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Kurzfassung

Diese Dissertation beschiftigt sich mit der Fragestellung wie ein Land zukiin-
ftig zu einem geeigneten Produzenten und Exporteur von nachhaltigem Kerosin
im zukiinftigen globalen Markt hierfiir werden und gleichzeitig Ziele zur Schaf-
fung einer CO,-neutralen Stromversorgung erreichen kann. Ein idealtypischer
Kandidat fiir eine solche Untersuchung ist das Land Brasilien. Es verfiigt iiber
betridchtliche erneuerbare Energieressourcen, grofie Flichepotenziale und eine
etablierte Rolle als Exporteuer von Biokraftstoffen. Allerdings existieren fiir
Brasilien bisher noch keine Strategien zur Produktion von E-Kerosin, die auf
einer CO,-neutralen Energieversorgung basieren.

Frithere Studien in diesem Bereich haben sich in erster Linie auf techno-
okonomische Untersuchungen zur optimalen Auslegung von Einzelkomponen-
ten innerhalb der E-Kerosin-Produktionskette beschrinkt. Diese Dissertation
erweitert diesen Fokus hin zu modellbasierten Szenario-Analysen der nationalen
Energieversorgung, um sektoriibergreifende Auswirkungen zu beriicksichtigen.
Der Neuheitswert gegeniiber existierenden nationalen Szenariostudien ist neben
der Integration von Produktionsketten fiir E-Kerosin die raumliche Modellaufl6-
sung, welche Untersuchungen auf Ebene der Bundesstaaten und somit Standor-
taussagen fiir die zukiinftig benotigte Energieinfrastruktur erlaubt. Die derzeit
fir Brasilien verwendeten Energiesystemmodelle weisen Einschrinkungen auf
- sie sind entweder nicht quelloffen, haben keine ausreichende Auflosung oder
vernachlissigen die Energiebilanzierung von Flugtreibstoffen. Fiir diesen Zweck
wurde im Rahmen dieser Dissertation das Energiesystem-Optimierungsmodell
PyPSA-Brazil entwickelt. Es handelt sich um ein vollstindig quelloffenes, auf
offentlichen Datensiitzen basierendes Modell. Damit stellt es fiir Untersuchung
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von Szenarien der nationalen Energieversorgung selbst im Vergleich zu Mod-
ellen vieler Industrieldnder einen bedeutenden Fortschritt hin zu transparenten
Planungsprozessen in Brasilien dar.

Der erste Teil dieser Dissertation befasst sich mit der Zusammenstellung eines
umfassenden, offenen Datensatzes fiir die Szenarioanalyse. Dieser Datensatz
umfasst Zeitreihendaten von variablen, erneuerbaren Stromerzeugungspoten-
zialen, Stromlastprofilen, Zufliissen fiir die Wasserkraftwerke, grenziiberschre-
itendem Stromaustausch, Geodaten zur administrativen Aufteilung der brasil-
ianischen Bundesstaaten sowie Kraftwerksdaten, Netzwerktopologie, Biomasse-
Wirmekraftwerkspotenziale und Szenarien der Energienachfrage. Im zweiten
Teil wird ein quelloffenes Energiesystem-Optimierungsmodell auf der Grundlage
des kuratierten Datensatz erstellt, um die Synergien eines vollstindig dekarbon-
isierten Stromsystems bei gleichzeitiger Produktion von E-Kerosin in Brasilien
zu untersuchen. Die Kompromisse zwischen der Versorgung mit E-Kerosin und
konkurrierenden Optionen, wie Biokerosin und konventionellem Kerosin, werden
ebenfalls untersucht.

Die Ergebnisse legen nahe, dass ein dekarbonisiertes Energiesystem in Brasilien
im Jahr 2050 zu Stromgestehungskosten von 50,3 €/MWh verursachen wiirde,
wobei die Hilfte der Elektrizitdt aus Wind- und Sonnenenergie erzeugt wird.
Die Integration der E-Kerosin-Produktion verringert die Abregelung der erneuer-
baren Erzeugung und die Abhingigkeit von der Wasserkraft. Der Anteil von
E-Kerosin an der Deckung des Kerosinbedarfs schwankt zwischen 2,7% und
51,1%, und die nivellierten Produktionskosten liegen zwischen 113,3 €/MWh
und 227,3 €/MWh. Diese Schwankungen werden durch die Produktionskosten
von Biokerosin, die Kohlenstoffpreise und die Exportabsichten beeinflusst.

Diese Feststellungen sind von Bedeutung fiir politische Entscheidungstriger und
Interessengruppen im brasilianischen Energiesektor, insbesondere fiir diejenigen,
die sich mit nachhaltiger Energie und luftfahrtbezogenen Umweltfragen beschifti-
gen. Die hier entwickelte Methodik konnte als Grundstein fiir andere Lander
dienen, die darauf abzielen, Produzenten und Exporteure von CO,-neutralem
E-Kerosin zu werden.
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Abstract

This dissertation deals with how a country transitions into a suitable producer and
prospective exporter of sustainable aviation fuels in the upcoming global market
while progressing towards a carbon-neutral national power system. One candidate
for this endeavour is Brazil. It has substantial renewable resources, extensive
acreage, and considerable expertise in bioenergy production. However, Brazil
has not yet developed strategies for producing e-kerosene that is underpinned by
a carbon-neutral energy supply.

While much of the existing literature primarily explores the economic perfor-
mance and optimal configuration of components in the e-kerosene production
chain, this research broadens this focus to model-based scenario analysis of na-
tional energy supplies to include cross-sectoral impacts. The novelty of this
approach is that besides integrating e-kerosene production chains, the granular
spatial resolution of the model allows investigations at the level of the federal
states, thus aiding future location decisions for necessary energy infrastructure.
The current energy system models used for Brazil exhibit limitations: they are
either closed-source, lack sufficient resolution, or disregard the energy balancing
of aviation fuels. In response, the energy system optimisation model, PyPSA-
Brazil, was developed as part of this dissertation. The PyPSA-Brazil model is
completely open-source and relies on publicly available data sets. Therefore, it
represents a significant step towards transparent planning processes in Brazil for
exploring national energy supply scenarios, even compared to models of many
industrialised countries.

The first phase compiles a comprehensive open data set for scenario analysis.
This data set includes various elements: (i) time series data of variable renewable
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potentials, electricity load profiles, inflows for the hydropower plants, and cross-
border electricity exchanges; (ii) geospatial data on the administrative division of
the Brazilian federal states; and (iii) tabular data with power plant information,
aggregated grid network topology, biomass thermal plant potential, and scenarios
of energy demand. In the second phase, an open-source energy system optimisa-
tion model is established based on the curated dataset to investigate the potential
synergies of a fully decarbonised power system with simultaneous e-kerosene pro-
duction in Brazil. It further discusses the trade-offs between e-kerosene supply
and competing options such as biokerosene and conventional kerosene.

The results indicate that attaining a carbon-neutral power system in Brazil in
2050 would result in an average electricity cost of 50.3 €/MWh, wherein wind
and solar sources contribute to half of the energy generation. Integrating e-
kerosene production reduces the renewable curtailment and the reliance on hy-
dropower. The e-kerosene share in meeting kerosene demand varies between
2.7% and 51.1%, and its levelised cost for production ranges from 113.3€/MWh
to 227.3€/MWh. These variations are influenced by biokerosene production
costs, carbon pricing, and export intentions.

These findings are significant for policymakers and stakeholders in Brazil’s en-
ergy sector, especially those concerned with sustainable energy and aviation-
related environmental issues. The methodology developed herein could serve as
a cornerstone for other countries aspiring to become producers and exporters of
carbon-neutral e-kerosene.
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This dissertation presents a collection of publications contributing to a broader
research theme on the design of carbon-neutral energy systems. The publications
are organised both chronologically and thematically and include the following:

Y. Deng, K.-K. Cao, W. Hu, R. Stegen, K. von Krbek, R. Soria, P. R. R. Rochedo,
and P. Jochem. Harmonized and Open Energy Dataset for Modeling a Highly
Renewable Brazilian Power System. Scientific Data, 10(1), p.103, 2023. ISSN
2052-4463. DOI 10.1038/s41597-023-01992-9.

I am the lead contributor responsible for assembling and analysing raw data,
coding and documenting data sets, and writing. This paper is open access and
includes a ready-to-use data set and an openly accessible code repository.

Y. Deng, K.-K. Cao, M. Wetzel, W. Hu, and P. Jochem. E-kerosene Production
and Export in Carbon-neutral Power Systems — A Solution for Sustainable
Aviation?. 2023. Submitted to Journal of Scientific Reports.

I am primarily responsible for initiating the research, implementing simulations,
evaluating outcomes, and writing the manuscript. The newly developed model
will be made publicly accessible.

Additional contributions of mine extend to several peer-reviewed articles, some
of which have been submitted for review, while others are currently in progress.
However, these works do not form a part of the present dissertation:

Y. Deng, K.-K. Cao, and B. Wanke. Designing a Brazilian energy system model
for studying energy planning at high spatial and temporal resolution. 2021.
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DOI 10.46855/energy-proceedings-9781. 13th International Conference
on Applied Energy.

W. Hu, Y. Scholz, M. Yeligeti, L. von Bremen, and Y. Deng. Downscaling
ERAS Wind Speed Data: A Machine Learning approach considering Topo-
graphic Influences. Environmental Research Letters 18: 094007, 2023. DOI
10.1088/1748-9326/aceb0a.

Y. Deng, C. Jardim Reis Souza, K.-K. Cao, T. Pregger, and P. Jochem. Biokerosene
Production in Brazil: A Spatio-temporal Techno-economic Assessment.
2023. Manuscript in progress.

W. Hu, Y. Scholz, M. Yeligeti, and Y. Deng. Projecting future electricity
demand in the context of climate change: a temperature-dependent dynamic
regression model. 2023. Manuscript in progress.

The impact of this dissertation has been disseminated through presentations de-
livered at high-level academic conferences, publications in leading peer-reviewed
journals, and engagements such as talks and workshops with policymakers and
prestigious Brazilian universities. The following conference, workshop, and tech-
nical visit have featured this work.

e The 13th International Conference on Applied Energy, held virtually from
November 29 to December 02, 2021.

e Pre-launch of teaching material on Sustainable Aviation Fuel (SAF) at
ProQR Workshop, held virtually on December 01, 2021.

e Launch of teaching material on SAF in teacher training in Rio de Janeiro,
Brazil, from May 2-6, 2022

e Technical visits to relevant sectoral institutions such as the National Agency
for Oil, Gas and Biofuels (ANP) and the National Energy Research Office
(EPE), Federal University of Rio de Janeiro (UFRIJ) in Rio de Janeiro and
Brasilia, Brazil, from May 8-12, 2022.
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1 Introduction

Attaining net-zero carbon dioxide (CO,) emissions by the middle of the century
and net-zero Greenhouse Gas (GHG) emissions by the end of century is both urgent
and challenging (IPCC 2022b). The challenges arise from the Paris Agreement of
limiting global warming well below 1.5 °C, which mandates rapid and substantial
solutions to climate change that might impose short-term burdens on society
(IPCC 2022a). Among the various sectors contributing to GHG emissions, the
aviation has seen a continuous rise and faces difficulties in reversing this trend
(Lee et al. 2009).

The persistent dependence of the aviation sector on conventional jet fuel amplifies
this obstacle. This fuel is an energy-dense liquid fuel that lacks commercially
competitive substitutes (Masiol and Harrison 2014). From 2000 to 2017, aviation
contributed, on average, 2.4% of global carbon emissions due to fuel consumption
(IEA 2019, p I1.19). Aircraft engine exhaust consists of 72% CO,, 28.6% water
(H,0), and a meagre 0.1% comprising trace compounds, including nitrogen oxides
and sulphur. About 90% of these emissions take place at cruising altitudes between
9 km and 12 km (Masiol and Harrison 2014). Non-CO, emissions have warming
effects comparable to CO,, and when considered, the aviation sector’s contribution
to climate change is nearly double (Lee et al. 2009). A recent calculation for 2000-
2018 demonstrates that the combined climate warming effect from both non-CO,
and CO, emissions triples when compared to CO, emissions alone (Lee et al.
2021). Moreover, beyond climate change, the emissions adversely degrade air
quality and heighten noise pollution. For instance, the uptick in nitrogen oxides
(NOx) emissions corresponds to a staggering 16,000 premature global deaths each
year (Yim et al. 2015).



1 Introduction

The efforts to mitigate aviation’s climate impact have historical roots. Initial
global concerns about the impact of aviation surfaced in the early 1970s (Wilson
and Matthews 1971), and the Intergovernmental Panel on Climate Change (IPCC)
highlighted these concerns in 1999 (Penner et al. 1999). However, it was not until
the beginning of the 21st century that governments and industry began to facilitate
sustainable development in aviation. The journey started with the European
Commission Directive 2003/87/EC (EU 2003) and saw significant momentum
with the International Air Transport Association (IATA)’s proposal in 2013 for
carbon-neutral growth from 2020. This proposal targets halving CO, emissions
by 2050 relative to 2005 levels (Harvey 2013, Schéfer et al. 2016). As of October
2021, the aviation industry commits to achieving a carbon-neutral future from
2050 (IATA 2021).

1.1 Options for decarbonising the aviation
industry

On how to decarbonise the aviation industry, there are a range of mitigation strate-
gies: (i) technological advancements for fuel consumption efficiency, reduced
aircraft weight, and next-generation aircraft designs such as electric or hydrogen-
powered flights; (ii) better traffic management to avoid unnecessary fuel consump-
tion and flying distances, and optimal operational strategies for higher passenger
numbers; (iii) establishing market-based emissions reduction measures like emis-
sions trading, taxes and offsets, known as the Carbon Offsetting and Reduction
Scheme for International Aviation (CORSIA); and (iv) using Sustainable Aviation
Fuels (SAFs) (Schifer et al. 2016).

The aviation sector has already made significant progress in efficiency. Between
1970 and 1980, CO, intensity experienced a significant 5% annual drop, pri-
marily due to improved engine efficiency. More recently, operational efficiency
has increased by 54% compared to 1990 (ATAG 2021). Using narrow-body
aircraft in the United States (US), for instance, is expected to reduce life-cycle
CO, emissions by approximately 2% per year up to 2050 (Schéfer et al. 2016).
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Additionally, the International Civil Aviation Organization (ICAO) projects that
continued advancements in engine efficiency, aerodynamics, and capacity utilisa-
tion will curtail jet fuel demand and emissions by roughly 1-1.3% per year until
2037 (ICAO 2019a).

Although all-electric or hydrogen aircraft have the potential to eliminate direct
combustion emissions, which reduce air pollutants and non-CO, warming impacts
(Schifer et al. 2018), they face challenges. The energy sources used in aviation
primarily consist of liquid hydrocarbon fuels, which have high volumetric and
gravimetric density (ASTM 2022). This trend is likely to continue until 2050,
especially for long-haul air transport (ICAO 2018b). A shift to alternative energy
sources, such as hydrogen or electricity, would necessitate considerable modifi-
cations to the aircraft or early retirement of existing fleets, especially in long-haul
air transport (ICAO 2022b). Furthermore, Altman (2020) explains that without
breakthroughs in battery chemistry, electrification is not feasible for main propul-
sion due to the low energy density of batteries. Specifically, jet fuel possesses
an energy density of about 43 MJ/kg, while the most efficient lithium-ion bat-
teries in today’s electric vehicles have only 0.72 MJ/kg (Holladay et al. 2020).
In addition, the large-scale rollout of electric aircraft is further constrained by
uneconomical charging and utilisation times, harsh operating conditions and lim-
itations related to charging infrastructure, charging door slots, and range capacity
(Wheeler and Bozhko 2014). When it comes to the commercial use of hydrogen in
aviation, a radical redesign of the engine, airframe, and fuel supply chain would be
necessary, making their use in commercial aviation unlikely (Bauen et al. 2020).

The adoption and expansion of SAFs, as shown in Figure 1.1, emerge as one of
the most significant sustainable solution as it can be effectively used throughout
an entire fleet. This is crucial considering the long service lives of aircraft fleets,
often measured in decades (ICAO 2022b).
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Figure 1.1: Aviation decarbonisation trajectory to 2050 aligned with 1.5 °C goal (“aggressive sustain-
able fuel deployment” scenario from ATAG (2021, p. 25)).

1.2 Sustainable aviation fuels

SAFs comply with the CORSIA Sustainability Criteria (ICAO 2018a, p. I-1-1).
SAFs, being renewable or waste-derived, should safeguard ecologically sensitive
territories, promote local socio-economic development, and avoid competing with
food and water resources from 2024 (ICAO 2021b, p. 2). SAFs need to adhere to
fundamental chemical and physical characteristics specified in ASTM! D7566 and
D1655 standards (ASTM 2018, 2022) . These standards ensure their compatibility
with conventional jet fuel in modern aircraft engines without any degradation in
performance or operability.

SAFs fall under two categories: biokerosene and e-kerosene. Biokerosene
is derived from biomass, the only renewable carbon-containing energy source
(Kaltschmitt and Neuling 2018). Despite long-standing research interest in
biokerosene, concerns persist about its scalability for mass utilisation, land-use
impacts and environmental sustainability (Wang et al. 2019, Altman 2020, Con-
nelly et al. 2015). For biokerosene to be sustainable, it should come from waste or
rotational crops, aligning with ICAQO’s sustainability requirements (ICAO 2018a).

' ASTM stands for American Society for Testing and Materials (ASTM).
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The available biomass holds promise for future jet fuel markets in the US (Holla-
day et al. 2020). However, the feasibility of large-scale sustainable biokerosene
production remains a question, as does the innovation needed for its commercial-
isation (Altman 2020).

GHG emissions from SAFs mirror those from petroleum-based jet fuel during
combustion. In terms of life-cycle GHG emissions, SAFs outperform, with
mandates requiring them to stay below 80.1 gCO,e/MJ. This amounts to at
least a 10% reduction from the average life-cycle GHG intensity baseline of
89 g CO,e/MJ (ICAO 2022a). SAFs can be made from diverse feedstocks such as
biomass, residues, and waste, through different technologies like Hydro-processed
Esters and Fatty Acids (HEFA), Alcohol-to-jet (ATJ), and Fischer—Tropsch (FT).
The effectiveness of SAFs in reducing environmental impacts highly depends
on the production pathways (Prussi et al. 2021). Figure 1.3 illustrates the life-
cycle GHG emission values of biokerosene-type SAFs, varying between 5.2-73.4
g CO,e/MJ, which depend on the production pathways. Biogenic biokerosene-
type SAFs have a net-zero CO, cycle — the CO, emissions during combustion
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are balanced out by the CO, absorbed during photosynthesis. E-kerosene type
SAFs might cut GHG emissions to 0.9-4.0 gCO,e/MJ. Yet, accounting for
non-CO, effects, these values could rise to 8.8-12.0 g CO,e/MJ (Micheli et al.
2022). Specific SAFs, such as those based on FT or ATJ pathways, are purely
paraffinic hydrocarbons, free of aromatic compounds or sulphur (ASTM 2018).

They provide higher specific energy, lower energy density, and altered emission

properties (Masiol and Harrison 2014, Lobo et al. 2011). These environmental
advantages make SAFs a vital element in advancing a GHG-constrained future
(IATA 2018, Prussi et al. 2021).
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Figure 1.3: CORSIA default life-cycle emissions value for SAF (Prussi et al. 2021).
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1.3 E-kerosene

E-kerosene is a synthetic liquid hydrocarbon fuel that is an e-fuel (others include
products such as hydrogen (H,), synthetic methane and methanol) (Ueckerdt et al.
2021). The synthesis of e-kerosene involves the combination of CO, and H,,
where H, is derived through the electrolysis of water using renewable electricity
(Schmidt et al. 2018).

The production process requires three primary feedstocks: electricity, CO,, and
water (H,O) (Ueckerdt et al. 2021). When the electricity used in the process
comes from renewable sources, the resulting e-kerosene can be considered carbon
neutral. CO, sources vary; they may be fossil carbon captured from industrial
exhausts using Carbon Capture and Utilisation (CCU) or be extracted directly
from the atmosphere through Direct Air Capture (DAC). Nonetheless, it is crucial
to underscore that using fossil CO, does not contribute to long-term climate
neutrality, as it yields a net release of fossil CO, into the atmosphere (Ueckerdt
et al. 2021).

The H, required in the synthesis is generated through the electrolysis of water,
which splits H,O into H, and oxygen (O,). Several technologies, such as Alkaline
Electrolysis (AEL), Proton Exchange Membrane Electrolysis (PEM), High Tem-
perature Solid Oxide Electrolysis (SOEL), and a high-temperature co-electrolysis
(Co-SOEL) facilitate this process (Buttler and Spliethoff 2018).

Synthesising e-kerosene predominantly occurs through two pathways: FT syn-
thesis and methanol synthesis (Schmidt et al. 2018). The FT process is a well-
established route and is the only pathway presently recognised under the aviation
fuel specification ASTM D7566 (ASTM 2018). The FT synthesis yields a mixture
of water and hydrocarbons of assorted carbon chain lengths, commonly known as
FT crude, also called syncrude. To convert syncrude into kerosene, it undergoes
fuel conditioning, which involves distillation to separate the hydrocarbons within
the desired carbon chain range, and hydrocracking to facilitate the final product
conversion (Konig et al. 2015). The produced synthetic kerosene allows a blend
of up to 50% with conventional petroleum-derived jet fuel ICAO 2022b).
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1.4 Opportunities for using e-kerosene

The synthesis of e-kerosene from renewable energy sources, such as solar and
wind, presents not only an avenue for harnessing renewable energy but also offers
a means of providing grid ancillary services to counterbalance the intermittent
nature of renewable power generation (Decker et al. 2019, Schmidt et al. 2018).
This development is particularly advantageous for regions with abundant solar
and wind resources and supports the broader goal of aviation decarbonisation
while promoting the integration of renewable energy sources into the energy
infrastructure (Davis et al. 2018).

E-kerosene’s compatibility with existing aviation infrastructure distinguishes it
from alternative fuels like hydrogen or electricity, which require substantial mod-
ifications to existing infrastructure (ICAO 2022b, Batteiger et al. 2022). Addi-
tionally, when compared with biokerosene production through HEFA or AT]J,
e-kerosene production exhibits minimal water and land requirements (Schmidt
and Weindorf 2016).

E-kerosene could significantly reduce the carbon footprint of aviation due to its
potential for net-zero life-cycle CO, emissions (Becattini et al. 2021), with lim-
ited GHG emissions of 0.9-12.0 g CO,e/MJ (Micheli et al. 2022). E-kerosene
produced from the FT pathway has a low-to-zero levels of aromatics and sul-
phur content, leading to reduced particle emissions and improved environmental
outcomes (Moore et al. 2017, Batteiger et al. 2022).

However, the economic viability and scalability of e-kerosene production pose
a significant hurdle, with process efficiencies ranging 0.34 to 0.48 (Batteiger
et al. 2022). Making e-kerosene competitive with conventional kerosene and
biokerosene would require significant innovation in technologies like electrolysis,
carbon absorption and extraction, and the production of large amounts of cheap
renewable electricity (Federal Republic of Germany 2021). In this regard, coun-
tries with abundant renewable energy resources could play a role in advancing the
production and adoption of e-kerosene (Batteiger et al. 2022).
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The development of green energy carriers, like e-kerosene, may redefine the
dynamics of global importers and exporters in energy markets. Key drivers
of this transformation include generation cost, area-specific resource potential,
political stability, energy policy framework and trade (Perner and Bothe 2018).
Regions harnessing renewable energy efficiently, due to favourable conditions
and technical expertise, are well-positioned to meet the global demand for liquid
energy carriers (Perner and Bothe 2018). In this context, Brazil, rich in renewable
resources, is a notable contender for e-kerosene production and supply (Breyer
et al. 2022).

Geographically, Brazil spans an expansive continental territory of 8,547,404 km?
and has an extensive coastline of about 8,700 km. Additionally, its exclusive
economic zone (EEZ) in the Atlantic stretches over 4,500 km? (IBGE 2018a,
EPE 2020c¢).
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Figure 1.4: Installed capacity of power plants in 2021 (Own illustration based on Section 3.2.3).

By 2021, renewables made up 46.2% of Brazil’s primary energy use, significantly
ahead of global average (13.5%) and the rate in Organisation for Economic Co-
operation and Development (OECD) countries (15.1%) (BP 2022). While the
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Brazilian energy system predominantly relies on hydroelectricity, it also uses bio-
fuels such as biodiesel and ethanol, limits petroleum consumption, and gradually
incorporates solar and wind energy (Lima et al. 2020). However, even with sub-
stantial wind and solar radiation assets, their adoption remains nascent (ESMAP
2020, EPE 2022b). They represent only 12% of total installed capacity in 2021
(cf. Figure 1.4).

Brazil possesses one of the world’s largest hydrographic basins, contributing to
nearly 12% of global surface freshwater. With over 4 million hectares dedicated to
dams and reservoirs, Brazil’s hydro resources are substantial (Andrade et al. 2020,
Nogueira et al. 2014). However, an over-reliance on hydroelectricity exposes
Brazil to energy insecurities due to potential extreme hydrological variations
(Bogdanov et al. 2019). Moreover, most untapped hydropower potential lies in
the sensitive Amazon region, where constructing new facilities brings complex
social and environmental challenges (Soito and Freitas 2011, Nogueira et al.
2014).

In the recent Nationally Determined Contribution (NDC), Brazil pledges to cli-
mate neutrality by 2050 (UNFCCC 2022). The country aims to diversify its
energy sources, favouring non-hydro renewables in the future (Herreras Martinez
et al. 2015). A unified direction on what infrastructure must be built and where,
including solar and wind plants, storage systems, and transmission lines, is yet to
be established (EPE 2022b).

Given these factors, it is crucial to understand the Brazilian energy system in
detail and explore its potential contribution to the global energy transition.

1.6 Thesis outline

This dissertation employs an innovative energy system optimisation model to
conduct a model-based scenario analysis, seeking to inform policy decisions
on promoting e-kerosene production for Brazilian aviation sector. The analysis
investigates the feasibility of Brazil to produce and export e-kerosene, whilst

10
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concurrently decarbonising its power system. The dissertation is structured as
follows:

Chapter 2 offers a thorough literature review, including political strategies related
to SAFs, economic assessments of e-kerosene, and the existing energy system
models and data used in the context of Brazil. Through a funnel-like approach, this
chapter identifies knowledge gaps and sheds light on the Research Questions (RQs)
and the corresponding novelty and contribution of this dissertation.

Chapter 3 responds to the scarcity of proper energy data by presenting an open and
comprehensive energy data set used for modelling the Brazilian energy system.
The data set consists of time series, geospatial, and tabular data.

Chapter 4 introduces a novel open-source energy system model, tailored to as-
sess the e-kerosene production without compromising the carbon neutrality of the
Brazilian power system. This model makes up for the lack of suitable models
and stands aligned with modern trends in energy system modelling. This chapter
further elaborates on the rationale behind using Python for Power System Anal-
ysis (PyPSA) modelling framework, describes the model boundary through its
objectives and constraints, and outlines the scenario definition.

Chapter 5 assesses 34 scenarios to evaluate challenges and prospects associated
with the scaling up of e-kerosene production and its potential contribution to
Brazil’s energy system. The chapter investigates the synergies of supplying ad-
ditional electricity for e-kerosene production within a fully decarbonised power
system. The analysis also considers cost comparisons between biokerosene, con-
ventional kerosene, and e-kerosene, taking into account different biokerosene
production costs and carbon prices. In addition, this chapter includes an analysis
of export costs and e-kerosene volumes across diverse export targets. Ultimately,
it highlights Brazil’s potential as an e-kerosene exporter by comparing its produc-
tion costs internationally.

Chapter 6 reflects upon the limitations and recommendations for future research
in this dissertation, while Chapter 7 gives a concise summary of the core con-
clusions and their implications. The findings imply that producing e-kerosene in

11
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Brazil is feasible and cost-effective compared to biokerosene and conventional jet
fuels. Becoming an exporter of SAFs strengthens the advantages of developing
e-kerosene. Despite some inevitable limitations due to the data availability and
model assumptions, the insights derived from this research stand to empower
policymakers to discern the benefits of investing in e-kerosene and astutely guide
policy-making in assessing e-kerosene production prospects in Brazil.

12
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Contents of this chapter are based on

Y. Deng, K.-K. Cao, W. Hu, R. Stegen, K. von Krbek, R. Soria, P. R.
R. Rochedo, and P. Jochem. Harmonized and Open Energy Dataset
for Modeling a Highly Renewable Brazilian Power System. Scientific
Data, 10(1), p.103, 2023. ISSN 2052-4463. DOI 10.1038/s41597-023-
01992-9.

Y. Deng, K.-K. Cao, M. Wetzel, W. Hu, and P. Jochem. E-kerosene
Production and Export in Carbon-neutral Power Systems — A Solu-
tion for Sustainable Aviation?. 2023. Submitted to Journal of Scientific
Reports.

2.1 Political strategies for advancing
sustainable aviation fuels in global and
Brazilian contexts

Using SAFs in aviation is one of the most critical steps towards a carbon-
constrained future, a goal that is advocated by both governments and the aviation
industry.

The Air Transport Action Group (ATAG), in its Waypoint 2050 report, claims that
SAFs are likely to contribute 71% of carbon reductions by mid-century, with e-
kerosene accounting for half of all such fuels (ATAG 2021, p. 79). The European

13
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Union (EU) exhibits a proactive stance in this domain and establishes policies
and regulations to promote the production and application of SAFs in aviation.
The European Commission proposes that SAFs should constitute 5% of aviation
fuel by 2030, with a secondary objective of 0.7% for e-kerosene. By 2050,
SAF’s proportion is expected to climb to 63% and e-kerosene’s share to remain
a minimum of 28% (European Commission 2021). Germany demonstrates its
echo of this commitment through an ambitious roadmap. Both the federal and
state governments in Germany, in collaboration with industry stakeholders, plan
to boost e-kerosene production to set sights on a 0.5% share (~ 50,000 tons) by
2026, growing to 2% (~ 200,000 tons) by 2030 (Federal Republic of Germany
2021).

