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Under the Paris Climate Agreement, sustainabéegy supply will largely be achieved through
renewable energieEach country will have its own unique optimal pathway to transition to a
fully sustainable system. &Hirst chapter of this thesgemonstrates two such pathways for
Bolivia that are both technically feasible and eo@tnpetitive to a scenario without jper
renewable energy targets, and significantly more-effgtient than the current system. This
transition for Bolivia would be riven by solar PV based electricity and high electrification
across all energy sectors. Simulations performed using the Lig¢fgi System Transition

model comprising 108 technology components show that electricity demand in Bolivia would
rise from the premnt 12 TWh to 230 TWh in 2050, and electricity would comprise 82% of
primary energy demand. The remaining 18% would thenolered by renewable heat and
sustainable biomass resources. Solar PV sees massive increases in capacity from 0.13 GW in
2020 to a raximum of 113 GW in 2050, corresponding to 93% of electricity generation in
2050. In a high transmission scenario, levelisedt of energy reduces 27% during the
transition. All scenarios studied see significant reductions in greenhouse gas emissions, wit
two scenarios demonstrating a Bolivian energy system with no greenhouse gas emissions in
2050. Further, such scenarios méla sustainable and impdree supply of energy for Bolivia

that will provide additional social benefits for the people of Baliv

As the discourse surrounding 100% renewable energy systems has evolved, several energy
system modelling tools have beedeveloped to demonstrate the technical feasibility and
economic viability of fully sustainablesector coupled energy systems. Whithe
characteristics of these tools vary among each other, their purpose remains consistent in
integrating renewable energgchnologies into future energy systemse Becond chapter of

this thesisexamines two such energy system models, the LUT En8ygyem Transition

model, an optimisation model, and the EnergyPLAN simulation tool, a simulation model, and



develops cosbptimal scenarios under identical assumptions. Thigpterfurther analyses
different novel modelling approaches used by modellazan&ios are developed using the
LUT model forSun Belt countries, fahe case of Boliviato examine the effects of multhd
singlenode structuring, and the effects of overnight and energy transition scenarios are
analysed. Results for all scenariosligate a solar PV dominated energy system; however,
limitations arise in the sector coupling capabilities in EnergyPLAN, ingadt to have
noticeably higher annualised costs compared to the simgle scenario from the LUT model
despite similar primaryelelised costs of electricity. Mulnodal results reveal that for
countries with rich solar resources, high transmissian fiegions of best solar resources adds
little value compared to fully decentralised systems. Finally, compared to the overnight
scenarios, transition scenarios demonstrate the impact of considering legacy energy systems in
sustainable energy system anatyse
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Chapter 1: Pathway to a fully sustainable energy system for Bolivia across

power, heat, and transport sector by 2050

1. INTRODUCTION

With plans to behe energetic heart of South America, Bolivia has ambitious plans to become

a primary net expoer of energy to the regiqf]. Similarly, the government has set out thirteen
pillars in a (pilVainvitro BiilLe2jvamonygwehlch pidude ebrhinpating

extreme poverty, universalization of basicveees, and environmental sovereignty when it
comes to the countryds devel opment with resp
a signabry of the Paris Climate AgreemdBt to reduce the effects of climate change and limit
temperature growth to 1.5 °C as well as considering tH&rpof development, their energetic

development must be done with an energy system aimed towards netzesmns by 2050.

Boliviabds total primary energy supply (TPES)
coming from fossil sourceRl]. Increased petrol consumption has increased the amount of
energy imports from 10.3% total final energy demand in 2000 to 15.6% in 2015. Conversely,
increased natural gas production has resulted in a significant increase in thetgusrc

exported of produced natural gas from 37% in 2000 to 67% in 2015. In terms of total exports

of the @untry, hydrocarbons, primarily composing of natural gas, made up 45.6% of the total

value of 8.7 mUSD with most natural gas exports going to BaazilArgenting5].

Similar to t he gstem,rihie poywdr sectar reliemheaviy onenatyaf@jas

The electricity network in Bolivia is broken into two classifications: the National
Interconnected System (SIN) and the Isolated 8ys{&As). Natural gas is primarily used for
thermoelectric generation it near ly 95% of this generati on
electricity consumption, the Bolivian government heavily subsidizes electricity generation
from natural gas, leading tcegeration costs that correspond to less than a quarter of the
internatioral market value of natural g48]. This subsidy is inteded to enhance rural and

urban residential electricity consumption ahdlaows a Adignity rateo of

for residential consumers who use up to 70 kWh/mp#ith

Despite their smallelative emissions compared to world emissions, Bolivia is one of the most

vulnerable countries to the impacts of climate chaf8je This highlights the need for



intelligent energy policy and emission reduction targets for Bolivia to protect its most
vulnerable communities and rich biodiversity. This is also specifically concerning when
considering that deforestah and land use haveagsed a loss of 430,000 hectares of forest
annually between 206RB010[9]. This deforestation has caused £&missions of about one
hundred million tons per year, over0 o f B o | ziemisi@n§ld. ByCs@ctor, land use

and change of land use result in 77% of emissions, followed by the energy sector at 21%, and

industrial processes with 1.8[8].

The Bolivian government has established the following policy guidelines for the energy sector:
energy sovereignty, energy security, energy universalization, energy efficiency,
industrialization, energy integration, argtrengthening of the energy sectd0]. The
characteristics of such an energy development have been defined as including increased
production and consumption of natural gas, reduction of consumption of LPG and other
petroleum derivatives, reduced importation of diesel oil, reduced use of biontasased use

of renewable energy (RE) for electricity generation, increased use of electricity, and
exportation of energjdl]. However, most of Boliviads ener (
on datarom 2007 and are projected up until 2027. There have been more recent development

plans for the electricity sector, though these plans are aimed towards 2025.

The 2014 Electric Plan from the Ministry of Hydrocarbons and Energy (MHE) set a target to
install 183 MW of renewable power by 20p®2]. Mor e recently, Bolivia
company (ENDE) projected that by 2025, 74% of the installed capacity will be from
hydropower, 4% from nehydro renewables energy, 12#6m combined cycle plants, and

10% from thermal power planf$3]. These projections, though, only take into consideration

the SIN. While the MHE plans to integrate the SIN and SA by 2025, plans for electrification

for rural communities that cannot be incorporated the SIN are also need§t2]. Bolivia

also plans on using large hydropower plants in their plans to become an electricity exporter to
neighbouring countrield 2]. With this added capacitigolivia could account for up to 21% of

electricity exports in South Ameri¢a4].

While the Constitution of Bolivia implies changes in rules and regulations regarding the use of
natural resources for thegeration of electricity, specific regulations do not exist, which pose

a challenge to the development of RE, particularly irgofd electrical systemd0]. MHE has
identified that there are insufficient research incentives, technological development, and



distribution of knowledge and informati@milarly as problems inhibiting the growth of RE
[10].

Energy prices and tariffs within the SIN are not currently in line with the intention of promoting
RE, and the cost of subsidies, p[d5. Bimiaryl ar |l y
subsidies of the price of natural gas have resulted in a price of 1.3 USD/thoustord m
electricity generatiorpl0]. As a result, electricity prices in Bolivia remain low quamed to

other South American countrigd6]. Bolivia currently has no greenhouse gas (GHG)
emissions pricing instruments nor strict emissions reduction targets, althougtibthéted

Intended Nationally Determined Contribution (INDC) reports prtei¢cGHG emissions
reduction in the Bolivian power sector from 0.41 tcfMWh in 2015 to 0.04 tC&@4{MWh

by 2030[16, 17]. For further reduction, a GHG emission tax of 30 USDA@@s found to
produce the lowestabt ed emi ssi ons reducti on [I6loThesdol i v i
subsidies, those for oil, and lack of GHG emission taxing with respect to an emission reduction

targetnegatively affect the economic competitiveness of RE.

As a signatory oftte Paris Agreement, development of the Bolivian energy system must be
done with high levels of sustainability. To the knowledge of the authors, there are no scientific
articles that outline a pathway for a 100% RE supply in all energy sectors for Befiséous
analysis focuses primarily on the power sector only and avoid very high share$ld, Rg

19], or comprise a larger area for a target energy system, neither highlighting Bolivia much nor
describing an energy transition pathwa@, 21]. The focus of this study is therefore to model

a fully sustainable transition for Bolivia across all energy sectors and assess the viability of
such a transition in terms of economics, technical feasibility, and social and environmental
effects. Results of th study could prove useful for countries in the region as well as other high

solar resource countries in other parts of the world.

2. METHODS

This research utilised the LUT Energy System Transition nj@@eR4]to study the Bolivian
energy transitionFigure 1shows the process flow of the LUT model. This model was
originally developed for the power sector only, with couplingafer and heat sectd2,24],

but has since been updated to coupke power, heat, transpd3], and desalinatiofi25]

sectors, and finally industry sec{@6]. All sectors are fully coupled, as showrFigure 2 as



described with the target function and the energy bal@n€quations 1 and 22]. Equation
1 uses the abbreviations: stdgions (, reg), generation,storage and ransmission
technologiest( tecl), capital expenditures for technologfCAPEX), capital recovery factor
for technologyt (crft), fixed operational expenditures for technoldgdO P E X), variable
operational expenditures technology(O FE X v,)a installed capacity in the region of

technologyt (i n sp, )C,aa1nual generation by technolagyg regionr (Eg ), cost of ramping

of technologyt (r a mpt ansl sum of power ramping values during the year for the

technologyt in theregionr (t o t B & m

mi B(°BLGCAPEA fier OPEXAN ii p s+ QP ERv a
Egm + " am@ACaeopt Ram (1)

Equation 2 uses the following variables to match balance with demaipdirtose the power

sector for each yeahours ), technology 1), all modelled power generation technologies
(tech, subregion ¢), all subregions (eg), electricity generationHgen), electricity import

(Eimp), storage technologiest6r), electricity from discharging storagéEor giscr), €lectricity
demandEdemang, €lectricity exportedHeyy), electricity for charging storag&gor,c, electricity
consumed by other sectoisgat, Transport, Desalination, Industrial fuels producti&sjdp),

curtailed excess energ¥durt). The energy loss in the high voltage transmission grids and
energy storage technologies are considered in storage discharge and grid import value

calculatons

1h}' 1, 8 7B@ t)Eg;]e H'B{ ¢ i mﬁ",BrtStEsrt osrc,?b‘—:rdema"'nlc?!: elgexp"', r
BtStEsrtor'",EchF*'Eother (2)

The model works with linear optimisation under given constraints, in full hourly resolution for
an entire year, andpplies cosbptimal simulations. Webher year data for the year 2005 is
used to determine resource availability as described in Bogdano22]alJsing historical
installed capacities in a given energy system and other defined constraints, the model
determines the least cost energy system in full hourly resolution for all hours af &igra

2020 to 2050, in fiverear inervals.
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Data collection for the model began with statistfor the Bolivian energy system in 2015,
excluding norenergetic uses, and the energy flow of the current system is shéugune 3

[4]. Data reported gl was pr ovi ded a c cremadninistativea regios,0or 1 vi a
departments. Given how data is reported by Bolivian authorities, Bolivia was divided into eight
regions, onsidering the capitals of each region as a centre of consumption, and is shown in
Figure4 Bol i vi a6 s staatuoed asvoilog/s: Band® and El 8eni (PDBE), La Paz
(LP), Santa Cruz (SC), Cochabamba (CB), Oruro (OR), Potosi (PT), Chuquisaca(@H)
Tarija (TJ). Interregional grid data was gathered ff@# to model the electricity trade for
Bolivia. Using this data, and data frdml], alongterm energy demand was developed for
power, heat, and transport sectors as main sectors, and seawater desa$irmtionor sector

(see Figure b Because energy demand projections beyond 2030 are not available for Bolivia,
final energy demand wasteapolated from the trends between 2015 and 2030. Continuous
energetic growth was assumed to occur as population argyeaccess increase. With
technological changes, the final energy demand had an average annual growth rate of 5.4%,
where heat demandas assumed to grow the largest of any sector, with 9.7% annual growth,

largely due to growth in industrial heat demand.

