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ABSTRACT

CAMPOS, Carlos Eduardo Espinel, D.Sc., Universidade Federal de Vigcosa,
November, 2025. Essays on Transport and Energy Transition. Adviser: lan
Michael Trotter.

This thesis investigates the interplay between freight transport, economic growth, and
the energy transition in Brazil through two complementary essays. The first essay
employs Auto Regressive Distributed Lag (ARDL) models to project freight demand
across road, rail, and air modes through 2099 under multiple Shared Socioeconomic
Pathways (SSPs). GDP and population growth emerge as the main determinants of
the expansion in freight demand. Road freight, responsible for 64.9% of cargo
movement, is projected under SSP5 to increase by up to 653.3% by 2099, with rail
and air freight growing by up to 472.9% and 770.8%, respectively, relative to 2019
levels. This highlights the structural dominance of road transport in Brazil, whose high
carbon intensity raises environmental concerns. The historical road freight carbon
intensity (RFCI) is estimated at 120.7 gCO,/TKU, which establishes a demanding
mitigation baseline. The second essay assesses the economic implications of
mitigation by projecting the evolution of logistics costs as a share of GDP and
estimating the costs required to meet Brazil's climate targets. Freight logistics costs
could reach 2.2% of Brazi's GDP by 2099 under the projected scenarios, up from
approximately 1.8% in 2019, highlighting the growing economic weight of the activity.
Diesel demand is inelastic (-0.610), implying that pricebased interventions alone are
likely insufficient. Simulated Marginal Abatement Costs (MACs) to meet Brazil’s 2035
NDC targets range from BRL 1,349.77 to 1,532.79 per ton of CO,, which underscores
the need for coordinated policy interventions. By integrating demand projections,
carbon intensity, and economic feasibility, this thesis develops a scenario-based
framework for policymaking, suggesting that a credible energy transition in Brazilian
freight may depend on structural, regulatory, and technological measures.

Keywords: freight transport demand; energy transition; marginal abatement costs



RESUMO

CAMPOS, Carlos Eduardo Espinel, D.Sc., Universidade Federal de Vigcosa,
novembro de 2025. Ensaios em Transporte e Transicao Energética. Orientador:
lan Michael Trotter.

Esta tese investiga a interagédo entre transporte de cargas, crescimento econémico e
transicdo energética no Brasil, integrando dois ensaios complementares. O primeiro
ensaio utiliza modelos Autorregressivos de Defasagem Distribuida (ARDL) para
projetar a demanda de transporte rodoviario, ferroviario e aéreo até 2099 sob
diferentes Trajetérias Socioecondmicas Compartilhadas (SSPs). PIB e crescimento
populacional sdo os principais determinantes da expansdao da demanda por
transporte. O transporte rodoviario, responsavel por 64,9% do movimento de cargas,
pode crescer em até 653,3% no cenario SSP5, com projecdo para 2099, com
transporte ferroviario e aéreo aumentando em até 472,9% e 770,8%,
respectivamente, em relagéo a 2019, evidenciando o dominio estrutural do rodoviario
e sua alta intensidade de carbono. A intensidade histérica de carbono do transporte
rodoviario (RFCI) é estimada em 120,7 gCO,/TKU, estabelecendo uma linha de base
desafiadora para mitigacdo. O segundo ensaio avalia as implicacdes econémicas da
mitigacdo, projetando a evolugdo dos custos logisticos como parcela do PIB e
estimando os custos necessarios para cumprir as metas climaticas do Brasil. Os
custos logisticos de transporte podem alcancar 2,2% do PIB do Brasil até 2099 nos
cenarios projetados, contra aproximadamente 1,8% em 2019, evidenciando o
crescente peso econémico da atividade. A demanda por diesel € inelastica (-0,610),
indicando que intervengdes via precos sao insuficientes. Os Custos Marginais de
Abatimento (CMAs) simulados para alcangar as metas da NDC brasileira de 2035
variam de R$ 1.349,77 a R$ 1.532,79 por tonelada de CO,, sinalizando a
necessidade de intervencbes politicas coordenadas. Ao integrar projecoes de
demanda, intensidade de carbono e viabilidade econdmica, esta tese desenvolve
uma estrutura de cenarios para a formulagdo de politicas, sugerindo que uma
transicdo energética crivel no transporte de cargas no Brasil dependera de medidas
estruturais, regulatérias e tecnolégicas.

Palavras-chave: demanda por transporte de cargas; transicdo energética; custos
marginais de abatimento
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1 INTRODUCTION

In the early 1950s, development became synonymous with economic growth, as-
serting that progress could only be achieved through economic expansion. However,
in the 1970s, it became evident that rapid economic growth failed to equate to gen-
uine development, negatively impacting both human well-being and the environment.
Thus, the concept of sustainable development emerged, emphasizing the need to ad-
dress issues such as resource depletion, environmental degradation, the energy crisis,
and poverty through alternative approaches. Economic growth has historically driven
emissions. Increased economic activity necessitates greater energy consumption, and
fossil fuels still constitute 80.0% of global energy production. To mitigate severe cli-
mate repercussions and limit global warming, the global economy must urgently re-
duce greenhouse gas emissions, aiming for climate neutrality by 2050. However, rapid
climate action magnifies macroeconomic implications, requiring substantial initial in-
vestments in green infrastructure such as solar panels, wind farms, storage facilities,
and modern heating systems, which may require greater capital outlay compared to the
existing fossil fuel-based system. Furthermore, accelerating the transition to a climate-
neutral economy requires significant macroeconomic policy interventions (Claeys et al.,
2024).

The contemporary world faces the significant environmental challenge of climate
breakdown, largely driven by its reliance on fossil fuels, which account for over eighty
percent of total energy use and are the main source of carbon dioxide emissions. The
increasing awareness of climate change has spurred global attention towards tran-
sitioning to renewable energy sources, known as the Renewable Energy Transition
(RET), aiming to shift from conventional fossil fuels to zero-emission energy within fifty
years. This transition aligns with the 7th Sustainable Development Goal (SDG)' of
ensuring access to clean and sustainable energy, this initiative reinforces the commit-
ments made at the COP29, held in Baku, Azerbaijan, in 20242. During the conference,
countries pledged to deploy 1,500 gigawatts (GW) of global energy storage capacity by
2030 and to expand renewable energy corridors connecting clean energy sources to
the communities most in need. These efforts are essential to achieving a just and inclu-

'The Sustainable Development Goals (SDGs) are a set of 17 global objectives established by the
United Nations in 2015 to address the world’s most pressing challenges by 2030. These goals aim to end
poverty, protect the environment, promote prosperity, and ensure peace and justice for all people. The
SDGs cover a wide range of issues, including health, education, equality, clean energy, climate action,
and sustainable economic growth, fostering an integrated approach to global sustainable development
(UN, 2015).

2The Conference of the Parties (COP) is the supreme decision-making body of the United Nations
Framework Convention on Climate Change (UNFCCC). All States that are Parties to the Convention are
represented at the COP, at which they review the implementation of the Convention and any other legal
instruments that the COP adopts and take decisions necessary to promote the effective implementation
of the Convention, including institutional and administrative arrangements (UNFCCC, 2025).
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sive energy transition and to keeping the global temperature rise below 1.5 °C. Meeting
this target, however, requires a substantial increase in the share of renewable energy
in the global energy supply, from 14.0% in 2018 to 74.0% by 2050, as highlighted by
the IRENA (2018).

As stated by Carley and Konisky (2020) an energy transition denotes the transfor-
mation from one primary energy source or group of sources to another, as observed
historically in shifts such as the replacement of whale oil by kerosene in the late 19th
Century and the transition from wood to coal during the Industrial Revolution. In con-
temporary times, the energy transition signifies a diminishing reliance on fossil fuels, in
favor of lower-carbon alternatives like wind and solar. While complete replacements of
energy resources are rare occurrences, transitions typically involve the gradual ascent
of a particular resource from a minor to a dominant position within the energy mix, often
defined as a shift from 5.0% to 80.0% of energy consumption for a specific resource
or technology. The discourse surrounding energy transition has expanded significantly,
progressing from earlier examinations of transition pace to encompass discussions
on diverse transition pathways and the impacts on households. This evolution under-
scores the acknowledgment that transitions inherently create both beneficiaries and
those disadvantaged, emphasizing the critical importance of promoting equitable par-
ticipation and distributional equity throughout the transition process.

Scientific evidence, as summarized by IPCC (2023), shows that human activities
have already warmed the climate system. Global surface temperature rose by 1.1 °C
between 2011 and 2020 relative to 1850—-1900, with warming of 1.59 °C over land and
0.88 °C over oceans. Atmospheric concentrations of CO, reached 410 parts per million
(ppm)3 in 2019, the highest level in at least two million years, while methane and nitrous
oxide also reached record levels in the past 800,000 years. Net anthropogenic GHG
emissions were 54.0% higher in 2019 than in 1990. These emissions have already
driven widespread changes in the atmosphere, ocean, and biosphere, including more
frequent extreme events, sea-level rise of 0.20 m since 1901, and adverse impacts
on ecosystems, health, food security, and water availability. If current trends persist,
climate change is set to worsen sharply, with consequences reaching far and wide. To
limit warming and avoid the most severe risks, the global economy must rapidly curtail
GHG emissions to achieve net-zero CO, by mid-century. Key transformations include
full decarbonization of electricity, widespread electrification of end-use sectors, and
major efficiency gains, each with substantial economic repercussions still insufficiently
understood (Claeys et al., 2024).

Werner and Lazaro (2023) point out that from the perspective of socio-technical
transition and policy mobility, the drivers behind the energy transition involve reducing

3Parts per million (ppm) expresses the number of molecules of a substance per one million molecules
of air.
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carbon emissions in the energy sector and decreasing reliance on fossil fuels. In the
Brazilian context, new challenges have emerged. These include the necessity to: i)
decrease reliance on hydroelectric power plants, owing to environmental concerns re-
lated to projects near the Amazon forest region, and the impacts of water scarcity and
droughts exacerbated by climate change, especially considering the effects on hydro-
logical patterns and Brazil’'s dependence on hydroelectricity, which could lead to electri-
cal vulnerabilities; ii) diversify the energy mix by embracing renewable energy sources,
restructuring production and social systems, achieving technological autonomy, and
altering both domestic and international labor divisions; and Jii) address historical en-
vironmental injustices by ensuring that electricity provision aligns with the needs of
communities and territories affected by past projects.

As noted in Pereira Jr et al. (2013), the Brazilian electricity sector operates un-
der a hydrothermal system dominated by large hydroelectric reservoirs across multiple
basins, often distant from industrial and urban centers. Extensive transmission lines
connect these facilities, while thermal, nuclear, bioelectricity, wind, and solar gener-
ation complement hydropower capacity. Despite the growing share of renewables in
electricity generation, other sectors such as transport remain dependent on fossil fu-
els, contributing to national greenhouse gas emissions. Since the mid-2000s, when oll
was discovered in the pre-salt layer, energy policy has focused on expanding oil pro-
duction and its by-products, delaying investments and incentives for cleaner fuels and
hindering the renewable energy agenda, despite early expectations that oil revenues
would support it. Also, the authorization for Petrobras to operate in the pre-salt and in
the Equatorial Margin* reinforces the fossil fuel lock-in in the Brazilian economy. Po-
litical debates over this agenda, shaped by conflicting interests among stakeholders,
have often led to outcomes different from initial expectations regarding the use of oil
revenues for the energy transition and environmental protection. Dependence on fossil
fuels in the transport sector generates uncertainty about the future, making it important
to quantify how freight demand may evolve under different pathways, which is the focus
of the first essay of this thesis.

One of the primary mechanisms for implementing the international response to cli-
mate change under the Paris Agreement of the UNFCCC, established in December
2015, is the adoption of voluntary commitments by countries to reduce GHG emissions
and undertake other actions, known as Nationally Determined Contributions (NDCs)
(Mills-Novoa and Liverman, 2019). NDCs outline the measures a country is taking to
mitigate emissions at a national level, with the option to address adaptation measures
as well. Also, as highlighted in Den Elzen et al. (2019), NDCs are dynamic and not one-

4According to Petrobras (2025), the Equatorial Margin, located between the states of Amapa and Rio
Grande do Norte, has petroleum potential and ongoing development, with more than 700 wells drilled.
Petrobras emphasizes that its strategy combines technological investment with safety and environmental
standards.



15

time commitments. Countries are obligated to regularly enhance their commitments,
informed by progress assessments conducted every five years under the Paris Agree-
ment. In addition, achieving the goals outlined in an NDC does not necessarily imply
that a country is implementing more rigorous mitigation measures compared to oth-
ers. Furthermore, countries employ diverse approaches to policy-making; some view
their pledges or targets as a catalyst for ambitious policies, whereas others primarily
formalize the anticipated impact of existing measures.

Brazil’'s most recent update to its NDC, submitted in 2024, raises the country’s cli-
mate ambition in line with the objectives of the Paris Agreement. The new NDC com-
mits Brazil to reducing its net greenhouse gas emissions by 59.0% to 67.0% by 2035,
compared to 2005 levels (equivalent to reaching between 850 million and 1.05 bil-
lion tonnes of CO, equivalent by that year). This updated commitment strengthens
the trajectory set by the country’s first and second NDCs, expanding the reduction
target from 9.0% between 2025 and 2030 to 13.0-29.0% between 2030 and 2035.°
Brazil also maintains its long-term objective of achieving climate neutrality by 2050.
The submission reaffirms the principles of the UNFCCC, particularly the “common but
differentiated responsibilities and respective capabilities, in light of different national
circumstances”, acknowledging Brazil’s role as a developing country with historically
low contributions to global emissions® (Brasil, 2024).

Total anthropogenic CO, emissions from the Brazilian energy mix reached approx-
imately 431 MtCOye in 2024., a 0.6% increase over 2023, highlighting the challenge
Brazil faces in meeting its updated NDC targets. Although the power sector typically
accounts for 75.8% of net GHG emissions worldwide, Brazil presents a distinct emis-
sions profile due to the high share of renewables in its energy mix (EPE, 2025)”. Within
this context, the transport sector, one of the largest energy consumers in Brazil, has
been the primary contributor to recent emissions growth. Figure 1 presents transport

SThe target range accounts for uncertainties in future scenarios and recognizes that implementation
will depend on both national and global factors through 2035. Brazil is committed to reaching the upper
end of its target, aiming for a 67.0% emissions reduction by 2035. Achieving this depends on mobilizing
financial resources, technology transfer, and capacity building, particularly through international cooper-
ation under the Paris Agreement. The new NDC applies to all economic sectors and adopts an absolute
emissions cut. It aligns with Brazil’'s goal of climate neutrality by 2050 and the Paris Agreement’s 1.5°C
target, as reaffirmed in the Global Stocktake adopted at COP28, held in Dubai in 2023 (Brasil, 2024).

6According to IEA (2022), Brazil's carbon intensity was 33.0% of China’s, 62.0% of the United States
(US), and similar to that of OECD Europe. Per tonne of oil equivalent (toe) supplied, Brazil emitted 71.0%
of OECD Europe’s emissions, 66.0% of the US, and 50.0% of China. The standard unit of measurement
for converting the different forms of energy used is the (toe). The conversion factors are determined
taking into account the higher calorific value of each type of energy compared to that of oil, which is
10,800 kcal/kg (Brasil, 2022a).

"The Empresa de Pesquisa Energética (EPE) develops and publishes the Balango Energético Na-
cional (BEN) Synthesis Report annually, following the tradition established by the Ministério de Minas
e Energia (MME). The BEN provides a comprehensive account of Brazil's energy supply and demand,
covering all stages from the extraction of primary energy resources to their transformation into secondary
forms, as well as imports, exports, distribution, and final energy consumption (EPE, 2025).
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sector emissions from 1990 to 2023, showing both long-term trends and recent in-
creases. According to EPE (2025), transport remained the main driver of emissions
growth in 2024, with energy consumption increasing by 2.3%, supported by substantial
rises in hydrated ethanol (30.1%) and biodiesel (19.3%)8, raising the renewable share
of the transport energy mix to 25.7%.

As a result, transport emissions reached 214.3 MtCO,e, accounting for 49.7% of
total anthropogenic emissions from Brazil’s energy mix. These emissions would have
been higher without the additional contribution of renewables compared to 2023 (Ob-
servatorio do Clima, 2024a). The transport sector’s large share of national emissions
underlines the importance of understanding the associated economic costs. The sec-
ond essay of this thesis estimates abatement costs and assesses the feasibility of
carbon pricing instruments. This analysis sheds light on how Brazil can align transport
sector growth with its climate commitments while accounting for the economic implica-
tions of emissions reduction and the promotion of low-carbon alternatives.

Figure 1: GHG emissions (MtCO-e) from Brazil’s transport sector (1990-2023)

200-

160-

Transportation Emissions (MtCO,)

80-

Source: Own elaboration based on SEEG data.

Henderson and Sen (2021) argue that unlike previous transitions, which were based
on competition between fuel efficiency such as coal, petrol, and gas, the current transi-
tion is driven by a different motive: mitigating global climate change. However, the high
costs of the transition, at least initially, highlight one of the main underlying barriers to
the transition, which is the current failure of markets to price environmental externali-

8The increase in hydrated ethanol consumption was driven by its greater competitiveness relative to
Gasoline C and by expanded corn ethanol production. Biodiesel use rose due to higher diesel demand
and the implementation of a 14.0 % blending ratio in mineral diesel (B14) in March 2024 (EPE, 2025).
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ties. The introduction of new energy sources has and will require changes not only in
the regulation of energy markets but also in the prevailing linear paradigm of produc-
tion and consumption, in which resources are extracted, transformed into goods, used,
and then discarded. In this context, the energy transition requires systematic changes
not only in energy technologies but also in the broader political, social, environmental,
and economic systems built around energy production and consumption (Lazaro et al.,
2022).

Losekann and Hallack (2018) emphasize Brazil’s unique position in the energy tran-
sition, citing the significant success of renewable sources in national energy gener-
ation, with a remarkable 47.3% compared to the world average of 11.0% in 2019.
However, challenges such as increasing costs, technical limitations, and environmen-
tal restrictions hinder the further expansion of renewable energy sources, requiring
the country to address structural barriers associated with integrating new renewables
to maintain a clean energy mix. Delgado (2022) extend this discussion by highlight-
ing that the energy transition encompasses not only the transformation of the energy
sector but also spillover effects on fossil fuel-intensive sectors such as transport. Ef-
forts toward a low-carbon economy have therefore combined bioenergy, electrification,
and hydrogen strategies with broader industrial and regulatory instruments. In addi-
tion to RenovaBio (Law No. 13.576/2017) and the National Hydrogen Program (PNH,),
recent initiatives such as the Fuel of the Future Law (Law No. 14.993/2024), which
established the Sustainable Aviation Fuel Program (ProBioQAV), the National Green
Diesel Program (PNDV), and the National Decarbonization and Biomethane Incentive
Program, as well as mobility and industrial modernization policies including InovarAuto
(2012), Rota 2030 (2018), the Mover Program (Law No. 14.902/2024), the Renovar
Program (Law No. 14.440/2022), and the Brazilian Sustainable Taxonomy (Decree
No. 12.705/2025), reinforce Brazil’'s institutional commitment to aligning energy, trans-
port, and industrial policy with long-term decarbonization objectives.

Brazil, the world’s second-largest ethanol and third-largest biodiesel producer, aims
to increase the share of these renewable sources in its energy mix to approximately
18.0% by 2030. The RenovaBio program seeks to expand the use of sustainable bio-
fuels, including biomass in energy cogeneration, and to increase the consumption of
advanced second-generation ethanol as well as biodiesel, green diesel, and renewable
coprocessed diesel in the diesel mix. The Fuel for the Future program will establish a
regulatory framework for CO, capture and storage technology (ProBioCCS) to reduce
carbon emissions from the oil and gas sector, promote the production of sustainable
aviation kerosene through the ProBioQAV program, and support investments in re-
search, development, and innovation of low-carbon technologies through programs
such as the PNH,, (Brasil, 2022b).
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In general, the studies® point to Brazil's need to accelerate the implementation of
policies to comply with its NDCs. Analyses'® emphasize that the main challenge for
Brazilian climate action lies in achieving net zero deforestation by 2050, given that
land-use change remains the primary driver of national greenhouse gas emissions."’
Eliminating illegal deforestation would require that agricultural expansion occur through
sustainable intensification practices, particularly in cattle ranching. Recovering de-
graded pastures and adopting integrated crop-livestock-forest (ICLF) systems would
make it possible to meet growing demand for agricultural products using less land,
while reducing emissions relative to current practices (Strassburg et al., 2014; Brasil,
2021). Studies in the energy sector indicate that mitigation measures involve increas-
ing the use of low-carbon energy sources across all sectors, promoting fuel substitution
in transport, improving energy efficiency in industry and transport, and expanding elec-
tricity generation from biomass, wind, and solar sources with low GHG emissions (IEA,
2021; IRENA, 2024).

Studying the energy transition in Brazil, particularly within the transport sector, plays
an important role in the global effort to mitigate climate change and achieve sustain-
able development. As evidenced by a large body of research (Udemba and Tosun,
2022; Claeys et al., 2024; Liu et al., 2023; Carley and Konisky, 2020), the urgency
to transition from fossil fuels to renewable energy sources is clear. Brazil, a country
highly dependent on hydroelectric power and biofuels, faces unique challenges such
as environmental concerns regarding deforestation and the impacts of water scarcity
on hydropower. Additionally, the transport sector remains a significant contributor to
GHG emissions due to its heavy dependence on fossil fuels. By studying the transition
in this sector, policymakers and stakeholders can identify key areas for intervention
and innovation, such as promoting electric vehicles'?, investing in public transport in-
frastructure, and incentivizing the use of renewable fuels. Furthermore, understanding
the socioeconomic implications of this transition is central for ensuring equitable distri-
bution of benefits and addressing historical environmental injustices, as highlighted by
Werner and Lazaro (2023). Thus, studying the energy transition in Brazil’s transport
sector not only contributes to global efforts to mitigate climate change but also has the
potential to support inclusive and sustainable development within the country.

Brazil's commitment to reducing GHG emissions, as outlined in its NDC under the

9Bustamante et al. (2019); Den Elzen et al. (2019); Carvalho et al. (2020) and Kaberle et al. (2020).

10Bustamante et al. (2019); Gallo and Albrecht (2019); Kissinger et al. (2019); Kéberle et al. (2020).