Shifting the focus to South America, Brazil is in the process of formulating a
national strategy for leveraging SAFs (Ministry of Infrastructure 2019). This
builds on Brazil’s rich history of regulatory initiatives to promote the use of
biokerosene. Key milestones include: (i) the establishment of National Agency
for Petroleum, Natural Gas and Biofuels (Portuguese: Agéncia Nacional do
Petréleo, Gas Natural e Biocombustiveis) (ANP) through Brazilian Law No0.9478
of 1997 (Federal Government of Brazil 1997), (ii) ANP Resolution No. 17
of 2006 to regulate the distribution of aviation fuels (ANP 2006), (iii) ANP
Resolution No.37 of 2009 to specify the blending of fossil jet fuel (Jet A1) with
biokerosene (ANP 2009), (iv) Brazilian Law No.12490 of 2011 (Biofuel Law)
(Federal Government of Brazil 2011), (v) Brazilian Bill No.506 of 2013 to create
National Biokerosene Program (ANP 2013), (vi) ANP Resolution No.63 of 2014
to define the specification for biokerosene (ANP 2014), and (vii) Brazilian Law
No.13576 0of 2017, which presents the national Biofuel Policy, RenovaBio (Federal
Government of Brazil 2017).

14
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2.2 Research on sustainable aviation fuels

2.2.1 Potential for carbon-neutral kerosene exports

Attention is increasingly directed towards the supply and export of green energy
carriers, such as hydrogen, methane, ammonia, methanol and other synthetic fuels,
which indirectly utilise carbon-neutral renewable electricity (cf. Lebrouhi et al.
(2022), Egerer et al. (2023), Roos (2021), Wang et al. (2023)). These carriers
can displace fossil carriers and become global energy commodities, offering
solutions to energy-scarce countries and hard-to-abate sectors (Perner and Bothe
2018). Among nations poised to make a mark in the export of green energy
carriers, Brazil is distinguished as a competitive force (Ikonnikova et al. 2023).

Despite growing interest, kerosene with high Emissions Reduction Factor (ERF)! —
sustainable biokerosene and e-kerosene — is often under-discussed in publications
as a globally traded energy carrier. As an alternative to conventional jet fuel,
SAFs have the potential to become a critical enabler facilitating the sustainable
evolution of the capital-intensive aviation industry (ATAG 2021). However, most
studies aim to improve the availability and affordability of SAFs (ICAO 2022b),
while scenarios frequently present SAFs making up only a limited fraction of the
end consumption of a country (Driinert et al. 2020).

2.2.2 Potential for e-kerosene production in Brazil

Research on SAFs has been on biokerosene and its production through differ-
ent pathways (cf. Wang et al. (2019), Mawhood et al. (2016), Bauen and Nat-
trass (2018)). Many studies have evaluated the techno-economic potential of
biokerosene in Brazil (cf. Cervi et al. (2020), Cortez et al. (2016), Carvalho et al.
(2019), Klein et al. (2018), Cervi et al. (2021)), building upon the long experience

' The Emissions Reduction Factor (ERF) quantifies the net life-cycle CO, benefits of SAFs by
accounting for the CO, savings from feedstock production or growth, and incorporating the
emissions incurred during fuel production (ATAG 2021, p. 103).
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in biofuel production and favourable agroecological conditions. Two noteworthy
studies, Cervi et al. (2020, 2021), analyse biokerosene’s production chain and
costs over space and time. Their findings highlight that producing biokerosene
from biomass crops and their residues could be a cost-effective option for meet-
ing Brazil’s future kerosene consumption demands, especially when compared to
conventional jet fuel. In contrast to the surge in biokerosene research and political
actions, the potential for producing e-kerosene in Brazil seems inconclusive.

2.3 Economic feasibility assessment of
e-kerosene

The versatility of e-kerosene is offset by high costs and uncertain availability
(Ueckerdt et al. 2021). Estimating its potential relates to understanding the
economic performance of e-kerosene production.

Two main approaches dominate this examination. The first, Techno-economic
Assessment (TEA) zooms into the economic performance and optimal configura-
tion of a specific technology or site. This method assesses metrics such as capital
costs, operating costs, and revenues in terms of technical and financial input pa-
rameters (Hansen 2019). On the other hand, the model-based energy scenario
analysis approach takes a whole-system perspective. Using mathematical formu-
lations, it reflects the qualitative and quantitative interconnections between the
components of a real-world energy system, offering evidence for strategic energy
decisions in an uncertain future (Cao et al. 2016).

Publications that concentrate on the economic performance of e-kerosene pro-
duction more frequently adopt the TEA approach and analyse the value chain
based on efficiency and plant capital costs, life-cycle GHG emissions, feedstock,
and energy supply, among others, to determine the optimal configuration of the
segment of its production chain (Brynolf et al. 2018). TEA results yield a wide
range of e-fuel production costs, from 200€/MWh to 280€/MWh today and
160€/MWh to 210€/MWh for 2030 (Brynolf et al. 2018). TEA provides a
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cost-benefit analysis for plant viability, but its results can vary significantly due
to the differences in applied methodology, level of detail, system boundaries, and
assumptions about techno-economic factors and market prices, making them less
comparable across studies (Holladay et al. 2020).

TEA studies, as envisioned in Ueckerdt et al. (2021), Decker et al. (2019), Konig
et al. (2015), Driinert et al. (2020), often assume that the power feed-in is set
exogenously. This assumption may overlook the cost of balancing supply and
demand, market dynamics, environmental implications (e.g., CO, emissions, cli-
mate costs), as well as economic and technical factors. Each of these factors can
in turn affect production costs and decisions regarding technology installation.
Furthermore, with the development of green energy carriers like e-kerosene, the
investigation of their exchange, storage and final demand effects across sectors is
becoming increasingly important (Hansen 2019). Accounting balance-of-system
cost in fuel costing, as advocated in Ridjan et al. (2014), leads to better accu-
racy. An optimisation-based TEA approach bridges the gap in system dynamics
by including components related to electricity supply, such as electric resistance
heating, storage of electricity, hydrogen, and heat grid interconnection (Sherwin
2021). However, this study by Sherwin (2021) only examines a few sites in the
US and does not consider the local economic viability of e-kerosene production
throughout the country. In studies that assess the nationwide potential of re-
newable power generation, the focus is often not on e-kerosene specifically. For
instance, some studies explore the production of hydrogen from hybrid Photo-
voltaic (PV)-wind power plants with battery storage (Fasihi and Breyer 2020),
or the production of a variety of energy carriers including hydrogen, methane,
methanol, FT-based fuels, ammonia, as demonstrated by Global PtX Atlas (Pfen-
nig et al. 2022).
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2.4 Model-based scenario approach for
analysing e-kerosene

The formulation of an efficacious energy strategy requires considerations beyond
merely deploying SAF (ATAG 2021). When looking at the feasibility of investing
in e-kerosene production facilities for the aviation sector, a holistic approach
to energy system analysis can offer insights into the national energy system,
particularly the supply of renewable electricity, and provide sufficient details to
bridge the gap in production chain analysis (Hansen 2019).

In contrast to the deterministic renewable energy costs in TEA, the model-based
scenario analysis approach endogenously calculates the cost of electricity produc-
tion while analysing the supply and demand balance of the energy system.

From an energy system analysis perspective, a joint consideration of the energy
sector and e-kerosene production is necessary if one aims to assure net-zero
emissions at the system level (Davis et al. 2018). Most model-based energy
scenario analysis contemplates minimal (Child et al. 2019) or no use of e-fuels
while assuming deep or full direct electrification of one or all end-use sectors
(Schlachtberger et al. 2017). For those envisioning the use of e-fuels in energy
system models, the form of e-fuels does not centre on e-kerosene but rather
(i) the use of biological resources and production of biofuels (Bramstoft et al.
2020), (ii) methanol and methane (Ridjan et al. 2014), or (iii) hydrogen and
methane (Lux et al. 2021). Often, the model-based energy scenarios either
completely ignore the aviation sector, do not mention it, or consider it only as
part of the overall transportation sector (Brown et al. 2018b). Some research,
such as Lester et al. (2020), involves a system perspective and calculates the
electricity price endogenously, but they do not root the prospect in a local context
across the country. As a result, little is currently known about the possibility of
simultaneously scaling up e-kerosene and renewable electricity production in a
nationwide Brazilian energy system.

In modelling the export of green energy carriers, most studies assume optimal
locations for renewable energy stations overseas. However, few studies account
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for the carbon neutrality of exporting countries regarding their electricity supply
and internal demand for the exported energy carriers. For instance, research
by Ueckerdt et al. (2021) infer optimal locations within the exporting countries
based on electricity prices, highlighting methane and gasoline shipments from
Northern Africa and Australia to EU ports. In a related context, Watanabe et al.
(2010) and Heuser et al. (2019) spotlight Argentina’s Patagonia for its renewable
advantages, recommending hydrogen production to cater to the Japanese market.
Additionally, Song et al. (2021) offer insights into supply chain costs, exploiting
offshore potentials in China for Japan’s hydrogen demand. In the Maghreb region
and Morocco, Fasihi et al. (2017) and Hank et al. (2017) examine the production
of methane, FT-based diesel, and other energy carriers, harnessing the best PV
and wind sources for EU consumption. Lastly, Hampp et al. (2023) recommend
exporting e-fuels (i.e., hydrogen, methane, ammonia, methanol, and FT-based
fuels) from countries like Spain, Denmark, Morocco, Egypt, Saudi Arabia, Ar-
gentina, and Australia to Germany. However, these authors often neglect the
exporting countries’ internal energy demand, which is crucial considering their
commitments to carbon neutrality in end-use sectors.

In summary, itis important to consider the carbon-neutrality target and the balance
of the green energy carriers from the viewpoint of the exporter country. Doing
so might result in a different selection of export candidates, highlighting an area
that warrants further research.

2.5 Advancements in energy system
modelling for Brazil

The success of a model-based approach in formulating consistent energy scenarios
is tied to adequate and comprehensive energy system modelling. As Chang
et al. (2021) outline in their work, forthcoming modelling frameworks are likely
to feature (i) the deployment of open energy data and open-source modelling
frameworks, (ii) the inclusion of more temporal details, and (iii) a reinforcement
of cross-sectoral synergies.
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2.5.1 Open energy data for Brazil
2.5.1.1 Benefits of being open source

Open science endorses the use of open models in assisting the transition to
carbon-neutral energy systems. Such models, typically filled with data sets spe-
cific to the power system, offer numerous benefits. They can promote swarm
intelligence, encourage collaboration and innovation, reduce duplicative efforts,
enhance credibility and legitimacy, ensure transparency to policy discussions, and
make high-quality data and planning tools accessible to researchers and govern-
ment agencies that lack the financial resources for commercial options (Pfenninger
et al. 2018).

2.5.1.2 Openness issues on availability of energy data

Despite these advantages, obstacles remain related to the diverse sources of energy
data and their respective accessibility and licensing conditions, which affect the
degree of openness of the modelling workflows (Pfenninger et al. 2018). Another
hurdle in making data openly accessible is balancing the desire to grant access
to as much data as possible with the need to protect commercial and personal
information from potential misuse (Pfenninger et al. 2017). Governmental entities
may be apprehensive about sharing their data and models due to concerns about
the potential ramifications on societal and economic stability. As a result, the
pursuit of transparency in political and social discourse may be offset by the need
for stability, leading some governments to withhold information (Pfenninger et al.
2017). Moreover, the raw data that underlies an energy system model necessitates
processing before it can be effectively utilised, which presents its own set of
challenges (Pfenninger et al. 2017). For this reason, open data can bolster efforts
to enhance transparency (Pfenninger et al. 2017).
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2.5.1.3 Energy data availability

Publicly available data sets for energy system modelling are more comprehensive
in developed countries, particularly in the EU, where they cover specific parts
of the energy system such as the transmission grid (Matke et al. 2016, ENTSO-
E 2023), generation capacity (ENTSO-E 2023), and renewable energy feed-in
(Pfenninger and Staffell 2016, Staffell and Pfenninger 2016), as well as complete
and readily available options such as the RE-Europe data set (Jensen and Pinson
2017). Other than the openly available data sets, there are several platforms,
for instance, the Open Energy Platform ? and Open Power System Data platform
(Wiese et al. 2019), that coordinate various open data sets such as climate, demand
profiles, transmission grids, and scenarios for modelling the European power
system.

In contrast, energy system models for developing countries use opaque and, in
most cases, barely accessible data sets. Language barriers may further hinder
researchers who belong to a different language region from utilising available
energy data.

Focusing on Brazil, an important data set for modelling the Brazilian energy sys-
tem is published in the context of Brazil’s National Ten-Year Expansion Plan (EPE
2020c). This data set contains the input data for the corresponding investment
model (EPE 2020b). However, modellers who would like to use this data set, must
have Portuguese language skills and modelling experience. The latter is necessary
(e.g., to understand the context behind certain abbreviations or numerical values),
which may be either based on empirical data or generically made up to fill data
gaps. In particular, the data set is provided for four electric zones plus ten nodes,
which limits analyses at higher spatial resolutions, for instance, on the state level.

Therefore, enhancing the utility of Brazil’s existing energy data, by addressing
the lack of spatial detail, harmonisation, and English translation, is crucial for
effective application in popular energy system modelling frameworks like PyPSA.

2 https://openenergy-platform.org/
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By bridging this gap, researchers gain the tools necessary to replicate the Brazilian
energy system or improve the integration into global energy models starting from
a common basis.

2.5.2 High-resolution and open models

Typically, energy system optimisation models are resolved in time, space and on
a technological level. Temporal resolutions can be characterised as low (1-12
time slices, e.g., 4 seasons and 3 days/nights), medium (36-288 time slices, e.g.,
representative days), and high (8,760 time slices, every hour of the year) (Chang
etal. 2021). The spatial resolution can be characterised by low spatial resolution —
single node modelling — and high spatial resolution for many nodes. The relevant
level of techno-economic detail in the model is measured by (i) whether the
plant is modelled as fully flexible with fixed efficiency (low level) or as having
efficiency delays and time-varying ramp constraints and start-up costs (high level),
(i1) whether storage is modelled without (low level) or with self-discharge (high
level), and (iii) the lack of generators, storage, and energy demand variability (low
level) or presence (high level) (Prina et al. 2020).

Models with coarse spatial and temporal resolutions are easier to solve and require
fewer data (Ringkjgb et al. 2018). Nonetheless, applying such models on a national
or broader level may engender inaccuracies, especially as wind and solar energy
penetration increases (Poncelet et al. 2016). These inaccuracies stem from the
dependence of the economic potential and costs of generating wind, solar and
derived energy carriers (such as e-kerosene) on their specific locations and the
ability to accommodate fluctuating renewable sources in meeting energy demand
(Pfenninger et al. 2014).
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Prior Brazilian energy planning studies have employed a few energy system mod-
els. MESSAGE-Brazil (Nogueira et al. 2014), BLUES? (Rochedo et al. 2018),
and REMix-CEM (Fichter et al. 2017), for instance, are designed for capacity
expansion with typical time slices. Noteworthy investigations such as those by
Dranka and Ferreira (2018), Gils et al. (2017), Barbosa et al. (2016) have priori-
tised time resolution at an hourly scale. These studies, however, limit their scope
to predefined transmission among four electric regions, thereby neglecting the
benefits and bottlenecks associated with interstate cooperation. Therefore, Brazil
still lacks an energy model that merges both high temporal and federal state-level
resolutions.

Furthermore, models like EnergyPLAN (Dranka and Ferreira 2018), REMix
(Gils et al. 2017), and LUT Energy System Transition model (Barbosa et al.
2016), which optimise system cost per hour, are closed source (according to
Ringkjgb et al. (2018)). This restriction thus challenges more effective and broader
collaboration and social debates (Kriechbaum et al. 2018). In particular, the lack of
open-source models for Brazil complicates understanding the various assumptions
made or the interrelationships represented in the mathematical models. As a
result, existing model-based scenario analysis may not be fully comprehensible
to scientists, stakeholders, and other interested individuals or groups (Pfenninger
et al. 2018).

2.5.3 Cross-sectoral integration

Future modelling frameworks indicate more cross-sectoral synergy, which helps
with the understanding of how various end-use sectors will impact the energy
transition (Chang et al. 2021).

3 Brazilian Land Use and Energy System (BLUES) is an Integrated Assessment Model (IAM) that
simulates the evolution of the Brazilian energy, industrial and waste sectors, along with their
associate emissions, in accordance with climate targets for 2050 (See https://www.iamcdocu
mentation.eu/index.php/Reference_card_-_BLUES for document).
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Several energy studies for Brazil have explored the applications of e-fuels across
multiple sectors, such as heating, road and rail transport (Gils et al. 2017), seasonal
storage for the power sector (Barbosa et al. 2016), and marine shipping (Miiller-
Casseres et al. 2021). Yet, a conspicuous shortfall persists in the sector coupling
to aviation. Thus, models employed in previous studies must adapt to evolving
trends in energy system modelling and the emergence of the aviation sector.

2.5.4 Conclusions

The investigation into sustainable e-kerosene supply in Brazil underscores the cru-
cial role of tailored energy system models. The existing models are insufficient
for the scope of this research. Thus, it is imperative to conceive a novel energy
system model that takes into account the interplay between national power supply
and kerosene production. This model should be computationally at a high resolu-
tion, enhance system accuracy under high wind and solar shares, and ensure open
accessibility for comprehensive analysis. Further efforts in model development
are needed in this regard.

2.6 Objectives and contributions

Chapter 2 of this dissertation reviews the current understanding of SAF production
in the literature and identifies several gaps. These gaps include (i) the lack of
research on e-kerosene production as part of SAF, (ii) insufficient consideration
of e-kerosene production from a potential exporter’s perspective, (iii) the need for a
model-based scenario analysis approach to achieve a holistic systems perspective,
and (iv) the need for a new open source model populated by open data. This
dissertation aims to bridge these research gaps, which is summarised in Table 2.1.
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2.6 Objectives and contributions

Consequently, the overarching RQ of this dissertation is: What would be the
implications if Brazil were to emerge as a leading exporter of carbon-neutral
kerosene by 2050 while achieving carbon neutrality in its power system? To
address this question comprehensively, the following sub-questions arise:

RQI1. How can the scale-up of sustainable e-kerosene production be modelled
without jeopardising the 100% renewable target for Brazilian electricity
generation?

RQ2. How would a carbon-neutral Brazilian power system appear at high temporal
and spatial resolution?

RQ3. What could be the local impacts of e-kerosene production in Brazil, and
what constraints and opportunities might arise from its expansion in the
energy system?

RQ3.1. Couldrenewable energy be sufficient for electricity generation when
e-kerosene completely meets Brazil’s kerosene demand in 20507

RQ3.2. What could a future carbon-neutral power system look like with and
without e-kerosene production?

RQ3.3. Inlight of uncertain biokerosene production costs and carbon prices,
what might be the share of e-kerosene in Brazil?

RQ3.4. What could be the export cost if Brazil becomes an exporter of
carbon-neutral kerosene?

This dissertation provides several unique contributions in the field:

e A pioneering investigation delves into the feasibility of producing
e-kerosene as a net exporter. It offers valuable insight for positioning
Brazil as a potential global leader in exporting carbon-neutral kerosene -
an avenue not explored previously from a national energy system
perspective.
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30

For the first time, this dissertation conducts a comprehensive analysis of
the cost competitiveness among e-kerosene, biokerosene, and conventional
kerosene in Brazil. It endogenously calculates the cost of electricity by
evaluating the supply and demand dynamics of electricity and kerosene in
the energy system. Doing so reveals the economic implications of each
kerosene type in a way that previous studies have not.

Extending beyond previous research that focused solely on optimising the
production chain of e-kerosene or biokerosene, this dissertation provides a
holistic view of the energy system at the federal-state level in Brazil. This
broad approach facilitates informed decision-making regarding the
placement of necessary energy infrastructure.

This dissertation establishes a first-ever open-source Brazilian energy
system model populated by well-documented and publicly available
energy data. The openness of this model facilitates continuous research on
SAFs in Brazil and their impact globally. Such a resource is invaluable to
the research in this field, as no similar models exist.

This dissertation is the first to make structured, open-access,
English-language energy data available for energy system modelling
research in Brazil. This overcomes the language barrier previously faced
by researchers, providing a significant contribution to the field.

Employing the state-of-the-art PyPSA framework to build PyPSA-Brazil —
a high-resolution, large-scale energy system model — is another novel
aspect of this dissertation. This marks the first application of the PyPSA
framework in a Brazilian context.



3 Harmonised and Open Energy
Data Set for Modelling a Highly
Renewable Brazilian Power
System

Contents of this chapter are based on

Y. Deng, K.-K. Cao, W. Hu, R. Stegen, K. von Krbek, R. Soria, P. R.
R. Rochedo, and P. Jochem. Harmonized and Open Energy Dataset
for Modeling a Highly Renewable Brazilian Power System. Scientific
Data, 10(1), p.103, 2023. ISSN 2052-4463. DOI 10.1038/s41597-023-
01992-9.

3.1 Introduction

The generation profile and production costs of Variable Renewable Energy Source
(VRES) vary with the weather. Factors influencing this variation include the
spatial location and the availability of wind resources and solar radiation. This
correlation indicates that the decision problems in the operation and planning of
reliable, stable, and carbon-neutral power systems rely on large-scale models and
data sets.

In this context, the emphasis of this chapter lies on enhancing the applicability of
Brazil’s existing energy data for energy systems modelling. The unveiling of the
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first accessible, spatially explicit, harmonised, and English-translated version of
Brazil’s energy data presents an opportunity. This data enables replication of the
Brazilian energy system and fosters its integration into worldwide energy models,
thus setting a shared foundation.

The assembled data set comprises the following subcategories as detailed in the
Section 3.2: (i) geospatial data for Brazil, (ii) aggregated grid network topology,
(ii1) VRES potentials — profile and installable generation capacity, (iv) geographi-
cally installable capacity of biomass thermal plants, (v) hydropower plants inflow,
(vi) existing and planned power generators with their capacity, (vii) electricity load
profile, (viii) scenarios of sectoral energy demand, and (ix) cross-border electric-
ity exchanges. This data set is geographically resolved by Brazilian federal states,
and its time series data is resolved hourly, spanning 2012-2020.

This way, the presented data set provides the essential information and foundation
for the operational and expansion planning studies necessary to explore Brazil’s
highly decarbonised energy future. For example, the data set is applied in the
PyPSA-Brazil model (cf. Deng et al. (2021)) to assess the impact of transmission
grid expansion in the Brazilian power system. The data set published here has
been updated and includes more years of data than the version used by Deng et al.
(2021).

3.2 Methods

This dissertation aims to create a consolidated set of energy data for Brazil,
drawing from openly accessible original data sets.

Table 3.1 summarises the sources and licensing of the raw data applied to each
data set subcategory within this dissertation. Subsequent subsections delve into
the understanding of energy data within the Brazilian context, detail the extraction
process from data sources, and discuss assumptions underpinning the creation and
processing of these data sets.
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Table 3.1: Summary of original open accessible data sets used and their license.

Subsection Raw data set Data license
Geospatial data for Brazil IBGE — Municipal Mesh Data (IBGE 2021) ODbL?
Grid network topology EPE Webmap (EPE 2020d) ODbL
Renewable potentials (wind Buchhorn et al. (2020), Lehner and D61l (2004), | citations®
and solar) Dudley (2013), Land and Water Development Di-

vision, FAO (2020), Silva et al. (2007), Hersbach

et al. (2020)°
Installable capacity for Portugal-Pereira et al. (2015) citations
biomass thermal plant
Inflow for the hydropower ONS — Historical Natural Energy Inflow for Each | ODbL
plants Region (ONS 2021c¢)
Power plants ANEEL-SIGA (ANEEL 2021b) ODbL
Electricity load profiles ONS - Historical Regional Load Curve (ONS | ODbL

2021d), National Energy Research Office (Por-

tuguese: Empresa de Pesquisa Energética) (EPE) —

Statistical Yearbook of Electricity (EPE 2021)
Scenarios of electricity IEA (2021a), EPE and MME (2020), Baptista et al. | citations
demand (2022), van Soest et al. (2021), Riahi et al. (2021)
Cross-border electricity ONS - Historical Energy Exchanges (ONS 2021e) | ODbL
exchanges

2 The abbreviation ODbL refers to Open Data Commons Open Database License (bhttps://op
endatacommons.org/licenses/odbl/1-0/). The Open Data Policy, established by Law
NO.8777 (Federal Government of Brazil 2016), guides the federal executive branch in releasing
open government data in Brazil. The policy formulates the Open Data Portal (Portuguese: Portal
de Dados Abertos) (PDA) for each federal agency, along with a platform — the Brazilian Open
Data Portal. These data sets have an ODbL.

* The law explicitly grants unrestricted permission to reuse databases published in an open
format, as stated in Federal Government of Brazil (2016, CAPITULO I, Art.3°-IV).

* The law emphasises that both the data provided by the federal executive branch and the
information regarding active transparency can be freely used by the public authorities and
society, as indicated in (Federal Government of Brazil 2019, Art. 4°)

b These data sets are input data used by the Energy Data Analysis Tool (EnDAT) (Scholz 2012,
Stetter 2014). EnDAT is in the process of being open source. The renewable potential data
published here is the first Brazilian data set produced by EnDAT.

¢ Permission has been granted for the republication of the data used in this dissertation after
necessary modifications. However, it is imperative to note that this permission does not grant
public access to the original data.
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3.2.1 Geospatial data for Brazil
Brazil has five macroeconomic regions, four electric regions, 27 federative units
(26 states and one federal district — Brasilia), and 5,572 municipalities.

The provided data set exhibits a spatial resolution of ISO 3166-2 level (ISO 2022)
and comprises a representation of 27 regions, illustrated in Figure 3.1.

AP

Code Name Code Name
AC Acre PB Paraiba
AL Alagoas PR Parana

B . AP Amapa PE Pernambuco
AM Amazonas Pl Piaui
BA Bahia RJ Rio de Janeiro
CE Ceard RN Rio Grande do Norte
DF Distrito Federal RS Rio Grande do Sul
ES Espirito Santo RO Rondénia
GO Goids RR Roraima
MA Maranhao SC Santa Catarina
MT Mato Grosso SP Sao Paulo
MS Mato Grosso do Sul SE Sergipe
MG Minas Gerais TO Tocantins
PA Para

Figure 3.1: 27 regions defined according to ISO 3166-2 — Brazilian federal states.

3.2.1.1 Data collection

Even though there are several map sources, the original data set used is from the
Brazilian Institute of Geography and Statistics (Portuguese: Instituto Brasileiro de
Geografia e Estatistica) (IBGE) (IBGE 2021). This choice is not only motivated
by the licensing but also because IBGE is Brazil’s official map source and is
considered the most credible source for the country’s borders and topography.
The shapefile’s Coordinate Reference System (CRS) is SIRGAS 2000 (commonly
known as EPSG:4674).
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3.2.1.2 Data processing

In the original data set (IBGE 2021), these attributes are converted to English, and
the CRS is re-projected to EPSG:4087. Only the federation state and the geometric
information of the polygon are retained. In addition, representative coordinates
(X, y) of the federal states are added and are considered as the centroid of the state

polygon.

Table 3.2: Electrical regions defined in the National Interconnected Network (Portuguese: Sistema
Interligado Nacional) (SIN) and the federal states covered.

Electric regions in SIN Federal states

North (N) Par4, Tocantins, Maranhdo, Amapa, Amazonas,
Roraima

Northeast (NE) Piaui, Ceara, Rio Grande do Norte, Paraiba, Per-

nambuco, Alagoas, Sergipe, Bahia

Southeast/Midwest (SE) | Espirito Santo, Rio de Janeiro, Minas Gerais,
Sao Paulo, Goias, Distrito Federal, Mato Grosso,
Mato Grosso do Sul, Acre, Rondonia

South (S) Rio Grande do Sul, Santa Catarina, Parana

3.2.2 Aggregated grid network topology

The power grid connects all power generators and loads. In Brazil, the electricity
grid, known as the SIN, is managed by the National Electricity System Operator
(Portuguese: Operador Nacional do Sistema Elétrico) (ONS). ONS divides Brazil
into four electric regions, including several federal states, as shown in Table 3.2.
SIN has a total length of 167,000 km and connects almost the entire country
(96.6% of the national territory), except for some isolated places in the northern
region. Over the next few decades, 434 lines with a total length of 32,000 km are
planned to be built (EPE 2020d).
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3.2.2.1 Data collection

EPE is a state-owned organisation in Brazil that conducts studies and research to
provide technical support for outlining medium- and long-term energy planning in
Brazil for the design and implementation of national energy policy. EPE identifies
potential energy sources for national development and contributes to research for
auctions in the energy sector.

The complete grid topology of Brazil is taken from the data set published by the
EPE, called EPE Webmap (EPE 2020d). The original data sets are in shapefiles,
with transmission line data as the line layer and substation and generator data as
the point layer. All lines, substations, and power plants have individual shapefiles,
classified by their operational status — existing or planned — and, for power plants
in particular, by their plant type. The CRS of the shapefile is SIRGAS 2000. The
attributes are specified in Portuguese and include name, plant operator, voltage
level, year of operation, and line length, among others. Substations, transmission
lines, and different types of power plants shapefiles are used to derive the network
topology. Table 3.3 lists the number of records in the original data sets used.

Table 3.3: Number of the lines, substations, and power plant units in the original data set®

Existing | Planing | Total
Number of lines 1,589 |453 2,042
Number of substations | 735 165 900

Number of power plants | 2,904¢ | 274 3,178

The author downloaded these statistics in April 2021, and there may be slight discrepancies
compared to the current version owing to continuous updates.

The data set comprises predominantly lines operating at 230 kV and 500 kV, with the lowest
voltage level recorded at 69 kV. Of these, three lines are rated at 800 kV. There are 115 lines
with a length of less than 1 km, while seven lines extend beyond 2,000 km.

It includes hydropower plants, wind onshore, PV, fossil-thermal, biomass-thermal, and nuclear
power plants.

o
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3.2.2.2 Data processing

The dissertation includes the presentation of two aggregated networks: one that
encompasses solely the existing network and another that incorporates both the
existing and planned networks.

Each federal state is modelled as a node located in its geometric centre, connected
by transmission lines in operation and in the National Ten-Year Plan (EPE 2020c).
An assumption is made that the existing and planned transmission lines are op-
erational, regardless of the scenario year, thus allowing for the aggregation of
transmission capacity without considering the reference year. The original data
does not provide information on the connection of the lines to substations or power
plants; however, this is necessary to construct the grid topology. To overcome
this limitation, a heuristic method is employed to connect the starting and ending
points of transmission lines to nearby substations or power plants. The analysis
has three parts: pre-processing, mapping, and a combined step of aggregating and
representing, as displayed in Figure 3.2. Geospatial analysis is conducted using
the Geopandas package in Python.

Four Steps of Mapping Aggregating and
Pre-processing Representing

= add federal state = “spatial join at the nearest 1
= add foreign substation distance” algorithm

= simplify the LineString

= reproject

= aggregate to defined region level
= represent the network topology

Figure 3.2: Overview of processing grid network data.

