h 4

Results collection and evaluation

(Installed capacities, annual generation, cost of system and
components, cost of electricity, CO, emissions, etc.)

Figure 3. Process flowdiagramof the model input data, optimisation, and results

2.2 Assumptions used in the modelling

The parameters and baseline assumptions for the core analysis of the energy system are brie
explored in this sectionThe financial and technical assumptions usethe study are given in
sectionError! Reference source not found.andsectionError! Reference source not found,
respectively. The final section provides the demand growth in all sectors and the applied

technologies.

2.2.1 Sub-regions and grid transmission

The subdivision of Nepal is done based the provincial states, which are 7 regions. The districts
which lie under each province are mentioned able 3. Bhutan is taken as an individuagien,

due to its comparatively smaller area. The-division to the level of provinces enables high spatial
resolution of the individual statebds RE gen
On top of that, it also facilitates in analygithe energy storage needs for future use. The grid

transmission network is assumed to be connected to each of the provincial headquarter, wit
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Kathmandu as the main consumption center in Nepal as shdvigure4. In Bhutan Thimphu is
the main consumption center. The connections between the provinces is assumed to be HVAC ar
within the provincegt is assumed that the existing and future grid expassiall supply electricity

to all endusers

Population in Nepal and Bhutan in 2015 and projected population at eyegr fnterval till 2050
is tabulated in thé&ppendix table S1.

Table 3: Distribution of districts byprovincial states in Nepal.

States Districts

Province 1| Taplejung, Panchthar, Illam, Jhapa, Morang, Sunsari, Dhankuta, Tehré
Sankhuwasabha, Bhojpur, Solukhumbu, Okhaldhunga, Khotang, Udaypur.

Province 2| Saptari, Siraha, Dhanushdahottari, Sarlahi, Rautahat, Bara, Parsa.

Province 3| Sindhuli, Ramechhap, Dolakha, Sindhupalchowk, Kavrepalanchowk, Lal

Bhaktapur, Kathmandu, Nuwakot, Rasuwa, Dhading, Makawanpur, Chitwat

Province 4| Gorkha, Lamjung, Tanahun, Syangja, Kaski, Mapavustang, Myagdi, Parba
Baglung, Nawalparasi (East of Bardghat)

Province 5| Nawalparasi (West of Bardghar), Rupandehi, Kapilbastu, Palpa, Argakh
Gulmi, Pyuthan, Rolpa, Dang, Banke, Bardiya, Rukum (East).

Province 6| Rukum (West), Salyan, Surkh&ailekh, Jajarkot, Dolpa, Jumla, Kalikot, Mug

Humla.

Province 7| Bajura, Bajhang, Aachham, Doti, Kailali, Kanchanpur, Dadeldhura, Ba

Darchula
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Figure 4. 7 Provincial states of Nepal and Bhutan, linearly htigmnectedyrid structure.

2.2.2 Financial assumptions

The variousfinancial assumptiongelated to capital expenditures (CAPEX) and operating
expenditures (OPEX fixed andriable) for all technologies, applied during the energy transition
for Nepal and Bhutan are shown in thgpendixTableS8. The weighted average cost of the capital
(WACC) is set to 7% for all RE technologies whereas a WACC of 4% is considered for the
residential PV rooftop prosumers due to associated lower risk and hence lower financial return
expectations. Due to the unavailability of courdpecific cost projection data, financial projections
were assumed based on a global average for all technoldgesost reduction in most Riased
technologies is following a downward curve globally and it results in a continuelda&tl
technologies capacity installation in the fut(ifasihi, Bogdanov and Breyer, 2016; Schmidt et al.,
2017) The price 6 raw materials and new installations are anticipated to lower down until 2050
due to technology developments and production upgrades. In addition to the electricity generatiol
technologies, the capacity boom and decreasing cost of battery storageoffas geick ascent in
capacity installations in many natiofidykvist and Nilsson, 2015; Schmidt et al., 2017)

The price of electricity for three prosumer categories i.e. residential, commercial, and industrial, in
the year 2015 were assumed fr@depal HBectricity Authority, 2016; Bhutan Electricity Authority,
2017; Ogino, Nakayama and Sasaki, 20B8sed on the methedeveloped by Breyer and Gerlach
(2013), the future electricity price until 2050 was projected. The cost assumptions of the appliec

erergy system technologies for Nepal and Bhutan are tabulated Appeadix table S8
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2.2.3 Technicalassumptions

The technical lifetime and efficiencies af applied technologies can be founddppendk Table

S8 and S9The installed capacities téind of 2014 for hydropower and fossil fuels are taken from
[51]. and assumed that they will be utilised till their technical lifetime and then decommissioned.
The calculation of upper limits for soland wind is described in the next ssdxtion, while th

economically exploitable hydropower potential is assumed froii3[34

2.2.4 Resource potential and input profiles

For the modelling, as an input, hourly capacity factor profiles for an entire year of solar PV, wind
energy and hydropower were used. Solarwas divided into optimally tilted PV, singkxis
tracking PV and solar CSP. As for wind energy only, wind onshore is considered. The raw data is
for the year 2005 from NASA databasgtackhouse and Whitlock, 2008, 20d8) German
Aerospace CentdfStetter, 2014and having a resolution of 0.45° x 0.45°.esdataarefurther
processed to calculate hourly capacity factor profiles as described in Bogdanov and Breye
(Bogdanov and Breyer, 2018hd Afanasyeva et glAfanasyeva, Bogdanov and Breyer, 2018)
monthly resolved river flow datfor 2005 is used to prepare hydropower capacity factor profiles as

a normalised sum of the river flow throughout the country.

The biomass potential was divided into three categories: solid wastes (municipal waste and wast
wood), solid residues (wasteom agriculture and forestry), and biogas (biowastes, manure and
sludge).The raw datan the biomass and waste resources were obtained from Food and Agricultural
Organisation of the United Nations. The potentials were calculated according to the methods
described in Mensah et §dMensah, Oyewo and Byer, 2020) The cost calculations for the three
biomass categories were done according to the data from International Busggy (IEA-
International Energy Agency, 2012nd Intergovernmental Panel @limate ChanggIPCG
Intergovernmental Panel on Climate Change, 2HDr sol i d fuels, a 50
for 2015, i ncr easi ngofdrwastdiOcheraiidnplants anid this is refleced y «
as negative costs for solaste (Sadiqa, Gulagi and Breyer, 2018)he geothermal energy
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potential in Nepal and Bhutan is calculated according to the method described in Aghahosseini ¢
al. (Aghahosseini, Bogdanov and Breyer, 2017)

The installed capacities for gengoa technologies in 2015 were taken frérarfan and Breyer
(Farfan and Breyer, 201 4nd Department oElectricity Development(Government of Nepal,
2020) The potential (upper limits on installed capacities) for seMmand wind were calculated

based on a criterion that the total land area availability shatlexteed 6% and 4%, respectively.

2.2.5 Demand Projection

The 2015 electricity demand for the 7 provinces in Nepal and Bhutan was calculated based on th
electricity demand per capita and populat{thendup et al., 2015; National Statistics Bureau,
2015; UNFPA Nepal, 2017; Water and Energy Commission Secretariat, .208&)demand for

each of the future time steps was calculated based on different growth rates during the transitio
period. The electricity demand for Nepal was extrapolated using grewetd of 15.1%, 12.2%,
10.2%, 9.6% and 9.5% till 2050, while for Bhutan a growth rate of 11.9% was assumed till 2030
and after thata growth rate similar to Nepal was assunipeépartment of Renewable Energy,
2016) The heat demand from 2015 to 2050 was taken from Ram(Raah et al.2019) The final
electricity and heat demand during the transition for Nepal and Bhutan are giygoeindixTable

S2 The final power sector excludes direct electricity used in heat and transpa.secto

The hourly load profile for electricity and heat for the provinces in Nepal was calculated as a fraction
of the total demand in theountry, while for Bhutan country profiles were used. The synthetic load
profiles are taken from Toktarova et @l.oktarova et al., 2019while for the space heating,
domestic hot water, biomass for cooking, and industeat profiles are taken from Ram et al.
(Ram et al., 2019)Currently, there are no district heating networks in Nepal and Bhutan and it is
assumed tht this status will not change until tead of the transition period.

The main transport modes in Nepal and Bhutan are road and aviation. There is one railway line i
Nepal, which was assumed in this study and further projected that the demand fibriraiiease
in the future, due to growth in population and demandaftaster mode of transporthe total

transport demand for Nepal was divided on amagion levebased on relative population for road,
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rail and aviation transport modes. These intlinal transport modes were further slibided into
passenger (gm) and freight @km) demandsThe road passenger transport segregated inte light
duty vehicles (LDV), buses (BUS) and®wheelers (2/3W), while freight transport was divided
into mediumduty vehicles (MDV) and heawgluty vehicles (HDV). The different fuel demand from
these transport modes and several vehicle types were assumed according to Kh@kinallakt

al., 2019)and is shown il\ppendk Table S25andS26

2.2.6 Applied technologies

An overview ¢ the energy system presenting the relevant technologies for the power, heat anc
transport is provideth Figure5. The technologies can be classified@ding to the electricity
generation from RE and fossil fuels; hganeration from RE and fossil fuels; road, rail, marine
and aviation transport modes; energy storage for electricity, heat and fuels and electricity
transmission using High Voltage Alteting Current (HVAC)
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2.2.7 Applied scenarios for the energy transition

For this study, tmasition pathways towards high sheuaf RE for integrated power, heat and
transport sectors is showcased for two scenarios. A Best Policy Scenarid)BrRB GHG
emissioncost anda Best PolicyScenario (BP&) withoutGHG emissiorcost(BPS2). Based on

the overall system cost and GHG emissions reduction, these scenarios focus on two policy option
leading to an energy transition in Nepal and Bhutatle4 provides aletailed description of the

scenarios and specific assumptions made in each of the scenarios.

Table 4: Detaileddescriptionof two applied senarios

Scenario Description

BestPolicy Achieving a 100% RE system with a least cost and zero GHG emissic
Scenario (BPS1) | the end of the transition period is the primary target. To reach the t
certain assumptions were made. First, no new fossil fuel capacities
allowed to be installed aftahe year 2015 with the exception of ga
turbines. Meanwhile, phasedut fossil capacities are allowed to
replaced by renewables and storage technologies. This results in n¢
fuel imports from other countries. Second, an assumption was mag
there will bepricing for GHG emissionsThe GHG enissionscost would
be9 0 per tiothe stafting@éar 2015 which would gradug
increase to 28u, am3a.fiémad, y6 &ib,
the fiveyear interval of 2020, 2025, 2030, 2035, 2040, 2045 and ?
respectively. Thirdthe total installed capacity shar@nnot grow more tha
20%in any 5year time step to avoid excessive RE capacities install

in a single time step.

This scenario includes the potential role of prosumers (electricity an
self-consumption), with roftop P\tbased electricity generation atite
possibility to install batteries during the transition period. This is apj
for residential, commercial, and industrial customers. Furthern

prosumers can sell the excessctricity to the grid, after fliilling their
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own demand, at a price of 0.02 k Wh , ,mmmoee thani50% of the

own generation.

Best Policy
Scenario (BPS2)
without GHG

emissioncost

This scenario is assumed to be identical to the-BR&h an exception thg
the cost of the GH@missions is not taken into consideration for the el
transition period. Currently, Nepal and Bhutan do not have any

emissions costs and there is no evidence from the government that ar|

will be applied soon.

The main idea behind this scemardevelopment is to see the c
competitiveness of RlBased solutiongompared to fossifuel options
Moreover, this scenario does not limit fossil fuel usage.

3 RESULTS

The results obtaineoly applying theeUT model are presented the following.

3.1 Primary energy demand during the transition

This section deals in detail with each type of electricity generation technology i BR&EBPS

2. Figure 6 shows the total primary energy demand by sector for the transition years from 2015 to

2050. The share of the primary energy demand varies largely during thérgeaes low as 100

TWh to as high as 480 TWh R015 and 2050, respectively. The highest siefeom the heat

sector which is almost 61% in 20@ich shiinks to around 20% by the year 2050. The transport
share remains quite stable during the period. The main changes happen with the power séctor whis
is just under 20% in 201&ndrises to around 65% in the year 2050. The increase in population
from 28.70million in 2015 to 46.45 million in 2058nd corresponding per capita energy use is the

reason behind such massive growth.
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Figure 6. Primary energy demand for power, heat and transport sector in thé B&§ and BP (right) in

the transition years.

Figure7 shows the total primary energy demandlgy primaryenergysourceduring the transition
period in both scenarioPuring the transition, thehare offossil fuels in the primary energy
demand decreases to zémd2050 inthe BPS1. Even though wit no GHG emissions cost in the
BPS2, a downward trend in fossil fuel use is observed, how#vsmot completely eliminated in
2050.Thedecrease in fossil and bioenesdiarels compensated bslectricityas a primary energy
form which increases durgnthe transition as it forms the backbone of the entire energy syatem
the BPSL1, the share of electricity grows exponentially from 11% in 2@157% by 2050.

Consequently, the share ather sources, especiallyipenergyand fossil fuekhrink from around
8% in 2015to around 9% in 2050.
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Figure 7: Primary energy demand by energy form for the BRE&ft) and BPS (right) throughout the transition
period 2015 to 2050.
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Figure 8 shows the vital role of direct and indirect electrification, in reducingtidated primary
energy demanah the two scenariodn the BPS1 and BPS, proceeding with the current energy
systemhavinglow electrification thetotal primary energy demand wouldcreasesxponentially
to reach916 TWhand858 TWh in 2050respectivelyfrom 100 TWh in 2015which is around
815% increase in the BPISand760% ncreasen the BPS2. Howeveran energy system with high
levels of electrification would limit therimary energydemand to only 48TWh by the year 2050
for both BPS1 and BP£, which is onlyaround380% increase. Tt increase irntotal primary
demands in accordance with the corresponding popula@DP and standard of livingrowth in
Nepal and Bhutan. An aggregate of around 61.7% population increment in 2050 is estimated ir
comparison to the population in 2015. A 100% renewable resbased energgupplyand high
direct and indirect electrification in the power, heat and transport sectors #resemergy system

to behighly efficient compared tohe current fossil fuebased energy system by the end of the
transition period in 2050.
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Figure 8. Efficiency gain in primary energy demand with low and high electrification in the B@St) and BPS2

(right) during the transition years.

3.2 Installed capacities and electricity generation

Figure9 shows a steep increase in the installed capacities dominated-bgdJe# resoursen the
BPS1 and BP&. The share of PV is prominent in alfjuRE system in 2050 due tios cost
competitivenesandexcellent resource availabilitiostly, solar PV dominates the entire energy

system starting from the year 2030 to fulfil the futereergydemand. Hydrpowerfollowed by
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biogasrelated electriciticompliments the energy deficit duripgriods oflow solar irradigion in

both scenarios.
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Figure 9. Cumulative installed capacities for all power generation technologies from 2015 to 2050 in thelBRS

and BPS2 (right).