Solar PV prosumers: 0,1 TWh
Solar PV fixed tilted: 0,1 TWh
Solar PV single-axis: 0,0 TWh
Wind Onshore: 0,1 TWh
Hydro ReR: 2,1 TWh

Hydro Dam: 1,4 TWh -
Unstored: 12,7 TWh Direct: 7,5 TWh

Steam Turbine: 0,0 TWh
N —
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Heat Pump DH el: 0,0 TWh
Grid: 3,1 TWh

ICE: 0,4 TWh Heat Pump DH: 0,0 TWh

Environment HP: 0,0 TWh
Curtailment : 0,3 TWh El heater DH: 0,0 TWh

CCGT: 5.4 TWh e El heater IH: 0,0 TWh

OCGT: 2,7 TWh Biomass Indiv: 3,8 TWh o’o

Gas CHP: 0,0 TWh Biomass DH: 17,4 TWh LY

Biomass CHP: 0,0 TWh Industrial/Centralised heat: 43,8 TWh

Space heating: 1,0 TWh
2, Domestic water heating: 5,5 TWh
K Biomass cooking: 2,1 TWh

) )

Heat: 52,4 TWh
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D

Fossil Gas DH: 23,56 TWh
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Gas CHP: 0,0 TWh
o
as“'/o Rail: 0,2 TWh
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il Oil 1H: S5 . Marine: 0,0 TWh
Fossil il IH: 0,0 TWh g : :
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Figure3. Energy flow for the Bolivian energy system in 2020.
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Figure4. Bolivia separated into its respective subregions with existing grid infrastructure.
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Figure5. Finalenergy demand by energy form (left) and by sector (right) from 2020 to 2050.

By sector, demands were categorised into their respective final uses. Power sector was
distributed into residential, commercial and industriatesdrs. Heat demand was categedi
to four different final heat uses of space heating, domestic hot waterghé&adustrial process
heat, and biomass for cooking. These heating demands were further classified into low,

medium, and high temperature heating demands.

For the transporsector, transport demands were divided into road, rail, marine, and aviation
segments according to Breyer et[@B], Khalili et al.[29], and Balderrama et 4l.6] and were

then further separated into passenger-fny and freigh (in t-km) for each transport segment.
The road segment was then divided into passengerdigiitvehicles, 2vheelers/avheelers.
passenger bus, freight meditduty vehicles, and freight heaxduty vehicles. Using8], the



final transport demand was calculated based on specific vehicle energy demand and vehicle
technology. As the penetratioof electric vehicles increases, smart charging and vetioicle

grid capacities may develop, the impact of which is discussed Id éhal.[30], but these
capabilities are notansidered in this study.

Further details of the sectaride assumptions can be foundAppendix | (TablesAl1-Al7
and FigureAl 1-Al10).

Resource potentials for Bolivia were then estimated for various RE technologies. Real weather
data was used to estate the solar, wind and ¢igo resourcef31i 33]. Potentals for biomass

and wasteasources were classified into solid biomass wastes, residues, and biogas according
to the methods of Mensah et 4] applied for the case of Bolividdditionally, geothermal
potential estimates weretdemined according to Aghahosseini et[ab] and pumped hydro
energy storage (PHES) potential estimates were done accordi@gaidani et al[36].
Resource distributions for solar PV singbes tracking, fixeetilted, Direct Normal Iradiance

(DNI), and wind onshore (#O1 at 150 m) are shown kigure 6

PV (fixed tilt) full load hours Wind enshore (E101 at 150m) full load hours

3000 4500
4000

2500
- 3500

2000 - 3000
T

3
2500 2

FLI

1500 2000

1500

1000 1000

500

DNI full load hours PV (single-axis tracking) full load hours

3000 3000
2500 2500
2000 2000
T T
]
[
1500 - 1500
1000 1000

Figure6. Full load hour profiles in Bolivia for PYixed-tilted (top left), wind onshore (top
right), DNI (bottom left), and PV singlaxis tracking (bottm right).

FLI

Financial assumptions have been obtained from an array of sources and can be found in

Appendix | (TablesAl8-Al10). These financial assumpiis include a learning curve for all



key technologies, which is particularly influential in determinimg ffeasibility of key

technologies in a costptimised energy transition.

Simulations were then carried out using the LUT model for three scenatased inTable

1. The tool integrates 108 technologies to include and couple the power, heat, trargpor
desalination sectors. The scenarios here are developed to compare a more distributed and
prosumer heavy energy system, to one in which primary energy generatiemralised to

those regions with highest resource availability. Further, by elimjn&HG emission costs

and allowing fossil fuels to remain in the transport sector, the economic competitiveness of a
fully RE system can be compared to one in which ttwesport sector is not forced to be fully
sustainable. The objective of BASand BP was to develop a fully sustainable energy
system, as outlined by Child et B7], for Bolivia whereby GHG emissions would be
eliminated by RP50 and Bolivia would become completely energy independent. Due to a lack
of government data beyond 2030, no current policy scenario was developed. For all scenarios,
key economic indicators were compared to analyse the viability of such a sustainabile ener

system.

Tablel. Overview of scenarios

Scenario Name Description

This scenario targets 100% RE by 20&ith the addition of GHG
Best Policy Scenario (BRY) emission costs. This scenario prioritises distributed generatn
minimises utilisation of interregional grid transmission.
) o This scenario similarly targets 100% RE by 20806wever, this
Best Policy Scenario High ) _
scenario develops a more centralised energy system. It focuses

Transmission (BPR) o i i
energy production inraas with best available resources.

) ) ) In this scenario, no GHG emissions costs are assumed and trar
Best Policy Scenario Unconstraint

is not fored to utilise synthetic fuels, but can be used for econor
(BPS3)

reasons.

3. RESULTS

The results & presented here as follows: Section 3.1 discusses the major trends in the Bolivian
energy system throughout the transition. The results for power, heat, transport, and desalination
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are provided in Sections 3325. Section 3.6 presents thwer of heat ad electricity storage
capacity and throughput. In Section 3.7, the findings of interregional electricity transmission
are shown for BP8 and BP&. Section 3.9 and 3.10 show the costs and investments and
relevant GHG emissions, respectivallated to eeh of the 3 scenarios. For each section, the
results from the scenarios developedable 1will be discussed and compared. More detailed
results for each scenario can be found\ppendix | (TablesAl11-Al30 and Figure#\l11-

Al 40).

The enegy flow for Bolivia is shown inFigure 7and shows an energy system dominated by
renewable solar PV. It shows the flow of energy by resource from primary energy supply (left)
to final energy demand (right). For each energy form, and most energy congéepmroutput

by technology and losses are shown. The energy flow for Bolivia in 2050 demonstrates the
electrified (both direct and indirect) nature of RE systems, as well as highlights the importance
of hydrogen as a central energy carrier in its rokesaaransporfuel and input to both
methanation and Fisch&ropsch (FT) processes. The central flexibility for the energy system

is the sector coupling of power, heat and transport to electricity in as directly as possible, but
also indirectly via heatymps and, in articular, via electrolysers and further conversion steps,

if needed.
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Figure7. Energy flow for Bolivia in 2050 for BR$ showing high sector integration.
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3.1 Major trends in long-term energy demand

Figure 8shows the primaryenergy supply by energy form and demand by sector throughout
the transition for each scenario. According to these graphs, the heat sector sees a significant
increase, largely due to significant increases in industrial heating demands.rsebnve
primary energy for electricity and transport only see marginal increases, or even decrease in
the case of BP3, because of increases in efficiency. While primary energy demand for heat
increases, all scenarios show high electrification for prireasrgy supplywith fossil fuels

being completely phased out in BRSand BPS2. These results suggest that renewable
electricity will be the dominant component of primary energy, and that the Bolivian energy
transition will undergo massive electrificatio®f the primay energy demand in 2050,
renewable electricity increases from 12.7 TWh in 2020 to 244 TWh, 245 TWh, and 204 TWh
in BPS1, BPS2, and BPS3, respectively. For BR$ and BP£, the remaining primary
energy generation would come from bioenesgurces and rewable heat production, such

as geothermal and solar thermal heating.
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Figure8. Primary energy demand by energy form (top) and primary energy demand by sector
(bottom) for BPS1 (a), BPS2 (b), can BPS (c) from2020 to 2050.

Figure 9shows that with the population increase from 12.5 million in 2020 to 16.5 million in
2050[38], and assuming continuous economic growth, the electricity consumption per capita
increases steadily. However, this electricity consumption per capita by 2050 is well below that

for OECD countries. Althougprimary energy demands are expected to increase significantly,
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the graph®f Figure 10show that qui a large amount of primary enerigysaved due to gains

in efficiency.
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Figure9. Electricity consumption per capita and population for Bolivia from 2020 to 2050.
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Figurel0. Efficiency gain in primary energy demand throughout thestteon for BPS1 (a),
BPS2 (b), and BPS3 (c) from 2020 to 2050.

3.2Power sector

Total electricity generation and installed capacity during the transition is shavgure 11

for each scenario. For all scenarios, solar PV, specifically, PV sixgdetracking, is the
dominant producer of electricity by 2050, with 98#neration share in all scenarios. Even by
2030, solar PV can be the most significant share of electricity, with the largest generation share
of the scenarios being 49.4%. Of the saapacity, PV prosumers will generate 5.6%, 5.6%,
and 6.7% of electrigitin 2050 for BPSL, BPS2, and BPS3, respectively. The remaining
capacity shares come from hydropower (about 2%), wind energy (around 0.5%), geothermal
(about 1%), waste CHP (ab@#), and biogas CHP (0.4%) in all scenarios. While the installed
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capacityof gas turbines (OCGT and CCGT) remain in the electricity generation matrix, their
generation share is well below 1%, and they are supplied only by synthetic gas and biomethane

in later periods of the transition.

In terms of total installed capacity B§50, BPS1 has the largest electric capacity in 2050 with
126 GW, followed by BPL with 114 GW, and BPS with the smallest installed capacity of

103 GW. This result across scenasbow that total installed capacity is largely influenced by
the transpd sector, which is discussedsection 3.4wheresignificant amounts of electricity

are required to produce synthetic fuels. Due to the mass electrification that occurs over all
sectors, the difference in installed capacity is less significant betwdlgménewable scenarios
(BPS1 and BP£) and BPS3.
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Figure1l. Cumulative installed power capacity (top) and electricity generation (bottom) by
technol@y throughout the transition from 2020 to 2050 for BP&), BPS2 (b), and BPS3

(©).

