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Resumo

A medida que o mundo acelera os esforcos para combater as alteracdes climdticas, a transicao
para sistemas eléctricos totalmente renovaveis tornou-se um objectivo crucial, especialmente
para economias emergentes. Este trabalho explora a viabilidade de um sistema eléctrico 100%
renovavel no Brasil até 2050, através de simulacoes de alta resolucao utilizando o modelo En-
ergyPLAN e uma Avaliagdo do Ciclo de Vida (ACV) probabilistica das tecnologias renovéveis
consideradas. Ferramentas tradicionais de planeamento energético e estratégias nacionais de
longo prazo tendem a subestimar ou ignorar as emissoes indirectas de gases com efeito de estufa
(GEE) associadas ao ciclo de vida das tecnologias renovaveis — incluindo construgao, fabrico,
manutencao e desmantelamento —, que podem alterar significativamente o perfil ambiental dos
cendrios futuros. Assim, sdo necessarias abordagens integradas de modelagao que combinem sim-
ulagGes detalhadas com andlises ambientais robustas. A metodologia adoptada inclui modelacao
operacional horéaria baseada nas projecgoes do Plano Nacional de Energia (PNE 2050) e a con-
strucao de um Ano Meteorolégico Tipico (TMY) para representar perfis realistas de geracdo. Foi
elaborado um inventario detalhado de emissoes indirectas de GEE para centrais hidroeléctricas,
ellicas, solares fotovoltaicas, biomassa e nucleares, complementado por uma simulacdo de Monte
Carlo para capturar incertezas. Os resultados indicam que uma rede 100% renovével poderd
ainda emitir, em média, 30,8 MtCO2eq/ano devido as emissoes indirectas. A inclusdo de sistemas
combinados de armazenamento energético podera reduzir as necessidades de importacao de elect-
ricidade de 19,87 TWh para 8,8 TWh, aumentando a capacidade do sistema para lidar com a vari-
abilidade sazonal. Estes resultados reforgam a viabilidade técnica da transicdo e evidenciam a im-

portancia do investimento estratégico em armazenamento e da contabilizagao ambiental rigorosa.

Palavras-chave: energia renovéavel, planejamento energético, avaliagao do ciclo de vida, simu-

lagdo de Monte Carlo.
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Abstract

As the world accelerates efforts to combat climate change, transitioning to fully renewable elec-
tricity systems has become a critical objective, particularly for emerging economies. This work
explores the possibility of a 100% renewable electricity system in Brazil by 2050 through high-
resolution simulations using the EnergyPLAN model and a probabilistic Life Cycle Assessment
(LCA) of renewable technologies. Traditional energy planning tools and national strategies often
underestimate or overlook indirect GHG emissions across life cycles—construction, manufactur-
ing, maintenance, and decommissioning—which can significantly alter the environmental profile
of future scenarios. Integrated modelling approaches are thus needed to ensure the path to
decarbonization is both technically feasible and environmentally robust. The methodology in-
cludes hourly operational modelling based on projections from the National Energy Plan (PNE
2050) and the construction of a Typical Meteorological Year (TMY) to reflect realistic genera-
tion profiles. A detailed inventory of indirect GHG emissions for hydropower, wind, solar PV,
biomass, and nuclear was assembled, and a Monte Carlo simulation was performed to capture
uncertainty. Results show that a fully renewable grid could still emit 30.8 MtCOqeq/year due
to indirect emissions. The inclusion combined energy storage systems could drop imports needs
from 19.87 TWh to 8.8 TWh, enhancing the system’s ability to manage seasonal variability.
These findings underscore the technical feasibility of a 100% renewable grid in Brazil, while
also highlighting the importance of strategic investments in storage infrastructure and the need
for robust environmental accounting. The study concludes that a successful transition will re-
quire coordinated public policy, improved demand forecasting, and ongoing evaluation of both

technical constraints and environmental trade-offs.

Keywords: renewable energy, energy planning, life cycle assessment, Monte Carlo simulation.
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Chapter 1

Introduction

In the past few decades, climate change has led to major changes in energy production, the way
energy is used, economic policies, and laws. This transformation is supported by international
agreements, growing advancements in green technologies and expanding use of electricity in
different areas. As nations strive to create zero-carbon methods, energy systems are increasing
in complexity and including more intermittent energy sources such as solar and wind. However,
indirect emissions from life cycle processes, such as manufacturing and decommissioning, can
compromise the carbon neutrality of renewable systems.

Therefore, long-term energy planning plays an essential role in increasing the system’s re-
silience, affordability and sustainability. Such planning must take into account not only the
technical constraints but also for uncertainties related to climate variability, demand growth
and technological development. This is especially critical and necessary for developing coun-
tries, where infrastructure developments happens rapidly, investment decisions have long-term
implications and the effects of climate change impacts are often more severe and immediate.

In this context, Brazil emerges as a key actor in South America’s energy transition. The
influence of these impacts is predicted to be significant, since the country heavily uses renewable
sources that can be easily affected by changes in natural resources and the climate. Therefore,
it is crucial to consider climate projections and their results when planning the electricity sector
for the long term, so that systems can operate even when faced with adversity.

Currently, Brazil emerges as the leading energy producer (59%) in South America [4] [5].
Projections indicate a steady increase in electricity demand across the continent in the coming
decades, largely attributable to its comparatively low per capita consumption (1,871 kWh per
year) - approximately one third of the average in countries such as Portugal, Spain and Italy,

which is around 5,500 kWh per year [6].



Riva et al. [7] state that effective energy planning involves a complex and detailed decision-
making process in order to elaborate strategies to better allocate energy resources. The process
must review a wide set of variables, such as technical feasibility, economic viability, social im-
pacts, and impacts on the environment. Also, for energy planning to be effective, one must
consider and predict upcoming energy needs to ensure resources will not be wasted or overused.

In this regard, energy planning tools play a crucial role in supporting the analysis and
decision-making of energy analysts and policymakers in the energy sector. These tools make
it possible to evaluate future impacts related to the integration of new energy sources into the
power sector and to carry out scenario-based studies, including assessments of greenhouse gas
(GHG) emissions and other key issues [8].

There is a wide range of energy planning software solutions on the market, such as TIMES,
0SeMOSYS, MESSAGE, MARKAL, and EnergyPLAN. Because of their distinct functionalities,
benefits, and limitations, each of these tools allows energy analysts and policy makers to pick
one that fits their unique needs and analysis [9] [10] [11] [12].

In Brazil, the Ministry of Mines and Energy (in Portuguese, — Ministério de Minas e Energia
(MME) in collaboration with the Energy Research Office (in Portuguese,— Empresa de Pesquisa
Energética (EPE)), organized the National Energy Plan (in Portuguese, — Plano Nacional En-
ergético (PNE)) [13] to forecast the possible expansion solutions for the energy expansion projects
in the country by the year of 2050. According to the PNE 2050, the demand for energy could
grow by as much as 2.2 times the current level, under similar development conditions. The
projection shows that there is a pressing need to introduce such policies as sustainability is
becoming vital for production and consumption.

The energy sector often faces challenges due to the complex and unpredictable nature of
interrelated factors such as political, cultural, ecological, and technological aspects [14]. The
fact that these elements are interconnected and difficult to forecast makes it hard to predict
their combined effects accurately. This difficulty is further increased by the long time span
involved in scenario planning, which adds to the risks and uncertainties in producing reliable

future forecasts.

Dranka et al. [15] point out that the intermittent nature of RES such as photovoltaic solar
and wind power leads to many operational issues. According to authors, this variation introduces
levels of difficulties to keep the electricity system stable. Grids powered by low-inertia energy
sources are more likely to face disturbances and instabilities, primarily due to the absence

of supplementary control networks capable of enhancing system inertia. Therefore, Renewable



Energy Sources (RES) tend to hinder system inertia and bring down the system’s overall stability.
Increasing the amount of RES in the system weakens the effectiveness of voltage and frequency
control systems. The decrease in quality negatively influences the transient and steady-state

behaviour of voltage and frequency in power systems [16].

At the same time, to develop a robust energy scenario, it is required a flexible approach that
accounts for a complex interconnection within energy systems. These scenarios must incorporate
the potential for unexpected changes and include strategies to effectively respond to challenges

and uncertainties that might come in the future.

The study of Andrade Guerra et al., [17], uses Long-range Energy Alternatives Planning
(LEAP) to look ahead and research Brazil’s energy future, by carrying out simulations for
standard and improved nuclear energy use as well as renewable energy. Renewable electricity
is mainly generated in Brazil, where hydropower amounted to almost 90% in 2011, but the
researchers point out that wind, solar, and biomass energy could greatly enhance its growth.
While it is projected that the economy will experience a 67% increase in energy demand by
2050, mitigation strategies are now available that can help to cut down energy consumption
by implementing renewable energy, boosting efficiency, and using sugarcane bagasse for power
generation. Even so, transportation remains heavily dependent on fossil fuels, so new policies are
still needed. Researchers suggest that Brazil can develop solar energy further and decarbonize

its industry through international cooperation.

Dranka and Ferreira [18] present an essential model for forecasting the Brazilian electricity
sector through their work with the EnergyPLAN simulation tool. The model performance was
validated through 2016 operational data while future scenarios for 2050 were explored, par-
ticularly a comprehensive 100% renewable energy simulation. Detailed analysis demonstrates
Brazilian technical capability to shift their electricity sector to an entirely renewable system,
yet the findings reveal the necessity of building substantial extra capacity to handle changes
in hydroelectric and wind power generation during different seasons. Furthermore, the analysis
explores both the export opportunities of excess renewable energy and how to address technical
challenges, environmental risks, and economic considerations of high renewable energy penetra-

tion.

In addition, the use of more renewable energy resources in local power systems has become
a key interest for recent studies, particularly in South America. Moura et al. [19] present an
overview of the integration of power systems in South America and detail the way Brazil helps

promote exchanges of electricity across countries. The authors run the OSeMOSYS SAMBA



model to assess three different scenarios. A reference-based plan following national roadmaps,
a scenario that unites area-wide hydropower plans, and one that focusses on solar Photovoltaic
(PV) and biogas plants. The analysis points out that Brazil could spend less on domestic energy
plants by generating power in foreign countries, but big hydro projects in the Amazon carry both
environmental and social risks. In addition, the researchers use cooperative game theory and the
Shapley value to determine the bargaining power of these countries, indicating that Argentina,
Brazil, Paraguay, Peru, and Guyana have important roles as exporters or importers. This study
underlines that cooperation among nations and the use of eco-friendly policies are necessary for

the economy and the environment.

Complementing these assessments, Santos et al. [20] conducted evaluations of Brazilian power
system transitions from 2015 to 2050 by integrating MESSAGE-Brazil energy modelling with
Multi-Criteria Decision Analysis (MCDA) and Life Cycle Assessment (LCA) techniques. The
researchers used MESSAGE-Brazil as their first step to create five simulation scenarios from
baseline operations to low-carbon choices, followed by an LCA-Based MCDA framework as-
sessment against 15 technical, economic, and environmental criteria. Historical decision-making
focused on scenarios that integrated substantial wind power and biomass utility, as these options
delivered effective price-performance ratios and sustainable results according to 33 stakeholder
opinions. Importantly, the study used stringent sensitivity modelling to verify stakeholder prefer-
ences across numerous viewpoints, and its LCA section exposed essential lifecycle environmental
details that are usually neglected in energy development plans. This research thus confirms how
extensive assessment tools demonstrate their usefulness in advanced energy transition analyses

by showing when renewable energy diversity outperforms dependence on fossil fuels.

Turning to broader international applications, Connolly, Lund, and Mathiesen present a com-
prehensive 100% renewable energy scenario for the European Union by 2050 using the Smart
Energy System approach, modelled in EnergyPLAN. The study transitions from a business-as-
usual baseline through nine strategic steps—including nuclear phase-out, heat savings, electric
vehicle adoption, and sector integration—demonstrating how intermittent renewable penetra-
tion can exceed 80% without unsustainable bioenergy reliance. Key findings reveal that a fully
renewable EU system would incur 10-15% higher costs than fossil-dependent alternatives but
eliminate COy emissions while creating 10 million jobs through localized investments. The anal-
ysis emphasizes cross-sectoral flexibility via district heating, thermal storage, and electrofuels
for hard-to-decarbonize sectors, arguing that political and institutional barriers—rather than

technical or economic feasibility—are the primary obstacles to implementation [21].



In a similar research, Franco and Salza [22] applied the EnergyPLAN tool to study strate-
gies for higher use of renewable resources in Italy’s energy sectors. It shows that controlling
electricity at times of plenty renewable energy, such as from photovoltaics and wind, could be
challenging, but also outlines the need for coordinated work among power, heat, and transport
sectors. A number of scenario reviews reveal that renewable energy systems encounter tech-
nological difficulties, which can be resolved if three sectors put their efforts together through
mutual opportunities. Integrated systems with heat and power, as well as electric vehicles,
demonstrate increased power stability and lower use of primary energy. However, Italy must
first upgrade its separate energy systems before using the coupled system. It shows that reaching
high RES targets sustainably would depend on effective uses of hydro storage and demand-side

management.

Building on this, using Denmark as a critical case, Lund evaluates the path toward renewable
energy systems that generate 100% of electricity from wind power and energy efficiency meth-
ods combined with sector-linked operations. The examination outlines three vital elements for
sustainable energy strategies, which combine production efficiency enhancements along with re-
newable fuel deployment instead of fossils and reductions in energy consumption on the demand
side. Computer modelling with EnergyPLAN shows how Denmark can reach carbon neutrality
through resolving major obstacles that centre on transport sector electrification with biofuels
and wind power management by flexible CHP units. Moreover, the study demonstrates that
the power system requires better flexibility capabilities and smart grid implementations along-
side sectoral coordination systems to handle renewable power variation. Although technological
and infrastructure hurdles exist, a supported strategy of policy action alongside technological

progress demonstrates that fully renewable energy systems become achievable [23].

Fernandes and Ferreira [24] uses EnergyPLAN to model how Portugal can transition to a
system without fossil fuels and lessen its dependency on foreign energy in Portugal. Four separate
simulation models are built, one is the 2010 reference case, one follows the 2020 PNAER plan,
one reflects the 2022 grid development strategy, and one assumes that all fossil fuels are replaced
with 100% renewable generation. The research shows that it is technologically achievable for
renewables to provide all the electricity, with wind and hydropower systems taking the lead in
electricity production, whereas the grid needs to be developed much further to cope with sudden
changes in demand. These systems might cost a lot in the beginning, but their longevity results in
cheap running costs. Essentially, managing the stability of the power grid and recycling/using

unused energy is now a main concern, which points to the importance of integrated storage



systems and mutual exchange of power from other countries.

In their research, Krajaci¢ et al. [25], have proposed a strategy to produce an independent
energy system in Croatia by adding smart energy storage and renewable sources, which can lower
carbon dioxide emissions. HoRES and EnergyPLAN are used by the research to analyze the
movements of energy at the hourly level in various scenarios, especially looking at cooperation
between pumped hydro storage, thermal storage, and electric vehicles when there is intermittent
renewable energy. Based on the results, Croatia could use renewables in 78.4% of its energy,
which would result in lowering emissions by 20 Mt of COs. Nevertheless, it is still difficult
to reach full independence due to the way different sectors are currently using energy. The
research makes it clear that because storage systems support grid stability and play a key role
in integrating renewable energies, their high expenses should be dealt with. All these strategies
highlight how strongly it is necessary to manage the flexibility of power plants, plan consumer

use, and cooperate on grid development to optimize the smart grid usage of energy storage.

Despite Brazil having one of the world’s most RES energy matrix, long-term plans often
fails to adequately predict two critical challenges: (1) the operational complexities of integrat-
ing Variable Renewable Energy Sources (VRES) into a hydro-dominated system, and (2) the
environmental impacts of renewable technologies, which are almost always considered zero be-
cause they do not produce CO4 emissions during generation, but they do have a carbon footprint
during their life cycle. Traditional deterministic models, such as those employed in the PNE
2050, struggle to quantify uncertainties tied to climate variability, technological evolution, and
policy shifts, potentially leading to overoptimistic projections. In addition, because tools like
TIMES and LEAP are excellent at reducing costs, their broad modelling period makes it harder
for them to demonstrate hourly grid stability when high levels of VRES are present, which is
a major issue in Brazil due to the seasonal variations of hydropower and the intermittency of

renewables such as solar and wind.

Over the last few decades, the increasing concern of climate change and the global effort to
achieve sustainable development has made it imperative to shift from fossil fuels to renewable
energy systems. While Brazil has made great progress, planning for a fully renewable elec-
tricity future is not only a technical and economic challenge, it is also one of environmental
responsibility. Indirect GHG emissions associated with renewable technologies across their life
cycles are often significantly underestimated or even completely overlooked in traditional energy
planning tools and long-term national strategies. Emissions from construction, manufacturing,

maintenance, and decommissioning processes can substantially affect the environmental profile



of future scenarios. This growing need leads to the necessity of integrated modelling approaches
that can combine high-resolution system simulations with probabilistic life cycle assessments to
assure that the path to decarbonization is both technically feasible and environmentally robust.

The main objective of this dissertation is to investigate whether it is feasible for Brazil to
create a 100% renewable electricity system by 2050 with high-resolution computer simulations
and a probabilistic approach. For these purposes, the EnergyPLAN model is used to calculate
the interaction of energy flows from RES, energy storage systems and cross-border electricity
exchange all at the national level. To enhance the model’s accuracy, historical data is used
and a Typical Meteorological Year (TMY) is assembled for a better reflection of the expected
behaviour of the system in a typical operational year. Also, statistical modelling and Monte
Carlo simulations were included in this study to help estimate how much GHGs are indirectly
linked to the five key electric generation technologies used in this 100% RES Grid scenario, which
includes wind, solar PV, hydropower, biomass and nuclear power. Furthermore, this dissertation
aims to suggest enhancements to Brazil’s National Energy Plan, especially in energy storage
systems since the current plan does not offer much detail or explicit guidance on the role, scale

and types of storage that could be used.



Chapter 2

Theoretical Background

2.1 The Brazilian Electricity System and Long-Term Planning

2.1.1 Historical Evolution and Renewable Energy Sources

In Brazil, most of the energy is produced through hydroelectric power plants, which predomi-
nantly take advantage of river waterfalls on plateau terrains. In 2019, this type of plant accounted
for 68% of the installed capacity of the Brazilian electricity matrix, whereas around 30 years
ago, it represented more than 95% of the electricity supply. Wind energy accounted for 9%,
followed by natural gas and biomass, both with an 8% share [26].

Despite the still significant presence of hydroelectric plants in the Brazilian electricity matrix,
this source has been gradually losing its share in the national generation park. Data from the
2009 and 2019 editions of the Energy Balance show that in ten years, the share of installed
hydroelectric capacity in the national electricity matrix dropped from 81.9% in 2008 to 66.6%
in 2018 [27] [28].

During the same period, wind energy grew from negligible levels to 7.6% in 2018. Addition-
ally, the share of thermoelectric power, considering the set of plants powered by oil derivatives,
natural gas, biomass, and nuclear, increased from 18.2% to approximately 25.2% of total sup-

ply [27] [28].

2.1.2 Energy Planning Instruments (PNE 2050 & PDE)

This study adopts its methodological approach based on the analytical structure described
in Brazil’s National Energy Plan for 2050 (in Portuguese, Plano Nacional de Energia 2050)
[13] which serves as Brazil’s primary tool for energy planning. The PNE 2050 emerged from



systematic evidence-based development to become Brazil’s fundamental concept for analysing
future energy routes while addressing future uncertainties.

After being developed through a rigorous multi-year process involving the MME and the
EPE, and following several technical analyses and meetings with stakeholders and experts, the
document was officially published in 2020. The PNE 2050 utilizes a multiple scenario planning
as its basis because of the acknowledged uncertainties involved in a long-term energy forecasting.
The plan recognizes that Brazil’s future energy landscape will be shaped by the convergence of
multiple dynamic factors, including pathways of economic development, trajectories of techno-
logical innovation, and evolving climate policy frameworks [29].

Regarding the electricity sector there are two main plans developed: one with a ten-year
horizon Plano Decenal de Expansdo de Energia (PDE) and another with a horizon of around
30 years, the National Energy Plan — PNE. While the PNE assesses trends in production and
consumption, exploring strategies for expanding supply, the PDE primarily aims to indicate
projects that will ensure short-term demand coverage [13].

In both the PDE and PNE studies, reference configurations ("base scenarios") and alternative
scenarios are considered based on variations in demand or supply. Each configuration includes
specific details [30] [31]. In the case of the PNE, each scenario is built upon distinct hypotheses
about the future of the economy, society, public policies, technology, and consumer behaviour

13].

2.1.3 Demand Projections and Strategic Scenarios

In 1992, the United Nations Conference on Environment and Development (UNCED) was held
in Rio de Janeiro with many countries, including the European Union. In that meeting, it was
decided to keep holding conventions to discuss issues concerning the climate and human action to
address them [32]. As a result of the conference, Brazil introduced Law No. 12.187, also known as
the National Policy on Climate Change (PNMC), on December 29, 2009. The goal of the policy
involves making sure there is low emissions of greenhouse gases when considering economic and
social development. The National Energy Plan 2050 was conducted by the Brazilian government
to explore how energy supply and demand would develop up to the year 2050 and was approved
in December 2020.

The PNE 2050 consists of a set of recommendations and guidelines to be implemented
throughout the time horizon up to 2050, using the decades from 2020 to 2050 as the temporal

framework [13].



In operational terms, the projection model was based on the sectoral structure of the economy
defined in each of the considered macroeconomic scenarios, with the first output being the value
added by each sector in the economy. Thus, based on the annual GDP growth rate and the
value added by industry, services, and agriculture, the share of each of these three major sectors
was determined, along with their respective value added. The value added by each segment is
an input variable for estimating sectoral energy consumption, which in turn is established in
terms of useful energy demanded by use and by source [13].

In this process, the following were generally considered as independent variables:

e Physical production indicators, based on useful energy by end use and physical production

of the segment;
e Share of a given energy source in a specific end use;

o Conversion efficiencies of useful energy into final energy or specific consumption of equip-

ment and processes;
o Share of each technology in the production of a given product.

The PNE studies cover the broad range of uncertainties related to technologies, habits, be-
haviours, business models, regulation, and other factors through 2050 by means of two boundary
scenarios, summarized by two trajectories of potential energy consumption evolution: the upper

boundary scenario ("Expansion Challenge") and the "Stagnation" scenario [13].

Base Scenario

This is the main scenario, considered the most likely, with balanced and conservative assump-

tions, serving as a baseline for comparison with other scenarios. It incorporates:
e Moderate and stable economic growth.
e Public policies already implemented or highly probable.
e Technological evolution consistent with historical trends.
o Gradual increase in energy efficiency.

e Compliance with already assumed climate commitments.
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Alternative Scenarios

These scenarios are used to test different combinations of variables and assess their impacts on

the future energy system. They include:

e High Economic Growth Scenario: Faster GDP growth, higher energy demand, stronger

investment.

e Low Economic Growth Scenario: Limited GDP growth, constrained demand and

investments.

e Accelerated Energy Transition Scenario: Rapid renewables deployment, strong cli-

mate policies.
e Inertial Scenario: Business-as-usual, slow transition, weak climate policies.

o Technological-Innovative Scenario: Advances in efficiency, digitalization, EVs, smart

grids.

2.2 PNE 2050: Assumptions, Strategies, and the 100% Renew-

able Scenario

2.2.1 Strategic Methodology and Governance Principles

The first sections of the PNE 2050 discuss key principles that direct the development of Brazil’s
energy strategy. The principles in place carefully align the development of the economy with
technological means to address climate problems as guided by adaptive leadership. According
to the approach, energy planning remains adaptable, while the Prologue underlines the need to
respond to fluctuations such as trouble with politics, innovative advancements, and unpredictable
situations such as the caused by COVID-19.