Before the mapping action, there are four pre-processing steps to make the “spatial
join at the closest distance” algorithm effective.

1. add federal state: The federal states to which the substations and
power plants belong are added to the attribute table according to their
geographical locations.

2. add foreign substation: Information on existing foreign substations
connected to the SIN is added manually based on EPE and MME (2020).
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This is because the transmission lines indicated in the original line layer
contain international connections, while information about substations out-
side Brazil is not specified. Added attributes include the name of the
substation, the operator, the voltage, and the geometry. In addition, a new
attribute, namely state, is added to identify the country to which it belongs
using the ISO 3166-1 alpha-3 code. The state of the substation abroad is
three characters, whereas in Brazil it is two characters. The geometry added
manually is the longitude and latitude where the substation is located. An
exception is the SE Macagua substation, located in Venezuela. Its actual
location is (8.304, -62.668). However, it is designated as (4.530, -61.138).
This is because, in the original data, the transmission line to the Boa Vista
substation ends here. Additionally, the heuristic algorithm is based on the
nearest distance criterion.

3. simplify the LineString: The transmission line layer needs further
processing — converting MultiLineString to LineString and changing closed
LineString to open LineString.

4. reproject: The shapefiles are reprojected to EPSG:4087 so that the
distance-based calculations are robust.

After pre-processing, the mapping of the start and end points of the line layer
to the substation and power plant geometry is achieved using the “sjoin_nearest”
function from the Geopandas package in Python. The maximum distance to query
the nearest geometry starts from an initial distance of 1 km and increases by 1 km
in each subsequent query. Table 3.4 reveals the statistics of the mapping results,
where sub_0 represents the start point, and sub_1 represents the endpoint. More
than 90% of the mappings (96.1% of the starting points and 94.4% of the ending
points) are within 1 km. The line with the most significant mapping deviation is
LT 230 kV Itapaci — Mineradora Maraca (as named in the original data), with a
length of 85 km. The deviation is particularly pronounced at its endpoint, where
the nearest point is the Itapaci substation.

The final step is to aggregate these lines to represent the network topology between
each federal state. Depending on the federal state information, only trans-state
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Table 3.4: Statistical summary of the mapping — distance to sub_0 and to sub_1. Note: sub_0 is the
starting substation, while sub_1 is the end substation in the mapping.

to sub_0 (km) to sub_1 (km)
count® 2402 2402
mean 1.3 14
std 2 3
min 1 1
50% 1 1
90% 1 1
95% 1 2
max 4.8 8.2

2 The unit km does not apply to this row.

transmission is selected. This selection assumes that potential grid bottlenecks
are not considered inside the federal states, i.e., copper-plates assumption (Cao
et al. 2018). The original data set does not have information on whether the lines
are Alternating Current (AC) or HVDC lines. There are several duplicate entities
for HVDC lines, such as Porto Velho - Araraquara and Xingu - Estreito; these
records are removed. The transfer capacity of the HVDC lines is supplemented
manually with information from various sources, as specified in Table 3.5.

The number of circuits in each transmission line is added to calculate the transfer
capacity of AC lines. “C1” and “C2” in the line names represent the first circuit
and the second circuit, marking each line of the parallel circuit, while “CD”
indicates a double circuit (EPE 2020a). Therefore, each line defaults to a single
circuit, while lines with a “CD” tag in the line name are set to a double circuit.
However, the original data set had no information on the physical characteristics
of the lines, such as the conductor resistance, inductance, and capacitance of each
transmission line. The assumption here is that each line consists of four bundles of
conductors. The remaining transmission lines of different voltage levels are unified
as parallel lines of 380 kV, thus forming an equivalent transmission network. This
enables adding transmission capacities that start in one federal state and end in
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Table 3.5: Transfer capacity of High Voltage Direct Current (HVDC) lines added manually.

Transfer
Line name capacity Source
(MW)
. Rodrigues et al.
LT 600 kV Foz do Iguagu — Ibitina C1 3150
(2019)
. Rodrigues et al.
LT 600 kV Foz do Iguacu — Ibitina C2 3150
(2019)
Graham et al.
LT 600 kV Coletora Porto Velho — Araraquara, 3150 (2012)
Cl1/C2
Graham et al.
LT 600 kV Coletora Porto Velho — Araraquara, 3150 (2012)
C3/C4
Graham et al.
LT 230 kV Coletora Porto Velho — Porto Velho, 400
Cl (2012)
LT 230 kV Coletora Porto Velho — Porto Velho, 40| Crahametal
(2012)
C2
LT 800 kV CC Xingu — Estreito 4000 Esmeraldo
& (2020)
LT 800 kV CC Xingu — Terminal Rio 4000 Esmeraldo
g (2020)
LT 800 kV CC Graca Aranha — Silvania 4000 Esmeraldo
¢ (2020)
. . . Graham et al.
LT 500 kV Rincén de Santa Maria — Garabi | 1100
Cl (2002)
LT 500 kV Rincén de Santa Maria — Garabi IT j100| Oraham etal
Cl (2002)
LT 230 kV Livramento 2 — Rivera C1 70 EPE (2020c¢)
LT 500 kV Candiota — Melo C1 500 EPE (2020c¢)
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another identical federal state. The lines in the equivalent transmission system are
assumed to be three-phase overhead lines and of type 490-AL1/64-ST1A (Oeding
and Oswald 2011).

The transfer capacity (apparent power) is calculated by:

S =+/3UL (3.1
The transfer efficiency results from:

(3.2)

where

S : apparent power, MW

U : voltage level, kV

I : nominal current of the wire, kA

R,L : conductor’s DC resistance at operating temperature for the wire, {2/km
: number of bundle conductor, n=4

[ transfer efficiency (1 minus the effective loss per line).

In aggregation, transmission capacity is accumulated, and efficiency and line
length are averaged out. Figure 3.3 illustrates the results.

The primary focus of this dissertation is on gathering data derived from the
original transmission network data set. While recognising the potential value in
analysing distribution network data at the regional level, it is important to note
the limited availability of appropriate public data sources for such analysis, as far
as the current understanding extends.
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Figure 3.3: Transfer capacity between the defined regions, GW.
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3.2.3 Power plants

Generators are an integral part of the energy industry, responsible for producing
electricity and injecting it into the grid to reach consumers.

3.2.3.1 Data collection

There are several official generator databases in Brazil, for example, ANEEL-
SIGA (ANEEL 2021b) published by National Electric Energy Agency (Por-
tuguese: Agéncia Nacional de Energia Elétrica) (ANEEL), EPE Webmap (EPE
2020d), ONS Historical Database (ONS 2022a). ANEEL-SIGA is the Generation
Information System and contains information on power plants from the granting
phase to the decommissioning phase. EPE Webmap refers to the Geographic In-
formation System of the Brazilian Energy Planning Studies. It is a geo-referenced
database containing official information for Brazil’s medium and long-term en-
ergy planning. The power plants in the ONS Historical Database mainly refer
to those which are operated by ONS and are part of its SIN. Generally, when a
power plant is in operation, it implies it is connected to the SIN. Some exceptions
exist, such as isolated systems supplied by local generations and not connected to
the SIN.

Power plants delegated by ANEEL have a single generation unit code — CEG
(company identification code). Table 3.6 explains its format. All three data
sets have CEG, renamed “plant_id” for clarity. The types of plants considered
in the three data sets are different, as shown in Table 3.7. ONS defines the
coarsest power plant types. ONS distinguishes hydroelectric power generation
from hydropower and pump types, whereas ANEEL-SIGA and EPE Webmap
do not provide information on pump types. To compare data sets by plant type,
installed capacities for generation are aggregated to the plant types defined in
Harmonised in Table 3.7. In addition, both ANEEL-SIGA and EPE Webmap
provide geographic coordinates, while the ONS Historical Database reveals only
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the electric regions and federal states in which the plant units are located. ANEEL-

SIGA and EPE Webmayp include both operational and planned power units, while

ONS includes only the operational power plants.

Table 3.6: CEG nomenclature.

GGG.FF.UF.999999-D

Part Explanation

GGG generation type (cf. Table 3.10)

FF the fuel type abbreviation

UF federal state abbreviation

999999-D | unique number with identification digit

Table 3.7: The types of power plants used in the three data sets.

Harmonised | ONS Historical Database | EPE Webmap |ANEEL-SIGA
solar_pv solar_pv solar_pv solar_pv
on_wind on_wind on_wind on_wind
nuclear nuclear nuclear nuclear
thermal thermal biorflass_thermal thermal
fossil thermal

hydro snlla?l_hydro srl?a.ll_hydro
hydro mini_hydro mini_hydro

hydro_pump hydro hydro

wave

Ideally, combining all three data sets would yield a comprehensive and cohesive

data set, but merging the three data sets into one is challenging due to their different

granularities and lack of complementarity. Since they are all official data sets, it

is also challenging to determine which data set is more reliable. Table 3.8 gives

the statistics of the three data sets regarding the number of data entities, attributes,

unique plant IDs and names, while Table 3.9 describes the total installed capacity
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for each plant type. Table 3.8 highlights the varying number of data entities,
with ANEEL-SIGA covering the most entities and attributes. In addition, only
the ANEEL-SIGA data set has a unique and complete identification of the plant
IDs. Hence, the data entities of EPE Webmap and ONS Historical Database
can be grouped compared to ANEEL-SIGA. Despite having an equal number of
attributes, the ONS Historical Database includes specific details not present in
ANEEL-SIGA. These details, such as names and IDs of power plant units used
only by ONS, are less relevant for energy system analysis. In contrast to ANEEL-
SIGA, the ONS Historical Database lacks information on planned power plant
units and geography. ANEEL-SIGA covers almost all attributes provided by ONS
Historical Database and EPE Webmap. Table 3.9 indicates that the total installed
capacity of each type of plant in the EPE Webmap and ONS Historical Database
is similar but contains the less installed capacity of wind, PV and thermal plant
types compared to ANEEL-SIGA. The difference between the three data sets may
result from the following reasons:

1. EPE Webmap covers mainly centralised generation, whose operating mech-
anisms are self-generation and public utilities. In addition to the plants in
the EPE Webmap, the ANEEL-SIGA database includes distributed gen-
eration under the net metering scheme and small-scale backup generators.
ONS Historical Database contains the plants dispatched in SIN.

2. The data set updates between ONS Historical Database, EPE Webmap,
and the ANEEL-SIGA database are not synchronised. ONS publishes
information on operating power plants on an annual basis — the latest data
until December 2022 are used. The latest update of the EPE Webmap was in
September 2020. On the contrary, the ANEEL-SIGA database is constantly
updated with the granting of power plants. However, the historical versions
of ANEEL-SIGA are not accessible.

3. Plant units are defined differently. ANEEL documents each data entity
of plant unit based on when they received their grant, while ONS defines
projects based on their operating units.
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Table 3.8: Statistical comparison of data entities between data sets — ANEEL-SIGA, EPE Webmap,
and ONS Historical Database.

Number of ANEEL-SIGA | EPE Webmap| ONS Historical

Database
data entities 10541 3178 4191
attributes 15 11 15
unique plants IDs 10541 3160 1389
unique plants names 10283 2984 1388

Table 3.9: Comparison of installed capacity per plant type between data sets — ANEEL-SIGA,
EPE Webmap, and ONS Historical Database. Note: the installed capacity is the sum
of units operating in 2018, and the plant type is defined by Harmonised in Table 3.7.

Type ANEEL-SIGA | EPE Webmap | ONS Historical

(GW) (GW) | Database (GW)
hydro 111.37 110.41 110.43
nuclear 3.34 3.40 1.99
on_wind 31.00 20.95 22.35
solar_pv 24.07 4.76 6.43
thermal 52.45 44.86 34.81

As a result of the above discussion, using ANEEL-SIGA as the original input is
deemed appropriate for several reasons: (i) available geographic coordinates, (ii)
it covers all relevant attributes for the energy system analysis of the other two data
sets, (iii) more data entities with a higher total installed capacity than the other
two data sets, which include operating and planned plant units, (iv) unique and
complete identifier of the data entities — plant ID, and (v) continuously updated.

There are 10,541 power plant units with 21 attributes in ANEEL-SIGA. From
the database, these attributes include the name of the power plant, the plant ID,

ELRTs

operational status (“operation”, “construction”, and “construction not started”),
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federal state in which it is located', the city it belongs to, plant type, primary energy
source, fuel type, installed capacity, geographic coordinates of each generator,
production capacity, primary fuel type, time in operation, and phase-out time.
The CRS used for the ANEEL-SIGA data set is SIRGAS 2000, with coordinates
expressed in degrees minutes seconds (DMS).

The power plants are matched based on the plant IDs to provide insight into the
consistency of ANEEL-SIGA compared to EPE Webmap and ONS Historical
Database. Prior to the matching process, capacity, federal state, plant name,
plant type and operation status are grouped based on plant ID (cf. Deng (2023a)).
ANEEL-SIGA and EPE Webmap have 3,035 data entities with identical plant IDs,
while EPE Webmap contains 130 data entities not present in ANEEL-SIGA, and
conversely, 7,512 entities found in ANEEL-SIGA are absent from EPE Webmap.
Even when plant IDs match, discrepancies might be observed in installed capacity
for 300 entities, federal state information for 77 entities, and the plant unit name
for 277 entities. ANEEL-SIGA and ONS Historical Database have 1,330 data
entities with matching plant IDs. ONS Historical Database has 71 data entities
with unique plant IDs, while ANEEL-SIGA boasts 9,216 unique entities. Similar
to the EPE Webmap comparison, even with matching plant IDs between ANEEL-
SIGA and ONS, discrepancies can arise in installed capacity (292 entities), federal
state details (36 entities), and plant unit names (132 entities).

3.2.3.2 Data processing

Although the ANEEL-SIGA data is displayed online through PowerBI, the plat-
form only provides a download link. There are slight inconsistencies between the
downloaded files, for instance, plant coordinates and plant names. Therefore, the
data set provided here is based on the version downloaded by the authors on June
9,2021.

" Each entity can be a single power plant or a power plant unit consisting of multiple power plants,
for example, a wind farm operating multiple wind turbines. The location of the power plant units

determines the federal state.
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The ANEEL-SIGA data is constantly updated. The coordinates of the power
plants need to be added to ensure completeness, and they should fall within the
Brazilian range. Since all city names are provided, missing coordinates for plants
are assigned based on the respective city’s location. An individual power plant
unit associated with more than one city can have multiple values in the “city”
property. For those plant units, only the first value of the city name is considered.
There are 847 entities with missing coordinates or coordinates outside Brazil.
Once the coordinates have all been replenished, information on the federal states
is updated with the coordinates.

The installed capacity of each power plant unit determines its physical size. In
the original data set, the capacity is given in kilowatts and provided separately for
granting, regulation and inspection purposes. The granted capacity is the capacity
considered in the act of granting, whereas the regulated capacity corresponds to
the capacity considered from the commercial operation of the first generating
unit. The actual guaranteed power, on the other hand, represents the average
actual production. Given that information on the regulation capacity may not
be available for all power plant units, the granted capacity is deemed a suitable
representation of the installed capacity. In addition, the units of installed capacity
are converted to megawatts.

The information on the types of power plants in the original data set is divided into
eight types: large hydropower plant, small hydropower plant, mini-hydropower
plant, wave power plant, thermoelectric plant, thermonuclear plant, wind power
plant, and PV power plant. These types are summarised in Table 3.10. In this
work, the wave power plant “Porto do Pecém” in the state of Ceard, which has
a power of 0.05 MW, is classified as a small hydropower type. Depending on
the properties of the fuel source, thermal power plants are subdivided into oil-
fired, natural gas-fired, coal-fired, and biomass-fired. In total, therefore, there
are ten generic types of plants. Figure 3.4 illustrates the results of power plant
distribution.

Most entities have incomplete dates for commissioning and decommissioning.
According to ONS (2022b), the missing date information indicates that the plants
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Table 3.10: Power plants description and their abbreviations®

Short name®

Full name

Abbreviation®

Explanation

hydro

Large hy-
dropower plant

UHE

The hydropower plant has a capac-
ity greater than 5 MW but less than
50 MW, excluding those identified as
small hydro.

small_hydro

Small hy-
dropower plant

PCH

The hydropower plant has a capacity
greater than 5 MW and up to 30 MW
with reservoir area of up to 13 km?.

mini_hydro

Mini hydropower
plant

CGH

The hydropower plant has a capacity of
5 MW or less.

wave

Wave power plant

CGU

It harnesses kinetic energy from ocean
waves to generate electricity, derived
from the dynamic water movement of the
sea. Porto do Pecém in Ceara, Brazil,
stands as the only facility of this kind in
Brazil with a capacity of 0.05 MW.

biomass_thermal,
fossil_thermal

Thermoelectric
plant

UTE

Electricity generating involves harness-
ing the energy released from various
heat-generating sources such as bagasse
from various plants, wood chips, fuel
oil, diesel, natural gas, enriched uranium,
and natural coal.

nuclear

Thermonuclear
plant

UTN

Thermoelectric power plant relies on the
energy released through nuclear fission
of uranium as a primary energy source.

on_wind

Wind power plant

EOL

The conversion of wind’s kinetic energy
into electrical energy is accomplished
through onshore wind power plants. It
is important to note that offshore wind
farms, referred to as off_wind, are not
currently operational and lack an official
abbreviation.

solar_pv

PV power plant

UFV

It converts the sun’s energy into electric-
ity through the photovoltaic effect, where
materials exposed to light produce a volt-
age or corresponding current.

@ The information is sourced from EPE and MME (2020), ANEEL (2021b).

" The terms are the short name used in the model (Deng 2023a) and in Section 3.2.3.

¢ The abbreviations are based on the full names of the types of power plants in Portuguese. These
abbreviations are commonly used in Brazilian publications and institutions and have been delib-
erately retained here for convenience and understanding.
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Figure 3.4: Existing and planned power plant capacity.

are active. For entities where the commissioning and decommissioning dates are
both missing, it is presumed that these plants are still operational. Finally, the
reference year is added.

In the post-processing, the installed capacity of the power plants is aggregated
by the federal state for each reference year according to the type and operational
status of the power plant. This aggregation encompasses capacities derived from
public service, self-generating, or independent production. The installed capacity
of the reference year is determined under the assumption that the operational
status of the plants is operational and that the commission time precedes the base
year or is not specified. Records in the original data set pertaining to power plants
with an operational status of either “construction” or “not started construction”
are reclassified as “planning”. Finally, the values are accumulated according to
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the federal state, plant type, and operational status. The installed capacity differs
based on the specified reference year, while the planned capacity is the same across
all reference years. This is because 68.8% of the entities lack a decommissioning
date, and as such, the decommissioning information is disregarded. As a result,
the installed and planned capacity (GW) for each reference year is available under
the dedicated project folder (Deng 2023a).

The exclusion of economic parameters of the generating units is intended. Cost
assumptions for each power plant, based on fuel type, are provided by Jensen and
Pinson (2017). However, there is a lingering scepticism regarding the applicability
of these cost assumptions in the scenario study. Harmonising cost assumptions for
generators is a complex task due to the wide range of cost estimates across different
sources for each generator technology. In addition, the base year, scenario year,
and technology horizon significantly impact the cost assumptions in the scenario
analysis. For example, EPE (2020b) gives the cost assumptions for the scenario
year 2029, which is used for the Brazilian National Ten-Year Energy Research
Study.

Furthermore, when comparing the data set presented in this dissertation with
the European data set of power plants provided by Powerplantmatching (Gotzens
etal. 2019), several gaps in information become apparent. These gaps involve the
dates of installation, retrofitting and decommissioning, as well as the type of each
hydroelectric plant and the relevant technical parameters such as volume, dam
height and storage capacity.

3.2.4 Installable capacity for biomass thermal plants

Biomass can be burnt directly for heating or power generation or converted into oil
or natural gas substitutes. In the last 15 years, the generation of electricity from
biomass thermal plants in Brazil has been increasing, from 6 GW to 14 GW,
accounting for 13% of the capacity matrix of electricity for 2020. Sugarcane
bagasse is the primary source of biomass (ANEEL 2021b).
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3.2.4.1 Data collection

To the knowledge of the authors, there are no studies that have specifically in-
vestigated the energy production potential of biomass thermal plants in Brazil.
However, Portugal-Pereira et al. (2015) address the geographically installable ca-
pacity. Estimations suggest the potential for installable capacity from agricultural
and agro-industrial residues where it is technically, environmentally sustainable
and economically feasible. The theoretical capacity defines the maximum avail-
able bioenergy, subject to biophysical and agroecological conditions that hold
down the growth of crops and residues, such as temperature, solar radiation,
rainfall, and soil properties. Environmental constraints limit this potential, as
agricultural residues are critical biome regulators. As for the environmentally sus-
tainable potential, the authors apply a theoretical constraint for removing residues
to ensure environmental sustainability, such as preventing soil erosion and main-
taining nutrient recycling. On the other hand, techno-economic viability refers to
the fraction of the environmentally sustainable potential available under techno-
logical possibilities and logistic restrictions. It considers the competition of other
non-energy uses of residues. As a result, only biomass residues spread within
a 50 km radius from the power substations are economically feasible to be used
in centralised power plants based on direct combustion of biomass in a Rankine
power plant with an average efficiency of 18%. According to their assessment, the
total economic potential in Brazil is 39 TW h/yr. With permission, the results of
the research on economic potential MW h/yr, spatially resolved at the municipal
level, have been shared.

3.2.4.2 Data processing

The primary energy source used in today’s biomass thermal plants is sugarcane
bagasse, which is the dry pulpy substance remaining after grinding sugarcane
to extract their juice. The contribution of residues is relatively small and thus
negligible. Therefore, only the economic potential of biomass from residues
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is considered as additional installable capacity beyond the already existing and
planned installations.

As a first step, the potential production is converted into the additional installable
capacity by assuming an annual availability factor of biomass at 0.6 (Soria et al.
2016). Then the values are aggregated at the federal-state level.

The biomass thermal plants referenced in Soria et al. (2016) come from cen-
tralised plants previously published by ANEEL, which is no longer accessible. It
is assumed that the geographic distribution of the biomass thermal plants con-
sidered in Soria et al. (2016) is similar to that covered in the Section 3.2.3. To
facilitate calculations, a constant number of 8,760 hours per year is used, regard-
less of whether it is a leap year. This simplification allows us to calculate the
geographically installable capacity for each state as follows:

PR
C; = zi:(f g+ Cli+ CPR) (3.3)

where

C : geographically installable capacity, MW

7 the federal state

PR : the residual potentials at municipality level, MWh
[ :annual availability factor

C1 : installed capacity of biomass thermal plants, MW
CP : planning capacity of biomass thermal plants, MW.

Since the installed capacity differs for each reference year, the geographically
available installed capacity varies accordingly. Therefore, data is presented for
each reference year to illustrate the changes.

53



3 Harmonised and Open Energy Data Set for Modelling a Highly Renewable Brazilian Power System

3.2.5 Electricity load profiles

Future energy systems are likely to shift to renewable electricity as the primary
energy source. As a result, the design of these systems must increasingly consider
both the temporal and spatial distribution of energy consumption. This is par-
ticularly relevant due to the mounting prominence of VRES (highly fluctuating in
time and asynchronous across regions) and the dynamic changes in consumption
patterns, such as the rising adoption of more efficient electric vehicles supplanting
their fossil fuel counterparts, as well as the amplified cooling demand resulting
from climate impact and the ongoing evolution of digitisation (Brown et al. 2018b,
Davis et al. 2018).

3.2.5.1 Data collection

EPE analyses and projects electricity consumption and load in the Brazilian
electric sector by sourcing historical data and projections from distribution agents,
self-producers, and free consumers (EPE 2022a). The ONS, on the other hand,
oversaw the reported the load and the generation of power plants of national
power system it supervised until 02/03/2021. Since then, ONS began reporting
on a global load, which includes the generation of plants outside its direct oversight
(ONS 2022¢).

ONS publishes hourly load profiles for its four electric regions in SIN (ONS
2021d), while EPE provides annual sectoral electricity consumption or consumers
for each federal state (EPE 2021). Table 3.2 indicates each electric region and
the federal states it contains. ONS’s hourly profile covers the period of 1999-
2020, while the EPE data set ranges from 2012 to 2020 (retrieved in April 2021).
However, the value of total power consumption provided by ONS is greater than
that of EPE (cf. Table 3.11).

The disparity between the data sets provided by ONS and EPE chiefly originates
from the physical losses in transmission and distribution, along with their physical
representation in the SIN (ONS et al. 2016). An illustration of this difference,
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focusing on the regional variations, is given in Table 3.11. It should be noted that
the time series data, as released by ONS, adheres to the UTC-3 — Brasilia Time.

Table 3.11: Comparison of annual electricity consumption differences by electric region between
ONS and EPE data sets.

Year N| NE S| SE
2012 | -4% [ 17% | 11% | 14%
2013 | 7% [ 16% | 10% | 9%
2014 [ 17% [ 14% | 9% | 12%
2015 |20% | 16% | 10% | 13%
2016 | 21% [ 17% | 12% | 14%
2017 [22% | 18% | 12% | 14%
2018 |24% [ 19% | 11% | 13%
2019 [25% [ 18% | 11% | 14%
2020 |22% [ 19% | 11% | 13%

3.2.5.2 Data processing

The ONS data set includes an hourly time series for each of its four electric regions
in the SIN. However, the ONS data set contains one missing value per year per
region, except for 2019 and 2020. Among the missing values, the highest count
is observed in 2014, with a total of 25 missing values, specifically for the 1st
of February 2014. To address this, values from the preceding week replace the
missing ones. In addition, six negative values in the time series for the northern
region are trimmed to zero as they are a gross error.

Meanwhile, the EPE data set assists in decomposing the ONS load profiles at the
Brazilian federal-state level. The decomposition relies on two allocation factors
— annual consumption and number of consumers. This assumption made means
that the seasonal, intraweekly, and intraday variations in load profiles remain
consistent among states within the same electric region, while the magnitude
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may differ. The load profiles for each federal state contain the transmission and
distribution losses endogenously. It is postulated that states belonging to the same
electrical region have the same pattern and different magnitude loss curves. This
assumption, though potentially conservative, is based on the inclusion of losses for
transmissions between federal states in the Section 3.2.2, which aims to accurately
reflect these losses within the provided data set.

As the EPE allocation factors only apply for 2012-2020, the time horizon for
electricity consumption in the federal states provided in this study is limited to
this period. Figure 3.5 illustrates the results of the electricity load in the federal

state, which is the sum of electricity consumption and the physical losses in the
SIN.

14
state
s AC PB
12 . AL PE

0 T T u T T T g \
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Figure 3.5: Electricity load at federal states (weekly) distributed by annual consumption. The data
set to be published is resolved hourly.

3.2.6 Scenarios of energy demand

Energy demand scenarios facilitate a strategic assessment of possible pathways
for long-term planning and their respective internal consistency and associated
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uncertainties. Sector-specific modelling allows variations in demand from differ-
ent resources and sectors to be estimated nationally. However, diverse models,
methods, and assumptions lead to different scenarios and represent research po-
sitions.

In energy system studies, future electricity demand can come from other studies
or be calculated endogenously in the energy system model. Those energy studies
that treat future electricity demand as exogenous need to clarify whether the
electricity demand adopted from other sources considers mitigation measures
consistent with Brazil’s first National Development Plan (2022 update), the Paris
Agreement, or other mitigation targets. Otherwise, these studies cannot conclude
the contribution of a given scenario to the mitigation targets (e.g., Dranka and
Ferreira (2018)). This makes it difficult to interpret their results, especially
whether they are consistent with the Paris Agreement.

The updated first Brazilian NDC confirms the commitment to reduce its GHG
emissions by 37% in 2025, compared to 2005. Additionally, Brazil pledges to
reduce its emissions by 50% in 2030, compared to 2005 and aims to achieve
climate neutrality by 2050 as its long-term objective (UNFCCC 2022). Brazil’s
updated NDC is broad in scope with economy-wide absolute targets. It considers
the means of implementing, undertaking mitigation, and adaptation actions across
all economic sectors (UNFCCC 2022). These targets would be translated into
sectoral policies and measures to be detailed and implemented by the Brazilian
federal government. These sectoral initiatives must be exogenously modelled
to calculate the sectoral electricity consumption in each region. Only then can
energy system models use sectoral electricity consumption as input in energy
system studies, allowing for a better understanding of their impact on power
system operation and expansion.

A comprehensive understanding of sectoral energy demand published in reputable
studies enables researchers in energy system modelling to accurately emulate
demand-related parameterisation and manage uncertainties.
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3.2.6.1 Data collection

There are numerous scenarios for the future energy demand of Brazil. Three
often used ones are: (i) World Energy Outlook (WEO), (ii) EPE’s long-term
National Energy Plan (Portuguese: O Plano Nacional de Energia) (PNE), and (iii)
exogenous energy demand studies by COPPE researchers.

The WEO scenario by the International Energy Agency (IEA) is considered the
most authoritative source of insights into the world’s energy demand. It updates
its sector demand scenarios annually, region by region. The latest WEO study
for 2021 (IEA 2021a), “WEO2021” in the following, provides reference data of
historical demand for 2010, 2015, 2019, and 2020, as well as the sectoral energy
demand scenarios for Brazil to 2050, with a five-year span.

EPE’s PNE is a fundamental instrument for Brazil to outline the government’s
strategy regarding the expansion of the energy sector in the coming decades. The
latest plan, 2050 PNE (EPE and MME 2020), was released in December 2020
and extends the horizon to 2050. 2050 PNE provides projections of sectoral
demand every ten years (i.e., 2030, 2040, and 2050) depending on the economic
and sector assumptions. This comparison relies on the 2050 PNE study (hereafter
“PNE2050”), in the following. However, the PNE2050 does not provide numerical
data, instead presenting it as a table or charts for each end-use sector. These values,
therefore, need to be extracted manually and a CSV file created accordingly.

COPPE is the most prestigious research institute in Brazil that studies energy plan-
ning in Brazil and the world. Their scenario studies are referred to as “COPPE”.
Among the extensive collection of 133 scenarios offered by COPPE, the three lat-
est scenarios are selected due to their distinct transition paths. COPPE scenarios
have five-year time steps, although the available data only contain the years 2030,
2040, and 2050. Sectoral demand for 2010 or 2015 is the starting point for the
scenario assumptions. In the following, the three COPPE scenarios are shortly
described.