3.3 Heat sector

Heat demand for all three scenarios are identical andlreen inFigure 12for specific
demands and by demand temperature. These figures demoaskayeassumption of this
scenario, that large scale industrialisation, and corresponding industrial heat demands, will
develop over the course of the transition. Residential hedg&mgnds in Bolivia are quite low,

though they do notably increase throaghthe transition as access to energy services increase,
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except for biomass for cooking, which is phased out by the end of the transition. Heating
demands are projected to increfreen 52 TWh in 2015 to 205 TWh in 2050.
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Figurel2. Heat demand by temperature (left) and heat demand by final heating process (right)
throughout the transition.

To meet the heat demand, electric based heating, either direct or through heat pumps, compose
the largest share of capacity and generatias. based heating remains in both capacity and
generation, transitioning from fossil gas to synthetic gas during the trangtigure 13
provides the installed heat capacities and heat generation for each scenario. In these graphs, the
total capacitiesnstalled for the three scenarios in 2050 are quite similar, each between 45 and
50 GW. Similarly, heat generation is around 200 TWh for each scenario. Electric district
heating (DH) become the dominant heat technology in 2050 (with around 40%), follgpwed b
methane DH (around 26%), heat pumps (around 18%), bieb#ssexl technologies (around

10%), and limited shares of solar thermal and geothermal heat in all scenarios. Heating demand
in Bolivia transitions from a system dominated by natural gas and bictmasdargely
electrified heating sector. Because of the low cost of renewable electricity, electric based

heating wil/| drive the transition for Boliwv
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Figure 13. Installed capacities for heat sector (top) dredt generation by technology
throughout transition for BRS (a), BPS2, (b), and BPS (c).

3.4 Transport sector

Figure 14shows the final energy demand for transport for the scenarios. These graphs highlight
a key difference in the results of theserszios. Although the final energy demand for the
transport sector is the same for all scenarios, the remaining liquid fuel segmentsliraB&®S
BPS2 are based on renewable FT fuels whereas-BB#l utilises fossil liquid fuels. The
resultis, therefie, a significantly decreased electricity demand for transport, which is 32 TWh

for BPS1 and BPL, and 19 TWh for BPS3.

During the transition, there is a major shift from fbeked vehicles to hybrid and battery
electric vehicles, angenewable ligid fuels can be introduced on a noticeable scale starting in
2030. For BPS and BP&, the final energy demand for a fully sustainable transport sector
would be covered by direct electricity (59%), synthetic fuels (liquid and gas) (23%), and
hydrogen (18% For BPS3, the only difference is that fossil fuels (liquid and gas) would have

a share of 23% of the total transport final energy demand. Renewable liquid fuels would largely
be utilised in the aviation and marine segments, while roadraihdsegmentswill be
overwhelmingly electrified. Such development in renewable fuel production will require

significant development of electrolysers and Girect air capture technologi¢29]. The
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results by indiiddual mode andegment of transport, vehicle type, and synthetic fuel production
can be found iRppendix| (FigureAl17, TablesAI29-Al 30).
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Figurel4. Final transport energy demand by fuel (top) and electricity demand transport
sector (bottm) for BPS1 (a), BPS2 (b), and BPS3 (c). Note here that BPSand BP
have identical energy demands for the transport sector.

3.5 Desalination sector

Figure15 shows that water demand in Bolivia is projected to grow from 10 milliday in

2020 b 25 million n¥/day in 2050. Despite this growth in water demand, desalination demand

by 2050 is a small fraction of total water demand, as desalinated water dgoesnidom 96

m3/day in 2020 to 11,544 ffuday in 2050. Further, as Bolivia has no directeascto ocean

water, crossing borders would be necessary to provide desalinated water supply. For all
scenarios, reverse osmosis (RO) desalination is the domichnbtegy used for desalination
capacity Figure 16. Interestingly,in Figure 15 BPS1, waer storage is developed as the
largest share of desalinated water capacity, whereas the other two scenarios do not demonstrate
any water storage capacity. Thagher water storage capacity in the BP®ccurs due to
decrease in full load hours of RO in 209n terms of total electricity demand in 2050,

desalination demand comprises less than 1%, with a demand of 0.013 TWh.
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Figurel6. Seawater desalination production by technology for all scenarios

3.6 Storage capacities and throughput

Figure 17showsthe storage capacity supply for heat and electricity by storageiigmericity

storage provides energy output of 29.6 TWE8.9 TWhy and 29.5 TWh and heat storage
provides 105 TWHh, 104 TWh,, and 81 TWh for BPS1, BPS2, and BPS3, respectively.

These values correspond to 42%, 41%, and 51% of the total elgcaoiand and 49%, 48%,

and 34% of the total heat demandBPS1, BPS2, and BPS3, respectively. In terms of total
energy supply, electrical and thermal energy storage would be responsible for about 51%, 51%,

and 42% of total energy demand from all sesxtny 2050 for the three scenarios, respectively.
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Figure 17. Electricity (top) and heat (bottom) storage output utilisation during the transition
from 2020 to 2050 for BR% (a), BPS2 (b), and BPS3 (c).

As suggested by theleetrical and thermal energy storage outputs, storage will play an
important role in balancing a soldominated energy system. Installed electrical storage
capacity is introduced into the energy system in 2025 with about 1 GWh alfédstapacity

to a ange of 82 to 89 GWh in 2050 for all scenarios, as seen in the top grapigsiref 18
PHES emerges initially as the primary electrical storage technology, with small share of battery
prosumers being introduced. Utiliscale batter® are not introducedn a large scale until
2045, and ACAES is not introduced until 2050, with a very small share of installed capacity.
BPS1 shows the largest installed PHES capacity whereas1BR& the largest installed
battery capacity. Of the totalectrical storagewput Figure 19, tojp, batteries (system and
prosumer) have the largest output in BP&d BPS3 with 17 TWh and 15 TWh, respectively.
Conversely, PHES has the largest electrical storage output k2 BRE 15 TWh.

Further, as théeating sector is Igely electrified, thermal energy storage will be needed to
transition away from fossil fuddased heating. The bottom graphsFajure 18show the

thermal energy storage needed throughout the transition for all scenarios, whichegtoeas
about 2.5 TWh, 3.5 TWhn, and 1.5 TWh for each of the respective scenarios. While gas
storage dominates the thermal energy storage capacities for each scenario, thermal energy

storage outputs have roughly equal shares of TES (DH and high temedidT)) and gas
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starage. Due to existing fossil gas heating in Bl $hermal energy storage provides only 81
TWh in 2050, compared to BPBand BP&, which have thermal storage outputs of 105 and
104 TWhn, respectively.
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3.7 Interregional transmission

Figure 20shows that interregional grid transmission varies significantly betweerlBi8

BPS3, and BP&2. The overall patterns for each scenario are similar, as grid utilisation largely
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follows solar production patterns, with the primary digfgce between thecenarios being the
grid transmission capacity required, which reaches a maximum of 6 to 7 GW i BR$
BPS3, respectively, compared to BRSwhich has a maximum capacity of around 25 GW.
Figure 20further highlights this differencegas BPS1 has a ttal grid export of 4.9 TWh
whereas BP{ has a total grid export of 105 TWh.

In terms of structure of interregional transmission, showFigure 21 the same regions that
are net importers in BRS generally remain importers, except @, and those that are net
exporters remain exporters. These results show that in1BP&gions are more energy
independent when it comes to their electricity prdiducthan in BPS. For all scenarios, the
regions with the best resources become expodad the others become importers. BPS
shows that CH becomes the largest electricity exporter, wherea BR&vs PT as the main
exporting region. Both regions gkaexcellent solar resources and have low electricity
demands. This is a significant ghibmpared to the current electricity trade, where TJ is the

primary electricity exporter due to its large share of gas turbine power plants.
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Figure20. Interregional grid utilisation for BR$ (a), BPS2 (b), and BPS3 (c).
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Figure21. Interregional electricity trade for BPIS(in GWh) (left) and BP (in TWh) (right).

3.8 Regional supply shares

Figure 22shows the transformation of installed power capacities from 2020 to 2050. Nearly
all regions wih large power plant capacities have significant shares of gas turbine power plants.
By 2050, all regions have significant capacities of solar PV installedcylarty PV single

axis tracking, followed by PV fixed tilted. PV singgeis tracking comprise76% of solar PV
capacity with 86 GW in BP&, while PV fixed tilted has 19 GW of installed capacity. Solar
PV comes out as the dominant capacity in all regomtause of the excellent solar resources
located throughout the country. The distribution o$talled capacities differs primarily
between BPS and BP&2, however, as BR$ has the largest installed capacities in regions
with largest energy consumptioim, this case SCCB, and LP. Hydropower existing in the
system is kept and slightly expandedridg the transition, and is utilised in regions with
available hydropower resource, but its role is primarily as balancing solar PV generation.
Additional resul$ on the suvegion generation, installed capacity, regional storage capacities,
and regionastorage output for all scenarios can be founfippendix I(FiguresAl21-Al 39).
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Figure22. Regional installeelectricity capacities in 2015 (left) and 2050 (right) for BRS

3.9 Energy costs and investments

A highly rerewable and more efficient energy system naturally implies a reduction in costs for
energy services. While a significant increase in primad/faral energy demands suggest a
rise in energy system costs, a fully sustainable energy system has a notabpyilceveer unit
energy compared to todayods | evels. Further,
factor of roughly 2.5, annualystem costs only increase by a maximum of 1.8, as the three
show an incr dase 7f Qomu4. Andd 7i. @ D

three respective scenarios (§égure 23. Annual system cost structure transitions from being

scenari os

largely fuel cost dominated to being primarily capital expenditures (CAPEX). Increase in
CAPEX suggests that during the transition, fuel imports will reduce, particularly those for fossil

oil. UsingBd i vi ads own excell ent soludsrinBP8samdur ces
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BPS2 would result in energy independence and security. Due to the lack of GHG emission

costs in BPS3 fuel costs remain for the fossil fuels used in the heat and transporssect

Figure 24(top) shows that the CAPEX is not dominat®da single technology. While solar

PV costs have a significant share of capital costs due to the large capacity of solar PV in all
scenarios, large investments are required for TES, PHES ofjsetrs, and batteries. During

the early years of the transi, this results in a higher cost of energy in 2025 and 2030 for

BPS1 and BPS2. However, as fossil fuels are removed from the energy system, energy costs

are reduced substantially and theltotal evel i sed cost of energy dec«
in2015 to about 33 U/ MWh for a fully sustainse
costs, this cost is further reduced to about
by low cost electcity from solar PV, the levelised cost of electricity (LCOE) of which are

reduced by the largestamountinBPS f r om 105 4/ MWh in 2020 to 2
scenarios see similar reductions in LCOE asBPShas an LCOE of -22.2 0/
hasa LCOE of 22.7 4/ MWh in 2050. All energy
fuel costs throughout the transition are availablppendix I(TablesAl31-Al39 and Figures

Al40-AI52).
I 3
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=

Figure23. Annual systems costs Isgctor (top) and main cost category (bottom) during the
transition for BPSL (a), BPS2 (b), and BPS3 (c).
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Figure24. Capital expenditures inyear intervals (top) and levelized cost of energy (bottom)
through thdransition forBPS1 (a), BPS2 (b), and BPS3 (c).