The starting point for scenario-based methodology is to develop two main scenarios, known
as the Expansion Scenario and the stagnation scenario, that we discussed earlier. The Prologue
points out that such scenarios do not predict the future, but instead help analyze decision-
making in different scenarios, especially when dealing with unexpected events like pandemics or
global crisis of energy sources.

The Introduction explains that the strategy consists of three steps: developing, implement-

ing, and monitoring. The five-year periodic reviews of the plan required under Portaria n.
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6/2020 [33] aim to catch up on new changes and updated data due to new social and polit-
ical circumstances and advancing technology. The main expectation of the plan is based on
Brazil having so much RES such as wind power, solar, hydropower and biomass that it can
provide more power than is projected to be required because of the rapid growth predicted in
the section. It further underlines that Brazil’s policy on energy is aligned with global climate
objectives, mainly through the Nationally Determined Contribution (Brazil NDC 2024) [34].
In the Introduction, the document lays out ten governance principles such as technological
neutrality, precaution, and sustainability to ensure things are carried out effectively. These ten
principles support promoting markets, authority decentralization, horizontal sharing of bene-
fits, and making sure not to favor one technology over another. To illustrate, the principle
of precaution forbids supporting only particular technologies, as it suggests picking strategies
by the results achieved, rather than the technology, which supports the feasibility of the 100%

Renewable Grid sub-scenario examined in this thesis.

2.2.2 Energy System Structure and Key Assumptions

Under the Expansion Challenge Scenario mentioned earlier, the PNE 2050 predicts that elec-
tricity use will reach 2,100 TWh each year by 2050. Economic and urban progress, along with
building more electric grids, are expected to increase demand by 3.5% per year. Therefore, more
than 80% of centralized power will come from renewable energies (RES), with main sources in-
cluding hydropower, wind energy, and solar. Hydropower currently supplies 70% of energy, but
extra development is blocked due to both environmental and social constraints. There are 12
GW of hydropower with new facilities outside protected regions, and the maximum can rise to
52 GW by developing hydropower in both protected and unprotected lands such as indigenous
and quilombola territories and conservation units. The study will concentrate on the 12 GW
scenario that excludes protected areas as it is seen as the best approach for sustainable growth.

The framework regards wind power and solar power as workable at all scales, but solar PV
and onshore wind are given a low level of difficulty. Nevertheless, since solar and wind power
both intermittent and dependent on the weather, there is an ongoing need for investments in grid
flexibility equipment, such as storage systems and technology for improved grid management.
The plan still relies on the hydropower as the primary source of electricity production, high-
lighting a strategic dependence on its legacy infrastructure, while variable renewables remain
secondary in grid stability control.

The research premises point out major problems in the PNE 2050 electricity sector plan,
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which illustrates the need for on-going policy adjustments. Brazil’s ability to use its strong
renewable energy sources reliably depends on the continued shift in grid infrastructure and how
it operates. The assumptions act both as the base for developing grid flexibility models and
informing policy evaluations when analysing the 100% Renewable Grid sub-scenario.

Hydroelectric systems are a key power source for Brazil, but the country is also interested in
developing other renewable sources of energy. Although it is possible to produce solar and wind
power on a big scale in the country, the existing power grid is mainly set up for hydropower and
could cause operational difficulties in the future.

Grid stability and control of frequency drifts in Brazil depend on the high rotational inertia
given by its hydropower and thermal power plants. More renewables being linked to grids via
inverters causes the natural system inertia to fall, which creates new problems for grid operators.

Because of their rotating masses, traditional synchronous generators can quickly adjust and
control the frequency in the power system during disturbances. However, solar PV and wind
turbines that use power electronics to connect with grids do not automatically give the grid
inertia. Studies have shown that the wind-dominated facilities in the Northeast region of Brazil
create inertia reductions, so dedicated control measures are needed [35].

Strict regulations also form significant barriers in the market. As things stand today, it is
difficult for decentralized power sources to get fair recognition and contribute to better grid
flexibility. Because of the clear regulations in the power sector, investors tend to avoid backing
storage projects for electricity grids. The strategy for separating distribution and commercial-
ization in the plan is strong in theory but requires careful planning and a smooth transition.

Technological dependencies create another vulnerability. The renewable energy transition of
Brazil depends on foreign imports and technical expertise to operate advanced storage solutions
and smart grid technologies. In order to make this transition the energy sector is dependent
heavily on foreign rare earth minerals, which in turn leads to issues with supply chains and

rising costs, and complicates the timeline and possibility of completing the shift [36].

2.2.3 Renewable Technology Pathways and Systemic Challenges

The Brazilian energy transaction will heavily rely on its hydropower resources. The PNE high-
lights to possible paths to explore: the first one, exploring the countries’ restricted 12 GW
estimated potential or extend to 52 GW with projects in areas that are current considered en-
vironmental vulnerable by the Brazilian legislation, such as indigenous and quilombola lands or

environmental reserves. Under the first scenario, the system cost are elevated in approximately
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3.5%, because the system will require extra backup power for generation. Alternatively, the
second option will require a change in current legislation before hydropower resources can be
explored. In cases of extremely dry periods such as the one experienced in Brazil in 2021 might

decrease the supply reliability, which calls for additional solutions.

According to the plan, wind power stands as the most promising technology to be explored
in future years, specially in the Northeast region, that is expected to generate about 20% of
the entire system electricity by 2050. Analysis demonstrate that the wind power can hold up
to a remarkable 20% of grid stability share through its foreseeable electricity output patterns.
However, the inverter-based nature of modern wind turbines suffer from a critical drawback
since they lack rotational inertia which makes frequency regulation more difficult. Although the
PNE recognizes this matter, it fails to establish specific solution to address this issue such as
investing in synthetic inertia and battery-based frequency control systems. Similarly, solar PV
is recognized as another source of attention, with projections of 85 GW of installed capacity,
with a complemented by a 30 GW provided by distributed generation (DG), but it is still viewed
as a limited resource to expand due to the limited contribution during evening peak demand,

restricting its share of generation to 12%.

The plan’s approach to dealing with system flexibility are however reveals assumptions that
must be criticality investigated. In the 100% RES Grid scenario, Biodiesel-fired generation
occupies a central role as a complementary source to the system, with a projected 85 GW of
installed capacity by 2050. The reliance on biodiesel generation appears to be unrealistic and
unjustifiable, given that Brazil has little biodiesel energy and no country has adopted systems
at this scale, making it a theoretical solution convenience than a practical pathway for grid

balancing [37].

While the plan suggests that other options can replace the biodiesel generators, there is
not enough exploration of actual substitutes present in the analysis. It is a weakness in the
planning process that making doubtful selections for renewable power and sustainable solutions
does not match with Brazil’s current abilities or energy needs. The plan omits looking closely
at performance metrics of battery storage, pumped hydro, and hydrogen-based systems that
are emphasized as possible plans to replace biodiesel. Unspecified alternatives for flexibility in
energy resources leaves a major hole in planning, as it makes it difficult for policymakers and

others to get solid information for comparing performance.
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2.3 Energy System Modelling Approaches and Tools

The computational simulation of energy systems is used as a standard way to look at long-term
energy projections. Energy system analysis has two main ways to model things: top-down and

bottom-up, and these each have their own benefits and problems [38] [39].

Top-down models look at energy systems by incorporating parts of the bigger economy, like
GDP growth, industry productivity, and price responsiveness, to help predict how much energy
will be needed in the markets [40] [39]. The models use things like how much the country’s GDP
grows, how productive each sector is, and how sensitive prices are to production levels to figure
out how much energy will be used in the market. The approach uses rules in economics to look
at how energy markets change when the economy changes and uses math based on past data to
connect energy and market trends [40]. The main advantage of this method is that it looks at
how broader economic changes can affect the way markets work after prices change, even when
other ways to model the energy market don’t focus on this sort of thing. These models show
how changes in energy prices affect different groups in society and how resources move around

after something happens in the market by looking at how the economy works overall.

The bottom-up approach relies on a technology-specific framework which builds energy sys-
tem representations by considering their physical engineering specifications. Detailed technical
specifications regarding power plant performance curves together with fuel characteristic data
and grid transmission losses and end-use device penetration levels feature in these models. Da
Silva et al. [41] explain how bottom-up models deliver better analysis resolution because they
properly depict energy system elements and how they relate to one another. Increased data
requirements and higher complexity during computations become major challenges when mod-

elling extensive systems which contain many interconnected components.

Energy system models follow basic operational approaches for their classification which exists
within these major categories, i.e., simulation and optimization-based approaches. Simulation-
based tools employ operational analysis through models built with precise energy system time
intervals which approach both hourly and shorter periods [42]. These mathematical models
deliver exceptional value when evaluating technical renewable energy possibilities because they
understand the operational characteristics between supply-demand balance and switching con-
ditions in combination with power grid operational restrictions [43]. Simulation methods deliver

their essential strength by mimicking real system functioning without needing any specified

15



notions about optimum performance output [44]. However, this comes at the cost of not auto-
matically identifying least-cost solutions or efficient policy pathways.

On the other side, optimization models employ mathematical programming techniques to
identify optimal system configurations according to specified objective functions and constraints.
Most optimization models reduce total system expenses while satisfying predetermined energy
requirements together with specific policy standards [45]. The optimization models identify
effective long-term energy pathways yet deliver solutions which might encounter obstacles from
political structures along with social institutions and institutional frameworks during practical
implementation [46].

The choice between these methodological approaches depends critically on the research ques-
tions being addressed. Top-down models are particularly well-suited for analysing the macroe-
conomic impacts of broad energy policies, such as carbon pricing mechanisms or energy subsidy
reforms [44]. Their economy-wide perspective enables assessment of how energy system changes
might ripple through market options, trade patterns, and income distribution. Bottom-up mod-
els, by contrast, are indispensable for analysing the technical and engineering aspects of energy
system transitions, including the infrastructure requirements for renewable energy integration,
the operational challenges of balancing variable generation, and the technology-specific impacts
of energy efficiency measures [43].

Various computational tools exist in the field of energy system modelling because they aim to
solve distinct analytical problems for overall energy planning and policy research. The multiple
computational tools designed for energy system modelling differ based on their fundamental
approach and their operational features as well as their real-world uses which reflect complex
energy system issues.

Seven widely used tools are compared in Table 2.1 using categories that include developer,
model type, and analytical approach. These analyses reveal basic conflicts between optimization-

focused tools and simulation-based systems as well as possible combinations between these ap-

proaches.
Table 2.1: Overview of most used energy planning tools [1]

Tool Developer Model Type Category Period Scale
MARKAL IEA-ETSAP Bottom-up Optimization 20-50 yr Global
EnergyPLAN  Aalborg Univ. Bottom-up Simulation 1yr National
LEAP SEI Top-down Simulation 20-50 yr Global
HOMER NREL Bottom-up Optimization 1 yr Community
MESSAGE ITASA Bottom-up Optimization Up to 100 yr  Global
0SeMOSYS  KTH/ITASA Hybrid Optimization 10-100 yr National
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MARKAL (Market Allocation) [10] functions as one of the original optimization tools that
gained substantial acceptance for energy system analysis. The Energy Technology Systems Anal-
ysis Program under International Energy Agency developed MARKAL via bottom-up optimiza-
tion techniques using linear programming methods to find cost-effective technology pathways
subject to certain restrictions. The model achieves its strength through its precise modelling of
conversion technologies while it evaluates extended energy paths covering multiple sectors [47].
The coarse time resolution along with restricted system operation modelling in MARKAL has

motivated the creation of more sophisticated successors including the TIMES model.

EnergyPLAN provides users with a simulation-based alternative through its development at
Aalborg University [48]. The bottom-up tool performs simulation of integrated energy systems
at an hourly resolution for systems with substantial variable renewable energy components [49].
A detailed operational model structure permits users to measure essential problems regarding
renewable energy resource restraint while evaluating storage needs and inter-sectoritious inte-
gration capabilities. The open nature of this system along with its transparent approach drives

academic and policy institutions to frequently use it across national energy system examinations.

The Long-range Energy Alternatives Planning (LEAP) system under the Stockholm Environ-
ment Institute operation provides an adaptable framework capable of conducting both top-down
and bottom-up analyses [50]. LEAP excels because its scenario analysis functions combine with
a simple interface thus enabling users like developing country policymakers to easily access its
analysis features. Substantial energy-environment-emissions analysis capabilities exist within
the tool because of its integrated accounting structure even though it provides less technical

sophistication than dedicated analytical programs [51].

The HOMER (Hybrid Optimization Model for Multiple Energy Resources) software created
by NREL examines micro-grid and distributed energy system analysis [52]. HOMER represents
an effective bottom-up optimization software designed to analyse hybrid renewable energy sys-
tems through technical and economic feasibility assessment especially for off-grid and weak grid
situations. The technology evaluation process enabled by HOMER helps optimize energy system
combinations which makes it useful for planning rural electrification projects and island energy
systems [53].

MESSAGE (Model for Energy Supply Strategy Alternatives and their General Environmen-
tal Impact) developed by International Institute for Applied Systems Analysis stands as a key
bottom-up optimization tool which uses the Model for Energy Supply Strategy Alternatives

and their General Environmental Impact [54]. The main strength of MESSAGE comes from
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its ability to analyse energy-economy-environment relationships at various spatial and temporal
levels [55]. MESSAGE serves as a leading tool which scientists apply to create energy scenarios

globally as well as locally for international climate policy development.

0SeMOSYS (Open Source Energy Modelling System) functions today as a fundamental
open-source replacement choice for proprietary energy optimization systems [56]. The hybrid
model came into being through joint collaboration between ITASA and its partner institutions
and synchronizes detailed bottom-up technologies with simplified macroeconomic elements. The
structure of modular units and transparent coding in OSeMOSYS attracts developing countries
for academic research because of its capacity-building potential [11].

TIMES (The Integrated MARKAL-EFOM System) represents the current state-of-the-art in
energy system optimization modelling [57]. As the successor to MARKAL, TIMES incorporates
enhanced technological detail, improved temporal resolution, and more sophisticated treatment
of energy demand [9]. The model’s ability to generate cost-optimal decarbonization pathways
while accounting for technology learning curves and resource constraints has made it a standard
tool for national energy planning in many countries.

The selection process among these tools primarily relies on fulfilling different analytical needs
of research queries. Optimization models such as TIMES and MESSAGE perform best for find-
ing minimal cost transition routes, but often lack operational resolution, while EnergyPLAN
excels at modelling systems that utilizes high levels of renewable energy for operational anal-
ysis [58]. The scale of analysis also influences tool selection, with HOMER being more suited
to local-scale systems and MESSAGE to global assessments. Recent trends in energy system
modelling emphasize the importance of open-source platforms, improved temporal resolution,
and better integration of renewable energy variability - developments that are reshaping the

field and informing ongoing model development efforts [59].

2.4 The EnergyPLAN Model

The selected analytical tool EnergyPLAN serves this study because it enables targeted analysis
for the specific technical requirements of Brazil’s power system which includes hydroelectric
dominance and rising renewable power integration. EnergyPLAN stands above generalized
energy system models which optimize broad economic analysis by delivering operational details
to assess physical system realities when renewable energy reaches high penetration levels [60].

Brazil faces critical operational challenges because its intricate hydropower management meets
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intermittent renewable power generation requirements in ways that typical modelling techniques
are unable to reproduce effectively [18].

EnergyPLAN serves as a fixed-simulation program which analyses complete energy system
networks at country or regional levels to study renewable power integration. Refined analysis of
electrical power generation and consumer demand and grid stability is manageable through the
hourly simulation periods used by EnergyPLAN’s mathematical system The following segment
provides insights into the processing mechanism of the software through detailed examination of
electricity sector needs relevant to this analysis. This analysis evaluates the input data parame-
ters together with mathematical algorithms and dispatch methodologies of EnergyPLAN along
with the validation procedures it employs. The research draws information from the Energy-
PLAN official documentation [48] together with Lund et al’s EnergyPLAN — Advanced analysis
of smart energy systems [12] and Ostergaard et al’s Review and validation of EnergyPLAN [61].
The three primary sources have established the technical basis for understanding EnergyPLAN’s

structure and modelling capabilities for smart energy systems.

2.4.1 Data Input Structure

The simulation of electricity systems by EnergyPLAN depends on precise establishment of nec-
essary input elements. The model takes in three different types of data identified as static
parameters together with time-dependent distributions as well as operational constraints. The
model requires static input data which includes the capacity of all existing power plants along
with annual electricity demand in TWh/year and connecting power line capacity for energy
import and export.

The dynamic system behaviour becomes fully tangible through time-dependent distributions.
Electricity demand follows hourly load profiles while renewable resources such as wind speed and
solar irradiation together with river flow (for run-of-river hydroelectric plants) exist as hourly
distributions.

Operational constraints help to specify how the model operates. The model incorporates
three operational guidelines through priority rules to manage dispatch among sources and de-
termine storage capacity usage and protocols for curtailing surplus RES. EnergyPLAN develops
an extensive depiction of the electricity system when all available inputs are integrated to sup-
port scenario analysis and long-term planning. Through its modelling process EnergyPLAN
allocates sufficient energy supplies for each hour during the annual period while making sure to

prioritize RES in preferred operational conditions.

19



2.4.2 Dispatch Priorities and Internal Logic

FEnergyPLAN implements a clear dispatch mechanism for its energy supply sources which en-
hances grid stability by using fewer fossil fuels. The procedure defined in the official Energy-
PLAN manual guides the dispatch operations through the following order:

1. Must-Run Sources: Nuclear and run-of-river hydroelectric plants deliver their complete
operational capacity because their power output either requires fixed operations or depends

on natural upstream conditions.

2. VRES: The output from wind and solar generators gets priority according to current

resource conditions such as wind velocity and solar radiation levels.

3. Storage Discharge: The deployment of energy storage systems such as hydrogen technol-
ogy and pumped hydro solutions serves to support times when renewable power generation

fails to satisfy total energy requirements.

4. Dispatchable Sources: Thermal power generation begins its operations when RES with

storage reach their complete capacity depletion point to balance supply versus demand.

5. Import/Export: The remaining power imbalances are resolved either through power

import or export operations which depend on transmission line capacity limits.

2.5 EnergyPLAN Electricity Dispatch Model

EnergyPLAN executes dispatch simulations through a step-by-step operational sequence that
operates on an hourly basis. This mathematical system incorporates physical boundaries to-
gether with operational requirements and efficiency factors into its framework. The following
section describes the governing equations along with variable definitions alongside their physical

interpretations in detail.

2.5.1 Must-Run Generation Sources

The inflexible nature of nuclear and run-of-river hydroelectric power plants requires them to
maintain their maximal technical production levels despite varying demand. Hourly generation

output calculations for these sources are as follows:

Enuclear(h) - Cnuclear . 5nuclear(h) (21)
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Ehydroirun(h) = Chydroirun : 5hydr07run(h) (22)

The nuclear power technology accounts for both installed nuclear capacity Chyclear in megawatts
(MW) and hourly capacity factor dnyclear(h) that faces restrictions from maintenance schedules
and refuelling cycles. The hourly capacity of nuclear facilities before scheduled outages typically
operates at levels between 0.90 to 0.95. The rated maximum capacity of run-of-river hydro plants
is identified by Chydro run While Opydro run(h) represents historical river discharge information
normalized to the [0,1] interval. The plants experience limitations in rapid generation adjust-
ments because environmental flow regulations make them behave like mandatory continuous

operation assets.

2.5.2 Variable Renewable Energy Sources Generation

Variable Renewable Energy Sources are dispatched after must-run plants, with possible curtail-
ment during overproduction:
N
Evres(h) =Y (Cvres, - Ovres, (h) - FACcurtain () (2.3)
i=1
Installed capacity values Cyrgs, define the operational capacity of technology ¢. At the
same time dyrgs, (h) represents normalized resource availability over one hour. The calculation
of wind turbine availability dyinq(h) depends on the cube of wind speed v3(h) at hub level while
considering cut-in (vVeyt.in ~ 3 m/s) and cut-out (veutout = 25 m/s) speed constraints.
Solar PV availability dpy(h) uses manufacturer temperature coefficients to calculate the
plane-of-array irradiance levels. Grid stability depends on the curtailment factor FAC yytai(h)
activating during overgeneration conditions (Fiotal(h) > Diotal(h) + Ciransmission) tO manage

VRES output linearly from 1 to O.

2.5.3 Energy Storage Dynamics

Storage systems discharge to meet residual demand, with state-of-charge (SOC) dynamics gov-

erned by:
. (SOC(h—1
Edischarge(h) = mn <(At)’ Cdischarge» Dresidual(h)) (2.4)
E ischar
SOC(h) = SOC(I’L — ].) — Lge(h) - At + Echarge(h) * Ncharge * At (25)
Tldischarge

The state-of-charge, SOC(h) (in MWh), evolves hourly based on three physical limits: (1)
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energy availability from the previous hour (SOC(h—1)); (2) maximum discharge rate Caischarge
(MW), dictated by power electronics and conversion systems; and (3) residual demand Diesidual(h) =
Diotal(h) — Y Egeneration (ht) after prior dispatch steps. The process of charging occurs in surplus
conditions when FEioa1(h) > Diotal(h) using electrolysis with a charging efficiency ncharge ~ 0.70
and discharging loses power due to fuel cell conversion at ngischarge ~ 0.55. The discrete 1-hour
time-step (At = 1) maintains uniformity between units of energy measured in MWh and power

expressed in MW.

2.5.4 Thermal Power Plant Activation

Conventional thermal plants activate only when renewable and storage resources are insufficient:

Ethermal(h) = min (Cthermala Dresidual(h)) (26)

The maximum available thermal generation capacity Cihermal measures MW power in size
but can be limited by operational restrictions and maintenance schedules. The D egiqual(h) term
shows the unmet electricity requirement for hour h after considering all demand provided by
sources other than thermal generation.

The optimization finds the minimum required thermal generation Fipermai(h) that satisfies
both the physical unit limits and all remaining unmet electrical demand. Thermal generation

acts as a supplement to fulfil unmet electricity needs but operates within its rated capability.

2.5.5 Cross-Border Electricity Exchange

Final system balancing occurs through interconnection lines:

Eimport(h) = min (max (Dtotal(h) - Etotal(h)a 0) s Ctransmission) (27)

Eexport(h) = min (max (Etotal(h) - Dtotal(h)7 0) ) Ctransmission) (28)

The total power generation Eiotal(h) = Enuclear + Fhydro run + EVRES + Fdischarge + Fthermal
sums all supply sources alongside Ciransmission Which includes Net Transfer Capacity (NTC)
values adjusted for loop flows and contingency reserves. Power import and export decisions
evaluate neighboring system marginal costs to derive prices which equal the variable costs of
their last-dispatched thermal generation unit. Cross-border losses exist only through reductions

applied to NTC values instead of using explicit loss factors.
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2.6 Life Cycle Assessment and Carbon Footprint

According to ISO 14040/44 standards Life Cycle Assessment serves as the systematic “compi-
lation and evaluation of the inputs, outputs, and potential environmental impacts of a product
system throughout its life cycle” for measuring total emissions throughout each stage of tech-
nology development from raw material collection through disposal [62]. The LCA framework
consists of four successive phases: (1) goal and scope definition, (2) inventory analysis, (3) im-
pact assessment, (4) data interpretation. That enforce strict data quality criteria as well as
system boundary rules and transparency standards for creating studies that stand as credible
assessments among global researchers [63]. According to Kabayo et al. [64], renewable energy
technologies display varying carbon footprint values, influenced by factors such as the geographic
location of production, material composition, and specific technical characteristics.