To enhance the transparency of energy scenarios (Cao et al. 2016), this work
creates a matrix of energy demand scenarios. This matrix (shown in Tables 3.12
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to 3.14) provides a summary of the main criteria used by previous studies to
model final energy consumption scenarios for Brazil until 2050, following the
comparisons described in Junne et al. (2019). Trend scenarios are considered,
which maintain a level of effort in climate action similar to current policies and
NDCs, and ambitious mitigation scenarios aligned with the global goals until
the end of the century on the stabilisation of the average temperature increase of
the planet relative to pre-industrial times by 2 °C and 1.5 °C. These scenarios
highlight the role that electrification may play in the different sectors to achieve
climate goals. However, the electrification of the transport sector in Brazil may
not be achievable as in other regions due to the already high share of biofuels and
weak distribution of electricity grids (EPE and MME 2020). This is especially
evident in the “lowBECCS” scenario, which signifies a low role for bioenergy
with carbon capture and storage.
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3.2 Methods

3.2.6.2 Data processing

The initial step involves normalising the units of demand values for the three
studies to PJ because they are different in the raw data, i.e., PJ for the WEO2021,
Mtoe (million tonnes of oil equivalent) for PNE2050 and EJ for COPPE. After
that, aliases are assigned in a format of XXXX_YYYY to represent the studies and
the corresponding scenarios. For example, the alias COPPE_BAU represents the
Business as Usual (BAU) scenario for the publication of the COPPE studies.

The end-use sectors and energy carriers in PNE2050 and COPPE are aligned
with WEO2021 based on IEA (2021a), EPE and MME (2020), Baptista et al.
(2022), van Soest et al. (2021), Riahi et al. (2021), as the different definitions
prevent comparisons between them. Table 3.15 describes the correspondence.
WEO2021 does not provide a value for the end-use sector named “Other”. The
value for the end-use sector “Other” is considered to be the difference between
total final consumption (TFC) and sectoral demand:

Other; = TFC,; — Dy 5, 3.4

Other; : energy demand for energy carrier 7, in the end-use sector of “Other”

TFC, : total final consumption for end-use sector s

S : end-use sector, s € {Transport, Industry, Buildings }
i : energy carrier, ¢ € {Total liquids, Total gases, Total solid fuels, Total }
D, ;  :energy demand for the end-use sector s and the energy carrier 4.

PNE2050 data provides the most granular energy carriers, followed by WEO2021,
while the COPPE scenarios divide the energy carriers into “electricity”, “liquid”,
“gas”, “solid”, and “hydrogen”. Table 3.15 lists all energy carriers for PNE2050.
The WEO2021 scenario data set includes TFC, the total value of energy carriers

by physical state, i.e., “total liquids”, “total gases”, “total solid fuels”, as well
as some of the more subdivided energy carriers. For instance, “total liquids”
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consists of “oil products”, “liquid biofuels”, and “hydrogen-based liquid fuels”
(IEA 2021a). However, the WEO2021 does not provide data for “liquid biofuels”.
Although an energy carrier, “hydrogen”, is provided in the COPPE scenarios, all
scenarios have zero values. Therefore, the “hydrogen” is omitted. Even when
hydrogen as final energy is zero, there is a critical hydrogen production as an
intermediate energy carrier, which is input to produce other final energy forms.
This intermediate product is not reported.

Table 3.15: Correspondence between different studies.

WEO02021* PNE2050 COPPE
end-use sector

Industry Industry Industry

Transport Transport Transportation

Buildings Residential, Service Residential,

Commercial

Other Agriculture, Non-energy use Other Sector
energy carrier

Total Total Total

Electricity Electricity Electricity

Total liquids Oil products, Diesel fuel, Other oil prod- Liquidsb
ucts, Fuel oil, Gasoline C, Hydrated ethanol,
Kerosene/aviation gasoline

Total gases Natural gas, Liquefied petroleum gas (LPG) | Gases®

Total solid fuels | Coal, Wood, Wood and charcoal, Sugarcane, | Solids
Other

4 The aggregation process employs the definitions for the end-use sectors and energy carriers as
outlined by the WEO21 (IEA 2021a).

b Tt includes ethanol, biodiesel, and advanced fuels.

¢ It includes natural gas and LPG.

At the top of Figure 3.6, the total final energy consumption by the combined

sector for “Transportation”, “Industry”, “Buildings”, and “Others” is presented.
The COPPE and EPE scenarios do not report the consumption of “Others”,
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with EPE’s PNE2050 indicating that the three reported sectors account for more
than 80% of final energy consumption. “Others” basically considers energy
consumption associated with agriculture and livestock. The average final energy
consumption in 2015 for the three most important sectors was 7.9 PJ, increasing
to 10 PJ in 2030 and reaching 12.4 PJ in 2050. In the long term, there are
important variations depending on the scenario, as detailed in Tables 3.12 to 3.14.

The bottom of Figure 3.6 shows the total final energy consumption by energy car-
rier for each scenario considered. In the long term, electrification is increasingly
critical in the three sectors with the highest consumption. Electricity consumption
represented 19% in 2010, and the average between the scenarios indicates that
it could reach 21% in 2030 and 28% in 2050. There are essential differences
in the role that electrification could play between scenarios, especially in the
transport sector, where electrification may decline depending on the advancement
that BECCS technologies may have in the long term. With a significant develop-
ment of BECCS, total electricity consumption would be approximately 1.8 PJ in
2050, while with a conservative development of BECCS, total electricity would
be approximately 4.4 PJ.

3.2.7 Inflow of hydropower plants

Hydropower is an essential sustainable energy source, particularly in developing
countries such as Ecuador, China, and Brazil (IEA 2021a). Hydroelectricity
constitutes the largest share of renewable energy sources in the total power gen-
eration matrix. With the increasing penetration of VRES, properly representing
hydropower in the power system analysis becomes crucial. This is because run-
of-river (mostly low-head) hydropower plants usually provide a constant base load
(in contrast to VRES). Additionally, other hydropower plants with reservoirs or
pump-storage units can compensate for the volatile load introduced by vRES (Sterl
et al. 2021). The theoretical output of electric power from hydropower plants is
determined by the combination of available water flow and available head height

68



3.2 Methods

at each location (Killingtveit 2019). The power output is usually limited to the
plant’s nameplate capacity at the turbine’s maximum flow rate.

ONS regulates the capacity of the reservoir system and dispatches 163 plant units
of different types, including ten reservoirs, 92 run-of-river units, 60 hydropower
plant units with reservoirs, and one pumped storage (ANA 2022). The term “unit”,
in this context, refers to a cluster of hydropower plants dispatched by ONS. The
hydraulic operation of the reservoir systems in Brazil can provide about 210 TWh
storage energy (expressed as MWmeés in the original data set, where | MWmés
=720 MW h/month), of which about 69% is located in southeast/central of the
SIN, followed by the northeast region at about 18%. The southern and northern
regions of the SIN account for 7% and 6% respectively (ONS 2022d).

3.2.7.1 Data collection

Energy system optimisation models often account for known inflows and outflows
when modelling hydropower (Stoll et al. 2017). The hydropower representation
is typically based on historical operating patterns (time series), which indicate the
constraints inherent to the year referenced (Dennis et al. 2011).

ONS publishes time-series data on reservoir inflows, including both Stored En-
ergy (Portuguese: Energia Armazenada) (EAR) and Affluent Natural Energy
(Portuguese: Energia Natural Afluente) (ENA) (ONS 2021c). These data sets,
updated regularly, offer a range of temporal resolutions from daily to monthly
and are aggregated from individual reservoirs to broader categories like basins or
equivalent energy reservoirs (Portuguese: Reservatério Equivalente de Energia,
REE). EAR reflects the energy potential of the reservoirs based on their water
levels, whereas ENA denotes the energy flowing into the hydropower system at
aggregated levels. Although these data sets have been utilised in past research
(Diuana et al. 2019, Fichter et al. 2017), the absence of metadata obscures the
specific attributes they refer to.

Specifically, EAR highlights the energy potential from stored water in reservoirs,
which can be used for power generation at both the original and downstream plants,
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which presents complexities. When the reservoir is at its fullest, this storage
capacity of the system is the maximum EAR. The ENA data set has two attributes:
gross ENA and storable ENA. The former measures the electricity generation at
65% of the useful operating level of the hydropower plants, corresponding to the
natural water flow into the reservoir. The latter equals the difference between the
natural water inflow and the flow into the reservoir. Given this, this dissertation
employs the ENA attribute to depict the inflow to the hydropower system.

However, using the ENA data set for federal-state level analysis requires an un-
derstanding of the cascade of hydropower stations. Even though ONS reveals the
basins where the power stations are situated, it limits details to plant names. The
challenge arises when attempting to align hydropower stations from ONS (2021c)
with the data set mentioned in Section 3.2.3 due to inconsistent nomenclature. To
navigate this issue, this dissertation adopts the ENA, spatially resolved by elec-
tric region, to represent the hourly feed-in to the hydropower plants and further
disaggregates it at the federal-state level.

3.2.7.2 Data processing

The ENA data used is daily resolved and is given in a unit MW_month (Por-
tuguese: MWmeés). This data is converted to MWh as it is equivalent to the
720 MW h/month (Diuana et al. 2019).

For a representation of hydropower plant inflows in the federal states, a correlation
is drawn to the installed capacity for the reference year. This capacity, sourced
from the Section 3.2.3, encompasses hydropower plants of different sizes. As
a result, the aggregated level of inflow of hydropower plants is achievable as
depicted in Figure 3.7. Since the installed capacity for a given reference year has
two operating states — operating and planning, the inflow data set provided in this
study can be allocated either by installed capacity or by the total value of installed
and planned capacity.

Finally, the daily inflows are apportioned evenly across each hour, thereby deriving
the hourly inflows.
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Figure 3.7: Per federal state inflow into hydropower plants for the reference year 2020. Note:
allocation is based on the installed and operated capacities.

3.2.8 Variable renewable potentials (wind and solar)

For planning future energy systems, knowledge of the technical generation poten-
tial of VRES is essential. In particular, this includes geo-referenced data on the
nominal installation capacity that can be installed in a specific area, along with
an hourly generation time series due to the intermittent generation.

3.2.8.1 Data collection

The global resource assessment tool, EnDAT, assesses the renewable energy
generation potential of different technologies such as PV, onshore, and offshore
wind turbines. The methodology, as described in Scholz (2012) for the EU, is
adapted for global application in Stetter (2014). So far, EnDAT is only available
internally at the German Airspace Center (DLR). However, it is currently being
revised, translated into Python, and prepared for open-source publication, slated
for the first quarter of 2023. EnDAT requires inputs of weather resource maps at
an hourly temporal resolution and a spatial resolution of 0.09°x0.09°, along with
static land cover maps at a resolution of 0.09°x0.09°. As output, EnDAT provides
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(1) spatially resolved maximum generation capacity and (ii) relative profiles of
hourly power feed-in from wind and solar energy. The spatial output resolution
of 0.09°x0.09°s aggregated to the level of administrative regions, namely, the
federal-state level.

For calculating the installable capacity, two sets of maps are used. One serves as
areas of exclusion (cf. Table 3.16), while the other serves as suitability criteria to
determine the share of the remaining available area (cf. Table 3.17). The spatial
land cover maps are based on the Copernicus land cover data set (Buchhorn
et al. 2020), the global lakes and wetland database (Lehner and Doll 2004),
IUCN protected area categories (Dudley 2013), and a digital soilmap of the
World (for dunes, glaciers, saltpans) (Land and Water Development Division,
FAO 2020). The roughness length is calculated using the land cover maps and
a roughness lookup table (Silva et al. 2007). Furthermore, spatio-temporally
resolved maps from the ERAS data set (Hersbach et al. 2020) are employed to
generate the feed-in time series. It contains hourly resolved data for Global
Horizontal Irradiance (GHI)?, wind speed, and temperature at a 31 km spatial
resolution.

3.2.8.2 Data processing

Geometric constraints are used to calculate the maximum installation density,
i.e., taking into account the wake for wind, and using the maximum shading
of the assumed module angle for PV during the winter solstice. The density
is restricted by the available area, considering information on the land cover of
the area, such as bare ground, crops, grasslands, mosses, shrubs, forests, urban
area, and roughness, as well as excluded areas, such as distance from settlements,
elevation, mining sites, protected areas, glaciers, slopes, wetlands, and water depth
for offshore winds. An exclusion mask is defined if any exclusion criteria are met
or any inclusion criteria are violated. This mask restricts the computations to

2 Global Horizontal Irradiance (GHI) refers to the sum of the beam and the diffuse solar radiation

on a surface (Duffie and Beckman 2013, p. 10).
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Table 3.16: Utilisable areas for the EnDAT analysis. m denotes the value constrained according to
the map, while the provided integer categories are excluded.

Criteria | Map PV Wind onshore | Wind offshore
inclusion | slope (°) m < 45° m < 45° —
inclusion | distance to set- |1 < m < 1000 |1 < m < 1000 —
tlement (km)
inclusion | elevation (m) 0<m <5000 m < 5000 —50<m<0
inclusion | average wind — 0-50 0-50
speed (m/s)
inclusion | distance to — — 5<m <115
coast (km)
inclusion | mining (0..1) m=20 m=20 —
inclusion | salt/sand/ice m=20 m=20 —
0..1)
exclusion| protected areas m € m € me{l,...,6}
{1,...,6} {1,...,6}
exclusion| wetland m e m € —
{1,...,10} {1,...,10}

Table 3.17: Suitability factors for the EnDAT analysis. The land cover maps are given in shares from
0 to 1 and are not mutually exclusive. Map data is taken from the Copernicus data set

(Buchhorn et al. 2020).

Map PV | Wind onshore | Wind offshore
bare 0.6 0.3 —
crops 0.24 0.15 —
grass 0.6 0.15 —
moss 0.6 0.3 —
shrub 0.6 0.15 —
forest — 0.05 —
urban 0.024 — —
marine water body — — 0.4
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identified areas of interest during potential analysis, as meticulously illustrated in
Table 3.16.

Next, suitability factors (cf. Table 3.17) are used to obtain the share of area
available per land-cover type that can be used to install a particular technology.
Therefore, for each power generation technology, a projection of the techno-
economic parameters into the year 2050 is performed (cf. Table 3.18). The
potential for PV capacities is determined for rooftops, facades, and other surfaces
in urban and open areas where ground-mounted PV is installed. At the given
resolution, one pixel can have more than one land cover type. Hence, the shares
of each pixel are considered additive. The resulting installable capacity is an
averaged value.

The subsequent evaluation of the feed-in time series is performed based on as-
sessing the maximum generation capacity. Weather data are converted into power
generation in each pixel and weighted by the spatial distribution of the installable
generation capacities. For PV, feed-in time series are computed based on the
module angle, orientation, and the hourly sun position at a temporally resolved
GHI, Direct Normal Irradiance (DNI)?, and temperature profile. ERAS5 exclu-
sively provides GHI. Hence, the Python library, pvlib (Holmgren et al. 2018), is
utilised to derive the DNI from the GHI data. The wind feed-in time series con-
siders the hourly wind speed (corrected at hub height using the local roughness)
and power curves of turbines (Scholz 2012, Stetter 2014). Finally, generation
capacities and time series are spatially aggregated to a defined region — Brazil’s
federal-state level.

The map of installable capacity (in MW/ km?) and the annual power production
map (in MW h/ km?) illustrate the resource maps obtained from the Brazilian
potential analysis. Figure 3.8 indicates PV generation and Figure 3.9 illustrates
wind generation, where geographical features such as bodies of water or rain
forests are visible.

3 Direct Normal Irradiance (DNI), also termed as beam radiation, refers to the solar radiation

received from the sun without having been scattered by the atmosphere (Duffie and Beckman
2013, p. 10).
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Figure 3.8: Maps of PV power generation potential for the reference year 2019 — A) annual generation,
B) installable capacities. Each map combines the potential for urban and open field
installation and generation.
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Figure 3.9: Maps of wind generation potential for the reference year 2019 — A) annual generation, B)
installable capacities. Onshore wind and offshore wind are combined in each map.
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Table 3.18: Technical parameters for the different generation technologies in EnDAT.

Category Parameter Unit | Value
PV power reduction 1/K |-0.005
PV Nmodule — 0.26
PV Nrest — 0.91
PV availability — 0.98
all wind onshore nacelle height m 112
all wind onshore rotor diameter m 165
all wind onshore distance factor — 6
all wind onshore wind shading loss | — 0.85
all wind onshore availability factor |— 0.982
wind onshore weak | nameplate capacity | kW | 3630
wind onshore medium | nameplate capacity | kW | 5330
wind onshore strong | nameplate capacity | kW | 10550
wind offshore nacelle height m 150
wind offshore rotor diameter m 200
wind offshore distance factor — 6
wind offshore wind shading loss | — 0.85
wind offshore availability factor |— 0.95
wind offshore nameplate capacity | kW | 10000

3.2.9 Cross-border electricity exchanges

In addition to the national electricity transmission, SIN connects Brazil to
Uruguay, Argentina, and Venezuela for importing and exporting electricity to
these countries. Annual power imports remain modest, accounting for only
0.04% (0.60 TWh) of total annual energy consumption, with most of the imports

happening between May and November.
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3.2.9.1 Data collection

ONS publishes hourly historical cross-border flows with Uruguay and Argentina,
with the time series data available for the period 1999-2020 for Argentina-Brazil
and 2000-2020 for Uruguay-Brazil (ONS 2021e) (the data set was obtained in
July 2021).

3.2.9.2 Data processing

The cross-border power exchange data from ONS have gaps in time series. In
particular, the data for Uruguay-Brazil have missing values for each year except
2018-2020. Most of the data are missing for 2000-2003, and 2.5% of values are
missing in 2016 and 0.3% in 2014. The Argentina-Brazil data set has one or
two missing values in each year except 2019-2020. For the years 2008, 2009,
and 2016, the data exhibit missing value proportions of 6.6%, 12.1%, and 2.5%,
respectively. To be consistent with the time frame of other data sets, only the
time series for 2012-2020 are selected for further processing. Missing values are
mainly filled with the value of the same point in time from the previous week,
with the previous hour being used for the rest.

The substations of both transmission lines are situated within the Rio Grande
do Sul (RS) in Brazil (ONS 2021f). Federal states are assigned two-character
labels manually, whilst foreign nodes receive three-character designations (e.g.,
URU for Uruguay, ARG for Argentina). Thus, the transmissions receive the labels
RS-URU and RS-ARG, as illustrated in Figure 3.10.

3.3 Data records

The data set provided in this dissertation is publicly available for download from
the repository (Deng et al. 2022). The download file contains nine directories,
each representing a subset. Figure 3.11 illustrates the folder structure. The data
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Figure 3.10: Weekly aggregation of the hourly cross-border electricity transmission from Brazil-
Uruguay (RS-URU) and Brazil-Argentina (RS-ARG).

files within each directory are in a standard format of CSV, except for geospatial
data for Brazil. All data are spatially resolved at the ISO 3166-2 level and
temporally resolved in hours. The time series files are provided for the reference
years from 2012 to 2020.

3.3.1 Geospatial data for Brazil

The Geospatial Data for Brazil folder contains a shapefile, which is a
widespread geospatial vector data format suitable for use in geographic informa-
tion system software. This shapefile employs the CRS with code EPSG:4087. A
detailed description of the entities is available in Table 3.19. This data determines
the nodes used for the entire data set provided in this dissertation, represented by
abbreviations of the federal states (cf. Figure 3.1).
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i. Geospatial data for Brazil
ii. Aggregated grid network topology
iii. Variable renewable potentials (wind and solar)
* onshore
« offshore
* PV
iv. Installable capacity for biomass thermal plant
v. Inflow for the hydropower plants
* by_hydropower_plants_operation
* by _hydropower_plants_operation+planning
vi. Power plants
vii. Electricity load profiles
* by _consumption
* by_consumer
viii. Scenarios of energy demand
ix. Cross-border electricity exchanges

Figure 3.11: Folder structure of data records on Zenodo (Deng et al. 2022).

Table 3.19: Metadata of the records for Section 3.3.1.

node_epsg4087.shp

field type description

name string | Abbreviation of federal state

state_full | string | Full name of the federal state in Portuguese

X number | The latitude of the polygon centre geometry of
the federal state, and CRS is EPSG:4087
y number | The longitude of the polygon centre geometry of

the federal state, and CRS is EPSG:4087
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3.3.2 Grid network topology

The data folder Grid Network Topology contains two files—one including only
the topology of the operational network (file name: EPEWebmap_equivalent
_grid_aggregate_by_state_only_operation.csv), and the other addition-
ally covering the planned network (EPEWebmap_equivalent_grid_aggregate
_by_state_operation_and_planned.csv). The attributes are shown in Ta-
ble 3.20. The voltage is not shown here because it is an equivalent network for
which the net transfer capacity is calculated.

Table 3.20: Metadata of the records for Section 3.3.2.

EPEWebmap_equivalent_grid_aggregate_by_state.csv

field type description

node0 string | start node

nodel string | end node

transfer capacity | number | transfer capacity between the start and end nodes,
in MW

efficiency number | transmission efficiency between the start and end

nodes, assuming an efficiency of 1 for HVDC lines

name string | The data processing produces a string that helps to
trace each transmission line in the original data set
(EPE Webmap) by line name. The different line
names are connected by the character “_".

length number | length of the representative transmission between
the start and end nodes

carrier string | the type of the line, either AC or HVDC
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3.3.3 Variable renewable potentials (wind and solar)

The data in this folder are organised in a directory structure containing CSV files.
Three generation technologies (wind onshore, wind offshore, PV) are in three
directories: onshore, offshore, and solar_pv.

These directories contain the installable potentials and the yearly time series. The
installable potentials are named as EnDAT_<TECH_NAME>_installable
_capacity.csv and the time series as EnDAT_<TECH_NAME>_per_unit
_generation_weather_year_ <YYYY>.csv. The text “YYYY” corresponds to
the weather year. Each installable_capacity file contains the region abbre-
viation and the respective capacity in MW. The time zone of the time series is
UTCHO0.

The first column of the generation time series data represents the hourly timestamp
in the format of YYYY-MM-DD HH:00:00. The subsequent columns are the unit
generation for each federal state, and the column names are the abbreviations of
the respective federal states.

3.3.4 Installable capacity for biomass thermal plants

Within the data folder, each file, titled biomass_geographic_potential
_reference_year_<YYYY>.csv, represents the installable capacity records for
each year. The text “YYYY” corresponds to the reference year. Table 3.21 reports
the details of the information provided by each record.

3.3.5 Inflow of hydropower plants

The inflows to the hydropower plants in each federal state are obtained separately
from two allocation parameters related to the operating status of the total in-
stalled capacity. Therefore, there are two subdirectories under this folder, namely,
by_hydropower_plants_operationt+planning and by_hydropower
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Table 3.21: Metadata of the records for Section 3.3.4.

biomass_geographic_potential_reference_year_YYYY.csv

field type description
state string | abbreviation of federal states
value number | the installable capacity, in MW

reference_year | number | reference year, i.e., YYYY

type string | power plant type — “biomass”

phase string | Operational status. All values here are “poten-
tial”, indicating the installable capacity, which
is used to differentiate the status in the data of
power plants.

_plants_operation. Each subdirectory includes nine files for each reference
year. Each file lists the federal state in its columns, with each row representing
the hourly inflow, measured in MWh, for that federal state throughout the year
at the timestamp YYYY-MM-DD HH:00:00. The time zone of the time series is
UTC-3 (Brasilia Time).

3.3.6 Power plants

The information on the installed capacity of power plants in each federal state is
recorded in relation to the reference year, with each file representing a record for
a reference year. These values are given in a subsequent table within the folder.
Data attributes are given in Table 3.22.

3.3.7 Electricity load profiles

The folder in the repository includes two subdirectories, by_consumer and
by_consumption. This is related to the disaggregation of the original data
set, as presented in the Section 3.2.5. Under each subdirectory are hourly load
curves for each reference year, as Table 3.23 details.
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Table 3.22: Metadata of the records for Section 3.3.6.

ANEEL_powerplants_per_state_per_type_reference_year_YYYY.csv

field type description
state string | abbreviation of federal states
type string | the type of power plants type — biomass, solar_pv,

on_wind, mini_hydro, small_hydro, hydro, nu-
clear, coal, gas, oil

phase string | operation status — operation or planning

value number | capacity in MW

reference_year | number | reference year, i.e., YYYY

Table 3.23: Metadata of the records for Section 3.3.7.

Hourly_electricity_demand_per_state_YYYY.csv

field |type |description

time |string |the time stamp, DD.MM.YYYY HH:00:00, time zone is UTC-3
(Brasilia Time).

state | string | abbreviation of federal state

value | string | load value in MW. Note: As this is derived from the grid operator
ONS, it includes the physical loss of SIN.

3.3.8 Scenarios of energy demand

Energy demand data (XLSX format) aggregated by energy carrier and end-use
sector for PNE2050 and COPPE as the attributes of the records are detailed in
Table 3.24. Legal constraints permit only the display of IEA data, as demonstrated
in Figure 3.6. For the sake of expediting data processing, the data are presented
in a UTF-8 encoded CSV format.

&3



3 Harmonised and Open Energy Data Set for Modelling a Highly Renewable Brazilian Power System

Table 3.24: Metadata of the records for Section 3.3.8.

Energy_demand_scenarios_by_sector_by_energy_carrier.xlsx

field® type description

Publication |string |the source of the data
Scenario string | the full name of the scenario
Region string | the name of the country

Category string | the indication of the data category. As it is the data set
of energy demand, it is “Energy”’.

Product string | the energy carriers with aggregation. Values are “To-
tal”, “Electricity”, “Total liquids™, “Total gases”, and
“Total solid fuels”. Note: “Total” is the sum of the

remaining energy carriers.

Flow string | end-use sectors with aggregation. Values are “Total
final consumption”, “Transport”, “Buildings”, “Indus-
try”, and “Other”. Note: “Total final consumption” is
the sum of the remaining end-use sectors.

Unit string | unit of the demand value, i.e., PJ.

Year numeric | year. Values are “2010”, “2015”, “2030”, “2040”, and
“2050”.

Value numeric | value of the demand. The decimal point is written in

Alias string | The alias of the scenario used for plotting. It has the for-

mat XXXX_YYYY. XXXX is the abbreviation of the study,
ie.,, “WEO02021”, “PNE2050”, “COPPE”. YYYY in-
dicates the abbreviation of the scenario name, see Ta-
bles 3.12 to 3.14.

# The data attributes used in this dissertation closely resembles that of WEO21
data set (IEA 2021a).
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3.3.9 Cross-border electricity exchanges

Under this folder, there is a single file named international_transmission

_RS-URU_RS-ARG_2012-2020_hourly.csv. It stores records of cross-border
electricity imports and exports between Brazil and its neighbours for the 2012-
2020 timeframe. A description of the records on the file is presented in Table 3.25.

Table 3.25: Metadata of the records for Section 3.3.9.

Cross-border_transmission_RS-URU_RS-ARG_2012-2020_hourly.csv
field |type description

time |string |the hourly time stamp, YYYY-MM-DD HH:00:00,

time zone is UTC-3 (Brasilia Time).

nodeO | string | start node with Brazilian federal state abbrevia-

tion, namely, RS

nodel |string |end nodes for neighbouring country abbrevia-
tions, i.e., ARG and URU

power | number | electricity exchanged, MW

3.4 Technical validation

Most of the original data sets are taken directly from the official Brazilian database.
For this reason, the data sets have not undergone additional validation. However,
it is necessary to note that spatially aggregating Brazil’s power transmission
network to a network model of interconnected federal states implies deviations in
the resulting power flows. For validation, reference data from power-flow analyses
of the fully-resolved network are required, ideally for a multitude of grid uses.
Since these use cases strongly depend on the power plant dispatch and future load
patterns, a validation would call for a power system model for the fully-resolved
network. However, setting up such a model for validation has been beyond the
scope and capacity of this dissertation.
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Another exception requiring validation is the data set described in the Sec-
tion 3.2.8. The technical validation is approached with two data sources: (i)
observations of site-specific power generation from a set of real-world PV plants
and wind farms in 2018 (ONS 2021b), and (ii) country-wide power generation
indicators from global databases for 2019, namely the Global Wind Atlas (GWA)
(Badger et al. 2019) and the Global Solar Atlas (GSA) (Solargis 2019).

3.4.1 Solar feed-in

The spatial distribution of PV plants is shown in Figure 3.4. The installed capacity
for each PV park is collected based on ANEEL (2021b), ONS (2021a). Of the 17
PV parks, twelve have been selected for further analysis. The Pearson correlation
is calculated to determine whether the temporal profiles generated by simulation
and observation are similar. Table 3.26 presents the average correlation between
the simulated data and the reference for each PV park, which is approximately 0.8.
The deviation can be attributed to the inability to determine the orientation and
inclination of the reference PV installation from available data sources, such as
aerial images. Given that the effect of orientation under small module inclinations
is minimal, this aspect is not considered in the assessment with EnDAT. By
default, EnDAT calculates an ensemble of solar power plants with a southern
orientation facing east and west at 60° away from the south.

The quantity for country-wide validation with the GSA (Solargis 2019) is per-
formed by converting solar resources, namely DNI and GHI, into power generated
per unit of capacity of pre-defined PV power plants over the long term, called
PVOUT. The solar resources obtained by Solargis are compared to those from
ERAS reanalysis data used by EnDAT. Given that the GSA provides raster data
with 1 km resolution, an upscaling is performed to match the 0.09° resolution of
EnDAT, using the nearest neighbour method. The degree of overestimation or
underestimation is evaluated using the mean bias error (MBE). The comparison of
PVOUT derived from EnDAT and the GSA shows an MBE of -7% and -36% PV
in urban and open areas, respectively. Especially the deviation increases with the
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Table 3.26: Correlation between PV site power generation and EnDAT simulation results for these
sites.

Plant name COITPearson
Fontes Solar I 0.92
Fontes Solar IT 0.92
Assu 5 0.87
Conjunto Fotovoltaico Bom Jesus 0.86
Conjunto Fotovoltaico Ituverava 0.88
Conjunto Fotovoltaico Lapa 0.85
Conjunto Fotovoltaico Pirapora 2 0.83
Conjunto Fotovoltaico Nova Olinda 0.86
Conjunto Fotovoltaico BJL Solar 0.62
Conjunto Fotovoltaico Floresta 0.82
Conjunto Fotovoltaico Horizonte MP 0.76
Conjunto Fotovoltaico Guaimbe 0.78

distance to the equator. The result indicates that EnDAT overestimates the PVOUT
in comparison with GSA. The deviation can be attributed to the differences in
solar resource data (Urraca et al. 2018) and is considered reasonable.