3.10 Greenhouse gas emissions reduction

A transition from fossil fuels to sustainable sources naturally implies an elimination of GHG
emissions from the energy system. As depicteigure 25(top), the GHG emissianfrom

the Bolivian energy system can be eliminated from 22 Mti@Q020 to zev by 2050. This
reduction can be done drastically in the 2020s from the power sector, and in the 2030s in the
heat sector. Conversely, the transport sector remains resilgmgong out of fossil fuels, and,
without GHG emissions pricing and some regala will remain in the energy system, as seen

in Figure 25dtop). Additionally, BPS3 shows a notable amount of GHG emissions in the heat
sector if no RE targets and GHG @&sion costs are not applied.
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Figure25. GHG emissions by sector (top) and in the transport sector by mode and segment
(bottom) during the energy transition for BR%a), BPS2 (b), and BPS3 (c).

These simulation results syest that a fully sustainable energy system for power, heat,
transprt, and desalination sectors for Bolivia by 2050 is both technically feasible and
economically viable, even considering signi
Scenarios in which pnary generation is distributed locally throughout the countryvemete

generation is centralised in regions of best resource availability are both viable alternatives to

a scenario without RE targets or GHG emission costs. However, these results Bldbamp

GHG emission costs are required for a fully renewable-@oisinised scenario. Regardless,

these results highlight a pathway along which Bolivia can eliminate its direct GHG emissions

by 2050 while becoming completely energy independent, therebyrieg a secure and

sustainable energy future.

4. DISCUSSION

Thediscussion of results is separated into three parts. First, the major findings are discussed
within the context of previous works (section 4.1). Second, section 4.2 outlines the limitations
of this study. Third, in section 4.3, recommendations for fursggarch in Bolivia, as well as

in the sustainable energy transition field, are given.
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4.1 Main findings

This study outlines a pathway for Bolivia to achieve a 100% RE system thah iz btlanically

and economically feasible. Results of a Bolivian energy transition towards 100% RE by 2050
for power, heat transport, and desalination sectors are the fitgsifieid. Importantly this
research provides more detailed results for the Saotérican region, a region of the world

that is not well covered by 100% RE research according to Hanse{B38{.a88PS1 and BPS

2 show that such a transition is viable for both distributed and centralised (or high transmission)
energy systems. Curtailmdatels across scenarios amounted to 4.5%, 2.5%, and 4.2% of total
electricity denand, respectively. Levelised cost of energy across scenarios have similar
findings, with BPS3 having slightly lower levelised cost of energy compared to-BR&d 2.
However these costs do not account for other-financial benefits to an energy systesuch

as an energy supply that is fully domestic and sustainable, without GHG emissions, and lower
risk, lead to the determination that a fully RE system is of higher qéalitiie same cost and
therefore superior. From strictly economic terms, thougP$B suggests that to achieve a
fully RE system, a smart energy policy initiatives are required to properly tax harmful GHG
emissions and provide proper supportive incentivethe development of renewabld$)].

For the fully renewable scenarios, there are key drivers thatddad-tost energy, primarily
low-cost solar P\[39], affordability of different storge options, particularly with high sector
coupling[41], high electrification acrassectors, and affordable PtX process primarily starting
with renewable hydrogen generated through electrolysers. Further, electric based heating,
particularly with heat pumpand direct electric DH, can utilise otherwise excess generation of
electricity. Such variable production patterns, though, even with storage options, require
flexibility in demand. With such requirements, electrolysers can be organised to operate only
atpeak hours of production, and following PtX processes, such as FT and methaaatioa
operated nearly continuously to generate the synthetic fuels required in the heat and transport

sectors.

Previous studies onle,Bsdp vii mdisi leynecgrysisdesn ebn
sector, and none highlight a 100% renewable electricity system. Candi§l&] ahows that

high norhydro renewable penetration is technically feasible as early as 2021 and 50% of total
capacity being evenly distributed between solara®d wind penetration provides savings in

electricity cost even comparedtoBodavbo s s ubsi di sed natur al gas p
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as government projections, i11,13,16,20] show large shares of installed hydropower
capacity, with more limited shares of solar PV and wind energy. Moreover, large hydropower
installations planned by thBolivian government is intended to produce export electricity,
rather than for ws within Bolivia [11]. Social and environmental constraints outlined for
different forms of hydropowd#2i 44] can further extend to future hydropower development
and can result in loss of economic value and viability of hydropower installations if

construction is delayed.

Additionally, the results show a veewatel i mite
resources. In principle, the water resources may be available, but not always where it is finally
needed. Further, any water supply to be utilised must &ustainability criteria. Therefore,

seawater is preferred to unsustainable freshwateuress. Developing the infrastructure
necessary for saltwater desalination requires crossing land outside of Bolivia. Chile in theory
would make the most sense, howeexisting political issues may prove to be a major burden.

A more realistic pathway cahe developed through Peru, though it will be much more
expensive due to the longer distance.

Sauer et al[7] study the poterdil impact of high locally produced electric vehicles in the

Bolivian transportsecto. hes e results demonstrate that, gi
electricLDV penetration can provide both economic savings the scale of millions of USD as

well several social benefits resulting from local development of lithium and of the vehicles
themselves. Such results are dependent on low electricity production costs (WP@B)this
studydés findings show reduce mos-2fromilgoni fi ca
a/ MWh in 2020 to 21.7 a4/ MWh -Bshowttatnithout tHo we v e r
application of 100% RE targets and GHG emission costs in energygpriossil fuels may

remain in the system, so that only 90% RE in TPES can be achieved.

Furthermore, development of gasliquid (GTL) industry in Bolivia through FT processes,
according to Velasco et al45], can provide a pathway to eliminate oil importation.
Considering that this studyés results show &
transition, development of such GTL capacities could be done in the ahdnnidterm with

Bol i v iural@as resoartes but the risk of stranded investments for an investment for 20

30 years is high, since importing countries may ban fossil fuels and request fuels free of fossil
emi ssions. Given Bol itheiregi@dnsproductiorea egpsrtattonrgag s e x p
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be able to continue in the short term, as Bolivia has sufficient gas respdBgeand the
revenues from natural gas can be used to fund large scale renewable projects. Such has been
the case Norway, where a petroleum sector, which is projected to decline amgherin,
dominates theconomy, and renewable electricity supplies an increasingly electrified domestic
demand[47,48] Bol i vi ads icyntemg outlireed theghgdcarbgnoskector in a
developmental model whose income can be utilised by the State to other economic and social
field [49]. However, Ramirez Cendrerf49] also highlights that a surplus based
characterisation of the hydrocarbon sector can conflict with other key objectives of an energy
sector such as efficiency, energy diversification, energy security, universal supply, and

management of environmial impacts.

As previously mentioned, the Bolivian government does not provide anytéomgenergy

planning study, howevefl7] states that RE will compose 81% of electricity generation by
2030. Bol i vi a0 s[ll}{staeqttzarbiomasd sources2vill @mpriser8% of total

final energy demand. Therefore, this study pdeg the first results, in BPEand BP&2,
outlining a pathway for defossilisation of
andmorecose f fi ci ent, in | ine with [2dHeseefficeritys st at
savings can be estated to about 22%, 14%, and 26% for BESBPS2, and BPS3,
respectively. Furthermore, largeale development of solar PV, particularly in-gifid
communities, can serve to reduce energy poverty in Bdbdh These results alsaghlight

the need for smart policy making to promote the development and investment in renewable
technologies, many of which are lacking in Bolivia according to Washburn andRaiviero

[51].

The primary source anergyfor Bolivia from this study is solar PV. Such high shares of solar
PV in Bolivia are supported by solar resource findind®2}, which determined Bolivia to be
among the ten countries with the maximum solar irradiation f@dfiopimally tilted PV
systems. Further, such results support the findings of Haege]=8]aind StraucH54] which
suggest that solar PV technologies are ready for globalspads a central contribur to all
energy segments, and that a salaminated transition will be done as a complete, disruptive
overhaul rather than gradual sh#0]. The share of generated electricity needed for all sectors
by 2050 in BPSL will be 89% solar PV, 7% OCGT, and 4% from others, including wind
energy and hydropower. Similar results can be seen inB&% BPS3. Correspadingly,
electricity generation across all sectors in BPSould be 93% solar PV, 3% waste CHP, 2%
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hydropower , and 3% from others. Boliviads s
installed solar PV capacity is only 2.3% of the upper limit, corredipgnto0 . 1 % of Bol i v
total area. These results appear to differ somewhat from global and regional South American
studies[20,23,5557] for all energy sectors to achieve the targets ef Baris Climate
Agreemen{3].

Studies analysing an energy transition pathway for all sectors for South America that consider
Bolivia as aregion with other countries provide largely varying insights towards a future
energy system for Bolivia. TesB5] suggests for Central South America, which includes
Bolivia, that for a 1.8 scenario, the pogr generation structure would be composed of 29%
variable RE (mainly solar PV, CSP, and wind energy), 49% dispatchable RE (mainly
hydropower and biomass), and 22% dispatchable hydigaemower plants (neiossil),
according to the refence. Ram et aJ23], conversely, find that the region including Bolivia
would be one thasibased on solar PV, with almost 75% of electricity generation coming from
solar PV. In the study of Jacobson ef3], B o | i-puip@@®end l@adl would be covered

by 22% wind energy, 15% geothermal, 3% hydropower, 49%6 8/, and 10% CSP. For the
whole of South America, Loffler et db7], find roughly 40% shares of both hydropower and
solar PV, with the remaining 10% covered by wind offshore and onshdferdbces between

these studies and the results of this study can be largely attributed to methodological differences

and differences in assunmmts, in particular cost assumptions as also discusgéa]in

Resllts from the LUT model for regions with Bolivig0,21] demonstrates the impact of
regional structuring on the outcome of energy transition studies. The multimodal approach of
this study allows for diversity in topography, climate, and geographic distributions of resources
and consumption to beonsidered. Tlsi is especially relevant given the vast topological and
climate differences throughout Bolivia, from the forests of the northeast to the Altiplano in the
southwest. In comparison to a neighbouring country with similar condife®is results
indicate largely differing shares of primary electricity generation; however, the structure of the
energy system remains consistent with the results of this suitiyall sectes being highly
electrified and electricity and heat storage capacities being major drivers of the transition.

Important to note further is that each of these scenarios have a unifying assumption, that nuclear
energy is not part of the saion for a 1006 RE system. Bolivia currently has no plans to install

nuclear capacity, however, the agency for nuclear energy (ABEN) signed a contract in 2017
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with Russia to begin studying nuclear reacto
competencieg60]. Child et al.[37], Ram et al.[61], and Grublerf62] discuss the risks
associated with nuclear power plants including high etondinvestmentas well as social

and environmental risks regarding potential failure, the decommissioning of nuclear plants and

treatment of nuclear waste.

4.2 Limitations

Main limitations of this study largely consisted of a lack of information pexVithy
government channels, particularly regarding specific end use demands. While information was
provided in a manner that allowed the analysis of Bolivia in a matle appvach, a method

that considers existing transmission capacity and proper gedgdagthibution of demand and
resources, specific end uses of energy by sector were largely lacking. Once data was gathered
for 2015, demand and installed capacity was extedapdlfor the year 2020. This extrapolation

will undoubtedly have some disparityith official numbers that will be published by the

Bolivian government and other organizations, such as the International Energy Agency.