National electricity-sector emissions inventories typically exclude indirect emissions that oc-
cur during the manufacturing and transportation processes of RES infrastructure construction
along with the end-of-life disposal phase which leads to misclassification of renewable energy
as zero-emission . The failure to incorporate complete environmental impacts through this
oversight generates inaccurate policy decisions that fail to represent actual RES consequences.
According to the International Energy Agency (IEA) Brazil’s electricity system demonstrates
the importance of full life-cycle accounting because its operational cleanliness measures 97.2
gCO2eq/kWh which is significantly lower than the global average of 480 gCOgeq/kWh (2023
data) [65].

2.7 Deterministic versus Probabilistic analysis

Probabilistic LCA has gained increasing application in future electricity system assessment due
to its ability to examine environmental uncertainties precisely. Research by Dale et al. [66] de-
veloped a Brazil electricity sector life-cycle model that combines the MESSAGE scenario data
with Monte Carlo analysis technique to predict greenhouse gas emissions and environmental
impacts across 2040. Brazil faces major environmental difficulties as it moves toward power
diversification by identifying growing conflicts between renewable energy expansion and affected
ecosystems according to their research results. The present research shares identical goals with
this study since it wants to apply probabilistic assessment techniques for analysing high re-
newable penetration scenarios. This research develops more reliable impact assessments for

upcoming power systems by using scenario-based modelling alongside Monte Carlo simulations
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which enhances current frameworks for better energy transition resilience planning.

Chambile [67] uses Monte Carlo simulations to expand LCA applications for assessing car-
bon emission levels throughout national grid systems. Life-cycle emissions from generation and
transmission systems are analysed in Kenya, Rwanda and Tanzania as his research examines
different energy transition scenarios. The research uses stochastic methods in grid-level assess-
ments to demonstrate how uncertainties around emission factors with technology mixes affect
long-term decarbonization goals. The research used a Monte Carlo probabilistic modelling to

track environmental impacts caused by big renewable energy additions.

Herbert et al. [68] develop a typology for world electricity production mixes to provide
support in the creation of long-term Consequential Life Cycle Inventories (CLCI). The data
analysis of 91 national electricity grid compositions combined with their lifetime Greenhouse
Gas (GHG) emissions establishes categories of electricity systems based on intensity levels using
percentile-based techniques for uncertainty reduction. The researchers analyse mix structure for
their method instead of protocol models yet their work demonstrates why grid structure and
emission impacts need evaluation in future electricity system LCA assessments. This typology
develops a scalable macro-level framework which policy evaluators can use together with the
assessment methods from the previous section to strengthen analysis in dynamic environmental

studies of grid systems that adopt renewable energy.

Despite these important advances, the integration of complete life cycle assessments of renew-
able energy technologies into national grid emission forecasting remains limited in the current
literature. Scenario modelling for future predictions includes minimal consideration of complete
related impacts between renewable sources during the assessment of decarbonization routes.
A new methodology will be presented in this thesis which systematizes the assessment of all
emissions across renewable energy technology life cycles during scenario modelling of national
grids. By explicitly accounting indirect environmental impacts, this method aims to improve
the precision of future grid emission forecasts and to support more robust, sustainable energy

transition planning.

The standard methodology of LCA generates one estimate of impact through a determin-
istic approach following material consumption-related and emission-related assignments [69].
Through this method input and output relationships stay constant because the process ignores
all data uncertainties. Specialized Life Cycle Inventory (LCI) databases e.g. Ecoinvent [70]
supply the required data through detailed records of resource use and emission release rates

connected to the product system components and materials and manufacturing processes.The
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standard procedure to handle uncertainty involves sensitivity analyses where practitioners mod-
ify single variables within realistic limits to track their effects on impact assessments [71]. Despite
showing individual parameter importance the method cannot represent joint parameter uncer-
tainties or their mutual interactions while also producing underestimate projections of future
scenarios.

The steady approach adopted by Deterministic LCA encounters specific difficulties during
examinations of upcoming renewable energy technology systems because it depends on un-
changeable parameters. Emissions’ important factors can evolve unpredictably when materials
technologies, manufacturing, energetic, policy and components innovations [72]. The generated
forecasts using deterministic methods fail to represent the true central value and potential out-
comes correctly which misleads decision makers about their precision level. The resolution of
this challenge will be achieved by implementing probabilistic models.

Probabilistic LCA represents uncertain input values by using probability distributions from
empirical data and expert estimates which may be normal, lognormal, triangular, weibull or
other types [73]. The most common method for conducting probabilistic LCA analyses utilizes
Monte Carlo simulation which randomly selects thousands of model inputs from distribution
sets to create statistical distributions of output results [74]. Probabilistic LCA measures both
impact expectations as well as distribution certainty ranges and threshold-crossing probabilities
with respect to policy targets. The method delivers refined views of uncertainty and risk levels
beyond the capabilities of single-deterministic sensitivity evaluations [75].

This thesis employs probabilistic LCA techniques to estimate future emission profiles of
various renewable electricity technologies. These profiles are then integrated into simulations
of the Brazilian power sector. By applying Monte Carlo simulations, it is possible to generate
distributions of life cycle carbon intensities (gCO2eq/kWh) for the selected technologies, namely
wind power, solar photovoltaic (PV), and hydroelectric energy, under multiple plausible policy

and technological scenarios.

2.8 Monte Carlo Method

The Monte Carlo method represents a common computing tool for uncertain problem solutions
particularly in applications where researchers cannot find mathematical solutions. Monte Carlo
simulation uses random sampling to calculate system behaviour through repeated outcome eval-

uations from probabilistic variable inputs [76]. Through emissions modelling the method serves
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to study multiple potential emission scenarios based on natural data variability found in the
input lifecycles of various energy technologies. The technique is crucial in domains with inde-
terminable uncertainties because it establishes probabilistic outcome ranges which better mirror
natural variability patterns [77].

The simulation method of Monte Carlo requires producers to generate numerous random
samples from the distribution models for all input variables. During each iteration the selection
of random values at specific points from distribution types indicates possible emission results for
individual technologies. A model that represents total emissions combines the selected values
for a particular energy mix calculation. Thousands of repetitions using this method create a
distribution that shows possible total emission results [78].

The success of Monte Carlo simulations depends heavily on using appropriate probability
distributions which properly represent input parameter uncertainties. The assignment of likeli-
hood values across different random variable values by probability distribution models indicates
which values the variable is expected to take. Distribution application in Monte Carlo modelling
serves as a fundamental requirement that controls simulation behaviour because distribution se-
lection determines how each input parameter plays out through generation range and frequency

and outcome dispersion [79)].

2.8.1 Monte Carlo Simulation for Emissions Modelling

Monte Carlo simulation is a versatile, probabilistic technique for propagating input uncertainties
through complex environmental models. In LCA of energy systems, it enables the exploration of
how variability in emissions factors—arising from differences in technology design, regional re-
source quality, supply-chain logistics, and methodological assumptions—affects aggregate GHG
outcomes.

Let Xi,Xs,...,X,, denote the uncertain parameters of interest (e.g., life cycle emission
factors in gCO22eq/kWh) for n distinct energy technologies. Each X; is characterized by a
probability distribution Pj, which may be chosen according to data availability and expert

judgment:

o Parametric distributions (e.g., Normal, Lognormal, Uniform, Triangular, Beta) when

statistical moments or bounds are known;
o Empirical distributions derived directly from observed or meta-analytical datasets.
Certain heavy-tailed laws (e.g., Cauchy) lack finite moments, but remain tractable in a purely
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empirical Monte Carlo framework.

The Monte Carlo algorithm proceeds as follows for ¢ = 1,2,..., N iterations:

1. Sampling: Independently draw

XV~ P, j=1,2...,n (2.9)

2. Aggregation: Compute the total emissions output

ED = r(x x0 . x0), (2.10)

where f represents the system-level emissions model. In many energy-system applications,

ED =3 w; x\7, (2.11)
j=1

with weights w; reflecting each technology’s fractional contribution to total generation

(Zj w; = 1).

After N realizations, the collection {E(l),E(Q), ...,EWN )} constitutes an empirical distri-
bution of possible emissions outcomes. When the input distributions admit finite moments,

summary statistics can be estimated by:

1 - 1 N ; 2
fip = =Y B9 5% = ——N(BY —fp)°, 65 =/6% (2.12)
N i=1 N—1 i=1

By yielding not only an expected value but also confidence intervals, probability percentiles,
and tail-risk measures, this approach allows for robust integration of variability in emissions
estimates, offering probabilistic insights into system-level behaviour. This probabilistic insight
is essential for decision—makers to evaluate trade-offs, prioritize mitigation strategies, and design

resilient, low-carbon energy portfolios [80, 81].
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Chapter 3

Methodology

3.1 Research Design and Methodological Framework

Addressing energy system transitions in the 21st century requires a methodological approach
capable of evaluating dynamic interactions between technological potential, policy constraints,
and socio-economic trends. Scenario-based modelling and simulation frameworks have emerged
as essential tools for analysing long-term energy strategies that balance reliability, sustainability,

and economic feasibility.

The methodology is divided into four stages as depicted in Figure 3.1: (A) Scenario-based
modelling of energy system according to PNE 2050 goals, (B) acquisition and verification of
data from historical generation datasets from ONS and PDE 2023, (C) simulation of a 100%
renewable grid scenario at hourly resolution using EnergyPLAN and (D) conclusions and recom-
mendations for future scenarios. This systematic workflow ensures consistency with empirical
data while addressing technical limitations, including hydropower flexibility and variable renew-

able integration.

Evaluating Brazil’s future power system requires scenario-based and quantitative simula-
tion frameworks. The analysis combines historical data about energy and economics combined
with emissions evaluations, renewable resource forecasts, and regulatory constraints. The study
aims to identify robust strategies that address national energy needs while aligning with global

decarbonization principles.

This research evaluates Brazil’s extended power system growth through scenario modelling
and quantitative simulation frameworks that analyse shifting socio-economic and environmental

boundaries. The research design adopts the analytical framework of PNE 2050 focusing on the
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A. Scenario-Based Energy System Modeling C. 100% RES Grid secnario Simulation

( Step Al: Define Research Scope C Step C1: Typical Meteorological Year Construction

. : s e | Method: Statistical generation data from previous
Input: National energy transition objetives in PNE 2050 years block selection to represent RES and validated
C using MAPE, RMSE, and MBE metrics.

Step A2: Modeling Tool (EnergyPLAN) Output: Hourly profiles for EnergyPLAN input
Justification: High-resolution hourly dispatch, C

suited to Brazil's High-RES penetration system Step C2: Model Outputs and sensibility analysis for

( the 100% Grid scenario
Step A3: Choose Scenario Framework Comparison: Simulated with PNE 2050 data and
Input: PNE 2050 — Expansion Challenge considering energy storage scenarios and behaviours
Focus: “100% Renewable Grid” sub-scenario
Constraint: Exclusion of fossil fuels and speculative
policies but include legacy nuclear infrastructure Step C3: Scenario Execution and Storage Systems
Analysis
B. Data Acquisition and Processing Output: Hourly energy balances, capacity needs,

C curtailment, GHG emissions

Step B1: Collect Historical Energy generation Data
Sources: ONS, PDE 2023 Step C4: Monte Carlo's emissions analysis

g LCA indirect emissions for the 100% RES grid

Step B2: Validate the EnergyPLAN by comparing to scenario
real data from ONS with data from previous years

Inputs: Renewables.ninja, PVGIS, EPE, ONS D. Conclusions and Recommendations

Figure 3.1: Methodological workflow for scenario-based energy system modelling

Expansion Challenge Scenario as the primary reference. A specific emphasis is placed on the sub-
scenario "Matriz 100% renovéavel" (100% Renewable Grid) which investigates the feasibility of a
fully renewable power generation system. This scenario is rooted in Brazil’s regulatory and envi-
ronmental context, applying current legislative standards rather than speculative future policies.
The analysis deploys a demand-side framework, which merges historical energy consumption per
GDP relationships with analysis of industrial as well as transport emissions alongside supply-
side specifications regarding renewable resources’ potential and limits involving hydroelectric

constraints within sensitive regions coupled with wind energy distribution patterns [82].

The wide difference between Bragzil’s potential for RES and the estimated electricity demand
is remarkable, when compared to the energy predicaments of the late 20th century. Historical
data indicate that electricity consumption in Brazil has been increasing continuously even if
in the short term economy experiences fluctuations [83]. This tendency is even visible in the
opposite picture of future scenarios: the “Expansion Challenge” forecasts 2.5% annual growth,
resulting in over 2100 TWh to 2050, and even the more cautious ‘Stagnation’ options still

speculates about nearly 870 TWh [13]. These projections show that in Brazil, energy demand
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continues to climb—whereas, in the past, the causes of crisis were largely infrastructure and

supply constraints rather than slow demand.

However, this study excludes the analysis of the Stagnation Scenario due to its lack of
empirical support. Historically, Brazil’s electricity demand has expanded consistently, even
during economic downturns, making flat growth assumptions implausible [84]. Energy use data
between 1980 and 2017 show that real GDP per capita and energy consumption exhibit a durable
and positive relationship that results in a 0.38% increase in GDP for every 1% increase in energy
use [13,85]. A system with feedback characteristics contradicts the potential for economic
expansion or growth under limited energy resources. The three arguments establish that the
core assumptions of the Stagnation Scenario conflict with both empirical historial patterns and

verified statistical correlations between energy consumption and economic output in Brazil.

The scenario’s validity depends on three policy constraints to follow Law 14,299/2022 which
sets 85% renewable energy targets [86] together with Brazilian Nationally Determined Contribu-
tions (NDC) for a 48% emissions reduction against 2005 levels [87] and the need for environmen-
tal licensing. The scenario’s operating boundaries and regulatory importance are safeguarded
through policy restrictions followed by the additional requirement in 100% Renewable Grid

sub-scenario that entirely bans fossil fuel-based power generation.

A structured process with EnergyPLAN software executes the methodology to simulate
Brazil’s hydro-dominant renewable system. EnergyPLAN performs hour-by-hour energy system
operation simulations that highlight the relationships between hydro power production with
variable renewable integration. The hourly resolution provides extensive assessment of opera-
tional problems affecting power stability and RES integration in Brazil’s hydro-based electricity
system against its 100% Renewable Grid initiative. The operational model incorporates histori-
cal electricity records along with consumption patterns and current power generation resources

for calibration purposes and obeys policy requirements.

The EnergyPLAN software is used to simulate Brazil’s hydro-dominant renewable system.
This tool performs hour-by-hour operational simulations, making it especially well-suited to
Brazil’s system characteristics. It enables evaluation of how VRES like wind and solar interact
with flexible hydropower under operational constraints. EnergyPLAN’s selection is methodolog-
ically justified by its capacity to simulate high-resolution dispatch scenarios, which are often in-
adequately addressed in pure optimization models. Overall, this structured methodology ensures
that planning assumptions remain grounded in empirical evidence while exploring technically

feasible and policy-compliant routes toward Brazil’s long-term energy transition.
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3.2 EnergyPLAN’s model validation

3.2.1 Methodology of Model Validation

The model validation process involved a systematic comparison between simulation outputs
from EnergyPLAN simulation outputs and operational data Brazil’s National System Operator
(ONS) [88]. A three-step research approach based on temporal resolution and technological
specificity was adopted to reflect the diversity and operational complexity of the Brazilian power
system.

The initial phase required extensive data acquisition from official documentation. Reference
year 2022 hourly generation data for hydroelectric, wind, solar PV and thermal units were ob-
tained from the ONS database [88]. These were supplemented by insights from Brazil’s Ten-Year
Energy Expansion Plan (PDE 2023), which provided key information on spatial distribution,
installed capacity, and capacity factors for different energy technologies [89].

Additional meteorological information supplemented renewable energy modelling to repre-
sent effectively the varying behaviour of variable generation. Wind power profiles were sourced
from Renewables.ninja [90] platform present calibrated wind speed information specifically for
Brazil’s northeastern geographical regions that host most wind farms [91]. Data for solar ir-
radiation came from the European Commission Photovoltaic Geographical Information System
(PVGIS) while considering regional specifications for solar power facilities in Bahia and Piaui
and Minas Gerais states [92].

The modelling of hydropower systems proved difficult because Brazil operates a complicated
network of connected water reservoirs mixed with river-based power plants. Analysis of opera-
tional reports and ONS schematic diagrams enabled researchers to divide the power generation
facilities into reservoir-based and run-of-river types with a capacity ratio of 40.5% to 59.5%,
respectively. River flow data was combined for the main river routes (Parand-Uruguay and
Amazon-Tocantins along with the East Atlantic-So Francisco) based on the main outlet pairs

for input compatibility in EnergyPLAN but preserving the natural water stream patterns [88].

3.3 Typical Meteorological Year

3.3.1 Data Acquisition and Preprocessing

This analysis is based on high-resolution hourly electricity generation data and monthly installed

capacity values extracted from the Histérico da Operacio database housed by the Operador
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Nacional do Sistema - National System Operator (ONS) in Brazil [88]. The major purpose
of choosing this dataset and its associated methodology is to develop a more representative
temporal profile of renewable and variable sources of energy that are extremely sensitive to the
impact of meteorological and seasonal dynamics. To normalize the generation data, the capacity
factor (C'Fj, ) for each hour h in month m is calculated by dividing the hourly generation G,

by the corresponding monthly installed capacity Ci,:

Ghm
Fnm= : 1
CPhm = 3.

Instead of using a single year of data, which is meteorologically anomalous, or a year from
the past that is not representative of a long-term trend, this work uses a construction of a
Typical Meteorological Year (TMY) to construct a statistically robust year based on multiple
historical years. This is particularly important since the subsequent analysis’ simulation model,
EnergyPLAN demands the hourly time series inputs for all variable sources. Thus, a TMY ap-
proach guarantees that such inputs are representative of normal operation patterns with essential

short-term variability maintained in order to sustain better long-term scenario estimations.

The energy sources taken up for this study are run-of-river hydro electric generation, wind
power, centralized PV generation, distributed PV generation, Pequena Central Hidréletrica -
Small Hydropower Power Plant (PCH) and reservoir levels for hydropower generation, the latter
to serve as a proxy for inflow availability and the reservoir dynamics. In addition, seasonal
availability of biomass was also introduced in the TMY construction. Biomass generation in
Brazil may show substantial intra-annual variation because of agriculture cycles and regional
harvesting patterns, and accordingly also includes a TMY representation. Every one of these
sources is an integral part of the Brazilian energy mix and has a variable sensitivity /dependency
on the weather and climate conditions affecting the energy sources to some degree justifying an
appropriate synthetic year with representative statistical data as opposed to using direct raw

historical data.

This resolution finds a compromise between representativeness of numbers from statistics and
preservation of pattern dynamics particularly (wind, solar) where number of segments output
could vary significantly even within days. As research by Zeng et al. [93] demonstrate, higher-
resolution blocks may greatly help to enhance accuracy of typical year representations for system

level modelling.

This thesis follows the proposed by [94] methodology for developing the Monthly block
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structure of the Typical Meteorological Year (TMY). The study uses a statistical block selec-
tion method to construct a typical meteorological year, TMY. Contrary to the Sandia method
that utilizes cumulative distribution function and the Finkelstein—Schafer statistic, this method
places the emphasis on the minimization of normalized differences in mean and standard devi-
ation over several years. This approach has proved useful in several studies for creating sample
meteorological datasets [95,96]. This method is perceived as quite convenient and still effective
for application such as those discussed in this thesis, which does not constitute the main focus

of the research.

The process entails splitting the multi-year dataset into the fixed-size blocks pertaining to
each of the months. The global mean (uy) and standard deviation (o) for each block are
obtained for all the years. After that, for each year,y, its mean (y,) and standard deviation (o)
for the same block are calculated. The error made in the estimation for every year is given by

the following equation:
Oy — Jg

Hy — Hg n

- (3.2)

Error, =

Og

The minimum error year for each block, is selected to represent that block in the TMY.
These chosen blocks are joined together in such a way that out of them a synthetic year is

created which has statistical properties same as the long-term dataset.

After all representative blocks are chosen they are combined in order to generate synthetic
year with 8,784 hourly data points. The derived TMY dataset is subsequently validated relative

to the multi-year mean by means of the three most widely-used statistical metrics.

Mean Bias Error (MBE)

n

1 _
MBE = — T™Y; — CF; 3.3
W2 ) (33)
Root Mean Square Error (RMSE)
1 & -
RMSE = | — TMY,; — CF;)? 3.4
J 22 ) (3.4)

Mean Absolute Percentage Error (MAPE)

TMY,; — CF;
CF;

MAPE =

100% z’"‘: (3.5)

i=1
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3.4 Statistical Modelling of Indirect Emissions for Renewable

Technologies

In order to accurate evaluate the 100% renewable electricity grid indirect GHG emissions it
is needed to acknowledge and incorporate the inherent variability and uncertainty of emission
factors reported in the literature. The gCO2eq/kWh emission factors exist as variable out-
comes associated with regional manufacturing processes and lifecycle boundary definitions as
well as technological implementations and analytical approaches. Statistical models prove ef-
fective for executives handling variant emission factors because they reveal all possible values
ranges rather than focusing on fixed estimates which proves useful in forecast modelling. This
section details the probabilistic approaches used to estimate emission profiles for the fundamen-
tal energy sources integrated into the scenario which includes solar PV, onshore and offshore

wind, hydroelectricity, biomass and nuclear.

3.4.1 Data Collection and Literature Review

The first crucial aspect of this study focused on organizing documented GHG emission factors
across all renewable electricity generation life cycle stages. The assembled dataset acts as a
foundation for every model and uncertainty evaluation to follow. A methodologically strict
procedure was necessary to build this information because it needed to maintain transparency
and scientific validity and enable comparisons. The following section describes the systematic
approach to locate GHG emission data in literature and the regional categorization method for
analysing geographical variations.

The first data collection step involved conducting an extensive literature review dedicated to
locating LCA research which quantifies GHG emissions from every used energy sources through-
out their construction phase, operational period and decommissioning stages. The research ex-
amination spanned several academic literature and institutional databases made up of Scopus,
Web of Science, Google Scholar combined with document collections from the International
Energy Agency (IEA), Intergovernmental Panel on Climate Change (IPCC), and the National
Renewable Energy Laboratory (NREL). Additionally, the analysis incorporated industrial re-
ports together with technical manufacturing publications as well as Ecoinvent LCI. The wide
assortment of sources delivered theoretical information combined with real-world evidence which
reinforced the findings from the research.

The review included studies after 2002 but gave priority to research conducted after 2010
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due to field advances in LCA methods while data improved procedures became standardized.
The review included peer-reviewed academic articles together with trustworthy grey literature
reports from government and research institutions that satisfied established methodological re-
quirements.

The evaluation method for candidate studies included the following inclusion criteria for

methodological consistency:

1. Lifecycle Boundary: At a minimum the study needed to establish a cradle-to-gate
system boundary yet cradle-to-grave analyses which included material extraction and all

stages up to end-of-life were preferred.

2. Functional Unit: The reporting system required the disclosure of emissions information
based on units of electrical energy production measured through grams of COs-equivalent

per kilowatt-hour (gCOgeq/kWh).

3. GHG Coverage: The reported dataset should provide at least COo, CH4, and NoO
emission information combined into COsg-equivalent values by using standard 100-year

global warming potentials (GWP-100).

4. Transparency and Documentation: Studies included only when they provided compre-
hensive information about modelling assumptions encompassing system lifetime, regional

context as well as emissions calculation methods.

Research without adherence to these conditions together with exclusive hypothetical or
poorly documented cases was excluded from the final dataset during the screening process. The
filtering process established reliability which led to valid statistical analysis through suitable
methodology.