The total electricity generation in the Himalayan countries to cover the ddorgraver, heat and
transport is 382 TWh in the BPSand 379 TWh in the BR3 Figurel0shows the total electricity
generation itheBPS1 and BPS based on different technologies. However, it can be clearly seen
that solar PV forms the backbone of electricity suppbmplemented bhtydropower. With more
than 896 dependency on hydropower in 2015, with the remaimiogtributed byimported
electricity assumed to be from fossil fuels, there is a transatiay fromthe presentydropower
basedsupplytowards embracing solar PV during the period 2025 to ZDiB® $rares of other RE
sources like wincand geothermakenergyplay a minor role in the final electricity generation in
2050. Due to the unavailability of fossil fuel and coal resgrire share of it is negligible in the
electricity generationin 2015. Desp& having abundant hydoower as a major electricity
generation source sinckecadeshydropower is overturned by solg¥ because oits extremely
low cost, high modularitandfast installation time in comparison to hydropowEhnus, solar PV
accounts taround 67% share in 2050, followed by around 31% Ipalse@r in the BPL. The

remaining share is contributed by wiedergy geothermaénergy bioenergy
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Figure 10. Technologywise electricity generation in the BASleft) and BPS2 (right) during the transition period.

As mentioned earlier iBectionError! Reference source not found, the modelling otheenergy
systemfor Nepalwas done ¥ further subdividing the country intoprovincesto analyse their
detailed energy structurgigurellandFigurel2 shows detadd installed capacities and electricity

generation according to the provinces for the two scenarios.

In the BPSL1, the largest tal solar PV installed capacity of 46 GW is observed in Province 6, due
to excellent solar resource availability and large solar PV potential. This region expoedssiow
solar PV electricity to other regions. Province 3 has the sedeogést installed apacity of solar

PV, while additional capacities of hydropower are needed due to high energy demand in the capite
region. Bhutan has installed capacities of 45 GW and 10 GW of solar PV and hydropower,

respectively. A similar distribution of solar PV angbhopower shares is observed in the BPS
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Figure 11. Installed RE capacities in the provincial regions of Nepal and Bhutan in thd REf) and BPS
(right) in 2050.



30

Solar PV plays an imminent role the total generation of electricity in both scenarios in 2050.
However, electricity generated from hydropower plays an important role in Provinces 1, 3 and

Bhutan in both scenarios due to the hydropower potential availability in these regions.
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Figure 12 Installed electricity generation in provincial regions of Nepal and Bhutan in thel§R8) and BP&
(right) in 2050.

The dectricity in far westerrprovincesof Nepal is solely generated via solar PV using shagie
tracking and fixed tiltedgroundmounted power plargolutions. The highest power generation is in
Province 8vhich is 97 TWh and 106 TWh theBPS1 and BP& respectivelyas shown irfFigure

12. The eastern and central gadf Nepal have big rivers which flow through the snowmelt
mountains from north to south andviea steep topography that accounts for an excellent hydro
run-off power generation. The lower southern part is a flat surface geography and is more cos
extensive due to the need of construction of large dams for hydropower generation. Therefore, cos

effective solar P\électricity generatiois most suited there.

3.3 Heat generation and installed capacities

Figure 13 shows thetotal installed capacities in the heat sector by different heat generation
technologies ding the transition period itheBPS 1 and BP&2.
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Figure 14. Heatgeneration in the BR$ (left) and BP (right) in the transition years.

The share of biomadsasedheatgeneration is dominant the heatsectorin both scenarioduring

the transitionIn 2015, the majority of biomass was used as a heat source tangowhich is

highly unsustainable and leads to various issues such as indoor air pollution and related heal
hazards. However, during the transition, biomass use in cooking decreases and is replaced |
electricity-based cooking. The use of agricultuasd forest residues and municipal solid waste
increases during the transition.2020, other means of heat generation technoldggh are based

on direct electricity use and oil as a transition .f@l-basedindividual heatboilersaccountfor
1.4%of heatgeneration shar@ 2020 whilst, biomasaccounts for 88% in the BPES While for

the BPS2, there is a small share of heat generation frorbaskd boilers mainly in residential and
commercial heating, whilthe majority of share is from biomasgich has a share of around 75%.

A gradual decrease in fossibsed heating is observed during the transition for both scenarios,
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replacing with mainly direct electricitiyased heating and heat pumps. However, in the BRS
small share from oibased bibers can be seen in 2050, as there is GHG emission cost.

3.4 Transport sector

Thefinal energy demand for transport according to different modes for the two scenarios is showr
in

Figure15 and by fuel types for the BPBand BP in Figure 16. The final energy demand for
transport increases at a slowater until 2035. After that, the demand accelerates till 2050 to 37
TWh. An increase of 20 TWh is observed within the start of the transition period until 2050. Due
to an increase in standards of living, a rapid increasaergy demani observed for thaviation

sector.The increase in energy demand is directly associated with the increase in transgdortation
freight and passengers.

[ Road passenger
[ Road freight
Rail passenger
Rail freight
Bl Marine passenger
Il Marine freight
[ Aviation passenger
I Aviation freight

w
[

[
=1

N
@

-
o

Final transport energy demand [TWh/a]
= N
=] =]

o

=]

2020 2030 2040 2050
Years

Figure 15. Final energy demand for transportation by transportation modes in thé BREBPS2 for the transition

period.

The direct use of electricity has a major impact to meet the final demand by, 285€hown in
Figure 16. On the other hand, electricity plays a minor role in 2015, as less efficient fossil fuels
form a major share. However, during the transition, shares of direct and indirect electrification

increase as a result of more cefficient solutions.



33

Electricity direct
Hydrogen

I Methane
Liquid fuels - renewable
Liquid fuels - fossil

T
Electricity direct
Hydrogen

Bl Methane
Liguid fuels - renewable
Liguid fuels - fossil

w

@
|
w
[

w
=

w

=1

[
3

~

w

@
|

2
o

o
a2
=]

I

o

Final energy demand for transport [TWh]
3
|
Final energy demand for transport [TWh]
« 8
|

o

I I | | . I | | . 1 1
2020 2030 2040 2050 2020 2030 2040 2050
Years Years

Figure 16. Final energy demand for the transportation sector by fuel in thelBR$) and BP£ (right) for the

transition period.

In the BPS1 and BP£2, the share adlirect electricity from the early 2020s and of hydrogen and
synthetic liquid fuel from 2030 onwards increases during the transition period. In the, BIFP&ct
electricity has a share of 57%, while hydrogen and synthetic liquid fuels have a share oidl7% a
26% respectively, in a fully sustainable transport sector in 2050. On the other hand, tAd&PS

a fossil fuel share of 25% in 2050, due to no GHG emission pricing, as fossil fuels are cheaper t
use. The role of liquid fossil fuels in the BRRleceases during the transition period and does not
play any role to meet the transport demand, however, synthetic liquid fuels are utilised for aviatior
transportation, to achieve full sustainability. GHG emissions cost is factored in thé, Bis®
leadingto a full phaseout of polluting fossil fuels. To replace those, technically and commercially
viable synthetic liquid fuels are injected to the energy system.
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Figure 17: Installed capacity needed for transport fo@hversion in the BR$ (left) and BP (right) during the

transition years.
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The role of direct electricity is important to a certain share during the transition, however, large
scale sustainability in the transport sector is achieved by converting aleleeelectricity to
hydrogen and synthetic fuels. This is clearly observed from thelBdfl BPS resultsThe fuel
conversion capacity needis nearly 3.5 times higher theBPS1 compared ttheBPS 2 in 2050

as shown irFigure17. Around 11 GW of fuel conversiaechnologies are installed the BPS 1,

in which water electrolysibasthelargestshare as hydrogen is used as a fuel itself and isl tige
produce synthetic hydrocarbor@ther conversion processike FischerTropsch, liquid hydrogen

productionand methanation have a comparative lower share.

3.5 Role of storage technologies

Energy storaggechnologieplay a crucial roleluring the trangion towards large scale renewables
utilisation to balance the temporal variability of demand and generafisnthe future energy
systemis solar PV dominated, the nefmt batteresis imminent. Thelemandor electricity storage
kicks in after 2030asin theinitial yearsa low electricity generation share from renewables and the
availability of dispatchable fossil fuel share, a need for storage technologies do noTlasise.

installed electricity storageapacityincreaseso nearly 3 GWh in 2050 inthe BPS1 as shown
in Figurel8.
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Figure 18: Installed electricity storageapacity in the BP] (left) and BPS (right) in the transition years.

The impact ofPV prosumers battery in storagtartsin 2035 due tdow cost of solar PV rooftop
installationsn both scenariaBy 2050 the battery capacity share risestimtal electricity storage.
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Utility -scale battery and prosumiegitterytogether account for nearly 108 TVelectricity output
in theBPS1 as shown irFigure19. The adiabatic compressed air energy storag€AKS) starts
appearing already in 2030 with a small shemd increased afterwardslectricity storageutput
throughall electricity storage systenis projected to reach20 TWhy and 122 TWh in theBPS

1 and BP& respectively.
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Figure 19: Electricity storage output in the BPIS(left) and BPS (right) in the transition years.

The needfor thermal energy storage (TES) is crucial for the heat sector trandfigure 20
illustrates the increase of installed heat storage capacity stadmghte year 2030, which would
scaleto 2.7 TWh and 4.4 TWh itheBPS1 and BP& respectively by 205@n enormous amount
of gas storage capacity is added in the last 10 years of transition ifh BREBP S to provide the
seasonal storage neé&hs (CH) storageaccounts fonearly 99% fothe totalheat storage capacity
in the BPS1 and BP&. However, the share of gas (gHtorage in thermal heat output is very
limited. A steep rise in heat storage output is noticedeearly 2030s in which TES DEind TES
HT together accounts to 50 TWhnd 37 TWhk in the BPS1 and BP& respectively. A maximum
of 82 TWhn in the BPS1 and 50 TWh in the BPS2 is seen during the years 2040 and 2035
respectively.
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Figure 21. Heat storage output in the BASleft) and BP£ (right) in the transition years.

3.6 Energy cost during the transition

The total annual system cost and lesaadi cost of energgreshown inFigure22 andFigure23.
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Figure 22: Total annual system cost fpower, heat and transport sectors in the BRgft) and BPL (right) in the
transition years.

The total annual system cost during the transition years lies within a rantge2f77 b Gtod8n d 7
b 0 the BPS1 and BPS respectivelyThe annual sysm costin the BPS2 is comparatively
lowerthanin theBPS1 as it does not take into consideration the GHG emissmst, which is not

a sustainable solutordHe at sector accounts to around 5
power and transport secs in the total annual system cost during the initial years of transition in
the BPS1 and BP&2. The share of power and transport sedteseases in the following years,
specifically the power sector, due to increasing demand and complete shifting=toased
resources in power generation which is a ba
transport sector slightly increases over the years but sees a high ascenthduaitgg040sdue to

the change in vehicltocks and the associatdufsin corresponding fuel tyyse
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Figure 23. Breakdown of the levelised cost of energy in the BR&ft) and BPS
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2 (right) in the transition years.

A fully RE-based energy system refersthe most costeffective solution in the energy sector as
shown in Figure 23. The overall energgost perMWh is projected to declinetd 9 U4 i n 2
compared t o tReBPSA. Simiarlyitdsprojeciethtc 0 st  théBPH2 ini2050

but it does not cover GHG emissgxoss. This leadsto a lower LCOE irthe BPS2 than BPSL.
Thehigh share o€EAPEXrelated cost implies the boom in the installation of new energy generation
technologies and energy storage solutions. This leads to a ceasecosthedimported fues.
Operationakexpenditures araround a quarter dhe total cost in 2050rhe GHG emision cost is

near to zero during early 2035 and remains-tdrd050 in the BPS1.
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Figure 24: LCOE total cost breakdown from 2015 to 2050 in the BR&ft) and BPS (right).

LCOE is slightly higher in the BR$ compared to the BRPSin all transition years. In both scenarios
during the start of the transition, the tot
primary has a major share. Mostly fossil fuel cost$tHfertransport sector plays a vital role in having

a high 47% share in LCOE costs during 2015. In the-BB&nario irFigure24 (left), LCOE gets
reduced to 52.2 0/ MWh from 90 4/ MWh, right in
accountdor around 40% reduction. Limiting the usage of expensive fossil-haded energy and

the incorporated GHG emission costs are the key drivers. The trendussnto a lower LCOE to

45 a0/ MWh wunt i | 2025. But in the year 2030,
The rise of the LCOE is in accordance with the installation of new power generation and storage
capacities and the associated CAPEX in thergy system. PV technology type, efficient

hydropower generation, battebased storage technology, plays an important role in the energy
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system which further | owers the LCOE down t
end of the transitiorperiod in 2050. The BR3 excludes GHG emission cost, which is not
sustainable, though the LCOE is quite low. Thus, a 100%b&ded sustainable energy system is

substantially lower in cost by 2050 than the currently existing energy system.
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Figure 25: LCOH total cost breakdown from 2015 to 2050 in the BR&ft) and BP (right).

The LCOH of the heat sector drops down in t
a/ MWh i n 20 t15and BPS tathsbowBifFi§ure 25. The LCOH remains at 885
a/ MWh range till 2040. A sudden fall in 204"
a LCOH of 98 0/ MWh -laandBPS @spectiveWNBAPEXrs the pr&lominant

contributor in all years during theatrsition.
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Figure 27: Final transport freight cost per td&ilometer in the BPL. (left) andBPS2 (right) in the transition years.

Figure26 andFigure27 shows the final transport passenger costs and final transport freight costs
in the BPS1 and BP& respectively during the transition years. The final transport passenger cost
declines heavily for road whereas aviation and rail transpiotwf@ marginal decrease in the BPS

1 during the transition. In BR3, the final transport passenger cost in aviation decreases from 0.034
G/-kom i n 20 15-kmio2080. Sindil&ly, final pransport freight cost in the BP&nd
BPS2 fall off subsa nt i al |y kmomnO .2D2A 50 A tokmanr2050.n1nd2050,. 0 3
transport passenger cost in aviation and transport freight dbstromad have major contribution in

the final transportation sector cost.