" According to Observatério do Clima (2024b), despite recent declines in deforestation rates, land-
use change continues to position Brazil among the largest global emitters. Gross emissions from de-
forestation alone exceed the total emissions of major oil-producing countries such as Saudi Arabia (793
MtCO.e) and Canada (760 MtCO.e).

12While the deployment of Battery Electric Vehicles (BEVs) is a key global decarbonization strategy, its
rapid adoption in Brazil’'s heavy-duty truck segment faces major structural constraints. These challenges
include the high initial capital cost of BEV technology, severe driving range limitations for the long-haul
routes prevalent across the country, and the scarcity of adequate high-power charging infrastructure.
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Paris Agreement, highlights the need to evaluate the energy transition in specific sec-
tors, including transport (Brasil, 2024). While implementing climate policies remains
challenging, Brazil has considerable renewable resources that can be integrated into
the energy system (Bustamante et al., 2019; Carvalho et al., 2020). Policies such as
RenovaBio and measures to increase the share of renewables in the energy mix di-
rectly affect the transport sector. This thesis provides a quantitative, scenario-based
analysis of Brazil’s freight transport system, focusing on projected demand growth and
the economic implications of decarbonization.

The analysis is structured into two essays. The first essay employs Auto Regres-
sive Distributed Lag (ARDL) models to project freight demand across road, rail, and air
modes through 2099 under multiple Shared Socioeconomic Pathways (SSPs'3, identi-
fying GDP and population growth as the main drivers. Road transport, which accounts
for the majority of cargo movement, is projected to expand, reflecting its structural
dominance and high carbon intensity, establishing a reference mitigation baseline. The
second essay examines the economic implications of reducing transport emissions,
estimating logistics costs as a share of GDP, the price elasticity of diesel demand, and
the Marginal Abatement Costs (MACs) required to meet Brazil's 2035 NDC targets.
The findings indicate that diesel demand is inelastic, suggesting that price-based inter-
ventions alone are likely insufficient. By integrating demand projections, carbon inten-
sity, and economic feasibility, the thesis develops a scenario-based framework for pol-
icymaking, showing that an energy transition in Brazilian freight requires coordinated
structural, regulatory, and technological measures. Together, the two essays provide
evidence to support policy design and inform Brazil’s path toward a lower-carbon and
more sustainable transport system.

1.1 Objectives

To investigate the interplay between freight transport, economic growth, and the en-
ergy transition in Brazil, developing a quantitative, scenario-based framework to inform
policymaking.

1.1.1 Specific Objectives

The specific objectives are: i) project freight demand across road, rail, and air
modes through 2099 under multiple Shared Socioeconomic Pathways (SSPs); ii) es-
timating the historical Road Freight Carbon Intensity (RFCI) for the dominant mode,

13The Shared Socioeconomic Pathways (SSPs) are alternative socioeconomic development scenar-
ios combining qualitative narratives and quantitative projections of population, GDP, and urbanization.
They provide a consistent framework for analyzing future energy use, land use, and greenhouse gas
emissions in climate modeling (Riahi et al., 2017). Further details on the SSP framework are presented
in Section 2.4.2.
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establishing a mitigation baseline; iii) assessing the economic scale of freight transport
by projecting logistics costs as a share of Brazil's GDP; and iv) estimating the long-run
price elasticity of diesel demand and calculating the Marginal Abatement Costs (MACs)
implied to meet Brazil’s 2035 Nationally Determined Contribution (NDC) targets.
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2 FREIGHT TRANSPORT DEMAND IN BRAZIL: SOCIO-
ECONOMIC DRIVERS AND PROJECTIONS (2020-2099)

Abstract

The energy transition in Brazil faces a central challenge in the transport sector,
which accounts for almost 15.0% share of GHG emissions and is highly dependent
on fossil fuels. Understanding the future evolution of freight demand is therefore es-
sential for planning effective decarbonization policies. This article analyzes the fac-
tors influencing freight transport demand in Brazil and presents projections for the
period 2020—-2099. Using historical socioeconomic data from 2000 to 2019, ARDL
models were estimated to forecast demand across road, rail, and air transport. The
results indicate that GDP and population are the primary drivers of freight demand,
and that the models explain a substantial portion of historical variations in sec-
tor activity. Projections under the Shared Socioeconomic Pathways (SSPs) reveal
significant growth in freight demand across all modes. Under the SSP5 scenario,
characterized by fossil-fuel-driven economic expansion and high consumption, an-
nual transport demand in 2099 is projected to rise relative to 2019 levels by 653.3%
for road, 472.9% for rail, and 770.8% for air, reflecting the intensification of logistical
activity in a resource-intensive development pathway. The SSP1 scenario, empha-
sizing sustainability and renewable energy adoption, exhibits the second-highest
demand, while SSP2, representing a continuation of historical trends, shows mod-
erate growth, highlighting the variability introduced by differing socioeconomic tra-
jectories. The emissions analysis focuses exclusively on road transport due to
its dominant share of both freight activity and sectoral CO, emissions. Historical
data from 2000 to 2019 show an average Road Freight Carbon Intensity (RFCI) of
120.7 gCO2/TKU. Future emissions were projected by applying this constant RFCI
to road freight demand under SSP1, SSP2, and SSP5. The SSP5 scenario pro-
duces the highest emissions, exceeding 600 MtCO- annually by 2099, whereas
SSP2 reaches just over 300 MtCO-, and SSP1 approximately 400 MtCO,. These
forecasts highlight how socioeconomic trajectories critically influence the sector’s
long-term carbon emissions and the need for structural measures, such as fleet
renewal, deployment of low-carbon fuels, and enhancements in operational effi-
ciency. By combining demand modeling with a targeted assessment of road freight
emissions, this research offers a framework for transport planning and climate pol-
icy, enabling evidence-based strategies that reconcile economic growth with emis-
sion reduction objectives and advance Brazil’'s shift toward a sustainable and effi-
cient freight transport system.

Key-words: Transport Demand; Energy Transition, Emissions

2.1 Introduction

This study examines the determinants of freight transport demand in Brazil and
presents scenarios for future demand based on projections from the Shared Socioe-
conomic Pathways (SSPs) (Van Vuuren et al. (2017); Riahi et al. (2017); O’Neill et al.
(2017)). The Brazilian transport sector plays an important role in the national energy
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transition, as its final energy demand has grown faster than that of any other sector. In
2024, the sector accounted for 33.2% of Brazil’s total energy consumption and emitted
214.3 MtCO.e, representing approximately 14.4% of the country’s total net greenhouse
gas emissions (EPE, 2025). If current trends continue, the sector’s share of emissions
is expected to increase to 40.0% by 2030 and 60.0% by 2050 (Arioli et al., 2020).
Reducing emissions from the transport sector will therefore play an important role in
any integrated carbon reduction strategy. Achieving these reductions will require mea-
sures such as improving vehicle fleet efficiency, lowering the carbon intensity of fuels,
and/or reducing demand for vehicle kilometers traveled (Yeh et al., 2017). In addi-
tion, emission mitigation will require investments in the production of alternative fuels,
the expansion of refueling infrastructure for freight transport, and improvements in the
quality and capacity of existing transport infrastructure.

The energy transition in the transport sector is an ongoing global process in the
face of climate change. Sustainable solutions are envisioned for the future, but many
societies are still stuck with high carbon energy regimes and high GHG pollution. Pro-
jecting future energy transitions in the transport sector has raised global concerns. Itis
now understood that replacing the current energy system requires integrating new en-
ergy technologies with environmental science, economics, and management. There-
fore, understanding the specificities of the Brazilian transport sector and how its energy
transition will unfold is essential for developing appropriate decarbonization and climate
policies (Chen et al., 2019).

As for Brazil, the government committed to strengthening low-carbon development
by 2030 as part of the 2015 Paris Agreement. Key measures included the expansion
of biofuels at the expense of petroleum-based fuels and energy efficiency gains in the
transport sector, which currently accounts for almost half of total energy-related C'O,
emissions (Lefévre et al., 2018). Furthermore, Kéberle et al. (2020) identify transport
as one of the main candidates for deep decarbonization in Brazil, taking advantage of
low-carbon electricity generation and its high bioenergy production. They found that
the most important mitigation measures are the electrification of the light-duty vehicle
fleet and the production of biodiesel and biokerosene. However, the authors point out
that the electrification of transport in Brazil (and globally) could reduce the demand
for biofuels and increase the demand for electricity, with implications for the electricity
sector.

Brazil holds a prominent position in the biofuel industry and has made substantial
progress in developing biodiesel. Understanding the drivers behind this trajectory is
essential for designing future sustainability strategies that require structural changes
in energy production and consumption. Since the 1990s, Brazil has improved energy
efficiency and reduced the carbon intensity of its transport energy mix, even though
total CO, emissions from the transport sector have increased over the same period,
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as shown in Figure 1. This increase occurs despite the growing use of biofuels, due
to the expansion of the vehicle fleet, rising transport demand, and continued reliance
on fossil fuels in certain transport modes. This pattern reflects the impact of biofuels,
targeted policies, and technological innovations, and suggests significant potential to
further enhance sectoral efficiency, expand the share of biofuels in the transport energy
mix, and support the formulation of long-term pathways toward sustainable energy
development (Nikas et al., 2022).

The projection of the Deep Decarbonization Pathways Project (DDPP)'* for Brazil's
transport sector showed that reliance on renewable energy, especially ethanol, will
increase. An ambitious biofuels program will increase the production of sugarcane
ethanol, biodiesel and biokerosene, and allow renewable ethanol to replace a signif-
icant amount of gasoline, as it will fuel most of the light vehicle fleet. Thus, through
these combined measures, more than half of the total energy used in transport would
be renewable. In addition, the carbon intensity of transport fuels per unit of energy
is expected to be reduced by nearly half. Furthermore, the projection also expressed
that higher national energy efficiency standards will be used to increase the fuel econ-
omy of all vehicles (cars, buses, and trucks), and the current tax incentives for cars
with smaller engines and lower fuel consumption will be strengthened and expanded
(La Rovere et al., 2015).

Freight transport is a fundamental component of the global economy. As there is
growing concern about the externalities of projected future growth in transport demand,
policymakers are looking for ways to steer its progress in a more sustainable direction.
The quantity and composition of freight transport demand is determined by a series of
decisions made by a variety of decision makers (Van de Riet et al., 2016). The demand
for transport is derived and not an end in itself, as freight movements occur to satisfy
needs. Moreover, a good transport system expands the opportunities to satisfy these
needs, while a system that is too congested or poorly connected limits opportunities
and limits economic and social development, as well as generating negative external-
ities. In this sense, it is essential to understand the determinants that influence the
demand for freight transport in order to identify the opportunities for energy transition
in this sector (de Dios Ortuzar and Willumsen, 2011).

The factors that determine the demand for transport services and influence the
decisions of policy makers can be categorized into five groups, as highlighted by
de Dios Ortuzar and Willumsen (2011): Gross Domestic Product (GDP), consumer
demand, economic structure, logistics system, and mode characteristics. These fac-
tors play interrelated and complex roles in the analysis of transport demand, providing

4The DDPP, an initiative of the Sustainable Development Solutions Network (SDSN) and the Institute
for Sustainable Development and International Relations (IDDRI), aims to demonstrate how countries
can transform their energy systems by 2050 to achieve a low-carbon economy and significantly reduce
the global risk of catastrophic climate change (La Rovere et al., 2015).
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a comprehensive view of the forces that drive mobility-related decisions. The relation-
ship between GDP and freight transport demand is particularly important, as GDP has
traditionally been considered one of the main indicators of changes in freight trans-
port demand, with a significant relationship between the volume transported in tonne-
kilometres (TKM). This relationship is based on the premise that GDP growth is as-
sociated with increased production and consumption, which in turn drives demand for
transport services. However, it is important to note that the relationship between GDP
and transport demand can be affected by a number of other factors, such as changes
in technology, environmental policies, international trade trends, and consumer prefer-
ences.

Understanding the demand for transport is important for analyzing issues related to
the transport system (Winston, 1983). To provide future scenarios of freight demand in
Brazil that can support the energy transition, this study employs autoregressive mod-
els with distributed lags (ARDL) for road, rail, and air freight, capturing both long- and
short-term dynamics and validated using the bounds testing procedure developed by
Pesaran et al. (2001). The estimated models are combined with GDP and popula-
tion projections based on the SSPs, incorporating economic and demographic drivers
to explore potential future trends in freight transport until the end of the 21st century.
Building on these demand projections, the study also analyzes emissions from road
transport, given its significant share of both freight activity and sectoral C'O, emissions.
By considering different pathways under SSP1, SSP2, and SSP5, the analysis shows
how future development trajectories can affect the sector’s long-term carbon footprint.
This integrated approach provides insights into the factors shaping freight transport in
Brazil and supports evidence-based planning and policy strategies aligned with sus-
tainable development goals.

This introduction is followed by an overview of the Brazilian freight transport sector.
Section 2.3 provides details on the methodology used to construct transport demand
scenarios for Brazil, section 2.4 discusses the data sources and pre-processing. Sec-
tion 2.5 discusses the results, while section 2.6 presents the final remarks.

2.2 Freight transport in Brazil

Road transport accounts for 64.9% of total freight transport in Brazil (CNT, 2025b).
This structural imbalance is primarily the legacy of a historical development model that,
since the mid-20th century, prioritized massive public investment in road infrastructure
over rail and waterway networks, particularly during the country’s industrialization and
interiorization strategies in the 1960s and 1970s. Thus, the dominance of road trans-
port is associated much more with historical and structural economic choices than with
inherent technological superiority. This historical trajectory, rather than inherent su-
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periority, established strong path dependency effects that reinforced road transport’s
market position. Nonetheless, several factors currently sustain its market share, no-
tably its inherent door-to-door flexibility, which ensures widespread logistical access,
and its simplified documentation process compared to rail. Moreover, road transport
is recognized for its speed in delivering products, making it essential for operations
between cities, states, producers, and distribution centers, and for supplying the end
market, which generates significant economic impact (Soliani, 2021).

The state of Brazil’s freight transport system has been the subject of much debate.
The country’s continued reliance on an unbalanced modal structure, dominated by road
transport, which is responsible for the largest share of emissions, remains a major chal-
lenge. The infrastructure related to this activity has significant shortcomings, reflected
in the poor quality of roads, railways, ports and airports, which hampers the movement
of goods and contributes to increased emissions. Another obstacle to the development
of a cleaner and more sustainable freight transport system is the lack of coordination
between public authorities. The Brazilian system is highly fragmented, involving multi-
ple institutions across different government levels, including the Ministry of Transport,
federal agencies responsible for infrastructure planning and regulation, state and mu-
nicipal authorities, and sectoral bodies involved in logistics and freight management.
Although communication exists among these entities, coordination remains limited and
fragmented, hindering the implementation of integrated policies aimed at improving
freight transport efficiency and infrastructure quality (Fleury, 2012).

Novo (2016) points out that rail stands out for its high capacity and ability to move
heavy loads over long distances, making it a key component of a sustainable freight
transport system. Its low energy intensity contributes to reduced carbon emissions
per tonne-kilometer, but realizing its full potential requires significant investment in in-
frastructure, modernization of existing lines, and expansion of the rail network to un-
derserved regions. Rail transport is particularly suitable for bulk commodities, such
as grains, minerals, and industrial raw materials, where economies of scale can be
fully exploited. Meanwhile, air transport serves specific demands for high value-added
goods, small volumes, and urgent deliveries, offering unmatched speed and reliability.
Despite having the highest energy consumption per revenue tonne-kilometer (RTK)'®
transported, air transport represents less than 1.0% of the overall modality mix, re-
sulting in considerably lower total emissions of pollutants compared to road transport.
The complementary roles of rail and air highlight the need for an integrated multimodal
strategy, where each mode is leveraged according to its strengths, to improve effi-

1SRTK, short for “revenue tonne kilometers,” is a physical unit of measurement that quantifies the effort
required to transport freight. It represents the effective tonnes, taking into account only the weight of the
cargo being transported, without taking into account the weight of the equipment or vehicles used in the
transport. It is an important metric for evaluating the efficiency and amount of work required to move
goods over a given distance.
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ciency, reduce environmental impact, and meet the diverse demands of Brazil’s freight
sector.

Figure 2 presents federal investment in transport infrastructure in Brazil, broken
down by mode (road, rail, air, and water), covering the period from 2010 to 2024 (in
BRL billions, deflated by the indice Nacional de Precos ao Consumidor Amplo (IPCA)
as of December 2024). The figure shows that road transport has consistently received
the largest share of investment, reflecting both its extensive existing network and the
structural importance of road freight in Brazil. Rail investments declined after 2015,
indicating a reduction in relative allocation, even though railway expansion and mod-
ernization projects continue to progress, albeit at a gradual pace. Air transport in-
vestment exhibits a steady, moderate increase, whereas water transport continues to
represent a small share of total investment. These patterns are consistent with a con-
text of relatively constrained fiscal capacity for transport infrastructure investment in
Brazil, which may contribute to the concentration of resources in the most widely used
freight transportation mode. Overall, these patterns suggest that infrastructure invest-
ment decisions are influenced by budgetary constraints, historical network structure,
and the operational centrality of road transport in the Brazilian freight system, rather
than necessarily indicating explicit policy prioritization of any specific transport mode.
It is also important to note that infrastructure investment in Brazil has been partly com-
plemented by concession-based programs implemented over the past few decades
across highways, railways, airports, and ports.

Figure 2: Transport infrastructure investment, by mode (BRL billions), in Brazil (2010-
2024)
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The Brazilian freight transport modality mix remains heavily reliant on road trans-
port, as highlighted by CNT (2025b). In 2017, the base year for the National Logistics
Plan, 66.2% of road ton-kilometers (RTK) and 83.2% of the value per useful kilome-
ter (VPUK) were concentrated in the road mode, indicating that road freight transports
both the largest volumes and higher-value goods across most origin-destination flows.
Public investment in transport infrastructure has historically remained relatively low.
According to CNT (2025a), federal investment peaked at 0.26% and 0.25% of GDP
in 2010 and 2011, respectively, remaining below 0.5% even during high expenditure
periods. This persistent underinvestment contributes to infrastructure bottlenecks, in-
cluding pavement deterioration, poor signage, and geometric design deficiencies, in-
creasing accident risks and operational costs. Federal investment further declined to
0.14% of GDP in 2016, limiting maintenance and expansion capacity and reinforcing
the structural vulnerability of a transport network that supports the majority of freight
and passenger movements in Brazil.'®

However, it is important to note that this activity also poses challenges in terms of
environmental sustainability. The large number of trucks in circulation and the loading
and unloading operations have an impact on urban areas and roads. In addition, road
freight transport is highly dependent on fossil fuels, which contributes to an increase in
man-made GHG emissions. While road freight is essential to the country’s economic
development, its dynamics also highlight the need for more sustainable alternatives to
mitigate the sector’s environmental impact. In this sense, the current transport modal-
ity mix has shown its inadequacy, since the high dependence on road transport aggra-
vates the challenges of urban mobility, exacerbates environmental problems and has
a negative impact on the quality of life of the population. It is therefore clear that the
improvement of the country’s economic and environmental results is directly linked to
changes in the transport sector (Soliani, 2021).

2.3 Methodology

This study develops scenarios for freight transport demand in Brazil between 2020
and 2099, taking into account different socioeconomic pathways. The scenarios are
based on GDP and population projections prepared by the International Institute for
Applied Systems Analysis (IIASA) (Riahi et al., 2017). First, econometric models were
estimated using historical data for the volume of freight transport demand, GDP, and
population in Brazil. The annual seasonality of transport demand was taken into ac-
count, and both short-term dynamics and long-term relationships were determined. In

'8International comparison shows that infrastructure investment in Brazil is substantially below levels
observed in many developing economies and also lower than in countries such as China (5.1%), Geor-
gia (2.9%), and Belarus (2.8%). Although high-income countries such as the United Kingdom (0.8%),
Germany (0.7%), and the United States (0.6%) tend to exhibit lower investment ratios after reaching
mature infrastructure stocks (CNT, 2025d).
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addition, the coefficients of the estimated models and the socioeconomic projections of
the IIASA were used to draw up scenarios for the demand for freight transport in Brazil
until year 2099.

2.3.1 Determinants of freight transport demand

The determinants of freight transport demand are diverse and can be grouped into
several categories, as noted by de Dios Ortuzar and Willumsen (2011). These include
GDP, consumer demand, economic structure, the logistics system, and characteristics
of the transport mode. Among these, GDP is widely recognized as the primary deter-
minant of changes in freight demand, with growth generally leading to a proportional
increase'’. While other factors such as consumption patterns, economic structure, and
logistics efficiency also play important roles, GDP provides the most direct and mea-
surable link to freight activity. For this reason, the present study focuses primarily on
GDP (income) and population as the key drivers of freight transport demand. These
two determinants together account for more than 90.0% of the observed variation, as
will be shown later, they benefit from the availability of consistent long-term projec-
tions, and they display significant year-to-year variation compared to other explanatory
factors’®.

Although GDP is the main driver of freight transport demand, its role is largely
indirect. Economic growth stimulates freight demand by influencing consumer spend-
ing and shaping the sectoral structure of the economy. In other words, rising GDP
increases the demand for goods and services, which in turn drives the need to trans-
port them. This effect is compounded by the concentration of population and eco-
nomic activity in specific regions, which not only determines the distance and volume
of freight movements but also affects the choice of transport mode, the frequency of
shipments, and the allocation of resources across the logistics system (de Dios Ortuzar
and Willumsen, 2011).

The selection of GDP and population as the principal explanatory variables is sup-
ported both by economic theory, which identifies them as key indicators of economic
activity and consumption needs, and by recent empirical studies. For instance, Tjan-
dra et al. (2024) systematically evaluated ten socioeconomic variables, including in-
frastructure investment, consumer spending, and vehicle stock, to determine the main
drivers of global transport demand. Their regression analysis showed that income in-

7The relationship between freight transport demand and GDP is often expressed as GDP elasticity,
i.e., the ratio between a percentage change in freight transport demand (measured in tonne-kilometers
or tonnes) and a percentage change in GDP. A GDP elasticity greater than 1 indicates that a 1.0%
increase in GDP results in a greater than 1.0% increase in freight demand (Van de Riet et al., 2016).