The structured Microsoft Excel spreadsheet contains processed data collected from chosen
sources as base information used for statistical modelling followed by subsequent sections’ un-
certainty quantification processes. Each study publication produced one dataset entry in this
spreadsheet through its unique emission estimate. The system features data filtering capabilities
which utilize technology, regional and methodological restrictions. Every data entry required

the inclusion of the following fields:
o Technology Type (e.g., Mono-Si solar PV, Onshore Wind, Run-of-River Hydro)
o Emission Factor (gCO2eq/kWh)
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o Reference (Author(s) and publication year)
e Region of Deployment or Study Context
o Type of Research:

— Scientific Literature and Peer-Reviewed Articles

— Environmental and Energy Databases

International Organizations

Government and Industry Reports

To account for geographical variability in emission factors—driven by differences in regional
grid mixes during component manufacturing, transportation logistics, construction methodolo-
gies, and supply chain practices—each dataset entry was classified into macro-regions following

the (UNSD) geoscheme [2], as illustrated in Figure 3.2.
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Asia
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America
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South America Angs Polynesia
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Australia and New Zealand

Figure 3.2: UNSD geoscheme regional classification [2].

The inclusion of worldwide lifecycle emissions data in Brazilian renewable energy investiga-
tions has methodological support because RES exhibit specific characteristics according to the
UNECE Report on Integrated Life-Cycle Assessment of Electricity Sources [3]. According to
the report operational parameter normalization reveals that RES emissions vary little between
regions because their production procedures use standardized methods together with universal
supplier networks which employ standardized technological specifications especially for solar PV
and wind power technology no matter their regional location.

The UNECE report provides illustration of worldwide GHG emissions for electricity technol-
ogy lifecycles in Figure 3.3. Wind and solar photovoltaic (PV) systems under RES demonstrate

a minimal spread of emissions throughout every region. Emissions from wind energy (onshore
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and offshore combined) fall between 7 and 21 gCOgeq/kWh throughout all regions and simi-
lar results appear in solar PV poly-Si and CdTe ground-mounted system emissions which stay
within 23-35 gCOgeq/kWh. The methodological inclusion of international lifecycle benchmarks
for wind and solar resources becomes justified for Brazil when conducting GHG assessment of

their electricity generation strategies.
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Figure 3.3: Lifecycle GHG emissions by electricity generation technology and region (2020) [3]

3.5 Renewable Energy Sources Life Cycle Inventory Analysis

3.5.1 Wind Power

The gathered LCI information about wind power technologies utilizes 70 data inputs from in-
dependent studies which originated from peer-reviewed literature, international organization
reports and environmental databases. The dataset contains emission factor results measured in
gCO2eq/kWh that apply to onshore and offshore wind energy systems for standardized compar-

ison. Data collection followed a systematic review methodology:

o Sources: 42 data from scientific articles (SLA), 24 from industry/government reports

(I0G), and 5 from database (EED) entries
o Temporal coverage: 2002-2025 (with 68% of data from 2015-2023)
e Geographic distribution:

— Global studies: 7 entries
— European data: 38 entries

— American data: 18 entries (6 from Brazil)
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— Asian data: 7 entries

— African data: 4 entries
e Technology breakdown:

— Onshore wind: 47 entries (67.1%)
— Offshore wind: 18 entries (25.7%)

— Both technologies: 6 entries (8.6%)

The scarcity of LCA studies specific to Brazil required researchers to use international data
to maintain strong statistical validity. Several technical reasons make the adopted approach
scientifically valid as mentioned in the previous section. The wind energy market presents itself
as an inherently global industry since Brazilian turbine installations operate under supply from
worldwide major manufacturers including Vestas, Siemens Gamesa, GE, Acciona and WEG [97].

Transportation, often a concern in LCA studies, plays a negligible role in the overall emissions
profile of wind energy systems. Detailed research shows that transportation accounts for less
than 6% of total lifecycle emissions [98] where Brazilian manufacturing of towers and foundations
necessitates minimal transportation (centralizing 70-80% of structural mass) [99]. For most
Brazilian wind farms, only the nacelle and generator components - representing less than 20%
of total system mass.

The environmental impact from modern wind turbines spanning 4-15 MW shows smaller
than 10 % fluctuation in lifecycle emissions across multiple regions if researchers normalize
results based on capacity factors [3]. Wind farms in Brazil’s Class III areas persist within a
comparable operational environment as global wind markets because they maintain capacity
factors between 35 and 45% [100]. The Brazilian wind power industry follows standardized
maintenance guidelines which enhance environmental performance metrics comparability along
with its 20-25 year operational timeline [101].

The study takes proper precautions to address the potential limitations. The research con-
trols geographical variations through the removal of datasets from sites possessing distinctive
geotechnical conditions. The results from the compiled dataset are available in Table A.1, with
emission values expressed in gCOgeq/kWh. The data shows many advancements in wind power
technology during two time periods. Early studies (2002-2010) showed emissions between 9.0
and 29.5 gCO2eq/kWh while modern installations (2020-2025) showed emissions within 3.7-12.9
gCO2eq/kWh.
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3.5.2 Solar PV

The LCI for solar PV systems contains 59 data points from peer-reviewed literature, industry
reports, and environmental databases. Emission factors are measured in gCOzeq/kWh, covering
both crystalline silicon (c¢-Si) and thin-film technologies. The temporal coverage spans from 2002

to 2023, with 84.4% of data concentrated in the 2012-2023 period.

Source Distribution:

o Scientific literature (SLA): 51 entries (79.7%)

o Industry/Government reports (IOG): 6 entries (9.4%)
o Environmental databases (EED): 7 entries (10.9%)
Geographical Coverage:

o Global studies: 14 entries (21.9%)

o Asia: 20 entries (31.3%)

Europe: 18 entries (28.1%)
o Americas: 12 entries (18.7%) ( 6 entries from Brazil)
Technology Breakdown:

o Monocrystalline silicon (Mono-Si): 21 entries (32.8%)

Multiple/Unspecified technologies: 24 entries (37.5%)
o Multicrystalline silicon (Multi-Si): 17 entries (26.6%)
o Thin-film (a-Si): 2 entries (3.1%)

Key Temporal Patterns:

e 2002-2011: 10 entries (15.6%)

e 2012-2016: 26 entries (40.6%)

o 2017-2023: 28 entries (43.8%)
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The environmental impact of solar PV systems throughout their lifecycle displays varied
quantities across regions because of varying levels of solar radiation. The Brazilian environment
benefits from high solar irradiation levels, which results in a lower emission rate compared
to European countries from equivalent systems. The studies retained their comparability by

adjusting emission factors to operate at a standard solar irradiance rate of 1,700 kWh/m? /year.

Similar to wind power analysis Brazil faces an insufficient number of LCA studies which
required international data alongside Brazilian data for solid statistical evaluation. Solar PV
technology upholds its scientific validity when using this methodology but demands particular
technical adaptations. The solar PV market shows manufacturing location differences between
Chinese and European centres [102]. The normalization process plays a fundamental role in solar
PV lifecycle analyses since local solar yield may differ by over 50% which impacts the gCOy/kWh
calculation denominator. The standardized irradiance measurement enables comparability and

enables actual regional solar input analysis through sensitivity tests when required [103].

Statistics from the dataset confirm that monocrystalline silicon (Mono-Si) technology main-
tains its leading position because it represents 32.8% of the sample analysis despite its com-
mercial dominance in the market today [104]. Data from thin-film technologies is adequately
collected for LCA since their material usage and manufacturing differ substantially from crys-

talline silicon processes.

This approach combines international references with local Brazilian information for both
practical and analytical reasons. The absence of high-volume Brazil-specific LCA research about
solar PV systems leads to a combined analytical approach in wind power assessment. The
universal manufacturing processes along with global PV supply chain infrastructure serve as
methodological evidence to justify the use of mixed data sources [105]. Regulatory and instal-
lation practice differences across locations require specific adaptation of general results before

they can be effectively used in Brazilian national planning and policy assessments.

The research enforces quality control measures by applying standardized irradiation nor-
malization procedures (1700 Wh/m?2/yr) to enable comparison of regional data. Data in Table
A.2 shows that PV emission factors span 12.9-92.8 gCOqeq/kWh showing distinct technological
advances between two generations: The 2002-2015 paradigm showed 15.0-87.3 gCOqeq/kWh
while the 2016-2023 evolution displayed 12.9-50.1 gCOgeq/kWh. These trends indicate better

production of crystalline silicon materials and improved balance-of-system elements.
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3.5.3 Hydropower

Evaluation of the hydropower lifecycle inventory includes 34 distinct data points collected from
peer-reviewed works and international reports and environmental databases. The emission fac-
tors in gCO2eq/kWh cover all three categories of hydro facilities including reservoirs and run-
of-river and hybrid operations. Among the published data between 2005 and 2025 the majority
(73.5%) stems from research between 2017 and 2025.

¢ Source Distribution:

— Scientific literature (SLA): 27 entries (79.4%)
— Industry/Government reports (I0G): 6 entries (17.6%)

— Environmental databases (EED): 1 entries (2.9%)
e Geographical Coverage:

— Global studies: 4 entries (11.8%)

— Asia: 14 entries (41.2%) (11 from China)

— Europe: 5 entries (14.7%)

— Americas: 10 entries (29.4%) (7 entries from Brazil)

— Africa: 1 entire (2.9%)
¢ Technology Breakdown:

— Reservoir: 17 entries (50%) (2 entries with pumped hydro system)
— Run-of-river (ROR): 8 entries (23.6%)

— Hybrid (ROR with Reservoir): 9 entries (26.4%)
e Key Temporal Patterns:

— 2005-2011: 2 entries (5.9%)
— 2012-2016: 7 entries (20.6%)
— 2017-2025: 25 entries (73.5%)
Asian hydropower systems dominate the geographical distribution due to Chinese facilities

account for greater than 40% of the total entries. Among all nations in the Americas Brazil leads

with seven entries that represent the total ten regional submissions, a close number compared to
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China. Brazil’s dominant position in hydropower production suits the dataset since it accounts
for most power generation while national representation surpasses that of Wind and PV power.
A high number of Brazilian data entries improves emission analysis interpretations within their
national context, yet the database still need additional information from international sources

to fully model complete life cycles.

The lifecycle emissions measured in Brazil match the worldwide emission scope. The seven
reviewed studies demonstrate that emitted COg levels in kilowatt-hours typically stay under
20 gCO2eq/kWh yet they depend on power plant types and reservoir dimensions alongside
research methodology options. National environmental assessments become more valid when

hydroelectricity data from Brazil replaces proxy estimates from other geographic regions.

Hydropower requires special consideration in emission modelling since emissions depend
heavily on both natural geological and ecological settings. The application of global LCA results
to national policy or planning requires extensive sensitivity analysis especially those focusing on
methane release from submerged biomass and altering precipitation patterns. The dataset in
Table A.3 includes emission factor values across reservoir, ROR, and hybrid hydropower systems,
represented in gCOgeq/kWh, providing a basis for benchmarking Brazil’s existing and planned

hydro assets within an internationally consistent framework.

The main GHG emissions during hydropower plant LCA arise from land flooding needed to
create reservoirs. Anaerobic decomposition of submerged organic matter releases high amounts
of methane (CHy4) emissions which is a GHG with elevated Global Warming Potential (GWP).
The high COs-equivalent emission levels of reservoir-based hydropower plants surpass those of
run-of-river installations because of methane emissions. Research shows that reservoir flooding
produces approximately 98% of lifecycle emissions that exceed all other stages of construction
operations and maintenance [106]. The site-specific variables including vegetation density and
water temperature and reservoir depth levels substantially affect hydropower carbon emissions

which requires specific regional analyses to achieve precise emission measurements.

The Brazilian hydropower installations using large reservoirs such as Balbina and Tucurui
produce abnormally great methane emissions from carbon-rich tropical forest soils located in
flooded areas. The Belo Monte dam which operates as Run-of-river (ROR) produces 15-55
gC02eq/kWh of emissions mainly from flooded geographic areas accounting for more than 90%
of its total lifecycle GHG outputs [107]. The tropical reservoirs in Brazil’s Amazon region
produce high emissions because heat and organic materials enhance the anaerobic breakdown of

underwater vegetation. Future Brazilian power infrastructure requires focus on MW /km? power
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density metrics together with analysis of methane hotspots across regions because current global
average calculations underestimate hydropower emissions in the Amazon area. The PNE states
that the nation possesses 176 GW of potential hydroelectric power capacity which includes
68 GW untapped resources that mainly reside in the Amazon and Tocantins-Araguaia river
basins. According to the plan the sectoral development depends heavily on these environmental
constraints because 63% of Brazil’s unexploited hydropower potential exists within only in the

Amazon basin where generated energy releases emissions can be equivalent to fossil fuels [13].

3.5.4 Biomass Power

An evaluation of biomass lifecycle inventory data encompasses 43 specific points that come from
peer-reviewed scientific literature and international organization reports alongside environmental
databases. The emission factors in gCOseq/kWh cover different biomass technological processes
across biogas, biodiesel, bioethanol, and solid biomass combustion. The research between 2002
and 2023 demonstrates a major academic and policy focus increase since 2015 as demonstrated
by studies published during that period reaching 58.1% of total numbers.

Source Distribution:

o Scientific literature (SLA): 39 entries (90.6%)

o Industry/Organization/Government reports (I0G): 2 entries (4.7%)
o Environmental databases (EED): 2 entries (4.7%)
Geographical Coverage:

o Global studies: 7 entries (11.1%)

o Europe: 23 entries (37.8%)

o America: 15 entries (22.2%) (10 from Brazil)
Technology Breakdown:

o Biogas: 22 entries (51.1%)

o Biomass: 14 entries (32.6%)

o Biofuels: 2 entries (4.7%)

Multiple/Unspecified: 5 entries (11.6%)
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Key Temporal Patterns:

e 2002-2005: 6 entries (13.9%)
e 2011-2015: 12 entries (33.3%)
e 2017-2023: 25 entries (62.2%)

The power generation system based on biomass creates an intricate yet encouraging sys-
tem for Brazil to move toward renewable energy. This study demonstrates that biomass-
derived electricity has a diverse global warming potential varies significantly, with results rang-
ing from 109.295 gCO2eq/kWh in this assessment to extremes reported in literature from -395
gCO2eq/kWh [108] to 510 gCO2eq/kWh [109]. LCA research of biomass systems faces extensive
methodological hurdles because of the wide-ranging assortment of feedstocks together with dif-
ferent production approaches and boundary conditions. This wide array of emissions extending
from carbon-negative to values approaching fossil fuel capacity demonstrates differences in agri-
cultural farming practices and supply chain logistics and combustion efficiency and co-product
management such as ash use for cement production and vinasse use for fertilizer.

The edaphoclimatic environment of Brazil enables extensive biomass feedstock opportunities
which extend from sugarcane bagasse and rice husks through wood chips and throws away from
agro-industrial segments. The annual availability of harvestable agricultural biomass poses ma-
jor restrictive factors because sugarcane - the biggest share of the country’s biomass generation -
can only be collected during a 7-month season [13]. The storage of biomass exists rarely because
technical obstacles along with economic challenges prevent safe preservation and supply network
development for extensive storage facilities [110].

Modern technological improvements in biomethane and biodiesel and ethanol production
methods provide encouraging options especially regarding transportation sector, however the
pathways have not reached a cost position that matches direct bagasse and wood chip combustion
for power generation [111]. Biomethane offers storage capabilities combined with operational
versatility although its implementation demands large investment costs in purification systems
and grid injection facilities as well as requiring production costs that exceed solid biomass prices
[13]. These technologies demonstrate better viability for transport decarbonization compared
to large-scale power generation integration during the present time period.

The environmental performance of biomass energy systems hinges critically on sustainable
land use and adherence to Brazil’s legal frameworks for forest preservation. While agricultural

residues (e.g., sugarcane straw, rice husks) avoid direct land-use change emissions, their climate
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benefits depend on efficient logistics to minimize transport emissions [112]. Furthermore, the
integration of biomass with (Carbon Capture and Storage (CCS)) could amplify its negative
emissions potential, though this remains nascent in Brazil [113].

The dataset in Table A.4 compiles life cycle emission factors (in gCOqeq/kWh) across biogas,
solid biomass, biodiesel, and bioethanol technologies, offering a comparative foundation for
evaluating Brazil’s bioenergy potential against global sustainability benchmarks and informing

future policy on low-carbon energy transitions.

3.5.5 Nuclear Power

The proposed 100% RES grid scenario in Brazil treats nuclear energy as a separate component.
The technology remains present in Brazil’s national energy framework as legacy infrastructure
despite lacking conventional classification as renewable power. The scenario maintains different
linguistic distinctions between renewable and clean power sources because it supports operating
existing nuclear facilities while rejecting new reactor development. This apparent inconsistency
in the scenario’s terminology—renewable versus clean—derives from the continued operation of
existing nuclear facilities rather than plans for expansive deployment of new reactors [114].

Brazil maintains Angra 1 and Angra 2 as active nuclear facilities and Angra 3 constitutes a
construction project at present. Energy security through nuclear power plants functions as the
main reason for their sustained operation according to the National Energy Plan 2050 (PNE)
when operating hydropower reaches low levels [13]. The steady baseload power generation from
nuclear facilities has high capacity operation levels that work well in combination with variable
energy sources such as wind power and solar energy [115].

Numerous lifecycle assessments prove nuclear energy generates lower than 20 gCOgeq/kWh
direct GHG emissions making it comparable to low-carbon technologies. The main emission
sources stem from upstream activities between uranium mining through fuel processing and con-
struction activities and decommissioning operations because operational waste releases minimal
emissions [116]. Nuclear LCA research in Brazil is scarce but international Pressurized Water
Reactor (PWR) technology standards can be adopted for assessment due to design similarities.

The implementation of nuclear power into renewable energy systems needs substantial at-
tention paid to operational integration as well as comprehensive management plans and safety
protocols for spent fuel and social acceptability strategies. The PNE does not present any plans
regarding the expansion of nuclear power generation after Angra 3 while confirming Angra 3’s

status as a legacy power source instead of an expanding sector. The maintenance of current
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nuclear facilities supports both lifecycle emissions reduction and operating cost recovery whereas
it does not indicate future nuclear expansion.

From within the proposed framework of 100% RES grid the addition of nuclear power tech-
nology enhances grid stability together with resilience. The existing policy choice to maintain
nuclear power endorses an operational perspective which combines the preservation of current
green infrastructure alongside quick development of pure renewable systems. The dataset in

Table A.5 compiles life cycle emission factors (in gCOgeq/kWh) for nuclear power.
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Chapter 4

Input Data for the 2050 100% RES

grid scenario

This chapter describes the input data and assumptions as detailed in the modelling/simulation
of the 100% Renewable Scenario developed in the work and in accordance with the long-term
vision of the Brazilian National Energy Plan (PNE). The scenario is designed to investigate the
technical viability and consequences of achieving full electricity demand coverage in Brazil by
2050 using only renewable sources.

The details of all data sources, choices of parameters and the underlying selection of the
methodology will be explained in detail for transparency and replication purposes and all the
collected data inputs have been summarized in the appendix part on Table A.6. The assump-
tions are based on most recent projections and applicable datasets made available by official
institutions, such as the Energy Research Office (EPE), relevant academic and technical litera-

ture.

4.1 Electricity Demand

In the 100% Renewable Grid Simulation, the annual electricity demand in the simulation was
computed using the projections of the PNE 2050 and the demand to be fulfilled by the centralized
generation systems was given special consideration. For the EnergyPLAN model compatibility,
which demands total electricity consumption in TWh/year and hourly demand profile, two major
assumptions were adopted: (i) The use of centralized demand projections in the Expansion
Challenge scenario, and (ii) use of a static hourly load profile 2024.

As informed by PNE 2050, electricity demand to be covered by the centralized generation of
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the Expansion Challenge scenario would grow to 172,000 MW average in 2050 [13]. This level
of demand translates into a total consumption of about 1,511.65 TWh/year on an annual basis,

based on the typical conversion factor:

172,000 x 8,760
Energy (TWh/year) = == oooxoof) — 1,511.7 TWh/year (4.1)

This value represents the net demand to cover with centralize generation from Distributed
Generation (DG) contribution, self-generation, and energy efficiency gains.

In terms of hourly distribution of demand, no such long-term hourly load projections were
found in either governmental databanks or academic paper. Therefore, for this study, the hourly
electricity load profile for the year 2024 was used as an approximate for year 2050.

However, it is realised that this is a significant limitation of the method. The static load
profile does not capture future trends such as an increase in the already observed duck curve
associated with high solar penetration or the increasing but previously unrecognized presence of
flexible load through electric vehicles [117]. Consequently, this is an area of particular improve-
ment in future research. It further reveals a larger gap in the PNE 2050 framework and current
academic literature, demonstrating a necessity for the development of more current, dynamic

long-term load forecasting tools that can assist energy system planning more effectively.

4.2 Variable Renewable Energy Sources and Capacity Factors

The simulation includes a wide range of VRES, which are central in the transition towards a
fully renewable electricity system in Brazil. The VRES analyzed in the current study consist
of Onshore Wind, Centralized Solar PV, ROR Hydropower, DG Solar PV, Small hydropower
plants — Pequenas Centrais Hidrelétricas (PCHs), DG Wind Power, and DG Hydropower.

All installed capacity values for these sources were taken from the appendix in the Plano
Nacional de Energia (PNE) 2050, consistent with values from the national energy planning
projections. The associated capacity factors for the respective source are specified in Table
4.1 [118].

The hourly generation profiles of the following technologies: Small Hydropower, Run-of-
River Hydropower, Centralized Solar PV, Onshore Wind and DG Wind Power are obtained
from Typical Meteorological Year (TMY) data. This data shows long term averaged hourly
behavior using historical climatic and operational data and was processed as described in the

methodology section.
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Table 4.1: Installed Capacity by Source in 2050

Source / Technology Installed Capacity (MW)
Hydropower (Total) 127,900

Large Hydropower Plants (UHE) 111,718

Small Hydropower Plants (PCH) 16,182
Wind Power 209,431
Solar Power 80,831
Biomass 18,456
Natural Gas 0
Coal 0
Nuclear 3,395
Complementary Power 85,432
Distributed Generation (DG) 49,888
Total 575,332

There is, however, a critical difference that is noted in DG Solar PV. Unlike centrally located
solar plants, DG solar installations, which are usually roof-mounted, do not have built-in solar
tracking systems or optimising functions such as tilt and azimuth adjustment. Consequently,
their performance lags behind, comparatively, with regard to capacity factor. Moreover, because
of the lack of data, the hourly curve for DG Solar PV is calculated only on the basis of the 2024
dataset [88].

As shown in Table 4.2, the ONS provides the expected energy provision from each source
by the year 2050. Dividing this annual projection of generation by installed capacity gives us
an implied or effective capacity factor. Noteworthy, in some of these cases, the implied capacity
factors are significantly different than the TMY-based ones. Such differences could be caused
by a variety of factors, such as unaccounted technological improvements in historical datasets,

overly optimistic PNE forecasts, or future regional developments to higher yield source regions.

To deal with these uncertainties and strengthen simulation simulation inputs both sets of

capacity factor assumptions will be tested in the Simulation Results section:

e One case will use the TMY-based capacity factors that retain the historical representa-

tiveness and meteorological realism.

e The second scenario will include the application of correction factors in EnergyPLAN
model data collecting upon those estimations of expected capacity factors produced from

PNE 2050 projected generation information.
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Table 4.2: Expected Electricity Generation by Source in 2050

Source / Technology Generation (MWh Average))
Hydropower (Total) 51,567

Large Hydropower Plants (UHE) 46,875

Small Hydropower Plants (PCH) 4,692
Wind Power 92,687
Solar Power 22,740
Biomass 5,267
Natural Gas 0
Coal 0
Nuclear 2,873
Complementary Power 0
Distributed Generation (DG) 11,464
Total 186,597

4.3 Central Power Production

The Central Power Production part of the EnergyPLAN simulation consists of two technologies.
reservoir-based hydropower and nuclear power plants in.