Additionally, lack of government ppections to 2050 for all energy sectors does not allow for

the ability to compar a Best Policy Scenario with the current policies of Bolivia. Such a
comparison could provide key insights given the trajectory of government electricity plans to
install large hydropower plants, with only limited shares of solar PV, the dominant energy
supply technology of this study. Similarly, without resource potential estimates from the
Bolivian government aside from hydropower, the results of installed renewable capacity

be compared with what the government finds to be technically or ecorlgnfigzssible. A

further limitation in this regard is that Bolivia, for the sake of this study, is treated as an energy
island. Therefore, the model does not treat excessieigcas exportable and such electricity

is curtailed, incurring extra systemsd S . Given Boliviads potent
electricity according to Pinto de Moura et [@4], further investigationfo Bol i vi ads r e

export potential would be of interest in a high solar PRepation scenario.

While a RE system would have clear social and economic benefits and limited social and
environmental impact, public attitudes towards RE installations vaap among socio
demographics and political preferenc]. Availability of low-cost RE is especially
important with regards to inclive development and development of lawome, remote
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communities, which typically pay proportionately more for energy services, improves
household standards of living, parti@atly among wome0,44,64] Such projects can affect
further diversification of Boli vi ga8expodss on o my
[49]. Remote communities can benefit much from a stepwise electrification with RE, in
particular solar PV for least cost in a challenging economic envirorjginConsidering that

future gas exports would require development of unutilised reserves, increased socio

environmental scrutiny must be placed on the evaluation of such sites.

Given that Boliviads PT region is hl[@me to
developmentofcostof Bol i viads own | ithium usage as ¢
may influence decision makers regarding lithigpplications in the Bolivian energy system.

Lu et al.[66] highlight lithium as a key to low carbon globedrsitions, particularly for its use

in batteries. However, Hancock et §7] state that while lithium mining could bring
devdopment and fiscal flows to underdeveloped parts of the country, it is a water intensive
process that uses toxic chealgthat bring along waste disposal issues beyond those that exist

in Boliviads publ i c[68ka&vbile Ali etvah[69% anc: Haacock etaly st e m
[67] suggest mineral development frameworks that involve pyibii@te partnerships, Bolivia

is a country that is vulnerable to tdewnfalls of such partnerships. Furthermore, lithium

mining could detract from eetmurism in the Uyuni salt flats, vich is home to a significant
amount of Boliveadods | ithium resource

The results of this study find that a system that pisess interregional transmission rather than

a more distributed generation is slightly more egffitient, however, &lue added from inter
department electricity trade compared to increased usitife electricity storage may be of
interest for futurep ol i cymakers i n Bolivia. The develo
industry may further influence the discussion rdgay the tradeoffs between increased

utility -scale storage and power transmission. Previous analysis and development goals of
Bolivia to become an electricity exporter can similarly affect the additional value created from

development of internal gridansmission.

4.3 Future works recommendation

This study acts as a first step in developing a dialogue and initial understanding of how a
transition for Bolivia could occur. As a next step, the authors propose further research in
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Boliviads aendrgydsysobem) st uditioastlisomgdiff@ent i vi ad
model s. I f the Bolivian government provides
to 2050, additional research shoul d best condu

Policy Scenarios. Furthermore, analysisadial acceptance and use of distributed renewables

to reach universal access to basic services can provide more depth in the social aspects of an
energy transition. Finally, future studies can estimate sth@o-economic and environmental

effects duringthe transition to a fully sustainable system, such as health costs savings, job
creation[70], and other reduction of harmful materials.

5. CONCLUSIONS

Bolivia is home to some of ¢éhhighest solar resources in the world, and other renewable
resources are abundant, which results in RE and storage technologies being able to meet high
growth energy demands for all sectors at every houugfimaut the year. Lowost solar PV

drives thistransition to a fully sustainable energy system. BR&$d BPS show renewable

electricity as a base for a 100% RE system that is technically and economically competitive to

a scenario that does not includélG emissions pricing. Such a system that ivetriby

renewable electricity is significantly more efficient than current practices. An increase in
efficiency and significant investment in solar PV are key reasons for a reduction in levelised
costofenergf r om 45 4/ MWh i n 2020 itianally, BES1 and BP&h i n 2
2 both imply zero GHG emissions from all ene

to the Paris Climate Agreement and achieving independence from fossil fuels by 2050.

Whileawr rent policy pl ac easstrddgdosition tcaaghsevezeroGHG s e C
emissions, heat and transport sectors require ambitious national policy targets. Future studies
can further analyse the effects of a transition for Bolivians, in orderderstand the Bolivian

energy transition in so-economic terms. Results of this study show that Bolivia has the
potential of becoming one of the first countries with a sustainable energy system, which can be

achieved in conjunction with significant imases in energy demands.



33

Chapter 2. Assessment of the evolution of energy transition, mutnodal
structuring and model flexibility in sector coupled 100% renewable energy

system analyses

1. INTRODUCTION

In response to growing threats from the climatsigrresearch in design of 100% renewable
energy (RE) systems has gained increased focus to outline pathways through which countries,
regions, and the worlcantransition away from fossil fuels and towardrgescale RE supply

in energy systems. Sindeet mid2000s, over 180 articles have been published within the field
of 100% RE system researfd9]. Such research has employed many different energy system
models (ESMS) to verify the viability of overnight and transition scenarios, demonstrating how
variable RE generation can be balantedugh storagesector couplinggrid interconnetion,
supply and demand side management, and load sHiting1] Compounded byadicalcost
reductions in solar PV and wind technologies, presenting the tecfeasdbility of 100% RE

[41] has increased decisionkeas interest, as more and more countries set targets for
renewable electricity by 2045 or 20p®2].

ESMs embody a wide array of characteristics that influence the results from these Wibels.
energy systems based on variable RE sources and with increased flexibility enefuéugy
systems, the temporal resolution of anMEE of utmost importance, with hourly resolution
being considerethostsuitable for analysis of 100% RE systems. However, a number of tools
reviewed by[73,74]show several tools with high numbers of usersed on aggregated annual
energy balances. By modelling based on aggregated time slices, Kotzuf7&{ &hd that
existing approaches are unable to achieve seasonal storage system design similar to that based
on full hourly resolution. Spatial resolution, similarlyloas for more detailed modelling of a
country or regions, which can account for geogragdhaifferences in topology, resource
distribution, demand, and distribution systems. Brown €ff7al. find that forthe region of
Europe, a multnode approach finds a similar structure of resadtthe shgle node case of

[76]; however, a multnodal aproach allows a greater understanding of the system
characteristics between regions armhsmission bottlenecks that may exist in interregional
transmissionThese effects are further studied®lyild et al.[77], finding thatfor the case of
Europe interregional transmission can reduce the total power system cost by about 10%, while

about 15% of the total generated elettyiis exchanged, leading to higher shares of wind



34

electricity, compared to a case of separated nodes. Such a modelling apprdeetirodarly
applied in studying the techrexonomic viability of interregional power transmission on a
global scale, asisicussed ifi78]. This studythat reduced benefits are achieved through global
grid interconnections due to le@ost abundant renewable electricitige respective cost of
very long power transmission lines, atige increased complexity of a globallectric

interconnection

Although studies have analysenultiple ESMs[2], no research has compared the cost
optimisation LUT Energy System Transition mogt22,23,79]to other widely used ESMs,

such as the simulation model EnergyPLF8R8,81] These two models have been seldsince

they are the most applied models f00% RE scenarios, whidrefurther detailed irsection

2. Consequentlythis research serves to provide a detailed analysis between the LUT Energy
System Transition model and EnergyPLAN, by comparing-gpsmnised 100% RE scenarios

with identical assumpins for the Sun Belt for the case country Bolivia. The Sun Belt region

is selected since most people in the world live there, and most additional energy demand can
be expected in the Sun Belt in the decamesome[22,23,79] The ESM comparison also
includes an investigation of the differences of overnight and transition approaches and the
consequences ofrgjlenode to multinode approaches. The papegibe after the review of
ESMs for 100% RE scenariossection 2y describing the methods of each of the two ESMs
and their major differences, followed by resultsfdfy sector coupledleastcost overnigh
scenarioswherethe difference of overnighbttransition scenarios and deviations of single
node to multinode scenariosan be observedAfterwards, the structure of the results is

discussed between the two models, and limitations from the modelesamébed.

2. REVIEW OF ENERGY SYSTEM MODELS FOR 1 00%
RENEWABLE ENERGY SCENARIOS

The following review 6 ESMs is focussed on those models used for 100% renewable energy
system analyse#hich can cover a mulBector energy system while enabling sector coupling
and full hourly resolution. This focus ipplied to sharpen the view on the research questions
of this article.

ESMs that have been utilized in research have a variety of differing characteristics, as discussed

in Connolly et al[73]. A limitation historically in 100% RE research has been a lack of a
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universal definition of 100% RE, as many studies focus solely on the power sector, while an
increasing share of rearch in the past five years has expanded its scopieetbeat and
transport sector89]. At the same timehe industry sector is stillat yet covered well in the
research of 100% REnd negative C®emission optiongd82i 84] are practically ignored. A

lack of sector integration in RE research has corresponded to 100% RE targets at national and
local levels to be focused primarily on the power sector, with Denmark being the only country
with a taget of 100% RE for all sectof82]. Additionally, while many ESMs have beshown

to be adequate in sdiygg techneeconomic requirements of fully sustainable energy systems,
ESMs and publications of their results have been faced with challexifgesing their
comparability of results. Some of the challenges includeertaity and transparency of
assumptns, optimization of complex and interconnected systems, and capturing the potential
socicpolitical and human barriers to a low carbon energy trand8i5)86]

ESMs that have beeniliged for analysing 100% RE stems argfor instanceEnergyPLAN
[80,81] the LUT mode[22,23,79] TIMES [87], HOMER[88], REMix [89], AU model[90],
PyPSA[71], LOADMATCH [91], NEMO [92], ISA model[93], H.RES[94], GENeSYS

MOD [57], MESAP/PlaNet[95], among others, as summarizedTiable 2. The analyses
presented iMable2 arebased on the latest status of the 100% RE syatetyses published

in scientific journals as continuously recorded at LUT. In total 386 articles are recorded as of
May 2020. The displayed citations are as of early January 2020 recorded by Scopus. The by
far most used ESMs for 100% RE studies in sciengifticles are EnergyPLAN and the LUT
model. The only discontinued model iSRES while the learnings with the AU model seem

to be integrated in PyPSA, which is thus used inst@adly hdf of the most usd models are

able to describe interconnected nedéereof EnergyPLAN caught up recently, and not all are
capable ofull hourly resolution However, almost all areapable ofmulti-sector modelling,
andonly two modet arecapable otletailed industry mdelling, thereof the LUT model caught

up recently{26]. Not a single ESM used for 100% RE system analyses is able to describe the
most relevan€O; direct removal CDR) options[96], which is a clear deficit to be overcome.

At leastthe LUT model started to describi@ect air carbon capture and stord@ACCYS)

[83,84] Almost all leading ESMs are able tevelop optimisedolutions, while all ESMs
capableof optimisation can be also used for simulation type mdédgl as regularly
demonstrated in respective scenarios. Interestingly, only half of the leading ESMs can describe
transition pathways, which is a most relevant functionality to describe tragscfoom the
present energy system to a 100% renewable fistiates.The LUT model is the only ESM
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combining the key features for comprehensive energy system analyses: fullreeahlfion
multi-node, multisector, optimsation and transition model. Qi@ most of the leading ESMs
are continuously further develeg, limitations could be already overcome for the one or other
ESM. However this has not yet beeseen inscientific journal publications.