18A recognized limitation of this approach is the exclusion of the specific economic structure (e.g., the
shifting ratio of manufacturing to services, or the composition of commodity production), which influences
the freight intensity of economic growth. However, incorporating such granular changes into the long-
term SSP scenarios is constrained by data availability
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dicators (GDP per capita) and demographic indicators (urban population) not only had
the highest statistical significance, but were also the only variables with consistent and
publicly available projections for most countries. Scenarios of the future often provide
projections for a limited set of variables, but GDP and population are almost always
included. This combination of statistical relevance, data availability, and practical cov-
erage provides empirical support for the methodological approach adopted in this study
for Brazil, justifying the use of these variables in projecting future demand scenarios.

Taken together, these considerations justify the selection of GDP and population
as the core explanatory variables for projecting future freight demand in Brazil. By
capturing both the scale of economic activity and the demographic drivers of transport
needs, this approach provides a systematic and literature-supported basis for scenario
analysis and long-term planning®.

2.3.2 Models of freight transport demand

Various methods are available for classifying models of freight demand, and accord-
ing to Winston (1983), it proves beneficial to categorize these models into two distinct
types: aggregate and disaggregate. In aggregate models, the primary unit of observa-
tion involves the collective share of a specific freight mode at the regional or national
level. On the other hand, disaggregate models focus on the unique choices made
by individual decision-makers regarding a specific freight mode for a given shipment.
These freight demand models have significant practical applications, such as forecast-
ing regional or national freight flows and anticipating demand for new transport modes.
The integration of realistic freight demand models into forecasting systems holds the
promise of significantly improving the accuracy and foundation of specific forecasts.

Abdelwahab and Sargious (1992) points out that econometric modeling plays an
essential role in dissecting freight transport systems by leveraging time series and/or
cross-sectional data to reveal and estimate structural relationships that illuminate the
intricacies of specific segments or the entire system. The substantial body of research
within the field of econometric modeling for freight transport can be neatly classified
into three primary categories: supply-side models, demand-side models, and inte-
grated models, which consider both supply and demand behaviors in a comprehensive
manner.

19Qther factors, including economic structure, international trade, and characteristics of each transport
mode, also influence freight demand, both directly and indirectly. Van de Riet et al. (2016) highlight the
role of new communication technologies, mainly through changes in logistics systems or trade patterns.
Characteristics of each transport mode additionally affect demand through infrastructure capacity, avail-
ability of transport modes, service characteristics, vehicle capacity, and travel time. These factors were
not included in the present analysis due to insufficient data availability for consistent projection across
the study period.
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De Jong et al. (2004) argues that many modeling principles utilized in predict-
ing passenger transport have found application in freight transport forecasting. The
four-step transport modeling framework from passenger transport can be beneficial
for freight transport®®. However, variations arise within each step, as freight models
diverge significantly from their passenger transport counterparts. Noteworthy distinc-
tions between the two markets encompass the diverse range of decision-makers in
freight (shippers, carriers, intermediaries, drivers, operators), the variability of trans-
ported items (ranging from parcel deliveries with multiple stops to single bulk shipments
of considerable tonnage), and the restricted availability of data, particularly disaggre-
gate data, partly attributed to confidentiality concerns.

In the early phase of modeling for freight transport, four distinct model types have
been practically utilized. System dynamics models are applied to analyze and forecast
patterns in freight transport using overall data. Zonal trip rate models, also relying on
overall data, concentrate on determining trip rates within specific zones. Another cate-
gory involves Input-Output (IO) and associated models, which explore 10 relationships
in freight transport based on overall data, and trend and time series models, where his-
torical trends are extended into the future, varying from basic growth factor models to
intricate autoregressive moving average models. These models exclusively depend on
overall data, and currently, there are no identified instances of production and attraction
models in freight transport estimated on disaggregate data. Furthermore, time series
models incorporating explanatory variables like GDP have been developed within this
framework (De Jong et al., 2004).

According to Pendyala et al. (2000), the analysis of trends and time series in freight
activity involves projecting historical trends into the future. Models in this category
range from simple growth factor models to more complex autoregressive integrated
moving average models, which are well-suited for analyzing time series data. Fur-
thermore, De Jong et al. (2004) emphasize that these modeling techniques are easy
to implement, require minimal data, and rely on historical trends for predicting future
outcomes. However, it is essential to acknowledge the inherent limitations of these
models, particularly their limited ability to provide deep insights into causality or to as-
sess the potential impacts of policy interventions.

In light of the approaches reviewed in this section, the present study follows the
econometric tradition of demand-side models that incorporate explanatory variables
such as GDP and population. This type of model is particularly suitable for freight

20In a freight transport model system, the process comprises four main steps: production and at-
traction, where quantities of goods moving between origin and destination zones are determined; dis-
tribution, calculating goods transport flows between zones; modal split, allocating commodity flows to
transport modes; and assignment, converting flows into vehicle-units and assigning them to transport
networks. This encompasses both truck and passenger car flows on road networks, depending on the
model’s specifications. (De Jong et al., 2004).
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transport analysis because it can account for both short and long-run dynamics, can
be estimated with relatively limited datasets, and allows for the examination of relation-
ships between macroeconomic determinants and transport demand. While the model
allows analysis of how macroeconomic factors relate to transport demand, the results
should be interpreted as indicative rather than definitive evidence of causal effects.
By focusing on explanatory variables identified as the main drivers of freight activity,
the modeling strategy ensures policy relevance while offering a practical balance be-
tween analytical rigor and empirical applicability. The next section presents the model
specification adopted in this study.

2.3.3 Autoregressive Distributed Lag Model (ARDL)

An Autoregressive Distributed Lag (ARDL) model was estimated to analyze the
demand dynamics for freight transport across different modes (road, rail, and air), con-
sidering key determinants, lag structures, and potential cointegration. The empirical
specification of the model is presented in equation (1). A key advantage of the ARDL
framework is its ability to capture both short-run adjustments and long-run equilib-
rium relationships within a single specification, making it well-suited for analyzing long-
term transport demand. This choice is further justified by three considerations. First,
ARDL models allow the explicit inclusion of explanatory variables to assess their ef-
fects on freight demand, rather than relying solely on descriptive analysis of historical
time series. This feature enables the model to capture both short-run adjustments and
long-run relationships, providing a more informative approach than methods that only
extrapolate past trends. Second, they can handle variables with mixed integration or-
ders, a frequent issue in freight transport studies. Third, estimation is computationally
straightforward and feasible even with relatively small datasets. By also accounting
for lagged effects and cointegration, the ARDL framework provides a transparent and
policy-relevant tool for understanding the evolution of freight demand.

p q1 q2 12
dme, = fo+Pit+ Y B dmeity | 5" GDPit ) | A" Popiit ) o MT Hyste,
i=1 1=0 =0

m=2
(1)
The variables in equation (1) have the following meanings:

» dmc, represents the demand for freight transport, by mode, in period t;
* GDP, is the Gross Domestic Product in period ¢;
* Pop, is the population in period ¢;

* peN, ¢1,¢ € Ny denote the number of lags of each variable;
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* [ is a constant, 5, is the trend, and {3{", ..., gim<}, {B5P", ... BSPPY,
1857, ..., B} are the coefficients to be estimated;

* MTH,,, is adummy variable equal to one if the month in period ¢ is m and zero
otherwise. January is omitted because it serves as the base month;

* ¢, represents the error term.

First, the stationarity of the variables was tested to ensure the validity of the es-
timation results. Table | shows the results of three different stationarity tests: the
Augmented Dickey-Fuller (ADF)?', Phillips-Perron (PP)?2, and Kwiatkowski-Phillips-
Schmidt-Shin (KPSS)?3. Also in Table |, the number of lagged terms selected by the
Bayesian Information Criterion (BIC) is given in parentheses after the p-value. For ex-
ample, the tests indicated that the demand for road freight (dmc,), GDP (gdp;), and
population (pop;) are I(1). All three variables, dmc;, gdp;, and pop;, are found to be non-
stationary in levels but stationary in first differences, indicating that they are integrated
of order one, I(1). Therefore, the bounds testing procedure of Pesaran et al. (2001) will
be employed to ensure the validity of the model.

Table I: p-values of the stationarity tests for the variables included in the analysis

ADF PP KPSS Conclusion
Random-Walk Drift Trend Level Trend
dmei_ 0.93 (14) 0.30 (14) 0.72 (14) <0.01 <0.01 <0.01 I(1)
Admei_q 0.00 (13) 0.01 (18) 0.05(13) <0.01 =>0.1 >0.1 1(0)
gdp;—q 0.96 (12) 0.80(12) 0.80(13) 0.24 <0.01 <0.01 I(1)
Agdpe_q 0.00 (12) 0.00 (11) 0.00(11) <0.01 >0.1 >0.1 1(0)
POPt—1 0.97 (1) 051 (1) 097(1) 0.97 <0.01 <0.01 I(1)
Apop;_1 0.00 (0) 0.01(0) 0.05(0) <0.01 >0.1 >0.1 1(0)

Source: Own elaboration.

Therefore, we estimated an autoregressive distributed lag (ARDL) model for freight
demand in each mode (road, rail, and air), using Brazil's GDP and population as ex-
planatory variables, between 2000 and 2019. The method used was able to cap-
ture long-term relationships and short-term dynamics in a single equation model. The
model was then validated using the bounds testing procedure developed by Pesaran
et al. (2001). The ARDL model can incorporate seasonality using dummy variables,
which are not easily implemented in alternative cointegration techniques, and the in-
clusion of lagged terms is important to capture the dynamics of transport demand in
Brazil and to incorporate autocorrelation properties into the modeling. As pointed out
by Rodriguez and Trotter (2019), the ARDL approach with bounds testing is also known

21Dickey and Fuller (1979)
22Phillips and Perron (1988).
23Kwiatkowski et al. (1992).
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to have better properties in small samples compared to alternative cointegration tech-
niques.

Following the procedure of Pesaran et al. (2001), an error correction model (ECM)
was first estimated using ordinary least squares (OLS).

P Q 2
Adme; = g + Z ,u?mc dmei_; + Z /L?dp GDP,_; + Z ,u?Op POP;—i
i=1 i=0 i=0 2)
12
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m=2

The lag structure of this model, represented by p, ¢1, ¢2, was determined by the BIC,
considering up to 12 lagged terms of each variable. The bounds testing of Pesaran
et al. (2001) determines whether there is a long run relationship between the variables,
in which case it is possible to infer both their short run dynamics and their long run
relationship. By projecting the exogenous variables into the future, it is then possible
to generate scenarios for freight demand that reflect both the adjustment dynamics
and the equilibrium relationship. Furthermore, the model in equation (2) is technically
interchangeable with equation (1), although the coefficients are different.?*

2.3.4 Road freight carbon intensity (RFCI)

Following a projection of freight demand for road, rail, and air transport, this study
focuses on road freight transport for the emissions analysis. Road transport dominates
Brazil's freight modality mix, accounting for 64.9% of total freight movement, making
it the primary source of sectoral emissions. Furthermore, any decarbonization strat-
egy in Brazil requires a profound transformation of this mode, rendering its analysis
a priority. Finally, the Greenhouse Gas Emissions and Removals Estimation System
(SEEG) provides disaggregated emissions data specifically for trucks, enabling a direct
and empirical calculation, a level of granularity not available for other freight modes.

To estimate future emissions consistent with national conditions, the Road Freight
Carbon Intensity (RFCI) was calculated, capturing the historical carbon intensity of
road freight transport. This indicator is defined as the ratio of total GHG emissions to
total freight transport demand over a given period. The RFCI was calculated annually
using historical series of emissions and transport demand. Emissions and demand
were expressed in consistent units to allow computation of grams of CO, per TKU.?®

Annual emissions in MtCO, x 102
RFCI(gCO,/TKU) = Annual demand in billions of TKU x 109

24For details on the transformation of coefficients between models, see Hassler and Wolters (2006).
25Emissions, originally reported in Megatonnes of CO, (MtCO,), and demand, in billions of Ton-
Kilometers (billions of TKU), were converted to grams per TKU.



34

By simplifying the exponents (10'2/10° = 10%), the applied formula becomes:

Emissions in MtCO,
Demand in billions of TKU

RFCI (gCO,/TKU) = ( ) x 1000

The simple arithmetic mean of the annual RFCI values over the period provides a
representative measure of the carbon intensity of road freight transport in Brazil. This
average RFCI was subsequently adopted as a constant coefficient to estimate future
emissions across the various Shared Socioeconomic Pathway (SSP) scenarios.

The final methodological step consists of projecting future annual emissions (F) for
the road freight sector in each socioeconomic scenario (s) over time (¢). This projection
is obtained by multiplying the projected road freight demand (D;,), as presented in
Section 2.5.1, by the calculated average RFCI, as expressed in the following equation:

Es,t - Ds,t X RFC[

Through this formulation, the RFCIlinks demand projections with emissions estimates,
allowing for scenario-based analysis.

2.4 Data sources and preprocessing

This section details the diverse dataset constructed for the analysis, which is or-
ganized into three main components. Section 2.4.1 presents the historical data used
for the econometric estimation of the demand models, covering monthly time series
(2000—2019) for freight demand across road, rail, and air modes, as well as for key
socioeconomic variables such as GDP and population, sourced from various Brazil-
ian national agencies. Section 2.4.2 outlines the long-term socioeconomic scenarios
used to project future demand, detailing the GDP and population projections for Brazil
until 2100 from the IIASA’s Shared Socioeconomic Pathways (SSPs). Finally, Section
2.4.3 describes the specific data compiled for the RFCI calculation, which integrates
historical emissions data from the SEEG with the road freight demand series.

2.4.1 Historical data

Monthly data on road freight in Brazil from 2000 to 2019, expressed in TKU, were
compiled by integrating historical vehicle flow records from the Associagéo Brasileira de
Concessionarias de Rodovias (ABCR)?® with information from the Plano Nacional de

26ABCR calculates an index based on the total flow of vehicles passing through the country’s toll
plazas. In 2012, the Instituto Brasileiro de Geografia e Estatistica (IBGE) included the index in the
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Logistica e Transportes (PNLT)2”. Data on rail transport from January 2006 to Decem-
ber 2019, on a monthly basis, were obtained from the Agéncia Nacional de Transportes
Terrestres (ANTT). Air transport data from January 2000 to December 2019, also on a
monthly basis, were obtained from the Agéncia Nacional de Aviagéo Civil (ANAC)?.

Figure 3: Freight demand by transport mode in TKU, monthly data from 2000 to 2019
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Source: Own elaboration, based on data from PNLT, ANTT, ANAC and ABCR.

Socioeconomic data on Brazil's Gross Domestic Product (GDP)?° and population
size from 2000 to 2019, on an annual basis, were collected from the Banco Central
do Brasil (BCB) and IBGE, as shown in Figure 4. It is important to note that from
2011, the population series were chained by the rate of population change, using data
from the National Accounts. In order to make the databases compatible, the values
were interpolated using linear interpolation, which allowed a monthly frequency. This
approach made it possible to integrate data on GDP, population and freight demand by
estimating the econometric model, allowing a more aligned analysis of the interactions

calculation of GDP, highlighting its importance as an economic indicator (ABCR, 2023). For further
methodological details on the construction and treatment of the ABCR Index, see Appendix A.

27PNLT is Brazil's national transport and logistics plan, originally launched in 2007 and subsequently
updated. It marked the resumption of strategic planning in the sector, providing a structured database
on supply and demand conditions and serving as an important source of historical information for policy
analysis and long-term projections (Brasil, 2023f).

28\Water transport is not considered in this study due to limitations in the availability of sufficiently long
official data from Agéncia Nacional de Transportes Aquaviarios (ANTAQ). Additionally, existing datasets
are not reported in a consistent unit that would allow comparability with road, rail, and air transport
data. Finally, water transport represents a relatively small share of Brazil’s overall transport modality
mix, further justifying its exclusion from the present analysis.

29Gross Domestic Product (GDP). Deflated by IGP-DI, 2023.06=1.00.
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between these variables over time.

Figure 4: Brazil's GDP and population historical growth (2000-2019)
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Source: Own elaboration, based on BCB and IBGE data.

2.4.2 Socioeconomic scenarios (2020-2099)

The transport demand scenarios constructed in this article are based on the so-
cioeconomic projections of the Shared Socioeconomic Pathways (SSPs). These pro-
jections are part of a scenario framework developed as a collaborative effort by the
international scientific community and describe internally consistent alternative path-
ways of global socioeconomic development, which in turn imply different mitigation and
adaptation challenges. The SSPs consist of narratives describing alternative develop-
ments, including a sustainable future, fossil fuel development, and intermediate devel-
opment. The long-term demographic and economic projections of the SSPs present a
wide range of alternative developments, with global energy consumption ranging from
400 to 1200 EJ®® and changes in land use showing very different dynamics, ranging
from a possible reduction in cultivated area to a massive expansion of more than 700
million hectares by 2100 (Riahi et al., 2017).

The SSPs set of scenarios consists of a set of baselines, which describe future
developments in the absence of new climate policies, and mitigation scenarios, which
explore the impact of policies. The development of the SSPs scenarios went through
several key stages. First, narratives were developed, which were then translated into
quantitative projections of key socioeconomic factors such as population, economic
activity, and urbanization. In order to obtain quantitative projections of energy, land use
and emissions related to the SSPs, both the narratives and the projections of socioe-
conomic factors were developed using a set of integrated assessment models (/AM).
These models made it possible to explore different interpretations and scenarios for
each SSPs, and among the various interpretations, so-called SSPs “markers” were

30 Joule is the unit traditionally used to measure mechanical energy (work) and is also used to measure
thermal energy. One exajoule (EJ) is equal to 10'® joules.
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selected to represent the broader developments of each SSP. On the other hand, the
“non-marker” scenarios are relevant because they offer insights into possible alterna-
tive interpretations of the basic elements and storylines of the SSPs (Riahi et al., 2017).

The SSPs narratives, according to (O’Neill et al., 2017), consist of textual descrip-
tions of how the future might unfold in terms of overarching social trends and aim to
establish a coherent logic of their key causal relationships. In this way, the narratives
of the SSPs play an important role in complementing the quantitative projections of
the model. By describing key socioeconomic, demographic, technological, lifestyle,
political, institutional, and other trends, these narratives provide an essential context
for better understanding the basis and meaning of the SSPs’ quantitative projections.
This study focuses on exploring future possibilities using narratives 1, 2, and 5 from
the SSPs. This selection provides an examination of potential scenarios, ranging from
optimistic outcomes with successful climate action to more challenging situations re-
quiring global efforts. In addition, it allows for a thorough analysis of different levels
of adaptation and mitigation challenges and their associated policy implications be-
cause, as noted by Riahi et al. (2017), SSP1 depicts a future with low adaptation and
mitigation challenges, SSP5 combines high mitigation challenges with low adaptation
challenges, and SSP2 describes a world with intermediate challenges for both adap-
tation and mitigation.

The SSPs demographic projections use a multidimensional demographic model
to estimate national populations based on different assumptions about fertility, mor-
tality, migration, and educational transitions in the future. The different assumptions
about fertility, mortality, and migration are partly derived from the narratives and also
reflect different educational compositions of the population. The results for total pop-
ulation size vary considerably across the SSPs. As described in the narratives, SSP1
and SSP5 assume relatively lower population growth, while the intermediate scenario
(SSP2) reaches a higher population. The results in terms of educational composition,
which have important implications for economic growth and vulnerability to the impacts
of climate change, also vary considerably between the SSPs (Samir and Lutz, 2017).

The IIASA population projections for Brazil were made, according to Samir and
Lutz (2017), using multidimensional mathematical demographic methods based on al-
ternative assumptions about the future, fertility, mortality, migration, and educational
transitions. In terms of Brazil’'s total population, the projections for the SSPs are very
close to each other until around 2030, as shown in Figure 5. This is due to the dynam-
ics of population growth and the fact that the differences in the assumed trajectories
of the components become more pronounced only gradually. The SSP1, SSP2 and
SSP5 peak around the year 2040 and then decline. The projection for the SSP2 sce-
nario is 231 million inhabitants in 2050 and 188 million in 2099, making it the scenario
with the highest population projection. In addition, SSP1 and SSP5 have very different
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assumptions but similar trajectories, with SSP1 being slightly higher than SSP5.

Figure 5: SSPs: Monthly population projections of Brazil (2020-2099)
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Source: Own elaboration based on //ASA data.

Riahi et al. (2017) point out that there are three sets of economic projections.®
However, the three economic projections differ in their focus on different drivers of
economic development, such as technological progress, efficiency improvements in
energy use, income convergence dynamics, or human capital accumulation, in terms
of the GDP for each SSP, which was developed together with the demographic pro-
jections to keep the assumptions regarding education and aging consistent. The pro-
jections developed by Dellink et al. (2017) were used as SSPs markers to ensure
consistency in the projection of all scenarios. The (SSP5) had the highest level of
GDP, showing very rapid development and convergence between countries. However,
in all SSPs, economic growth is projected to decline over time and there are also large
differences in inequality between countries.

Figure 6 shows the stylized long-term projections of Brazil's GDP between 2020
and 2099, derived from the ENV-Growth model developed by IIASA. This model relies
on a gradual process of conditional convergence towards a balanced growth path.
Using the model’s outputs, we constructed illustrative paths of GDP levels for each
of the SSP scenarios. The projections vary significantly between the different SSPs,
reflecting the challenges each scenario presents in terms of mitigating and adapting
to climate change. SSP5 presents significant mitigation challenges due to its fossil-
energy-intensive economic activity. However, Dellink et al. (2017) note that a more in-
depth analysis is needed to identify the specific adaptation and mitigation challenges
arising from income projections.

31GDP marker projections by the Organization for Economic Cooperation and Development (Dellink
et al., 2017); GDP projections by the International Institute for Applied Systems Analysis (Cuaresma,
2017) and GDP projections by the Potsdam Institute for Climate Impact Research (Leimbach et al.,
2017).



39

Figure 6: SSPs: Monthly GDP projections of Brazil (2020—2099)
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This study only used the driving forces behind the SSPs, such as the time series
of GDP and population size, and assumed that their relationship with freight transport
demand will remain stable in the future, based on the historical relationships obtained
by econometric analysis of data from 2000 to 2019. Other aspects of future trajec-
tories, such as efficiency gains resulting from technological development, changes in
consumption patterns (such as the spread of electric vehicles), etc., were not directly
incorporated into the model. It was assumed that the observed historical relationships
between the variables would be maintained in the future.