3.7 GHG emission reduction

The total GHG emissiors starting from the year 2015 to the end of transition period 2080ein
BPS1 and BPS arepresentedhn Figure28.
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Figure 28: Sectorwise GHG emissions during the transition period in the-BR8ft) and BPS (right).
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Finding a leastost transition pathway fonaenergy sytem withzeroGHG emissionis one of the
main target®f this study TheBPS 1 hasachievedhe GHG emissiog-free target by the end of the
transition periodwhereas in BP2 the GHG emissions is still around 2.8dgleqin 2050, which
solely comedrom the transport sectoGenerally, ehigh share oilGHG emissios comes fronthe
transporsector followed by heat and power secan the BPSL and BP&. Both scenarios having
GHG emissiorof 10.2 MtCQeqin 2015achieve a steagdudion throughouthe transition period
The rate of GHG reduction is already on a good pace starting 20ke BPS1, whereas the
reduction rate islightly slower intheBPS2 because of no limitation on fossil fuel usage. The heat
sector sees a major tranen alread in the late 2020s in the BPS 1, and its impact on GHG
emissiors is limited. The most important arldss challengingector to diossiliseis the power
sectorwhichis GHG emissionfree after 2030 in both scenari@HG amissions fronthetransport
secto also get considerably reduced duaisageof direct electricity, hydrogen fueind synthetic
liquid fuels.

4 DISCUSSION

The primary objective of this research was to demonstrate acleststnergyystemtransitionby

2050 for Nepal and Bhutan, whichalgned tothe Paris AgreementUnited Nations Framework
Convention on Climate Change (UNFCCC), 20I8)is can be achieved lfie usage of freely
availablerenewablegesources in the country. A strong political will and ldagn national policies
towards renewables is needed. This study illustrates two energy transition pathwagsyBess

a path towards a sedufficient leastcost renewabldasedGHG emission freeenergy system,
which eventually fades away the danger of climate chamgiést BPS2 do not consider the GHG

emissions and its mitigation cost.

A 100% REbased system for Nepal and Bhutan ensures the contieneogy supply in power,
heat and transport secsdor all. This study engulfs all parameters of a sustainable energy system
along with energy storage arrangements. [Elielisedcost ofenergy decreases considerably to 49
a/ MWh i n 2050 c olmip 2005edde ta tlee inQulye af high BWeaoé renewables

into the system. This type of study considerangtrongintegraton of power, heat and transport

sectosis the very first of itkind for Nepal and Bhutan
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SolarPV dominates the entire energy system accounting to over 288 T@lactficity generation

in 2050.Electricity generation from hydmowerand biomass complimentsetbalance in supply
and demandn 2050, ssubstantial 90 GW of heat capacity installed agat Btorageystemsensure
theheat demané met Largely available biomass will be a major source for heat generatien. T
transport sector fasea major trangsion due to the completphaseout of fossil fuetpowered
vehicles. The fuel needed for vehiclegequiredn different forns of energy Passenger mobility
vehiclesare shifted tairect plugin electricity, whereas aviation and raihnsport modestilise

hydrogen and liquid hydrocarb®m various fam.

A study conducted othe role ofrenewableenergyin Nepal(Nepal, 2012emphasies the need of
locally available renewablebe utilised and provide electricity access in all areas and -non
depenénce on foreign fuel imports. Also, decentsall energy production implies a needlesslgos

grid expansion and eventually grid loss savings. Thus, a good investment in locallyimgyevail
resources such as hygamverand solar PV ensures the power to every household despite difficult
terrain and sparse household settlement in the rural dit@agpreversa GHG emissionsnd costly

fossil fuel purchase from IndigA mix of different RE sources and a blend of cergealiand
distributedenergysupply guarantees a Nepalese government pMmistry of Population and
Environment, 2016)o provide affordable energy access to every citizen. Due to short seasonal
inconstancy of solaenergyin Nepal and Bhutan, solar PV based power generation is optimal for

thedemand and supply balance.

The Alternative Energy Promotion Centre (AEPC), a Nepalese governmental betlyip to
mainstreanRE supply in Nepalreportsin the year 2016 thahere has been around 30 MW of
electricity generated from mini and micro hydower plantsand 15 MW power from solar PV
systenson a local leve{Ministry of Population and Environment, 2018he Nepatsegovernment

has set uplong-term goal to achieve clean, reliable and afford&#esolutions by 2030. The new
policy onRenewable Energy Technologi@ETS development prioriges on providing longterm

loanst o i nvestors to nfeedS ushtea i UNDsl e b) eevwcea li ovperse r

Ener gy (Mimstry oARopulation and Environment, 2016)
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Nepalfaced on average around 88 hours of ehddding weekly fronthe year 2011 till 206
(Kumar Ramesh, 2018)e to &ck of irstalled power generatiarapacity. Major citiesvere hardly
hit by frequent, daily blackostvhich causd immense losses ieconomic welfareOn top of that,
poor operational performances, and incompetent maintenancaeslup the issueThe gap in
demandsupply arise the needor more power generation. Thus, the néadsustainable energy
transition is necessary which regulates the continuous desuppdy balance. ThBPS1 fully
comprehend on this national energy emergency. High sbarenewablesn the energy system
andsupportivebatterystoragecapacitiesn theBPS 1 are projected tbesubstantiallyower in cost
than the current energy system. Specificaligdrasticdeclineof solar PV cost and batteries, which
are projected to plag major role in power generation and storage, loweetiggysystem cost.

Nepal and Bhutan should take the advantadgevefcostsolar PV.

Summing upthe BPS1 whichincludesthe GHG emissiaos cost is a mere path for Nepal and
Bhutan to strengthen the future energy system, which ersifioedableenergysupplyfor all. The
respective nat i oenrdoécestgongvpelicies rard guidelimdiout thedneed to
phase inRE-based solutiom It is recommended td e p aRE@evelopment governing body,
AEPC, andhe Royal Government of Bhutan come up withroadmaps, measurasd policies to
lure citizens in installing regieapecificcapacities for utilisingvailable RE source by providing
long-termloansand incentivesin addition, thecollaboraton with the neighbairing country India,
which is far ahead in renewabl&etricity generationand with a whole SAARC regiocreates

mutual benefits.

4.1 Limitations of the study

Bhutan is takensaa single node basedThimphu No further division into regional zones or main
energy consumption hubs is done like as in Nepal as the area of Bhutan is about a quarter of Nep:
This implies that the energy demand, installed capacity and esepgyy in all sectors were not
considered in a higher gapatial resolution and it assumes the presence of grid transmission. The
grid transmission line in Nepal is assumed to follow a certain path through a currently existing
route. In future practice,rigl connection paths may follow alternative routes due to economic
reasons and land use policies. In further enramreergy system modelling approach, rural

electrification may be incorporated into the national energy transition modelling.
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The findings obained are based on proven technologies and thus, should not be a major challeng
to execute it technically in practice. Social acceptance and improper energy policies might be
barriers. Hence, it is recommended analysing those perspectives in a méed detaner to enable

a 100%RE system by 2050, or even before.

5 CONCLUSION

The Himalayan countries Nepal and Bhutan are wealthy in renewable resources. They need t
follow the path of renewables to provide reliable and sustainable energy for all at auminim
possible cost. The renewable energy technologies and storage solutions can adequately supy
energy consistently at every hour in all sectors throughout the year by 2050. Advanced RE resource
conversion technology can generate electricity to be usttttdmse of the transition to also meet

the demand in the heat and transport sectors. The levelised cost of energy for Nepal and Bhutan
projected to 49 a4/ MWh by 2050, which is alm
at the beginning othe transition. Despite having huge snowmelt high current rivers and sloping
terrain, which is excellent for hydropower generation, the decreasing cost of solar PV and utility
scale batteries are expected to reach even lower cost levels. Abundant afMmomagsbased
sources, which accounter more than 80% of energy demand in 2015, meets the heat demand
through different conversion technologies in 2050. The most vulnerable transport sector which is
fully dependenbn India, for importing fossil fuelsvill face a major change by establishing-RE
based direct and indirect electrification. Conclusively, this study concludes that a 100% RE systen
is technically feasible and economically viable across all energy sectors, primarily based on

renewable electrity by 2050 with zero GHG emissions.

Achieving a complete energy transition to a 100% renewddalesd energy system enabling zero
GHG emissions by 2050 demands bold, strict, and intense ambitious national policies by the twz
nations, Nepal and Bhutan.i¢trecommended that more upcoming studies ought to consider with
more detailed scopes to find the best pathways to make it happen for Nepal and Bhutan+o be se

sufficient and reach a sustainable 100% renewdidssd energy system for all by 2050.
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Table S5: Combined population projection of Nepal and Bhutan from 2015 to 2050 for thd BR& BPS2.

Unit

2015

2020 | 2025

2030

2035

2040| 2045

2050

Source

Population | [mil]

28.74

30.78| 320

353

37.81

40.5 | 43.38

46.47

(UNFPA Nepal, 2017; National
Statistics Bureau, 2019)

Table S6: Projection of power, heat and transport demands from 2015 to 2050 for the &REBP 2.

Energy service
demand

Unit

2015

2020

2025

2030

2035

2040

2045

2050

Power demand

[TWh]

11.86

2511

41.02

69.23

102.52

142.48

200.78

288.71

Total heat
demand- heat

sector

[TWh]

52.80

60.63

61.14

65.73

72.89

82.49

91.89

101.55

Industrial heat
demand

[Twh]

9.99

11.78

14.42

17.38

21.93

27.54

33.91

41.81

Space heating

heat demand

[TWh]

30.31

36.41

34.31

36.01

38.51

42.01

44.21

45.01

Domestic water
heating heat

demand

[TWh]

9.11

9.75

10.45

11.19

11.98

12.84

13.75

14.73

Biomass
cooking heat

demand

[TWh]

3.19

2.68

1.96

1.14

0.46

0.11

0.01

0.00

Centralised
heating heat

demand

[TWh]

9.99

11.78

14.42

17.38

21.93

27.54

33.91

41.81

Individual
heating heat

demand

[TWh]

42.61

48.84

46.72

48.34

50.95

54.95

57.97

59.74
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Total electricity

demand- all [TWh] 13.10 26.04 4351 81.09 117.75 175.21 246.27 353.92
sectorsi BPS1
Total electricity
demand- all [TWh] 13.10 26.03 44.06 77.87 116.97 164.89 231.76 337.92
sectorsi BPS2
Road 2W/3W
passenger
[mil km] 7242.21 | 8411.74 | 997053 | 12525.93 | 16649.62 | 23149.1 | 33019.8 | 47266.56
transport
demand
Road Bus
transport [mil km] 1017.9 1107.4 | 1236.25 | 1429.4 | 1778.39 | 225856 | 3004.32 | 4010.D
demand
Road MDV
transport [mil km] 2852.09 | 343894 | 4171.72 | 5340.1 | 7191.85 | 10068.11 | 14378.54 | 20506.84
demand
Road HDV
transport [mil km] 307.82 371.15 450.25 576.34 776.2 1086.61 | 1551.83 | 2213.23
demand
Rail pass
[mil  p-
transport ] 56.43 62.14 68.95 79.53 96.47 123.64 166.19 229.13
m
demand
Rail freight
[mil  t-
transport - 0.07 0.09 0.1 0.1 0.11 0.13 0.17 0.26
m
demand
Aviation pass
mil -
transport [k] P 2357.03 | 2972.89 | 4020.26 | 5834.04 | 8355.22 | 13105.67 | 19782.57 | 28126.95
m
demand
Aviation freight
mil t-
transport [k] 133.51 192.42 288.97 452.67 733.79 1232.64 | 2033.67 | 3204.92
m

demand
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Marine pass
[mil  p-

transport 0 0 0 0 0 0 0 0
km]

demand

Marine freight
mil  t-

transport 0 0 0 0 0 0 0 0
km]

demand

Table S7: Projected specific energy demand by transport mode and vehicle type from 2015 to 2050 for thend@PS
BPS2.

Mode and )
) Unit 2015 2020 2025 2030 2035 2040 2045 2050
Vehicle type
[kWh,th/
Road LDV ICE - 0.78 0.77 0.73 0.69 0.63 0.58 0.51 0.45
m
[kwh,el/
Road LDV BEV - 0.00 0.17 0.15 0.13 0.13 0.12 0.11 0.10
m
Road LDV [kWh,th/
0.00 0.00 0.23 0.22 0.20 0.20 0.18 0.16
FCEV km]
Road LDV [kWh,el/
_ 0.00 0.19 0.16 0.15 0.13 0.12 0.11 0.09
PHEV, primary | km]
Road LDV
[kWh,th/
PHEV, - 0.00 0.12 0.12 0.11 0.10 0.09 0.09 0.08
m
secondary
kWh,th/
Road 2,3W ICE [k : 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14
m
Road 2,3W [kWh,el/
0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
BEV km]
Road 2,3W [KWh, th/
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FCEV km]
Road 2,3W [kWh,el/
_ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PHEV, primary | km]
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Road 2,3W
kWh,th/
PHEV, [k | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
m
secondary
kWh,th/
Road Bus ICE [k , 4.09 4.07 4.02 3.99 3.93 3.84 3.76 3.70
m
kWh,el/
Road Bus BEV [k , 0.00 1.81 1.76 1.72 1.66 1.61 1.56 1.50
m
Road Bus [KWh,th/
0.00 2.99 2.92 2.86 2.70 2.57 2.47 2.35
FCEV km]
Road Bus [kWh,el/
. 0.00 2.01 1.95 1.95 1.92 1.90 1.87 1.84
PHEV, primary | km]
Road Bus
[kWh,th/
PHEV, - 0.00 0.90 0.88 0.86 0.83 0.80 0.78 0.75
m
secondary
[kWh,th/
Road MDV ICE - 2.39 2.34 2.25 2.16 2.06 1.96 1.83 1.68
m
Road MDV [kWh,el/
0.00 0.84 0.78 0.70 0.64 0.60 0.56 0.52
BEV km]
Road MDV [kWh,th/
0.00 1.36 1.29 1.24 1.17 1.10 1.05 0.99
FCEV km]
Road MDV [kWh,el/
. 0.00 1.36 1.31 1.26 1.18 1.12 1.06 0.99
PHEV, primary | km]
Road MDV
[kWh,th/
PHEV, - 0.00 0.33 0.31 0.29 0.26 0.24 0.22 0.21
m
secondary
kWh,th/
Road HDV ICE [k ] 3.51 3.40 3.21 3.01 2.79 2.63 2.49 2.24
m
Road HDV [kWh,el/
0.00 1.67 151 1.40 1.28 1.19 1.12 1.04
BEV km]
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Road HDV

[kWh, th/
0.00 1.95 1.83 1.72 157 1.47 1.39 1.29
FCEV km]
Road HDV [kwh,el/
. 0.00 2.28 2.16 2.04 1.89 1.73 1.59 1.48
PHEV, primary | km]
Road HDV
kWh,th/
PHEV, [k : 0.00 0.50 0.46 0.43 0.39 0.36 0.33 0.31
m
secondary
. [kWh, th/
Rail pass fuel 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09
(p-km)]
. [kWh,el/(
Rail pass elec. 0.06 0.06 0.06 0.06 0.05 0.05 0.05 0.05
p-km)]
I [kWh, th/
Ralil freight fuel 0.06 0.06 0.06 0.06 0.05 0.05 0.05 0.05
(tkm)]
Rail freight [kWh,el/(
0.03 0.03 0.03 0.03 0.02 0.02 0.02 0.02
elec. t-km)]
Marine pass [kKWh,th/
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
fuel (p-km)]
Marine pass [kWh,el/(
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
elec. p-km)]
Marine pass [kWh,th/
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LH2 (p-km)]
Marine pass [KWh,th/
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LNG (p-km)]
Marine freight [KWh,th/
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
fuel (t-km)]
Marine freight [kWh,el/(
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
elec. t-km)]
Marine freight [KWh,th/
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LH2 (t-km)]
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Marine freight [kWh,th/

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LNG (t-km)]
Aviation pass [kWh,th/

0.54 0.54 0.52 0.50 0.47 0.46 0.44 0.44
fuel (p-km)]
Aviation pass [kWh,el/(

0.00 0.00 0.00 0.00 0.17 0.16 0.15 0.15
elec. p-km)]
Aviation pass [KWh,th/

0.00 0.00 0.00 0.00 0.32 0.30 0.29 0.28
LH2 (p-km)]
Aviation freight | [kwh,th/

0.14 0.14 0.14 0.13 0.12 0.12 0.11 0.11
fuel (t-km)]
Aviation freight | [kwh,el(

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
elec. t-km)]
Aviation freight | [kwh,th/

0.00 0.00 0.00 0.00 0.08 0.08 0.08 0.07
LH2 (t-km)]

Table SB: Projected shares of passenger demand by transport mode and vehicle type from 2015 to 2050 for BPS
and BPS2.