3.4.2 Wind feed-in

A validation data set consists of the observed hourly electricity production from
several wind farms in 2018, as published by ONS (ONS 2021b). The installed
capacity, hub height, location, and turbine type of each wind farm are gathered
from ANEEL (2021b), ONS (2021a). Among the identified eleven Brazilian wind
farms, seven are chosen for subsequent analysis due to inconsistencies in the data.
As detailed in Table 3.27, the correlation between real-world wind farms and
EnDAT-simulated generation time series ranges from 0.23 to 0.58. The deviation
may be due to the fact that the potential analysis approach of EnDAT does not
account for local wind effects caused by elevation, which could result in gaps

87



3 Harmonised and Open Energy Data Set for Modelling a Highly Renewable Brazilian Power System

in correlation. However, most existing wind farms are located in areas highly
influenced by local wind phenomena. Several of the investigated wind parks
are located on the coastline where hot winds can cause temperature differences
between land and sea, superposed with nearby elevation changes inland of the
wind parks. Other sites are located on plateaus in hilly terrain. The weather data
used by EnDAT — wind speed — originates from the ERAS reanalysis data, which
has a resolution of 31 km at the equator and is represented as the grid average. On
small geographical and temporal dimensions, however, observations of wind speed
can differ due to the local terrain, vegetation, and built environments (Hersbach
et al. 2020). The wind speed data from ERAS5 may not accurately describe wind
speed in highlands or valleys.

Table 3.27: Correlation of wind power generation between wind farm observations and EnDAT sim-

ulations.
Plant name COI'TPearson
Praia Formosa 0.44
Icaraizinho 0.51
Malhadinha 1 0.23
Alegria Il 0.32
Alegria | 0.38
Elebras Cidreira 1 0.58
Xangri-LA 0.52

The data of GWA 3.0 (Badger et al. 2019) is derived from the same reanalysis
data as that of this dissertation. However, the GWA only provides average wind
speed and average power density at five different heights (10 m, 50 m, 100 m,
150 m, and 200 m) and average Capacity Factors (CFs) for three turbine classes as
defined by the International Electromechanical Commission (IEC). A comparison
of the CFs for IEC Class I and III from GWA with EnDAT-simulated results
necessitates upscaling the GWA data (with a spatial resolution of 250 m) to
EnDAT’s resolution of 0.09° for Brazil, using the nearest neighbour method. In
contrast to GWA, the CFs for onshore wind appear lower, and for offshore wind,
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higher. This observation persists, aligning the technical specifications with the
GWA'’s assumptions for this validation, featuring Vestas V112 turbines for IEC
Class I and V136 turbines for IEC Class III. In particular, the MBE between CFs
calculated for onshore wind between EnDAT and the GWA is 17% for IEC Class
I and 18% for IEC Class III. The MBE for offshore wind is 17% in IEC Class I
and 14% for IEC Class III. However, the identification of all factors contributing
to the differences between the data processed in this dissertation and the GWA is
hindered by barriers in accessing details on assumptions made for the GWA.

3.4.3 Conclusions

The simulations of this dissertation correlate better with real-world PV generation
than onshore wind generation at a spatial resolution of 0.09°. EnDAT calculates
a higher PV generation compared to GSA. The onshore wind power potential
obtained by EnDAT is lower than the GWA, while the offshore wind power
potential calculated by EnDAT is higher. It is essential to highlight that the
data provided for PV and wind power is aggregated at the federal-state level.
Appropriate validation data for this geographical dimension still needs to be
included, as available validation data is limited and often site-specific. The data
presented in this dissertation show better agreement with simulated data from
GSA and GWA, which rely on much higher resolved resources data but only
provide CFs instead of time series of power generation. However, downscaling
may be necessary when using the regionalised results from EnDAT.

3.6 Usage notes

The provided data set consists of multiple CSV files and can be loaded using
software capable of handling CSV files. The use of the data set is self-explanatory,
which can serve as input to any energy system model. With its high-resolution
(hourly and for the 27 federal states of Brazil), the data enables the emulation of
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the Brazilian power system and the representation of Brazil in a global energy
system model at a sufficient resolution.

However, comparing historical annual trends in data where the installed capacity
determines the reference year is inappropriate. This applies to data, for instance,
Section 3.3.4 and Section 3.3.5. This is because most of the date information in
the original data set is missing, as described in the Section 3.2.3.

To provide a reliable and open database for modelling the Brazilian power sector,
the evolution of electricity consumption by sector until 2050 is available in the
Section 3.2.6. It is necessary to learn the principal premises of each scenario to
understand the dynamics of the evolution of electricity consumption, presented in
Tables 3.12 to 3.14. For example, whether decarbonisation of the transport sector
should rely on electrification or the adoption of biofuels is still open. Therefore,
to better comprehend the role of electrification in each sector and the intersectoral
dynamics, the evolution of the consumption of additional energy carriers in each
sector until 2050 is also presented in complementary form (cf. Figure 3.6). It
should be noted that the PNE2050 data may contain numerical deviations from
the extraction of numbers from the charts.

Although the available data for 27 federal units contribute to the spatial resolution
of the Brazilian energy system model compared to the data currently used, the in-
tent of harmonisation may limit the study of energy systems at a higher resolution.
Therefore, the code is made openly accessible and is documented to the best of the
author’s knowledge. Under the “resources” folder, users can find the processed
data before aggregation to 27 nodes. For example, the data for power plants can
be found in the project folder power_plantsresourceconvert_ANEEL
_geolocation_added_state_updated_2021_06.csv.

3.7 Code availability

Direct use of the provided data sets is available on Zenodo (Deng et al. 2022).
The source code used for data collection, processing and analysis is also on
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Gitlab (Deng 2023a). The data processing is performed using Python 3.9 and the
necessary toolboxes, such as Pandas and Geopandas. To facilitate the integration
of the data set into energy system models, the most relevant information is provided
by open-sourcing the code. Although step-by-step tutorials could also be helpful
for this purpose, such information should be best conveyed through the source
codes (Deng 2023a).

Regretfully, scripts for the vRES potential data cannot be provided now. The data
of VRES potential is created by the EnDAT framework, which is in the process of
being open-sourced.

91






4 Modelling a Carbon-neutral
Brazilian Power System —
PyPSA-Brazil

Contents of this chapter are based on

Y. Deng, K.-K. Cao, M. Wetzel, W. Hu, and P. Jochem. E-kerosene
Production and Export in Carbon-neutral Power Systems — A Solu-
tion for Sustainable Aviation?. 2023. Submitted to Journal of Scientific
Reports.

To answer the Research Question 1, a novel energy system model is built, described
in detail in this chapter.

4.1 Model framework selection

This section discusses the criteria and processes employed to choose a suitable
modelling framework for setting up an energy system model for this dissertation.
It commences by outlining the model’s scope, followed by an exposition of the
methodology for framework selection.
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4.1.1 Model scope

As highlighted in the literature review in Section 2.5, the development of a forward-
looking open-source model for Brazil’s energy system is urgently required to
effectively tackle the imperative of decarbonisation in long-term planning. A
model of this nature should be capable of regulating load fluctuations associated
with the electricity generation from vRES, while also modelling an array of
technologies such as enhanced power transmission, battery storage, or backup
generators. Additionally, the model should be flexible enough to include other
sectors, specifically addressing the demand and supply of kerosene.

This dissertation develops the model with an hourly temporal resolution and a
spatial resolution corresponding to the Brazilian federal state. Such a granularity
aims to make the model allow for a more detailed and accurate representation of
the energy system compared to preceding models, while ensuring compatibility
with personal computing devices for user-friendliness.

The high resolution of the model provides policymakers with insights into effective
investments in renewable technologies, e-kerosene production units, transmission
lines, and storage across federal states. These insights should assist policymakers
in avoiding a sharp increase in electricity prices. Thus, the model’s objective is
cost optimisation of the operation and capacity expansion of the technologies.

4.1.2 Selection methodology

Energy models typically comprise data and assumptions specific to a particular
research purpose. In contrast, energy modelling frameworks consist of architec-
tures designed to provide reusable functionality when building models (Pfenninger
et al. 2018). Given the availability of a few energy modelling frameworks, this
dissertation builds on them to create an energy optimisation model for Brazil.

The selection procedure encompasses two steps: preselection and comparison.
The information collected is evaluated and assigned a rating according to the
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satisfaction of the criteria: +2 for fully satisfied, +1 for partially satisfied, and 0
for rarely satisfied (cf. Table 4.3).

4.1.2.1 Preselection of modelling frameworks

Preselection criteria include open-source availability, high resolution in time and
space, and the capability to analyse multiple energy sectors beyond the electricity
sector (Chang et al. 2021, Prina et al. 2020). To this end, the selection has been
narrowed in accordance with a study of 75 state-of-the-art models and modelling
frameworks (Ringkjgb et al. 2018). The five preselected open-source modelling
frameworks are Calliope, Oemof, PyPSA, OseMOSYS, and FINE (cf. Table 4.1).
These frameworks allow building Linear Programming (LP) or MILP models with
medium to high temporal and spatial resolution (multi-node approaches possible)
while supporting the analysis of sectoral synergies and interconnections.

4.1.2.2 Framework comparison

The preselected frameworks are further compared based on model logic, techno-
economic details, ease of use, popularity, and added value.

Model logic evaluations focus on the purpose and language of the frameworks that
are compatible with the objective of this dissertation. Except for OseMOSYS, the
other four frameworks meet the requirements for cost optimisation for operation
and expansion (cf. “purpose” under “Model logic” in Table 4.1).

Modelling frameworks can be scripted in mathematical programming languages
(e.g., GAMS, GNU MathProg, and Pyomo) or general-purpose programming lan-
guages (e.g., Python, Julia). While mathematical programming languages closely
resemble mathematical models, general-purpose languages are more accessible
to non-programmers (Pfenninger et al. 2018). The latter also facilitates data pro-
cessing and analysis through packages such as Pandas, Numpy, and Matplotlib.
For this reason, in the “language” column under “Model logic” in Table 4.1, a
framework based on a general-purpose language is considered more beneficial.
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Techno-economic details are essential for the application of modelling frame-
works to create energy system models. In modelling the impact of increasing the
share of VRES, large-scale production of e-kerosene, and alternate kerosene sup-
ply options, key attributes to consider include grid development, energy storage,
and demand-side management (Ringkjgb et al. 2018). The modeller connects
general functions, often called components, using specifications. They then add
user-defined mathematical constraints where necessary. These attributes are the
technical and economic parameters in the model components, including conven-
tional or renewable generation technologies, energy storage, emissions, cost, and
grid, which determine the level of technical-economic detail. A framework al-
lowing for varying levels of techno-economic details is preferred for flexibility
in balancing computational resources and the consequences of errors due to low
resolution of techno-economic detail (Prina et al. 2020, Chang et al. 2021). While
most of the available model components are similar across the five frameworks,
it is the grid modelling that is noteworthy (cf. “Techno-economic details” in
Table 4.2). OseMOSYS does not include grid modelling, Calliope and Oemof
(SOLPH) use the Net Transfer Capacity (NTC) approach, while FINE builds on
this supports linear power flows, as do power system analysis tools, and PyPSA
further allows nonlinear power flows. Thus, PyPSA and FINE are preferred for
their relatively great technical-economic details compared to other frameworks.

“Ease of use” is determined by the availability of comprehensive documents
and tutorials. These materials should help entry-level modellers to understand
the framework effectively (Pfenninger et al. 2018). From this perspective, the
quality of online documentation, formulations, and tutorials is characterised as
high, medium, or low based on the authors’ practical experience (summarised in
Table 4.2 under the “Easy of use”).

The popularity of the framework indicates its sustainability and potential for
widespread adoption (cf. “Popularity” in Table 4.2). The popularity is measured
by a combination of factors, including the number of projects, publications, and
the presence of an open community. Building a model on a popular framework
can enhance its maintenance and likelihood of adoption by other researchers.
Choosing a framework with an open community is also beneficial for modellers
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as it allows for peer-to-peer support and direct discourse with the core developers
of the framework (Pfenninger et al. 2018). Evaluating the number of publications,
along with the geographic distribution of the most prolific contributors, aids in
assessing the international dissemination of the framework.

“Added-value” in Table 4.2 refers to additional algorithms or embedded libraries
within the framework, which relieve modellers of the burden of creating spe-
cialised functionalities, such as space and time aggregation. Apart from Ose-
MOSYS, other frameworks offer added value by incorporating additional algo-
rithms or packages.

4.1.3 Selection outcome

Based on the information collected and shown in Table 4.1 and Table 4.2, each
framework is scored according to its level of satisfaction with the underlying
research criteria. Consequently, PyPSA (Brown et al. 2018a) emerges as the
chosen framework due to its highest score (cf. Table 4.3).
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4.2 Model

4.2 Model

4.2.1 Optimisation model PyPSA-Brazil

PyPSA-Brazil is a novel model that uniquely positions the Brazilian energy system
as being open-source and within the framework of substantial renewable energy
feed-in. This model harnesses publicly accessible data sets, as explained in
Chapter 3, and uses an open modelling framework PyPSA (Brown et al. 2018a).

The boundaries of the model are established to ensure the computational feasi-
bility on personal computers, improve accuracy over the existing Brazilian mod-
els, and facilitate investigations into e-kerosene production within the Brazilian
power system. As depicted in Figure 4.1, PyPSA-Brazil comprises 27 nodes,
each symbolising one of the 26 federal states or the federal district of Brasilia.
PyPSA-Brazil aims to achieve a cost-optimal equilibrium and regulates the hourly
dispatch and infrastructure expansion across the year to accommodate exoge-
nously designated electricity and kerosene demand, while respecting technical
and physical constraints. This objective is set as a linear optimisation problem
that factors in short-term dispatch and long-term investments, and is solved using
the commercial solver Gurobi (Gurobi Optimization 2021).

Input Objective Output
= Time Series Cost optimization via linear programming: long-term = System cost breakdown
= Electricity: demand, imports investment & short-term operation = Optimal capacity distribution
& exports Annual = Kerosene mix: biokerosene, e-
= Kerosene demand Min ( ) kerosene, conventional
= Conventional kerosene price SELIMEE) . = More
* Geospatial — Min [Z ( Am?ualzsed ) a z (Operanonal )]
« Installed & planned - capital costs. £ costs
infrastructure: power plants Constraints
& AC/HVDClines = Supply-demand balance 3
= Tabular = CO, emission budget A
= Resources (photovoltaic, = Fixed kerosene supply ratio s +
onshore/offshore wind, = More =
hydropower, biomass) Resolution g
= Biokerosene production costs = Hourly, 27 nodes (26 Brazilian federal states + Brasilia) g
= Techno-economic = Base year: 2019 @
parameters = Target year: 2050

Figure 4.1: Overview of the PyPSA-Brazil model.

101



4 Modelling a Carbon-neutral Brazilian Power System — PyPSA-Brazil

The starting point for optimisation is the 2019 power system, including exist-
ing transmission infrastructure, hydroelectric, biomass, wind, PV facilities, but
excludes other existing assets (partial greenfield approach). The model assumes
hydropower capacity expansion aligns with the National Ten-Year Expansion Plan
(EPE 2020c). See Section 3.2.3 for details.

Most countries will start to witness the impact of e-fuels on GHG emissions
reductions only from 2030 (Ueckerdt et al. 2021). Given Brazil’s pledge to reach
climate neutrality by 2050 (UNFCCC 2022), this dissertation employs scenario
analysis for 2050 to evaluate the potential contribution of e-kerosene production to
Brazil’s energy system. This assessment presumes long-term perfect competition
and foresight in markets as described by Neumann et al. (2022), disregarding
intermediate accumulation steps leading up to 2050.

The parameterisation of the model deliberately avoids favouring certain technolo-
gies so that the model selects system components solely based on cost-effectiveness
and technology characteristics. The Section 4.2.4 details assumptions for the e-
kerosene production chain, which can vary according to feedstocks and principal
technologies (Brynolf et al. 2018).

AC/HVDC international
electricity connection import/export
bus link load
renewable/conventional battery hydropower electricity
generators storage unit storage unit load
e-kerosene production E-kerosene tanks
link storage unit
e-kerosene supply biokerosene conventional jet
bus generator generator
kerosene l:
bus kerosene

load

Figure 4.2: Energy flow at one node in the PyPSA-Brazil model.
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The application of the PyPSA framework in modelling the technologies in PyPSA-
Brazil is depicted in Figure 4.2, where energy flow at a single node is illustrated.
Italicised terms like Bus, Link, and Generator denote reusable functionality in
PyPSA, while arrows represent the flow of energy carriers (PyPSA developers
2023). Each horizontal line represents a bus of energy carriers, such as electrical
power and kerosene, where an hourly energy balance must be maintained. Every
federal state comprises two buses, representing the power and aviation sectors.
Sections 4.2.2 to 4.2.3 offer a comprehensive mathematical description of the
model.

4.2.2 Optimisation problem

The objective is to minimise the annual system costs. This includes the annualised
capital costs — attributed to the expansion of generation capacities, transmission
capacities, storage capacities, and energy conversion capacities — and the variable
costs associated with the dispatch of generation, storage, and energy conversion.
Equation (4.1) presents the mathematical expression for this objective:

=+ chk Pnk+zonr 9n,rt + Zons €n,s,t

n,r,t n,s,t

+ Zol Jue + Zonk pnkt} 4.1)

n,k,t

where c, represents the capital costs, while o, signifies variable costs. The indices
r, s, , and k label the generation technologies, storage technologies, transmission
lines, and energy conversion technologies, respectively. The symbols G, F, I,
and P correspond to the expanded capacity of generation, transmission, storage,
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and energy conversion technologies, respectively. Additionally, g, f, e, and p
indicate the dispatch of the respective elements across various time snapshots,
denoted as ¢ and expressed in hours. The index n stands for each node within
the system with n € N, N’ = 1,2,...,27. Transmission lines serve as bus
connectors, while specific nodes are equipped with converters that are capable of
converting one energy carrier into another. Both transmission lines and converters
are modelled using Link component, as illustrated in Figure 4.2.

The cost of the entire system is derived by summing the annualised capital expen-
ditures, encompassing the annuity payment required and fixed operating expenses,
in addition to variable costs, which include variable operating expenses and fuel
costs. The equivalent annuity payment is calculated using the capital investment
and the capital recovery factor. This approach aligns with the method demon-
strated by Horsch et al. (2018a), which follows the formula stipulated in Short
et al. (1995, Equation 2-12, p. 14), taking into consideration the lifetime and
discount rate of each technology.

A = I “4.2)

(1+i)N—1
i-(1+0) N

where

A : equivalent annuity payment
T : capital investment
¢ : annual discount rate

N : lifetime of the technology in years.

Modelling the physical process entails adopting linear eligibility as a standard
assumption.

4.2.3 Constraints
The system cost minimisation is subject to a set of applied constraints.
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Energy balance

The fundamental constraint for optimisation is ensuring that the energy supply of

each federal state within Brazil covers the local demand — power and kerosene —

for every hour of the year.

Zgnﬂ',t + § €n,s,t + Zan,l 'fl7t
r s l

where

9n,r,t
€n,s,t

Qs

Jit
Pkt
dn,t

: hourly demand at node n, either electricity (d

+ Zan,k *Pnkt = dn,t <~ )\n,t vn7t (43)
k

: generation dispatch
: storage dispatch

: flow direction and efficiency on bus connectors — time-independent

values — «v,, ; for transmission lines and «,, j, for the production of
e-kerosene

: power flow

: the dispatch of energy conversion

electricity

nt ) orkerosene

( dl;lﬁil‘tosene)

: Karush-Kuhn-Tucker (KKT) multipliers associated with the equality

constraints of the supply-demand balance. The value of A, ; at the
optimal point is an output of the optimisation.

The KKT multiplier represents the marginal price of the respective energy carrier

at which the node n fulfils more demand at time ¢, also known as the Local
Marginal Price (LMP) (Schlachtberger et al. 2017).
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The model’s hourly resolution significantly lengthens the computation time
needed, but it allows for a more accurate system description that considers the
synergy effects of various system components or sectors.

Transmission

Between the nodes, the energy can be transferred from one to another through
transmission lines. The maximum power flowing through the links at any time is
limited by the maximum physical capacity Fj:

[ F < fir < fi-F Vit (4.4)

where the f , = —0.7and f, = 0.7 denote an additional unit security margin for
line capacity. These values ensure approximate N-1 security and reserve capacity
for lines while allowing both import and export between neighbouring nodes
(Schlachtberger et al. 2017, Horsch et al. 2018a).

The physical capacity of the line F} is constrained (F, < F; < F;) and can
be expanded during the optimisation, depending on the cost-effectiveness. In this
study, the lower bound £; is the nominal transfer capacity of lines obtained from
Section 3.2.2. The upper bound F| is set to infinite. However, the expansion of
the transmission lines is limited by a global constraint:

Z - < Dlinevolume ¢ Hline volume 4.5)
l

where 'jipe volume 18 the sum of transfer capacities F; of the line ! multiplied
by their lengths ¢; (referred as line volume and measured in MWkm withing
the model) for existing lines with a variable multiplier. Should Equation (4.5) be
binding, the KKT multiplier ftjine volume 1S €Xpected to be positive, which represents
the marginal value of the increase in line volume to the system. Otherwise, it
indicates the cost per MWkm essential for the optimal solution to have the line
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volume D'jine voume (Schlachtberger et al. 2017). For the analysis at hand, the
multiplier is set to an infinite value, thus making ['jine volume infinite as well.

Using Kirchhoff’s formulation, a linear optimal power flow is applied that ignores
the effect of impedance on the flows. It solely requires nodal power balance
according to Kirchhoff’s Current Law (KCL) (Horsch et al. 2018b).

Generation

The dispatch of the generators for every hour g,, ,; is constrained by:

g : Gn,r < Gn,rt < gn,r,t 'Gn,r VTL,’]",ﬁ (46)

n,rt

where

G, : optimum installed capacity of generators

g, . lower bound of the availability. For all types of generators, this value is
set to zero (gn — 0), which indicates that must-run operation is not

required.

G, : upper bound of the availability, [0, 1]. The value for wind and solar
energy depends on time and location. This value refers to the
availability per unit capacity. The multiplication value (g,, ,.; - Gn.)
indicates the maximum producible energy per hour, which can be
derived from the reanalysis weather data. In the context of fossil-fuelled
power plants, a default value of 1 signifies high flexibility, devoid of any
ramp-up, ramp-down, start-up or shutdown costs.

The installed capacity for generators can be expanded and is limited by the
following:

G < Gppr < Gy Yn,r 4.7)
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where

G,, . - lower bound of capacity expansion. For onshore wind, PV, and biomass
thermal power plants, the value is set to be the installed capacity of the
base year 2019 provided by Section 3.2.3.

G, : upper bound of capacity expansion. The value for wind and solar
energy is the technical generation potential estimated by geometric and
environmental constraints obtained from Section 3.2.8. For biomass
thermal power plants, it is the sum of existing and planned capacity for
the base year 2019 and the economic potentials presented in

Section 3.2.4.
The PyPSA-Brazil model does not permit the expansion of fossil power plants,

and the calculated capital cost is set to zero. However, fossil and nuclear power
plants are excluded from the scenario analysis in this dissertation.

Storage

The state-of-charge of the storage should equal the dispatch at each hour:

discharge
_ inflow charge _charge n,s,t
S0Cn s = T 50Cn,s.-1 -+ €10 4 PGP A st (48)
S

where
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50Cy,s,; : state-of-charge of every storage

S : storage technology,
s € {battery, reservoir hydropower plant, e-kerosene tank }

5,0 : standing loss per hour to the state-of-charge. For battery, 7, ¢ is
constant, while for reservoir hydropower plant and e-kerosene tank,
no standing losses are assumed (7,9 = 0).

einflow - patural inflow to the storage. Only reservoir hydropower plant has
time-dependent inflow for each node (cf. Section 3.2.7).

charge . charging efficiency. A reservoir hydropower plant operates under the
setting of 5™ = 0, while a constant value applies to both battery
storage and the e-kerosene tank.
Z}ﬁrﬁe : dispatch of power charging at node n
discharge . gischarging efficiency — set to a constant value
‘:Llsfhta '€ . dispatch of power discharging at node n.
N and M Jetermine losses and signify that storage is only charged during

periods of excess system power supply and depleted during periods of insufficient
power production by generators and import options (Schlachtberger et al. 2017).

In PyPSA-Brazil, the storage energy capacity, represented by hl™* - E, , is
optimised depending on the storage power capacity I, ;. The Energy to Power
(E2P) ratio, denoted as A1, is the fixed duration during which the stored energy
can be fully charged or discharged at maximum power (Moseley and Garche
2015).

0 < socp st < ha®™-Ep s 4.9)

The power capacity of the storage F,, 5 can be expanded but should be within the
upper and lower limits:
E,,< Ens < Eny (4.10)

where
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E,,  : lower bound. For battery and e-kerosene tanks, £, ;= 0 is set. For
hydro reservoirs, however, E,, , signifies the installed capacity of all
sizes of hydropower plants in the base year, derived from Section 3.2.3.

E,,.s : upper bound. E,, s = oo is designated for battery and e-kerosene tanks.
For reservoir hydropower, E,, ¢ represents the sum of the installed and
planned capacity from the Brazilian Ten-Year Energy Plan (EPE 2020c)
(cf. Section 3.2.3).

Due to the annual periodicity of demand and seasonal generation patterns, it makes
sense to assume cyclic states of charge when optimising a full year (Schlachtberger
et al. 2017). In this way, storage can be used efficiently at the beginning of
the modelled time horizon and avoid the depletion in the end, soc, s;—0 =
50Ch s 1= V1,8

E-kerosene generation

The modelling of e-kerosene production employs the Link component in PyPSA
framework. Itis assumed that the capacity expansion of the e-kerosene production
unit relies exclusively on a cost basis, setting 0 < P, ;, < oo Vk.

The dispatch of e-kerosene generation is not only constrained by its rated capac-
ity but may also be limited by conditions under which it must operate and the
availability:

Bn,k,t : Pn,k < Pn.k,t < ﬁn7k7t . Pn,k v n, kat (4.11)

where

110



4.2 Model

k : energy conversion technology, & € {e-kerosene production unit}

P, ;. : capacity of energy conversion

Dn, k¢ - dispatch of energy conversion

P must-run factor. It is set to 0, Pt = 0, implying that the conversion
from electricity to e-kerosene is a unidirectional process, without any
mandatory operational levels.

Dn k¢  availability factor. Itis set as p,, . , = 1k, where 7, denotes the
conversion efficiency of the e-kerosene production unit.

Supply of biokerosene and conventional kerosene

In the model, the supply of biokerosene and conventional kerosene is represented
using the Generator component in PyPSA framework. It is assumed that there
are no capacity limits, hence, setting 0 < G, < oo (cf. Equation (4.7)).
This implies that the supply amount per hour depends entirely on the marginal
cost of providing biokerosene and conventional kerosene, which is measured in
€/MWh.

Additional constraints

The constraints in Equations (4.3) to (4.11) primarily represent technical re-
strictions. However, to ensure that the optimisation problem produces feasible
solutions, additional constraints can be implemented.

One such constraint involves limiting the total CO, emissions ensuring that they
do not exceed a specified budget, denoted as I'co,:

1
Z ; Inrt - pr < Tco, < pco, (4.12)

n,r,t
where
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r : technology, r € {fossil generators, conventional kerosene supply }.
Mn,» - generator efficiency at node n for technology r
9n,r¢ : generator dispatch at time ¢

pr : fuel-specific emissions, measured in units of CO, t/MWh. This
emission rate is assumed to apply only to the supply of conventional
kerosene.

I'co, : predetermined budget of CO, emissions

fico, : KKT multiplier, also referred to as the shadow price. It indicates the
marginal cost of emitting an additional tonne of CO,. It can also be
interpreted as the additional cost required to achieve the CO, emissions
reduction target.

In the scenario analysis conducted in this dissertation, there is an option to
limit the contribution of e-kerosene to a specific fraction of the total kerosene
demand. This results in a constraint where the combined supply of biokerosene
and conventional kerosene must exceed a certain proportion () of the total
kerosene demand, dﬁeft"sene:

D gnga =y diene (4.13)
n,t n,t

where r € {conventional kerosene supply, biokerosene supply }. For instance, in
the “100% e-kerosene supply” scenario, v = 0 is set.

4.2.4 Assumptions on e-kerosene production route
The e-kerosene production chain has a wide choice of technologies that corre-

spond to each processing step, namely, the provision of H, and CO,, the synthesis
and upgrading (Schmidt and Weindorf 2016). This section outlines herein the
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assumptions and simplifications employed in the modelling of e-kerosene pro-
duction within the PyPSA-Brazil model, which this dissertation refers to as the
“e-kerosene production link™ in Figure 4.2.

This dissertation utilises a simplified representation of the e-kerosene production
plant, as opposed to the detailed component modelling delineated in Sherwin
(2021). The model relies on conversion efficiencies and techno-economic param-
eters derived from Schmidt et al. (2016) to emulate the technical behaviour. The
plant features a conversion efficiency from electricity to e-kerosene of 0.42 and
includes a plant configurations of low-temperature electrolysis (AEL or PEM),
hydrogen storage, CO, sourced from DAC, and a FT pathway comprising FT
synthesis, Reverse Water-gas Shift (rtWGS), and hydrocracking/isomerisation.

In the provision of CO,, fossil CO, using CCU is elected not to be used, as it
falls short as a long-term, carbon-neutral solution (Ueckerdt et al. 2021). Ad-
ditionally, while CO, could be obtained from concentrated sustainable sources
such as biomass combustion, organic residues, and bio-ethanol production from
sustainably produced sugars or starches (Gabrielli et al. 2020), these options call
for access to extensive biomass data. As such, this dissertation assumes that CO,
is sourced exclusively from the atmosphere via DAC and is universally available
in Brazil.

The assumption is made that high-purity water needed for FT-based e-kerosene
production is readily available in Brazil and may not pose a technological chal-
lenge in Brazil. This is due to the relatively lower water demand compared to
biokerosene production by HEFA process or ATJ (Schmidt and Weindorf 2016).
The ready availability of both groundwater (Gleeson et al. 2016) and surface wa-
ter (Pekel et al. 2016), coupled with Brazil’s status as one of the world’s leading
nations in terms of seawater availability (Stockli 2009) and the successful water
scarcity management (Alves et al. 2020), implies that the pre-treatment process
of water or the cost thereof is deemed negligible.