2.4.3 Data for the RFCI calculation

The calculation of the empirical emission factor for road freight transport, as detailed
in the methodology section, was performed using a combination of two historical annual
data series, covering the period from 2000 to 2019. The first series, obtained from
SEEG, reports GHG emissions. Specifically, the emissions series for the category
“trucks” was used, expressed in Megatonnes of CO, equivalent (MtCO.e). The second
series represents historical demand for road freight transport, expressed in billions of
Ton-Kilometers (billions of TKU). This series was compiled from data provided by the
Agéncia Nacional de Transportes Terrestres (ANTT) and the Associag¢ao Brasileira de
Concessionarias de Rodovias (ABCR), as described earlier in this section.

Both time series were aligned for the period 2000—-2019, forming the dataset used
to apply the emission factor calculation formula. The result of this preprocessing is
an annual historical series of the carbon intensity of the mode, which serves as the
foundation for projecting future emissions.
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2.5 Results and discussion

This section presents the results derived from the econometric modeling of freight
transport demand in Brazil. The analysis is organized into two main parts. The first
part details the demand projections for each of the three transport modes considered
in this study: road, rail, and air. For each mode, the validated ARDL model is pre-
sented, followed by scenarios of future demand up to the year 2099, based on the
three selected Shared Socioeconomic Pathways (SSPs). The analysis then addresses
the environmental implications, with particular attention to carbon emissions from road
freight transport. This emphasis is justified by the predominance of this mode in Brazil's
modality mix and its significant contribution to the sector's GHG emissions. The histori-
cal carbon intensity is first calculated, followed by projections of future emissions, which
serve as a starting point for the subsequent discussion on decarbonization policies.

2.5.1 Demand for road freight transport

The ARDL models were validated using the “bounds testing” procedure of Pesaran
et al. (2001). The F-statistic of the equation (2) model for road freight transport is 10.64,
exceeding the upper bound critical value at the 1.0% significance level with unrestricted
intercept, no trend, and two regressors (6.36) as tabulated by Pesaran et al. (2001).
Therefore, the null hypothesis of no long-run relationship can be rejected, and the cor-
responding ARDL specification is considered statistically valid. Residual diagnostics
indicate only negligible serial correlation, approximate normality, and dynamic stability
of the model. The regression results are presented in Table Il, from which both long-
run relationships and short-run dynamics were derived. The R? statistic indicates that
the model explains approximately 95.5% of the observed variation in road freight de-
mand. However, this high explanatory power should not be interpreted as guaranteeing
structural stability of the estimated relationships over long forecasting horizons. Thus,
the model is used to generate future demand scenarios under the assumption that
the underlying economic mechanisms captured by the historical data remain broadly
relevant, without implying deterministic persistence of past relationships.

The estimated model was then linked to the /IASA scenarios (for GDP and popu-
lation size) and used to project the three SSPs reflecting the demand for road freight
transport in Brazil between 2020 and 2099, as shown in Figure®? 7. The SSP5 showed
the highest projected volume of demand for road transport: about 5,031.75 billion TKU
in 2099. With regard to the intermediate scenario, the estimated demand for road trans-

32 Annual values are calculated as the sum of the projected monthly demand values for each year. The
analysis presented here covers the period 2020-2099. Although IIASA projections extend to January
2100, annual totals for 2100 cannot be reported due to unavailable population and GDP projections
beyond that date; only the January 2100 monthly value is available. See Appendix B for detailed
annual projections.
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Table II: Regression results from the estimation of the ARDL model (road transport)

Variable Estimate Std. Error tvalue Pr(> |t|)
Intercept 16.3000 5.5300 2.9410 0.0036 b
dmey_4 0.5930 0.0573 10.3470 < 2e-16 b
dmcy_o 0.2300 0.0538 4.2780 0.0000 b
AGDP 0.0000 0.0000 10.3370 < 0.0000  ***
gdp—1 -0.0000  0.0000 -8.4310 0.0000 e
Apop -0.0000  0.0000 -2.4500 0.01507 *
POpi—1 0.0000 0.0000 2.445 0.0152 *
MT Hg, -1.4600  0.5090 -2.8610 0.0046 b
MTHos, 2.5100 0.7080 3.5410 0.000 b
MTHo,, -0.1380  0.7010 -0.1970 0.8438

MT Hos 4 -0.3040  0.5920 -0.5130 0.6081

MT Hog, -1.2200  0.6100 -2.0050 0.0461 *
MTHgyz, 0.3910 0.6180 0.6320 0.5281

MT Hos, 2.1400 0.5880 3.6350 0.0003 e
MTHog, 0.6680 0.5270 1.2670 0.2064
MTHyg, -0.6570  0.6940 -0.9460 0.3452
MTHyy, -2.2600 0.6180 -3.6530 0.0003 e
MTHs, -2.1900  0.5490 -3.9890 0.0000 e
Observations 240 R? 0.9550 Adjsted-R* 0.9518

***0.1%; **1.0%; *5.0%; .10.0%

Source: Own elaboration.

port in SSP2 is 2,662.28 billion TKU in 2099. In SSP1, characterized by high energy
efficiency and a high share of renewable energies, projected road transport demand in
2099 is 3,303.45 billion TKU, falling between the highest and lowest scenarios.

Figure 7: SSPs: Annual demand for road freight transport (2020—-2099)
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Table Ill presents the annual demand for road freight transport (in TKU) under the
three SSPs considered in this study. The table allows an analysis of the evolution of
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Table Ill: Annual road freight demand (in billion TKU) for different SSPs

Year SSP1 SSP2 SSP5
2020 663.99 642.94  668.00
2030 971.61 848.76  1,039.15

2040 1,369.61 1,066.91 1,580.29
2050 1,809.29 1,314.60 2,209.81
2060 2,239.69 1,584.71 2,871.63
2070 2,609.62 1,860.34 3,500.66
2080 2,917.44 2,143.10 4,090.75
2090 3,161.41 2,416.12 4,629.14
2099 3,303.45 2,662.28 5,031.75

Source: Own elaboration

road freight demand in Brazil between 2020 and 2099 across different future scenar-
ios. Focusing on the medium-term horizon, demand growth by 2050 is particularly
pronounced, highlighting the urgency of policy intervention. Under the high-growth
SSP5 scenario, demand is projected to reach 2,209.81 billion TKU, an increase of
230.7% relative to the 2019 baseline of 668.00 billion TKU. Even the SSP1 “Sustain-
ability” scenario anticipates substantial demand of 1,809.29 billion TKU by 2050. This
rapid front-loading of demand, with the sector more than tripling its activity within three
decades, underscores that structural dependence on road transport will be entrenched
well before the national 2050 net-zero target, necessitating immediate and large-scale
structural interventions rather than incremental adjustments.

Table IIl also highlights projections under SSP5, labeled “Fossil Fuel Driven Devel-
opment”. This scenario is characterized by high economic growth, resource-intensive
production and consumption patterns, and heavy reliance on abundant fossil fuel re-
sources, creating high mitigation challenges but relatively low adaptation challenges.
As noted by Kriegler et al. (2017), the assumption of abundant fossil fuel resources in
SSP5 implies that fossil fuels continue to dominate the rapidly growing primary energy
supply. Low public acceptance and limited political support for renewable energy result
in slower cost reductions and a smaller share of renewable technologies compared
with SSP2, and especially SSP1.

An in-depth analysis of the projections reveals an important dynamic for transport
policy in Brazil: the SSP1 scenario projects the second-highest demand for road trans-
port, surpassing the SSP2 scenario. This indicates that economic growth and social
development, even when guided by sustainability principles, are such powerful drivers
of logistics demand that, in the absence of direct policies promoting efficiency and
modal shift, pressure on road infrastructure is projected to increase substantially over
the coming decades. In contrast, the SSP5 projection reaches 5,031.75 billion TKU
in 2099, representing an increase of more than 653.3% compared to 2019. This sce-
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nario illustrates the potential for logistical and environmental strain, emphasizing the
challenges and limitations of a fossil fuel-based development path and underscoring
the need for proactive measures to ensure sustainable transport growth.

The high demand for road transport projected under the SSP1 scenario reflects
several underlying factors. Although oriented toward clean energy and sustainable de-
velopment, the scenario assumes an inclusive GDP growth, higher than SSP2. It also
incorporates high energy efficiency and a large share of renewable energy in the sup-
ply mix, resulting in a sharp decline in total fossil fuel consumption, with the use of oll
practically eliminated (Van Vuuren et al., 2017). In the absence of alternative infrastruc-
ture, such as railways and waterways capable of handling additional transport demand,
most traffic continues to rely on the dominant mode: road freight. Moreover, the projec-
tions indicate that road freight becomes increasingly dominant over time, as its growth
outpaces that of other modalities relative to GDP and population expansion. This con-
tinued reliance reinforces pressures on road networks, raising operational costs and
environmental impacts, and underscores the importance of coordinated policies to en-
courage modal shifts and enhance infrastructure efficiency.

A possible structural explanation helps clarify why road freight demand remains
high in SSP1 despite the scenario’s sustainable orientation. The resilience of road
transport reflects the strong structural inertia, or path dependency?3, of Brazil’s freight
system. This structural inertia is a direct result of decades of historical underinvestment
in competitive rail and waterway alternatives, effectively locking the national economy
into reliance on the diesel-intensive road network. Anchored in agricultural and min-
eral commodity production, the economy relies on long-distance corridors connecting
inland production areas to ports and consumption centers. Since a dense and inte-
grated multimodal network has not materialized, road transport remains the default
option for a large share of flows. In this sense, even with a greener energy mix, eco-
nomic expansion will continue to generate transport demand that relies on the existing
infrastructure, maintaining heavy pressure on the road system3*.

The sharp increase in freight demand projected for Brazil across all scenarios aligns
with global trends identified in recent literature. Global projections indicate a 200.0%
increase in freight demand between 2020 and 2050, reaching a total of 395.00 trillion
TKU, with the expansion disproportionately driven by developing and less-developed

33The concept of path dependency was popularized in economic history and institutional economics
to explain why certain technological or institutional trajectories persist even in the presence of more effi-
cient alternatives. A seminal reference is David (1985), who analyzed the persistence of the QWERTY
keyboard layout as an outcome of historical lock-in. Later, Arthur (1994) extended the framework to
technology adoption processes under increasing returns and network effects.

341t is important to note that the long-term freight projections presented here are based on socioeco-
nomic drivers (GDP and population) and inherit the historical structure of the transport sector. Conse-
quently, the ARDL model implicitly assumes that the current modal mix will persist and does not account
for a significant redistribution of cargo to lower-carbon modes (modal shift) that might result from ag-
gressive future infrastructure policies.
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countries, where current demand is relatively low but growth potential is high due to
socioeconomic development (Tjandra et al., 2024). The projections presented in this
study indicate an increase of up to 511.4% in road freight demand in Brazil by 2099
under the highest growth scenario (SSP5), reflecting this dynamic at the national level
and positioning the country as a central player in the global expansion of freight activity.
Such growth will directly translate into high energy demand in the transport sector and,
consequently, increased GHG emissions.

Building on this structural perspective, the analysis of projected freight demand also
highlights a key implication for transport decarbonization: even with increased use of
biofuels, road transport is likely to remain dominant, and total emissions may continue
to grow unless structural changes are implemented. Acknowledging this path depen-
dency reinforces the conclusion that decarbonization of the sector cannot rely solely
on fuel substitution. Without territorial planning policies and investments in multimodal
infrastructure, the freight modality mix will remain locked into its current configuration,
undermining the effectiveness of energy transition policies. Only by addressing both
dimensions, energy and infrastructure, can Brazil achieve a genuine transformation of
its transport system.

The pathway to a low-carbon economy, as outlined in studies such as La Rovere
et al. (2015), relies on efficiency gains and a higher share of biofuels in the energy
mix. Yet, an increase in demand of up to 511.4% suggests that these measures alone
would be insufficient to curb emissions. This reinforces the conclusions of Kdberle
et al. (2020), highlighting the need for a deep and structural decarbonization of the
transport sector if Brazil is to meet its climate commitments. The results underscore
that achieving emission reductions will require not only technological improvements
and fuel substitution but also policy frameworks that address the scale and structural
characteristics of the sector.

2.5.2 Demand for rail freight transport

The estimation results of the ARDL model for the rail sector is detailed in Table
IV, which provides an analysis of the long-term relationships and short-term dynamics
discerned from the coefficients obtained. The coefficient of determination R? indicates
that the model is able to explain approximately 91.5% of the variation in rail freight
demand, demonstrating a good fit.
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Table 1V: Regression results from the estimation of the ARDL model (rail transport)

Variable Estimate Std. Error tvalue Pr(> |t|)
Intercept -2.6800  1.0400 -2.5750 0.0109 *
dme;_q 0.7600 0.0817 9.3080 0.0000 b
dme;_o 0.1370 0.0812 1.6830 0.0945 :
AGDP 0.0000 0.0000 2.1670 0.0318 *
MT Hpy, 0.7220 0.6080 1.1870 0.2371

MT Hos 4.2300 0.5810 7.2850 0.0000 o
MT Hoa, 2.2800 0.5800 3.9280 0.0001 e
MT Hos 4.3000 0.5600 7.6800 0.0000 e
MT Hog 2.9600 0.5700 5.1900 0.0000 o
MTHoyz, 3.6600 0.5540 6.6030 0.0000 e
MT Hog ¢ 3.3300 0.5560 5.9860 0.0000 e
MT Hgg 2.1000 0.5560 3.7740 0.0002 e
MTHo, 2.7600 0.5610 4.9160 0.0000 e
MTH;, 0.6660 0.5540 1.2040 0.2306

MTHio, 2.1800 0.5850 3.7340 0.0003 e
Observations 168 R? 0.9149 Adjusted-R* 0.907

***0.1%; **1.0%; *5.0%; .10.0%

Source: Own elaboration.

This high explanatory power strengthens the confidence in using the model to cre-
ate scenarios for future demand in this sector. The analysis revealed insignificant serial
correlation in the residuals, reinforcing the premise of normality and dynamic stability
of the proposed model, which are fundamental to its predictive applicability. These
findings support the validity and reliability of the model in projecting future scenarios,
as long as the estimated historical relationships remain consistent over time and take
into account possible changes or evolutions in the context of rail freight transport.

The estimated model was then applied to //ASA’s projection of Brazil's GDP up to
the year 2099, in order to obtain a varied perspective of the demand for rail freight
transport in Brazil over a longer period of time, as shown in Figure 8. The SSP5 sce-
nario stood out with the highest projection of the volume of demand for rail transport:
about 1,995.06 billion TKU for the year 2099. Meanwhile, in the intermediate scenario
of SSP2, the estimated demand for rail transport at the end of the 21st century was
around 1,471.19 billion TKU. For its part, the SSP1, recognized for its emphasis on
energy efficiency and the high use of renewable energy, presented the second highest
demand forecast for rail transport among the scenarios analyzed, projecting approxi-
mately 1,562.28 billion TKU for the year 2099.

Table V presents the projected annual demand for rail freight transport in Brazil (in
TKU) from 2020 to 2099 under the three SSP scenarios considered in this study®. Fo-
cusing on the medium-term horizon, rail freight demand is projected to grow substan-

35See Appendix C for detailed annual projections.
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Figure 8: SSPs: Annual demand for rail freight transport (2020—2099)
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tially toward 2050. Under the SSP5 scenario, demand reaches 1,039.27 billion TKU
by 2050, while under SSP1 it reaches 942.13 billion TKU, representing an increase
of about 198,4% compared with 2019 levels (348.00 billion TKU in SSP7). The com-
parison among scenarios shows that SSP1 (“Sustainability”), despite its emphasis on
energy efficiency and renewable sources, projects higher demand by 2050 than the
intermediate SSP2 (845.68 billion TKU), reflecting the influence of stronger economic
activity on freight volumes. Although rail transport is expected to triple its activity within
three decades, its structural disadvantage relative to road transport remains evident,
indicating the need for timely and large-scale infrastructure investments to enable this
expansion and support a meaningful modal shift.

Table V: Annual rail freight demand (in billion TKU) for the different SSPs

Year SSP1 SSP2 SSP5
2020 348.00 347.79  348.23
2030 507.51 492.41 522.10
2040 71825 664.38  768.13
2050 94213  845.68 1,039.27

2060 1,151.44 1,020.32 1,306.52
2070 1,321.29 1,172.18 1,541.68
2080 1,450.61 1,301.77 1,742.37
2090 1,632.93 1,403.70 1,899.43
2099 1,562.28 1,471.19 1,995.06

Source: Own elaboration.

The resulting projections, detailed in Figure 8 and Table V, show an increase in
rail demand across all scenarios, reaching 1,995.06 billion TKU under the SSP5 sce-
nario by 2099. This represents an increase of 472.9% relative to 2019, highlighting the
sector’s significant potential for expansion. However, when contextualizing rail growth
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within the overall land transport modality mix, a structural challenge becomes evident:
the projected increase for the road mode over the same period is even higher, reach-
ing 653.3%. This means that, although rail transport expands substantially in absolute
terms, its relative share in the land freight modality mix is likely to decline in the ab-
sence of aggressive mode shift policies, signaling a continued reliance on road trans-
port even in high-growth rail scenarios. This conclusion aligns with European expe-
rience, where studies such as Islam et al. (2015) show that without ambitious policy
interventions, rail’s share tends to stagnate despite overall economic growth, and only
targeted strategies and investments result in significant modal shifts.

The realization of this growth potential in Brazil faces the historical challenge of un-
derinvestment in the rail sector. As shown in Figure 2 of this thesis, federal investment
in railways has historically been both lower and more volatile than that directed to the
road sector. Moreover, to accommodate, at least, the projected 323.1% growth under
SSP2, the business-as-usual scenario, and to effectively compete with road transport,
the Brazilian rail sector must expand beyond its traditional focus on agricultural and
mineral commodities. Capturing market share will require the capacity to transport
higher-value goods, such as manufactured products and consumer items. This, in
turn, necessitates investments not only in rail infrastructure but also in intermodal ter-
minals, tracking and logistics technology, and improvements in service reliability and
speed.

The demand projections presented here should therefore not be interpreted as an
inevitable outcome, but rather as an indication of an economic opportunity contingent
upon long-term strategic planning and targeted policy interventions. To both accommo-
date this growing demand and leverage it to rebalance Brazil’s transport modality mix
while reducing carbon emissions, it will be essential to overcome the historical invest-
ment deficit and implement public policies prioritizing the expansion and modernization
of the national railway network.

2.5.3 Demand for air freight transport

The ARDL regression method was also used to analyze air freight transport. Table
VI presents the results, highlighting both long-term relationships and short-term dy-
namics inferred from the estimated coefficients. With an R? of approximately 98.7%,
indicating a good fit. Residual analysis further confirmed the absence of significant
serial correlation and adherence to a normal distribution. These findings support the
validity of the model for projecting future scenarios, assuming that the historical rela-
tionships estimated remain stable over time. The application of the ARDL framework
to air transport provides an approach to analyzing sectoral dynamics, offering insights
to support strategic decision-making.
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Table VI: Regression results from estimating the ARDL model (air transport)

Variable Estimate Std. Error tvalue Pr(> |t|)
Intercept -27.2000 9.1700 -2.9650 0.0034 **
dme;_q 0.5290 0.0568 9.3140 < 0.0000 i
AGDP 0.0000 0.0000 3.3210 0.0011 **
gdpy 1 0.0000 0.0000 2.5760 0.0107 *
gdpy 2 -0.0000 0.0000 -2.5920 0.0102 *
gdp;_3 0.0000 0.0000 1.8050 0.0724 .
Apop -0.0000  0.0000 -2.9670  0.0033 "
DOPr—1 0.0000 0.0000 2.9830 0.0032 **
MTHgy, -12.3000 0.9920 -12.3760 0.0000 e
MT Hos 4 -5.6500 1.2600 -4.4950  0.0000 e
MTHoyy -8.8600 1.0200 -8.7030  0.0000 e
MTHgs, -6.6900 1.1400 -5.8690 0.0000 i
MTHog -8.3400 1.0300 -8.1040 0.0000 e
MTHyz, 0.6710 1.1300 0.5930 0.5540

MTHys, -11.0000 0.9430 -11.6880 0.0000 e
MT Hog, -7.1000 0.8930 -7.9450  0.0000 e
MTH, -4.9800 1.1600 -4.2800  0.0000 i
MTH,, -9.2900 1.0500 -8.8300 0.0000 o
MTH;, -1.3100 1.0800 -1.2130 0.2263
Observations 240 R? 0.9866  Adjusted-R* 0.9855

***0.1%; **1.0%; *5.0%; .10.0%

Source: Own elaboration.

Using the IIASA projections for GDP and population, the estimated model was used
to forecast the three SSPs representing the demand for air freight in Brazil from 2020
to 2099, as shown in Figure 9. The SSP5 showed the highest estimated demand for
air transport: about 8,396.40 million TKU in 2099. The SSP1, known for its energy
efficiency and considerable use of renewable energy, had the second highest demand
for air transport among the scenarios studied: about 5,040 million TKU in 2099. The
intermediate scenario, SSP2, has an estimated demand of 4,398.73 million TKU by the
end of the 21st century.

Table VII presents the projected annual demand for air freight transport in Brazil
(in TKU) from 2020 to 2099 under the three SSP scenarios considered in this study®.
In the medium term, demand is expected to rise steadily toward 2050, reflecting the
increasing complexity and international integration of the Brazilian economy. By 2050,
demand reaches 3,883.36 million TKU under SSP5 and 3,110.49 million TKU under
SSP1, representing an increase of about 302.7% compared with the 2019 baseline of
964.32 million TKU. This growth is likely to create additional pressure on airport cargo
infrastructure and ground logistics before mid-century, indicating the need for more
efficient investments in cargo terminals and process optimization. The SSP5 (“Fossil-

36See Appendix D for detailed annual projections.
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Figure 9: SSPs: Annual demand for air freight transport (2020—-2099)
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Fueled Development”) scenario assumes rapid population growth, robust global eco-
nomic expansion, and accelerated technological progress, but with limited emphasis
on environmental sustainability. In the aviation sector, this configuration leads to higher
aircraft activity and air travel, resulting in greater GHG emissions and contributing to
an overall increase in total emissions.