Table2. Leading Energy SysteModels ranked by number of published journal articles. Some
selected key functionalities of the leading ESMs are displayed, as they are regarded to be key
for further progress in the field of 100% RE system analyses.

model used inter-

citations for 100% REconnecter full multi- detailedrelevan optimi- simu- transi over
Model articles total 2019 earlies lates! nr:glc?e hourly sectolindustry CDR  sation lation tion night
EnergyPLAN 55 4259 822 2006 2020 vyes yes yes no no no yes no yes
LUT model 50 795 377 2015 2020 vyes yes yes yes no yes yes yes yes
TIMES 14 341 108 2011 2020 no no yes yes no yes yes yes yes
HOMER 14 652 146 2007 2020 no yes no no no yes yes no yes
REMix 9 252 97 2016 2018 yes yes yes no no yes yes no yes
AU model 16 989 187 2010 2018 yes yes no no no yes yes no yes
PyPSA 11 142 87 2017 2020 yes yes yes no no yes no no yes
LOADMATCH 519 212 2015 2019 no yes yes no no no yes yes no
NEMO 428 78 2012 2017 yes yes no no no yes no no yes

H.RES 595 53 2004 2011 no yes yes no no no yes no Yyes
GENeSYSMOD 36 24 2017 2019 vyes no yes no no yes no yes no
MESAP/PlaNet 5 134 43 2009 2018 no no yes no no no yes yes yes
others 187 6311 1390
total 389 154943642

7
7
ISA model 7 41 18 2016 2020 no yes yes no no yes no no yes
6
6

Some key features of ESMs in the recorded 389 scientific journal articles on 100% RE system
analyses are reported in the following. Full houdgolution is developing increasingly as a
standard, as 73% of all articles use that temp@sblution. Three quarters of all articles
analyse features of fully 100% RE systems in the overnight approach, while already 24% of
the analyses describe pathwayf how to transition from the present state to the 100% RE
target system. About half of d@l00% RE system analyses research the power sector without
interaction of other energy sectors, while a quarter of all analyses analyse integrated energy
systems bat least the power, heat and transgadtors, and about 10% each of all articles
analyseintegrated power and heat, and power and desalination systems. Nearly 60% of all
100% RE system analyses are of the cost optimisation type, while 30% of allearaigof

the simulation type.
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All leading ESMs fail to offer an alternative for Integratdslsessment Models (IAMs) for
sophisticated energy system analyses under-tiomg climate change constrairj&9]. The

major gaps for emerging to an alternative to IAMs are a full and more detailed industry sector
representation, covering the rede CDR options, and covering the ful*2dentury, as most
leading ESMs for 100% RE systetmg to find pathways for a fully RE system until 2050, but

with no longer term energy system description.

In the following EnergyPLAN and the LUT model are considered in more depth.
EnergyPLAN introduced in 200@7], has been used in mukector 100% RE studies for the
Aalborg Municipality [98], Aland Islands[30,99] Macedonia[100], Denmark[101,102]
Scotland[103], Ireland[104,105] Finland[106], South East Eurogé&07], and the European
Union[76], among others. The LUT mode&itroduced in 201$108] and inspired by an earlier
model[109], has been utilised in 100% RE studies for global analyses of the powelr{22Ftor
but also all sectorf23,79, detail sector coupling studies includitige industry sectof26],
applied for major regions as transition model for Euj@d€] and Northeast Asig11], while
overnight scenarios have been applied for all major redit8]s country studies have been
applied for singlenodeovernight[112], singlenode transitiorfl13] and multinodetransition
[114] casesThe htest studiestilising the LUT modetover multisector, transition scenarios
with partial sector couplinfp9], andwith multi-node, full sector coupling comparidgferent
scenarig (Chapter 1)

3. METHODS

This section describes the methods through which the overnight scenarios for the selected case
country Bolivia were developed and is divided into two main sections. First, the LUT Energy
System Transition mod§22,23,79]is described for its singleode and multhode overnight

and transition scenarios, as it forms the basis and assumptions used in the setup of
EnergyPLAN. Secondhe modelling tool EnergyPLANBO0,81] is discussed. These model
results are then compared to each other through a reference scenario set in 2020. Last, the
assumptions made in EneRJyAN to meet thosenithe LUT model are discussed in detail, and

a description of scenarios developed will be introduced. Results for an overnight scenario in
EnergyPLAN will then be presented along with overnightl transitiorscenarios from the

LUT modd for the case of Blovia.
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3.1 LUT Energy System Transition model

This research utilised the LUT Energy System Transition ni{@@éR4] to develop overnight
scenarios for the Bolian energy transitionFigure 26 shows the process flow of the LUT
model. This model was originally developed for the power sector only in an overnight design
[32], further developed for describing dlftransition scenari¢22], and in a subsgient step
designed with a full coupling gdower and heat sectd4]. In the meantimghe LUT model

has been updated to integrate the power, heat, traf2po®], and desalinatiof25] sectos,

and, finally, the industry sect¢26]. An important update to the model inputs, though, was
made in this research, as financial and physical input parameters were updated to be fully based
on lower heating values (LHV) rather than a mix of lowed higher heating values (HHV),

as detailed irsection 3.6 All sectors are fully coupled, as shownFigure Z, as described

with the target function and the energy balanc&guations 1 and 8hown in section 2 of
Chapter 1

The model functions wh linear optimisation under predefined constraintsfuih hourly
resolution for an entire year, applying cogttimal simulations. Weather data for the year 2005
is used to determine resource availability as described in Bogdanoy22]alypically, this
model uses historical installed capacities in a given energy system and otbieaiots to
determine a least cost energy system. H&weaw this study, overnight scenarios are developed
to determine the least cost energy system in full hourly resolution for all hotmsyadar in
2050, without considering currently installed capa
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Figure26. Fundamentastructure of LUT Energy System Transition mof@3,23,79]
similar to Figure 1 of Chapter. 1
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Figure27. Schematic of the LUT Energy System Transition model for the coupled sectors
power and hedR4], transpor{23], and desalinatio[25], similar to Figure 2 of Chapter 1
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3.2 The EnergyPLAN simulation tool

The EnergyPLAN system analysis tool is a deterministic input/output computer modelling tool
that has been used in the design of regional, national, and local energy systems. As a
deerministic model, EnergyPLAN will always provide the same output for@ngivput. The
structure of the EnergyPLAN model is shoimrFigure28. Since its release in 1999, the tool

has been continuously updated, with its most recent version (15.0) desgpkin September

2019. Due to familiarity with a previous version (1)3.this version was utilised in this
research. Documentation for the EnergyPLAN tool version 13.2 detailing its full functionality
can be found irf115], and its advantages have been discussed extenfi80,116] An
important distinction between EnergyPLAN and the LUT model is that EnergyPLAN is
simulation tool, rather than an optimisation tool. Therefore, optimisation must be done
manually by the user through multiple iterations. Due to the quick simulation time, though,
iterations can be performed in a timely manner, allowing the modelleeechaw input
adjustments affect results and take the role of the optimiser. As the optimiser, the user must
define the optimisation criteria, and those that have been applied iesstisthg EnergyPLAN

have been detailed {80]. To maintain consistency in assumptions between the two models,
this study seeks to optimise the Bolivian gyesystem in 2050 by finding the system with
least annualisedosts in a system with zero greenhouse gas emissions for fulfilling the
ambitious target of the Paris Agreement and the Sustainable Development Goals of United
Nations[3,117]
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Inputs

EnergyPLAN

Outputs

Annual demands:

*  Electricity
District heating
Individual heating
Fuels for industry
Fuels for transport

Energy resources

Water/Hydro

Capacities and efficiencies:

Interest rate
Capital expenditures
Operational expenditures

Hourly distributions:
Electricity and heating demands
Variable energy resource supply
Transportation demand
Fixed import or export

+  Technical limitations

Balancing demands

External electricity market parameters
Transmission capacity

Excess electricity management

« e e .

Annual, monthly and hourly
results:
Electricity and heat
supply
Electricity imports and
exports
Fuel consumption
GHG emissions

Thermal power plants Share of RE
Hydropower
RE technologies s I e Annualised energy system
Storage technologies Er— costs:
Electric, Thermal, g Capital expenditures
Gas, Liquid fuels — Operations and
maintenance
Cost data: Fixed
+  TFuel costs Variable
GHG emission factors Import and export
and costs Regulation: GHG emissions

Figure28. Main inputs and outputs from EnergyPLAN simulation tdaapted fron{103].

3.3 Geographic application for a Sun Belt country

Data was collected as deigdin Chapter 1to develop demand projections for Bolivia. In

the multin o d e

scenario

Bol i vi a

wa s

separated i

administrative regions, combining Pando and Beni into one region due tdothegnergy

consumption, gseci al | vy

Wi

t h

respect

to i ts

regional

structured as follows: Pando and Beni (PDBE), La Paz (LP), Santa Cruz (SC), Cochabamba
(CB), Oruro (OR), Potosi (PT), Chuquisaca (CH), and Tarija Higure 29 shows Bolivia

semrated into its subdivisions with capitals of the regions being marked as centres of

consumption. In the singleode scenario, Bolivia is modelled as a single region, and data was

aggregated into single values for Bolivia as alehrather than having datategorised by

subregions.
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Pando and Beni

Existing grid lines
Legend

BLACK: 69 kV
BLUE: 115kV
GREEN: 230 kV

Figure29. Bolivia separated into its respective subregions, centres of consumption and existing

grid infrastructurgas adopted fror€hapter 1

By sector, demands were categorised into their otisgefinal usesThe pwer sector was
categorised among residential, commercial and industrialusexs. Heat demand was
attributed to four different final heat uses of space heating, domestic hot water heating,
industrial process heat, and biomass fwoking. Waterbasedheding demands were further

organised into low, medium, and high temperature heating demands.

For the transport sector, transport demaddtsa from the Bolivian governmepd] were
separatednto road, rail marine, and aviatiosegments according to Khalili et 9] and
Balderrama et a[16] and were then further divided into passer({@ep-km) and freigh{in t-

km) for each transport segment. The road segment demand was then allocated to passenger
light-duty vehicles, 2vheelers/3wvheelers, passenger bus, freight meduaurty vehicles, and

freight heavyduty vehicles. Using29], the final transport demand was calculated based on
specific vehicle energy demand and vehicle technolagydescribed ifChapter 1the future
projections for final energy demand were done largely based on governmettipng to
2030[11], which projected significant growth in heat demand for industry and universalisation

of basic services and access to electricity, and extrapolated to 2050 assuming a similar growth

rate.
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Resource poteials for Bolivia were then estimated for an array of RE technologies. Real
weather data was used to estimate the solar, wind and hydro re4d8ar&3. Potentials for

biomass and waste resources were classified into solid biomass wastes, residues, and biogas
according taChapter 1and are shown ihable3. Additionally, geothermal potential estimates

were determined according to Aghahosseini e{3d] and pumped hydro energy storage
(PHES) potential estimates were done according to Ghorbani{@6alResource profiles for

solar PV fixedtilted, singleaxis tracking, and wind onshore-{®1 at 150 m) are shown in

Figure30. Uppercapacity limits for renewable resources are showrainie4.

Table 3. Sustainable annual biomass resource potentials for Bolivia in TWh per year.