For nuclear power, an installed capacity is the only input that is required. Nuclear energy
is independent of intermittent resources and is thus perceived as ever available, all year round.
Although this assumption does not entirely capture the true nature of operations — scheduled
maintenance or unplanned outage — it is still largely valid because nuclear power plants tend to
operate close to full capacity all year round.

Reservoir hydropower, however, relies on three main aspects. 1) the water inflow to the
reservoir, 2) storage capacity of the reservoir, and 3) the installed generating capacity.

Water inflow information was obtained from the ONS operational history records [88] which
were used to create a Typical Meteorological Year (TMY) set out of historical water flow entries.
Reservoir storage capacity was also retrieved from ONS’s “Reservatérios” database, which offers
maximum storage capacity by region [119]. These values were then aggregated to estimate the
national potential of reservoir storage.

Estimation of installed generation capacity of reservoir based hydropower is more compli-
cated. Reservoir and ROR plants are not clearly separable between themselves on the basis of
ONS public databases. Further, some ROR classified plants such as Itaipu have large reservoir
capacity. For that purpose, classifications made reference to the “Schematic Diagram of Hydro-
electric Plants of National Interlinked System (SIN)” where plants have been divided as ROR

or reservoir based plants. According to this source, ROR is responsible for about 59% of the
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installed hydropower capacity, and the reservoir-based hydropower accounts for about 41%.

However, by the year 2050, this proportion will change. The rest of Brazil’s potential for the
development of hydropower facilities is located in the Amazon region and, due to the geographic
and environmental factors, most of it is infeasible to develop it through the construction of large
reservoirs. On the assumption that the expected 12 GW of hydropower expansion is all ROR,
the revised estimate would be 62% ROR and 38% reservoir-based hydropower. This corrected
share was applied in EnergyPLAN simulation as a more realistic embodiment of what Brazil’s

hydropower system might look like in the future.

4.4 Biomass

In the EnergyPLAN simulation, the biomass is addressed as one of the available technologies
in the Centralized Power Production tab of the EnergyPLAN simulation. Nevertheless, the
default functionality of this module does not provide a good picture of operation features of
biomass production in Brazil. In EnergyPLAN the biomass power plant incorporates a model of
an electricity producer who will produce when the demand calls for it and will import biomass
freely whenever domestic resources run out. Such logic does not resonate well with the observed

behavior in the real world of biomass availability in Brazil.

In the Brazil context, availability of biomass is strongly seasonal and agricultural cycle
oriented, especially sugarcane harvest. Sugarcane bagasse is the major source of biomass for
generation of power in the country; a by product of sugar and ethanol production. As bagasse
is not usually stored for long periods and is utilized soon after being harvested, the availability
for bagasse is focused within a particular period of the year, which is similar to the sugarcane

crop season [110].

Considering this seasonal behaviour, this study did not use EnergyPLAN’s model for a cen-
tralized biomass power plant. Instead, the simulation models biomass in the “Waste” in Ener-
gyPLAN, which permits the usage of a user-specified resource availability curve. This curve was
plotted based on a TMY dataset obtained from historical data of biomass production and avail-
ability, from ONS [88]. This scenario is a better picture of the actual situation of biomass-based

electricity generation in Brazil in terms of its temporal narrowness and agricultural dependence.
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4.5 International Interconnection

The international interconnection capacity is an important criterion of the simulation of a 100%
renewable energy grid for Brazil by 2050. Based on data in Dranka et al. [18] in addition to the
CIER (Comissao de Integragao Energética Regional) report [120]. This is an important input for
the assessment of Brazilian electricity’s potential export capacity especially taking into account
the increased generation of energy fromRES. With Brazil increasing its sources of renewable
energy, surplus energy generation gets magnified; this will necessitate considering international

transmission as a necessary ingredient for effective management of production of energy.

However, it should be noted that the EnergyPLAN model, assumes that all the Exportable
Excess of Electricity Production (EEEP) has buyers as long as the transmission infrastructure
exists. That is leaving out the question of whether the neighbouring countries will have the
demand to buy this excess energy. In fact, the demand on the market in the neighbouring
countries may vary, and the opportunities for export may be restricted due to such factors as

economic state, energy policies, and technical progress in these countries.

For any energy that cannot be exported; the EnergyPLAN system lists it as Critical Excess
Energy Production (CEEP). The system will try to store this excess energy if storage facilities
of energy are available. If no storage solutions exist, the system will institute curtails to cut on

production, to avoid overloads and inefficiencies in the grid.

4.6 Energy Storage Systems (ESS)

The PNE 2050 recognizes the need for complementary sources of power to cater for the inter-
mittency of renewable energy. Its suggested solution though, 85 GW biodiesel based generation
capacity in 2050 as described in Table 4.1 or around 15% of the total installed capacity, insti-
gates considerable concerns. Interestingly, the PNE Table 4.2 shows zero expected electricity
generation from this source, which shows that this source is aimed at stabilizing the grid as
opposed to constant energy provision. This is not a desirable approach because Brazil has in-
significant biodiesel power capacity and no country has deployed the same systems in such a
large scale, but it remains a theoretical rather than a functional problem-solver. In contrast,
this study explores three more feasible and proven energy storage technologies: Pumped Hydro

Energy Storage (PHES) and green hydrogen storage, and Lithium-Ion Batteries.
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4.6.1 Pumped Hydro Energy Storage

PHES is currently the most advanced worldwide large-scale energy storage technology; the total
installed power capacity and volume of PHES facilities now represent 96% and 99% of the
planet’s PHES capacity, respectively. It operates by transporting water from one reservoir to
another at different elevations: electricity is utilized to pump waters during low demand periods
or during times of energy surplus, while in times of peak demand, the stored water is released
through turbines to produce electric-power. Its round-trip efficiency usually lies between 70 and
80 percent [121].

In the Brazilian context, it was a thorough study by Grupo de Estudos do Setor Elétrico
(GESEL) [122] who uncovered a theoretical maximum ceiling for PHES installations in the
country of 11 GW. The distribution of this capacity is as follow: 6 GW in the Southeast, mostly
capitalizing on existing reservoirs of the Furnas system; 3 GW in the South, considering its
favourable topography facilitating high-head systems; and 2 GW in the Northeast, which is
well-suited for associations with clusters of wind generation. The prospects of achieving this
full potential, according to the study, would necessitate the use of combination of brownfield
projects — which involves the use of existing hydropower infrastructure, to a small number of
new greenfield sites that would satisfy stringent environmental and topographic requirements.
The average round-trip efficiency calculated for these potential Brazilian PHES systems is 78%,
making it a very reliable and technically effective substitute to biodiesel-based options when it
comes to grid flexibility. These regional estimation of the capacity, amounting to 11 GW, will
be respectively taken as the installed pumped hydro storage capacity in the simulation that will

be presented in this study.

4.6.2 Green Hydrogen Storage

Green hydrogen is a promising solution for long and seasonal energy storage. It is synthesized via
electrolysis at a surplus of renewable energy streams and can be stored for the future reconversion
into electricity or for direct combustion as a fuel. In contrast with the case of biodiesel, green
hydrogen storage has already become part of practical initiatives.

The efficiency of green hydrogen production and reconversion technologies is essential in the
viability of such technologies as energy storage. Electrolysis, major process for green hydrogen
production, has advanced a lot. However, the round-trip efficiency, that is to convert electricity
into hydrogen and back to electricity, is currently poor at around 38% of using hydrogen in the

combined cycle power plants [123].
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Since green hydrogen is an emerging storage technology, this research will carry out sensi-
tivity analysis by comparing the system’s response when subjected to various installed green
hydrogen capacity. The idea is to comprehend how different capacities can impact the reliability
and flexibility of the grid especially in the balancing of renewables intermittency. This analysis
will also be useful to determine the potential of green hydrogen being a complimentary storage
option for Brazil’s renewable energy transition. The simulated conditions for the green hydrogen
storage capacity will be varied in order to attempt to gain insight regarding thresholds at which

this technology could contribute to grid stability and energy security in the long term.

4.6.3 Lithium-Ion Battery Storage

Lithium-ion batteries (Li-ion) are currently the most widely used ESS for distributed systems
in the world, due to its high energy density, good round-trip efficiency fast response times and
favourable economical factors [124]. These factors include the declining costs in production and
the growing use of second-life applications such as the repurposing degraded electrical vehicles
(EV’s) batteries for use in less demanding stationary storage systems with a round-trip efficiency

above 90% [125].

Global installations of lithium-ion batteries for storing energy are forecast to reach 778 GW
within the next five years due to their rising popularity in the energy sector [126]. Based on
research, lithium-ion batteries are expected to become cheaper by 43.5% to 52.5% by the end
of the present decade compared to 2020’s prices [127]. In Brazil’s energy model, lithium-ion
batteries can help balance fluctuations from solar PV and wind power during the day, trim the

rise in evening power use and effectively diminish the curtailment of RES.

However, this technology presents a critical supply dependency on specific minerals such as
cobalt and lithium, which are considered strategic or rare-earth materials due to their geograph-
ically concentrated reserves. For instance, the Democratic Republic of Congo is responsible
for over 73% of global cobalt extraction, while China dominates the refining stage, processing
approximately 65% of the world’s lithium and 80% of its cobalt [128]. Additionally, Chile, a
member of MERCOSUL holds the world’s largest lithium reserves, estimated at 9.3 million
metric tons, accounting for about 36% of global reserves [129]. This proximity and trade al-
liance could potentially facilitate more secure and regionally integrated supply chains for lithium

acquisition.
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4.7 Critical Excess of Electricity Production and Curtailment

Because of the high share of Variable Renewable Energy Sources (VRES) in the simulated 100%
RES grid, the model often finds itself in positions of the excessive generation of electricity — the
situations where electricity generation outweighs its instantaneous demand. This phenomenon
known as Critical Excess of Electricity Production (CEEP) is an important operation challenge
which has to be actively managed in order to ensure grid stability and avoid inefficiencies.

The model of EnergyPLAN offers several options for avoiding overproduction, and it also
determines the order of priority in these measures. In this work, the following strategies were
applied in the order that the Brazilian system and the operational logic of EnergyPLAN dictate

them:

e Reduction of Reservoir Hydropower Production: These plants are dispatchable hence easily
adjustable, suitable for supplying ancillary services such as frequency control and balanc-
ing. This is similar to the existing practice in Brazil where reservoir hydropower is key in

balancing the grid because of it’s flexibility and ability to store [130].

e Curtailment of VRES Production: In the case when the curtailment of hydropower output
is not enough to balance out the surplus, the next step is the curtailment of VRES pro-
duction. Curtailment refers to planned reductions in electricity generation from renewable
sources when the resources (wind or sunlight) is present, but due limits of the systems
(absence of demand, inadequate storage, or transmission capacities) [131]. This leads to
lost renewable energy that was not able to be used or stored properly. Curtailment is in

general undesirable, but becomes a necessity once the flexibility of system is worn out.
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Chapter 5

Results and Discussion

5.1 EnergyPLAN Validation Outputs

5.1.1 Validation Metrics and Comparative Analysis

To assess the model’s reliability, various quantitative metrics were applied across multiple time-
frames and technologies. For a complete presentation of the results, including detailed method-
ology, additional performance metrics, and extended discussions on model limitations, readers
are referred to reference [132], which provides an in-depth exploration of the validation frame-
work and its findings. The core error assessment involved calculating the percentage deviation
between the simulated and observed power outputs, serving as a measure of model accuracy.
The base-load technology predictions at annual time frames delivered exceptionally accurate
results. Hydroelectric generation represents the leading electricity source in Brazil and produced
only a minor difference between predicted and actual results at 0.56%. The performance exhibits
EnergyPLAN’s superior capacity to simulate Brazil’s detailed hydropower infrastructure which
handles normal seasonal water operations. The observed data harmonized well with solar PV
generation through simulations which produced errors of less than 1.2% annually since the solar
irradiation data and conversion parameters properly represented Brazil’s photovoltaic fleet.
The validation results regarding wind power generation showed extensive variability through
errors ranging from 8% to 12% for each month. The wind resource modelling of Brazilian
territories identified elevated uncertainty factors because of natural conditions found in that
region. The extensive wind farm distribution in Northeast territories naturally generates simple
wind conditions for those locations. Due to a lack of specific performance data for turbines, the

model had to use standard power curve specifications. The irregular flow of wind power output

56



makes it hard to achieve accurate observations for power output levels between predicted and

actual values across monthly and short time frames.

The discrepancies in thermal power plants followed distinct patterns from other electricity
generating facilities. The annual error levels were kept under 2% yet monthly evaluation showed
critical details about EnergyPLAN’s dispatch scheduling functions. During peak demand periods
the model generated less thermal energy than actual but produced more energy during periods
of low demand. Annual energy dispatch from thermal facilities shows good agreement although
the timing of dispatch decisions within the model does not represent operational conditions and

economic variables present in actual plant operations.

5.1.2 Daily and Hourly Validation Challenges

The model’s accuracy was most thoroughly evaluated when applied to both daily and hourly
time frames since these periods reveal renewable generation uncertainty and detailed dispatch
management requirements. The models produced larger performance deviations during daily
validation periods especially for resources with intermittent generation profiles. The model
achieved accuracy ranging between 15-18% error during summertime for wind power genera-
tion before producing 10-12% error during wintertime. Despite the use of accurate input data
the study highlights strong fundamental difficulties in high-resolution forecasting of variable

renewable power generation.

Multiple standardized trends emerged from the daily discrepancy measurements. Extreme
variations in weather conditions led to most significant errors in wind power generation estimates.
The analytical representation of wind speed changes combined with turbine operation responses
failed to accurately simulate quick transitions in both processes. The model demonstrated higher
deviations when analysing solar power production during days with partial cloudiness compared

to clear-sky days which indicates needing better control of diffuse irradiation and cloud impacts.

The validation process revealed a fundamental characteristic of how EnergyPLAN executes
its dispatch operations. An overproduction of renewable power levels by the model led to
matching underproduction of thermal power levels while the opposite was also true. The analysis

reveals that EnergyPLAN properly places renewable power sources first in dispatch priority.
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5.1.3 EnergyPLAN’s Applicability

The validation procedure shows that EnergyPLAN fulfils Brazil’s requirements for modelling its
hydro-focused energy system while focusing on high-renewable penetration analysis. The preced-
ing error analysis section established that the model properly models the operational operations
of Brazil’s multifaceted generation facilities. The primary advantage of EnergyPLAN emerges
through its effective merging capability for Brazilian energy characteristics especially regard-
ing the multifaceted interconnection of hydroelectric power alongside variable energy resources.
Through its scheduled dispatch operations the model performs precise seasonal modelling of
hydroelectric power generation without compromising power grid stability.

Research performed by Dranka and Ferreira [18] demonstrates that EnergyPLAN suits
Brazilian energy requirements specifically for dealing with their large-scale energy issues. The

model proved its capacity to accomplish these three main functions in their research:

e Simulate the temporal complementarity between hydro, wind, and solar resources
o Evaluate system flexibility requirements under high renewable penetration

e Assess the economic and technical feasibility of long-term decarbonization pathways

The model’s ability to resolve data at a one-hour scale helps Brazil’s energy sector to effec-
tively understand demand patterns together with RES fluctuations. The model’s detailed time
allocation system creates precise models of operational problems in which hydro-power runs
out during dry seasons and sudden fluctuations in renewable power occur. The evaluation of
EnergyPLAN for Brazil shows that the software has sufficient strength to model complex power

systems with accuracy.

5.2 TMY Profiles for EnergyPLAN Modelling

For the simulation of realistic renewable energy outputs in future energy scenarios, it is necessary
to utilize representative meteorological data with long-term climate trend coverage but with a
high computational efficiency. In the current research, TMY profiles are computed and used
as input data for the EnergyPLAN model. These synthetic meteorological years are configured
to capture the statistical behaviour of multi-year historical weather observations, which allows

robust simulation of renewable energy supply under normal conditions.
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The performance and representativeness of each TMY profile are illustrated through both
quantitative and visual analyses. Table 5.1 presents the validation results for each RES, sum-
marizing the statistical deviation of the TMY from the historical mean. These metrics help
assess how closely the synthetic year reproduces the central tendencies and variability of the

underlying dataset.

In addition to numerical indicators, visual comparisons further support the TMY’s reliability.
The figures referenced in Table 5.1 available in Appendix —show the monthly average capacity
factors of each RES in the TMY overlaid with historical data. In these graphs, the blue line
represents the TMY profile, the red line with square markers denotes the historical average,
while the dashed purple and yellow lines indicate the historical maximum and minimum monthly
values, respectively. These graphical representations confirm that the TMY series lies within

the expected seasonal range and accurately reflects long-term operational trends.

Table 5.1: Validation metrics for TMY profiles of each energy source

Technology MBE RMSE MAPE (%) Appendix Image
Wind 0.0013  0.0814 16.71 Al
Centralized PV -0.0005  0.0515 11.94 A2
Small Hydro (PCH) 0.0271  0.0503 7.85 A3
Reservoir Levels -0.0179  0.0537 5.17 A4
Run-of-River Hydro  0.0067  0.0507 9.54 A5

The validation results presented in Table 5.1 confirm that the constructed TMY profiles are
solid and representative for simulating renewable generation under typical operating conditions.
All renewable sources showed low MBE values, meaning that the differences between the TMY
and historical averages are small. RMSE stayed below 0.09 across all technologies, while MAPE
ranged from 5.17% for reservoir levels to 16.71% for wind power. These values show that,
although wind has higher variability and is harder to predict with precision, the overall results

are accurate enough for long-term scenario analysis.

This is also supported by the figures in Appendix A, where TMY profiles stay within the
seasonal range defined by historical minimum and maximum values. In most cases, the curves
follow the historical average closely, especially in more stable periods. This behavior comes from
how the TMY was built — by choosing months that minimise deviation in both the mean and
standard deviation from multi-year data. This way, the process filters out extreme values and
keeps patterns that are more representative. Overall, both the quantitative and visual results

confirm that the TMY datasets are suitable for EnergyPLAN simulations and help improve the
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credibility of the scenario results.

5.3 Statistical Characterization of Emission Profiles and Monte

Carlo Simulation for RES

5.3.1 Wind Power: Emission Profile and Monte Carlo Analysis

The statistical modelling of wind power lifecycle emissions required rigorous evaluation of para-
metric distributions to accurately represent the dataset’s underlying probability structure. Fig-

ure 5.1 depicts the density trace for the wind distribution.
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Figure 5.1: Probability density trace of wind emission values showing a modal concentration between 5-13
gCO2eq/kWh

The evaluation method consisted of Kolmogorov-Smirnov (KS) goodness-of-fit testing in com-
bination with log-likelihood comparisons which evaluated twelve candidate distributions. The
KS test used maximum separation (D)) to measure differences between empirical and theoretical
distribution cumulative curves and log-likelihood revealed distribution quality comparison. The
analysis first removed distributions which showed p-values under 0.05 coupled with physically
unacceptable alignments to emission constraints.

The top candidate distributions are summarized by the metrics presented in Table 5.2.

Results showed the loglogistic distribution was the best fitting model through its demonstra-

tion of:
o The KS test yielded a non-significant result with p = 0.9007 well above 0.05

o Optimal log-likelihood (-191.757) among all candidates
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Table 5.2: Goodness-of-fit metrics for wind emission distributions

Distribution KS Stat. p-value Log-Likelihood Parameters

Loglogistic 0.0682 0.9007 -191.8 o =2.093, 8 = 0.295
Lognormal 0.0874 0.6489 -192.5 p=2.129, 0 = 0.453
Inverse Gaussian 0.0928 0.3737 -192.4 = 9.409, A = 4.426
Weibull 0.1352 0.1547 -205.2 A =10.655, k =1.934
Normal 0.1749 0.0276 -215.4 p=9.385, 0 =5.289

e The distribution displays an excellent visual match according to Quantile plot in Figure

5.2

e Positive skewed data placed within a physically reasonable framework with median at

8.107 gCO2eq/kWh
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Figure 5.2: Quantile plot showing loglogistic distribution fit alongside other candidate distributions including
Normal distribution

The histogram in Figure 5.3 demonstrates how the loglogistic parameters capture both the
frequent lower emissions (median at 8.107 gCOgeq/kWh) and rare higher values (up to 29.5
gCO2eq/kWh), while the Normal distribution fails to adequately model the right-skewed nature
of the data.

Building upon the loglogistic distribution parameters identified in the previous analysis
( = 2.093, 8 = 0.295), we conducted a Monte Carlo simulation to model the probabilistic
behaviour of wind power lifecycle emissions. This approach enables comprehensive risk assess-
ment by generating synthetic datasets that capture the inherent variability observed in empirical

measurements.
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Figure 5.3: Frequency distribution with fitted loglogistic density curve compared to multiple distributions fit

The Monte Carlo simulation (100,000 iterations) produced the statistical characteristics pre-

sented in Table 5.3.

Table 5.3: Descriptive statistics of Monte Carlo simulation

Statistic Value (gCO2eq/kWh)
Mean 8.12
Median 7.56
Standard Deviation 3.41
10th Percentile 4.65
25th Percentile (Q1) 5.93
75th Percentile (Q3) 9.55
90th Percentile 12.12
Interquartile Range 3.62
Minimum 1.24
Maximum 28.97

The simulation results demonstrate:

o Central Tendency: Median emissions of 7.56 gCOgeq/kWh with mean slightly higher

at 8.12, indicating moderate right-skewness

Variability: Standard deviation of 3.41 reveals substantial dispersion around the mean

Range: 90% of simulated values fall between 4.65-12.12 gCOqeq/kWh

o Extremes: Maximum observed value of 28.97 confirms the long upper tail characteristic

The cumulative distribution plot (Figure 5.5) confirms these findings, showing excellent

agreement between theoretical and simulated distributions across all percentiles.
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Figure 5.4: Empirical distribution of simulated emissions showing loglogistic fit.
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Figure 5.5: Cumulative distribution function for Wind Power.

These results enable more nuanced lifecycle assessments by:

e Quantifying emission variability across installations
o Establishing probabilistic thresholds for policy benchmarks
o Identifying outlier risks in environmental impact studies

o Supporting robust comparative analyses with other energy sources
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5.3.2 Solar PV: Emission Profile and Monte Carlo Analysis

The analysis of photovoltaic (PV) lifecycle emissions (12.92-92.79 gCOseq/kWh) depended on

thorough distribution analysis to properly model the dataset’s statistical structure. The data

density trace for PV emissions distribution appears in Figure 5.6.
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Figure 5.6: Probability density trace of solar PV emission values in gCOzeq/kWh

The evaluation method consisted of Kolmogorov-Smirnov (KS) goodness-of-fit testing in com-

bination with log-likelihood comparisons which evaluated twelve candidate distributions. The

KS test used maximum separation (D)) to measure differences between empirical and theoretical

distribution cumulative curves and log-likelihood revealed distribution quality comparison. The

analysis first removed distributions which showed p-values under 0.05 coupled with physically

unacceptable alignments to emission constraints.

The top candidate distributions are summarized by the metrics presented in Table 5.4.