Figure 9 and Table VIl show that air transport records the highest relative growth
among modes, with demand expanding by 770.8% under SSP5 between 2020 and
2099. This pattern reflects the characteristics of air freight, which primarily serves
high-value goods such as electronics, pharmaceuticals, and components for just-in-
time production chains. It is further driven by foreign direct investment (FDI) and the
expansion of e-commerce. Consequently, the projected increase suggests not only a
rise in freight volume but also greater economic diversification, with Brazil becoming
more integrated into global value chains that depend on speed and logistical reliability.
This trend is consistent with global evidence, as Tjandra et al. (2024) report that, de-
spite its relatively small base, air transport exhibits high income elasticities, particularly
in developing regions. As the Brazilian economy grows and urbanizes, demand for fast
and efficient logistics services is expected to rise more than proportionally, making air
freight a sensitive indicator of technological progress and economic modernization.

However, an increase of over 770.8% in demand poses a significant challenge
to the country’s airport infrastructure. Historically, overall investments in the Brazil-
ian air sector, as shown in Figure 2, have been limited. Although recent years have
seen some improvements through airport concessions and private investments (CNT,
2025c), most resources have still been directed primarily toward passenger terminals
rather than cargo infrastructure. Satisfying the demand from these projections will
therefore require a strategic reallocation of investments toward the construction and
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Table VII: Annual air freight demand (in million TKU) for the different SSPs

Year SSP1 SSP2 SSP5

2020 966.91 942.96  964.32

2030 1,576.70 1,438.94 1,695.82
2040 2,333.90 1,902.86 2,735.19
2050 3,110.49 2,362.08 3,883.36
2060 3,814.97 2,809.16 5,038.76
2070 4,362.75 3,232.25 6,092.87
2080 4,761.70 3,646.76 7,040.64
2090 4,996.80 4,039.45 7,838.94
2099 5,040.00 4,398.73 8,396.40

Source: Own elaboration.

modernization of cargo terminals, apron areas for freighter aircraft, and the optimiza-
tion of customs and ground logistics processes. Proactive planning is essential, as
highlighted in the literature; for example, Suryani et al. (2012) demonstrate how de-
mand projections can inform the timing and scale of capacity expansions, effectively
transforming growth forecasts into actionable investment strategies. Without a national
policy prioritizing air cargo capacity, Brazilian airports risk becoming bottlenecks, con-
straining the growth potential of high-value economic sectors and limiting the country’s
competitiveness in international trade.

Taken together, these projections for road, rail, and air transport provide an inte-
grated view of the potential evolution of the Brazilian freight sector under different SSP
scenarios. While each mode exhibits distinct growth trajectories and challenges, the
subsequent analysis narrows its focus to road transport. This choice reflects not only
its dominant share in national freight activity but also its disproportionate contribution to
sectoral CO, emissions. Concentrating on road freight enables a detailed assessment
of historical emission trends, carbon intensity, and the projected evolution of emissions
under varying socioeconomic pathways, laying the groundwork for an evaluation of
mitigation strategies.

2.5.4 Road freight emissions and carbon intensity

Figure 10a presents the historical evolution of road freight demand alongside the
associated C'O, emissions in Brazil (2000—2019). By concentrating on this mode, the
analysis highlights periods in which changes in carbon intensity caused deviations be-
tween demand and emissions trends, providing a clearer picture of the drivers behind
sectoral emissions. This approach allows policymakers and researchers to evaluate
the potential effectiveness of mitigation strategies within the road freight sector, and to
identify opportunities for reducing the carbon intensity of future freight activity.

The calculated RFCI, shown in Figure 10b, offers a more precise measure of the
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Figure 10: Road freight demand, CO, emissions, and RCFI (2000—-2019)
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environmental efficiency of the sector. Analysis of historical data from 2000 to 2019
indicates an average RFCI of 120.7 ¢CO,/TKU, approximately 53.0% higher than the
79.0 gCO,/TKU estimated by Fleury (2012). This discrepancy suggests that the car-
bon intensity of road freight in Brazil has been underestimated, highlighting the scale
of the decarbonization challenge®’. This starting point, being less efficient than pre-
viously assumed, underscores the urgency of implementing mitigation strategies, as
proposed by Yeh et al. (2017). The high carbon intensity indicates significant potential
for reductions through fleet efficiency improvements, one of the key measures identi-
fied by the Deep Decarbonization Pathways Project for Brazil (La Rovere et al., 2015).
At the same time, it reveals that the effort required to achieve such improvements will
be considerably greater.

Several structural factors may contribute to the elevated RFCI observed in Brazil.
The quality of the road infrastructure is uneven, with poorly maintained sections in-
creasing fuel consumption per TKU and directly affecting carbon intensity. According
to CNT (2024), 56.9% of evaluated pavements exhibit some form of deterioration, with
inadequate surfaces raising diesel consumption by an estimated 5.0%. These con-
ditions result in an annual waste of approximately 1.184 billion liters of diesel, corre-
sponding to 3.13 million tons of unnecessary GHG emissions, and elevate operational
costs by an average of 32.5%. Logistical inefficiencies further exacerbate emissions.
Although CNT (2024) does not directly quantify empty return trips, it identifies 2,446

37A possible explanation for this discrepancy lies in the data sources and methodology employed in
this study, which integrate more recent and granular information from SEEG, ABCR, and other sources.
This approach captures operational inefficiencies and sectoral realities that earlier models may have
overlooked, providing an accurate representation of real-world performance. Regional differences in
road infrastructure, fleet characteristics, and logistical conditions mean that the national average RFCI
may conceal substantial variation in carbon intensity across Brazil’s territory.
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critical points, including landslides, erosion, and collapsed bridges, that hinder route
planning and travel predictability. This challenging environment increases the likelihood
of underloaded returns, raising emissions per unit of freight transported. Fleet compo-
sition also contributes to high carbon intensity. In 2023, the average age of registered
trucks was 16.4 years, limiting the sector’s capacity to realize efficiency gains from
Proconve®® standards (P7 and P8). Adoption of newer P8 vehicles remains low, com-
prising only 4.9% of the national truck fleet by mid-2024. Complete replacement with
P8 models could reduce NOy emissions by 97.8% and particulate matter by 98.3%,
revealing substantial potential for technological improvements.

The historical evolution of RFCI, shown in Figure 10b, does not display a consis-
tent trend of efficiency gains. Following an initial period of decline, the indicator rose
from 2012, peaking in 2016, which may reflect the combined effects of deteriorating
infrastructure, logistical inefficiencies, and slow fleet renewal. Collectively, these ob-
servations suggest that reducing carbon intensity in Brazilian road freight will require
not only technological upgrades but also targeted interventions in infrastructure and
logistics management, addressing the structural factors encompassed by the so-called
“Custo Brasil”.*°

Future CO, emissions from road freight transport were estimated by combining
projections of freight demand with the historical average RCFI of 120.7 gCO./TKU. For
this simplified exercise, it is assumed that the emissions intensity remains constant,
without considering potential technological improvements or regulatory changes. By
applying this constant factor to the demand trajectories of SSP1, SSP2, and SSP5,
the analysis shows how different socioeconomic development pathways may affect the
evolution of emissions. Under this assumption, differences across scenarios result
only from variations in the scale and intensity of projected freight activity, providing a
reference baseline.

As shown in Figure 11, the projected trajectories follow the expansion of freight ac-
tivity under each socioeconomic pathway. The SSP5 scenario, associated with rapid
economic growth based on fossil energy and higher consumption levels, results in

38The Vehicle Emission Control Program (Proconve) was established under CONAMA Resolution No.
18 on May 6, 1986, with the aim of reducing air pollution from motor vehicles in Brazil. Its objectives
include: reducing pollutant emissions to meet air quality standards, particularly in urban areas; pro-
moting national technological development in automotive engineering and emissions testing methods;
implementing vehicle inspection and maintenance programs; raising public awareness about vehicular
air pollution; improving the technical characteristics of fuels used by the national vehicle fleet to reduce
emissions; and establishing procedures to evaluate the program’s outcomes. Recent phases, such
as Proconve P7 and P8, introduced in 2022, represent significant advances in emission control Brasil
(2022c).

39The term “Custo Brasil” refers to the combination of structural, institutional, and operational ineffi-
ciencies that increase the cost of doing business in Brazil. Key factors include inadequate infrastructure,
bureaucratic complexity, high financing costs, regulatory uncertainty, and operational inefficiencies such
as an aging vehicle fleet and low adoption of logistics technologies. In the context of road freight, these
elements contribute directly to higher fuel consumption, carbon intensity, and overall transport costs.
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Figure 11: Projected C'O, emissions from road freight transport (2020—-2099)
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emissions of 604.93 MtCO, by 2099. The SSP1 (“Sustainability”) pathway, empha-
sizing resource efficiency and cleaner technologies, reaches 397.15 MtCO, by 2099.
The SSP2 (“Middle of the Road”) scenario, assuming moderate progress and partial
policy implementation, reaches 320.07 MtCO, by 2099. This trajectory is relatively
close to the historical pattern of gradual change observed in road freight emissions,
suggesting a continuation of the long-term structural dynamics of the sector.

Table VIl presents the projected emissions values for key years between 2020
and 2099. By 2050, annual road freight emissions are estimated at 265.67 MtCO,
under SSP5, 217.52 MtCO, under SSP1, and 158.04 MtCO, under SSP2. Under
the constant-intensity assumption, higher emissions are associated with greater road
freight transport demand. Even in more sustainable socioeconomic contexts, the sector
would continue to represent a substantial share of Brazil’'s total CO, output, underscor-
ing the importance of mitigation strategies such as modal shifts, logistics optimization,
and low-carbon fuel adoption.

Table VIII: Projected CO, emissions from road freight transport (2020—-2099)

Year SSP1 SSP2 SSP5
2020 79.83 77.30 80.31

2030 116.81 102.04 124.93
2040 164.66 128.27 189.99
2050 217.52 158.04 265.67
2060 269.26 190.52 345.24
2070 313.74 223.66 420.86
2080 350.74 257.65 491.80
2090 380.07 290.47 556.53
2099 397.15 320.07 604.93

Source: Own elaboration.
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These results highlight that socioeconomic pathways influence the long-term car-
bon footprint of the freight transport sector. By the end of the century, emissions un-
der SSP5 are projected to be roughly twice those under SSP2, indicating that devel-
opment trajectories shape sectoral environmental outcomes even in the absence of
technological or policy changes. Although the transport sector represents a smaller
share of Brazil’s total greenhouse gas emissions compared to land-use change and
agriculture, accounting for approximately 15.0% of national emissions, it remains an
important component of mitigation strategies due to its dependence on fossil fuels and
expected growth in energy demand. The projections are consistent with Arioli et al.
(2020), suggesting that the transport sector’s contribution to total Brazilian emissions
may increase under current development patterns. Consequently, integrating sustain-
able transport policies with broader economic strategies is relevant for improving mit-
igation outcomes. Without structural changes in the sector, Brazil’s ability to meet its
Paris Agreement commitments, as analyzed by Lefevre et al. (2018), may face addi-
tional challenges, reinforcing the importance of incorporating socioeconomic foresight
into transport planning and climate policy to support long-term emission reductions.

2.6 Conclusions

This study developed long-term scenarios for freight transport demand in Brazil up
to 2099 by employing ARDL models for road, rail, and air transport, which allowed for
an analysis of how GDP and population, together with seasonal and cyclical factors, in-
fluence freight demand across different modalities. These models provide a foundation
for future projections, as they not only capture the link between economic expansion
and freight activity, reflected in the identification of GDP as the main driver of sector
growth, but also account for the complementary role of population in shaping demand
patterns. Furthermore, the incorporation of seasonal effects enhances the precision of
the projections by capturing fluctuations that may be critical for both logistics planning
and infrastructure investment, ensuring that the anticipated dynamics of the transport
sector are represented in a realistic and policy-relevant manner.

The projections based on the SSP scenarios indicate a continuous expansion of
freight demand across all cases, with distinct trajectories for each pathway. By 2050,
road freight demand is projected to more than triple under high-growth scenarios, con-
tributing to CO, emissions of approximately 267 MtCO, in SSP5, prior to the national
net-zero target. Over the longer term, the SSP5 scenario (“Fossil Fuel Driven Devel-
opment”) exhibits the highest overall growth, with annual demand reaching 5,031.8 bil-
lion TKU for road transport, 1,995.1 billion TKU for rail transport, and 8,396.4 mil-
lion TKU for air transport by 2099. This scenario represents a pathway of resource-
intensive economic development. The projections highlight the relevance of mitigation
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strategies, including the adoption of low-carbon technologies and the expansion of
sustainable transport networks, in the context of steadily increasing freight demand
and associated emissions.

The SSP1 scenario, characterized by a transition toward renewable energy sources
and improvements in overall energy efficiency, exhibited the second-highest freight de-
mand by the end of the century. This result indicates that even under a sustainability-
oriented socioeconomic pathway, freight activity may continue to expand as a conse-
quence of economic development. These dynamics highlight that progress toward a
cleaner energy mix does not automatically translate into lower transport emissions if
freight demand remains strong. Therefore, emission mitigation in the transport sector
requires complementary strategies that enhance operational efficiency and promote
shifts toward lower-carbon transportation solutions. More broadly, the findings under-
score the importance of integrated energy, economic, and transport policy planning to
support sustainability objectives while maintaining long-term development prospects.

The analysis of emissions, centered on road transport, showed that the historical
average RFCI from 2000 to 2019 was 120.7 gCO,/TKU, 53.0% higher than previously
estimated. This indicates that decarbonization is more challenging than earlier assess-
ments suggested. Structural factors such as an aging fleet, deteriorating logistics in-
frastructure, and adverse macroeconomic conditions further increase this difficulty. Na-
tional energy policies that continue to promote fossil fuel production through subsidies
and favorable exploration conditions (e.g., pre-salt, Equatorial Margin) also weaken
carbon pricing mechanisms and reinforce the sector’s current trajectory. Examining
historical RFCI trends alongside the current policy framework provides essential con-
text for evaluating emission reduction targets and emphasizes the importance of fleet
renewal and operational efficiency.

Future emissions projections, assuming a constant RFCI, highlighted the deci-
sive role of socioeconomic pathways in shaping the long-term evolution of freight-
related CO, emissions. The SSP5 scenario produced the highest trajectory, exceeding
600 MtCO, annually by 2099, reflecting a pathway of rapid economic growth with high
energy and transport demand. In contrast, SSP2 “Middle of the Road”, characterized
by moderate economic growth, yielded the lowest emissions, just over 300 MtCOs.
SSP1 reached approximately 400 MtCO,, showing that even development pathways
with strong sustainability ambitions can result in substantial emissions if no additional
measures are implemented. These projections highlight that structural interventions
and policy measures may be relevant to influence future emissions trajectories, partic-
ularly in scenarios of high economic and transport expansion.

These findings have implications for public policy and energy transition planning,
showing that socioeconomic trajectories strongly shape Brazil’'s freight transport car-
bon footprint. Demand projections under alternative SSPs scenarios provide a quan-
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titative basis for assessing strategies such as infrastructure investments or efficiency
regulations affecting modal choice. The results indicate that policies in transport, en-
ergy, and environmental sectors are interdependent and should be designed jointly, as
actions in one area affect others. Even in sustainable development pathways, freight
emissions remain significant, underscoring the need to align climate and energy goals
with transport and economic planning.

Future work could extend the current analysis by incorporating evolving fleet effi-
ciency and low-carbon technologies to reflect changes in carbon intensity over time;
evaluating the effects of policies such as regulations or incentives for modal shifts; in-
creasing spatial detail to capture regional differences and major corridors; and linking
demand projections dynamically to emissions, allowing for feedbacks from fuel prices
or policy measures. Such extensions would yield a more detailed and policy-relevant
picture, complementing the insights of the present model.
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3 FREIGHT TRANSPORT, CARBON PRICING, AND THE
ENERGY TRANSITION IN BRAZIL

Abstract

This study examines the long-term evolution of Brazil’s freight transport demand
and its implications for the economic feasibility of reducing CO- emissions under
alternative socioeconomic pathways (SSPs). Projected freight demand, measured
in Ton-Kilometers (TKU), is converted into an aggregate economic cost indicator
expressed as a share of GDP. Three scenarios are considered: SSP2 (“Middle-
of-the-Road”), which represents a continuation of historical trends and serves as a
reference case; SSP1 (“Sustainability”), emphasizing sustainable development and
lower resource intensity; and SSP5 “(Fossil-Fueled Development”’), characterized
by rapid, resource-intensive economic growth. This range of scenarios provides
a baseline for assessing the potential economic and emissions outcomes arising
from projected transport activity in Brazil. The second stage involves a policy sim-
ulation focused on road freight, which estimates the long-run price elasticity of
demand using an Autoregressive Distributed Lag (ARDL) model and subsequently
calculates the Marginal Abatement Cost (MAC) implied by Brazil's Nationally De-
termined Contribution (NDC) target for 2035. The results indicate that the share of
GDP allocated to freight transport increases across all scenarios, consistent with
the structural relationship between economic activity and freight demand embed-
ded in the model, and that demand for road transport is highly inelastic to diesel
prices (n ~ —0.610). Consequently, the estimated MAC is economically prohibitive,
exceeding BRL 1,532 per ton of CO,. This suggests that a decarbonization policy
relying solely on carbon pricing is unlikely to be feasible and highlights the need for
a policy portfolio that combines price signals with non-tariff interventions, including
modal shifts and efficiency mandates, to achieve a successful energy transition.
By linking demand projections with an assessment of mitigation costs, this study
enhances the understanding of transport planning and climate policy in Brazil, high-
lighting the interactions between socioeconomic development, freight activity, and
sectoral emissions under different future pathways.

Key-words: Energy Transition; Freight Transport; Marginal Abatement Costs.

3.1 Introduction

This study evaluates Brazil’s freight transport sector by combining demand pro-
jections, emissions modeling, and carbon pricing analysis to quantify the economic
implications of current transport trends and policy interventions for achieving national
climate targets. The Brazilian freight system is highly dependent on road transport,
a structural feature that generates significant environmental and economic challenges
and contributes to the accelerated growth of emissions in the country. This pattern
is corroborated by studies showing that developing regions have been experiencing
faster increases in transport emissions than Europe or North America, and this trend
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is expected to continue (IPCC, 2022). Addressing this sector requires more than incre-
mental efficiency improvements. It involves replacing entrenched infrastructures and
carbon-intensive technologies with low-carbon alternatives while balancing environ-
mental sustainability, energy security, and economic feasibility. The structural reliance
on road transport amplifies the difficulty of transitioning to a low-carbon system, as it
underpins the economy’s long-distance corridors connecting production hubs to con-
sumption centers. Consequently, even with improvements in fuel efficiency or cleaner
energy sources, existing infrastructure and logistical patterns sustain high transport
demand and emissions. As Banister (2008) emphasizes, the transition to a low-carbon
transport system is not merely a technical challenge but also a social and political pro-
cess that requires new governance approaches, broad stakeholder engagement, and
collective responsibility.

The Brazilian freight sector is highly dependent on trucks, which account for 64.9%
of domestic cargo transport. This structural imbalance generates substantial environ-
mental and economic consequences. On the environmental side, road freight leads to
high carbon intensity, with the transport sector responsible for 49.7% of Brazil’s total
CO, emissions from the energy mix (EPE, 2025). Economically, dependence on fossil
fuels exposes the sector to oil price volatility, creating cost instability and undermin-
ing competitiveness. Hamilton (2009) shows that oil price spikes reduce disposable
income and can render existing capital and product portfolios obsolete, particularly
in transport-related industries. Diesel is the most consumed fuel, with the road sec-
tor as its largest consumer (CNT, 2025b). These dynamics underline the critical role
of freight transport in facilitating goods movement, integrating regions, and sustaining
supply chains essential for economic activity.

Brazil’'s Nationally Determined Contribution (NDC) under the Paris Agreement sets
a strengthened target for 2035, aiming to reduce net GHG emissions by 59.0% to
67.0% below 2005 levels. This commitment represents a marked increase in ambi-
tion relative to previous pledges and is aligned with the country’s goal of achieving
climate neutrality by 2050 and limiting global warming to 1.5 °C. To achieve this ob-
jective, Brazil is implementing a series of economy-wide initiatives, including the Eco-
logical Transformation Plan*® and the National Climate Plan*'. In the transport and
energy sectors, these measures are operationalized through targeted programs such

49The Ecological Transformation Plan promotes low-carbon development across sectors, with empha-
sis on sustainable production, ecological preservation, and energy transition. It seeks to align fiscal and
industrial policies with long-term decarbonization goals (Brasil, 2023a).

41The National Climate Plan consolidates mitigation and adaptation targets, setting sectoral policies to
reduce greenhouse gas emissions by mid-century. It integrates climate action with national development
and energy security priorities (Brasil, 2023e).
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as the Fuel for the Future Program*?, the National Hydrogen Program (PNH,)*3, and
the Green Mobility-Mover initiative**. Beyond transport, the national strategy also en-
compasses low-carbon agriculture, deforestation control, and industrial transition, sup-
ported by investment platforms such as the Climate Fund* and Eco Invest Brazil*®,
alongside regulatory frameworks like tax reform. These interactions underscore that
transport decarbonization must be understood not in isolation but as part of a broader
sustainable transformation across the national economic and energy system (Brasil,
2024).

Economic theory, as highlighted by Baumol and Oates (1988), distinguishes be-
tween command-and-control regulations, such as fuel efficiency standards exemplified
by the Euro VI emission standards for trucks in the European Union, and market-based
instruments, including carbon taxes, as in Sweden, or tradable emission permits, such
as the European Union Emissions Trading System (EU ETS). In the context of freight
transport decarbonization, these instruments are tools to internalize the negative ex-
ternalities of greenhouse gas emissions. While command-and-control measures can
achieve emission reductions, empirical evidence indicates that they often generate
higher societal costs because firms differ in their abatement opportunities and face
heterogeneous compliance expenses (Goulder and Schein, 2013)*’. Older or less
efficient fleets, for example, may incur disproportionately high costs to comply with uni-
form standards. Market-based instruments, by contrast, assign a price to emissions,
creating incentives for firms to reduce pollution where it is cheapest, thereby improving
overall efficiency. The concept of the Marginal Abatement Cost (MAC) formalizes this
logic, representing the cost of reducing the final unit of emissions necessary to achieve
a given reduction target.

Practical applications of market-based instruments illustrate their relevance for freight
decarbonization. Montgomery (1972) demonstrates that tradable permit systems, such

42This program aims to expand the use of advanced biofuels, improve fuel efficiency, and support the
deployment of cleaner energy sources for transport, thereby reducing reliance on fossil fuels (Brasil,
2023c).

43The PNH, seeks to build a domestic hydrogen economy by supporting production, infrastructure,
and technological adoption, particularly in energy and transport (Brasil, 2023b).