Region Biomass Biomass Biomass
Solid waste Solid residues Biogas
PDBE 0.47 0.25 1.06
LP 2.04 0.15 1.52
SC 20.12 0.42 0.98
CBBA 2.08 0.07 0.69
OR 053 0.01 0.72
POT 0.52 0.02 1.02
CQ 0.60 0.02 0.78
TJ 0.50 0.02 0.39

Total 26.86 0.96 7.16
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PV fixed-tilt profile (2050) PV single-axis tracking profile (2050)
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Figure30. Renewable resource profiles for PV fixglded (top left), PV singleaxis tracking
(top right), and wind onshore (bottom)

Table4. Renewable resource capacity upper limits for Bolivia.

PV PV _ Wind
) ) ) ) CSP field Hydropower Geothermal
Region optimally single-axis onshore
] (GW) (GW) (GWhw/a)
titted (GW)  (GW) (GW)
PDBE 1248 1248 2497 93 4.1 0
LP 603 603 1206 45 1.3 0
SC 1668 1668 3336 125 0.4 6152
CBBA 250 250 501 19 2.2 0
OR 241 241 482 18 0 429
POT 532 532 1064 40 0.1 0
CQ 232 232 464 17 0.3 0
TJ 169 169 339 13 0.6 6464

Total 4944 4944 9887 369 9.0 13044
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3.4 Verification of EnergyPLAN and LUT model reference

To demonstrate the accuracy of results between EnergyPLAN and the LUT model under
identical inputs, a reference scenario was constructed for the year 2020. Input data was
extrapolated from 2015 fuel consumption and power plant data lanaab | e fr om Bol
Ministerio de Hidrocarburos and Autoridad de Fiscalizaciéon de Electricidad y Tecnologia
Nuclear[4,6]. Final power demand was defined as 10.5 T@fdfinal heat demand weaset

at 52.4 TWi. Distributions were established based on demand distributions utili€édpter

1 as representative of the whole country, shawhigure31. Similarly, PV, wind, and hydro
resource distributions used in the LUT2BOreference weralso used in EnergyPLANLO

account for the fact that EnergyPLAN utilises a 8h84rr year (with leap year) while most

other models use the standard of 8760, data for December 31 was duplicated when being
converted from LUT model datkuel demands by semt were then established based on data
from the 2020 results from the LUT model. Household heating was modelled solely through
individual heating, while industrial heating was modelled using district heating @dtjp 3

in EnergyPLAN(large scale, centriged) A comparison between the two models for the year
2020 is showrnn Table5. A noticeable difference can be seen in the condensing power plant
(PP) production, as the LUT model produces about 2 cIMére than that of EnergyPLAN.

This is largely due tarid losses that exist in the modelling of Bolivia, which considers real
grid distances. This result affects the total fuel consumption, showmbfe 6, and was
adjusted for by reducing the efficiency of the condensing PP input assvely manually
adusting the fuel inputs. Because EnergyPLAN models condensing PP as one aggregate power
plant, different power plant technologies cannot be individually defimtdcan there be an
accounting of differing efficienciedHowever, with mandamanipulation, fel consumption
differences were brought within acceptable margins. This issue, though, will not be as
significant of a problem as fossil fuel consumption is completely phased out in the 2050

Bolivian energy system.
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2 Normalised electricity demand (2050)

) Normalised household heating demand (2050)
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Figure 31. Normalised demand distribution for power sector (top left), household heat (top
right), and industrial heat (bottom) demands.

Table5.Comparisorof EnergyPLAN and LUT model power production resultstfer year
2020

Annual Production  Annual production

Difference
) calculated by calculated by LUT ) ]

Production mode (absolute) Difference (relative)

EnergyPLAN model

(TWhy)

(TWhy) (TWhy)
Hydro run-of-
) 2.00 2.088 -0.088 -4.4%
river
Hydro dam 1.37 1.368 0.002 0.1%
Wind on$ore 0.06 0.056 0.004 6.7%
Solar PV 0.23 0.238 -0.008 -3.5%
Condensing PP
(OCGT, CCGT, 6.90 8.993 -2.093 -30.3%
ICE, ST)
Grid losses - 1.9 - -

Curtailment 0 0.283 -0.283 -



Total domestic

production

10.56

10.562

-0.002

a7

<0.1%

Table6.Comparisorof EnergyPLAN and LUT model fuel consumption results for the year

2020.

Consumption

parameter

Coal

Oil

Gas

Nuclear energy
Biomass

wind

Solar PV
Hydropower
Total fuel
consumption
CO; emissions
(Mtons)

Fuel use by
EnergyPLAN
(Twh)

0

40.40
43.19

0

25.79

0.06

0.23

3.37

113.03

21.501

Fuel use by LUT
model
(TwWh)
0
40.75
43.20
0
25.57
0.056
0.238
3.456

113.27

21.5

Difference

(absolute)

(TWh)
0
-0.35
-0.01
0

0.22
0.014
-0.008
-0.086

-0.24

0.001

3.5 Fundamental differences between EnergyPLAN and LUT model

Difference

(relative)

-0.9%
<0.1%

0.9%
6.7%
-3.5%
-2.6%

-0.2%

<0.1%

This section addresses some of the modelling differences that exist between the two ESMs used

in this study. The first modelling difference that needed toduessed is the way that the

LUT model classifies heating demands. Industrial heating demanddassified at three

temperature levels, as describedd4], and all individual heating demands are considered LT

demands

- High temperature (HT) heat, greater than 2Q00 5 O

based boiler/furnace
- Medium temperature (MT) heat, between 150 0 O

heating rod and stored in thermal energy storage;
- Low temperature (LT) heat, below Q05 O

wh i

w

c h

hich can be pi
which can be
can be provi

heat pumps, and solar thermal collectors, amdbe stored in district heating storage.
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Higher temperature supply can be used to cover lower temperature demand. MT can cover LT

and HT can cover MT and LT. Steam turbine installations consume both MT and HT heat.

In EnergyPLAN, industrial heating demds are modelled through fuel inputs to industrial
heating processes, without considering the technologies usegptythe heating demands,
with DH and individual heating (IH) supplying household demands. District heating in
EnergyPLAN is separated lelson technologies available, with the following groups:

- Group 1 representing DH systems with no CHP;
- Group 2 representing DH systems based on small CHP plants;

- Group 3 representing DH systems based on large CHP plants.

To address théifferences in heatlassification, household heat was limited to individual
heating technologies, and industrial heating demands were distributed among the three groups
with HT in Group 1, MT in Group 3, and LT in Group 2. This setup allowed for the most
consistent availabtly of technologies between the two ESMs. Even so, there still exist several
differences in how heat is produced. DH groups in EnergyPLAN, unlike the LUT model, have
no intersection and heat supply in Group 1 cannot be used to suppiypsG2 or 3.
Additionally, direct electric rod heating to meet MT and LT demands, modelled as electric
boilers, can only be operated at the maximum capacity cbastd boilers. Thermal energy

storage is, therefore, only available as LT DH storage.

Eledricity storage optins in EnergyPLAN are treated similarly to condensing PPs in that there

is one aggregate electricity storage optiorthe version used (13,2¢ompared to the LUT

model which has batteries, pumped hydro storage (PHES), and adiabgiressed air energy
storage (ACAES). Due to this, batteries were chosen as the electricity storage option, and costs
were modelled as a combination of utdiggale and prosumer batteries. PHES exists in the
AWatero tab i n Ener gytB IreShwater Heonanend goroductian.t i s
EnergyPLAN allows fosmart charging andehicle-to-Grid (V2G) connections as additional

forms of flexibility storage, whose benefits are discussel@@106] However, because the

LUT model does not yet hagenart charging ov2G capability, tieseoptionswerenot utilised,

and all electricity for the road mode in the transport sector veasett as dump charge in

EnergyPLAN. It must be noted, though, thathe most recent version of EnergyPLAN, two
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centralised electricity storage options are available to model different electricity storage

technologiesn addition to the category of rocktbstorage

The final major modelling difference between the LUT moaled EnergyPLAN is how
synthetic fuels are developed. In the LUT model, sustainable transport fdval€eid road
transport can be met through the development of Fisttogrsch (FT) proesses to produce
synthetic diesel, gasoline and jet fy2B]. This powetto-fuel value chain, along with all
sustainable fuels, is shownkigure32. Conversely, EnergyPLAN utilises a powtergasto-

liquid (PtGtL) route in a Chemical Synthesis functiaithough the most recent vessi of
EnergyPLAN can model the PtL roufeo most closely model the FT synthesis process, which
is more efficient than #nPtGtL procesgl18,119] efficiencies and costs were adjusted to most
closely follow the powetto-liquid process. However, one aspect that cannot be properly
adjusted between the models is theoant of CQ that needs to be captured and the amount of
electricity needed for the process because of the differeatdé@ands for theespective
functions. This has been accounted for in an increased cost of extraiC@Capture.
Additionally, costs fothe PtGtL route in EnergyPLAN were determined based on fixed ratios
for a powerto-liquid production facility that produces jet fuéligsel, and gasoline. The costs
utilised in this study are based on a jet fuel mode of production, whereby jet fuettondsi
maximised, with a ratio of 1.1 units of diesel/2.1 units of jet fuel/1 unit of gasoline. Remaining
liquid fuel demand from theUT model that could not be met with this production schema
were met with biofuels. The effects of this difference Wdlseen particularly with respect to
the methanation capacity need@ction 4.7)and the total annualised cogtection 4.8)

betweerthe two models.

Electrolizer
{ i@

Hydrogen

Water

Electricity Methane

@|[@)[@

Heat Liquid hydrocarbons

Biomass

®l=|e)|®

Digesters and
biorefineries

Figure32. Schematic of the value chain elements involved in the production of sustainable
fuels in the LUT mod€]29].
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3.6 Heating values for impact analysis

It is still common practice that fuel to electricity conversion is reported in LHV, such as
efficiencies and financial costs for power plants, while electricity to fuel conversion is often
discussed on HHV, as for electrolysers, methanation units and ythéresis nits. It is
standard convention that prices for conventional fuels are expressed in HHV, named as gross
caloric values, whereas most of the conventional fuels are traded in their specific units, such as
barrel or tonne of oil, norm cubic metefrnatural @s or tonne of coal. The results of energy
system analyses are consistent, as long as one heating value is consistently used for all
conversion efficiencies, costs of fuels and cost of capacities. The impact of inconsistent heating
value assumons is ankysed in this research. The LUT model scenarios, as defirssgtiion

3.7, are aligned for the standard analyses consistently to LHV, while an HHV/LHV mixed
scenario variation is also analysed to detect the impact of such mixed assumptighs. Fo
HHV/LHV mixed scenario variation all fuel to electricity conversion units are based on LHV
for efficiencies, capital and operational expenditures, which are based on output capacity, while
the electricity to fuel units are set on the HHV for technasad financal parameters. The
technical and financial parameters can be easily converted by an HHV/LHV conversion factor

per fuel type, as summarisedTliable?.

Table 7. Higher heating value (HHV) and lower heating val{i¢dV) and HHV/LHV
conversion factor for all fuels used in the LUT model. Biogas is assumed to be a 60 dCH
40% CQ molar mix. FischeiTropsch is assumed to be in kerosene mode and for the mix of
all output.