Passenger
mode and 2015 2020 2025 2030 2035 2040 2045 2050
vehicle type

Road LDV ICE
- liquid fuel

% 99.60 94.00 79.90 50.00 20.00 11.00 7.00 4.00

Road LDV
BEV - % 0.20 3.00 10.00 39.00 68.00 74.00 73.00 76.00

electricity

Road LDV
FCEV - % 0.00 0.00 0.10 1.00 2.00 5.00 10.00 10.00
hydrogen

Road LDV
PHEV -

% 0.20 3.00 10.00 10.00 10.00 10.00 10.00 10.00
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electricity/liqui
d fuel

Road 2W/3W
ICE - liquid

fuel

%

70.00

65.00

60.00

40.00

25.00

15.00

10.00

5.00

Road 2W/3W
BEV -

electricity

%

30.00

35.00

40.00

60.00

75.00

85.00

90.00

95.00

Road BUS ICE
- liquid fuel

%

89.40

78.90

47.90

16.90

5.90

4.90

3.90

2.90

Road BUS BEV

- electricity

%

10.00

20.00

50.00

80.00

90.00

90.00

90.00

90.00

Road BUS
FCEV -
hydrogen

%

0.10

0.10

0.10

0.10

0.10

0.10

0.10

0.10

Road BUS
PHEV -
electricity/liqui
d fuel

%

0.50

1.00

2.00

3.00

4.00

5.00

6.00

7.00

Rail -

electricity

%

14.40

14.70

24.10

39.70

54.30

68.80

81.80

94.70

Rail - liquid
fuel

%

85.6

85.30

75.90

60.30

45.70

31.20

18.20

5.30

Marine - liquid

fuel

%

100

99.40

98.40

95.90

91.20

79.40

57.20

26.10

Marine -

electricity

%

0.00

0.10

0.60

1.10

2.80

5.60

7.80

8.90

Marine -

hydrogen

%

0.00

0.00

0.00

1.00

3.00

10.00

25.00

45.00
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Marine i

% 0.00 0.50 1.00 2.00 3.00 5.00 10.00 20.00
LNG
Aviation -
o % 100 100 100 100 96.50 86.00 68.50 43.90
liquid fuel
Aviation -

o % 0.00 0.00 0.00 0.00 1.20 4.70 10.50 18.70

electricity
Aviation -

% 0.00 0.00 0.00 0.00 2.30 9.30 21.00 37.40
hydrogen

Table S9: Projected share of freight demand by transport mode and vehicle type form from 2015 to 2050.

Freight mode
) 2015 2020 2025 2030 2035 2040 2045 2050
and vehicle type

Road MDV ICE
- liquid fuel

% 99.60 88.90 78.00 47.00 16.00 5.00 4.00 3.00

Road MDV
BEV -

% 0.2 10.00 19.00 48.00 75.00 80.00 80.00 80.00

electricity

Road MDV
FCEV -
hydrogen

% 0.00 0.10 1.00 2.00 5.00 10.00 10.00 10.00

Road MDV
PHEV -
electricity/liquid

% 0.2 1.00 2.00 3.00 4.00 5.00 6.00 7.00

fuel

Road HDV ICE
- liquid fuel

% 100 97.50 88.00 77.00 46.00 12.00 4.00 3.00

Road HDV
BEV -

% 0.00 1.00 8.00 15.00 30.00 50.00 50.00 50.00

electricity

Road HDV
FCEV -

% 0.00 0.50 2.00 5.00 20.00 30.00 30.00 30.00

hydrogen

Road HDV
PHEV -

% 0.00 1.00 2.00 3.00 4.00 8.00 16.00 17.00




65

electricity/liquid
fuel
Rail i % 14.40 | 1470 |2410 |3970 |5430 |6880 |8180 |94.70
electricity
Rail % 8560 |8530 |7590 |6030 |4570 |31.20 |1820 |5.30
- liquid fuel
Marine - liquid | o 100 0940 |9840 |9590 |9120 |79.40 |57.80 |26.70
fuel
Marine - % 0.00 0.10 0.60 1.10 2.80 5.60 7.20 8.30
electricity
Marine - % 0.00 0.00 0.00 1.00 3.00 10.00 | 2500 | 45.00
hydrogen
Marine T % 0.00 0.50 1.00 2.00 3.00 5.00 10.00 | 20.00
LNG
Aviation - % 100 100 100 100 97.70 | 90.70 | 79.00 | 62.60
liquid fuel
Aviation - % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
electricity
Aviation - % 0.00 0.00 0.00 0.00 2.30 9.30 21.00 | 37.40
hydrogen
Table S10: Projected final energy demand by sector from 2015 to 2050.
Sector Unit | 2015 2020 2025 2030 2035 2040 2045 2050
[T
Power e 9.05 1967 3320 57.89 89.46 12917 | 18846 | 27719
[T
Heat 52.60 60.63 61.14 65.72 72.88 82.49 91.88 101.55
Wh]
[T
Transport e 1713 1850 1952 1905 1874 2254 2036 3723
Table S11: Projected final energy demand by energy form from 2015 to 2050.
Energy form Unit 2015 | 2020 | 2025 | 2030 | 2035 | 2040 | 2045 | 2050
Power demand [Twh] 9.09 20.56 3531 6263 97.52 14049 | 20388 | 29824
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Heat demand [Twh] 5260 60.63 61.14 65.72 72.88 8249 91.88 10155
Fuel demand [Twh] 17.09 17.62 1741 1431 10.68 1122 1394 16.18
[ Heat demand (LT) 1 [0 Heat demand (LT)
Heat demand (MT) Heat demand (MT)
Bl Heat demand (HT) 0.9 B Heat demand (HT)
[l Biomass for cooking Il Biomass for cooking
—4—Population 0.8
0.7

Heat demand ['I'Whm]

2020 2030

Years

2040 2050

Figure S29: Heat demand bgpplication and temperature levels in absolute (left) and in relative (right) shares.
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2040 2050

Figure S30: Heat demand by categories in absolute (left) and in relative (right) shares.
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Figure S31: Final transport assenger demand in absolute (left) and in relative (right) shares.
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Share of final transport freight demand [%]

Final transport freight demand million [t-km]

2020 2030 2040 2050
Years

n w w
[ =] 1]

Final transport energy demand [TWh/a]
8
Share of final transport energy demand [%]

15
10
5 4
0
2020 2030 2040 2050
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Figure S33: Final transport energgemand by sector in absolute (left) and in relative (right) shares
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[0 LDV - ICE - liquid fuels
[ LDV - PHEV - electricity
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[ BUS - FCEV - hydrogen

| I BUS - ICE - liquid fuels
[ BUS - PHEV - electricity
B BUS - PHEV - liquid fuels
[ 2W/3W - BEV - electricity
[ 2W/3W - ICE - liquid fuels

LDV - BEV - electricity
| LDV - FCEV - hydrogen
[0 LDV - ICE - liquid fuels
| LDV - PHEV - electricity
LDV - PHEV - liquid fuels
[ BUS - BEV - electricity
[ BUS - FCEV - hydrogen
[ BUS - ICE - liquid fuels
[ BUS - PHEV - electricity
B BUS - PHEV - liquid fuels
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[ 2W/3W - ICE - liquid fuels

Final energy demand - road passenger [TWh]
Share of final energy demand -
road passenger [%]

4 4
2
0 0
2020 2030 2040 2050 2020 2030 2040 2050
Years Years

Figure S34: Final energy demanrbad passenger by type of vehicle in absolute (left) and relative (right) shares.
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I MDV - BEV - electricity ;'? 100 I MDV - BEV - electricity
= 15 [ MDV - FCEV - hydrogen E %0 [ MDV - FCEV - hydrogen
E [ MDV - ICE - liquid fuels o [ MDV - ICE - liquid fuels
= MDV - PHEV - electricity 2 o i MDV - PHEV - electricity
£ [ MDV - PHEV - liquid fuels pet [ MDV - PHEV - liquid fuels
'g [ HDV - BEV - electricity S | I HDV - BEV - electricity
= Il HDV - FCEV - hydrogen = Il HDV - FCEV - hydrogen
T10- - I HDV - ICE - liquid fuels ° [ HDV - ICE - liquid fuels

- c 60- B .
<] B HDV - PHEV - electricity H B HDV - PHEV - electricity
- I HDV - PHEV - liquid fuels f—, 50 | I HDV - PHEV - liquid fuels
c k-]
] >
E 5 40
© g
> 5 G 39
2 ]
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Figure S35: Final energy demancbad freight by type of vehicle in absolute (left) and in relative (right) shares.
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Figure S36: Final energy demandiil in absolute (left) and in relative (right) shares.
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Figure S37: Final energy demandviation in absolute (left) and in relative (right) shares.
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Figure S38: Schematic diagram of the transport modes and corresponding fuels (Bigggthnowet al, 2019; Ram
et al, 2019)
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Figure S39: Schematic diagram of the value chain elements in the production of sustainab{Bdgelsnov et al.,
2019; Ram et al., 2019)

Table S12: Financial and technical assumptions of energy system technologies used from 2015 to 2050.