44The Green Mobility—Mover initiative promotes sustainable urban mobility, incentivizing electrification,
public transport expansion, and low-carbon innovation in the automotive sector (Brasil, 2023d).

4SManaged by the BNDES, the Climate Fund finances projects that contribute to both mitigation and
adaptation, including renewable energy, sustainable mobility, and resilience-building initiatives (BNDES,
2023).

46Eco Invest Brazil is designed to attract and mobilize private capital for sustainable and low-carbon
projects, complementing public financing and strengthening the country’s green investment ecosystem
(Brasil, 20239).

4’Prior studies cited in Goulder and Schein (2013) indicate that under direct regulation, marginal
abatement costs (MAC) differ substantially among firms, so market-based instruments such as carbon
taxes or cap-and-trade can reduce the costs of achieving the same aggregate emissions reductions
by substantial margins (e.g., 46.0% savings in the RECLAIM program in Los Angeles; $700-$800 mil-
lion/year savings in SO, trading under the U.S. Clean Air Act).
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as Brazil's Sistema Brasileiro de Comércio de Emissdes (SBCE)*8, can achieve envi-
ronmental targets efficiently by allowing flexible allocation of rights. The Pigouvian
principle suggests that taxing emissions equal to their social cost aligns private incen-
tives with societal goals (Pigou, 1920). Estimating the MAC in freight is challenging
because alternatives such as electrification or biofuels are costly and demand may re-
spond weakly due to the sector’s reliance on road transport. Also, according to Goulder
and Parry (2008), effective decarbonization often requires hybrid approaches combin-
ing carbon pricing with complementary measures such as infrastructure investment,
efficiency mandates, and technology promotion.

Freight transport provides a particularly relevant case study for understanding the
challenges of aligning economic development with climate policy in emerging economies.
In Brazil, the sector embodies structural tensions: it is indispensable for economic in-
tegration and growth yet heavily dependent on fossil fuels, making it carbon-intensive
and economically vulnerable to oil price volatility. These characteristics highlight the
need for carefully designed policy packages that reconcile development objectives with
climate commitments while maintaining economic feasibility.

This study contributes by combining long-term demand projections, emissions mod-
eling, and MAC analysis to evaluate feasible pathways for decarbonizing Brazil’s freight
sector. It quantifies the share of GDP associated with freight activity under alterna-
tive socioeconomic pathways, estimates road freight demand responsiveness to diesel
prices, and derives the MAC implied by Brazil’s 2035 NDC target. By linking transport
demand trajectories with mitigation cost assessments, the study provides evidence on
the economic and policy trade-offs of freight decarbonization, highlighting when carbon
pricing alone may be prohibitive and where complementary measures such as modal
shifts, efficiency improvements, and technology adoption are necessary.

The remainder of the chapter is organized as follows. The next section presents
the theoretical framework, contrasting command-and-control regulations with market-
based instruments and elaborating on the concept of the MAC. This is followed by
the methodological approach, including the analytical tools employed. Subsequent
sections describe the data sources and preprocessing procedures, present and ana-
lyze the results, and conclude by discussing the main implications for transport decar-
bonization in Brazil, with emphasis on policy-relevant insights and actionable strate-
gies.

48The SBCE, established by Law No. 15.042 of December 11, 2024, regulates GHG emissions in
Brazil through tradable carbon credits and promotes cost-effective reductions (Brasil, 2024).
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3.2 Economic instruments and regulatory frameworks for trans-
port decarbonization

Decarbonizing Brazil's road freight sector, a system defined by its structural depen-
dence on highways and inelastic demand for fossil fuels, requires a combination of
economic instruments and regulatory frameworks to address market failures and tech-
nological adoption constraints. This section presents the theoretical framework used
in this study to analyze the economic feasibility of decarbonizing freight transport, fo-
cusing on how different policy tools can address the sector’s specific structural char-
acteristics. This study specifically applies this framework by estimating the Marginal
Abatement Cost (MAC) for Brazil’s road freight transport sector, thereby quantifying
the economic challenge of decarbonization and assessing the feasibility of price-based
instruments in a system characterized by structural rigidity. Market-based instruments
guide behavior through economic incentives rather than prescriptive mandates on pol-
lution levels or control technologies. Examples include tradable permits and pollution
taxes, which, when properly implemented, motivate firms to undertake emissions re-
duction measures that are both privately beneficial and collectively aligned with policy
objectives (Stavins, 2003). In the Brazilian road freight sector, these instruments must
consider the dominance of diesel trucks and the scarcity of low-carbon modal alterna-
tives.

A central principle underpinning the design of market-based instruments is the
Pigouvian approach, which holds that government intervention is warranted when the
marginal private net benefit of an activity differs from its marginal social net benefit.
Corrective taxes internalize the external costs of unpriced societal harms, such as pol-
lution, thereby promoting overall economic welfare (Pigou, 1920). In the context of
climate change, operationalizing this principle requires quantifying the cost of reducing
emissions. This cost is captured by the MAC, defined as the expense of abating the
last and most costly unit of emissions needed to achieve a specific reduction target.
This concept is central to this thesis, as estimating the MAC for Brazil's road freight
sector reveals the economic challenges of decarbonization. Structural factors such as
the lack of modal alternatives and the low price elasticity of diesel demand result in a
steep MAC curve, suggesting that a purely price-based instrument may be economi-
cally prohibitive.

In practice, uncertainty, firm heterogeneity, and informational limitations may pre-
vent a Pigouvian tax from perfectly matching the MAC for every individual firm, but it
still provides a guiding signal for efficient abatement. Individual abatement costs can
be aggregated into a MAC curve, which ranks interventions from the lowest to highest
cost, plotting the marginal cost of achieving cumulative emissions reductions (Gilling-
ham and Stock, 2018). This curve helps policymakers identify which measures provide
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the greatest reductions at the lowest cost and informs the design of complementary
incentives and regulatory measures suitable for the freight sector.

Formally, if £ denotes emissions and C'(E) the social cost associated with them,
the efficient Pigouvian tax 7* is defined as:

ensuring that firms internalize the external costs of emissions. In a standard par-
tial equilibrium framework, a firm producing emissions E faces private marginal costs
MC(F) and contributes to social damages C(E). The socially optimal output occurs
where

dC(E)

MC(B) + =

= MB(Q), (4)

with M B(Q) representing the marginal benefit of output ). Imposing a Pigouvian tax
7* aligns the firm’s private decision-making with the social optimum, so that production
and abatement are balanced to achieve the socially efficient level of emissions.

Extensions of Pigouvian theory recognize heterogeneity in abatement costs across
firms, uncertainty in the social cost of emissions, and interactions with existing regu-
latory frameworks, emphasizing that efficiency gains are maximized when instruments
are harmonized (Baumol and Oates, 1988). Firms with lower abatement costs will re-
duce emissions more, while those with higher costs respond to price signals or permit
markets to meet regulatory targets efficiently. In the Brazilian road freight sector, this
is particularly relevant because large carriers and smaller operators face very different
costs and constraints, influencing the effectiveness of any single instrument. Theoret-
ical analyses also highlight potential limitations, such as imperfect markets, nonlinear
behavioral responses, threshold effects in environmental damages, and distributional
impacts (Fullerton and West, 2002).

Carbon pricing can be implemented through market-based instruments such as
emissions trading systems (cap-and-trade). In a cap-and-trade system, the regulator
establishes an aggregate emissions limit (cap) and allocates or auctions tradable per-
mits to firms. Each permit entitles the holder to emit a specific quantity of pollutants,
and the market determines the permit price through supply and demand. Firms with
low abatement costs can sell surplus permits, while firms facing higher costs can pur-
chase additional permits to comply. Even when permits are allocated freely, they create
an opportunity cost for emissions, since using a permit precludes selling it in the mar-
ket. This mechanism ensures that emissions reductions are achieved cost-effectively
across all firms, equalizing MACs and minimizing total mitigation costs (Goulder and
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Schein, 2013).

Command-and-control instruments, by contrast, impose direct mandates on tech-
nologies or performance standards. Examples include fleet fuel efficiency require-
ments, per-vehicle emission limits, and biofuel blending obligations. Formally, a CAC
policy can be represented as:

Minimize C(Q) subject to E(Q) < E, (5)

where C(Q) is the cost of providing transport services @, E(Q) the resulting emis-
sions, and E the regulatory cap. CAC instruments provide regulatory certainty, ensure
compliance with minimum standards, and are particularly effective in sectors where
technological adoption requires regulatory compulsion. Compared with market-based
instruments, CAC policies are generally less cost-effective because they impose uni-
form standards or technology mandates rather than allowing firms to abate emissions
according to their individual cost structures. In Brazil, the Proconve program illustrates
this approach, progressively tightening emission standards and driving the adoption of
cleaner vehicle technologies (Brasil, 2025).

Empirical studies indicate that combining market-based and command-and-control
instruments can achieve better outcomes than relying on a single policy (Goulder and
Schein, 2013; Baumol and Oates, 1988). MAC analysis is particularly important in this
context, as it quantifies the additional cost of reducing one unit of emissions and helps
identify the least-cost abatement options (Fullerton and West, 2002). Conceptually,
the MAC is represented by an ascending curve, ranking abatement measures from
the cheapest to the most expensive. This framework allows policymakers and firms to
compare technological alternatives such as vehicle electrification, biofuel adoption, and
modal shifts, and to understand the interaction between price signals, regulatory man-
dates, and permit markets. In cap-and-trade systems, the MAC curve determines the
equilibrium permit price: firms with lower abatement costs reduce emissions and sell
permits, while firms facing higher costs purchase permits, ensuring that the marginal
cost of abatement is equalized across participants. The efficiency of cap-and-trade
derives from the fixed aggregate cap (Goulder and Schein, 2013). Additional policies,
such as efficiency mandates or biofuel blending requirements, may not yield further re-
ductions under a rigid cap but can redistribute abatement responsibilities and influence
permit prices.

Under a Pigouvian tax, supplementary policies can generate additional reductions
beyond those achieved by the price signal alone (Baumol and Oates, 1988). A car-
bon tax sets a price for emissions rather than a fixed quantity, leaving firms flexibility
in how much to abate. Complementary instruments, such as technology mandates or
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efficiency standards, can target areas where the price signal alone is insufficient due
to market failures, behavioral frictions, or high upfront investment costs. By combin-
ing Pigouvian taxes with carefully designed regulatory measures, policymakers can
encourage deeper and faster emissions reductions while allowing firms to respond
to economic signals. Analyzing MAC curves alongside policy interactions enables
decision-makers to identify the least-cost abatement options across heterogeneous
firms, optimize the allocation of mitigation effort, and balance environmental effective-
ness, economic efficiency, and social acceptability.

Policy integration is particularly relevant in Brazil, where the road freight sector
faces structural constraints that can limit the effectiveness of individual instruments.
Command-and-control measures, such as Proconve, establish baseline compliance
and drive the adoption of cleaner vehicle technologies. Market-based instruments, in-
cluding cap-and-trade systems like SBCE, introduce flexibility and cost efficiency, while
Pigouvian taxes provide continuous price signals that influence fuel use and emissions.
Together, these instruments create a framework in which transport firms’ operational
and investment decisions respond to a combination of regulatory requirements and
economic incentives. This integrated approach supports the adoption of low-carbon
technologies, encourages the efficient allocation of abatement effort, and gradually de-
couples transport activity from fossil fuel use, contributing to the decarbonization of
Brazil's road freight sector in a cost-effective and economically sustainable manner.

3.3 Methodology

This study adopts a two-stage methodological framework to estimate the carbon
price necessary to reduce freight transport demand in order to achieve Brazil's NDC
targets. The framework covers both diagnostic evaluation and policy simulation. The
first stage quantifies baseline freight transport costs by projecting their share of GDP
through 2099 under different Shared Socioeconomic Pathways (SSPs) (Riahi et al.,
2017), which provide standardized scenarios of population, economic growth, and
technological development. Specifically, the calculation multiplies projected transport
demand (in Ton-Kilometers, TKU) by unit costs for each transport mode, yielding an
estimate of total annual freight transport costs. This allows for the comparison of costs
across scenarios and over time.

The second stage focuses on the road freight sector, which is the largest contrib-
utor to emissions and accounts for 64.9% of freight transport in Brazil. The analysis
begins by estimating the long-run price elasticity of demand using an Autoregressive
Distributed Lag (ARDL) model. This elasticity is then used as a key parameter to
simulate the MAGC, representing the implicit carbon price necessary to reduce freight
transport demand in line with Brazil’'s official NDC target for 2035. The following sub-
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sections detail each step of the methodology, from the determination of cost factors to
the final MAC calculation.

3.3.1 Freight transport costs as a share of GDP

The first stage calculates the total economic cost of freight transport by multiplying
projected physical demand, measured in Ton-Kilometers (TKU), by corresponding unit
costs. The resulting cost is then expressed as a share of GDP, providing a clear and
objective measure of its economic significance. Freight demand projections are based
on the Shared Socioeconomic Pathways (SSPs) (Riahi et al., 2017). The SSPs are
a set of standardized socioeconomic scenarios widely used in climate and transport
research. This analysis considers three key scenarios: the SSP2 “Middle-of-the-Road”
scenario, serving as a reference case reflecting the continuation of historical trends;
the SSP1 “Sustainability” scenario, representing a future with greater emphasis on
sustainable development and lower resource intensity; and the SSP5 “Fossil-Fueled
Development” scenario, characterized by rapid, resource-intensive economic growth.
By comparing these divergent pathways, this stage establishes a baseline for assess-
ing the magnitude and variation of transport costs under alternative future scenarios.

The total annual economic cost for scenario s in year ¢t (C7;,) is then calculated as:

(6)

] ] TKUair oy % Fa
CTs,t = (TKUroad,s,t X Froad) + (TKUraiI,s,t X Frail) + ( alet ar>

1000

This equation aggregates costs across transport modes, normalizing air transport de-
mand, which is measured in millions of TKU, relative to road and rail, which are mea-
sured in billions. It provides an estimate of total freight transport costs relative to GDP.
Here, Fioad, Frai, and Fy, represent the average unit freight costs per TKU for each
mode. These cost factors are held constant in real terms across all projections, ensur-
ing that differences in total transport costs are driven solely by changes in projected
freight demand.
The indicator is then calculated as:

I,,+(% of GDP) = ( G?;tt) x 100 (7)

where CT, represents total annual transport costs for scenario s and year ¢, and
GDP;, is the GDP in constant 2005 BRL after conversion. This formulation allows
for comparison of transport costs across scenarios and over time, providing a measure
of their relative share of GDP and enabling the exploration of the potential effects of a
specific policy intervention on total costs.
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3.3.2 Marginal Abatement Cost (MAC)

The second phase of the methodology focuses on the road transport mode to esti-
mate the carbon price necessary to reduce freight transport demand in line with Brazil’s
NDC targets. This focus is justified because road freight accounts for the largest share
of CO, emissions in the Brazilian freight sector, making it the most relevant target for
carbon pricing policies. Furthermore, the greater availability and granularity of histori-
cal data for road transport (including long-term series on freight volumes, fuel prices,
and modality-specific emissions) allow for a more detailed econometric analysis com-
pared to other modes. Specifically, the analysis estimates the MAC for the road freight
sector, which is considered a hard-to-abate sector, and represents the carbon price
necessary to reduce the last and most expensive ton of CO, by lowering freight trans-
port demand to meet a specific target. The MAC corresponds to the level at which
a Pigouvian carbon tax should be set to achieve the target efficiently (Pigou, 1920;
Nordhaus, 2017).

3.3.3 Autoregressive Distributed Lag Model (ARDL)

To measure the sensitivity of road freight demand to cost variations, the central step
is the estimation of the price elasticity of demand. An ARDL model was used, which
can handle variables with mixed orders of integration and estimate long-run cointegra-
tion relationships Pesaran et al. (2001). All variables were transformed into natural
logarithms, allowing the long-run coefficients to be interpreted directly as elasticities.

The selection of explanatory variables, Gross Domestic Product (GDPF,) and the
real diesel price (Dprice;), is based on derived demand theory, which posits that the
demand for transport services depends on the demand for the goods being transported
(Winston, 1983). The long-run price elasticity of demand (n), a key parameter for this
study, is estimated from the cointegration relationship derived from the ARDL model.
Unlike in the first essay of this thesis, where diesel price elasticity was not considered
due to the low responsiveness of demand, applying the ARDL model here allows for the
estimation of the long-run elasticity specific to road freight. This elasticity is essential
for the strategy employed in this study, providing a basis for evaluating the economic
implications of carbon pricing and informing the assessment of the MAC under different
policy scenarios*®. The model is specified as follows:

49 Alternative approaches for deriving a MAC do not necessarily rely on long-run price elasticity and
may instead use engineering-based estimates of abatement costs or optimization models that minimize
total system costs under emissions constraints.
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The variables in equation (8) have the following meanings:
* In(dmc;) denotes the natural logarithm of road freight demand in period ¢;
* In(GDP,) is the logarithm of Gross Domestic Product in period ¢;

* In(Dprice;) is the logarithm of the real diesel price in period ¢;

*p €N, 1,52 € Ny represent the number of lags selected for each explanatory
variable;

{Bdme}, {59}, and {37} are the coefficients to be estimated;

* MTH,,, is a monthly dummy variable, equal to one if the month in period ¢ cor-
responds to m, and zero otherwise. January is omitted and serves as the base
category;

e £, is the error term.

Lag lengths p, ¢1, and ¢, are determined using the Bayesian Information Criterion
(BIC). By incorporating real diesel prices into the ARDL model, it becomes possible to
estimate the long-term responsiveness of diesel demand to price changes, a key input
for calculating the MAC in this framework.

First, the stationarity of the real diesel price (Dprice) was assessed to ensure the
validity of the estimation results. Three widely used stationarity tests were applied: the
Augmented Dickey-Fuller (ADF)%°, Phillips-Perron (PP)°', and Kwiatkowski-Phillips-
Schmidt-Shin (KPSS)%2. Different specifications were considered, including random-
walk and trend for the ADF, and level and trend for the KPSS. The number of lagged
terms selected according to the Akaike Information Criterion (AIC) is indicated in paren-
theses after each p-value in Table IX. The results indicate that Dprice is non-stationary
in levels, as suggested by the ADF (Random-Walk and Trend), PP, and KPSS (Trend)
tests. However, after taking the first difference (ADprice), all tests confirm that the
series is stationary, indicating that Dprice is integrated of order one, I(1).

S0Dickey and Fuller (1979)
51Phillips and Perron (1988)
52Kwiatkowski et al. (1992)
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Table IX: p-values of stationarity tests for the real diesel price (Dprice)

ADF PP KPSS Conclusion
Random-Walk  Trend Level Trend
Dprice; 0.03 (5) 0.03(5) 0.03 0.09(4) 0.01(4) (1)
ADprice; 0.01 (5) 0.00(5) <0.01 0.1(4) 0.1(@4) 1(0)

Source: Own elaboration.

An ARDL model for road freight demand was then estimated using GDP and the real
diesel price as explanatory variables, covering the period 2000—2019. This approach
allows for the simultaneous modeling of short-run dynamics and long-run relationships
within a single-equation framework. Seasonality was captured through monthly dummy
variables, and lagged terms were included to account for autocorrelation and the dy-
namic adjustment of freight demand. The model was validated using the bounds testing
procedure developed by Pesaran et al. (2001), which is widely used for assessing coin-
tegration relationships in both small and large samples (Rodriguez and Trotter, 2019).

Following Pesaran et al. (2001), the ARDL model was expressed in its error correc-
tion form (ECM) and estimated via ordinary least squares (OLS):

AIn(DMC}) = po + Z 18MC Aln(DMC,_;) + Z ,ugdp AIn(GDP, ;)

+ Z 1P A In(Dprice,_;)
2 (9)
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12
+ ) MTHyy + &
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The bounds testing procedure, following Pesaran et al. (2001) and described in Section
2.3.3, identifies whether a long-run relationship exists between the variables, enabling
inference on both short-run dynamics and long-run equilibrium. Projecting the exoge-
nous variables forward allows for the generation of road freight demand scenarios that
reflect both adjustment dynamics and equilibrium relationships. The long-run coeffi-
cient Apice Provides the long-run price elasticity of diesel demand (), which is a key
input for the subsequent MAC estimation (Hassler and Wolters, 2006).

3.3.4 Elasticity and MAC simulation

To assess the implications of different policy ambitions for 2035, a range of emis-
sion reduction targets is considered. For each target, the corresponding percentage
reduction in diesel demand (%AQ) is calculated by comparing projected emissions un-
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der the business-as-usual baseline with the target path. This calculation provides a
first-order approximation of the required reduction in fossil fuel consumption and the
associated price increase necessary to achieve the target, linking policy objectives to
changes in fuel use in the road freight sector.

Based on the estimated long-run price elasticity of diesel demand (n), the fuel price
increase necessary to achieve each reduction in road freight demand (%AQ) is calcu-
lated as:

NAQ
n

NAP =

(10)

This calculation translates the emission reduction target into a concrete economic sig-
nal, representing the proportional change in fuel prices needed to induce the required
decrease in road freight demand. The estimated elasticity captures the responsiveness
of road freight demand to price changes and is assumed to remain constant for the pur-
poses of this exercise, reflecting a simplifying assumption rather than an expectation
of how the sector will actually evolve. By relying on estimated long-run elasticities, the
framework ensures that the simulated policy interventions are consistent with observed
demand responses.
The corresponding implicit fuel tax is then defined as:

Terr/L = Prase X NAP (11)

This step converts the required price increase into a monetary value applicable at the

pump, which can be interpreted as a policy instrument such as a fuel tax or surcharge.

The tax reflects the policy lever needed to achieve the targeted reduction in road freight

demand, linking the price increase directly to the corresponding demand reduction.
Finally, the MAC, expressed in BRL®® per ton of CO,, is computed as:

_ Tsrit (12)

where F'Eco,,1, denotes the diesel emission factor. The MAC provides a standardized
measure of the cost associated with reducing one ton of CO,, allowing for comparisons
across policy scenarios, transport modes, and time periods. This metric is particularly
useful for policymakers and analysts, as it quantifies the marginal cost of mitigation

S3All monetary values are expressed in Brazilian reais (BRL) to maintain consistency with the domestic
context analyzed in this study. Since the focus of the thesis is the Brazilian transport sector, presenting
results in local currency avoids exchange-rate distortions and better reflects the economic interpretation
of domestic fuel pricing and taxation effects.
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measures and facilitates the prioritization of interventions within the freight transport
sector.