Table 5.4 summarizes the key metrics for the top candidate distributions:

Table 5.4: Goodness-of-fit metrics for PV emission distributions

Distribution KS Statistic p-value Log-Likelihood Parameters

Weibull 0.0657 0.9485 -267.887 o = 2.682, § = 48.765

Gamma 0.1047 0.5053 -268.095 k=15.704, 0 = 0.132

Normal 0.0593 0.9788 -269.352 @ =43.901, 0 = 17.539
Lognormal 0.1293 0.2433 -269.954 w=3.678, o =0.448

Triangular 0.1168 0.3599 -268.907 a = 6.939, b = 36.540, ¢ = 35.650

The Weibull distribution emerged as the optimal parametric model, demonstrating:

» Non-significant KS test result (p = 0.9485 > 0.05)

o Best log-likelihood among candidates (-267.887)
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o Excellent visual agreement in Quantile plot (Figure 5.7)

e Physical plausibility for positive, right-skewed emission data
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Figure 5.7: Quantile-quantile plot showing Weibull distribution fit with comparison to alternative distributions

The histogram in Figure 5.8 demonstrates how these parameters capture both the fre-

quent moderate emissions (mean at 43.90 gCO2eq/kWh) and rare higher values (up to 92.79

gCO2eq/kWh).
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Figure 5.8: Frequency distribution with fitted Weibull density curve alongside possible candidates showing good

agreement across all emission ranges

The Monte Carlo simulation (100,000 iterations) produced the statistical characteristics pre-

sented in Table 5.5.

The simulation results demonstrate:
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Table 5.5: Descriptive statistics of PV Monte Carlo simulation

Statistic Value (gCO3zeq/kWh)
Mean 43.70
Median 42.89
Standard Deviation 17.49
10th Percentile 21.31
25th Percentile (Q1) 30.94
75th Percentile (Q3) 55.51
90th Percentile 66.98
Interquartile Range 24.57
Minimum 6.94
Maximum 92.79

o Central Tendency: Median emissions of 42.89 gCOzeq/kWh with similar mean (43.70),

indicating symmetric distribution

e Variability: Standard deviation of 17.49 reflects significant technology and installation

differences
« Range: 90% of simulated values fall between 21.31-66.98 gCOseq/kWh

o Extremes: Maximum observed value of 92.79 gCOqeq/kWh confirms presence of high-

emission cases
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Figure 5.9: Empirical distribution of simulated PV emissions showing Weibull fit.
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The cumulative distribution plot (Figure 5.10) confirms these findings, showing excellent

agreement between theoretical and simulated distributions across all percentiles.
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Figure 5.10: Cumulative distribution function for solar PV.

These results enable more nuanced PV lifecycle assessments by:

Quantifying the 24.57 gCO2eq/kWh interquartile range across installations

o Establishing 66.98 gCOzeq/kWh as the 90th percentile benchmark

Identifying the 10% best-performing systems below 21.31 gCOseq/kWh

e Supporting comparative analyses with other energy technologies

5.3.3 Hydropower: Emission Profile and Monte Carlo Analysis

The statistical modelling of hydropower lifecycle emissions required rigorous evaluation of para-
metric distributions to accurately represent the dataset’s underlying probability structure. Fig-
ure 5.11 depicts the density trace for the hydro distribution.

The evaluation method consisted of Kolmogorov-Smirnov (KS) goodness-of-fit testing in com-
bination with log-likelihood comparisons which evaluated fourteen candidate distributions. The
KS test used maximum separation (D)) to measure differences between empirical and theoretical
distribution cumulative curves and log-likelihood revealed distribution quality comparison. The
analysis first removed distributions which showed p-values under 0.05 coupled with physically

unacceptable alignments to emission constraints.
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Figure 5.11: Probability density trace of hydro emission values showing a highly right-skewed distribution with
most values below 20 gCO2eq/kWh

The top candidate distributions are summarized by the metrics presented in Table 5.6.

Table 5.6: Goodness-of-fit metrics for hydro emission distributions

Distribution KS Statistic p-value Log-Likelihood Parameters
Lognormal 0.0778 0.9863 -133.746 @ =2.445, 0 = 1.089
Weibull 0.1052 0.8459 -134.273 A =19.343, k= 1.028
Gamma 0.1117 0.7903 -134.145 k=1.128, § = 0.059
Normal 0.2214 0.0744 -150.990 w=19.103, 0 = 20.835

Results showed the lognormal distribution was the best fitting model through its demonstra-

tion of:
o The KS test yielded a non-significant result with p = 0.9863 above 0.05.
 Near-optimal log-likelihood (-133.746)

e The distribution displays an excellent visual match according to Quantile plot in Figure

5.12.
o Positive skewed data placed within a physically reasonable framework.

The histogram in Figure 5.13 demonstrates how these parameters capture both the fre-
quent lower emissions (median at 11.54 gCOgeq/kWh) and rare higher values (up to 92.15
gCO2eq/kWh).

The Monte Carlo simulation (100,000 iterations) produced the statistical characteristics pre-
sented in Table 5.7.

The simulation results demonstrate:
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Figure 5.12: Quantile plot showing lognormal distribution fit alongside other candidate distributions.
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Figure 5.13: Frequency distribution with fitted lognormal density curve alongside possible candidates showing

good agreement across all emission ranges

Table 5.7: Descriptive statistics of Hydropower Monte Carlo simulation

Statistic Value (gCO2eq/kWh)
Mean 20.91
Median 11.53
Standard Deviation 31.52
10th Percentile 2.84
25th Percentile (Q1) 5.54
75th Percentile (Q3) 24.18
90th Percentile 46.65
Interquartile Range 18.64
Minimum 0.12
Maximum 92.15
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o Central Tendency: Median emissions of 11.53 gCOgeq/kWh with substantially higher

mean (20.91), indicating right-skewed distribution

e Variability: Standard deviation of 31.52 reflects extreme differences between low-impact

and high-emission hydropower systems
o Range: 90% of simulated values fall between 2.84-46.65 gCOqeq/kWh

o Extremes: Maximum observed value of 92.15 gCOqeq/kWh confirms presence of rare

high-emission cases
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Figure 5.14: Empirical distribution of simulated Hydropower emissions showing Lognormal fit.

The cumulative distribution plot (Figure 5.15) confirms these findings, showing excellent

agreement between theoretical and simulated distributions across all percentiles.

These results enable more nuanced Hydropower lifecycle assessments by:
o Quantifying the 18.64 gCO2eq/kWh interquartile range across installations
o Establishing 46.65 gCOzeq/kWh as the 90th percentile benchmark

o Identifying the 10% best-performing systems below 2.84 gCOzeq/kWh

Supporting comparative analyses with other energy technologies
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Figure 5.15: Cumulative distribution function for Hydropower emissions.

5.3.4 Biomass Power: Emission Profile and Monte Carlo Analysis

The statistical modelling of biomass lifecycle emissions required rigorous evaluation of parametric
distributions to accurately represent the dataset’s underlying probability structure. Figure 5.16

depicts the density trace for the biomass distribution.
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Figure 5.16: Probability density trace of biomass emission values showing extreme range (-395.0 to 510.0
gCO2eq/kWh)

The evaluation method consisted of Kolmogorov-Smirnov (KS) goodness-of-fit testing in com-
bination with log-likelihood comparisons which evaluated fourteen candidate distributions. The
KS test used maximum separation (D)) to measure differences between empirical and theoretical

distribution cumulative curves and log-likelihood revealed distribution quality comparison. The
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analysis first removed distributions which showed p-values under 0.05 coupled with physically
unacceptable alignments to emission constraints.

The top candidate distributions are summarized by the metrics presented in Table 5.8.

Table 5.8: Goodness-of-fit metrics for biomass emission distributions

Distribution KS Statistic p-value Log-Likelihood Parameters
Smallest Ext. Val. 0.1175 0.5931 -285.52 w=231.324, 0 = 161.200
Logistic 0.0951 N/A -286.90 w=141.479, s = 113.983
Laplace 0.1562 0.2454 -287.49 @ =127.0, b = 0.0068
Normal 0.1498 0.2910 -287.83 w=141.479, 0 = 197.626

Results showed the smallest extreme value distribution was the best fitting model through

its demonstration of:
o The KS test yielded a non-significant result with p = 0.5931 above 0.05.
o Optimal log-likelihood (-285.52)

e The distribution displays an excellent visual match according to Quantile plot in Figure

5.17.

e Physically reasonable handling of extreme values.
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Figure 5.17: Quantile plot showing smallest extreme value distribution fit alongside other candidate distribu-
tions.

72



The histogram in Figure 5.18 demonstrates how these parameters capture both the central

tendency (mode at 231.32 gCOqeq/kWh) and extreme values (from -395.0 to 510.0 gCOzeq/kWh).
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Figure 5.18: Frequency distribution with fitted smallest extreme value density curve showing agreement across
the extreme emission ranges

The Monte Carlo simulation (100,000 iterations) produced the statistical characteristics pre-
sented in Table 5.9.

Table 5.9: Descriptive statistics of Biomass Monte Carlo simulation

Statistic Value (gCO2eq/kWh)
Mean 127.67
Median 163.70
Standard Deviation 219.81
10th Percentile -159.80
25th Percentile (Q1) 11.80
75th Percentile (Q3) 283.19
90th Percentile 369.77
Interquartile Range 271.39
Minimum -395.00
Maximum 510.00

The simulation results demonstrate:

o Central Tendency: Median emissions of 163.70 gCO2eq/kWh with lower mean (127.67),

indicating left-skewed distribution due to negative emission cases
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e Variability: Standard deviation of 219.81 reflects extreme differences between carbon-

negative and high-emission biomass systems

o Range: 90% of simulated values fall between -159.80-369.77 gCOzeq/kWh, showing carbon-

negative possibilities

o Extremes: Maximum observed value of 510.00 gCOgeq/kWh confirms presence of high-

emission cases
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Figure 5.19: Empirical distribution of simulated Biomass emissions showing Smallest Extreme Value fit.

The cumulative distribution plot (Figure 5.20) confirms these findings, showing excellent
agreement between theoretical and simulated distributions across all percentiles.

These results enable more nuanced Biomass lifecycle assessments by:

o Quantifying the 271.39 gCOgeq/kWh interquartile range across systems

o Establishing 369.77 gCO2eq/kWh as the 90th percentile benchmark

Identifying the 10% best-performing systems below -159.80 gCOzeq/kWh (carbon-negative

cases)

Supporting comparative analyses with other energy technologies
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Figure 5.20: Cumulative distribution function for Biomass emissions.

5.3.5 Nuclear Power: Emission Profile and Monte Carlo Analysis

The statistical modelling of nuclear lifecycle emissions required rigorous evaluation of parametric
distributions to accurately represent the dataset’s underlying probability structure. Figure 5.21

depicts the density trace for the nuclear distribution.
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Figure 5.21: Probability density trace of nuclear emission values showing concentration between 5-20
gCO2eq/kWh

The evaluation method consisted of Kolmogorov-Smirnov (KS) goodness-of-fit testing in com-
bination with log-likelihood comparisons which evaluated fourteen candidate distributions. The
KS test used maximum separation (D)) to measure differences between empirical and theoretical

distribution cumulative curves and log-likelihood revealed distribution quality comparison. The
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analysis first removed distributions which showed p-values under 0.05 coupled with physically
unacceptable alignments to emission constraints.

The top candidate distributions are summarized by the metrics presented in Table 5.10.

Table 5.10: Goodness-of-fit metrics for nuclear emission distributions

Distribution KS Statistic p-value Log-Likelihood Parameters
Gamma, 0.1080 0.9220 -85.59 k =4.034, 0 = 0.283
Laplace 0.1155 0.8784 -87.45 w=12.7, b =0.082
Lognormal 0.1409 0.6802 -86.30 w=2.529, 0 = 0.543
Normal 0.1487 0.6133 -87.09 w=14.27 0 = 7.028
Uniform 0.2299 0.1282 -84.10 a=34,b=2838

Results showed the Gamma distribution was the best fitting model through its demonstration

of:
o The KS test yielded a non-significant result with p = 0.9220 above 0.05.
» Near-optimal log-likelihood (-85.59)
e The distribution displays an excellent visual match according to Quantile plot in Figure
5.22.
o Positive skewed data placed within a physically reasonable framework.
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Figure 5.22: Quantile plot showing Gamma distribution fit alongside other candidate distributions.

The histogram in Figure 5.23 demonstrates how these parameters capture both the frequent

lower emissions (mode at 12.1 gCO2eq/kWh) and rare higher values (up to 28.8 gCOgeq/kWh).
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Figure 5.23: Frequency distribution with fitted Gamma density curve showing good agreement across all emission
ranges

The Monte Carlo simulation (100,000 iterations) produced the statistical characteristics pre-

sented in Table 5.11.

Table 5.11: Descriptive statistics of Nuclear Monte Carlo simulation

Statistic Value (gCO2eq/kWh)
Mean 14.27
Median 13.14
Standard Deviation 7.18
10th Percentile 6.12
25th Percentile (Q1) 9.05
75th Percentile (Q3) 18.19
90th Percentile 22.84
Interquartile Range 9.14
Minimum 3.40
Maximum 28.80

The simulation results demonstrate:

o Central Tendency: Median emissions of 13.14 gCOseq/kWh with similar mean (14.27),

indicating symmetric distribution

e Variability: Standard deviation of 7.18 reflects consistent emissions across nuclear tech-

nologies

o Range: 90% of simulated values fall between 6.12-22.84 gCOseq/kWh
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o Extremes: Maximum observed value of 28.80 gCOqeq/kWh confirms presence of high-

emission cases
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Figure 5.24: Empirical distribution of simulated Nuclear emissions showing Gamma fit.

The cumulative distribution plot (Figure 5.25) confirms these findings, showing excellent

agreement between theoretical and simulated distributions across all percentiles.
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Figure 5.25: Cumulative distribution function for Nuclear emissions.

These results enable more nuanced Nuclear lifecycle assessments by:
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o Quantifying the 9.14 gCOgeq/kWh interquartile range across technologies
» Establishing 22.84 gCO2eq/kWh as the 90th percentile benchmark
o Identifying the 10% best-performing systems below 6.12 gCOqeq/kWh

e Supporting comparative analyses with other energy technologies

5.4 EnergyPLAN Simulation of the 100% RES Grid

This section presents the results from the simulations conducted using EnergyPLAN, assuming a
100% renewable energy system in Brazil by 2050. Simulations are carried out as two main phases,
with each one depending on how much storage capacity is used and subsequently separated by

whether storage is included.

At the beginning of the process, the model inputs were set up using the raw data from the
PNE 2050 annex, with the installed capacity of each generation source listed in Table 4.1. For
this initial stage, the capacity factors used were obtained from the TMY data explained in the
previous section. The main purpose of this simulation is to observe the system results with all

renewable resources being present with no changes made.

Both types of simulation are checked out in at least two different situations, using energy
storage systems and without them. This includes having 11 GW of PHES and a sensitivity
study on green hydrogen storage and Li-ion batteries both explained in Section 4.6. The aim is
to find the correct capacity by trying out different configurations and reducing the possibility of

wasting generated energy.

For each scenario, the findings are shown in two ways. The results are provided in two ways:
potential (not limited) generation and actual generation that includes curtailment, export limits,
and storage. The difference between the two graphs makes it clear how storage and system
flexibility impact the use of renewable energy.

To better capture the variability during a year, generation profiles for a operational week
have been included for each season (summer, autumn, winter, and spring). This way it is possible
to identify the level of variations within the year, different stresses faced by the system, and the

way storage operates with various climate and demand conditions.
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5.4.1 Scenario 1: Simulation with TMY-Based Capacity Factors and without
ESS

This subsection presents the simulation results using the capacity factors obtained from the
TMY simulation dataset, without applying any correction factors. The use of unadjusted TMY
values is based on the observation that the capacity factors reported in EPE’s PNE 2050 differ
from those calculated in the TMY analysis. This difference will be further discussed in the
section. The mismatch arises from the fact that the PNE 2050 projections include technological
advancements in each energy source, whereas the TMY reflects historical performance data.
The information in Table 5.12 makes clear that the annual values from the simulation tend
to be quite different from what the EPE aimed for in its 100% renewable grid scenario. Except
for PCH, energy generation from all other sources is significantly higher than the predicted levels

in the PNE scenario.

Table 5.12: Senario 1: Comparison between EnergyPLAN simulation results and EPE’s PNE 2050 projections
for annual generation without correction factor

Source EnergyPLAN (TWh) PNE (TWh) Difference (%)
Electricity Generation

Wind 758.09 811.94 -6.63%
PV (centralized) 153.27 199.20 -23.03%
Biomass 46.28 46.14 +0.30%
Nuclear 25.35 25.17 +0.72%
ROR Hydro 245.80 - -
PCH 49.36 41.10 +20.10%
Reservoir Hydro 190.90 — -
Hydro Total 436.70 451.73 -3.33%
Total DG 95.63 100.43 -4.78%
Demand and Balance

Annual Generation 1564.68 1675.71 -6.62%
Annual Demand 1510.85 1510.85 0.00%
Import 29.15 - —
Export 74.86 - -

EnergyPLAN adds regional imports (29.15 TWh) and exports (74.86 TWh) to keep the
system balanced, avoiding curtailments, unlike the PNE that does not mention regional inter-
change in electricity. As there are no ESS in this simulation, the system can only stay balanced
by importing electricity. Consequently, EnergyPLAN uses 29.15 TWh of imported electricity to
deal with demand which represents 1.93% of the total annual demand.

As this simulation does not reflect the best or most accurate situation for evaluating Brazil’s

future energy system because it lacks both ESS and capacity factor corrections, the detailed
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images are attached in the appendix. These include the pie chart of annual electricity generation
and power flows (Figure A.6), as well as the typical operational week profiles for each season
(Figure A.7), which help illustrate the system’s seasonal variability and dispatch behaviour

under current limitations.

5.4.2 Scenario 2: Simulation of Potential Generation Using PNE-Based Ca-
pacity Factors

In this subsection, the capacity factors of the RES were adjusted using a EnergyPLAN’s cor-
rection factor tool to fit with the official projections of the PNE 2050 report. The correction
was proposed to compensate the differences observed between historical capacity data from the
TMY and the EPE’s predicted values. To calculate the correction factors, the expected annual
generation values provided in Table 4.2 were divided by the corresponding installed capacity val-
ues from Table 4.1. By using these derived capacity factors, the input profiles in EnergyPLAN
were modified to match the needs of a long-term planning approach.

EnergyPLAN applies this correction using a scalar factor applied to the hourly availability

curve, as represented in Equation 5.1:

N
Evres(h) =Y (Cvres, - 0vrEs, (h) - CFeorr - FACcuriail (h)) (5.1)

i=1

Where Cyggs, is the installed capacity, dyvres; (k) is the normalized hourly profile, CF¢o is
the correction factor, and FAC ai1(h) accounts for curtailment behaviour.

This simulation does not include any ESS or curtailment mechanisms, as a result, it does not
try to replicate the real operation dynamics of the future Brazilian power system, which would
require tools to balance supply and demand, mechanisms to deal with excess of power production,
manage import and export capacities, and and ensure overall system stability. Instead, the
objective of the simulation is to estimate a maximum potential generation from each energy
source when their capacity factors are adjusted to fit with the PNE projections. Therefore, the
outcomes of this simulation can be seen as the maximum possible generation potential of each
source, assuming unrestricted operational conditions. This scenario will be especially useful to
compare its outputs with simulations that add in technical and operational restrictions.

Table 5.13 compares the capacity factors in the TMY dataset and the PNE 2050 report, as
well as their relative variation.

The results of the simulation using the adjustment factors are presented in Table 5.14, that
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Table 5.13: Comparison of Capacity Factors between TMY and PNE 2050

Source / Technology CF (TMY) CF (PNE) Variation
Large Hydropower Plants (UHE) 0.42 0.42 0
Small Hydropower Plants (PCH) 0.32 0.29 -3%
Wind Power 0.41 0.44 +3%
Solar Power 0.24 0.28 +4%
Biomass 0.29 0.29 0
Nuclear 0.85 0.85 0
Distributed Generation (DG) 0.18 0.23 +5%

compares EnergyPLAN generated output with what is outlined in the PNE 2050 scenario.

Table 5.14: Comparison between EnergyPLAN simulation results (adjusted CF) and PNE 2050 projections

Source EnergyPLAN (TWh) PNE (TWh) Difference (%)
Electricity Generation

Wind 811.65 811.94 -0.04%
PV (centralized) 198.25 199.20 -0.48%
Biomass 46.28 46.14 +0.30%
Nuclear 25.35 25.17 +0.72%
ROR Hydro 270.78 - -
PCH 46.09 41.10 +12.14%
Reservoir Hydro 191.92 - -
Hydro Total 462.70 451.73 +2.43%
Total DG 99.43 100.43 -1.00%
Demand and Balance

Annual Generation 1689.75 1675.71 +0.84%
Annual Demand 1510.85 1510.85 0.00%
Import 19.87 - -
Export 198.16 - -

5.4.3 Scenario 3: Simulation with Grid Operation Constraints and PHES

In contrast to previous simulations, which sought to estimate the maximum generation potential
under ideal conditions and without restrictions, the current simulation incorporates real opera-
tional limitations, having greater accuracy of the effective functioning of the Brazilian electrical
system. In this scenario, restrictions on energy import and export capacity, VRES curtailment
mechanisms, ESS integration, and grid balancing strategies are implemented.

The first scenario considered involves the introduction of pumped-hydro energy storage
(PHES), based on the technical survey carried out by GESEL (2021), which identified an instal-
lable potential of 11 GW in Brazil. This storage capacity is integrated into the EnergyPLAN
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model as a solution to mitigate the variability of renewable sources, allowing the displacement

of excess energy to times of greater demand or lower generation.

Table 5.15 represents the annual generation data of the system in the new observed context,
reflecting the combined impacts of the operation control measures, curtailment of renewables

and use of hydraulic storage.

Table 5.15: Comparison between EnergyPLAN results with grid constraints and PHES, and PNE 2050 projec-
tions

Source EnergyPLAN (TWh) PNE (TWh) Difference (%)
Electricity Generation

Wind 811.60 811.94 -0.04%
PV (centralized) 189.67 199.20 -4.79%
Biomass 46.28 46.14 +0.30%
Nuclear 25.35 25.17 +0.72%
ROR Hydro 249.29 - -
PCH 46.09 41.10 +12.14%
Reservoir Hydro 158.06 - -
Hydro Total 407.35 451.73 -9.82%
Total DG 99.43 100.43 -1.00%
Demand and Balance

Annual Generation 1625.77 1675.71 -2.98%
Annual Demand 1510.85 1510.85 0.00%
Import 19.87 - -
Export 109.56 - -
PHES 13.13 - -

When comparing the results of this simulation with those obtained in the previous scenario
with correction of capacity factors, a reduction in electricity imports is observed, going from
19.87TWh to 15.86TWh — a decrease of approximately 18%. This drop is directly related to
the introduction of the PHES, which allowed better use of surplus energy generation, reducing
the need to resort to imports to meet times of deficit. Furthermore, there is a slight reduction
in the total generation of the system (from 1689.75 TWh to 1625.77 TWh), while exports also
decrease from 198.16 TWh to 109.56 TWh. This reduction in exports is not only due to the
fact that part of the excess energy was consumed by the pumping process itself, but also to the
restrictions imposed by the limits of international transmission lines, which were implemented
in the simulation. These results indicate that the presence of PHES acts to help balance the
system’s operation, and also as an energy retention mechanism, avoiding waste due to excessive

export and contributing to greater energy self-sufficiency.
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Table 5.15, also demonstrates the occurrence of curtailment observed in all centralized re-
newable energy sources. The most impacted source was hydroelectric, which saw a reduction
of almost 10% in its annual generation. This reduction is associated with its strategic role in
controlling the system’s operation, providing subsidiary services — such as frequency regulation
and operating reserve — a role that it already established in the current Brazilian electrical
system and that is expected to continue, given the operational flexibility of this technology.
Centralized solar generation showed a slight reduction, less than 5%, reflecting the curtailment
applied during peak generation periods, in which production exceeds instantaneous demand.
On the other hand, wind generation showed practically no significant variation, indicating good
compatibility with the demand profile and the control mechanisms employed in this operational

scenario.