Technologies Unit 2015 2020 2025 2030 2035 2040 2045 2050 Sources
Capex U/ keW, | 1360 1169 966 826 725 650 589 537 (M.
Bolinger
Opex fix ua/ ( 4ay,l 204 17.6 15.7 14.2 12.8 11.7 10.7 9.8 and J.
. Seel,
PVIOOROPT | peyvar | a7 ( kel 0 0 0 0 0 0 0 0 2016;
residential Vartiaine
n, Gaetan
I and
Lifetime years 30 30 35 35 35 40 40 40 Brever
yer,
2017)
Capex U/ keWw, | 1360 907 737 623 542 484 437 397 (M.
Bolinger
Opex fix a/ ( 4ay,l 204 17.6 15.7 14.2 12.8 11.7 10.7 9.8 and J.
PV rooftop - Seel,
commercial Opexvar | 0/ ( kel 0 0 0 0 0 0 0 0 2016;
Vartiaine
n, Gaetan
Lifetime years 30 30 35 35 35 40 40 40 and
Breyer,
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2017)
Capex U/ keW, 1360 682 548 459 397 353 318 289 (M.
Bolinger
Opex fix a/ ( 4ay,l 204 176 157 14.2 128 117 10.7 9.8 and J.
PV ft Seel,
rOoMoP = 1 opexvar | a7/ ( kewt{ 0 0 0 0 0 0 0 0 2016;
industrial Vartiaine
n, Gaetan
_— and
Lifetime years 30 30 35 35 35 40 40 40 B
reyer,
2017)
Capex U/ keW, 1000 580 466 390 337 300 270 246 (M.
Bolinger
Opex fix a/ ( 4ay,| 150 13.2 11.8 10.6 9.6 8.8 8.0 7.4 and J.
PV optimall Seel,
OPIMALY | opexvar | G/ ( keyt{ 0O 0 0 0 0 0 0 0 2016;
tilted Vartiaine
Lifetime years 30 30 35 35 35 40 40 40 | n, Gaetan
and
Breyer,
2017)
Capex U/ keWw, 1150 638 513 429 371 330 297 271 (M.
Bolinger
Opexfix | u/ ( 4ay,| 17.3 15.0 13.0 12.0 11.0 10.0 9.0 8.0 and J.
PV sinal . Seel,
SINGIEAXIS | opexvar | G/ ( kelf O 0 0 0 0 0 0 0 2016;
tracking Vartiaine
Lifetime years 30 30 35 35 35 40 40 40 n, Gaetan
and
Breyer,
2017)
Capex U/ keWw, 1250 1150 1060 1000 965 940 915 900
Opexfix | 4/ ( &ay,| 25 23 21 20 19 19 18 18 (Nei,
2008;
. European
@) / KeWVH 0 0 0 0 0 0 0 0
pexvar | 7 (ke Commissi
Wind onshore | Lifetime years 25 25 25 25 25 25 25 25 Ogéif)’
Lazard,
Opex fix a/ ( kay, 113 92 84 77 71 67 58 52 2016:
j Wiseret
Opex var U/ ( keWW 0 0 0 0 0 0 0 0 al., 2020)
Lifetime years 20 25 25 25 25 25 25 25
Capex U/ keWw, 1650 1650 1650 1650 1650 1650 1650 1650 (Europea
Hydro n
Reservoir/ Opexfix | G/ ( &ay,| 495 | 495 | 495 | 495 | 495 | 495 | 495 | 495 | Commissi
on (EC),
Dam Opexvar | G/ ( kepvff 0.003 | 0.003 | 0.003 | 0.003 | 0.003 | 0.003 | 0.003 | 0.003 | 2014)
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Lifetime years 50 50 50 50 50 50 50 50
Capex U/ keW 2560 2560 2560 2560 2560 2560 2560 2560
Hydro Run- (Europea
fRi Opex fix ua/ (&W| 76.8 76.8 76.8 76.8 76.8 76.8 76.8 76.8 n
of-River Commissi
Opex var G/ ( kywh 0.005 | 0.005 | 0.005 | 0.005 | 0.005 | 0.005 | 0.005 | 0.005 | on (EC),
2014)
Lifetime years 50 50 50 50 50 50 50 50
Capex U/ keW, 5250 4970 4720 4470 4245 4020 3815 3610 (Europea
n
Opex fix al/ ( &ayv,| 80.0 80.0 80.0 80.0 80.0 80.0 80.0 80.0 | Commissi
Geothermal on (EC),
Opexvar | 0/ ( keWWwhf 0 0 0 0 0 0 0 0 2014,
power Sigf/sson
Lifetime years 40 40 40 40 40 40 40 40 and
Uihlein,
2015)
Capex a/ ( ¥w| 1500 1500 1500 1500 1500 1500 1500 1500
(McDonal
Opex fix U/ (ekaVw 20 20 20 20 20 20 20 20 d and
Schratten
Opex var G/ ( kw 0.001 | 0001 | 0001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 holzer,
Coal PP 2001;
Lifetime years 40 40 40 40 40 40 40 40 IEA-
Internatio
Opexfix | G/ (ekaw | 162 157 157 137 137 116 116 109 nal
Energy
Opex var G/ ( ke)VH 0.0025 | 0.0025 | 0.0025| 0.0025 | 0.0025 | 0.0025 | 0.0025 | 0.0025 | Agency,
2015)
Lifetime years 40 40 40 40 40 40 40 40
Capex a/ (R W 775 775 775 775 775 775 775 775 .
(Internati
Opexfix | G/ (ekaW| 194 | 194 | 194 | 194 | 194 | 194 | 194 | 194 onal
CCGT Energy
, Agency
Opexvar | U/ ( ke)h 0 0 0 0 0 0 0 0 (IEA),
. 2016b)
Lifetime years 35 35 35 35 35 35 35 35
Capex U/ (B W 475 475 475 475 475 475 475 475
(Europea
Opex fix U/ (ekaW | 14.25 14.25 14.25 14.25 14.25 14.25 14.25 14.25 n
OCGT Commissi
Opexvar | U/ ( keWHh 0 0 0 0 0 0 0 0 on (EC),
2014)
Lifetime years 35 35 35 35 35 35 35 35
Steam turbine | Capex a/ (W 1000 968 946 923 902 880 860 840 (Breyeret
) , l., 2017
(CSP) Opexfix | G/ (k| 20 | 194 | 189 | 185 | 18 | 176 | 172 | 168 |2 )
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Opexvar | U/ ( kelNH 0 0 0 0 0 0 0 0
Lifetime years 25 25 25 25 30 30 30 30
Capex G/ keW,| 2755 | 2620 | 2475 | 2330 | 2195 | 2060 | 1945 | 1830
(RG
Opexfix | G/ ( kaW,| 554 | 472 | 446 | 419 | 395 | 37.1 35 32.9 Joint
Biomass PP Research
Opexvar | G/ ( kel 0.004 | 0.004 | 0.004 | 0.004 | 0.004 | 0.004 | 0.004 | 0.004 | Centre,
2014)
Lifetime years 25 25 25 25 25 25 25 25
Capex G/ keW,| 880 | 880 | 880 | 880 | 80 | 880 | 880 | 880
(RG
CHP NG Opexfix | G/ ( kaw,| 748 | 748 | 748 | 748 | 748 | 748 | 748 | 748 Joint
i Research
Heating Opexvar | G/ ( keVH 0.002 | 0.002 | 0.002 | 0.002 | 0.002 | 0.002 | 0.002 | 0.002 | Centre,
2014)
Lifetime years 30 30 30 30 30 30 30 30
Capex G/ keW,| 880 | 880 | 880 | 880 | 880 | 880 | 880 | 880
(RG
CHP Oil Opexfix | G/ ( kaw,| 748 | 748 | 748 | 748 | 748 | 748 | 748 | 748 Joint
. Research
Heating Opexvar | G/ ( keyvf 0.002 | 0.002 | 0.002 | 0.002 | 0.002 | 0.002 | 0.002 | 0.002 | Centre,
2014)
Lifetime years 30 30 30 30 30 30 30 30
Capex G/ keW,| 2030 | 2030 | 2030 | 2030 | 2030 | 2030 | 2030 | 2030
(RG
CHP Coal Opexfix | G/ ( kay,| 467 | 467 | 467 | 467 | 467 | 467 | 467 | 467 Joint
. Research
Heating Opexvar | G/ ( keVH 0.005 | 0.005 | 0.005 | 0.005 | 0.005 | 0.005 | 0.005 | 0.005 | Centre,
2014)
Lifetime years 40 40 40 40 40 40 40 40
Capex G/ keW,| 3560 | 3300 | 3145 | 2990 | 2870 | 2750 | 2645 | 2540
(RG
CHP Biomass | Opexfix | G/ ( kay,| 81.9 | 759 | 723 | 688 66 633 | 608 | 584 Joint
i Research
Heating Opexvar | G/ ( keyVi 0.003 | 0.003 | 0.003 | 0.003 | 0.003 | 0.003 | 0.003 | 0.003 | Centre,
2014)
Lifetime years 25 25 25 25 25 25 25 25
Capex G/ keW,| 503 | 429 | 400 | 370 | 340 | 326 | 311 | 296
(RG
Opexfix | G/ ( ®aw,| 201 | 172 | 160 | 148 | 136 | 130 | 124 | 118 Joint
CHP Biogas Research
Opexvar | G/ ( kel 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | Centre,
2014)
Lifetime years 30 30 30 30 30 30 30 30
Capex G/ keW,| 5940 | 5630 | 5440 | 5240 | 5030 | 4870 | 4690 | 4540 | (jRc
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i . Joint
Waste Opexfix | G/ (&aV,| 267.3 | 2534 | 2448 | 2358 | 2264 | 219.1 | 2110 | 2043 | -
inci Centre,
Incinerator Opexvar | G/ ( ke 0.007 | 0.007 | 0.007 | 0.007 | 0.007 | 0.007 | 0.007 | 0.007 | o, 2)
Lifetime years 30 30 30 30 30 30 30 30
Capex a/ kew, | 771 731 706 680 653 632 609 589 w
- Opexfix | G/ (kay,| 308 | 202 | 282 | 272 | 261 | 253 | 243 | 236 |YPALH
Biogas P ' ' ' ' ' ' ' ' ' Lohmann,
digester . and G.
Opexvar | U/ ( kn)Vh 0 0 0 0 0 0 0 0 Girod,
o 2009)
Lifetime years 20 20 20 20 25 25 25 25
Capex a/ kaW, | 340 290 270 250 230 220 210 200 w
i Opexfix | 4/ ( kay,| 272 | 232 | 216 | 20 184 | 176 | 16.8 16 | Urban.H.
Biogas p , . . . . . . Lohmann,
dG.
upgrade Opexvar | G/ ( kaWH O 0 0 0 0 0 0 0 an
Girod,
L 2009)
Lifetime years 20 20 20 20 25 25 25 25
Capex U/ keW | 4383 | 3445 | 303.6 | 2747 | 251.1 | 230.2 | 211.9 | 196 (Agora
Energiew
CSP (solar Opexfix | 4/ (&ay| 101 | 7.9 7 63 | 58 53 | 49 | 45 ende,
field, 2014;

. Y Haysom
parabolic Opexvar | U/ ( knWHh 0 0 0 0 0 0 0 0 etyal
trough) Lifetime years 25 25 25 25 25 25 25 25 2015;

Breyeret
al., 2017)
Residential Capex G/ keW | 1286 | 1214 | 1179 | 1143 | 1071 | 1000 | 929 857
lar H
Solar Heat Opexfix | G4/ (kayv| 148 14.8 14.8 14.8 14.8 14.8 14.8 14.8
Collectors- (lRe;mflst
Space Opexvar | G/ ( keWH O 0 0 0 0 0 0 o | & 2019)
Heating Lifetime years 20 25 25 30 30 30 30 30
o Capex U/ keW | 485 485 485 485 485 485 485 485
Residential
Solar Heat Opexfix | G/ (kaVv| 485 | 485 | 485 | 485 | 485 4.85 4.85 4.85 (Ramet
} l., 2019
Collectors Opexvar | G/ ( kewtf 0 0 0 0 0 0 0 o |@ )
hot water
Lifetime years 15 15 15 15 15 15 15 15
Capex U/ keW | 100 100 100 75 75 75 75 75
PH Electric Opexfix | G/ (kayv| 1.47 1.47 1.47 1.47 1.47 1.47 1.47 147 | (Ramet
Heating P : ' ' ' ' ‘ ‘ ‘ ‘ al., 2019)
Opexvar | G/ ( knvH 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001
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Lifetime years 35 35 35 35 35 35 35 35
Capex G/ keW | 700 | 660 | 618 | 590 | 568 | 554 | 540 | 530 ,
(Danish
. ] Energy
Opex f 2 2 2 2 2 2 2 2
DH Heat pexfix | a/ (kay Agency
d
Pump Opexvar | G/ ( keWH 0.002 | 0002 | 0002 | 0002 | 0.002 | 0.002 | 0.002 | 0.002 | 2"
Energinet,
- 2016)
Lifetime years 25 25 25 25 25 25 25 25
Capex G/ keW | 75 75 75 100 | 1200 | 1200 | 100 | 100 ,
(Danish
' , Energy
DH Natural Opexfix | 4/ (&aw | 2775 | 2775 | 2775 | 3.7 3.7 3.7 3.7 3.7
Agency
i d
gasHeating | ooy var | 6/ ( keWH 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 En:;inet
- 2016)
Lifetime years 35 35 35 35 35 35 35 35
Capex G/ keW | 75 75 75 100 | 1200 | 100 | 100 | 100
i fix | @ 2775 | 2775 | 2.77 7 7 7 7 7
DH Oil Opex fix ua/ (&kay 5 5 5 3 3 3 3 3 (Ramet
. 1., 2019
Heating Opexvar | G/ ( keyWH 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 2 )
Lifetime years 35 35 35 35 35 35 35 35
Capex G/ keW | 75 75 75 100 | 1200 | 100 | 100 | 100
fix | @ 2775 | 2775 | 2.77 7 7 7 7 7
DH Coal Opexfix | G/ (&ay 5 5 5| 3 3 3 3 3 (Ramet
Heating Opexvar | G/ ( knwH 0.0002 | 0.0002 | 0.0002| 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 22019
Lifetime years 35 35 35 35 35 35 35 35
Capex G/ keW | 75 75 75 100 | 1200 | 100 | 100 | 100
i Opex fix | G/ 28 28 28 3.7 37 37 3.7 3.7
DH Biomass pexfix | 0/ (.kay (Ramet
. 1., 2019
Heating Opexvar | 4/ ( ket 0.0002| 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 2 )
Lifetime years 35 35 35 35 35 35 35 35
Capex G/ keW | 3936 | 3642 | 3384 | 3200 | 3180 | 3160 | 3150 | 3146
DH 1
Opexfix | G/ (&ay| 144 | 133 | 124 | 117 | 116 | 115 | 115 | 115
Geothermal (lRa;n(;f;
Heating Opexvar | G/ ( keWwH 0 0 0 0 0 0 0 o | @&~2019)
Lifetime years 22 22 22 22 22 22 22 22
i c G/ keW | 800 | 800 | 800 | 800 | 80 | 800 | 800 | 800
Local Electric apex a/ kmn (Ramet
i 1., 201
Heating Opexfix | 4/ (&kay| 10 10 10 10 10 10 10 10 | &2019)
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Opexvar | U/ ( kaWh O 0 0 0 0 0 0 0
Lifetime years 30 30 30 30 30 30 30 30
Capex G/ kW 800 780 750 730 706 690 666 650
(Europea
Local Heat Opex fix a/ (&ay 16 15.6 15 7.3 7.1 6.9 6.7 6.5 n
p Commissi
ump Opexvar | G/ ( keyWH 0O 0 0 0 0 0 0 0 on (EC),
2014)
Lifetime years 20 20 20 20 20 20 20 20
Capex G/ kW 800 800 800 800 800 800 800 800
fi ’ 27 27 27 27 27 27 27 27
Local Natural | Opexfix | G/ (.&ay (Ramet
i l., 201
gasHeating | ooivar | 6/ (ke 0 0 0 0 0 0 0 o | @&-2019)
Lifetime years 22 22 22 22 22 22 22 22
Capex a/ koW 440 440 440 440 440 440 440 440
i fi ’ 1 1 1 1 1 1 1 1
Local Oil Opexfix | G/ (kay 8 8 8 8 8 8 8 8 (Ramet
Heating Opexvar | G/ ( kaWH O 0 0 0 0 0 0 o | @&»2019)
Lifetime years 20 20 20 20 20 20 20 20
Capex G/ kW 500 500 500 500 500 500 500 500
0] fi 0/ 10 10 10 10 10 10 10 10
Local Coal pexfix | G/ (.&ay (Ramet
i l., 201
Heating Opexvar | G/ ( kel 0O 0 0 0 0 0 0 o | @&-2019)
Lifetime years 15 15 15 15 15 15 15 15
Capex U/ koW 675 675 675 750 750 750 750 675
Local Opex fix a/ (kay 2 2 2 3 3 3 3 3
R
Biomass (IRE;n(;f;
Heating Opexvar | G/ ( kWi 0 0 0 0 0 0 0 o | @&-2019)
Lifetime years 20 20 20 20 20 20 20 20
Capex G/ koW 800 800 800 800 800 800 800 800
Local Biogas
. Opex fix ua/ (& 27 27 27 27 27 27 27 27
Heating P (el (Ramet
l., 2019
Opexvar | G/ ( kaWH 0 0 0 0 0 0 0 o | @209
Lifetime years 22 22 22 22 22 22 22 22
Capex G/ kev, | 800 685 500 363 325 296 267 248 | (Breyeret
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Water Opexfix | G/ ( keWy,| 32 27 20 127 | 114 | 104 | 94 g7 | 2015
electrolysis Opexvar | G/ ( keMYh 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Lifetime years 30 30 30 30 30 30 30 30
Capex U/ koW, 547 502 368 278 247 226 204 190
Opex fix a/ ( &, 25.16 23.09 16.93 12.79 11.36 10.4 9.38 8.74
Methanation a) (Breyeret
al., 2015)
Opexvar | U/ ( kcM¥h| 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
Lifetime years 30 30 30 30 30 30 30 30
Capex U koka 1000 730 493 335 274.4 234 210.6 195
CO2 direct Opex fix U kcka 40 29.2 19.7 134 11 9.4 8.4 7.8 (Svensson
. et al,
air capture Opex var 0 kot 0 0 0 0 0 0 0 0 2004)
Lifetime years 20 20 30 30 30 30 30 30
Capex U/ k WiigF| 947 947 947 947 947 852.3 852.3 852.3
. (Fasihi,
. Opex fix U/ k WyigF| 28.41 28.41 28.41 28.41 28.41 25.57 25.57 25.57
Fischer- Bogdanov
. , d
Tropsch Unit | Opexvar | G/ k Whi,| 0 0 0 0 0 0 0 0 an
Breyer,
q 2017)
Lifetime years 30 30 30 30 30 30 30 30
Capex a/ ( k)W 400 270 182 134 108 92 78 70
Battery Opexfix | U/ ( kidyh 24 9 5 3.75 3 25 2.125 | 1.875 | (PleBma
tor nnetal,
storage Opexvar | G/ ( kWi O 0 0 0 0 0 0 0 2014)
Lifetime years 15 20 20 20 20 20 20 20
Capex u/ (8 W 200 135 91 67 54 46 39 35
Battery Opexfix | 4/ (ekaW| 0 0 0 0 0 0 0 0 (PleBman
interf netal,
intertace Opexvar | G/ ( kWi O 0 0 0 0 0 0 0 2014)
Lifetime years 15 20 20 20 20 20 20 20
Capex a/ ( k)Wl 603 407 280 209 170 146 124 111
Battery PV
y Opexfix | 4/ ( ksyh 362 | 136 | 7.7 | 58 | 47 4 3.4 3 (lRZ”(;f;
prosumer - al, )
Opexvar | G/ ( keW 0 0 0 0 0 0 0 0
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residential Lifetime years 15 20 20 20 20 20 20 20
storage
Capex G/ (W 302 204 140 104 85 73 62 56
Battery PV
prosumer - Opex fix G/ (ekayV 0 0 0 0 0 0 0 0 (Ramet
i i I, 2019
residential Opexvar | G/ ( kel 0 0 0 0 0 0 0 o |2 )
interface
Lifetime years 15 20 20 20 20 20 20 20
Capex a/ ( k)W 513 346 235 174 141 120 102 91
Battery PV
prosumer - Opexfix | 0/ ( ki&yhl 30.8 115 6.5 4.9 3.9 3.3 2.8 2.5 (Ramet
i I, 2019
commercial | oo var | G/ ( kel 0 0 0 0 0 0 0 o | @&2019)
storage
Lifetime years 15 20 20 20 20 20 20 20
Capex a/ (f W 256 173 117 87 70 60 51 46
Battery PV
prosumer - Opex fix G/ (ekayV 0 0 0 0 0 0 0 0 (Ramet
i l., 201
commercial | oo var | G/ ( kel O 0 0 0 0 0 0 o |a-2019
interface
Lifetime years 15 20 20 20 20 20 20 20
Capex ua/ ( k)W 435 294 198 146 118 100 85 76
Battery PV
prosumer - Opex fix G/ ( k&yh 26.1 9.8 5.4 4.1 3.3 2.7 2.3 2 (Ramet
industrial Opexvar | G/ ( ke 0 0 0 0 0 0 0 o | @209
storage
Lifetime years 15 20 20 20 20 20 20 20
Capex al (R W 218 147 99 73 59 50 42 38
Battery PV
prosumer - Opex fix G/ (eckayV 0 0 0 0 0 0 0 0 (Ramet
industrial Opexvar | G/ ( ke 0 0 0 0 0 0 0 o | @209
interface
Lifetime years 15 20 20 20 20 20 20 20
Capex | G/ ( kywli 7.7 7.7 7.7 7.7 7.7 7.7 7.7 7.7
(JRG
Opex fix U/ ( kisyhl 1.335 1.335 1.335 1.335 1.335 1.335 1.335 1.335 Joint
PHES Research
Opexvar | U/ ( keWh 0 0 0 0 0 0 0 0 Centre,
2014)
Lifetime years 50 50 50 50 50 50 50 50
Capex u/ (8 W 650 650 650 650 650 650 650 650 (JRG
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, Joint
ohES Opex fix G/ (eckayVv 0 0 0 0 0 0 0 0 Research
Centre
. Opexvar | G/ ( keWwhf 0 0 0 0 0 0 0 0 '
interface P ( ke 2014)
Lifetime years 50 50 50 50 50 50 50 50
Capex G/ ( kywh 35 35 32.6 311 30.3 29.8 27.7 26.3
(JRG
Opex fix G/ ( kisyhl 0.53 0.53 0.50 0.47 0.46 0.45 0.42 0.40 Joint
A-CAES Research
Opexvar | U/ ( kelNh 0 0 0 0 0 0 0 0 Centre,
2014)
Lifetime years 40 55 55 55 55 55 55 55
Capex U/ (B W 600 600 558 530 518 510 474 450
(JRG
A-CAES Opex fix U/ (ekaW 0 0 0 0 0 0 0 0 Joint
interf Research
intertace Opexvar | G/ ( keytf 0 0 0 0 0 0 0 0 Centre,
2014)
Lifetime years 40 55 55 55 55 55 55 55
Capex G/ ( kyWh 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Opexfix | G4/ ( ki®yh 0.001 | 0.001 [ 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | (Michalsk
Gas Storage ietal,
Opexvar | U/ ( keWHh 0 0 0 0 0 0 0 0 2017)
Lifetime years 50 50 50 50 50 50 50 50
Capex u/ (W 258 25.8 25.8 25.8 25.8 25.8 25.8 25.8
Gas Storage Opex fix a/ (ukalv 31 31 31 31 31 31 31 31 (Michalsk
. i etal,
interface Opexvar | G/ ( keWH 362 | 362 | 362 | 362 | 362 | 362 | 362 | 362 | 2017)
Lifetime years 41.4 41.4 41.4 41.4 41.4 41.4 41.4 41.4
Capex a/ ( kW 50.8 41.8 32.7 26.8 23.3 21 19.3 17.5
fi y i . 4 4 . .32 2 .2
Hot Heat Opexfix | G4/ ( kn\&Wh| 0.76 0.63 0.49 0 0.35 0.3 0.29 0.26 (Ramet
Storage Opexvar | G/ ( kewH 0 0 0 0 0 0 0 o | @209
Lifetime years 25 25 25 25 30 30 30 30
Capex a/ ( kW 50 40 30 30 25 20 20 20
istri @) fi 0/ h 0.8 0.6 0.5 0.5 0.4 0.3 0.3 0.3
District Heat pexfix | G/ ( kn'ey (Ramet
l., 2019
Storage Opexvar | G/ ( kewH 0 0 0 0 0 0 0 o | @209
Lifetime years 25 25 25 25 30 30 30 30
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Capex a/ ( kWl 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24
Hydrogen Opexfix | G/ ( kn®Wh| 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 | (Michalsk
ietal,
Storage Opexvar | G/ ( ke O 0 0 0 0 0 0 0 2017)
Lifetime years 15 15 15 15 15 15 15 15
Capex a/ (W W 2559 255.9 255.9 255.9 255.9 255.9 255.9 255.9
Hydrogen _ i _
Opex fix u/ (ukay | 10.23 10.23 10.23 10.23 10.23 10.23 10.23 10.23 | (Michalsk
Storage ietal,
interface Opexvar | U/ ( kn)VH 0 0 0 0 0 0 0 0 2017)
Lifetime years 15 15 15 15 15 15 15 15
Capex a/ ton 142 142 142 142 142 142 142 142
Opex fix u/ (to| 99 9.94 9.94 9.94 9.94 9.94 9.94 9.94 | (Svensson
CO2 Storage et al,
Opex var a/ t orn 0 0 0 0 0 0 0 0 2004)
Lifetime years 30 30 30 30 30 30 30 30
Table SL3: Efficiency and sekldischarge rates of storage technologies.
Technology Efficiency [%] Self-Discharge [%/h] Sources