Overall, this methodological framework links observed demand elasticity, projected
road freight demand, and emission reduction targets into a single policy analysis struc-
ture. It provides a simulation that translates abstract environmental goals into the im-
plied diesel price increase required to achieve a given reduction in road freight demand,
while remaining consistent with empirical estimates and long-run equilibrium relation-
ships in the transport sector.

3.4 Data sources and preprocessing

This section details the data sources and preprocessing steps for the two stages of
the analysis. Section 3.4.1 presents the data used to compute the “cost of transport
as a share of GDP”, combining long-term freight demand projections with modal cost
factors and macroeconomic scenarios from the SSPs. Section 3.4.2 describes the
data for the MAC simulation, which relies on a historical monthly database (2002—
2019) integrating road freight demand from national transport agencies, GDP from
the Instituto Brasileiro de Geografia e Estatistica (IBGE), and real diesel prices from
Agéncia Nacional do Petréleo, Gas Natural e Biocombustiveis (ANP) data.

3.4.1 Data for the cost of transport as a share of GDP

Projected freight demand for the period 2020-2099, covering road, rail, and air
transport and expressed in TKU, was provided from the projections developed in the
first essay of this thesis. These projections are based on econometric models condi-
tioned on the Shared Socioeconomic Pathways (SSPs). Brazil's GDP projections for
the same period were obtained from the IIASA SSP Database and are reported in
billions of Purchasing Power Parity (PPP)>* US dollars at constant 2005 prices.

An average cost factor (in BRL per TKU) was calculated for each transport mode
by combining energy efficiency parameters (£, in MJ/TKU)* from Deutsche Bahn AG
(2022)%¢ with national fuel price data (P,,, in BRL/liter, denoting the fuel price for mode

S4Purchasing Power Parity (PPP) is a theory which relates changes in the nominal exchange rate
between two countries’ currencies to changes in the countries’ price levels. The purchasing power
parity theory predicts that an increase in a currency’s domestic purchasing power will be associated with
a proportional currency appreciation, while a decrease will be associated with a proportional currency
depreciation (IMF, 2025).

%5 F denotes the energy efficiency of a given transport mode, expressed in megajoules per tonne-
kilometer (MJ/TKU). It represents the amount of energy required to transport one tonne of freight over
one kilometer and is used to estimate fuel consumption and transport costs.

%Data sourced from Deutsche Bahn AG (2022) Integrated Report 2022. While differences exist be-
tween German and Brazilian transport systems, these data provide the most comprehensive publicly
available information on transport modes’ energy efficiency and were adapted to the Brazilian context
due to gaps in national data. To ensure plausibility, these values were compared with alternative sources
for Brazil. For example, World Bank (2009) reports a transport cost of 3.5 US cents per TKU in Brazil
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m) provided by ANP for the pre-pandemic period (2017-2019). The resulting represen-
tative average cost factor (F,) is held constant in real terms across all projections. This
ensures that differences in total transport costs across scenarios are solely driven by
changes in projected freight demand, rather than by variations in fuel prices or energy
efficiency. Cost coefficients for each transport mode, along with the PPP conversion

factor, are summarized in Table X.

Table X: Key parameters for the economic analysis

Parameter Value Source

Road Cost Factor (Fjoaq) 0.074 BRL/TKU Own elaboration
Rail Cost Factor (Fyai) 0.017 BRL/TKU Own elaboration
Air Cost Factor (Fuir) 0.531 BRL/TKU Own elaboration

PPP Conversion Factor (2005) 1.61 BRL per Intl. $ World Bank (2024)

Source: Own elaboration.

The total annual cost (CT,) for the year 2020 was computed by first aggregating
the monthly projected demand series for each transport mode into annual totals, and
then multiplying the annual demand of each mode by its respective constant cost factor
(F,,). For air freight, an unit conversion adjustment was applied to express the results in
the same units as the other modes (TKU). This calculation yields the total annual cost
of freight transport in constant 2005 BRL. The key parameters used in this analysis are
summarized in Table X.

The cost of transport as a share of GDP indicator is calculated by dividing the total
annual freight transport cost (C'T,,) by the annual GDP series, converted to constant
2005 BRL using Brazil's 2005 PPP conversion factor of 1.61 BRL per PPP US Dollar
(World Bank, 2024). This indicator represents the proportion of economic resources
allocated to freight transport, providing a standardized measure to compare the relative
weight of transport costs across time and between modes. By maintaining a constant
cost factor in real terms, the indicator primarily reflects variations in freight demand
and policy scenarios, supporting the evaluation of trends and the assessment of policy
scenarios in the transport sector.

3.4.2 Data for the MAC simulation

The ARDL model was estimated with data from January 2002 to December 2019.
The dataset includes historical road freight demand, GDP, and diesel prices. Road
freight demand, expressed in TKU, was obtained from the Agéncia Nacional de Trans-
portes Terrestres (ANTT) and the Associagéo Brasileira de Concessiondrias de Rodovias

(2007 data). Considering the average exchange rate in 2007 of 1.948 BRL/USD, this corresponds to
approximately 0.068 BRL/TKU, consistent with the values used in this study.
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(ABCR)®’. Monthly GDP and population series were constructed by linearly interpolat-
ing the corresponding annual IBGE data, so that the frequency of all variables matches
the freight demand series for the model estimation.

The real diesel price series was constructed using a two-step procedure. First,
the nominal monthly average retail prices of diesel (2002—2019) were collected at the
national level from the ANP%8. Second, the nominal series was adjusted for inflation by
deflating it using the IPCA from IBGE, with December 2019 chosen as the reference
period. This procedure allows the analysis to focus on real price dynamics.

To anchor the policy simulations within Brazil’s official climate commitments, histor-
ical road freight emissions for 2005 were retrieved from the SEEG, providing a base-
line consistent with Brazil's NDC. The dataset also incorporates the diesel emission
factor (FEco,/1), representing the amount of CO, emitted per liter of diesel com-
busted. Following the IPCC (2006) benchmark, a standard value of 2.68 kgCO,/L
(0.00268 tCO,/L) was adopted, enabling subsequent calculation of the marginal abate-
ment cost (MAC).

The SSP2 “Middle-of-the-Road” scenario serves as the baseline for the policy sim-
ulations, representing a business-as-usual trajectory. To assess the economic impli-
cations of climate policy, a range of emission reduction targets for 2035 is considered,
including the lower (59.0%) and upper (67.0%) bounds of Brazil’s official Nationally
Determined Contribution (NDC), alongside alternative levels of 10.0%, 20.0%, 30.0%,
and 40.0% to examine the sensitivity of the results. A key methodological assumption
links these national targets to the sectoral analysis: the MACs are simulated under
a proportional effort-sharing framework, meaning the national percentage reduction
targets are applied directly to the road freight sector’s projected diesel consumption.
While this simplifying assumption enables estimation of the required carbon price, it is
acknowledged that a real-world policy might allocate abatement responsibilities differ-
ently across sectors.

For each reduction target, the corresponding diesel price increase needed to reduce
road freight demand is calculated, providing an economic signal for the sector. These
adjustments are then used to derive the MAC associated with each scenario, allowing
assessment of the economic trade-offs and relative costs of achieving different decar-
bonization levels, while maintaining consistency with observed demand elasticities and
projected freight activity. This framework links economy-wide targets to sector-specific

57 ABCR calculates freight indices based on vehicle flows through toll plazas. The IBGE incorporated
these indices into GDP calculations in 2012, highlighting their economic significance (ABCR, 2023).
For further methodological details on the construction and treatment of the road freight demand, see
Appendix A.

S8Until October 30, 2004, all average prices were calculated using a simple arithmetic mean. After
this date, the average resale and distribution prices of fuels, at the state, regional, and national levels,
have been weighted based on sales information reported by distributors to the ANP. Currently, only the
average price at the municipal level is obtained using a simple arithmetic mean (ANP, 2025).
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price changes, supporting an analysis of policy implications in the road freight sector.

By integrating historical data on road freight demand, GDP, and diesel prices with
long-term projections from the Shared Socioeconomic Pathways (SSPs), the dataset
forms the basis for the analysis. The historical series cover 2002-2019 and provide
information on freight demand, GDP, and diesel price dynamics, while the SSP pro-
jections extend these patterns up to 2099. This combination preserves temporal con-
tinuity between observed and projected values, allowing the ARDL model to capture
both short-term fluctuations and long-run relationships among GDP, diesel prices, and
freight demand. The dataset is used to calculate two key indicators for the policy anal-
ysis: the long-run price elasticity of road freight demand, quantifying responsiveness to
diesel price changes, and the MAC, representing the cost of reducing one ton of CO,
emissions.

3.5 Results and Discussion

This section presents the results of the analysis, organized into two parts corre-
sponding to the methodological framework. The first part quantifies the projected cost
of transport as a share of GDP, providing a reference for the economic role of the
sector. By projecting direct logistics costs through 2099 under three Shared Socioe-
conomic Pathways (SSP1, SSP2, and SSP5), the analysis illustrates the relationship
between economic growth and transport demand and the difficulty of decoupling the
two, even under scenarios oriented toward sustainability.

The second part estimates mitigation costs for the road freight sector. It begins
by presenting the long-run price elasticity of diesel demand, estimated via an ARDL
model. The results indicate that demand is inelastic, reflecting the sector’s structural
characteristics. This elasticity is then used to calculate the MACs, representing the
carbon price required to reduce road freight demand in order to achieve Brazil's 2035
emission reduction targets. The results suggest that relying solely on a carbon pricing
policy would entail high costs, indicating the limitations of single-instrument approaches
and the potential value of a diversified policy portfolio.

3.5.1 Projected cost of transport as a share of GDP (2020-2099)

This subsection analyzes the evolution of freight transport costs as a share of
Brazil's GDP across the three long-term development scenarios defined by the Shared
Socioeconomic Pathways (SSPs). The indicator provides a direct measure of the rela-
tive weight of freight expenditures within the national economy, linking the projections
of demand by mode to the broader trajectories of economic growth.

Over the short term, from 2020 to 2035, the share of GDP devoted to freight trans-
port remains relatively stable. In SSP1 and SSP5, it moves from 1.89% in 2020 to
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1.94% by 2035, while in SSP2 the share stays almost unchanged, at around 1.82%.
This stability may reflect the inertia of freight demand in the first decades of the projec-
tion.

From the mid-century onward, the upward trajectory becomes clearer. Figure 12
shows the overall evolution, with SSP1 gradually surpassing the other scenarios af-
ter 2060, while SSP2 and SSP5 remain closer to each other. The divergence after
mid-century indicates the different patterns of freight expenditures under alternative
socioeconomic and technological pathways.

Figure 12: Projected cost of transport as a share of GDP under SSP1, SSP2, and
SSP5 (2020-2099)

SSP1
2.00%- — ssP2
-~ SSP5

2020 2040 2060 2080 2100

Source: Own elaboration.

The long-term results indicate that by the end of the century, SSP1 reaches the
highest share, at 2.22%, while SSP2 stabilizes around 2.08% and SSP5 at 2.04%.
These values show the persistence of transport expenditures relative to GDP and the
limited scope for decoupling under the scenarios considered. Table X| summarizes
selected benchmark years for ease of comparison®®.

Table Xl: Projected cost of transport as a share of GDP (%) under SSP1, SSP2, and
SSP5

Year SSP1 SSP2 SSP5
2020 1.89 1.82 1.89
2035 1.94 182 1.94
2070 207 202 1.99
2099 222 208 2.04

Source: Own elaboration.

Taken together, the Figure 12 and the Table Xl indicate that the evolution of freight
transport costs as a share of GDP is gradual across all scenarios. Although the abso-

%9See Appendix E for complete annual data.
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lute differences between SSP1, SSP2, and SSP5 are relatively modest, the long-term
divergence highlights how variations in economic growth and freight demand projec-
tions influence the relative burden of transport costs over time.

The results indicate that the cost of transport as a share of GDP is projected to
remain persistently high, and even increase, across all scenarios through 2099. This
persistence, even in high-growth pathways such as SSP5, suggests that economic
growth alone is insufficient to dilute the relative economic weight of logistics in Brazil.
A plausible explanation, though not a direct output of the model, lies in the country’s
well-documented structural challenges, particularly its heavy reliance on road trans-
port and historical underinvestment in more efficient infrastructure. The model, trained
on historical data reflecting these inefficiencies, projects their continuation, implicitly
assuming that past patterns and structural constraints will persist.

The distinct trajectory of each scenario warrants further discussion. The “S-shaped
curve” in SSP2 is consistent with a development pathway in which transport costs rise
as demand pressures meet infrastructure limitations, before stabilizing as economic
growth slows in the long term. In contrast, the more moderate increase in SSP5 sug-
gests that when GDP growth is exceptionally rapid, the relative impact of rising logistics
costs may be partially offset by scale economies and productivity gains in transport and
distribution activities. The outcome for SSP1, which has the highest long-term share,
is driven by its unique trajectory where freight demand growth, although part of a sus-
tainable pathway, outpaces the corresponding GDP growth more significantly than in
other scenarios over the long run. This suggests that even sustainable economic de-
velopment can increase the relative economic weight of logistics if demand for physical
goods transport remains high.

From a policy perspective, these projections emphasize the need for strategic inter-
ventions to modify baseline trajectories. IBGE data indicate that the transport sector
accounts for 3.1% of Brazil's GDP (IBGE, 2025), while this study estimates that freight
transport alone represents roughly 2.0% of GDP, suggesting that freight may account
for approximately two-thirds of the sector’s total economic weight. This substantial
economic footprint highlights the importance of targeted policies promoting modal di-
versification and operational efficiency, as the Brazilian economy is likely to continue
bearing a significant relative cost for freight transport, potentially limiting competitive-
ness. In line with this perspective, the CNT (2024) estimates that BRL 99.7 billion will
be required for pavement reconstruction, restoration, and maintenance, underscoring
the scale of investment needed to reduce these long-term costs.

Overall, this baseline analysis quantifies the persistent economic cost of Brazil's
current freight transport structure, emphasizes the magnitude of the challenge, and
sets the stage for the following section, which assesses the direct costs of using a
carbon price to reduce road freight demand in order to achieve national climate targets.
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3.5.2 Carbon pricing in road freight

This phase of the study focuses on the road transport sector to analyze the re-
sponsiveness of freight volumes to diesel prices and economic activity, acknowledging
that the model is a simplification and does not capture all possible determinants of de-
mand. The long-run price elasticity of diesel demand is estimated using a simplified
ARDL model that includes only GDP and diesel prices as explanatory variables. Ta-
ble XII presents the complete estimation results in error correction form (ECM), detail-
ing short-run dynamics, the speed of adjustment to equilibrium, and seasonal effects.
The model demonstrates a good overall fit, with an adjusted R? of 0.948 and a highly
significant F-statistic (228.0, p < 0.001), indicating that the specification explains most
of the variation in monthly freight volumes conditional on the included variables. Key
explanatory variables, GDP, diesel prices, and lagged freight volumes, are statistically
significant, confirming their importance in shaping short and long-term demand within
the scope of the model.

Table XII: ARDL/ECM model estimation results for road freight demand

Variable Estimate Std. Error tvalue P-value
Short-run Dynamics

Aln(GDP) 1.018 0.117 8.670 <0.001 ***
Aln(Dprice) -0.101 0.029 -3.425 0.001 **
Aln(dme;_q) -0.406 0.066 -6.110 <0.001 ***
Aln(dme,_s) -0.251 0.057 -4.402 <0.001 ***
Error Correction Term

ECT,_, -0.165 0.045 -3.642 <0.001 ***
Seasonal Effects

MTHpq -0.028 0.011 -2.521 0.012 *
MTH yar 0.056 0.017 3.345 0.001 **
MTH 4, 0.030 0.018 1.715 0.088 .
MTHypq 0.040 0.018 2.213 0.028 *
MTHj;,, -0.014 0.014 -0.973 0.332
MTH;, 0.032 0.016 2.028 0.044 *
MTH gy, 0.066 0.014 4.677 <0.001 ***
MTHsg,, 0.050 0.014 3.585 <0.001 **
MTHou 0.006 0.017 0.361 0.719
MTHyo, -0.028 0.015 -1.941 0.054
MTHp,. -0.025 0.013 -1.842 0.067
Intercept -0.348 0.228 -1.523 0.129
Adjusted R? 0.948

F-statistic (Bounds Test) 228.0 <0.001 ***

***0.1%; **1.0%; *5.0%; .10%

Source: Own elaboration.

The negative and significant Error Correction Term (ECT,_; = —0.165, p < 0.001)
indicates that approximately 16.5% of any deviation from the long-run equilibrium is
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corrected each month. Although this adjustment is relatively fast for the road freight
sector, deviations may persist over several months due to structural inertia, regulatory
constraints, and periodic macroeconomic or climatic shocks typical of Brazil’s transport
industry. Seasonal effects further reveal predictable monthly fluctuations in freight ac-
tivity. Overall, these results offer a focused, data-driven view of the influence of GDP
and diesel prices on road freight volumes, with the caveat that they reflect the relation-
ships captured by the simplified model rather than the full complexity of the market.

In the short run, road freight demand responds to changes in economic activity
and fuel prices in a quantitatively moderate way. The estimated short-run income
elasticity, given by the coefficient on GDP, is 1.018, indicating that a 1.0% increase
in monthly GDP leads to an approximately 1.018% increase in freight volumes, all
else being equal. Diesel prices have a negative effect on demand, with a short-run
price elasticity of -0.101, meaning that a 1.0% increase in diesel prices reduces freight
volumes by roughly 0.1%. This relatively limited response may reflect operational con-
straints, including fixed transport routes, pre-existing contracts, limited fleet flexibility,
and a scarcity of viable alternative transport modes. Seasonal effects further modu-
late demand, capturing variations associated with production cycles, harvest periods,
and consumer consumption patterns, which influence the timing and intensity of freight
movements.

Table XlII presents the long-run elasticities derived from the ARDL model. The re-
sults indicate a diesel price elasticity of = —0.610, implying that a 1.0% increase in the
real price of diesel could reduce freight demand by approximately 0.6% over the long
run. This relatively inelastic response, which is broadly consistent with the empirical es-
timates reported in Table X1V, reflects the structural rigidity of the Brazilian road freight
system, which relies on road transport for 64.9% of cargo movements. This rigidity is
partly a consequence of decades of public policy prioritizing road infrastructure over
alternative modes such as railways and waterways. The observed inelasticity suggests
that long-standing policy choices have constrained the sector’s responsiveness to fuel
price changes.

Table XIII: Long-run elasticities derived from the ARDL model

Variable Long-run Elasticity
GDP 0.489
Dprice -0.610

Source: Own elaboration.

In contrast, the long-run income elasticity (n = 0.489) indicates that freight demand
responds positively but inelastically to economic growth in the long run, with a 1.0%
increase in GDP leading to an approximate 0.5% increase in cargo transport. A com-
parison of the two elasticities reveals that, in the long run, road freight demand is more
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Table XIV: Selected estimates of diesel price elasticity in Brazil

Study Method Estimated Elasticity

Uchda et al. (2020) Panel data with IV Short run: —1.36

Cardoso and Jesus (2018) Partial adjustment model  Short run: —0.16; Long
run: —0.46

Reis (2016) Multiple linear regression  Short run: —0.27

Luz (2015) Error correction model Short run: —0.30; Long
run: —0.40

lootty et al. (2009) LA-AIDS model Short run: —0.63

Source: Own elaboration.

sensitive to diesel price changes than to variations in income. These results may un-
derline the structural characteristics of the sector: although demand grows with the
economy, reducing diesel consumption without substantial changes to infrastructure
and modal options remains challenging.

Taken together, the long-run elasticities highlight the limited responsiveness of road
freight demand to changes in GDP and diesel prices. Assuming a constant long-run
price elasticity, this inelasticity implies that substantial adjustments in diesel prices are
required to achieve meaningful reductions in fuel consumption associated with freight
transport. Building on these insights, Table XV presents the simulated MAC values
for diesel consumption in Brazil in 2035, calculated based on the estimated respon-
siveness of road freight demand across different CO, reduction targets. The results
indicate an inelastic response: even relatively modest reductions in diesel use re-
quire substantial price increases. For instance, achieving a 10.0% reduction implies
a 16.39% increase in diesel prices, corresponding to a MAC of BRL 228.77 per tCO..
As reduction targets rise, the required price increases grow more than proportionally,
reflecting the nonlinear response of road freight demand to diesel prices. Meeting the
lower target of the Brazilian NDC (59.0% reduction vs. 2005) would necessitate a
diesel price increase of 96.72%, resulting in a MAC of BRL 1,349.77/tCO,, while the
upper target (67.0%) pushes this value to 109.84%, with a MAC of BRL 1,532.79/tCO,.

The elevated MAC values obtained in this chapter should not be interpreted as the
universal economic cost of all decarbonization options, but rather as the expense asso-
ciated with relying exclusively on price-based measures in a system with limited modal
alternatives. These results highlight the necessity of complementary, non-price inter-
ventions. Strategic investments in rail and waterway infrastructure, along with stricter
vehicle efficiency standards, would offer practical alternatives to diesel-intensive road
transport, increasing the long-term responsiveness of freight demand to economic in-
centives®. Over time, this could “flatten” the MAC curve, making price instruments

80While the full NDC targets demonstrate a prohibitive economic challenge under a price-only mecha-
nism, the MAC curve also reveals that initial, incremental abatement is substantially more economically
factible. Reductions of 10.0% and 20.0% require MACs of BRL 228.77 and BRL 457.55 per tCO,, re-
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more effective and less costly. The magnitude of the simulated MAC values also sug-
gests that the challenges extend beyond economics, encompassing potential socio-
political constraints: abrupt increases in diesel prices, as observed during historical
shocks in Brazil, including the 2018 truckers’ strike, may provoke substantial social
responses, particularly among operators with older and less efficient fleets®'.

Table XV: Simulated Marginal Abatement Cost (MAC) for 2035

Reduction (vs. 2005) %AQ %AP  Implicit Tax (BRL/L) MAC (BRL/CO.,)

10.0% -10.0 16.39 0.61 228.77
20.0% -20.0 32.79 1.23 457.55
30.0% -30.0 49.18 1.84 686.32
40.0% -40.0 65.57 2.45 915.10
59.0% (Lower target) -59.0 96.72 3.62 1,349.77
67.0% (Upper target) -67.0 109.84 4.11 1,532.79

3%27?fg’?ﬁé@iﬂﬁiﬂ"e‘qum to the NDC reduction target for simplicity. Calculations based on a diesel base price of BRL 3.74/L (Dec 2019) and an emission factor

of 2.68 kgCO» /L.