The FT synthesis pathway is the focus of this dissertation, a process prevalent
in large-scale industrial applications for producing liquids from natural gas or
coal (Driinert et al. 2020). Although methanol synthesis is capable of yielding
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e-kerosene, so far, the first-of-its-kind aviation fuel specification, ASTM D7566
standard, exclusively specifies this synthetic kerosene derived from the FT process
(ASTM 2018). A noteworthy assumption in this dissertation is the potential for
altering future blending ratios of e-kerosene with crude oil-based kerosene (ICAO
2022b, Breyer et al. 2022), speculating that they may no longer be limited to the
50%! currently prescribed by the ASTM regulations.

This dissertation explicitly models the energy system with generation, storage,
transmission and demand for electricity supply for e-kerosene production using
PyPSA-Brazil model. By considering the dynamics of the system, the cost of
electricity supply is calculated endogenously at the federal-state level in Brazil.

The PyPSA-Brazil model posits that the e-kerosene production results in an ERF
of 100%. Emissions Reduction Factor (ERF) measure the net life-cycle CO,
benefits of SAFs by accounting for the CO, savings from feedstock production or
growth, and incorporating the emissions incurred during fuel production (ATAG
2021). 100% EREF indicates that there is no net carbon loss between the stages
of emissions and capture, which is also referenced by Micheli et al. (2022).
However, Micheli et al. (2022) adopt a more conservative stance, assuming 5%
loss within the closed carbon cycle. Such a loss translates to emissions ranging
from 0.9-4.0 g CO,e/MJ, on the condition that electricity is sourced from wind
or solar energy. In addition, ATAG explores sustainable trajectories for aviation
by assuming ERFs of 70-100% for SAF (ATAG 2021). This is indicative of the
industry’s direction towards mitigating carbon emissions.

It is imperative to underscore that focusing solely on achieving a closed carbon
cycle with regard to CO, emissions does not address the broader environmental
impacts. Specifically, aircraft emissions in the upper atmosphere, including water
vapour, aerosols, and nitrogen oxides (NOXx), have a significantly more detrimental
effect on the climate compared to CO, emissions at lower altitudes (Stratton et al.
2011, Braun-Unkhoff et al. 2017). These non-CO, impacts, often overlooked,
merit greater consideration and are already discussed in Chapter 1.

' Tt refers to the volume-matched blending ratio with conventional petroleum-derived jet fuel.
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efficiency ~ 42%
Water electrolysis

| —> Blending & burni
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|

CO2 i Kerosene tanks

f

Direct Air Capture €<——— ‘Atmospheric CO2 <——

Figure 4.3: E-kerosene production unit considered (own illustration inspired by Schmidt and Weindorf
(2016), Konig et al. (2015), Driinert et al. (2020)).

4.3 Data

4.3.1 Power sector

The inputs and the assumptions for modelling the Brazilian power system are
detailed in Chapter 3, introducing the open, spatially resolved, harmonised data
set of the Brazilian energy system. PyPSA-Brazil adopts 2019 as the base year,
ensuring that all input data are from that year.

Stored capacity for reservoir hydropower plant

Hydropower plants, assumed to be of the reservoir type, base their energy capacity
on both power capacity and the Energy to Power (E2P) ratio (cf. Equation (4.9)).
The E2P ratio is derived from the data set of stored energy capacity for each electric
region in SIN, and as released by ONS (ONS 2022c). The stored capacity of
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hydropower? is about 357,548,409 MWh. This regional storage energy capacity
then undergoes conversion to the federal-state level:

pmax En,s SR,s
s

ST b (4.14)

where

h™ax . E2P ratio assumed, in the unit of h

»

: storage technology, s C reservoir hydropower plant

n  :node of the model — Brazilian federal state, n ¢ N, N =1,2,...,27
E,, s : power capacity at federal state n, in unit of MW

R : electric regions defined by SIN (cf. Table 3.2)

Sr,s : stored energy capacity at the region R, in unit of MWh.

4.3.2 Cost assumptions

The financial and technical assumptions, such as investment costs, Variable Op-
eration and Maintenance (VOM) costs, Fixed Operation and Maintenance (FOM)
costs, efficiency, and lifetime, are based on insights from the scientific literature
and are presented in Table 4.4. The capital investment of each technology is
annualised with a discount rate of 8% over the economic lifetime used in Equa-
tion (4.2).

Capital investment in transmission lines comes from historical auctions with units
of R$/MW /km (ANEEL 2021a). The capital investment costs are derived by
interpolating representative line lengths for AC and HVDC lines, considering the
cost of converters and transformers for each historical auction.

2 The stored capacity of hydropower is given daily for each of four electric regions in MWmés.

Conversion to MWh is applied: 1 MWmés = 720 MWh /month.
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Table 4.4: Technology cost and lifetime assumptions for 2050 (VOM, FOM).

Technology Parameter Value Unit Source

discount 0.08 per unit EPE and MME

rate! (2020)

jet fuel 775 kg/m? ASTM (2018)

) ) density?
Unit conversion

jet fuel 42.8 MJ/kg ASTM (2018)

heat

euro to 1.119 $/€ European

dollar? Central Bank
(2022a)

euro to 4413 R$/€ European

real® Central Bank
(2022b)

ton to kg 1,000 kg/t Newell and
Tiesinga
(2019)

m? to L 1,000 L/m3 Newell and
Tiesinga
(2019)

MWh to 3,600 MJ/MWh Newell and

MJ Tiesinga
(2019)

Continued on next page
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Technology Parameter Value Unit Source
FOM? 1.6 %/year DEA (2020b)
Solar PV4 VOM® 0.01 €/MWh Horsch et al.
(2018a)
investment 490,000 €/ MW DEA (2020b)
lifetime 40 years DEA (2020b)
FOM? 1.8 %/year DEA (2020b)
Offshore wind’ VOM 2.4 €/MWh DEA (2020b)
investment® 1,780,000 € /MW DEA (2020b)
lifetime 30 years DEA (2020b)
FOM'! 1.2 %/year DEA (2020b)
Onshore wind!'© VOM 1.22 €/MWh DEA (2020b)
investment'? 960,000 € /MW DEA (2020b)
lifetime 30 years DEA (2020b)
FOM 2 %lyear Schroder et al.
(2013)
Hydro reservoir efficiency 0.9 per unit Schroder et al.
(2013)
investment'® 1,565,000 €/MW Schroder et al.
(2013)
lifetime 80 years Schroder et al.
(2013)

Continued on next page
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Technology Parameter Value Unit Source
max hour' 18 h ONS (2021g)
FOM" 1.7 %lyear EPE and MME
(2020)
Biomass thermal VOM 2.1 €/MWh DEA (2020b)
investment! 1,200,000 € /MW EPE and MME
(2020)
lifetime 25 years DEA (2020b)
efficiency'® 0.39 per unit Bogdanov
et al. (2019)
fuel 7 €/MWh IEA (2021a)
investment'”  6286.5 R$/MW /km ANEEL
AC line (2021a)
FOM 2 %lyear Hagspiel et al.
(2014)
lifetime 40 years Hagspiel et al.
(2014)
investment'”  864.56 R$/MW /km ANEEL
HVDC line (2021a)
FOM 2 %l/year Hagspiel et al.
(2014)
lifetime 40 years Hagspiel et al.

(2014)

Continued on next page
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Technology

Parameter Value

Unit Source

investment!? 75,000

€/MWh DEA (2020a)

Battery storage' ~ max hour® 6 h Bogdanov
et al. (2019)

loss?! 0.004 per unit DEA (2020a)
lifetime?? 30 years DEA (2020a)
charge 0.985 per unit DEA (2020a)
efficiency*

Battery inverter?
discharge 0.975 per unit DEA (2020a)
efficiency
lifetime?? 30 years DEA (2020a)
FOM? 0.9 %/year DEA (2020a)
VOM 1.6 €/ MWh DEA (2020a)

E-kerosene unit?®

investment?’ 2,000,000

€/ MW Schmidt et al.
(2018)

VOM?Z8 74 €/MWh  DEA (2020b)
lifetime® 25 years DEA (2021)
efficiency® 0.42 per unit Schmidt et al.
(2018)
Jet fuel Cco, 3.16 kgCO,/kgJet EPA (2022)
emissions?!
Kerosene tank®> efficiency 0.9 per unit Maurice
(2021)
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4.3 Data

Technology Parameter Value Unit Source
investment 0.098 €/L 33
lifetime 30 years Maurice
(2021)
max hour 144 h Moriarty and
Kvien (2021)

The value is sourced from EPE and MME (2020, Anoexos, p. A-3).

The value represents the lower limit of aviation fuel density, ranging from 775-840 kg / m?.

The 2019 annual average is used.

The value comes from “sheet 22 Photovoltaics medium”.

The value results from dividing “Fixed O&M” by “Specific investment, total system” in the raw data.

A value of 0.01 adjusts the curtailment order of renewable technology (Horsch et al. 2018a).

The value originates from “sheet 21 Large wind turbines offshore”.

This is a ratio of “Fixed O&M” to “Variable O&M” derived from the original data.

The value is obtained by deducting “Nominal investment grid connection costs” from “Investment costs”.
10 The value is sourced from “sheet 20 Large wind turbines on land”.

" This is a ratio of “Fixed O&M” to “Nominal investment” as observed in the raw data.

12 This refers to “Nominal investment”.

13 This refers to “Reservoir repowered” from Schréder et al. (2013, p. 27, 2.5 Hydro).

14 The PyPSA-Brazil model updates this threshold for each state based on stored capacity.

'3 The value originates from EPE and MME (2020, p. A-6).

16 This value is extracted from the “Biomass CHP” in the supplementary material.

17 This value is derived from the source data by dividing the investment cost (in R$) by transfer capacity (in MW)

© ® o u U R W —

and line length (in km). For multiple capacities, the smallest is chosen, ignoring voltage differences.

18 The value comes from “sheet 180 Lithium-ion battery”.

1 This refers to the “Energy storage expansion cost (0.075 M€2015/MWh)” from the raw data.

%0 This refers to the E2P ratio.

2! The value of “Energy losses during storage(%/day)” from the raw data is divided by 24 for consideration.

22 This refers to “Technical lifetime”.

2 The value is sourced from “sheet 180 Lithium-ion battery”.

24 This refers to the “Round trip efficiency DC (discharge) charging efficiency (%)”.

25 The ratio is derived from “Fixed O&M” to “Output capacity expansion cost investment- 100" in the raw data.

26 This considers a range of technologies and processes, including low-temperature electrolysis (AEL or PEM),
H, storage, CO, from DAC, FT pathway (FT synthesis, rWGS and hydrocracking, isomerization).

%7 The value is a division of “Total[M€]" and “Fuel output” in Schmidt et al. (2018, Table 2.).

8 The value combines “Fix O&M” and “Variable O&M® from “sheet 102 Power to Jet Fuel”.

%% This refers to the “Technical lifetime” from “sheet 102 Power to Jet Fuel”.

30 The value is sourced from “Efficiency[%]” from Schmidt et al. (2018, Table 2.).

3! The value is sourced from EPA (2022, Table 1). The GHG emissions is 3.166 kg COe/kg Jet.

32 This is assumed to be of an aboveground petroleum storage tank type.

3 The original value of £7,266 (Fuel Tank Shop 2023) is converted from GBP to EUR based on the 2019
annual average (European Central Bank 2023), and then divided by 100,000L to be the desired value.
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4.3.3 Aviation sector
4.3.3.1 Kerosene demand

In the model, aviation kerosene demand for 2050 is an hourly time series of
historical federal-state kerosene demand statistics scaled up to projected national
fuel demand in 2050.

The model incorporates kerosene demand from both domestic and international
flows at civil airports in 2019. Brazil’s National Civil Aviation Agency (Por-
tuguese: Agéncia Nacional de Aviacdo Civil) (ANAC) publishes extensive air
transport statistics, consisting of 110 variables (ANAC 2021). These variables
capture critical parameters such as the number of passengers, cargo and postal
traffic, distance flown, and fuel consumption, among others, for each stage of flight
and each airline. These variables include key industry indicators: Revenue Tonne
Kilometer (RTK), Revenue Passenger Kilometers, Available Seat Kilometers, and
Available Tonne Kilometers.

The model assumes flights departing from Brazilian airports refuel within Brazil,
thereby constituting the kerosene demand for each airport. As a result, four
attributes of the original air transport data set (as detailed in Table 4.5) are used.
By accounting for the location of the refuelling airport, the kerosene demand is
aggregated by each federal state. The model presumes that the departure time
of the aircraft corresponds to the refuelling date, which yields a daily kerosene
demand pattern. This daily time series is then averaged out to derive an hourly
demand profile (presented in Figure 4.4).

In 2019, the kerosene demand is 4,286.6 ML (approximately 39.5 TWh), with the
highest demand found in the federal state of SP(39.9%), followed by RJ and DF
(7.9% each), PE (5.2%), BA (4.8%), CE (4.5%), MG (4.4%), RS and PR (3.2%
each). Historical kerosene demand is available for 2000-2020, but the model only
employs the time series for the base year 2019 (cf. Figure 4.5).

The ANAC releases official annual demand forecasts for domestic and interna-
tional flights up to 2050, distinguished by two scenarios: “without mitigation”
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Table 4.5: Attributes used in PyPSA-Brazil from the air transport statistics (ANAC 2021).

PyPSA-Brazil Original data set  Unit Type Explanation

origin_state_name sg_uf_origem — string abbreviation of Brazilian
federal state, in total 27
federal units

departure_date dt_partida_real — string time stamp of the real
take-off date of the state,
yy:MM:dd hh:mm:ss

fuel_consumption 1t_combustivel L  float the kerosene demand

140
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Figure 4.4: 2019 kerosene demand by federal states. The left y-axis is in units of the original data,
and the right axis is in units converted to GWh according to Table 4.4.
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Figure 4.5: Two-decade kerosene demand by federal states (2000-2020): dual y-axis display of
original and converted units (T'Wh) as per Table 4.4.
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and “with mitigation” (Ministry of Infrastructure 2019). The projection for the
period 2019-2050 on total annual national kerosene demand is determined using
monthly RTK and kerosene consumption statistics from 2010-2018, as well as
the anticipated progress in fuel efficiency (ICAO 2019b). In the “with mitigation”
scenario, Brazil’s total kerosene consumption is expected to reach 13.2 million
tons in 2050 (Ministry of Infrastructure 2019), representing an overall growth of
217.5% and an average annual growth of 3.7% from 2018 to 2050. This projec-
tion of kerosene consumption of 13.2 million tons (around 157 TWh) for 2050 is
integrated into the PyPSA-Brazil model, which is approximately four times higher
than the consumption level in the base year of 2019.

4.3.3.2 Kerosene supply

According to Figure 4.2, the aviation sector consumes kerosene that is synthetically
produced with e-kerosene, fossil origin, or biokerosene.

Supply of conventional kerosene

The supply of conventional kerosene depends purely on the cost of supply.

The National Agency for Petroleum, Natural Gas and Biofuels (Portuguese: Agén-
cia Nacional do Petréleo, Gas Natural e Biocombustiveis) (ANP) regularly updates
the fuel distribution prices at a national, regional, and federal state level®> (ANP
2022). The state-level data are incorporated into PyPSA-Brazil, using regional
data when values are absent for certain states such as SE and AP. It is assumed that
the conventional kerosene price (R$/L) in 2019 is the marginal production cost in
each state in 2050. An average hourly price is then determined from the monthly
prices (cf. Figure 4.6) since PyPSA-Brazil considers a time-dependent marginal
cost. With the carbon emissions from conventional kerosene generation, a carbon
price is introduced for Brazil to achieve carbon neutrality (cf. Section 4.3.5).

3 The data are stored in XLSX format.
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Figure 4.6: Box plot of monthly kerosene distribution price across federal states in 2019: input data
of PyPSA-Brazil model processed from original source (ANP 2022), with the raw and
converted units of €/MWh (cf. Table 4.4).

Supply of biokerosene

PyPSA-Brazil model posits that the biokerosene potential for 2050 is measured
by its production cost, as appraised by Cervi et al. (2020). This assessment
employs TEA and spatial data analysis to examine the potential of 13 distinct
production routes in 2030 at a spatial resolution of 5 km. These routes comprise
eight first-generation biomass: maize, sugarcane, sorghum, eucalyptus, soybean,
sunflower, palm, and macaw; and five conversion pathways, including ATJ, HEFA,
FT, Direct Fermentation of Sugars to Hydrocarbons (DSHC), and Hydrotreated
Depolymerized Cellulosic Jet (HDCJ). Cervi et al. (2020) assume that the land
used for biokerosene production is leftover — it is not utilised for other purposes,
such as forest plantations and urbanisation, and it is not set aside for conservation
areas.

Cervi et al. (2020) provide data in $/t, which is converted to €/MWh for
integration into PyPSA-Brazil. The resolution provided by Cervi et al. (2020)
for the cost of biokerosene production is 5 km, whereas PyPSA-Brazil utilises a
coarser spatial resolution corresponding to federal states. In PyPSA-Brazil, the
production cost of biokerosene for each federal state is determined by calculating
10%, 25%, 50% percentile of the cost within 5km x 5km cell, as depicted
in Figure 4.7. For scenario analysis, the input to the model indicates that the
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production cost at the federal-state level ranges from 69.5-149.2 €/MWh at a
low level, 104.2-234.6 €/MWh at a medium level, and 147.8-725.6 €/MWh at
a high level.

As the biomass used in Cervi et al. (2020) (maize, sugarcane, sorghum, eucalyptus,
soybean, sunflower, palm and macaw) is of the biogenic type, the life-cycle GHG
emissions of biokerosene are set to be carbon neutral (Prussi etal. 2021), signifying
its environmental sustainable character.
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Figure 4.7: Input assumptions of biokerosene production costs for the federal states used in PyPSA-
Brazil. Each marker represents the input assumption — the percentile of biokerosene
production costs for pixel points within the federal state. The lower the percentile, the
lower the presumed production cost. The range of variation orders the values.

4.3.4 Carbon emission cap

In PyPSA-Brazil, total carbon emissions across sectors are limited so as not to ex-
ceed a predetermined budget, represented by I'co, as shown in Equation (4.12). In
compliance with Brazil’s Intended Nationally Determined Contributions (iNDC),
the nation is committed to cutting GHG emissions to 50% below the levels
recorded in 2005 by the year 2030, and further attaining climate neutrality by
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2050 (UNFCCC 2022, p. 1). This commitment translates into an average an-
nual reduction rate of 2%. The scarcity of sector-specific statistics and emission
budgets, however, necessitates certain assumptions for modelling purposes.

As a reference, in 2006, the power sector was responsible for the emissions of
26.42 Mt CO,e (EPE 2011). Since data for 2005 are not available, this dissertation
assumes a consistent 2% reduction rate from 2006 to 2050. This assumption
yields an 88% reduction by 2050 based on 2006 emissions, setting a budget of
3.17 Mt CO,e. This budget represents GHG emissions, and in the context of
PyPSA-Brazil, it is regarded as the carbon emission budget for the power sector.

Regarding the aviation sector, the ANAC has estimated the carbon emissions for
the period 2019-2050, drawing upon the projected kerosene consumption for do-
mestic and international flights. This calculation, underpinned by the assumption
of kerosene demand being exclusively met by conventional kerosene, applies a car-
bon emission factor of 3.16 kg CO,/kg Jet (Ministry of Infrastructure 2019, p. 32).
Consistent with the global mitigation measure to secure carbon-neutral growth in
aviation from 2020, and net-zero carbon emissions by 2050 (ICAO 2019c, p. 1-
2), the PyPSA-Brazil model postulates that Brazil adopts an emissions budget
for 2050 equivalent to the projection for 2020 (Ministry of Infrastructure 2019),
amounting to 14.2 million tonnes. This budget of 14,221,089.4 tonnes pertains
to carbon emissions. Consequently, the model permits up to 34% of the demand
to be satisfied by conventional kerosene, assuming a total kerosene consumption
of 13.2 million tonnes in Brazil by 2050.

4.3.5 Carbon pricing range

Carbon pricing is a policy tool that charges on GHG emissions, encouraging gov-
ernments and industries to modify their production, consumption, and investment
habits in favour of low-carbon growth (World Bank 2022). As of 2022, Brazil
has been evaluating the introduction of carbon pricing, though it has not yet been
established (World Bank 2022, p. 12, 55). Notably, the current carbon pricing
in effect regulates only the CO, emissions from aviation (Lee et al. 2021). For
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instance, the European Union (EU)’s Emission Trading System (EU ETS) focuses
on CO, emissions because the scientific understanding of non-CO?2 effects (such
as NOx, water vapour, soot, sulphates, and contrails) is not yet sufficiently ma-
ture to formulate comprehensive policies (European Commission 2020, Lee et al.
2021). For this reason, PyPSA-Brazil limits the application of carbon budgets
and carbon pricing to CO, emissions.

In the scenario analysis of this dissertation, carbon pricing is primarily applied
to the combustion of jet fuel, which leads to CO, emissions. The analysis begins
with the implementation of a carbon emissions budget (cf. Section 4.3.4), and in
PyPSA-Brazil, this corresponds to an initial carbon price of 160 €/t.

The analysis explores a range of carbon prices for the year 2050, extending from
160 €/t to 1000 €/t. This range includes specific price points such as 200 €/t,
260 €/t, 320 €/t, and 500 €/t. The assumed range of carbon prices is in line
with the IPCC’s mitigation pathway of limiting the median warming to below
1.5 °C by 2100. The selected carbon prices fall within the range specified by two
IPCC scenarios: the “low overshoot pathway”, which holds a 50-67% likelihood
of a temporary early overshoot of 1.5 °C, and the high overshoot pathway, having
an over 67% probability of an early temporary overshoot (IPCC 2022b).

4.4 Scenario definitions

This dissertation dissects the economic feasibility of the production of e-kerosene
within a future carbon-neutral Brazilian power system. It also investigates Brazil’s
prospects for exporting carbon-neutral kerosene. The scenarios predominantly
align with the Research Questions 3.1 to 3.4.

To address the Research Question 3.1, this dissertation conducts an analytical
comparison, using input data, between electricity demand and generation poten-
tial.
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Two scenarios are considered in response to Research Question 3.2. The first,
“only power system”, posits a carbon-neutral Brazilian power system by 2050
without resorting to fossil and nuclear power plants. The second, “100% e-
kerosene supply”’, envisages that Brazil completely meets its kerosene demand
with e-kerosene by 2050. This spotlights the potential upper boundaries of such
a system design.

Research Question 3.3 delves into the cost competitiveness of e-kerosene by
juxtaposing it with biokerosene and fossil-derived jet fuel. This comparison ac-
counts for all options of kerosene supply, stepping away from the aforementioned
discussed ceiling scenario confined to e-kerosene alone. The model favours e-
kerosene, biokerosene and fossil-derived jet fuel based on their cost effectiveness,
with the rise in biokerosene production costs and carbon pricing acting as potential
catalysts for e-kerosene uptake. The scenario analysis accommodates assumptions
on biokerosene inputs (low, medium, and high, cf. Section 4.3.3.2). Additionally,
it considers varying carbon prices (160 €/t, 200 €/t, 260 €/t, 320 €/t, 500 €/t, and
1000 €/t, refer to Section 4.3.5). The model, in return, determines the potential
shares of e-kerosene, biokerosene, and conventional kerosene in the total jet fuel
demand.

For Research Question 3.4, this dissertation relaxes the 2050 domestic demand
for aviation fuel to consider the potential export expectations. From the findings
of Research Question 3.3, a carbon price is determined, which encourages the
system to supply carbon-neutral alternatives (biokerosene and e-kerosene), irre-
spective of biokerosene production costs. The model runs through each level of
biokerosene production costs with a projected total domestic kerosene demand
(i.e., 157 TWh). Running the model would yield a set of baseline scenarios
for subsequent comparative analyses. Following this, the domestic demand is
scaled proportionally across Brazil’s federal states with additional increments
(50%, 100%, 150%, 200%, 400%, 500%), representing an increased demand for
kerosene intended for export.
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4.5 Equations for analysis

4.5.1 Average system cost

In this dissertation, the Average System Cost (ASC) is employed as a metric that
quantifies the average optimised total system cost per unit of energy generated
within an energy system (Schlachtberger et al. 2017, Fig. 2). Employing ASC as
a metric enables the insightful comparison of the relative costs associated with
energy supplies across various system designs through a given equation:

C*
ASC = = 4.1
SC= 5 (4.15)

where

C* : optimised total system cost, €, computed as outlined in Equation (4.1)

I' : optimised total dispatch, MWh. It includes the amount of energy
produced by renewable generation technologies and the supply of
kerosene in the system.

4.5.2 Levelised cost of electricity

The Levelised Cost of Electricity (LCOE) assesses the costs associated with
electricity generation from a single technology, with the costs being the net
present sum of investment, fuel, operational and maintenance costs (Brown and
Reichenberg 2021, Short et al. 1995). This dissertation uses LCOE to compare
the generation cost for each technology among studies through the equation:

* *
ZCH,T : Gn,r + Zony’f’ “Inort

n n,t

*
Zgn,r,t
n,t

LCOE, = (4.16)
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where

LCOE,. : levelised cost of electricity for technology r

r : generation technology

n : node

Crnr : annualised capital costs for technology r
G, :optimised installed capacity of generators
On,r : variable costs

9n.r¢ :oOptimised generation dispatch, MWh.

4.5.3 Levelised cost of fuel

The Levelised Cost of Fuel (LCOF) refers to the supply of e-kerosene, which is
essential for determining its economic viability:

E { (cn,k : Pn,k + On k * pn,k,t) + Z(cn,s . En,s
k,

n t s,t

'\ electricity electricity
+0n s en s t) + )\ F }

E : I‘e-kerosene
n

n

LCOF =

4.17)

where
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:node,n e N, N =1,2,...,27

k : energy conversion technologies, k € {e-kerosene production unit}
t : hour

Crx : annualised capital expenditures

P,k : installed capacity of technology k at node n

On, % : variable operational expenditure

Dkt : e-kerosene dispatch at hour ¢ at node n

S : storage technology, s € {e-kerosene tank }

E, s : power capacity of storage technology s at node n

€n,s,t : storage dispatch of e-kerosene tank

Ageetrielty . median KKT multiplier of electricity at node n (cf. Equation (4.3))
réeetrieity . rotal electricity consumption for e-kerosene production at node n

[ekerosene  tota] e-kerosene supply at node 7.

4.5.4 Export cost

The cost of export is defined as the relative deviation compared to the reference
scenario without export:

C575 _ CRef. 05,5 _ CRef,

8575 - dléergsene o dRef,kerosene = J - dRef.,kerosene (418)

where
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Es,5 : export cost for the scenario given 3, 6
15} : level of production cost for biokerosene, 3 € {low, medium, high}
1) : additional kerosene demand for export,
0 € {50%, 100%, 150%, 200%, 400%, 500% }
Cs,s : total system cost of the scenario given 3, &
CRef : total system cost of the reference scenario
d‘gﬁgme : total kerosene demand of export scenario given 3, 9,

dléergosene — (1 + 5) . dRef.,kerosene

dRef-kerosene . tta] kerosene demand in the reference scenario, i.e., 157 TWh.

4.5.5 Export amount of e-kerosene

The amount of the e-kerosene for export is the absolute difference in the amount
of e-kerosene supply between the export scenario and the reference scenario.

Pss = pp.s — P (4.19)

where

Ps,s : e-kerosene for export given 3,
ps.s : generation of e-kerosene given 3, §

pRet : generation of e-kerosene in the reference scenario.
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5 E-kerosene Production and
Export in Carbon-neutral Power
Systems — A Solution for
Sustainable Aviation?

Contents of this chapter are based on

Y. Deng, K.-K. Cao, M. Wetzel, W. Hu, and P. Jochem. E-kerosene
Production and Export in Carbon-neutral Power Systems — A Solu-
tion for Sustainable Aviation?. 2023. Submitted to Journal of Scientific
Reports.

This chapter presents the results of the scenario analysis to address Research
Question 2 and Research Question 3.

5.1 Results

5.1.1 Availability of renewable energy in Brazil for
comprehensive e-kerosene production

This section evaluates the assumptions concerning demand and generation po-
tentials within the PyPSA-Brazil model, in light of Research Question 3.1. It
particularly focuses on the potential for renewable energy generation and the pro-
jected energy demand in Brazil by 2050, with a special emphasis on e-kerosene.
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Table 5.1 compiles the technical potential for renewable energy generation and
contrasts it with statistics on electricity generation for the year 2019. The inclusion
of 2019 data acts as a yardstick to show the plausibility of model results and
offers a snapshot of the renewable energy generation status in Brazil that year.
Additionally, Table 5.2 reveals how much energy Brazil could need by the year
2050, including electricity, kerosene (converted into TWh), and annual electricity
exchanges.

Table 5.1: Renewable electricity generation potential assumed in PyPSA-Brazil.

Status in 2019 (TWh) Potential (TWh)

Technology (ONS 2021b) (Chapter 3)
Offshore wind — 3,552.9
Onshore wind 53.4 3,114.0
PV 5.0 513,669.2
Hydropower 405.6 2.0°
Non-biomass thermal 73.3 —
Biomass thermal 14.5 222.55
Nuclear 16.1 —
Total 567.9 520,560.6

2 The computation represents the product of the allowed expansion capacity and the E2P ratio,
presented in h.

b The value is the multiplication outcome of the allowed expansion capacity (set at 25.4 GW) and
the cumulative hours of the year, which amount to 8,760 hours.

A noteworthy observation is that the estimated renewable electricity generation
stands at a substantial 520,561 TWh, far surpassing the maximum total demand of
1,322 TWh. Given an e-kerosene production efficiency at 0.42 (cf. Table 4.4 and
Section 4.2.4), meeting the entire kerosene demand through e-kerosene would the-
oretically impose an additional burden of 374 TWh. This amount corresponds to
32% of the future electricity demand under the COPPE,qggccs scenario. Hence,
the main obstacle to building adequate infrastructure to harness the generating
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Table 5.2: Energy demand in 2050 assumed in PyPSA-Brazil.

. Value

Demand type Input scenario (TWh)

Kerosene ANAC “with mitigation” 157.0

COPPEpeg2030 779.4

COPPEgAy 748.1

Electricity (Section 3.2.6) COPPE,,wBECCS 1,167.8

PNE2050gcs 885.3

PNE2050ss 620.8

Electricity import/export? import/export from neighbouring 1.87
country

Maximum total demand® — 1,321.93

4 The value represents electricity import/export from neighbouring countries. Positive values
indicate Brazil importing energy, while negative values indicate Brazil exporting energy. The
assumption is based on the electricity trade patterns observed in the base year 2019.

b The value is calculated as the sum of kerosene demand and electricity demand of COPPE owBECCS s
subtracting electricity imports/exports.

potentials would principally revolve around economic feasibility and the societal
acceptance of renewable power plants.