(Bloomberg New

Battery 90 0.0 EnergyFinance,
2015)
(JRGJoint
PHES 85 0.0 Research Centre,
2014)
(JRGJoint
A-CAES 70 0.1 Research Centre,
2014)
(Bloomberg New
TES 90 0.2 Energy Finance,
2015)
(Bloomberg New
Gas storage 100 0.0 Energy Finance,
2015)
Table S14: Energy to power ratio of storage technologies for the-BPS
Technology 2015 2020 2025 2030 2035 2040 2045 2050
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Battery 1.1 1.00 1.00 4.20 4.56 5.17 6.05 6.05
A-CAES 3.62 17.66 17.66 5.32 7.35 7.09 7.89 8.20
TES 1.1 1.04 1.00 1.01 1.00 1.00 1.00 1.00
Gas storage 2.39 81.57 79.36 9.87 119.01 124.75 162.09 253.71
Table S15: Energy to power ratio of storage technologies for the-BPS
Technology 2015 2020 2025 2030 2035 2040 2045 2050
Battery 1.1 1.00 1.22 4.00 4.35 5.09 5.7 5.99
A-CAES 3.62 10.70 7.17 6.03 7.07 8.09 9.32 8.80
TES 1.1 1.00 1.00 1.01 1.00 1.00 1.00 1.00
Gas storage 2.39 62.49 171.77 170.80 156.59 270.71 519.35 898.22
Table S16: Financial assumptions for the fossil fuel prices and GHG emission cost.

Component Unit 2015 | 2020 | 2025 | 2030 | 2035 | 2040 | 2045 | 2050 Sources
(Bloomberg
Coal G/ Mwh| 77 | 77 | 84 | 92 | 102 111 | 111 | NeWEnergy
Finance,

2015)

(IEA-
_ International
Fuel oil G/ MWh| 525 | 352 | 39.8 | 444 | 439 | 435 | 435 | 435 Energy
Agency,

2015)

(Bloomberg
Fossil gas G/ Mwh| 218 | 222 | 300 | 327 | 361 | 402 | 402 | 402 | NeWEneray
Finance,

2015)

(Bloomberg
GHG emissions | / t.gd 9 28 52 61 68 100 | 150 | NewEnergy
Finance,

2015)

GHG emissions by fuel type




(EPA-Environmental
Coal tCOzedMWhn 0.34 Protection agency,
2016)
(EPA-Environmental
il tCO2eg/MWhi 0.25 Protection agency,
2016)
(Dii GmBH-
Fossil Renewable Energy
ossil gas tCOzedMWhin 0.21 L .
Bridging companies,
2015)
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Figure $45: Relative shares in newly installed electrical capacity on a technelisgybasis for the BR$ and BPS
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Table S17: Installed capacity: power, heat and transportation sectors in thd BPS
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Technology Unit | 2015 | 2020 | 2025 | 2030 | 2035 | 2040 | 2045 | 2050
PV prosumers RES [GW] 0.00 0.03 0.22 1.03 3.62 10.44 23.56 27.12
PV prosumers COM [GW] 0.00 0.01 0.03 0.24 0.81 2.72 6.24 8.01
PV prosumers IND [GW] 0.00 0.01 0.04 0.33 1.06 3.21 6.07 10.66
PV prosumers total [GW] 0.00 0.04 0.28 1.59 5.49 16.37 35.87 45.79
PV fixed-tilted [GW] 0.01 0.07 2.17 17.67 17.67 27.44 27.43 27.37
PV singleaxis [GW] 0.00 0.03 0.69 3.67 6.01 13.56 32.84 65.12
CSP ST [GW] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Wind onshore [GW] 0.00 0.00 0.00 0.21 0.21 0.21 0.21 0.21
Hydro run -of-river [GW] 0.62 1.05 1.31 1.35 1.93 3.26 3.65 3.65
Hydro reservoir (dams) | [GW] 1.48 1.93 3.57 5.24 8.33 9.60 9.65 14.69
Geothermal electricity [GW] 0.00 0.43 0.43 0.51 0.52 0.52 0.54 0.54
CCGT [GW] 0.00 0.08 0.08 0.32 0.42 0.42 0.42 0.42
OCGT [GW] 0.00 0.43 0.44 0.57 0.75 0.98 1.02 1.02
ST others [GW] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Biomass PP [GW] 0.00 0.00 0.00 0.08 0.08 0.08 0.08 0.08
Biogas dig [GW] 0.00 2.52 2.87 3.22 3.22 3.22 3.22 3.22
Biogas Upgrade [GW] 0.00 | 021 | 0.23 | 0.48 0.49 0.32 0.29 0.39
Coal PP [GW] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ICG [GW] 2.10 2.07 2.05 2.05 0.00 0.00 0.00 0.00
Methane CHP [GW] 0.00 0.01 0.01 0.67 0.67 0.67 0.67 0.67
Oil CHP [GW] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Coal CHP [GW] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Biomass CHP [GW] 0.00 0.07 0.07 0.12 0.12 0.12 0.05 0.05
Waste to energy CHP [GW] | 0.00 | 0.02 | 0.05 | 0.09 0.09 0.09 0.09 0.07
Biogas CHP [GW] 0.00 0.24 0.36 0.68 0.92 1.04 2.05 5.56
Electric heating DH [GW] 0.04 0.05 0.05 2.32 2.92 3.72 4.43 5.62
Heat pump DH [GW] 0.00 0.00 0.13 0.41 0.57 0.57 0.67 0.67
Methane DH [GW] 0.00 0.04 0.06 0.74 0.75 0.76 0.76 1.16
Oil DH [GW] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Coal DH [GW] 1.27 1.03 0.80 0.64 0.48 0.32 0.16 0.00
Biomass DH [GW] 0.62 0.43 1.18 1.47 1.76 2.09 2.53 3.01
Electric heating IH [GW] 0.24 | 024 | 0.20 | 0.15 0.10 0.05 0.00 3.13
Heat pump IH [GW] 0.00 0.00 0.00 0.15 0.25 0.44 0.75 3.31
Methane IH [GW] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.65
QOil'IH [GW] 0.00 17.37 | 17.37 | 19.99 21.18 22.66 22.72 20.56
Biomass IH [GW] 60.90 | 41.43 | 38.08 | 38.24 41.19 45.42 48.83 41.15
Biogas IH [GW] 0.00 2.05 2.05 2.05 2.07 2.08 2.08 2.83
Battery RES [GW] 0.00 0.00 0.00 0.20 0.63 2.20 4.90 5.71
Battery RES [GW] 0.00 0.00 0.00 0.06 0.16 0.62 1.34 2.82
Battery IND [GW] 0.00 0.00 0.00 0.08 0.22 0.63 1.27 2.34
Battery SC [GW] 0.00 0.00 0.00 0.33 1.01 3.44 7.52 10.87
Battery System [GW] 0.00 | 0.02 0.02 5.03 5.76 11.33 17.76 28.96
Battery [GW] 0.00 0.02 0.02 5.36 6.77 14.78 25.28 39.84
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PHES [GW] 0.00 | 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
TES HT [GW] 0.00 | 030 | 1.19 | 11.63| 13.28 13.65 16.81 22.17
TES DH [GW] 0.00 | 0.42 | 0.64 | 12.14| 1220 12.62 13.71 14.27
A-CAES [GW] 0.00 | 0.01 | 0.01 | 1.68 1.95 5.58 7.95 7.95
Gas (CH4) storage [GW] 0.00 | 17.86 | 19.03 | 87.72 | 1079.63 | 1131.70 | 1716.75 | 2687.12
Table S18: Installed capacity: power, heat and transportation sectors in th BPS
Technology Unit 2015 | 2020 | 2025 | 2030 2035 2040 2045 2050
PV prosumers RES [GW] 000 | 0.03 | 0.22 1.03 3.62 10.44 23.66 25.23
PV prosumers COM [GW] 0.00 0.01 0.03 0.24 0.81 2.72 6.24 8.06
PV prosumers IND [GwW] 0.00 0.01 0.04 0.33 1.06 3.21 6.09 10.66
PV prosumers total [GW] 0.00 0.04 0.28 1.59 5.49 16.37 35.99 43.96
PV fixed-tilted [GW] 0.01 0.06 2.12 14.48 27.64 35.05 35.05 35.00
PV singleaxis [GW] 0.00 0.00 0.82 4.02 6.29 10.41 28.86 62.30
CSP ST [GW] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Wind onshore [GW] 0.00 | 0.00 | 0.00 0.00 0.00 0.14 0.14 0.14
Hydro run -of-river [GW] 062 | 076 | 1.02 1.14 1.74 3.33 3.33 3.33
Hydro reservoir [GW]
(dams) 1.48 | 2.77 | 4.45 5.68 6.90 6.94 8.66 13.54
Geothermal electricity | [GW] 0.00 | 0.18 | 0.19 0.26 0.51 0.53 0.54 0.55
CCGT [GW] 0.00 | 0.02 | 0.02 0.13 0.31 0.61 0.69 0.73
OCGT [GW] 0.00 | 0.73 | 0.73 0.81 0.89 1.40 1.40 1.40
ST others [GW] 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00
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Biomass PP [GW] 0.00 | 0.00 | 0.00 0.07 0.20 0.21 0.21 0.21
Biogas dig [GW] 0.00 | 252 | 2.87 3.22 3.22 3.22 3.22 3.22
Biogas Upgrade [GW] 0.00 | 0.18 | 0.19 0.40 0.43 0.30 0.29 0.48
Coal PP [GW] 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00
ICG [GW] 210 | 207 | 2.05 2.05 0.00 0.00 0.00 0.00
Methane CHP [GW] 0.00 | 0.00 | 0.00 0.07 0.09 0.10 0.10 0.10
Oil CHP [GW] 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00
Coal CHP [GW] 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00
Biomass CHP [GW] 0.00 | 0.00 | 0.00 0.04 0.04 0.05 0.04 0.04
Waste to energy CHP | [GW] 0.00 | 0.02 | 0.05 0.08 0.08 0.09 0.09 0.07
Biogas CHP [GW] 0.00 | 021 | 0.35 0.68 0.95 1.72 2.14 5.60
Electric heating DH [GW] 0.04 | 0.04 | 0.05 1.80 2.23 3.64 4.84 6.22
Heat pump DH [GW] 0.00 | 0.00 | 0.37 0.62 0.78 0.95 1.08 0.99
Methane DH [GW] 0.00 | 0.01 | 0.07 0.48 0.48 0.69 0.83 1.50
Oil DH [GW] 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00
Coal DH [GW] 1.27 | 1.03 | 0.80 0.64 0.48 0.32 0.16 0.00
Biomass DH [GW] 0.62 | 042 | 0.42 0.83 1.31 1.79 2.26 2.59
Electric heating IH [GW] 024 | 024 | 0.20 0.15 0.10 0.05 0.00 2.91
Heat pump IH [Gw] 0.00 0.00 0.00 0.15 0.25 0.44 0.44 3.23
Methane IH [GW] 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 2.39
Oil IH [GW] 0.00 | 17.37 | 17.37 | 19.99 | 21.18 | 22.66 22.66 20.44
Biomass IH [GW] 60.90 | 41.43 | 38.08 | 38.24 41.19 45.42 41.16 33.58
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Biogas IH [GW] 0.00 2.05 2.05 2.05 2.07 2.08 2.08 2.94
Battery RES [GW] 0.00 0.00 0.00 0.20 0.63 2.20 4.93 5.81
Battery RES [GW] 0.00 0.00 0.00 0.06 0.16 0.62 1.34 2.42
Battery IND [GW] 0.00 0.00 0.00 0.08 0.22 0.63 1.28 2.34
Battery SC [GW] 0.00 0.00 0.00 0.33 1.01 3.44 7.54 10.57
Battery System [GW] 0.00 | 0.01 | 0.02 3.41 6.33 11.09 15.15 25.76
Battery [GW] 0.00 | 0.01 | 0.02 3.74 7.34 14.53 22.69 36.33
PHES [GW] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TES HT [GW] 0.00 0.06 1.78 7.56 8.72 11.44 17.62 2291
TES DH [GW] 0.00 0.69 0.89 7.91 8.01 10.26 10.41 11.50
A-CAES [GW] 0.00 0.00 0.01 2.56 8.16 9.17 13.24 14.02
Gas (CH4) storage [GwW] 0.00 11.17 | 33.33 | 11593 | 177.84 | 541.06 | 2442.98 | 4365.24
Table S19: Electricity generation: power, heat and transportation sectors irthe BPS-1.