LHV HHV factor for

MJ/kg MJ/kg adjustment
H> 121.00 141.88 1173
CH, 50.00 55.53 1111
Natural gas 47.14 52.23 1.108
Biogas 17.65 19.60 1.111
FischerTropsch mix 42.98 46.15 1.074
Methanol 19.90 22.88 1.150
Dimethylether (DME) 28.87 31.67 1.097
Ammonia 18.65 22.50 1.207

3.7 Scenario definition for studyingthe research questions
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With the aforementioned differences in mind, three overnights scenarios were developed for
the Sun Belt case country Bolivia, summarigedable8. All scenarios seek to find a cest
opti mal 100% RE energenaybsbem, aasldd B.EEghe@®obli
under the same assumptions. BRNT, BPSMHT and BPSS seek to show the impacts of
regional modelling o the outcome of a Besbicy Scenario using the LUT model, especially

for a case country with widely varying geographic conditions. These scenarios in comparison
to BPSEP aim to demonstrate the modelling differences in determining a fully sustainable
erergy system, and the imghtions of modelling tools on the economic and technical viability

of sustainable energy systems. Additionally, each LUT model scenario is compared on mixed
HHV/LHV and full LHV basis, as defined isection 3.6 with the mixed HHVLHV results
beingdenote wi t h an -$MME@O.J .e. ABPS

Table8. Overview of scenarios.

Scenario Name Description

This overnight scenario targets 100% RE by 2050, with digian

Best Policy Scenario MuNode No  of GHG emission costs. This scenario utilises a rrudtilal

Transmission (BPS/NT) approach in the LUT model to the modelling of Bolivia without g
interconnections.

Best Policy Scenario MulNode This overnight scenario targets 100% Rihgs multinodal

High Transmission (BR®HT) approach and allowing for grid interconnection between regions

) o This overnight scenario similarly targets 100% RE by 2050.
Best Policy Scenario Singldode

However, this scenario models Bolivia as a single node in the LI
(BPSS)

model.

BestPolicy Scenario EnergyPLAN  This overnight scenario, performed using EnergyPLAN, similarly

(BPSEP) models Bolivia as a single node with a target of 100% RE by 20
Best Policy Scenario Energy This transition scenario uses BR$esults fromChapter 1using a
Transition multi-nodal approach allowing for grid interconnection and
(BPSET) targeting 100% RE by 2050.

4. RESULTS

The results fothe EnergyPLAN and LUT scenarios are presented here as folk®egon 4.1

will discuss the primary energy oly to meet the 2050 final energy demand of the case
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country Bolivia. The structure of results for power, heat, transport and desalination sectors are
then presented across scenariosentions 4.2, 4.3, 4.4 and 4respectively The role and
charactestics of heat and electricity storage are then presentsgtiion 4.6The structure of
synthetic fuel production for all scenarios is then showsdation 4.7 Section 4.8then
discusses the annualised investmenttiine of costoptimised scenario®f the case country

and show the impact by technology on total investment costs. Finally, the impact of the change
of the LUT model from a mixed HHV/LHV basis to full LHV basis is presentexkation 4.9

More detailed esults for each scenario can berfdun the Supplementary Materidlgbles

All 4-All 22 and Figuregll 1-All 25).

4.1 Primary and final energy demands

Final energy structure and demands by sector, shovwigure 33, transforms as industrial
heating is projected to grow significantly betwe2)262050, from 99 TWh in 2020 to 263
TWh in 2050. Both ESMs were set up to develop an energy supply to satisfy these 2050
demands, and results indicate thath theLUT model aml EnergyPLAN develop a primary

energy supply founded on renewable energytigularly lowcost solar PV.
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Figure33. Finalenergy demand for Bolivia by sector.
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Figure34shows primary energy supply across scenarios, with varying levels of primary energy
being developed to satisfy final energy demaiisnary energy supply reaches 298 TWh,
283TWh, 275TWh, 274TWh, and279 TWhfor each of the scenarios, respectively. Among
singlenode scenarios, BPISP shows the larger primary energy supply and among-nade
scenarios, BPSHT has the lowest primgrenergy supply. Larger primary energy supply
implies that the system develapa BPSEP is less efficient than tH&PS 'S, which will be

the case as there are less avenues available for electrification in EnergyPLAN compared to the
LUT model, particularlyin the heat sector. Conversely, given a more decentralised and
distributed emrgy system, as is the case in BRNT, transmission systems will be less
utilised, suggesting there will be reduced transmission lessegared to BPMHT and BPS

ET as energys supplied where immediately needed.
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Figure34. Primary energy supply for all scenarios in 2050, except the 2020 reference

4.2 Power sector

Total installed electrical capacity and generation are shioWwigures35and36, respectively.
All scenarios show a power sector dominated by solar PV, and, interestingly, all overnight
scenarios do not much utilise wind onshore. The rmaitie overnight and transition scenarios

use small amounts of wind onshore, and the singtie wernight scenarios do not utilise wind
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onshore at all. Further, condensing PP capacities are only present-EEilIlBR8wever, due to

their low electricity production, their presence in the electricity generation mix suggests that
these are historical oramsitionary capacities that have not reached the end of their technical
lifetimes. For all scenarios, solar PV singbes has the largest share of installed capacity and
electricity generatiorHowever, the extent to which it is the largest share vdf@sghe multt

nodal decentralised energy systems, fixed tilted solar PV has larger shares of capacity and
generation, as the benefits of singbas tracking systems are diminished in regions with less
abundant solar resources. Conversely, in scenaribshwih interregional transmission, solar

PV production is concentrated in the regions of best resources where the full load hours (FLH)
of solar PV singleaxis can be maximised, largely in the southwestern regions of LP, POT, and
CQ. The single node scemas, BPSEP and BPS5, both develop electricity generation
structures that are primarily singgis solar PV, with fixed titled solar PV capacities coming

largely from residential, commercial, and industrial prosumers.
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Figure35. Installed electrical capacity for all scenarios.
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Figure36. Electricity generation by capacity for all scenarios.

Consumption of electricity can be seenFigure 37, andthe LUT model and EnergyPLAN
results show significarstructural differences in how electricity is used. The most noticeable
difference can be seen in electricity consumption shares for PtG and electric rod heating for
DH. In BPSEP, the PtG process alosaresponsible for 66% of total electricity consuiopt
whereas in BPS, PtG makes up 43% of electricity consumption. Further, electric DH
comprises 31% of electricity consumption in B8Sout is only 7% of electricity consumption

in BPSEP. This diffeence can be similarly visualised in the followingtgmn which compares

the heat sector between scenarios.
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Figure37. Total electricity consumption for all scenarios.

4.3 Heat sector

The heat capacities and generation are shavidigures38 and 39, highlighting the heating
structure differences explained in section 2.4. Across scenarios, installed heat capacities are
similar, with BPSS having thelowest capacity compared to the other LUT scenarios.
However, BPSEP has the largest heat productiothesLUT model allows for éat recovered
from PtG processes to be used to satisfy heat demands from industry aDACQvhereas

in EnergyPLAN it was assumed that all excess heat was needed ferD@QG. Within
EnergyPLAN, there is no way to define heatrdhnds for this process, iwsh makes available
heat from related processes impossible to accurately acdouhie LUT model scenarios,
centralised heating, largely for industrial heat, is supgredarily by electric rod heating for
MT and LT heat, wheé SNG and biomasdsased bibers supply HT industrial heat demand.
Although thermal energy storage asailable to be used in DBroup 3 in EnergyPLAN,
electricity-based DH capacity is limited by fublsed boiler capaciignd cannot be operated
to chargethe thermal energy storagethis group. Thereforghe role of electric DH in BRS

EP is much more limited than BF5as electric DH composes only 9% of heat production in
BPSEP and 43% of heat production in BBSTherefore, fuebased boilers play a ml larger
role in BPSEP, with 43% of heat production, compared3®% in BPSS. In the BPSEP,

these boilers are largely supplied by SNG, with limited shares of biomass, as most available



57

biomass resources are solid wastes used in waste CHP plantsl $a@narios, SNG DH

composs 99% of boiletbased DH and biomass DH accounts for the remaining 1%. IH for

both single and mulinode scenarios is supplied almost entirely byt@air heat pumps, with

small shares of biomasasid direct electritH remainirg.
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. Installed heat capacities by technology for all scenarios.
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Figure39. Heat production by technology for all scenarios.

4.4 Transport sector

Across scenarios, the structure of final energy demand in the dransgctor remains
consistent, as showin Figure40. Transport demand is satisfied by electricity, with 60% of
demand, hydrogen, with 18%, sustainable biofuels, with 4% and 0% HEBR®d BPS, or
synthetic fuels, with 18%nd23% in BPSEP and BPSS. There is one key difference between
theBPSSand BPSEP, which is the synthetic fuel production schema discussed in section 2.4.
The result is that the PtGtL route cannot produce the diesel that is required to satisfy the diesel
demand. Therefore, 1 TWH biodieselwas produced in EnergyPLAN, whereas th&T

model did not utilise any biofuels to satisfy road transport demands using ICE. Another
interesting result can be seen in BMSIT, where a small excess of FT fuels is produced,
exceeding the fudbasel transport demand. Such excess fuels are consilgré@ model as

a fuel export, and similar results were found for Eurodé&10].
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Figure40. Final energy demand by fuel typetiansport sector for all scenarios.

4.5 Desalination sector

In 2050, a limited desalinated water demand for Bolivia exists of 4.2/&lrwhich is
dominantly supplied by reverse osmosis (RO) seawater desalinatismpwss inFigures4l
and42. In BPSS and BPSET, though, a small share of stand alone Multi Effect Distillation
(MED) exists, whereas the desalinated water demand forhat stenarios is met solely by

RO desalination. The total electricity demand femwater desalination across scenarios is less
than 0.1 TWh, suggesting that desalination will play a very small role in total water demand in
the Bolivian energy system andlivonly be utilised for specific parts of the country that may

not be able to sece a sustainable freshwater supply.



60

14000

12000

" Seawater reverse 0Smosis

u Seawater MSF stand alone
8000 u Seawater MSF cogeneration

u Seawater MED stand alone
6000

u Seawater MED cogeneration
2000

0

2020 BPS-EP BPS-S BPS-MNT  BPS-MHT BPS-ET

—
=
=
=

Desalination capacity (m*/day)

o
=3
=3
=

Figure4l. Installed desalination capacity across all scenarios.
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Figure42. Desalinated water production for all scenarios.

4.6 Storage capacities and throughput

For all scenarios, storage plays an important role in balancing a primary energy supply
structured around solar PV. Electricity storage serves to balance a variable supply for all hours
of the day and has varying capacities and outputs across scenaeiestingly, BPSS has a
noticeably larger electricity storage capacity and throughput, showigures43 and 44,
compared to BPR&EP. Among multnode scenarios, only BFEST utilises PHES, whereas the
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overnight scenarios prefer utilfgcale batteries abe dominant storage technology. This is
caused by the evolution of the energy system, since in earlier pRidES is economically
more favourable than battery storaged PHES is kept in the systedue to its long technical
lifetime. Despite similastorage capacities among between #FSand BPSVINT, MHT, and

ET, the throughput of electricity storage is lower in BEFS with a throughput of 24 TWh,
compared to the other scenarios with 49 TWh (B3S33.734.5 TWh (BPSVIHT, BPS
MNT) and 29 TWh (BP<ET). However, this can be understood from the electricity storage
profile shown inFigure45. Compared to BPS, considered exemplary of battery storage for
all LUT model scenarios, BREP has much more seasonal variation of sibtsharge (SOC)
characteriscs. In BPSS, battery storage has a relatively even SOC profile throughout the year.
However, the fundamental nature of electricity storage as being a form oftesinortdaily
storage remains consistent across ESMs.

Figure43. Electricstorage capacities by technology for all scenarios.



































































