This dissertation takes into account the limitations in expanding current hy-
dropower facilities due to environmental and societal considerations, as high-
lighted by Nogueira et al. (2014). Therefore, it is assumed that hydropower
expansion follows the trajectory laid out in the Brazilian Ten-Year Energy Plan
(cf. Section 3.2.3). Looking ahead, the Brazilian energy system may increasingly
rely on wind and solar energy sources (cf. Section 1.5). Integrating e-kerosene
production for the aviation sector into Brazil’s energy mix requires strategic
decision-making regarding locations and timings for electricity and kerosene pro-
duction, with consideration of the aforementioned constraints and potentials.
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5.1.2 Future carbon-neutral power system with and
without e-kerosene production

In response to Research Question 2 and Research Question 3.2, this section offers
an analysis of Brazil’s future carbon-neutral power system, with a particular focus
on the incorporation of e-kerosene production. Two scenarios are compared based
on three key parameters: annual total system costs, the distribution of optimal
installed capacity, and nationally aggregated electricity generation.

5.1.2.1 Annual total system costs
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Figure 5.1: Breakdown of annual total system costs in Brazil’s carbon-neutral power system scenarios
without (“only power system”) and with e-kerosene production integration (“100% e-
kerosene supply”).

The PyPSA-Brazil model outcomes, displayed in Figure 5.1, indicate a rise in total
system costs, which is driven by the additional provision of e-kerosene (increasing
from 59.1 to 76.3 billion €/ year, by 29%). The main contributor to this increase is
the further investment in PV installations, which provides 317 TWh. In contrast,
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hydropower remains relatively stable, while wind onshore (additionally 35 TWh)
and biomass (additionally 38 TWh) energy see an uptick. E-kerosene production
offers some load-balancing flexibility, leading to a slightly reduced investment in
battery storage.

5.1.2.2 Distribution of optimal installed capacity

The efficient allocation of generation capacities across different energy sources
and regions can help in minimising costs and ensuring a reliable energy supply.
In this context, considering the regional differences between the two scenarios,
PV installations display the most pronounced impact with a surge of 213 GW (cf.
Figure 5.2). The federal states of Sdo Paulo, Minas Gerais, Distrito Federal and
Goias are expected to be the focal regions for PV installations.

In conjunction with PV, the expansion of installed onshore wind power capacity
is necessary, especially in the Northeast and South regions of Brazil. The state
of Rio de Janeiro shows a prominent increase with a total installed capacity of
16.11 GW. The disparity in biomass thermal plant installations is relatively mod-
est at 0.64 GW. To exclusively fulfil the kerosene demand of both domestic and
international airlines refuelling at Brazilian civil airports with e-kerosene by 2050,
Brazil would have to install a total of 49.54 GW of e-kerosene production units.
Sao Paulo is expected to host the bulk of these installations. The incorporation
of e-kerosene into the energy mix calls for an extra 387 GWh of battery storage
and 6,601 GWh of kerosene tank capacity compared to the scenario with only a
carbon-neutral power system. To realise a fully decarbonised power system, the
grid is set to grow beyond its size as of 2019. This expansion rises to 29.5% when
including e-kerosene production to meet the projected kerosene demand in 2050.

A remarkable outcome from integrating e-kerosene is its ability to decrease the
Average System Cost (ASC), defined as the total system cost divided by total
energy generated (cf. Equation (4.15)), from 50.3<€/MWh in the “only power
system” scenario to a lower value, a 13.8% decrease. This decrease can be

139



5 E-kerosene Production and Export in Carbon-neutral Power Systems

(a) Photovoltaic (b) Onshore wind

7221 53
Pt
2 2
(@] ‘ (@]
+213.3 GW +16.1 GW
Lo Lo
(c) Biomass thermal s (d) E-kerosene 18
2 2
O O
y ’,: -
+0.64GW +49.5 GW
Lo 0
(e) Hydropower 473 (f) Electricity demand 317

GWh
TWh

JM‘\\)}
L ol 1,168 TWh
0 2
Figure 5.2: Distribution of installed capacities of selected technologies for the “100% e-kerosene sup-
ply” scenario obtained from PyPSA-Brazil. The values indicate the differences compared

to the “only power system” scenario. Note that, unlike the other subplots, (f) electricity
demand is an input to the model and is included here for reference.
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attributed to a reduction in the curtailment! of biomass thermal power plants
(falling from 50.5% to 22.5%). Concurrently, offshore wind power generation also
experiences a reduction in curtailment (from 10.8% to 6.3%), as does PV power
plants (from 0.9% to 0.3%). The exception is onshore wind, which observes
a slight increase of 1%. Therefore, the integration of e-kerosene production
contributes to improving the overall efficiency of the power system.

5.1.2.3 Annual electricity generation

Figure 5.3 illustrates the additional electricity generation required for producing e-
kerosene in a carbon-neutral power system. Specifically, the results accentuate the
substantial contribution from PV generation. This is complemented by 35 TWh
from onshore wind and 39 TWh from biomass thermal energy. While hydropower
experiences a slight rise, contributing to 2 TWh, it pales in comparison to the
aforementioned technologies. Offshore generation also contributes but has a
minimal impact in both scenarios.

5.1.3 Shares of e-kerosene in Brazil under uncertain
biokerosene costs and carbon prices

This section addresses the Research Question 3.3 and evaluates the cost-effectiveness
between e-kerosene, biokerosene, and conventional jet fuel. It reveals the pro-
portions would need to attain to satisfy kerosene demand across Brazil’s federal
states in 2050.

According to the model results, e-kerosene constitutes between 2.7% and 18.5% of
the fuel mix in most scenarios. These scenarios are differentiated by biokerosene
production costs and carbon prices. In the case where both biokerosene production
costs (cf. Section 4.3.3.2) and carbon prices (cf. Section 4.3.5) are high, there is

1" Generation curtailment is defined as a decrease in the output of a generator compared to its

potential production, given available resources such as wind or sunlight.
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Figure 5.3: A comparison of annual electricity generation in Brazil’s energy system under carbon-
neutral scenarios without (“only power system”) and with the integration of e-kerosene
production (“100% e-kerosene supply”).
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Figure 5.4: Supply shares of e-kerosene, biokerosene, and conventional kerosene, adjusted according
to biokerosene production costs and carbon pricing associated with conventional kerosene
production.
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a sharp substantial increase to 50.4-51.1% in the share of e-kerosene, as shown
in Figure 5.4. This outcome indicates a positive correlation between the share of
e-kerosene and the production costs of biokerosene alongside carbon pricing.

Figure 5.1 compares the “100% e-kerosene supply” scenario, wherein the entire
kerosene supply is assumed to be e-kerosene, against a carbon-neutral power
system scenario. Table 5.3 extends this analysis with further details, contrasting
scenarios in which kerosene demand is exclusively met by conventional kerosene
at various carbon prices (0 €/t, 500 €/t, and 1000 €/t), or by biokerosene
with different production costs (low, medium, and high). Under the assumption
that e-kerosene is the only source to meet the kerosene demand by 2050, the
total system cost rises by 29.1%. This is only more cost-intensive than scenarios
where kerosene demand is completely fulfilled by low-cost biokerosene (22.5%) or
carbon-free priced conventional kerosene (19.3%). Therefore, if the conventional
kerosene costs remain as they are today and the biokerosene costs stay low in
the future, their economic competitiveness may discourage the production of
e-kerosene.

5.1.4 Export costs of carbon-neutral kerosene from
Brazil

The cost-benefit analysis in previous section finds that when the carbon price
reaches 1000 €/t, only carbon-neutral kerosene — comprising biokerosene and
e-kerosene — is integrated into the supply, regardless of how the biokerosene
production costs vary (cf. Figure 5.4).

Building on this finding, this section explores the additional burden imposed by
exporting carbon-neutral kerosene, in response to Research Question 3.4. The
export costs of carbon-neutral kerosene, as elaborated in Section 4.5.4, tend to
remain stable despite increasing export demand. However, these export costs
range from 78 €/MWh to 181€/MWh, depending on whether the production
costs of biokerosene are low or high. It is also noteworthy that, at a high production
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Table 5.3: Comparison of additional theoretical costs on a carbon-neutral power system basis when
the total domestic kerosene demand in 2050 (157 T'Wh) is covered by conventional
kerosene, biokerosene and e-kerosene?®.

Absolute difference Relative

Kerosene options (billion€ /year) difference® (%)

. No carbon price 11.4 19.3
Conventional )
Carbon price: 323 54.7
500€/t
Carbon price: 532 90.0
1000 €/t
. Low costs 13.3 22.5
Biokerosene .
Medium costs 19.3 32.7
High costs 333 56.3
“100% e-kerosene supply” scenario 17.2 29.1

4 Results are obtained by post-processing, except for the “100% e-kerosene supply” scenario.
b The “only power system” scenario projects a system cost of 59.1 billion€ /year.

cost of biokerosene, the export cost is approximately equivalent to the situation
when only e-kerosene is allowed to be produced.

For a deeper understanding, Figure 5.5 presents the model outcomes of e-kerosene
generation for export (cf. Section 4.5.5 for definition) as an illustrative demon-
stration of its contribution at various cost levels of biokerosene production. For
contextual reference, results from the hypothetical scenario where the supply is
solely composed of e-kerosene are also exhibited, concurrent with the rising de-
mand for kerosene export. The results indicate that production of e-kerosene
for export remains restrained, stabilising below 25 TWh, when the biokerosene
production costs are in the low to medium range. The greater cost competitiveness
of biokerosene production, particularly in meeting the additional export demand,
accounts for this trend over e-kerosene production.
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Figure 5.5: E-kerosene generation for export at different cost levels of biokerosene production, as-
suming a carbon price of 1000 €/t.

5.2 Discussions

5.2.1 Feasible e-kerosene productions in Brazil from
abundant renewable potentials

This dissertation found that attaining a fully decarbonised power system with
e-kerosene in Brazil is not only feasible but also demonstrates higher efficiency
compared to merely targeting a carbon-neutral power system by 2050. In the
Brazilian context, such a system necessitates the deployment of new PV capacities,
particularly in the federal states of Minas Gerais, Goids, and Distrito Federal, with
a special emphasis on Sao Paulo.

As shown in Table 5.4, Sao Paulo emerges as the dominant federal state in terms of
electricity and kerosene demand, given its stature as the country’s largest economy
and the most populous state. In contrast, Rio de Janeiro and Distrito Federal have
relatively high population densities. Sdo Paulo’s low population density might
contribute positively in lessening social acceptance issues linked to land use for
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PV expansion. Distrito Federal, characterised by the highest population density,
predominantly relies on importing electricity from neighbouring states. Adjacent
to Distrito Federal, Goias displays moderate electricity demand and relatively low
kerosene demand. The lower population density in Goids positions it favourably
for PV expansion and for acting as an electricity conduit or even a powerhouse to
other federal states. Minas Gerais follows Sao Paulo in electricity and kerosene
demand, and its low population density might result in fewer social acceptance
issues regarding new PV installations. Lower population density can be a factor
in diminishing local acceptance conflicts, albeit not a definitive solution (Fitiwi
et al. 2020, Bertsch et al. 2016).

Table 5.4: GDP, population, area, and population density in 2018.

DP . Population

Federal state (thousan(? R$) Population Area (kmz) Op(lllez:ltsi(;y
(IBGE 2018¢) (IBGE 2018b) (IBGE 2018a) (people /km2)

Sao Paulo 2,210,561,949 45,538,936 248,219 184
Goias 195,681,724 6,921,161 340,125 20
Distrito Federal 254,817,204 2,974,703 5760 516
Minas Gerais 614,875,819 21,040,662 586,521 36
Rio de Janeiro 758,859,046 17,159,960 43,750 392

Owing to Brazil’s substantial solar potential and the relatively low cost of PV
installations, this potential could lead the way in Brazil’s quest for a carbon-
neutral power system. Other cost assumptions, such as those made by Dranka
and Ferreira (2018), lead to diverse outcomes. However, the LCOE for PV
in 2050 is estimated at approximately 33€/MWh, which is in alignment with
findings by IEA (2021a) and IRENA (2022). The LCOE of other renewable
energy technologies, such as biomass thermal plants and onshore wind power, are
observed in the same order of magnitude (IRENA 2022). An exception to this
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finding is offshore wind, with LCOE estimated at around 59€/MWh, which is
lower than the anticipated range of 71.6-115.3 €/MWh?.

5.2.2 Consistent system benefits from e-kerosene
production

This study demonstrates that the production cost of e-kerosene can be competitive
with biokerosene and carbon-priced fossil jet fuel and can make up 2.751.1% of
the fuel mix. However, an increase in carbon pricing does not invariably result
in a linear increment in the share of e-kerosene. The future production cost of
biokerosene stands as a determinant shaping the contribution of e-kerosene within
the Brazilian aviation sector. Biokerosene costs are held constant over time in
this analysis, with the exploration of three cases — low, medium, and high — which
vary by the federal states in Brazil.

The analysis is founded on the assumption that Brazil is to implement a car-
bon price in 2050, from 160 €/t. Within this parameter, the production of e-
kerosene consistently emerges as cost-beneficial, as per PyPSA-Brazil. When the
biokerosene production costs are low to medium, the contribution of e-kerosene
is present yet minimal. In such a scenario, the continuous use of conventional jet
fuel may also be cost-effective, if carbon pricing is not high enough.

The extent of e-kerosene’s contribution to the Brazilian aviation sector markedly
intensifies only when biokerosene’s production cost is high, and the use of con-
ventional jet fuel is restricted, such as by well-established carbon price or carbon
emissions budgets. This finding needs to be interpreted with caution as it is
primarily impacted by assumptions on the production cost of biokerosene. Al-
though PyPSA-Brazil considers biokerosene supply as carbon neutral, indirect
GHG emissions, land use, and competition with food would prevent it from being
available at scale.

2 The estimate stems from a conversion of the value 0.064-0.103 ¢ /kWh, as suggested by IRENA
(2022) for China, into Euro using the exchange rates from Table 4.4.
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In addition, Cervi et al. (2020) conclude a wide range of production costs for
biokerosene, depending on the pathways and biomass types. The minimal pro-
duction cost for pixels (5 km x5 km) lies at 79.2-384 €5019/MWh?. The po-
tential overestimation of biokerosene cannot be overlooked, particularly given the
assumption of unlimited quantity and season-independent availability to maintain
data integrity. This calls for further examination in the assessment of biomass
potential.

5.2.3 Insights into e-kerosene’s mild contribution

The economic practicability of e-kerosene supply, as portrayed in Table 5.3,
might lead one to expect its extensive incorporation in the fuel mix. However, an
unexpected observation emerges from Figure 5.4, which reveals that even amidst
high carbon pricing and biokerosene cost, e-kerosene accounts for a maximum of
51.1% of the total supply in the scenarios studied. For clarification, Figure 5.6
illustrates the allocation of biokerosene and e-kerosene across federal states,
considering high biokerosene costs and carbon prices. The data in Figure 5.6
indicate that, in the majority of federal states, e-kerosene assumes the larger
portion of the fuel supply. Sao Paulo, however, deviates from this trend, exhibiting
a marked inclination for biokerosene, thus magnifying its cumulative share in
fulfilling the kerosene demand.

A deeper examination of costs in S@o Paulo sheds light on prominence of
biokerosene. Within PyPSA-Brazil, the biokerosene production cost in Sao
Paulo is assumed to be 184.8 €/MWh, lower than the e-kerosene LCOF (about
215.4 €/MWh). An essential point of note is that the production cost of
biokerosene is considered constant, whereas the cost of e-kerosene varies over
time as calculated by PyPSA-Brazil. Consequently, e-kerosene’s contribution is
optimised during periods wherein its supply proves more economically efficient
compared to biokerosene, which explains its modest share.

3 The original value is 20-97 $2015/GJ (Cervi et al. 2020, supplementary), and converted using

the data in Table 4.4.
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Sdo Paulo’s reliance on biokerosene has an overall impact on the fuel land-
scape in Brazil. The economic barriers that e-kerosene faces in competing with
biokerosene are illustrated by the entrenched dominance of biokerosene in Sao
Paulo, the state with the highest kerosene demand. To strengthen the market
position of e-kerosene, efforts should be made to reduce its production costs or
policy reforms should be made to create an enabling environment for e-kerosene.
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Figure 5.6: Supply of kerosene at federal state given the carbon price of 1000 €/t and biokerosene
production level at high.

5.2.4 Supporting e-kerosene production through
exporting scenarios in Brazil

The PyPSA-Brazil model delineates a range of export costs from 78-181€/MWh
for the prospect of bolstering e-kerosene production within an export context
in Brazil. The results reveal a noteworthy dynamic: as the production costs
of biokerosene rise, e-kerosene begins to take a more prominent role. This
relationship is evident because when e-kerosene production exclusively satisfies
both domestic and export demands, the export costs are almost identical to those
in scenarios of high biokerosene production cost.

149



5 E-kerosene Production and Export in Carbon-neutral Power Systems

To place these findings in a broader context, the results in this dissertation are
compared with the research by Hampp et al. (2023) on FT fuels export. The
maximum export cost identified in this dissertation (181 €/MWh) is comparable
with those reported by Hampp et al. (2023) for exports from Australia and Spain to
Germany, yet exceed those for Argentina, Egypt, Morocco, and Saudi Arabia. Itis
worth noting that the methodologies and focuses concerning export product in the
two works are different. Hampp et al. (2023) concentrate on H, export demand,
assessing the competitive supply between FT fuels and other chemical carriers,
such as Power-to-gas (PtG)-induced H,. Such perspective may overestimate the
export costs of FT fuels, especially given the lower efficiency involved in producing
FT fuels from H, and then converting them back into H.

5.2.5 Biokerosene’s impact on Brazil’s role as an
exporter of carbon-neutral kerosene

Section 5.1.4 explores Brazil’s potential to become an exporter of carbon-neutral
kerosene. As exhibited in Figure 5.5, the contribution of e-kerosene appears
relatively modest when biokerosene production costs are low to medium. In
those scenarios, biokerosene remains the primary export due to its affordabil-
ity and presumed carbon-neutrality in PyPSA-Brazil. However, as the costs
of biokerosene production increase, e-kerosene becomes more noticeable. A
corresponding marked influence of biokerosene costs on the export costs and
e-kerosene’s export prominence is observable in Section 5.1.4.

Assessing the likelihood of biokerosene production becoming high-cost within
Brazil’s geographic context is intricate due to various dynamic factors (Kaltschmitt
and Neuling 2018). However, biokerosene production demands substantial water
and land resources, which could contribute to cost augmentations in the future
(Schmidt et al. 2018).

Additionally, the environmental sustainability of biokerosene is called into ques-
tion by the risk of indirect GHG emissions arising from land-use changes. For
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instance, the HEFA pathway using cooking oil as feedstock, despite being cost-
effective (Schmidt and Weindorf 2016), may emit as much as 27-67.4 g CO,/MJ
(De Jong et al. 2017, ICAO 2021a). Although such levels of emissions are com-
pliant with the sustainability criteria for SAF* (ICAO 2021b), they cast doubts
on the complete climate neutrality of biokerosene. The imperative to restrain
biomass cultivation to safeguard biodiversity (Kaltschmitt and Neuling 2018),
mitigate indirect GHG emissions (World Bank 2022), and ensure responsible
land use (Kaltschmitt and Neuling 2018) makes the presumption of limitless
biokerosene production improbable. These factors could subsequently lead to a
more conservative deployment of biokerosene at scale and, conversely, higher cost
levels.

In light of these considerations, the ambition for Brazil to establish itself as an
exporter of carbon-neutral kerosene may act as a catalyst for heightened invest-
ments in e-kerosene production. This would signify a progression from mere
pursuit of a self-sufficiency in kerosene supply in 2050 to engaging proactively
in global kerosene markets towards carbon-neutral aviation. The implications of
such a transition could extend beyond economic considerations to involve broader
sustainability objectives (Bergero et al. 2023). Harnessing the potential of e-
kerosene could position Brazil as a leader in the transition towards carbon-neutral
kerosene, while concurrently supporting its commitments to climate change mit-
igation. This strategic approach would enable Brazil to strike a balance between
economic, environmental, and societal interests, contributing significantly to the
global endeavour of creating a sustainable aviation sector (Bergero et al. 2023).

5.2.6 Comparisons with relevant literature

This section compares the results of this dissertation with existing studies in terms
of three parameters: (i) the electricity supply cost in a fully decarbonised Brazilian

4 Tt refers to reducing the life-cycle GHG emissions 10% below to the conventional kerosene.
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power system, (ii) the production cost of e-kerosene, and (iii) the capacity factor
of the e-kerosene supply.

5.2.6.1 Electricity supply cost in carbon-neutral scenarios

This section evaluate carbon-neutral Brazilian energy systems from this disserta-
tion and contrasts them with alternative designs presented in existing literature,
focusing on electricity supply cost, represented by ASC (cf. Equation (4.15)).

The results from the “only power system” scenario in this dissertation indicate
an ASC of 50.3 €/MWh. This is lower than the 70.6 €3019/MWh posited
by Dranka and Ferreira (2018) for a 100% renewable power system across four
Brazilian regions in 2050. The 70.6 €/MWHh is converted from the original
78.99 $/MWh using 2019 exchange rates as indicated in Table 4.4. The discrep-
ancy in ASC between this dissertation and Dranka and Ferreira (2018) can be ex-
plained by differences in system designs. First, Dranka and Ferreira (2018) assume
a higher rate of electrification, resulting in an electricity demand of 1,571.5 TWh,
while this dissertation estimates a more conservative demand of 1,164.8 TWh
(COPPE,oyBECcs scenario presented in Table 5.2). Secondly, Dranka and Ferreira
(2018) suggest a total power generation capacity of 623 GW, much larger than the
523 GW identified in this work. Furthermore, their study estimates hydropower to
contribute 50% of energy supply, approximately 800 TWh, which is almost twice
as much as Brazil’s hydropower production capacity in 2019. In comparison, this
dissertation suggests a smaller share of 32.8% for hydropower (386-388 TWh,
akin to the levels in 2019) and a higher share of 35.5% for PV.The capital costs
and lifetime assumptions for PV also differ. Dranka and Ferreira (2018) lean less
on solar power due to a permissive technology and economic parameterisation —
their annualised capital costs of 187,357.6 €/MWHh, nearly three times higher
than the 48,931.5 €/MWh observed in this dissertation.

Comparisons can also be made with Barbosa et al. (2016), which examines po-
tential fully decarbonised Brazilian power systems with applications of renewable
electricity for other end use. They report a decrease in ASC from 61€/MWh
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to 53€/MWh when adding 25% more electricity demand for water desalina-
tion and synthetic gas production. In a similar vein, this dissertation includes
e-kerosene production, which leads to a 32% increase in additional electricity
demand under the “100% e-kerosene supply” scenario. Consequently, the ASC
of the system in this dissertation dips from 50.3 €/MWh to 44.2€/MWh. One
of the key factors for the lower ASC in this dissertation is the inclusion of in-
terstate transmission in the PyPSA-Brazil performed, in contrast to the coarser
spatial resolution in four regions adopted by Barbosa et al. (2016). Furthermore,
while Barbosa et al. (2016) include pumped and run-of-river hydropower plants
and allows hydropower capacity to expand significantly — 200% of the installed
capacity, this dissertation assumes reservoir types with limited expansion capa-
bilities, in line with Brazil’s National Ten-Year Energy Plan (cf. Section 3.2.3).
This assumption, although seemingly conservative, is based on Brazil’s objective
to diversify its energy generation portfolio, mitigating risks associated with de-
pendency on hydropower, especially considering the environmental sensitivities
in the Amazon region (cf. Section 1.5).

In summary, this dissertation unveils carbon-neutral power system designs for
Brazil, which largely concur with those found in the existing literature. Notably,
it employs the high-granularity PyPSA-Brazil model, integrating interstate trans-
mission benefits even in the face of hydropower expansion constraints. Through
this approach, a refined analysis is enabled, capitalising on Brazil’s geographi-
cally diverse renewable resources. Consequently, this dissertation presents a more
cost-effective system than previously estimated in alternative literature, reducing
the average system cost and affirming carbon neutrality as an attainable and eco-
nomically viable goal for Brazil’s power sector, whilst incorporating e-kerosene
production.

5.2.6.2 Capacity factor of e-kerosene production unit
Apart from securing a low electricity supply cost, a high capacity factor for the
e-kerosene production unit is indispensable to ensure its economic feasibility (Bat-

teiger et al. 2022). Echoing this perspective, Agora Energiewende (2018) present
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a comparison between scenarios with varying operation hours of electrolysers and
synthesis, specifically 2,000 and 8,000 hours. In addition, Breyer et al. (2022)
highlight the considerable impact that the operation hours of FT synthesis have on
economic viability as they assume baseload-like DAC operating for 8,000 hours.
This dissertation aligns with these findings, demonstrating that the capacity factor
for e-kerosene production fluctuates between 0.7 and 0.9 — a range that supports
its economic feasibility.

5.2.6.3 Levelised cost of fuel for e-kerosene supply

This section positions Brazil in the context of global studies on the levelised costs
for e-kerosene. The LCOFs calculated for Brazil in this dissertation are compared
with those reported from various global regions. The analysis is limited to
projections for the year 2050 and integrates production chains for carbon-neutral
e-kerosene that are consistent with the plant design outlined in Section 4.2.4. A
compilation of LCOF findings from seven TEA studies, along with their respective
contexts and assumptions, is provided in Table 5.5.

For Brazil, the LCOFs for e-kerosene derived in this dissertation range from
113.3€/MWh to 215.5€/MWh, assuming different carbon prices, biokerosene
production costs, and Brazil’s self-sufficiency in kerosene. Incorporating demand
from exports extends this range to 117.9€/MWh to 227.3€/MWHh.

These findings can be compared with the German and Spanish context, where
the reported LCOF values vary more widely. For instance, Batteiger et al. (2022)
estimate the LCOF for Germany to be 186.9 € /MWh, while the Spanish LCOF is
slightly lower at 148.2 € /MWh. Driinert et al. (2020) indicate an even wider range
for Germany, between 188.4€/MWh to 284.3<€/MWh. The variability is likely
attributable to disparities in methodologies, electricity costs, and assumptions
surrounding the e-kerosene production process.

The research by Batteiger et al. (2022), for instance, uses an e-kerosene plant
configuration similar to the one employed in this dissertation. However, they
assume electricity costs of 43 €/MWh for Germany and 35 €/MWHh for Spain.
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In scenarios where a decarbonised power supply is considered within the EU
energy system, Schlachtberger et al. (2017) anticipate electricity costs between
64.8€/MWh to 84.1€/MWHh, despite a 5.1% contribution from gas power
plants. The range in electricity costs is contingent upon either a ninefold expansion
of the grid or its maintenance at 2013 levels, both of which could lead to a sharp
rise in the production costs of e-kerosene when ensuring a carbon-neutral power
sector.

Meanwhile, the results obtained for Brazil are relatively high compared to the
estimates by Agora Energiewende (2018) and Breyer et al. (2022) for North
Africa, the US and the EU-27 region, respectively. These studies report values
below 100 €/MWh, which can be attributed to assumptions of lower electricity
supply costs in spots with higher renewable energy generation potential. Moreover,
sourcing electricity from renewable resources at high generation potentials without
grid expenses and accommodating for final kerosene demand also contribute to
these lower values.

The LCOF for the US, as calculated by Sherwin (2021), is at 84.8 €/MWh,
lower than that of Brazil. This discrepancy is primarily due to their considera-
tion of a more flexible and cost-effective e-kerosene production chain, including
lower renewable electricity costs and higher efficiency in converting electricity to
e-kerosene.Specifically, Sherwin (2021) assumes a renewable electricity costs of
10 €/MWh for solar, 16 €/MWh for wind and 54.6 € /MWh for grid electricity.
Those assumptions are more ambitious than the figures obtained in this disserta-
tion for Brazil, where the LCOE is 33 €/MWh for PV, 35 €/MWh for onshore
wind and 70 €/MWh for grid electricity. Sherwin (2021) also assumes a higher
efficiency in converting electricity to e-kerosene at 0.53, while this dissertation
assumes an efficiency of 0.42.

Conversely, Becattini et al. (2021) report the highest LCOF range (217.0 -
434.1 €/MWh) without specifying a particular country. This indicates the upper
limit of costs associated with achieving net-zero CO, emissions in e-kerosene pro-
duction, depending on production processes and electricity expenses. The lower
limit of this range (217.0 €/MWh) is marginally above the LCOF identified in
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this dissertation (214.7 €/MWh) where carbon-neutral e-kerosene exclusively
fulfils the kerosene demand within a fully decarbonised power system.

In summary, the LCOF for e-kerosene production in Brazil in 2050 exhibits a
competitive yet varied range depending on several factors. While Spain and
Morocco demonstrate slightly lower LCOFs, Germany’s LCOF figures span a
range that overlaps with or exceeds Brazil’s. The US, EU-27, and North Africa
demonstrate substantially lower LCOFs, indicating greater competitiveness. Local
renewable energy potential and electricity costs are key determinants in these
observations (Ueckerdt et al. 2021). Brazil, with its potential to transition to a
fully decarbonised power system, emerges as a promising player in e-kerosene
production, poised to become a favourable contender for e-kerosene exporting.

Table 5.5: LCOF for e-kerosene in 2050 as reported in the literature.

Study Country LCOF* Notable factors influencing cost
(€2019/MWh)

This dissertation® Brazil 214.7 Fully decarbonised power system with e-
kerosene meeting 100% of the kerosene de-
mand (“100% e-kerosene supply” scenario).

This dissertation ~ Brazil 113.3 -215.5 Scenarios excluding exports, considering

variable biokerosene production costs (low,
medium, and high) and carbon prices (160 €/t,
200 €/, 260 €/t, 320 €/t, 500 €/t, 1000 €/t).
This dissertation ~ Brazil 117.9 —227.3 Scenarios including various export demand
levels (50%, 100%, 150%, 200%, 400%,
and 500%) with fixed high carbon prices at
1000 €/t, considering biokerosene production
costs (low, medium, and high) and exclusive

e-kerosene.
Batteiger et al. Germany 186.9 The value, initially 2186 €/t, is based on elec-
(2022) tricity supply cost at 43 €/MWh (Batteiger

et al. 2022, Table 13), employing the identical
e-kerosene plant setup as the dissertation.