The functioning of the system under realistic operational constraints, including the imple-
mentation of pumped storage (PHES), grid balancing and renewable sources curtailment, can be
better understood through the seasonal behavior of generation and demand. The figure 5.26 il-
lustrates the hourly electricity generation by source and the corresponding demand curve during
a representative operating week for each season. The results highlight the interaction between
variable renewable generation, storage dispatch and import mechanisms, demonstrating how the

system responds to seasonal variability and operational limitations.

The monthly behaviour of electricity imports throughout the year are also important data
to be analyzed. As shown in Figure 5.27, it is observed that energy imports are concentrated
mainly between the months of January and April, a period that corresponds to summer and
early autumn in the Southern Hemisphere. This seasonal pattern indicates greater dependence
on external supply during periods of higher demand and lower system flexibility, highlighting the
importance of interconnections as a complementary mechanism for balancing the electricity grid
in critical months for this specific scenario. However, this dependence on external resources is not
desirable from an energy security perspective. This suggests, in the long term, a potential need
to expand strategies to support the energy system in Bragzil, such as the diversification of energy
storage technologies, the strengthening of grid control mechanisms and the implementation of

demand and response actions.

Figure 5.28 shows the monthly variation of the average capacity factors of the main renewable
generation sources throughout the year. Analysis of these curves allows us to identify important
seasonal patterns and assess the degree of complementarity between the different renewable

technologies.
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Figure 5.26: Hourly electricity generation and demand during a typical operational week for each season for
Scenario 3.
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Figure 5.27: Average monthly electricity imports throughout the year for Scenario 3.

The seasonal analysis of system operation shows a clear mismatch between generation pat-
terns and electricity demand in the 100% renewable scenario for Brazil. As shown in Figure
5.26, hydropower generation is higher in the first months of the year, especially during summer,
when rainfall and reservoir inflows are greater. On the other hand, wind generation peaks later
in the year, mainly from September to January. This inverse seasonality between the two main
renewable sources creates a structural issue: even though hydropower provides plenty of energy
early in the year, its flexibility and storage capacity are limited in the simulated scenario. At
the same time, wind power is the main source in the mix, which leads to a critical gap during
summer and early autumn. In this period, wind capacity factors drop and demand stays high,
increasing dependence on electricity imports to meet system needs. Figure 5.27 shows that most
imports occur between January and April, which reveals a seasonal vulnerability. These results
reinforce the need for more storage capacity and better seasonal balancing strategies to reduce

import dependence and improve energy security in a fully renewable grid.

It is possible to observe that the sources with the greatest seasonality are reservoir hydro-
electric and wind. Generation from reservoirs hydroelectric peaks between February and April,
with capacity factors above 0.60, and decrease sharply from May onwards, reaching its minimum
value in September. However, wind generation reaches its lowest values in the months of May
to August (with a capacity factor of around 0.29) and increases again from September onward,
reaching peaks between November and January. These results indicate good complementar-
ity between wind and reservoir hydroelectric sources, which contributes to the stability of the

system throughout the year.
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Figure 5.28: Monthly capacity factor variation for each renewable energy source, showing seasonal trends and
resource complementarity.

Solar photovoltaic (PV) generation proved to be the most constant source throughout the
year, with a capacity factor varying slightly between 0.25 and 0.28, which demonstrates its
predictability and regularity. Total distributed generation (Total DG), which reflects the combi-
nation of decentralized technologies, follows a smoothed profile and shows gradual growth in the
second half of the year. This result is due to the fact that distributed generation is composed,
in its overwhelming majority, of photovoltaic systems. Distributed solar generation maintained
good consistency in relation to centralized solar generation throughout the year, despite the
former presenting a significantly lower capacity factor than the latter, which contributes to a

stable production profile in the decentralized segment.

Biomass generation, in turn, presents a seasonal pattern strongly influenced by the sugarcane
harvest calendar, which concentrates the availability of bagasse for burning between the months
of April and November. As a result, biomass capacity factors increase significantly during this
period, reaching their peak between July and October. This observed pattern results in good
complementarity with wind energy, which tends to have lower performance in the middle months
of the year (may to october), coinciding with hydroelectric generation from reservoirs, which
also recovers its generation capacity from the second semester of the year. However, it is worth
highlighting that, despite all its strategic complementary potential, biomass still represents a
relatively small fraction of the system’s total generation when compared to the contribution of

large hydroelectric reservoirs.
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5.4.4 Scenario 4: Integration and Sensitivity Analysis of Lithium Battery
and Green Hydrogen Storage

This section expands the previous simulation by integrating lithium-ion battery storage systems
and performing a sensitivity analysis to assess their impact on the operation of the power system.
The objective is to identify storage configurations that minimize the need for electricity imports
and to observe how the system responds to variations in installed power capacity and energy
storage capacity. Although this analysis will later be applied to green hydrogen, each storage
alternative is initially explored separately to better understand its individual influence on system
operation.

As discussed in the previous chapter, both lithium-ion batteries and green hydrogen have
advantages and limitations. Lithium-ion batteries offer high efficiency and fast response time,
which makes them suitable for grid balancing and short-term storage. However, its energy
storage capacity is relatively limited. In contrast, green hydrogen can be stored in larger quan-
tities and used for long-term balancing, although it has significantly lower efficiency and slower
conversion dynamics.

The first sensitivity analysis focuses on lithium-ion battery storage. The baseline values
used for modeling are derived from actual systems already in operation; according to the 2024
Statistical Report on Electrochemical Energy Storage Power Stations by the China Electricity
Council (CEC), as of December 31, 2024, China has achieved a total installed capacity of 62GW
and 141GWh of lithium-ion battery energy storage.

In California, lithium-ion battery storage systems have also been expanding rapidly. Accord-
ing to data from the California Energy Commission (CEC), as of April 2025, the total installed
battery storage capacity in the state exceeded 15,700 MW, with an additional 8,600 MW planned
by the end of 2027, bringing the total energy storage capacity estimated at approximately 40
GWh.

At this phase, a two-dimensional sensitivity analysis is performed to evaluate the impact of
integrating lithium-ion batteries into the electrical system. Both installed power capacity (MW)
and energy storage capacity (MWh) are input variables, and various combinations between these
two parameters are simulated. This approach allows us to observe, in a more comprehensive
way, how the system behaves under different technical configurations, as well as to identify which
combinations minimize the need for imported electrical energy.

For each pair of installed power and energy storage values, the model is run and the annual

amount of imported energy is recorded as the main performance indicator. This method allows
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identifying more efficient operating regions, in addition to understanding the technical and
operational limits of the system in response to the renewable variability.

Based on the literature and experimental data, it is assumed that lithium-ion batteries have
a full-cycle efficiency of 90%, with 95% efficiency in charging and 95% in discharging. These
values are consistent with commercial systems already in operation, including in second-life
applications.

Table 5.16 presents the results of the two-dimensional sensitivity analysis for lithium-ion
battery storage systems. The table shows the annual electricity imports (in TWh) resulting from
different combinations of installed power capacity (GW) and energy storage capacity (GWh).
The goal of this analysis is to identify the configurations that most effectively reduce import
needs. As expected, increasing either parameter generally improves system self-sufficiency, with

diminishing returns beyond certain thresholds.

Table 5.16: Annual electricity imports (TWh) as a function of lithium-ion storage power capacity (GW) and
energy capacity (GWh).

Installed Energy Storage Capacity (GWh)
capacity
(GW)

20 40 60 80 100 125 150 175 200 250 300
5 16.74 15.81 15.44 15.22 15.08 14.95 14.85 14.75 14.67 14.57 14.48
10 16.40 14.67 13.74 13.16 12.79 12.44 12.18 11.99 11.83 11.58 11.36
15 16.39 14.39 13.15 12.33 11.69 11.08 10.71 10.37 10.07 9.66  9.37
20 16.39 14.33 12.95 11.99 11.26 1047 9.85 942 9.07 848 8.04
25 16.39 14.33 12.93 11.89 11.08 10.24 9.49 8.91 8.45 7.76 7.23
30 16.39 14.33 12.92 11.87 11.01 10.14 9.36 8.72 8.19 7.33 6.77
35 16.39 14.33 12.92 11.87 11.00 10.12 9.32 8.66  8.09 7.16  6.50
40 16.39 14.33 12.92 11.87 11.00 10.12 9.32 8.64 8.06 7.10 6.37
50 16.39 14.33 12.92 11.87 11.00 10.12 9.32 8.64  8.06 7.07  6.33
75 16.39 14.33 12.92 11.87 11.00 10.12 9.32 8.64  8.06 7.07  6.33

Based on the results of the simulation with the integration of lithium-ion battery storage
systems, a detailed graphical analysis was performed to identify the most technically efficient
configurations of energy storage (GWh) and installed power (GW) to reduce dependence on
electricity imports in the Brazilian system.

The main appliance for this analysis was a contour plot as shown in Figures 5.29 and 5.30,
which shows the levels of avoided imports (in TWh) as a function of storage capacity and
installed power. To complement this visualization, technical gradient curves were superimposed
(VZ). These curves represent the magnitude of the variation in the benefit (avoided imports)
for each additional unit of technical investment — that is, they show where the system responds

with greater or lesser intensity to capacity increases.
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The highest gradients (VZ > 2, for example) indicate regions where small infrastructure
expansions still provide large gains in terms of avoided imports. As they approach the line VZ =
1.0, these gains become proportionally equivalent to the technical effort invested. However, in
areas with VZ < 1.0, the returns begin to decrease, characterizing regions of saturation, where
there is lower incremental efficiency.

Based on this interpretation, two technical points were selected as strategic references:

o Early Threshold Point (100 GWh, 15 GW) This point is located exactly on the
line VZ = 1.0, corresponding to 7.52 TWh of avoided imports. It represents the limit of
the region of high technical efficiency, where the system still delivers returns proportional
to the effort invested. It is therefore an excellent reference for short and medium-term

decisions, as it combines relevant gains with relatively contained infrastructure.

o True Knee Point (60 GWh, 15 GW) Identified by curvature analysis (Hessian-based
method), this point provides 6.09 TWh of avoided imports — representing the location
of maximum surface curvature. Although it lies within a more moderate benefit zone, it
mathematically reflects the most abrupt inflection of the surface, where the system transi-
tions from rapid benefit growth to diminishing returns. For this reason, it is interpreted as
the True Knee Point — a critical technical reference that can guide system design choices

with high mathematical precision.

This point was identified by treating the avoided import matrix as a continuous surface
Z(x,y), with = being the energy storage and y the installed power. The first order partial

derivative were calculated s as:

07 07z

After that, the Hessian matrix was built using the second-order derivatives:

— |9%z 9%z 98%Z 9%z
H 0x2  Oxdy Oydx  Oy? (53)

The determinant of this matrix is used as an approximation of (zaussian cur-

vature:

K

(5.4)

oz 9z [z
o022 Oy? Oxdy
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The point on the grid that has the highest value for K shows the place where returns start
to decline after reaching a peak. The calculated values of K are present in Table A.7 in

the appendix section.

The choice of the True Knee Point as the main planning reference is justified by its tech-
nical value and also by its robustness and precision considering possible future scenarios. This
point represents a configuration in which the system still responds efficiently, even after the
saturation threshold, giving a significant volume of avoided imports (more than 6 TWh), with
a controlled level of infrastructure. As a result, it emerges as a particularly relevant option in
energy transition strategies, where the objective is to balance technical expansion and energy
security.

The combined analysis of isolines, gradient curves and performance points therefore pro-
vides a richer reading and a clearer understanding of the observed pattern in the simulated
system. In addition to revealing areas of greatest stability and technical return, it provides clear
guidelines for selecting configurations that maximize impact with optimized infrastructure. This
type of graphical and analytical approach represents a powerful tool for efficiency-driven energy
planning, especially in systems with a high participation of renewable sources and the need for
storage support.

Following the analysis of lithium-ion battery storage, green hydrogen was added as a further
option in the simulated electricity system, mainly examined as a storage option for medium
and long-term solution due to the characteristics of hydrogen that can be be stored in tanks
and reservoirs. Unlike batteries, the systems used for green hydrogen requires two separate
equipments to produce and convert the green hydrogen: an electrolyser to produce hydrogen
and a fuel cell (or gas turbine) to reconvert it into electricity. These two components do not
necessarily have to be sized the same, as their installed powers can be independently sized.

In order to address this characteristic, the sensitivity analysis was performed based on the
(E/C) configuration grid that uses electrolyser capacity in GW represented as “E” and fuel cell
capacity in GW labelled as “C". Each row in the table stands for a certain E/C configuration, so
the analysis reflects how such systems could really be scaled separately in practice. The results
are display in Table 5.17.

The approach taken for lithium-ion batteries is also being used for hydrogen storage. A
matrix of avoided electricity imports (TWh) was constructed as a function of energy storage
capacity (GWh), and their gradients magnitude maps (VZ) ware calculated to determine areas

of optimal technical response. Furthermore, a Hessian-based analysis of second-order derivatives
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Figure 5.29: Isoline map of avoided electricity imports (TWh) as a function of energy storage capacity (GWh)
and installed power capacity (GW) of Lithium-ion batteries, overlaid with technical gradient lines (VZ). Two
reference points are highlighted: the Early Threshold Point (100 GWh, 15 GW), located exactly on the
VZ = 1.0 gradient line, and the True Knee Point (60 GWh, 15 GW), identified by the Hessian determinant as
the point of maximum curvature where the system begins to exhibit strong diminishing returns.

* Early Threshold Point|
¢ True Knee Point

Avoided Import (TWh/year)

40

30 100 Energy Storage Capacity (GWh)

Installed Power Capacity (GW) 20

50
0 0

Figure 5.30: Three-dimensional surface of avoided electricity imports (TWh/year) as a function of energy
storage capacity (GWh) and installed power capacity (GW) of Lithium-ion batteries. The surface illustrates the
simulated system’s response to different infrastructure configurations. Two reference points are highlighted: the
Early Threshold Point (red circle), where the benefit-to-effort ratio reaches VZ = 1.0, and the True Knee
Point (blue diamond), mathematically identified through the Hessian determinant as the location of maximum
curvature, representing the most critical inflection in the system’s performance surface.
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Table 5.17: Annual electricity imports (TWh) as a function of hydrogen storage system configuration — elec-
trolyzer /fuel cell power capacity (GW) and storage energy capacity (GWh).

E/C Configuration Energy Storage Capacity (GWh)

(GW/GW) 100 200 300 500 700 900 1200 1500 2000
5/5 11.45 11.18 11.12 11.00 10.88 10.76 10.58 10.40 10.10
5/10 11.19 10.81 10.65 10.42 10.30 10.18 10.00 9.82 9.52
5/15 11.14 10.67 10.51 10.27 10.03 9.91 9.73 9.55 9.25
10/10 10.58 10.05 9.77 9.54 942 9.30 9.12 8.94 8.64
10/20 978 940 9.19 88 865 845 827 809 7.79
10/30 1049 9.76 9.34 8.85 8.61 8.45 8.27  8.09 7.79
15/15 10.33 9.28 888 840 827 815 797 779 749
15/30 10.31 9.16 8.69 8.05 7.83 7.71 7.53 7.35 7.05
15/45 10.31 9.16 8.67 7.98 7.74 7.60 7.42 7.24 6.94
20/20 10.29 8.84 8.27 7.68 7.41 7.29 7.11 6.93 6.63
20/40 10.29 880 817 744 7.10 6.98 6.80 6.62 6.32
20/60 10.29 880 817 744 7.09 697 6.79 6.61 6.31

was used to pinpoint the point on the avoidance curve with the strongest curvature, the True

Knee Point (TKP).
The same two strategic reference points were thus identified for the hydrogen system:

The initial Threshold Point is set at 100 GWh and 15/15 GW. This combination is on the
VZ = 1.0 gradient contour and shows a balanced mix of electrolyser and fuel cell capacity.
This point manages to avoid 2.82 TWh of future imports and defines the boundary between the
high-efficiency region. However, unlike batteries, hydrogen supplies have fewer regions where

VZ > 1.0, reflecting a more limited area of efficiency.

True Knee Point (200 GWh, 20/40 GW) Maximum concavity along the avoided import
surface marks this point as a high-storage, high-power setting, providing about 4.19 TWh of
avoided imports. It is where the surface of the curve shifts to mean that, starting here, more
investments bring diminishing marginal benefits. From technical and planning perspective,
this is the middle point between security of energy supply and the cost-effectiveness of hydrogen
deployment. The H values of the Hessian determinant are presented in Table A.8 in the appendix

section.

The results of the hydrogen system simulation are visualized in Figures 5.31 and 5.32. Fig-
ure 5.31 shows the avoided import levels and highlights the Early Threshold and True Knee
Points with the technical gradient lines (VZ). The 3D surface (Figure 5.32) offers a better

visualization of the knee point and the system’s response to different configurations.
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Figure 5.31: Isoline map of avoided electricity imports (TWh) for the hydrogen storage system as a function of
energy storage capacity (GWh) and electrolyser/fuel cell configuration (GW) of green hydrogen storage system.
Technical gradient lines (VZ) are overlaid. The Early Threshold Point (100 GWh, 15/15 GW), where VZ =
1.0, and the True Knee Point (200 GWh, 20/40 GW), identified by Gaussian curvature analysis, are highlighted.
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Figure 5.32: Three-dimensional surface of avoided electricity imports (TWh/year) for the hydrogen storage
system. Axes represent energy storage capacity (GWh) and electrolyser/fuel cell configuration (GW) of green
hydrogen storage system. The Early Threshold Point (red circle) marks the onset of diminishing returns
(VZ = 1.0), while the True Knee Point (black square) indicates the location of maximum curvature — the
most significant inflection point in system performance.
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5.4.5 Final Scenario: Full Storage System Integration

The final scenario presented demonstrates the full implementation of all energy storage technolo-
gies studied in this work. Including a Pumped Hydroelectric Energy Storage system (PHES)
with 11 GW of installed capacity, a lithium-ion battery system with 8 GW of installed power
and 48 GWh of energy capacity, in addition to a hydrogen storage system configured at the True
Knee Point (TKP), with 15/45 GW (electrolyzer/fuel cell) and 1500 GWh of storage capacity.

The energy balance achieved in this scenario is summarized in Table 5.18, and is being
compared to the baseline scenario — a system without the implementation of any storage tech-
nology. This comparison allows us to assess the systemic benefits provided by the integration of
different storage technologies, especially in terms of demand coverage, use of renewable energy
and reduction of electricity imports.

In the final scenario observed, total electricity generation reaches 1511.7 TWh/year, a lower
value than in the base scenario. This reduction, however, is intentional and beneficial, as it
results from restriction strategies adopted to balance supply and demand more effectively. Run-
of-the-river hydropower (ROR Hydro) production, in particular, was reduced from its maximum
potential, as it was redirected to provide frequency regulation and ancillary services, reinforcing
system stability rather than maximizing production.

Electricity imports were reduced to just 8.8 TWh/year, a significant reduction from the 19.87
TWh/year observed in the scenario without energy storage — representing a drop of 55.7%.
These results highlight the importance of energy storage to attend demand during periods of
renewable variability and minimize dependence on external sources.

Each of the energy storage systems proved to be relevant in different and complementary
ways within the final scenario. The PHES system provided an energy throughput of 13.13
TWh/year, demonstrating high efficiency and operational flexibility to attend medium-term
balancing needs and rapid dispatch capacity. The lithium-ion battery system contributed 6.09
TWh/year, acting mainly in short-term balancing tasks, such as smoothing fluctuations, man-
aging intraday variability and reducing peak demand. The hydrogen storage system, configured
at True Knee Point with a capacity of 15/45 GW and 1500 GWh, provided 4.19 TWh/year.
This system was optimized to handle long-term imbalances and seasonal mismatches, effectively
complementing the faster response capabilities.

To assess the system operation dynamically, Figure 5.33 presents a representative operational
week for each season. It can be seen that the integration of storage allows a smoother align-

ment between renewable generation and load profiles. During periods of high or low demand
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(especially in summer and winter), the storage systems collectively compensate for fluctuations,
significantly reducing the need for imports and ensuring stable demand satisfaction.

Table 5.18: Comparison between the final scenario results and PNE 2050 values for electricity generation and
system balance.

Source Final Scenario (TWh) PNE 2050 (TWh) Difference (%)
Electricity Generation

Wind 811.60 811.94 -0.04%
PV (centralized) 190.13 199.20 -4.55%
Biomass 46.28 46.14 +0.30%
Nuclear 25.35 25.17 +0.72%
ROR Hydro 251.83 — —
PCH 46.09 41.10 +12.14%
Reservoir Hydro 153.06 158.06 -3.16%
Hydro Total 404.89 451.73 -10.37%
Total DG 99.43 100.43 -1.00%
Demand and Balance

Annual Generation 1623.77 1675.71 -3.10%
Annual Demand 1510.85 1510.85 0.00%
Import 8.80 19.87 -55.70%
Export 104.56 109.56 -4.56%
PHES 13.13 — —
Lithium Battery 6.09 — —
Hydrogen Storage 4.19 — —

5.5 Monte Carlo Analysis of Indirect COseq Emissions from
RES in the Final Scenario

A Monte Carlo simulation with one million iterations was performed to estimate the uncertainty
of indirect GHG emissions based on the outputs of the final scenario. As outlined in the method-
ology section, it took energy emissions from different technologies and different report in order
to construct a LCA inventory for the five main technologies applied in the scenario (biomass,
wind, solar PV, hydropower and nuclear) and then fitted with the distribution that better fit
the density trace of each technology.

Figure 5.34 depicts the stacked histogram distribution of life cycle specific emissions (in
gCO2eq/kWh) by each RES., that illustrates how each technology influences the total emissions
of the energy mix per unit of kWh produced.

Figure 5.35 illustrates the distribution of total annual indirect emissions for the full electricity
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Figure 5.33: Typical operational week for each season in the final scenario with all storage systems implemented.
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by energy source after Monte Carlo simulation. Each coloured segment corresponds to a technology’s contribution
to the total mix.

mix, expressed in MtCOgeq/year. In this histogram, the energy generation contribution was
taken into account together with the LCA emissions of each energy source in order to estimate
the total COsgeq indirect emissions for the final scenario. The histogram is normalized as a

probability density function.

The simulation resulted in a mean value of 30.8 MtCOgeq/year and a median of 28.9
MtCOsqeq/year, with the first and third quartiles positioned at 21.5 and 37.5 MtCOqeq/year,
respectively. The central 90% confidence interval (from the 5th to the 95th percentile) ranges
from 10.5 a 57.0 MtCOqeq/year.

These results challenge the frequent assumption that renewable electricity systems produce
zero emissions. Although commonly regarded as emission-free—including in major national
plans such as Brazil’s PNE 2050, this analysis demonstrates that a fully renewable scenario still
leads to significant levels of indirect CO2 emissions when life cycle factors are accounted for.

To illustrate the significance of these findings, the 30.8 MtCOqzeq/year average indirect emis-
sions found in this study are close to the PNE scenario "Repowering of Hydropower Plants"
(32 MtCOq9eq/year), which includes almost 31 GW of installed capacity from natural gas power

plants. While this renewable-based scenario studied here involves nearly 490 GW of installed
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Figure 5.35: Probability density of total annual COzeq emissions (MtCOzeq/year) for the 2050 fully renewable

scenario. Results derived from 1,000,000 Monte Carlo simulations.

capacity, demonstrating a far lower emission intensity, these results highlight that the environ-

mental impacts of renewable sources are not negligible.
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Chapter 6

Conclusions

This research shows that, from a technical point of view, Brazil could reach a fully renewable
electricity system by 2050. The system was able to deliver stable and reliable power at an hourly
resolution through the integration of hydropower, wind, solar PV, biomass, and nuclear energy,
combined with multiple energy storage technologies. No fossil fuels were needed.