Technology Unit 2015 2020 2025 2030 2035 2040 2045 2050
PV  prosumers

RES [GWh] 0.01 43.12 363.01 1731.40 | 6102.38 | 17518.72| 39434.28| 45426.82
PV  prosumers

CoM [GWh] 0.00 11.94 45.39 401.09 1380.93 | 4588.57 | 10504.07| 13469.68
PV  prosumers

IND [GWh] 0.00 16.80 72.16 555.68 | 1799.37 | 5452.35 | 10306.99| 18096.24
PV  prosumers

total [GWh] 0.01 71.86 480.56 2688.18 | 9282.68 | 27559.64| 60245.34| 76992.74
PV fixed-tilted [GWh] 11.67 111.61 3591.89 | 29284.01| 29278.58| 45463.71| 45458.96| 45359.02
PV single-axis [GWh] 0.02 62.22 1312.60 | 6866.25 | 11218.49| 26887.53| 66336.25| 132937.19
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CSP ST [GWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Wind onshore [GWh] 0.00 0.16 0.16 341.19 341.19 341.25 341.43 341.43
Wind offshore [GWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hydro run -of-
. [GWh] | 3280.66 | 6293.18 | 8459.12 | 8692.41 | 13502.06| 24600.88| 27864.58| 27864.57
river
Hydro reservoir
d ) [GWh] | 7482.41| 12180.93| 21545.18| 30382.48| 48426.62| 56622.66| 56966.60| 89499.86
ams
Geothermal
o [GWh] 0.06 3612.03 | 3613.05 | 3870.46 | 3834.84 | 3874.65 | 3845.30 | 3918.98
electricity
CCGT [GWh] 0.00 418.60 172.75 1164.77 | 568.89 643.11 622.24 625.66
OCGT [GWh] 0.00 228.11 229.00 484.12 392.49 52.69 51.14 204.32
ST others [GWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Biomass PP [GWh] 0.04 6.79 0.00 313.54 161.05 276.40 192.75 130.51
Biogas Upgrade | [GWh] | 0.00 | 1460.96 | 1332.69 | 2432.63 | 2677.63 | 1768.81 | 181351 | 2796.16
Coal pp hard
[GWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
coal
ICG [GWh] | 2666.40| 1087.90 | 1076.91 | 1112.17 0.00 0.00 0.00 0.00
Methane CHP [GWh] 0.06 60.84 50.23 485.86 352.42 563.96 979.77 938.90
Oil CHP [GWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Coal CHP [GWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Biomass CHP [GWh] 0.06 562.34 553.45 814.84 602.19 708.34 107.39 43.53
Table S20: Electricity generation: power, heat and transportation sectors in th BPS
Technology | i | 2015 | 2020 | 2025 | 2030 | 2035 | 2040 | 2045 | 2050
PV prosumers
RES [GWh] 0.01 43.12 363.01 | 1731.40 | 6102.38 | 17518.72| 39602.94| 42263.90
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PV prosumers

[GWh] 0.00 11.94 45.39 401.09 1380.93 | 4588.57 | 10498.41| 13573.06
COM
PV prosumers
IND [GWh] 0.00 16.80 72.16 555.68 1799.37 | 5452.35 | 10342.56| 18096.24
PV prosumers

| [GWh] 0.01 71.86 480.56 | 2688.18 | 9282.68 | 27559.64| 60443.91| 73933.20
tota
PV fixed-tilted | [GWh] 11.67 99.76 3511.67 | 23999.13| 45799.62| 58086.71| 58080.47| 57992.38
PV singleaxis | [GWh] 0.02 2.11 1527.45 | 7501.17 | 11735.60| 20126.10| 58753.17| 128755.29
CSP ST [GWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Wind onshore | [GWh] 0.00 0.28 0.28 2.80 3.08 216.16 215.87 215.87
Hydro run -of-
) [GWh] | 3280.66| 4918.03 | 7025.78 | 7827.91 | 12841.10| 26015.15| 26015.15| 26015.15
river
Hydro
reservoir [GWh] | 7482.41| 16535.40| 26066.24| 32542.43| 39132.43| 39443.80| 50549.14| 82058.01
(dams)
Geothermal
o [GWh] 0.06 1498.71 | 1617.34 | 1816.61 | 3886.18 | 3872.42 | 3843.22 | 3907.29

electricity
CCGT [GWh] 0.00 125.55 47.02 320.46 647.32 742.73 1159.32 | 1263.09
OCGT [GWh] 0.00 383.66 384.95 489.45 487.47 137.59 384.64 789.05
ST others [GWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Biomass PP [GWh] 0.04 5.28 10.91 296.04 749.06 410.99 71.25 211.48
Biogas

[GWh] 0.00 1199.02 | 1232.31 | 2286.43 | 2598.41 | 1842.84 | 1571.35| 3195.16
Upgrade
Coal pp hard

[GWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
coal
ICG [GWh] | 2666.40| 1088.39 | 1079.04 | 1182.97 0.00 0.00 0.00 0.00
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Methane CHP | [GWh] 0.06 6.70 10.20 288.32 123.54 308.29 144.41 146.80

Oil CHP [GWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Coal CHP [GWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Biomass CHP | [GWh] 0.06 10.73 15.53 202.83 163.26 154.73 4.45 12.17
Table S21: Electricity storage output for the BFIS

Unit 2015 2020 2025 2030 2035 2040 2045 2050

Battery [TWh] 0.00 0.02 0.00 9.86 10.43 31.60 53.11 107.88

PHES [TWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

A-CAES [TWh] 0.00 0.00 0.00 1.85 2.33 9.40 12.33 12.47

TES [TWh] 0.00 0.29 0.47 15.35 1.12 27.82 271 3.54
Table 22: Electricity storage output for the BES

Unit 2015 2020 2025 2030 2035 2040 2045 2050

Battery [TWh] 0.00 0.01 0.03 6.28 14.68 28.65 45.39 100.40

PHES [TWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

A-CAES [TWh] 0.00 0.00 0.01 2.65 12.70 14.00 23.24 24.10

TES [TWh] 0.00 0.07 0.70 7.25 12.46 9.89 3.038 4.89
Table 23: Heat generatioimeat sector in the BPHR

Technology |yt | 2015 | 2020 | 2025 | 2030 | 2035 | 2040 | 2045 | 2050

Methane

CHP [GWh] 0.02 40.52 36.05 214.03 167.79 273.65 501.13 446.22

Oil CHP [GWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Coal CHP [GWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Biomass CHP | [GWh] 0.07 1222.25 | 1221.34 | 1531.73 | 1279.57 | 1401.60 | 136.13 51.29
Waste-to-

[GWh] 0.00 393.55 845.80 | 1390.80 | 1327.74 | 1387.70 | 1332.21 | 1273.35
energy CHP
Biogas CHP [GWh] 0.00 1372.57 | 2313.84 | 3283.80 | 2929.03 | 3141.04 | 2946.96 | 3712.31
Electric

. [GWh] 51.67 5.08 0.00 247754 | 1574.05| 7193.31 | 5374.11 | 8201.64

heating DH
Heat pump
DH [GWh] 0.03 5.43 986.37 | 2150.45 | 2722.68 | 2369.47 | 3112.02 | 3010.55
GAS DH [GWh] 0.04 49.50 363.12 1125.68 | 187.25 | 1071.80 | 216.62 595.99
Oil DH [GWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Coal DH [GwWh] | 8582.27 | 5851.79 | 430.58 157.42 86.46 58.04 38.97 0.00
Biomass DH [GWh] | 4197.42 | 3600.19 | 9851.19 | 11563.72| 13722.47| 16252.78| 18576.45| 21626.81
Electric

[GWh] 856.06 1.43 1.15 0.87 0.46 0.10 0.00 2486.63
heater IH
Heat pump
H [GWh] 0.00 0.01 0.01 200.68 286.16 268.30 326.60 | 6230.58
GAS IH [GWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.01 2.20
QOil'IH [GWh] 0.00 810.97 910.68 | 1285.16 | 1327.45| 1342.92 | 1201.07 0.98
Biomass IH [GWh] | 44184.19| 31137.72| 29251.44| 30571.97| 33146.90| 36920.09| 39695.94| 53415.18
Biogas IH [GWh] 0.00 14115.41| 14506.70| 15084.87| 15734.57| 16317.42| 16738.88| 9183.16

Table S24: Heat generation: heat sector in the BRS

Technology | Unit 2015 2020 2025 2030 2035 2040 2045 2050
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Methane

[GWh] 0.02 2.42 3.76 115.57 49.23 124.17 56.51 57.68
CHP
Oil CHP [GWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Coal CHP [GWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Biomass

[GWh] 0.07 12.51 19.28 242.04 219.88 182.13 5.80 14.45
CHP
Waste-to-

[GWh] 0.00 395.39 851.95 1292.70 | 1441.28 1320.28 1352.58 1297.86
energy CHP
Biogas CHP | [GWh] 0.00 1318.37 | 2218.91 | 3119.89 | 3257.08 3085.09 1675.03 4178.20
Electric

) [GWh] 51.67 5.69 14.83 1724.85 | 2998.60 5494.22 7660.01 | 12936.42

heating DH
Heat pump
DH [GWh] 0.03 4.49 2755.16 | 4070.80 | 4592.30 6414.81 6433.97 5603.51
GAS DH [GWh] 0.04 10.83 183.24 447.34 354.52 390.99 292.62 891.12
Oil DH [GWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Coal DH [GWh] 8582.27 | 8579.50 | 6609.60 | 5216.29 | 3907.07 1668.27 543.44 0.00
Biomass DH | [GWh] 4197.42 | 2151.35| 3478.02 | 6491.42 | 10259.55| 14069.50| 16170.86 | 18194.90
Electric

[GWh] 856.06 1.43 1.15 0.87 0.46 0.10 0.00 3027.54
heater IH
Heat pump
H [GWh] 0.00 0.01 0.01 200.68 286.16 268.30 298.54 6584.18
GAS IH [GWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.65
Oil IH [GWh] 0.00 810.97 910.68 1285.16 | 1327.45 1342.92 0.00 1.01
Biomass IH [GWh] 1853.50 | 1588.50 | 1704.91 | 2208.68 | 2694.48 3138.15 3047.25 5206.56
Biogas IH [GWh] 1970.91 | 1677.64 | 1780.15| 2290.52 | 2800.50 3254.69 3152.15 5430.94
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Table S25: Heat storage output in the BRS