Continued on next page
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LCOF?
Stud Countr, Comment
Y Y (€2019/MWh)
Driinert et al. Germany 244.8 —284.3 The value ranges from 2.91 € /kg to
(2020) 3.38€/kg. Power-to-liquid (PtL) process with

low-temperature electrolysis, CO, from ambi-
ent air and renewable electricity cost varying
from 35€/MWh to 55€/MWHh (Driinert

et al. 2020, Table 7). This cost is the cost of
electricity used to meet a specific e-kerosene
demand, driven by the specific process, process
efficiency and carrier requirements (e.g. CO,).

Driinert et al. Germany 188.4 —227.1 This range, originally 2.24 € /kg to 2.7 € /kg)

(2020) (Driinert et al. 2020, Table 7). Similar to the
previous entry but using high-temperature
electrolysis.

Gonzalez-Garay ~ Spain 188.4 - 416.4 This range (Gonzalez-Garay et al. 2022, Fig-

et al. (2022) ure 7) relies on the electricity source (renew-

able or grid) and the incorporation of emis-
sions costs. Utilising renewable electricity,
the LCOF is estimated at 2.3 €/kg with-

out emission cost and increase to 4.95 € /kg
when considering the emission costs. Grid-
sourced electricity results in a smaller incre-
ment due to emissions costs (from 2.24 € /kg
to 2.8 €/kg). The study utilises a MILP ap-
proach to optimise the total system cost of the
e-kerosene supply chain at 36 nodes.

Batteiger et al. Spain 148.2 Based on FT synthesis with DAC and electric-

(2022) ity supply cost at 35 €/MWh, the original
value is 1762 €/t (Batteiger et al. 2022, Ta-
ble 13).

Batteiger et al. Morocco 145.9 Similar to Spain but with electricity supply

(2022) cost at 32 €/MWh. The original value was

1735 €/t (Batteiger et al. 2022, Table 13).

Continued on next page
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Study

Country

LCOF?
(€2019/MWh)

Comment

Agora En-
ergiewende
(2018)

Breyer et al.
(2022)

Breyer et al.
(2022)

Sherwin (2021)

Becattini et al.
(2021)

North
Africa

EU-27

us

use¢

75-137.5

75

69

84.8

217.0-434.1

The range, 75€/MWh to 137.5€/MWh
(Agora Energiewende 2018, Figure 21, 2050,
100%), indicates the site of liquid synthetic
fuel production and import to Germany, which
includes transport costs. Note that e-kerosene
is not explicitly mentioned as the final product.

In this study, FT-derived kerosene is pro-
duced using DAC with electricity sourced
from hourly PV and wind energy generation.
Electricity costs are calculated without grid ex-
penses. The valued is from Breyer et al. (2022,
Table 11).

The assumptions mirror the EU-27 scenario,
but this scenario is conducted for the US,
which has a different renewable energy genera-
tion potential.

The raw value is converted from

0.99 $/L_gasoline equivalent to $/MWh
using density and heat value of gasoline of
0.755 kg /L and 13 kWh/kg) from Sher-
win (2021, page F). The study employs
grid electricity at 65 $/MWh¢ wind sup-
ply at 19 $/MWh, and solar supply at
11.8 $/MWh?

The range (2-4 €/L) in the study represents a
scenario in 2050 where CO, from DAC and H,
from water electrolysis are combined to pro-
duce synthetic fuels using renewable electric-
ity, supplied based on LCOE at 61 €/MWh
(Becattini et al. 2021, Figure 11, 2050 DAC-
CCU scenario).

4 Unit conversion details are elaborated in Table 4.4.
Y The formulation details can be found in Equation (4.17).

¢ The data on supply costs of electricity originate from the US.

4 Sherwin (2021) states that grid power not necessary for green power generation.

¢ The data are derived from the supplementary materials.
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5.3 Conclusions

This chapter evaluates the feasibility of e-kerosene supply in a prospective carbon-
neutral power system for potential domestic use and export. The methodology
encompasses a comprehensive energy system model explicitly tailored for Brazil,
dissecting three aspects: (i) the fulfilment of aviation fuel demand through e-
kerosene, (ii) the synergies of attaining a fully decarbonised power system whilst
producing e-kerosene, and (iii) the trade-offs between supplying e-kerosene and
alternate options, such as biokerosene and conventional kerosene. For inves-
tigating these elements, the research leverages publicly accessible data and the
open-source energy system optimisation model, PyPSA-Brazil. This tool proves
a beneficial planning instrument across a 27-node network with hourly resolution.

The findings reveal Brazil’s potential to achieve the dual goals: establishing a
carbon-neutral power system and becoming a prime exporter of carbon-neutral
kerosene by 2050. Such a vision is bolstered by system designs where PV assumes
the lead technology. A comparison with biokerosene and fossil-derived kerosene
highlights that e-kerosene becomes a cost-effective solution when carbon pricing
schemes are in place, effectively punishing conventional kerosene supply. The
significance of this observation becomes more apparent in scenarios where Brazil
actively exports carbon-neutral kerosene. Intriguingly, the research underlines a
potent interdependence between the cost of biokerosene provision and the share of
e-kerosene supply, positioning e-kerosene as a preferable option when biokerosene
production costs climb.

The dissertation steps away from traditional narratives, offering Brazil’s first
quantitative outcomes for e-kerosene production. By enlarging the scope of the
best renewable energy sites to cover a fully decarbonised energy system for e-
kerosene production, it imparts valuable insights for fostering the production of
e-kerosene. Applying the PyPSA-Brazil model and the associated analysis may
serve as a blueprint for other countries.
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5.4 Code availability

This section describes the complete data acquisition, modelling, and scenario
analysis. The code for PyPSA-Brazil is published at GitLab (Deng 2023b). Note:
Access to the code will be available upon acceptance of the paper. The PyPSA-
Brazil model is compatible with PyPSA version 0.22.0 and is performed using
Python 3.9 and the necessary toolboxes such as Pandas and Geopandas.
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6.1 Critical appraisal

6.1.1 Open Brazilian energy data

A multitude of data sets have been collected and processed to enable its use
in the PyPSA-Brazil model for designing future cost-optimal energy systems at
hourly and 27-node geographical resolution. However, the model’s accuracy re-
lies heavily on data availability and accuracy. Undoubtedly, the harmonised data
sets presented in this dissertation represent a significant milestone in facilitating
research into the Brazilian energy system, offering a valuable foundation for schol-
ars and practitioners alike. Nonetheless, it must be acknowledged that they are
merely a stepping stone towards a more comprehensive and refined understanding
of this system, and thus present an opportunity for further improvement.

Concerning spatial resolution, models with even higher spatial resolutions could
be desired, e.g., to conduct transmission expansion planning studies or to have
more flexibility for defining user-specific spatial aggregations. The actual grid
topology used in the model includes only the aggregated transmission network,
ignoring the distribution network and resulting in a lack of consideration for power
flows within federal states. The quality of the grid topology is heavily dependent
on the quality of the three processing steps, notably the algorithm for “spatial join
at the closest distance” (cf. Section 3.2.2). Ideally, data on transmission lines and
connected substations would be available, eliminating the need for assumptions
about topology.

161



6 Limitations and Outlook

The data include both existing and planned power plant infrastructure up to the
year 2029 (cf. Section 3.2.3), but crucially lacks specific details on the timing of
installations, retrofits, and decommissioning. The absence of clear specifications
on these factors complicates studies on decarbonisation pathways, as the need to
make assumptions can introduce significant uncertainty into modelling efforts.
The geographical coordinates of power plants taken from the original ANEEL-
SIGA data set were reconciled with the grid network from ONS and aggregated
at the federal-state level. For this reason, modelling infrastructure at the level of
transmission lines and individual power plants requires matching ANEEL-SIGA
and ONS power plants, an issue that remains unaddressed in this dissertation.
This undertaking poses significant challenges as both data sources are managed
by governmental institutions and are regarded as reliable for Brazil. To proceed,
the researchers must extend the available information by continuing to look for
official documents that clarify differences in information or apply assumptions.

The demand time series of all end-use sectors are aggregated. This can be a
limitation in cases when researchers wish to model decarbonisation in a particular
sector rather than a whole sector, such as industry, residential, or even more
granular sectors, such as ground transport, rather than the whole transport sector.

6.1.2 Modelling

Within the modelling framework of this dissertation, linearisation is assumed to
ensure computational manageability. However, using linearisation brings about
specific limitations, especially in the simulation of battery storage, tank storage,
hydro reservoirs, and power transmission. For instance, PyPSA-Brazil may not
perfectly capture transmission losses and non-linearity in storage systems, as
indicated by Victoria et al. (2019), Horsch et al. (2018b). In addition, the repre-
sentation of power flow between nodes, for instance, is predicated on the “copper
plates” assumption. In this approach, inter-state transmission is depicted as an
aggregation of multiple cross-border lines, and losses and lengths are averaged.
Such a simplification, while computationally expedient, inevitably disregards the
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inherent imperfections in power flow distribution and does not account for internal
bottlenecks within states (Soroudi 2017).

The modelling of hydropower generation reveals discrepancies, as the generation
is approximated at 386-388 T'Wh, which is around 5% lower than the 405.6 TWh
recorded in the reference year 2019 (cf. Table 5.1). The PyPSA-Brazil model
recognises that the depiction of hydropower plants cascades is basic due to the
linearisation and constraints of data availability (cf. Sections 3.2.7 and 4.2.3).
The data regarding water inflow, pivotal in modelling the behaviour of hydropower
plants, lack the requisite granularity. The inclusion of detailed information regard-
ing the distribution and technical specifications of individual hydropower stations
would enable more accurate calculations of natural inflows in accordance with hy-
drological conditions following ENTSO-E (2019). Data sets from ONS (2022a),
ANA (2022), Lehner et al. (2011) could be employed for refined modelling with
assistance from Liu et al. (2019).

In the case of e-kerosene production, the model assumes that production oper-
ates with full flexibility, not considering constraints such as plant start-up and
shutdown times or associated costs (Soroudi 2017, Chapter 5). The hypothe-
sis, although advantageous for the overall system, may not be congruent with
the technical and economic specifications of the individual plants (Peters et al.
2003, p. 394-401). Moreover, the model omits the selection or dimensions of
critical components such as the electrolyser, synthesiser, DAC units, and CCU
with various carbon sources (Wassermann et al. 2022, Sherwin 2021, MacDowell
et al. 2010). This exclusion limits the depth of our insights into the feasibility of
e-kerosene production at specific sites.

In terms of demand projections, the dissertation combines time series data from
2019 with annual predictions to estimate the demand curve for electricity and
kerosene in 2050 (cf. Sections 3.2.5, 3.2.6, 4.3.3.1 and 5.1.1). This method rests
on the assumption that demand patterns in 2050 will resemble those the reference
year 2019, which might not capture the temporal variability intrinsic to the sce-
nario year. Moreover, this approach might not be efficacious in extrapolating the
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demand curve into the distant future, as it does not consider evolving factors such
as GDP, population, and others (Mattsson et al. 2021).

While the optimisation modelling in this dissertation is focused on minimising
total system costs, this approach might not capture the complex objectives present
in real-world energy supply scenarios (Bertsch and Fichtner 2016). Consideration
of additional objectives would enable a more comprehensive analysis such as:
(i) the environmental impact of land use (Kaltschmitt and Neuling 2018), water
(Schmidt and Weindorf2016), life-cycle GHG emissions (Micheli et al. 2022), and
raw materials of the technologies (de Souza et al. 2018), (ii) the desire for security
of supply against volatile political situations on the national and international
level, unexpected outages of energy infrastructures (Vyhmeister et al. 2018), and
(ii1) the complex and hard-to-anticipate societal issues like the uneven evolution
of equality of gender, income level, and ethnics (Cremonez et al. 2015, ICAO
2022b, 2018b).

This life-cycle carbon emissions of e-kerosene and biokerosene are assumed to be
zero in this dissertation, representing an idealised scenario where these fuels are
carbon-neutral . However, in practice, there are considerable technological hur-
dles to achieving truly carbon-neutral e-kerosene and biokerosene. The production
of e-kerosene, for instance, requires renewable-source hydrogen, which may not
be entirely life-cycle carbon neutral (Gonzalez-Garay et al. 2022). Biokerosene
production in Brazil could also involve well-to-tank life-cycle GHG emissions
ranging from 1.4-37.6 gCO,e/MJ (Capaz et al. 2020). Additionally, non-CO,
emissions such as NOx, which significantly contribute to climate change?, are not
accounted for in this model. Comprehensive strategies that incorporate technolog-
ical, economic, social, and political dimensions are required to address aviation
emissions effectively (Bergero et al. 2023). Future research should attempt to

This assumes no CO, loss between capture and binding in e-kerosene (Becattini et al. 2021) and
net-zero life-cycle CO, emissions in biogenic-kind biokerosene due to full offsetting between
combustion and carbon sequestration during feedstock growth (ICAO 2022a, p. 4).

NOx emissions contribute to the formation of ozone and contrail-induced cloudiness at high
altitudes, resulting in a net warming effect (Lee et al. 2009).
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incorporate more realistic emissions data, including non-CO, emissions (De Jong
et al. 2017), to build upon the foundation set by this study.

6.1.3 Scenario analyses

This dissertation uses a normative scenario analysis to offer insights into achiev-
ing strategic objectives in a techno-economically feasible way. A limitation of
this approach is that it does not include transition pathways for moving from
the current energy system to the envisioned target system. Consequently, it falls
short in providing concrete timelines for infrastructure construction or decom-
missioning, or in assessing technology learning curves. Given the urgency of
decarbonisation, modelling the near-future energy system is crucial to facilitate
intermediate decision-making and ensure a smooth transition (Conejo et al. 2016).
Thus, it is imperative to consider an efficient pathway for producing and utilising
biokerosene and e-kerosene.

Additionally, the dissertation does not explore an alternative scenario that con-
siders the persistent usage of fossil jet fuel while offsetting the resulting CO,
emissions through the application of DAC and subsequent permanent storage, as
demonstrated by Becattini et al. (2021).

This dissertation considers export perspectives, but exclusively from the exporter’s
standpoint. This perspective could be enriched by incorporating trade relations
between Brazil and potential importers such as China, Japan, and Europe. As-
sessing the dynamics of international trade and preferences of importing countries
would bolster the comprehensiveness of the scenario analysis.

6.2 Future directions

The research presented in this dissertation provides many starting points for future
analysis and improvement. The following briefly outlines some potential areas
for further research.
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6.2.1 Improving Brazilian open energy data

To enhance the quality and accessibility of energy-related information in Brazil,
one potential strategy would be to optimise the country’s open energy data by
incorporating more statistical data and reducing assumptions.

Statistical data sets can be examined on the PDA (Federal Government of Brazil
2023), which, contains information from 227 of Brazil’s 227 government branches
and over 12,000 data sets. However, as the PDA covers a vast number of data sets
beyond the scope of energy system modelling, it is imperative to conduct further
inquiries to filter the pertinent data sets and scrutinise the metadata for missing
attributes or ambiguous information. It is also highly advisable to retain the
processed version of the original data procured from the PDA. This dissertation
has observed inconsistencies and errors across different versions of the original
data set, as discussed in Chapter 3.

The data set by EPE (2020b), used to emulate the Brazilian energy system for
Brazil’s National Ten-Year Expansion Plan (EPE 2020c), merits further explo-
ration. Such endeavours are of utmost importance to rectify incomplete technical
and economic assumptions pertaining to Brazil-specific energy systems in this
dissertation. Given the absence of metadata and the requisite Portuguese lan-
guage skills necessary for comprehending the nuances of the Brazilian energy
system, collaborations with domain experts and authorities are recommended.

To achieve higher resolution and harmonised topology for infrastructure data on
power plants and transmission lines, OpenStreetMap (OpenStreetMap conbribu-
tors 2023) can be a source. This is similar to the data set of SciGrid Medjroubi
et al. (2017) and PyPSA-Earth (Parzen et al. 2023), provided that the data from
Brazil is complete, accurate, and of high quality.

Improving the electricity demand time series for the scenario year holds promise
and is an avenue for future research. This enhancement can be achieved by
using machine learning methods and incorporating features such as annual per
capita electricity demand, purchasing power adjusted GDP, hourly temperature
profiles, annual average temperature levels, as described in Mattsson et al. (2021).
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While this dissertation provides most data sets, it lacks temperature data for the
geographical level of federal states.

By streamlining the harmonised energy data sets and making them readily acces-
sible through user-friendly interfaces, data visualisation tools, and cutting-edge
technologies, policymakers, researchers, and other stakeholders could make more
informed decisions regarding energy consumption, production, and conservation.
Such accessibility, in turn, could facilitate greater transparency, accountability,
and collaboration among various stakeholders, ultimately spurring further ad-
vancements in Brazil’s energy sector.

6.2.2 Biokerosene generation potential, cost, and
environmental impacts

In this dissertation, the potential of biokerosene is estimated based on the pro-
duction cost study for 2030 by Cervi et al. (2020), which only considers the
first generation of biomass as feedstocks for biokerosene production in Brazil.
However, Cervi et al. (2021) have extended the scope of the study to include
the second generation of biomass for biokerosene production. Future research
could be conducted by acquiring the potential data from Cervi et al. (2020) to
better measure the supply of biokerosene. Additionally, including the second and
third-generation biomass for biokerosene production would provide a more com-
prehensive evaluation of biokerosene potential in Brazil. However, as the models
used by both Cervi et al. (2020) and Cervi et al. (2021) are not openly accessible,
efforts should be made to create a spatio-temporal techno-economic assessment
for biokerosene generation potential that is open-sourced and includes all three
generations of biomass, generation at different time intervals, and incorporates
environmental considerations such as land-use, water use, and emissions.
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6.2.3 In-depth modelling of material flows

Further refinement of the material flow modelling in e-kerosene production is
achievable through the integration of sector-coupling technologies into the energy
system model. This incorporation offers invaluable insights into the long-term
benefits of flexibly operating PtG and PtL applications in facilitating better inte-
gration of renewable generation. Moreover, future research could shed light on
the intricacies of hydrogen generation, storage, and transportation, as well as the
energy demand sector and mobility.

With respect to the feedstocks for e-kerosene production, the modelling in this
dissertation focuses primarily on electricity. This means it assumes ambient air
serves as the sole carbon source and high-purity water is readily available. How-
ever, there are alternative carbon sources, including biogenic CO, captured from
point source emitters such as agricultural crop residues, waste animal fats, and
algae. These sources can be used as feedstocks, and industrial point sources
might offer opportunities for applications tailored to specific regions or indus-
tries. For pathways that are not carbon-neutral, carbon emissions can be offset
by afforestation and reforestation (IPCC 2022a). Furthermore, an examination
of nationwide water potentials can be an insightful addition to future research,
alongside the integration of e-kerosene and biokerosene production with water
desalination processes, particularly when utilising saline water sources.

Regarding the products of the syncrude refinery process, it is worthwhile note sub-
products such as oxygen and waxes. Nonetheless, producing these sub-products
in adequate quantities could result in difficulties in their utilisation. Hence, a post-
assessment of the sub-products could set further restrictions on the optimisation
problem. An alternative approach entails marketing these sub-products to increase
the cost-effectiveness of e-kerosene, thereby yielding revenue and lowering the
production cost.
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6.2.4 Scenario with continuous use of conventional
kerosene

By including DAC and Carbon Capture and Storage (CCS) technologies that ab-
sorb and store emitted CO, permanently, conventional kerosene could potentially
become carbon-neutral (Becattini et al. 2021). Incorporating such an aspect could
have different implications for the contribution of e-kerosene production in Brazil
and the need for a carbon pricing scheme.

6.2.5 Kerosene demand projection

The representation of kerosene demand projections in the scenario year can be im-
proved by leveraging machine learning techniques. Although the current method
of jet fuel demand prediction relies on statistical methods, this approach only
yields annual demand. Hence, it lacks the granularity necessary for forming
hourly or daily patterns for the depicted year (as summarised in Table 6.1).

The untapped potential of machine learning in this regard is significant, especially
considering its proven track record in generating synthetic hourly electricity de-
mand time series (Antonopoulos et al. 2020, Mattsson et al. 2021). However, the
practical application of this technique to anticipate local kerosene demand with
sufficient granularity for energy system modelling is a relatively unexplored field
in Brazil.

Applying machine learning to model kerosene demand can offer more accurate
estimates of balancing cost estimates, specifically within systems like PyPSA-
Brazil. It also enables the creation of consumption profiles for arbitrary scenario
years. This enhancement, in turn, supports more thorough scenario analysis of
alternative kerosene consumption growth paths, from a gradual ascent to following
the business-as-usual trajectory. However, choosing the appropriate machine
learning algorithms and interpreting the results necessitates prudent judgement,
as underscored by Frey (2021).
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7 Summary, Conclusions, and
Implications

7.1  Summary

The key contribution of this dissertation lies in the comprehensive data set for
the Brazilian energy system, its implementation in PyPSA, and the integration
of e-kerosene production into the energy system optimisation model. A novel
open-source methodological framework is introduced that amalgamates an exten-
sive assortment of publicly accessible data to build a model of Brazil’s future
energy landscape. This model explores Brazil’s decarbonisation process, with an
emphasis on sustainable e-kerosene production for the aviation sector.

This framework could notably simplify the exploration of the Brazilian energy
system for fellow researchers. Furthermore, the dissertation envisions and exam-
ines a variety of kerosene production scenarios for their economic implications
at the energy system level. These insightful findings may equip policymakers
with a sturdy knowledge base for informed decisions on investing in e-kerosene
production technologies. This could potentially position Brazil as a front-runner
in curtailing aviation sector CO, emissions and as a green energy carrier exporter.

In the literature review, outlined in Chapter 2, this dissertation highlights gaps in
empirically assessing the feasibility of producing e-kerosene and its export under
the use of renewable energy sources. It also identifies the scarcity of energy system
models tailored to assist in enlightened policy formulation for the incorporation
of e-kerosene production in a decarbonised energy system. From these identified
gaps, three main research questions arise.
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7 Summary, Conclusions, and Implications

Addressing the Research Question 1 entails the development of a Brazilian en-
ergy system model capable of balancing GHG emission-neutral electricity and
e-kerosene production. The dissertation conducts an empirical study to find suit-
able modelling frameworks for energy scenarios served for the research purpose,
as elaborated in Chapter 4. Following thorough comparison, PyPSA emerges
as the preferred choice, leading to the development and introduction of PyPSA-
Brazil.

The Research Question 2 concerns the design of a carbon-neutral Brazilian energy
system in 2050. For this, the energy potentials of renewable energy sources such
as hydro, wind, and solar, are a fundamental cornerstone. Data from various data
sources are collected and harmonised to identify the most relevant ones for Brazil’s
high-resolution energy system optimisation model, as detailed in Chapter 3. The
resulting data sets include nine subcategories, namely: (i) map of the 27 defined
regions, (ii) aggregated grid network topology, (iii) local vRES potentials — profile
and installable generation capacity, (iv) geographically installable capacity of
biomass thermal plants, (v) hydropower plants inflow, (vi) existing and planned
power generators with their capacity, (vii) electricity load profile, (viii) scenarios
of sectoral energy demand, and (ix) cross-border electricity exchanges. With
this data, researchers can replicate the Brazilian energy system, perform scenario
analyses or improve the integration of Brazil’s energy system into global energy
models. The ready-to-use data set is then fed into PyPSA framework to set up the
energy system optimisation model PyPSA-Brazil, as described in Chapter 4.

In the Research Question 3, the PyPSA-Brazil model is employed to analyse the
interdependencies and trade-offs that arise from pursuing a carbon-neutral power
system and the integration of e-kerosene production, as detailed in Chapter 5.
A set of thirty-four scenarios has been selected for probing: (i) the dual goal of
achieving net-zero emissions from the Brazilian power system and providing addi-
tional electricity for e-kerosene, (ii) the trade-offs between varying supply shares
of biokerosene, conventional kerosene, and e-kerosene at different biokerosene
production costs and carbon prices, and (iii) the export costs and e-kerosene
volumes that emerge from different kerosene export targets.

174



7.1 Summary

Table 7.1 summarises the research questions and corresponding findings in this
study, providing a clear overview of the main outcomes and serving as a valuable
reference for readers interested in the key takeaways of this investigation.

Table 7.1: Summary of research questions and findings.

RQ 1: How can the scale-up of sustainable e-kerosene production be modelled without jeopardis-
ing the 100% renewable target for Brazilian electricity generation?

A model named PyPSA-Brazil has been developed for a cost-optimal energy system. This model
allows a dual balance of GHG emission-neutral electricity and e-kerosene production (cf. Chap-
ter 3 and Chapter 4).

RQ 2: How would a carbon-neutral Brazilian power system appear at high temporal and spatial
resolution?

By 2050, a carbon-neutral power system for Brazil is feasible with an averaged electricity gener-

ation cost at 50.3 €/MWHh, including production, transmission, and storage. Half of the energy

would come from wind and solar generation (cf. Section 5.1.2 and Section 5.2.1).

RQ 3: What could be the local impacts of e-kerosene production in Brazil, and what constraints
and opportunities might arise from its expansion in the energy system?

* RQ 3.1: Could renewable energy be sufficient for electricity generation when e-kerosene
completely meets Brazil’s kerosene demand in 20507
It is feasible to have a fully decarbonised power system with e-kerosene in Brazil by 2050,
with renewable energy supply significantly exceeding demand (cf. Section 5.1.1 and Sec-
tion 5.2.1).

* RQ 3.2: What could a future carbon-neutral power system look like with and without e-
kerosene production?
The addition of e-kerosene production to a fully decarbonised power system in Brazil is more
efficient than simply aiming for a carbon-neutral power system. This will require new PV
installations in areas such as Minas Gerais, Goias, Distrito Federal, and Sao Paulo (cf. Sec-
tion 5.1.2).

* RQ 3.3: In light of uncertain biokerosene production costs and carbon prices, what might be
the share of e-kerosene in Brazil?
The share of e-kerosene varies widely across scenarios (2.7% - 51.1%) and is highly influ-
enced by biokerosene production costs and carbon pricing. Even in a scenario with a low
biokerosene production cost, e-kerosene production can still offer benefits. A carbon pricing
scheme should be implemented to penalise the supply of conventional kerosene for such a sys-
tem design (cf. Section 5.1.3 and Section 5.2.2).

* RQ 3.4: What could be the export cost if Brazil becomes an exporter of carbon-neutral
kerosene?
The export cost of carbon-neutral kerosene depends mainly on the biokerosene production
costs and ranges from 78 €/MWh to 181€/MWh, depending on biokerosene production
costs (cf. Section 5.1.4 and Section 5.2.4).
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7.2 Conclusions and implications

This dissertation set out to assess Brazil’s potential for transitioning into a pro-
ducer and prospective exporter of carbon-neutral kerosene without jeopardising a
carbon-neutral power system.

The research has identified that the integration of e-kerosene production enhances
the efficiency of the energy system, diversifies the generation mix, and reduces
dependence on hydroelectricity, compared to a sole aim on carbon neutrality of
power system. However, this vision led to a slight increase in system costs. In
addition, specific federal states such as Minas Gerais, Goids, Distrito Federal, and
Sao Paulo, also need to deploy additional PV installations.

The research has also shown that e-kerosene could compete cost-effectively with
biokerosene and conventional kerosene supplies in 2050. The share of e-kerosene
in meeting the kerosene demand is sensitive to biokerosene production costs and
carbon pricing applied to conventional kerosene, ranging from 2.7% to 51.1%
across various scenarios.

Moreover, the export cost of carbon-neutral kerosene is primarily influenced by
biokerosene production costs, which is estimated to be between 78 €/MWh to
181€/MWh. The levelised cost of e-kerosene production in Brazil for 2050
oscillates between 113.3€/MWh to 227.3€/MWHWh, subject to factors such as
carbon pricing, biokerosene production costs, and export intention.

The evidence presented in this dissertation convincingly advocates the feasibility
of Brazil developing a fully decarbonised power system in 2050 alongside scaling
up sustainable e-kerosene production to harness its abundant renewable energy
sources. In addition, replacing fossil-based kerosene with renewable e-kerosene
presents a compelling opportunity for a seamless transition to a sustainable avia-
tion future. Success in this transition, however, hinges on the establishment of a
carbon pricing scheme that incentivizes e-kerosene production. The findings sug-
gest that Brazil possesses the potential to establish itself as a prospective supplier
of carbon-neutral kerosene by betting on investment in e-kerosene production.
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7.2 Conclusions and implications

Utilising the energy system optimisation model, PyPSA-Brazil, this dissertation
highlights light several implications vital for decision-makers, industry, bankers
and scientists seeking guidance on the feasibility of starting and betting on e-
kerosene production in Brazil and the advantages of promoting Brazil’s transition
to an exporter of carbon-neutral kerosene.

e E-kerosene could stand poised to rival biokerosene and conventional
kerosene in cost-competitiveness in Brazil in 2050. Nevertheless, the
extent to which this SAF can contribute to the aviation supply depends on
sustained policies. To level the playing field for e-kerosene, Brazil needs
to implement carbon pricing, a measure yet to be instituted. The trajectory
of biokerosene remains nebulous at the local echelon, and its production
and pricing influence e-kerosene’s role. As a result, the size of the national
e-kerosene market future remains indeterminate.

e In light of Brazil’s pledge under the NDC and its nascent deployment of
solar and wind energy, investment in e-kerosene production for aviation
emerges as viable strategy to pursue alongside efforts to achieve a carbon-
constrained power sector. While prioritising only the latter may seem
sufficient, such a strategy overlooks the potential benefits of timely e-
kerosene deployment in achieving carbon neutrality in both power and
aviation sectors, notwithstanding e-kerosene’s initial scarcity and long-term
uncertainty as an innovative fuel.

* Anticipating the widespread availability of carbon-neutral e-kerosene,
Brazil is called upon to endorse national or international cooperation with
industry to hasten technological advancements in renewable energy gener-
ation, electrolysis, and DAC — process elements that are pivotal in making
e-kerosene a cost-effective product.

* Amidst the fervent discourse surrounding green energy carriers for export,
Brazil should be positioned to capitalise on an export niche by trading
e-kerosene with densely populated countries such as Japan, Germany, and
South Korea, which grapple with limited renewable energy and fossil fuel
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resources. However, the international trade of e-kerosene requires the
formulation of a comprehensive trade framework and coordination of its
growth on a global scale, a task rendered formidable by geopolitical intri-
cacies and divergent interests of the nations involved.

e PyPSA-Brazil and Open Brazilian Energy Data could serve as potent tools
for shaping policy and formulating strategies concerning e-kerosene pro-
duction and export in Brazil. By leveraging this open model and data set,
nations with a vested interest in e-kerosene research can rapidly adopt the
resulting analyses. Moreover, this model is easily adaptable to extend its
relevance to an array of research domains, such as hydrogen and methane,
allowing for even greater versatility in addressing critical energy issues.
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