One of the main contributions of this work is the development of a detailed life cycle inven-
tory for the main electricity sources in Brazil. This database supported the use of a probabilistic
methodology that produced a more realistic estimation of indirect greenhouse gas (GHG) emis-
sions, acknowledging uncertainties that are often overlooked in traditional assessments. Besides,
this approach can be applied to a wide range of issues, such as environmental impact assessments,
policy scenario evaluations, and national decarbonization strategies.

Monte Carlo simulations showed that there is a wide range of possible outcomes depending
on the technology, and that emissions vary significantly across different technologies. The results
call into question the assumption that all renewable sources are ’zero-emission’ and show that
even with a fully renewable grid, the mean emissions are 30.8 MtCOgqeq/year, mostly from
upstream processes and life cycle impacts. This suggests the need for more transparent and
rigorous emission accounting in national energy reports and climate planning.

Energy storage showed to be essential for making the renewable system more reliable and
flexible. The addition of 11 GW of pumped hydro storage (PHES) reduced electricity imports by
18%, from 19.87 TWh to 15.86 TWh. When combined with other storage systems, the imports
dropped even more, down to 8.8 TWh. This highlights the role of storage in dealing with
seasonal variation and improving energy security. Finding key points like the True Knee Point
and looking at technical gradients helped in deciding how to size and prioritize each resource.

Still, despite the system’s feasibility, important challenges remain. Achieving this transition
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would require major capital investment, development of infrastructure (including grid expansions
and control systems), and a strong policy framework. A full transition would also require long-
term public policy coordination, transparent emissions disclosure, and mechanisms to support
private investment. Policymakers must carefully weigh whether the benefits justify the technical
and economic efforts involved.

Lastly, this study points to some paths for future research. Including demand response
and adding sectors like heating and mobility into the electricity system could make the grid
more flexible and reduce how much storage is needed. Better projections of electricity demand,
especially with more electrification, would also help improve planning. Doing a full techno-
economic analysis of the 100% renewable scenario could bring a clearer view of its financial

viability and help guide future policy and investment decisions.

6.1 Limitations and future research

Despite the broad scope of this work, some limitations must be acknowledged. In the first place,
EnergyPLAN is capable of high-resolution hourly simulations, but it adopts a deterministic
approach for system operation and dispatch modelling. As such, it does not fully capture certain
dynamic behaviours of real power systems, such as cascading failures, ramping constraints, or
stochastic weather variability beyond the TMY. This could be addressed in future studies by
coupling EnergyPLAN with stochastic or agent-based modelling frameworks.

Second, the life cycle assessment (LCA) was carried out separately from the energy system
model and focused only on environmental impacts, using probabilistic Monte Carlo simulations.
Although this method captured the uncertainty in indirect GHG emissions, the results were not
integrated with system operations, such as storage dispatch or curtailment.t. Future work could
integrate the LCA into the dispatch model through a feedback loop to allow a more complete
assessment.

Third, the emission factors used in the LCA were obtained from international sources, since
there is still a lack of Brazil-specific data. However, this can affect the accuracy of some results,
particularly for technologies like hydropower and biomass, which have highly context-dependent
life cycle impacts. Future research should focus even more on developing national LCA databases
with regionally appropriate emission factors.

Finally, economic or policy aspects such as investment costs, financing models, political

feasibility or public acceptance were not included in the study. The technical and environmental

101



sides were well covered, but a full 2050 roadmap would have to include these dimensions. Future
research should seek to integrate techno-economic tools and participatory scenario development
to support decision-making at the strategic level.

The importance of these results is not reduced by these limitations, but rather indicates
areas where the work can be expanded. Achieving a fully renewable grid in Brazil will not be
possible with technical solutions alone, but will require better data, more robust methods and

collaboration between sectors.
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Appendix A

Table A.1: Life Cycle Assessment Data for Wind Power Technologies

Ref. Year Type Technology Emissions’ Location

[133] 2015  SLA Multiple 9.40 Global

[134] 2002  SLA Multiple 9.00 Global

[135] 2012  IOG Multiple 12.00 Global

[136] 2023  SLA Multiple 20.26 Brazil

[137] 2017  SLA Multiple 12.05 Canada

[138] 2013 IOG Onshore 12.00 USA

3] 2021 IOG Offshore 14.20 Europe

[139] 2005  SLA Onshore 0.3 29.50 Japan
MW

[140] 2005  SLA Onshore 0.8 11.00 Switzerland
MW

[98] 2013  SLA Onshore 1.5 7.10 Brazil
MW

[141] 2018  SLA Onshore 1.5 10.30 UK
MW

[141] 2018  SLA Omnshore 1.5 16.60 UK
MW

[142] 2019  SLA Onshore 1.5 28.60 China
MW

[143] 2018 EED Onshore 1-3 15.25 Brazil
MW

A2
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Continued from previous page

Ref. Year Type Technology Emissions Location

[144] 2018  SLA Onshore 1 7.35 USA
MW

[145] 2018  IOG Onshore 2 5.10 USA
MW

[146] 2015  IOG Onshore 2 7.20 USA
MW

[147] 2018 IOG Onshore 2.1 10.61 India
MW

[148] 2016 ~ SLA Onshore 2.3 6.00 Europe
MW

[144] 2018  SLA Onshore 2.3 5.84 USA
MW

[149] 2017  IOG Onshore 2.5 9.24 Europe
MW

[150] 2020 IOG Onshore 2.6 8.64 Europe
MW

[151] 2017 IOG  Onshore 2.625 9.62 Europe
MW

[144] 2018  SLA Onshore 2 7.09 USA
MW

[148] 2016  SLA Onshore 3.2 5.00 Europe
MW

[152] 2021  SLA Onshore 3.3 12.93 Colombia
MW

[153] 2021 I0G Onshore 3.4 10.10 India
MW

[154] 2017  IOG Onshore 3.4 7.60 Europe
MW

[155] 2017  IOG Onshore 3.4 7.60 Europe
MW

Continued on next page
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Ref. Year Type Technology Emissions Location

[156] 2017  IOG Onshore 3.45 6.40 Europe
MW

[157] 2017  IOG Onshore 3.45 5.10 Europe
MW

[158] 2020 IOG Onshore 4 - 6.50 Sweden

4.5 MW

[159] 2022  IOG Onshore 4.2 7.30 Germany
MW

[160] 2022 IOG Onshore 4.2 5.60 Germany
MW

[161] 2019  IOG Onshore 4.2 4.40 Germany
MW

[162] 2020 IOG Onshore 4.2 8.04 Canada
MW

[163] 2019 IOG Onshore 4.5 7.80 Europe
MW

[164] 2025 IOG Omnshore 4.5 5.09 USA
MW

[165] 2020 IOG Onshore 4.5 7.25 Canada
MW

[166] 2020 IOG Onshore 5 5.48 Europe
MW

[167] 2020 IOG Onshore 5 7.03 Europe
MW

[168] 2024  IOG Onshore 5 9.97 Poland
MW

[169] 2023 IOG Onshore 5 9.33 Spain
MW

[170] 2023  IOG Ounshore 5 5.66 Brazil
MW
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[171] 2022 IOG Onshore 5.2 6.25 Uzbekistan
MW

[172] 2023 I0G  Onshore 5.3 4.41 Egypt
MW

171 2022  IOG Onshore 5.6 5.99 Uzbekistan
MW

[173] 2024 I0G Onshore 6 9.56 Finland
MW

[171] 2022 IOG Onshore 6 5.74 Uzbekistan
MW

[174] 2023 I0G Onshore 6 5.60 Germany
MW

[175] 2022  IOG Onshore 6.2 8.05 Sweden
MW

[173] 2023 IOG Onshore 6.2 5.09 Germany
MW

[172] 2023 10G Onshore 6.2 4.05 Egypt
MW

[176] 2022 10G Onshore 6.6 6.59 Sweden
MW

[172] 2023 10G Onshore 7.2 3.82 Egypt
MW

[172] 2023 10G Onshore 7.5 3.72 Egypt
MW

3] 2021 I0G Offshore 14.20 Europe

177 2023 IOG Offshore 11 9.49 Denmark
MW

[178] 2023 IOG Offshore 14 9.88 Denmark
MW

Continued on next page
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Ref. Year Type Technology Emissions Location

[179] 2023 I0G Offshore 14 9.58 Denmark
MW

[180] 2024  IOG Offshore 15 7.00 Europe
MW

[140] 2005  SLA Offshore 2 13.00 Switzerland
MW

[148] 2016  SLA Offshore 4 10.90 Europe
MW

[181] 2022  SLA Offshore 5 21.61 Brazil
MW

[148] 2016  SLA Offshore 6 7.80 Europe
MW

[182] 2018  SLA Offshore 3.6 25.50 China
MW

[144] 2018  SLA Offshore 5 7.28 USA
MW

[144] 2018  SLA Offshore 2.3 6.49 USA
MW

Table A.2: Life Cycle Assessment Data for Photovoltaic Technologies

Ref. Year Type Technology Emissions Location
[183] 2010 SLA a-Si 45.05 China
[184] 2012  SLA a-Si 28.24 Global
[103] 2012  SLA Mono-Si 40.00 Global
[185] 2015  SLA Mono-Si 38.00 Europe
[185] 2020  SLA Mono-Si 25.00 Europe
[183) 2010  SLA Mono-Si 51.06 China

! All emission values represented in gCOzeq/kWh
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Ref. Year Type Technology Emissions’ Location
[186] 2012  SLA Mono-Si 21.25 Global
[103] 2012  SLA Mono-Si 66.35 Global
[187] 2013  SLA Mono-Si 30.00 Ttaly
[188] 2014  SLA Mono-Si 32.18 S.Korea
[189] 2018  SLA Mono-Si 79.50 Global
[190] 2018  SLA Mono-Si 57.43 Brazil
[191] 2018  SLA Mono-Si 19.50 China
[102] 2018  SLA Mono-Si 22.50 Spain
[102] 2018  SLA Mono-Si 25.16 UK
[192] 2021 SLA Mono-Si 18.16 Europe
[192] 2021  SLA Mono-Si 35.47 Europe
[105] 2021 SLA Mono-Si 17.51 Germany
[192] 2021 SLA Mono-Si 12.92 Norway
[193] 2022 SLA Mono-Si 48.84 Brazil
[194] 2023 SLA Mono-Si 32.30 Brazil
[195] 2016  SLA Mono-Si 61.36 China
[195] 2016 SLA Mono-Si 61.60 China
[196] 2008 EED Multiple 47.97 China
[196] 2008 EED Multiple 49.36 Germany
[196] 2008 EED Multiple 61.17 Ttaly
[196] 2008 EED Multiple 51.88 Japan
[196] 2008 EED Multiple 48.82 Spain
[196] 2008 EED Multiple 43.70 US
[197] 2013  SLA Multiple 38.10 Europe
[197] 2013  SLA Multiple 81.20 China
[198] 2014  SLA Multiple 37.30 Europe
[198] 2014  SLA Multiple 72.20 China
[199] 2016 SLA Multiple 37.88 Europe
[199] 2016 SLA Multiple 48.82 China
[200] 2019 IOG Multiple 50.90 Global

Continued on next page
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[201] 2021 SLA Multiple 61.92 Brazil
[52] 2021 IOG Multiple 46.00 Us
[202] 2022 SLA Multiple 43.99 Brazil
[203] 2022  SLA Multiple 62.00 Poland
[204] 2015  SLA Multiple 29.20 Global
[205] 2014  SLA Multiple 76.30 Global
[206] 2002  SLA Multiple 15.00 Global
[138] 2013  IOG Multiple 43.00 USA

3] 2021 10G Multiple 36.70 Europe

[135] 2012  IOG Multiple 46.00 Global
[106] 2023 SLA Multiple 92.79 Brazil
[207] 2022  SLA Multi-Si 42.09 Global
[208] 2022  SLA Multi-Si 35.65 Malaysia
[70] 2018 EED Multi-Si 15.25 Brazil
[209] 2010 SLA Multi-Si 43.05 China
[103] 2012  SLA Multi-Si 47.00 Global
[210] 2014  SLA Multi-Si 53.50 Global
[188] 2014  SLA Multi-Si 24.30 S.Korea

3] 2021 I0G Multi-Si 50.08 Europe

[211] 2017 SLA Multi-Si 43.60 China
[212] 2018  SLA Multi-Si 27.60 Singapore
[103] 2012  SLA Mult-Si 56.47 Global
[213] 2022 SLA Muti-Si 44.64 Brazil

! All emission values represented in gCOzeq/kWh
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Table A.3: Life Cycle Assessment Data for Hydropower Technologies

Ref. Year Type Technology Emissions’ Location
[214] 2005 SLA Run-of- 11.30 Japan
river/small
reservoir
[215] 2010 SLA Run-of- 4.33 Brazil
river/small
reservoir

[135] 2012  IOG Hybrid 4.00 Global
[216] 2013 10G Run-of-river 2.19 Norway
[138] 2013  IOG Hybrid 21.00 USA
[205] 2014  SLA Hybrid 13.20 Global
[217] 2015 SLA Reservoir 11.11 China
[218] 2015 SLA Reservoir 28.4 China
[217] 2015 SLA Reservoir 8.36 China
[219] 2015 SLA Reservoir/pumped 5.46 Belgium
[204] 2015  SLA Hybrid 11.60 Global
[220] 2016 SLA Run-of-river 4.10 Turkey
[221] 2016 SLA Run-of-river 5.47 Brazil
[220] 2016 SLA Reservoir 8.30 Turkey
[222] 2017 SLA Reservoir 0.434 China
[222] 2017 SLA Reservoir 7.60 China
[222] 2017 SLA Reservoir 9.12 China
[223] 2017 SLA Reservoir 15.20 Canada

[70] 2018 EED Reservoir 73.78 Brazil
[224] 2018  IOG Hybrid 18.50 Global
[225] 2019 10G Reservoir 6.81 Norway
[226] 2019 SLA Reservoir 3.50 China
[227] 2019 SLA Reservoir 28.4 Switzerland
[228] 2019 SLA Reservoir 39.00 Brazil
[229] 2020 SLA Reservoir 5.51 Nigeria

Continued on next page
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(3] 2021 10G Hybrid 14.20 Europe
[107] 2021 SLA Run-of-river 35.00 Brazil
[230] 2021 SLA Run-of river/ 34.50 Canada

small reservoir
[231] 2022 SLA Hybrid 21.22 China
[232] 2022 SLA Reservoir/pumped 26.06 China
[233] 2023 SLA Run-of- 5.01 Brazil
river/small
reservoir

[234] 2023 SLA Hybrid 14.52 China
[233] 2023 SLA Hybrid 92.15 Brazil
[235] 2025 SLA Reservoir 60.19 China

Table A.4: Life Cycle Assessment Data for Wind Power Technologies

Ref. Year Type Technology Emissions’ Location
[206] 2002  SLA Multiple 118.00 Global
[236] 2005  SLA Biogas 78.00 Europe
[236] 2005  SLA Biogas 281.00 Germany
[236] 2005  SLA Biogas 142.00 France
[236] 2005  SLA Biogas 193.00 Austria
[236] 2005  SLA Biogas —112.00 Europe
[135] 2012  IOG Multiple 18.00 Global
[237] 2013  SLA Biogas 323.00 Italy
[237] 2013  SLA Biogas —386.00 Italy
[238] 2013  SLA Biogas 116.00 Finland
[239] 2013  SLA Biomass 83.00 Denmark
[138] 2013 IOG Multiple 52.00 USA

! All emission values represented in gCOzeq/kWh
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Ref. Year Type Technology Emissions Location
[240] 2014 SLA Biogas 222.00 UK
[205] 2014  SLA Multiple 97.30 Global
[241] 2015 SLA Biogas 290.52 Italy
[242] 2015  SLA Biomass 232.00 Chile
[242] 2015  SLA Biomass 258.00 Chile
[243] 2015  SLA Multiple 39.90 Brazil
[108] 2016  SLA Biogas 408.00 Italy
[108] 2016 SLA Biogas —395.00 Ttaly
[244] 2016 ~ SLA Biogas —252.00 Belgium
[244] 2016  SLA Biogas —216.00 Belgium
[245] 2016 SLA Biogas 402.00 Ttaly
[246] 2016 ~ SLA Biogas 93.00 Germany
[246] 2016  SLA Biogas 127.00 Germany
[108] 2016  SLA Biogas 58.00 Global
[247] 2017  SLA Biogas 200.00 Ttaly
[247] 2017 SLA Biogas 360.00 Italy
[247] 2017  SLA Biogas 57.40 Norway
[248] 2018 EED Biomass 417.10 Brazil
[248] 2018 EED Biomass 59.06 Brazil
[249] 2019  SLA Biomass 22.50 UK
[109] 2019  SLA Biomass 250.00 USA /Europe
[109] 2019 SLA Biomass 510.00 USA /Europe
[250] 2019  SLA Biomass 227.00 Brazil
[251] 2019 SLA Biogas 269.00 Brazil
[252] 2020 SLA Biomass 240.00 Global
253 2021  SLA Biogas 300.00 Brazil
[254] 2021 SLA Biodiesel 70.29 Brazil
[254] 2021 SLA Bioethanol 271.23 Brazil
[106] 2023  SLA Multiple 109.29 Brazil

! All emission values represented in gCOzeq/kWh
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Table A.5: Life Cycle Assessment Data for Nuclear Power Technologies

Ref. Year Type Technology Emissions’ Location
[206] 2002  SLA Multiple 15.00 Global
[214] 2005 SLA Uranium 24.20 Japan
[135] 2012 10G Multiple 16.00 Global
[255] 2012 SLA Multiple 11.00 Global
[255] 2012 SLA Multiple 13.00 Global
138 2013 IOG Multiple 13.00 USA
[256] 2013 10G Uranium 5.80 UK
[257] 2014 SLA Uranium 11.27 Germany
[205] 2014 SLA Multiple 17.10 China
[258] 2014  SLA Multiple 24.20 Global
[259] 2015 SLA Uranium 22.50 China
[260] 2016 SLA Uranium 14.52 Global
[260] 2016 SLA Uranium 11.87 Global
[260] 2016 SLA Uranium 11.87 Global
[260] 2016 SLA Uranium 20.50 Global
[260] 2016 SLA Uranium 28.80 Global
[260] 2016 SLA Uranium 28.80 Global
[260] 2016 SLA Uranium 8.35 Global
[260] 2016  SLA Plutonium 6.26 Global
[223] 2017 SLA Uranium 3.40 Canada
[70] 2018 EED Uranium 12.09 Brazil
[261] 2018 SLA Uranium 6.50 Global
[226] 2019 SLA Uranium 12.40 China
3] 2021 10G Multiple 5.13 Europe
[116] 2021 SLA Uranium 17.00 Europe
[106] 2023  SLA Multiple 10.50 Brazil

! All emission values represented in gCOzeq/kWh
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Figure A.1: Monthly capacity factor comparison for Wind Power: TMY vs. Historical min, max, and average
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Figure A.2: Monthly capacity factor comparison for Solar PV: TMY vs. Historical min, max, and average.
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Figure A.4: Monthly reservoir level comparison: TMY vs. Historical min, max, and average.
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Figure A.5: Monthly capacity factor comparison for ROR Hydro: TMY vs. Historical min, max, and average.

Table A.6: EnergyPLAN simulation input data

Parameter Value Curve / Notes
Electricity Demand 1,510.85 TWh/year Hourly demand profile (2024)
Central Power Plants

Nuclear Power 3,395 MW Constant (Correction factor: 0.85)
Reservoir Hydro Capacity 42,450 MW TMY reservoir inflow
Reservoir Inflow 181 TWh/year Annual average inflow
Reservoir Storage Capacity 210 GWh Initial: 37.19%, Final: 36.27%
Pumped Hydro Storage 11,000 MW Efficiency: 78%
VRES

Onshore Wind (Centralized) 209,431 MW TMY wind

Solar PV (Centralized) 80,831 MW TMY solar
Run-of-River Hydropower 69,265 MW TMY inflow
Distributed Wind (DG) 998 MW TMY wind (DG)

Small Hydro (PCH) 16,182 MW TMY PCH
Distributed Solar PV (DG) 42,904 MW 2024 DG PV profile
Very Small Hydro 1,996 MW TMY PCH
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Figure A.6: Share of annual electricity generation by source in the simulation with TMY-Based Capacity Factors
and without ESS. All values are expressed in TWh/year.

Table A.7: Gaussian curvature (K) values computed from the avoided electricity import surface Z(x,y). This
curvature indicates the inflection region where diminishing returns begin with increasing storage capacity.

Installed Energy Storage Capacity (GWh)
capacity
(GW)

20 40 60 80 100 125 150 175 200 250
5 -0.594 -0.326 -0.081 -0.038 -0.031 -0.026 -0.008 -0.004 -0.015 -0.020
10 -0.219 0.001 0.144 0.070 0.005 0.016 0.033 -0.006 -0.039 -0.022
15 0.006 0.127 0.187 0.090 0.043 0.062 0.040 -0.012 -0.029 0.005
20 -0.000 0.035 0.074 0.044 0.012 0.025 0.048 0.003 -0.041 -0.010
25 0.000 0.006 0.020 0.018 0.006 0.010 0.028 0.004 -0.027 -0.002
30 0.000 -0.000 0.001 0.005 0.003 0.005 0.012 -0.001 -0.019 -0.007
35 0.000  0.000 0.001 0.001 0.001 0.002 0.005 -0.000 -0.009 0.001
40 0.000  0.000 0.000 0.000 0.000 0.000 0.001 -0.000 -0.004 -0.000
50 0.000  0.000 0.000 0.000 0.000 0.000 0.001 -0.001 -0.001 0.000
75 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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Figure A.7: Hourly electricity generation and demand during a typical operational week for each season in the
simulation with TMY-Based Capacity Factors and without ESS.
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Table A.8: Hessian determinant (H) values computed from the avoided electricity import surface Z(z,y) for
the hydrogen storage system. These values approximate the local curvature and guide the identification of the
True Knee Point. Included in Appendix A.8.

E/C Con- Energy Storage Capacity (GWh)
figuration
(GW/GW)

100 200 300 500 700 900 1200 1500 2000
5/5 -0.001 -0.001 -0.007 -0.006 -0.002 -0.005 -0.007 -0.009 -0.009
5/10 -0.012 -0.006 -0.002 -0.001 -0.000 -0.002 -0.003 -0.004 -0.004
5/15 -0.046 -0.030 -0.008 -0.002 -0.006 0.000 0.007 0.009 0.009
10/10 0.014 0.016 0.012 0.003 0.000 -0.001 -0.004 -0.004 -0.004
10/20 0.031 0.008 -0.007 0.001 0.008 0.003 -0.007 -0.017 -0.017
10/30 -0.116 -0.057 -0.013 -0.004 -0.001 -0.000 -0.001 -0.002 -0.002
15/15 -0.090 -0.014 0.003 0.005 -0.003 0.002 0.003 0.004 0.004
15/30 0.011  0.019 0.005 0.014 0.012 -0.000 -0.004 -0.005 -0.005
15/45 -0.023 -0.027 -0.013 -0.006 -0.004 -0.000 0.001 0.001 0.001
20/20 -0.027 0.016 0.021 0.005 0.003 0.000 -0.001 -0.002 -0.002
20/40 0.002 0.036 0.030 0.027 0.029 0.004 -0.007 -0.009 -0.009
20/60 0.000 0.008 0.013 0.027 0.029 0.004 -0.007 -0.009 -0.009
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