Technology | it | 2015 | 2020 |[2025 |2030 |2035 |2040 |2045 | 2050
TES [Twh] |0.00 |o0.29 0.47 1535 | 1.12 2782 | 271 3.54
DH [TWh] 0.00 0.62 0.49 35.14 19.97 50.26 28.20 21.63
Gas (CH4) [TWh] 0.00 1.47 1.34 5.52 2.81 3.66 3.27 3.95
storage

Table 26: Heat storage output in the BRS
Technology | ;¢ 2015 | 2020 | 2025 | 2030 | 2035 | 2040 | 2045 | 2050
TES [fwh] | 000 | 0.8 0.77 806 | 1385 | 1099 | 337 5.45
DH [fwh] | 000 | 046 066 | 3027 | 3441 | 3447 | 1097 | 17.63

Gas (CH4) [TWh]

0.00 1.20 1.26 2.88 2.98 2.65 3.44 5.22

storage
Table 27: Sustainable fuel production: transport sector in the-BPS

Technology Unit 2015 | 2020 | 2025 | 2030 2035 2040 2045 2050
Electrolyser [GWh] 0.02 35.13 | 89.81 | 6495.28 | 4014.48 | 12853.06 | 21318.71 | 27178.77
Methanation [GWh] 0.01 4.17 10.48 | 3090.05| 130.99 1893.45 1458.69 1153.03
FT [GWh] 0.00 11.47 0.60 1445.99 | 1947.26 | 5239.27 9895.71 | 12152.85
FT kerosene [GWh] 0.00 3.97 0.21 391.47 613.12 2447.67 4822.25 5605.33
FT diesel [GWh] 0.00 5.21 0.27 765.32 944.68 1743.74 3094.32 4116.95
FT naphtha [GWh] 0.00 2.29 0.12 289.20 389.45 1047.85 1979.14 2430.57
LNG [GWh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LH2 [GWh] 0.00 0.00 0.00 0.00 62.47 380.05 1243.25 3024.76




Table S28: Sustainable fuel production: transport sector in the-BPS
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Technology Unit 2015 | 2020 2025 2030 2035 2040 2045 2050
Electrolyser [GWh] 0.02 19.83 | 113.76 | 1380.02 | 2053.93 | 3960.61 | 7131.70 | 9861.91
Methanation [GWh] 0.01 3.30 23.32 592.53 381.89 809.44 | 1866.01 | 2022.05
FT [GWh] 0.00 2.50 5.22 259.34 497.69 494.00 565.77 458.43
FT kerosene [GWh] 0.00 0.89 1.82 91.80 180.73 177.69 278.24 212.70
FT diesel [GWh] 0.00 111 2.35 115.67 217.42 217.51 174.37 154.04
FT naphtha [GWh] 0.00 0.50 1.04 51.87 99.54 98.80 113.15 91.69
LNG [Gwh] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LH2 [GWh] 0.00 0.00 0.00 0.00 62.47 380.05 | 1243.25 | 3024.76

Table S29: Final transport energy demand by mode, segment and vehicle type in #tie BPS

Technology Unit 2015 | 2020 | 2025 | 2030 | 2035 | 2040 | 2045 | 2050
Road LDV

[TWh,th] 2.80 3.21 3.22 2.49 1.29 0.93 0.78 0.58
ICE fuel
Road LDV

[TWh,el] 0.00 0.02 0.08 0.38 0.86 1.28 1.76 2.49
BEV elec
Road LDV

[TWh,th] 0.00 0.00 0.00 0.02 0.04 0.15 0.38 0.53
FCEV H2
Road LDV

[TWh,th] 0.00 0.01 0.03 0.03 0.04 0.05 0.07 0.09
PHEV fuel
Road LDV

[Twhel] | 0.00 0.01 0.05 0.06 0.07 0.10 0.13 0.18
PHEV elec
Road 2,3W

[TWhith] | 0.93 0.78 0.85 0.72 0.59 0.50 0.47 0.34
ICE fuel
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Road 2,3W

[TWh,el] 0.04 0.15 0.20 0.38 0.62 0.98 1.49 2.25
BEV elec
Road 2,3W

[TWh,th] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FCEV H2
Road 2,3W

[TWh,th] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PHEV fuel
Road 2,3W

[TWh,el] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PHEV elec
Road Bus

[TWh,th] 4.16 3.55 2.38 0.96 0.41 0.42 0.44 0.43
ICE fue
Road Bus

[TWh,el] 0.00 0.40 1.09 1.97 2.66 3.26 4.21 5.40
BEV elec
Road Bus

[TWh,th] 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01
FCEV H2
Road Bus

[TWh,th] 0.00 0.01 0.02 0.04 0.07 0.11 0.17 0.26
PHEV fuel
Road Bus

[TWh,el] 0.00 0.01 0.01 0.02 0.03 0.05 0.07 0.10
PHEV elec
Road MDV

[TWh,th] 6.81 7.15 7.34 5.41 2.37 0.99 1.05 1.03
ICE fue
Road MDV

[TWh,el] 0.00 0.29 0.61 1.80 3.46 4.85 6.47 8.54
BEV elec
Road MDV

[TWh,th] 0.00 0.00 0.05 0.13 0.42 1.11 1.51 2.04
FCEV H2
Road MDV

[TWh,th] 0.00 0.03 0.07 0.12 0.20 0.34 0.55 0.85
PHEV fuel
Road MDV

[TWh,el] 0.00 0.00 0.01 0.02 0.03 0.05 0.08 0.12

PHEV elec
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Road HDV

[TWh,th] 1.08 1.23 1.27 1.34 1.00 0.34 0.15 0.15
ICE fuel
Road HDV

[TWh,el] 0.00 0.01 0.05 0.12 0.30 0.64 0.87 1.15
BEV elec
Road HDV

[TWh,th] 0.00 0.00 0.02 0.05 0.24 0.48 0.65 0.86
FCEV H2
Road HDV

[twh.el] 0.00 0.01 0.01 0.02 0.04 0.11 0.28 0.39
PHEV fuel
Road HDV

[TWh,el] 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.03
PHEV elec
Rail pass fuel | [twh,th] 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Rail pass

[TWh,el] 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
elec.
Rail freight

[TWh,th] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
fuel
Rail freight

[TWh,el] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
elec.
Marine pass

[TWh,th] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
fuel
Marine pass

[TWh,el] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
elec.
Marine pass

[TWh,th] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LH2
Marine pass

[TWh,th] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LNG
Marine

[TWh,th] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

freight fuel
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Marine
) [TWh,el] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
freight elec.
Marine
. [TWh,th] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
freight LH2
Marine
. [TWh,th] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
freight LNG
Aviation pass
[TWh,th] 1.28 1.59 2.09 2.92 3.80 5.17 6.00 5.39
fuel
Aviation pass
[TWh,el] 0.00 0.00 0.00 0.00 0.02 0.10 0.32 0.77
elec.
Aviation pass
[TWh,th] 0.00 0.00 0.00 0.00 0.06 0.37 1.21 2.94
LH2
Aviation
) [TWh,th] 0.02 0.03 0.04 0.06 0.09 0.13 0.18 0.22
freight fuel
Aviation
. [TWh, el] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
freight elec.
Aviation
. [TWh,th] 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.09
freight LH2

Table S30: Final transport energy demand by mode, segment and vehicle type in tfie BPS

Technology Unit 2015 | 2020 | 2025 | 2030 | 2035 | 2040 | 2045 | 2050
Road LDV

[TWh,th] 2.80 3.21 3.22 2.49 1.29 0.93 0.78 0.58
ICE fuel
Road LDV

[TWh,el] 0.00 0.02 0.08 0.38 0.86 1.28 1.76 2.49
BEV elec
Road LDV

[TWh,th] 0.00 0.00 0.00 0.02 0.04 0.15 0.38 0.53
FCEV H2
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Road LDV

[TWh,th] 0.00 0.01 0.03 0.03 0.04 0.05 0.07 0.09
PHEV fuel
Road LDV

[TWh,el] 0.00 0.01 0.05 0.06 0.07 0.10 0.13 0.18
PHEV elec
Road 2,3W

[TWh,th] 0.93 0.78 0.85 0.72 0.59 0.50 0.47 0.34
ICE fuel
Road 2,3W

[TWh,el] 0.04 0.15 0.20 0.38 0.62 0.98 1.49 2.25
BEV elec
Road 2,3W

[TWh,th] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FCEV H2
Road 2,3W

[TWh,th] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PHEV fuel
Road 2,3W

[TWh,el] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PHEV elec
Road Bus

[TWh,th] 4.16 3.55 2.38 0.96 0.41 0.42 0.44 0.43
ICE fuel
Road Bus

[TWh,el] 0.00 0.40 1.09 1.97 2.66 3.26 4.21 5.40
BEV elec
Road Bus

[TWh,th] 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01
FCEV H2
Road Bus

[TWh,th] 0.00 0.01 0.02 0.04 0.07 0.11 0.17 0.26
PHEV fuel
Road Bus

[TWh,el] 0.00 0.01 0.01 0.02 0.03 0.05 0.07 0.10
PHEV elec
Road MDV

[TWh,th] 6.81 7.15 7.34 5.41 2.37 0.99 1.05 1.03
ICE fuel
Road MDV

[TWh,el] 0.00 0.29 0.61 1.80 3.46 4.85 6.47 8.54

BEV elec
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Road MDV

[TWh,th] 0.00 0.00 0.05 0.13 0.42 1.11 1.51 2.04
FCEV H2
Road MDV

[TWh,th] 0.00 0.03 0.07 0.12 0.20 0.34 0.55 0.85
PHEV fuel
Road MDV

[TWh,el] 0.00 0.00 0.01 0.02 0.03 0.05 0.08 0.12
PHEV elec
Road HDV

[TWh,th] 1.08 1.23 1.27 1.34 1.00 0.34 0.15 0.15
ICE fuel
Road HDV

[TWh,el] 0.00 0.01 0.05 0.12 0.30 0.64 0.87 1.15
BEV elec
Road HDV

[TWh,th] 0.00 0.00 0.02 0.05 0.24 0.48 0.65 0.86
FCEV H2
Road HDV

[tWh,el] 0.00 0.01 0.01 0.02 0.04 0.11 0.28 0.39
PHEV fuel
Road HDV

[TWh,el] 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.03
PHEV elec
Rail pass fuel | [twh,th] 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Rail pass

[TWh,el] 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
elec.
Rail freight

[TWh,th] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
fuel
Rail freight

[TWh,el] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
elec.
Marine pass

[TWh,th] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LH2
Marine pass
LNG [TWh,th] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Marine
) [TWh,th] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
freight fuel
Marine
. [TWh,el] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
freight elec.
Marine
. [TWh,th] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
freight LH2
Marine
. [TWh,th] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
freight LNG
Aviation pass
[TWh,th] 1.28 1.59 2.09 2.92 3.80 5.17 6.00 5.39
fuel
Aviation pass
[TWh,el] 0.00 0.00 0.00 0.00 0.02 0.10 0.32 0.77
elec.
Aviation pass
[TWh,th] 0.00 0.00 0.00 0.00 0.06 0.37 1.21 2.94
LH2
Aviation
. [TWh,th] 0.02 0.03 0.04 0.06 0.09 0.13 0.18 0.22
freight fuel
Aviation
. [TWh, el] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
freight elec.
Aviation
) [TWh,th] 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.09
freight LH2
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Figure $48: Transport sector: Installed capacity for gas storage in thelBittl BPS2.
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Figure S50: Electricity demand for sustainable transport in the BRfid BPS2 during the transition period.
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Figure S52: Transport sectotnstalled capacity for C&direct air capture and GQtorage in the BR$ and BP2.

Table S31: Electricity costs in all sectors in the BRS

Unit 2015 | 2020 2025 2030 2035 2040 2045 2050
LCOE - Generation [ G/ MW 79.45 49.42 43.20 38.66 33.79 30.36 27.00 24.64
LCOC - Curtailment [a/ MW 324 0.00 0.00 0.59 0.21 1.15 1.06 0.86
LCOS - Storage [ G/ MW 0.00 0.41 0.28 14.38 9.11 12.00 13.06 11.68
LCOT - Transmission | [ 4/ MW 4.99 2.39 1.56 0.99 0.76 0.50 0.62 0.78
LCOE total [ G/ MW 87.68 52.22 45.05 54.62 43.87 44.01 41.75 37.97
GHG emissionscost | [ 4/ MW 1.67 1.08 1.19 0.74 0.00 0.00 0.00 0.00
Fuel cost [/ MW 3972 6.58 4.07 3.76 0.00 0.29 0.08 0.00




Table S32: Electricity costs irall sectors in the BR3.
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Unit 2015 2020 2025 2030 2035 2040 2045 2050
LCOE - Generation [ G/ MW 7945 45.78 40.40 34.76 31.44 29.59 26.55 24.06
LCOC - Curtailment [a/ MW 324 0.00 0.01 0.32 0.86 1.04 1.52 1.50
LCOS - Storage [ G/ MW 0.00 0.30 0.27 7.85 11.18 12.42 13.90 12.39
LCOT - Transmission | [ 4/ MW 4.99 2.47 1.62 1.04 0.81 0.57 0.56 0.95
LCOE total [ G/ MW 87.68 48.55 42.29 43.97 44.29 43.62 4253 38.91
GHG emissionscost | [ 4/ MW 1.67 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fuel cost [ 4/ MW 39.72 5.74 3.57 1.80 0.29 -0.30 -0.22 -0.11
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Figure S53: Levelised cost of electricity by main categories in the BR#id BP&.
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Figure Sb4: Levelised cost oélectricity by technology type in the BASand BP2.
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Figure S55: Power sectoecapex in Syear intervals in the BRE and BP2.

BPS1L

25

0.5

0 J_l__-_ﬁ—l
2020 2030 2040 2050
Years

I Waste-to-energy CHP

. M Battery

I ST others

I ccoT

[ ocaT

[ Methane CHP
. icE

[ Biomass solid
[ Biomass CHP

Biogas CHP
N Geothermal electricity
B csP ST
PV fixed tilted
PV single-axis
PV prosumers
[ Wind anshore
[ Wind offshore
[ Hydro run-of-river
[ Hydro reservair (dam)
I Coal PP hard coal
I Coal CHP
[ Nuclear PP

N Battery prosumers
I PHES

A-CAES

Grids HV

Annual Opex fixed
in 5-year intervals [b€]
o

Figure S56: Power sector: annuapex fixed
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Figure S58: Heat sector: Levelised cost of heat in the BP&hd BP£.
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Figure S59: Heat sector: Levelised cost of heat by cost distribution in the B8 BPS2.
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Figure S60: Heat sector: Capex for new installed generation capacities for hegear Intervals in the BR$ and

BPS2.