Table XV illustrates the increase in MAC values as emission reduction targets be-
come progressively more ambitious. The “Implicit Tax” column shows the diesel price
increase required to achieve each reduction target. For example, attaining a 20.0% re-
duction would require an implicit tax of BRL 1.23/L, whereas a 40.0% reduction would
demand BRL 2.45/L, doubling the additional cost to fuel consumers®. Achieving the
NDC target range (59.0-67.0%) represents the higher reduction levels analyzed in this
study, corresponding to the highest carbon prices on the simulated curve. The implicit
taxes for these targets rise to BRL 3.62—4.11/L, indicating the relatively higher eco-
nomic cost needed for deeper reductions under the current structurally rigid system,
assuming a constant long-run price elasticity. Figure 13 complements this analysis by
visually depicting the upward trend trajectory in costs.

It is important to acknowledge a key assumption underlying this simulation: the

spectively1. These initial, lower-cost stages of the curve are likely associated with "low-hanging fruit"
abatement options, such as increased operational efficiency, small-scale technological upgrades, or the
early adoption of higher biofuel blends. This suggests that a phased policy approach, focusing on these
achievable initial targets, would allow the sector time to implement necessary complementary non-price
measures (like modal shift and BEV infrastructure) that can lower the cost of achieving the deeper cuts
required by the final NDC.

61CNT (2024) indicates that the oldest and least efficient trucks are mostly owned by Autonomous
Freight Carriers (AFC), whose fleet average age exceeds 22 years, and nearly 55.0% of the national
truck fleet uses outdated technologies. This uneven distribution of capital means autonomous carriers
would be disproportionately affected by diesel price increases. The estimated cost to replace all vehicles
up to the P7 phase reaches BRL 845.58 billion, with AFC responsible for roughly BRL 422.75 billion,
highlighting that the high MAC reflects not only market rigidity but also a major socioeconomic barrier.

62 According to Stelling (2014), diesel demand is less price-sensitive than petrol, implying that freight
transport reacts weakly to price changes. Forecasting the impact of carbon taxes on future freight
emissions is difficult, and no sector-specific estimates are available. Price increases are likely to be
largely passed on to transport buyers. Achieving full internalization would require substantial tax hikes;
for UK road freight in 2006, this would imply a 50.0% increase.
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long-run price elasticity of demand is held constant over the projection period. This
reflects the technological and structural conditions embedded in the historical data, but
elasticity is not static. The non-price structural interventions advocated in this chap-
ter, such as large-scale investments in railways or the commercial viability of electric
trucks, would provide new alternatives to diesel. The availability of these alternatives
would likely increase the magnitude of the price elasticity of demand over time, effec-
tively “flattening” the MAC curve in the long run. In such a scenario, future emission
reductions could be achieved with lower carbon prices than those simulated here. The
elevated MAC values presented should therefore be interpreted as the cost of decar-
bonization under the current structurally rigid system, not as a permanent feature of
the Brazilian economy.

Figure 13: MAC curve for Brazilian road freight

1600~
g
-

1400~ -

1200~ —

1000~ .

MAC (BRL / tCO;)
S
8
\

jobiel sOAN

')
I
1
s I
I
I
1
|
I
1
1
1
I
1
1
I
I
!

00 50.6 101.1 1517 202.2 2083 3397
1co,

Source: Own elaboration.

To illustrate the full economic impact of the freight sector under a climate policy
scenario, the analysis extends the baseline calculation to include the cost of complying
with Brazil's 2035 NDC target®®. This approach highlights the economic cost to the
sector of achieving the emission reductions mandated by Brazil's 2035 NDC target.

83The baseline cost of transport as a share of GDP presented in Section 3.3.1 is adjusted to incor-
porate the sector’s price-responsive reduction in diesel consumption, based on the estimated long-run
price elasticity of demand. For scenario s in year ¢, the total sector expenditure as a share of GDP is
calculated as:

ItotaLs,t(% Of GDP) = CTsﬂf X (1 + %APs,t) X (1 —+ %AQs,t)

where C'Ty ; is the original logistics cost as a share of GDP, %AQ; . is the target percentage reduction
in diesel consumption from the NDC, and %A P; , is the required percentage increase in diesel prices to
achieve it, calculated as:

%Aps,t == %Afs,t .

This formulation captures the total cost incurred by the sector under the carbon pricing scenario. See
detailed calculation in Appendix F.
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The analysis focuses on 2035, using the SSP2 scenario as the baseline, which repre-
sents a “business-as-usual” trajectory and isolates the cost associated specifically with
meeting the NDC targets.

Table XVI presents the transport cost as a share of GDP in 2035 under the SSP2
scenario for the 59.0% and 67.0% NDC targets, including the effect of carbon pricing
and the sector’s price-sensitive reduction in diesel consumption. The values of 1.47%
and 1.26%, respectively, are lower than the baseline logistics cost of 1.82% of GDP,
indicating that transport costs are affected by the diesel consumption response to price
changes. This suggests that price-induced reductions in diesel consumption can par-
tially lessen the share of GDP required to meet the NDC targets. While the simulated
MAC values remain high, the decrease in GDP share shows that carbon pricing alone,
when combined with the assumed constant long-run diesel elasticity, does not result in
larger macroeconomic costs. This reduction in transport costs may indicate a smaller
relative impact on GDP, although it should not be interpreted as an actual increase or
decrease in GDP; rather, it reflects the modeled effect of lower diesel consumption on
the share of GDP allocated to transport. Notably, this analysis assumes that imposing
a (potentially very high) carbon tax on diesel does not affect overall economic growth.
In reality, large increases in diesel prices could have negative effects on GDP, which
are not captured in the SSP-based projections used here.

Table XVI: Transport costs* as a share of GDP in 2035 under SSP2, including carbon
pricing, for NDC emission targets

Scenario Transport Cost (% of GDP)
Baseline logistics cost (no carbon pricing) 1.82%
59.0% NDC target (carbon pricing included) 1.47%
67.0% NDC target (carbon pricing included) 1.26%

Source: Own elaboration. *Costs account for diesel price adjustments and resulting fuel consumption changes, using long-run demand elasticity n = —0.610.

Building on these observations, the results suggest that carbon pricing, while influ-
encing the economic cost of achieving the NDC targets, may not be sufficient on its
own. The simulated MAC for 2035 should be understood as a result of the model as-
sumption of constant long-run diesel elasticity (n = —0.610), rather than as an intrinsic
structural property of the Brazilian road freight sector. The limited demand response to
higher diesel prices, given this assumed elasticity, indicates that relying solely on price
instruments may not achieve the modeled emission reductions efficiently. Moreover,
national-average MAC values may obscure sectoral and regional differences: agribusi-
ness, which relies heavily on long-distance road transport from inland regions, may
display lower price responsiveness and higher abatement costs due to limited alterna-
tives, whereas urban last-mile logistics in metropolitan areas may respond more read-
ily to price signals and offer greater potential for electrification, yielding comparatively
lower abatement costs.
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The simulated MAC values reflect the model specification, which considers only
emissions reductions achieved through decreased diesel demand and does not in-
corporate other potential pathways, such as fuel substitution with biofuels promoted
under policies like RenovaBio. Future structural interventions, including expanded
rail infrastructure or electrification, could increase demand responsiveness over time,
thereby reducing the economic cost of mitigation. Consequently, the MACs calculated
(BRL 1,349-1,532/tCO,) represent the cost of relying exclusively on carbon pricing un-
der the current system, rather than the full economic cost of achieving NDC targets.
Incorporating alternative technological options could flatten the effective MAC curve,
suggesting that a lower carbon price could be sufficient when implemented as part of
a broader policy portfolio combining price instruments with direct incentives, mandates
for low-carbon fuels, and efficiency improvements.

3.6 Conclusions

This study quantified the economic costs of GHG mitigation in Brazil’s freight trans-
port sector and assessed the potential of carbon pricing as a policy instrument. Pro-
jections indicate that the share of GDP allocated to freight logistics will rise from 1.82%
in 2020 to between 2.04% and 2.22% by 2099, reflecting the link between GDP growth
and transport demand. The long-run price elasticity of diesel demand, estimated at
n = —0.610, demonstrates that road freight is weakly responsive to fuel price changes.
Achieving the 2035 NDC target through carbon pricing alone would require diesel
price increases of up to 109.8%, corresponding to a marginal abatement cost of BRL
1,532.79 per tCO,. While theoretically efficient in Pigouvian terms, a purely price-
based approach would entail significant economic, social, and political costs under
current structural conditions.

The results also reflect the underlying configuration of Brazil’s transport network.
Road transport dominates, accounting for 64.9% of freight movements, while rail and
waterway capacity remains limited and regionally uneven. Long distances between
production centers and consumption markets, disparities in infrastructure quality across
regions, and the concentration of industrial and agricultural production in inland ar-
eas reinforce reliance on diesel-based road transport. Inelastic fuel demand, com-
bined with these structural factors, suggests that abrupt price interventions could have
broader economic and social repercussions. Historical events, such as the 2018 truck-
ers’ strike, provide empirical evidence that sharp increases in fuel costs can disrupt
logistics chains and economic activity, further emphasizing the limited feasibility of iso-
lated price-based measures.

The model results demonstrate that diesel demand in road freight is weakly respon-
sive to price changes. Given this inelasticity and the restricted availability of alternative
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transport modes, achieving effective decarbonization through carbon pricing alone is
unlikely. Complementary policy instruments are therefore necessary. Regulatory mea-
sures, targeted infrastructure investments to expand rail and waterway capacity, and
incentives for low-carbon technologies, including electrification and alternative fuels,
can increase the responsiveness of freight demand. By facilitating modal shifts and
enabling gradual adoption of low-carbon technologies, such measures support a tran-
sition toward a more efficient and sustainable transport system while mitigating the
economic and social impacts associated with abrupt diesel price increases. This inte-
grated approach provides a mechanism to translate price signals into effective emis-
sions reductions without imposing excessive disruption on the economy.

This study contributes to the literature by providing quantitative estimates of miti-
gation costs under explicit assumptions, highlighting the limitations of carbon pricing
in a sector characterized by inelastic demand, and identifying the conditions under
which such instruments can effectively support emissions reductions. Limitations in-
clude the focus on the transport sector without capturing indirect economy-wide effects
or co-benefits such as improvements in air quality, reductions in traffic accidents, or
enhanced energy security. Future research could extend this analysis to account for
these broader impacts, explore interactions with international supply chains, and inte-
grate environmental and social co-benefits into mitigation assessments.

Effective decarbonization of Brazil’s freight sector cannot be achieved through iso-
lated measures. Maintaining the current trajectory would sustain high logistics costs,
and reliance on carbon pricing alone would require considerable diesel price increases.
A coordinated combination of price, regulatory, and structural interventions is therefore
necessary to reduce emissions effectively while maintaining economic activity. Imple-
menting such an integrated strategy provides a roadmap for a more resilient, efficient,
and sustainable freight system, capable of supporting Brazil's NDC target of reduc-
ing net greenhouse gas emissions by 59.0—-67.0% by 2035 relative to 2005 levels and
fulfilling its international climate commitments.
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4 FINAL REMARKS

This thesis examined the economic costs and challenges of the energy transition in
Brazil's freight transport sector. As a contributor to national GHG emissions, account-
ing for nearly half of the emissions from the country’s energy mix, this sector represents
an area of focus for climate policy. The research objective was to provide a quantita-
tive foundation for policymaking by examining both the long-term trajectory of freight
demand and the economic feasibility of a primary mitigation instrument. This analysis
was situated within the broader context of Brazil’'s economic growth and infrastructure.

The research was organized into two complementary essays. The first essay em-
ployed Autoregressive Distributed Lag (ARDL) models to develop a long-term forecast
of freight demand through 2099 for road, rail, and air transport, identifying the main
drivers of sectoral expansion. This analysis provided a baseline of future activity. The
second essay used these projections to assess the economic implications of decar-
bonization, estimating the costs associated with the current trajectory and the potential
effects of a price-based policy intervention designed to meet Brazil’s nationally deter-
mined climate targets.

Projections from the first essay indicated that sustained socioeconomic growth is
expected to increase freight activity across all transport modes, occurring within a sys-
tem already dominated by road transport. Under a high-growth scenario (SSP5), road
freight demand is projected to increase by up to 653.3% by 2099, while rail and air
freight are expected to grow by 472.9% and 770.8%, respectively, relative to 2019 lev-
els. These projections quantify the structural pressure on the existing network, showing
that the transport system will need to accommodate higher volumes within a modal mix
that exhibits limited diversity, which affects both emissions and the feasibility of mitiga-
tion policies. Furthermore, the model’s projections of demand growth across all modes
are premised on the continuation of the historical, road-dominated freight modal split,
highlighting the high structural inertia of the Brazilian system and the reliance of future
economic activity on the existing road network.

A direct environmental consequence of the projected growth in freight demand is
an increase in emissions, which forms the basis for the economic assessment in the
second essay. Historical RFCI, estimated at 120.7 gCO,/TKU, indicates that emissions
from road transport will rise as volumes increase. Even under a sustainable develop-
ment scenario (SSPT), projected annual emissions remain elevated, showing that the
sheer volume of new emissions from projected growth is likely to outpace the benefits
of fuel substitution alone.

The second essay translated the physical demand projections into economic met-
rics, providing a detailed picture of the potential financial implications of maintaining
Brazil’s current freight transport system. Under existing structural conditions, logistics
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costs are projected to account for between 1.8% and 2.2% of Brazil's GDP through
the end of the century. This range reflects not only the growth in freight volumes but
also the inefficiencies inherent in a system dominated by road transport and heavy re-
liance on diesel fuel. By linking projected demand growth directly to macroeconomic
outcomes, the analysis underscores the importance of evaluating the sector as an in-
tegrated system rather than focusing solely on isolated cost components. The results
highlight that any policy intervention aimed at reducing emissions must account for
these structural characteristics to avoid unintended economic disruptions and to de-
sign measures that are both feasible and effective in the long term.

Within this context, the second essay assessed carbon pricing as the main market-
based mitigation instrument. The estimated long-run price elasticity of diesel demand,
-0.610, highlights the limited responsiveness of the freight system to fuel price changes,
reflecting structural rigidities in modal choice, vehicle technology, and logistics prac-
tices. Simulations targeting Brazil’'s 2035 NDC indicate MAC exceeding BRL 1,532.79
per ton of CO,, illustrating the substantial reductions required if relying solely on pric-
ing. These results suggest that carbon pricing, while important, must be complemented
by structural and regulatory measures to achieve meaningful emissions reductions in
a cost-effective manner.

The central contribution of this thesis emerges from the integration of its two com-
plementary essays, which together reveal a direct causal link between the scale of
projected freight demand and the economic feasibility of climate mitigation policy. The
first essay’s projection of a potential 653.3% increase in road freight demand by 2099
establishes immense structural pressure on a system already dominated by road trans-
port, responsible for 64.9% of total cargo movement. This configuration creates a
self-reinforcing path dependency whose consequences become clear in the second
essay: the transport sector displays a low long-run price elasticity of diesel demand
(n =~ —0.610), reflecting severely limited responsiveness to price signals and leading to
prohibitively high Marginal Abatement Cost (MAC) values for achieving deep national
climate targets solely through carbon pricing.

These findings point to a structural feedback loop in which demand growth strength-
ens reliance on road infrastructure, which in turn maintains low price elasticity and con-
strains the effectiveness of market-based climate policies. Overcoming this dynamic
requires a strategy that breaks the cycle, and the thesis argues that Brazil's compar-
ative advantage in bioenergy offers a concrete entry point. Leveraging initiatives such
as RenovaBio to accelerate fuel substitution, while simultaneously pursuing large-scale
investments that expand rail and waterway capacity, would increase long-run flexibility
and provide the conditions necessary for a more cost-effective and resilient decar-
bonization pathway.

This thesis demonstrates that a strategy based exclusively on price-based instru-
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ments is unlikely to achieve significant emissions reductions in Brazil's freight sec-
tor. Such policies do not address the structural factors driving inelasticity in the trans-
port system. Maintaining the current trajectory would sustain high logistics costs, and
achieving national climate targets through pricing alone would require fuel price in-
creases beyond feasible levels. The analysis indicates that an integrated approach
combining structural, regulatory, and market-based interventions is essential. Such
a coordinated strategy is fundamental to promote low-carbon transport alternatives,
stimulate infrastructure and technological investments, and strengthen the sector’s re-
silience against future economic and environmental challenges.
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Appendix A: derivation of road freight transport demand
from PNLT data and the ABCR index

The Associacao Brasileira de Concessionarias de Rodovias (ABCR) provides an
indicator of vehicle flow on highways under private concession in Brazil. The ABCR
index has become an important benchmark because it tracks economic activity at high
frequency, enabling near real-time analysis. Road transport is directly linked to the
movement of goods and to the activity of several sectors, including industry and retail.
The methodology behind the ABCR Index uses the X-12 ARIMA procedure, a statis-
tical method widely employed in economics for time-series treatment. This approach
removes seasonal effects and noise such as holidays, leap years, and atypical fluc-
tuations caused by specific events, allowing the underlying trend in vehicle flow to be
observed.

The construction of the index involves two steps. First, a linear regression captures
the average behavior of the series. Second, an ARIMA model projects the series
in time and adjusts for random fluctuations, producing a smoother and more reliable
seasonally adjusted index. The ABCR also applies careful methodological rules when
incorporating new toll plazas or tariff changes: new plazas are included only after at
least two years of data, ensuring stable seasonal pattern identification and avoiding
abrupt breaks.

The National Logistics and Transport Plan (PNLT) reports that road freight transport
in Brazil reached approximately 650 billion ton-kilometers (TKU) in 2011. This value
represents the official and validated absolute TKU for that year and serves as a cali-
bration point for reconstructing the historical series. To transform this annual value into
a monthly TKU series, the ABCR Index was used as a proxy for fluctuations in trans-
ported volume. Since the index is expressed in relative terms (base 100), its average
for 2011 was calculated as 156.74, which serves as the scaling benchmark. Monthly
TKU is estimated according to:

- Index,
TKU, = llion
U; = 650 billion x (156.74)

In practical terms, if the index in a given month stands 10.0% above the 2011 av-
erage, the TKU for that month is estimated to be 10.0% higher than the corresponding
value for an average month of 2011. This procedure was applied retrospectively (2000-
2010) and prospectively (2012-2019), producing a reconstructed annual TKU series
consistent with the dynamics captured by the ABCR Index. The method combines a
reliable absolute value (650 billion TKU in 2011) with a high-frequency indicator that
is seasonally adjusted through X-12 ARIMA, corrects distortions such as holidays and



toll changes, and shows documented correlation with relevant economic indicators.
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Appendix B: Annual road freight demand

Table XVII: Appendix B — Annual road freight demand (billion TKU)

Year SSP1 SSP2 SSP5
2020 663.99 642.94 668.00
2021  705.21 667.42 714.16
2022 729.90 685.21 742.49
2023 751.85 701.88 767.87
2024 773.34  718.37 792.75
2025 810.77  745.50 835.75
2026 848.28  770.39 881.32
2027 876.98  788.25 918.11
2028 904.23  804.96 953.46

2029 931.24  821.47 988.58

2030 971.61 848.76 1,039.15
2031 1,012.98 873.96 1,093.25
2032 1,047.44 892.15 1,140.55
2033 1,080.78 909.19 1,186.73
2034 1,113.92 926.04 1,232.73
2035 1,160.19 953.85 1,292.91
2036 1,206.41 980.41 1,354.42
2037 1,245.32 1,000.29 1,408.75
2038 1,283.04 1,019.07 1,461.89
2039 1,320.56 1,037.67 1,514.84
2040 1,369.61 1,066.91 1,580.29
2041 1,417.52 1,094.68 1,645.90
2042 1,458.46 1,115.83 1,704.67
2043 1,498.27 1,135.90 1,762.31
2044 1,537.88 1,155.78 1,819.77
2045 1,589.12 1,187.37 1,889.63
2046 1,637.99 1,217.07 1,958.23
2047 1,679.25 1,239.36 2,019.33
2048 1,719.25 1,260.42 2,079.20
2049 1,759.05 1,281.28 2,138.86
2050 1,809.29 1,314.60 2,209.81
2051 1,857.36 1,346.38 2,279.74

Continued on next page



100

Table XVII — Continued from previous page

Year SSP1 SSP2 SSP5

2052 1,898.55 1,370.48 2,342.93
2053 1,938.61 1,393.32 2,405.00
2054 1,978.48 1,415.96 2,466.89
2055 2,027.79 1,448.12 2,539.03
2056 2,074.62 1,479.10 2,609.83
2057 2,114.99 1,504.23 2,674.29
2058 2,154.29 1,528.39 2,737.71
2059 2,193.42 1,552.39 2,800.95
2060 2,239.69 1,584.71 2,871.63
2061 2,282.55 1,615.51 2,939.71
2062 2,319.77 1,640.93 3,002.36
2063 2,356.05 1,665.47 3,064.13
2064 2,392.18 1,689.87 3,125.75
2065 2,433.96 1,721.62 3,193.09
2066 2,472.38 1,752.21 3,257.63
2067 2,506.01 1,778.14 3,317.60
2068 2,538.85 1,803.31 3,376.83
2069 2,571.56 1,828.35 3,435.93
2070 2,609.62 1,860.34 3,500.66
2071 2,645.16 1,891.71 3,563.65
2072 2,676.48 1,918.93 3,622.67
2073 2,707.10 1,945.47 3,681.03
2074 2,737.61 1,971.90 3,739.28
2075 2,771.92 2,002.90 3,801.49
2076 2,803.53 2,033.02 3,861.64
2077 2,831.69 2,060.17 3,918.56
2078 2,859.28 2,086.83 3,974.95
2079 2,886.78 2,113.41 4,031.26
2080 2,917.44 2,143.10 4,090.75
2081 2,945.25 2,172.14 4,147.84
2082 2,969.89 2,199.13 4,201.98
2083 2,994.01 2,225.78 4,255.63
2084 3,018.04 2,252.37 4,309.21
2085 3,048.51 2,280.47 4,368.90
2086 3,075.27 2,308.35 4,425.00

Continued on next page
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Year SSP1 SSP2 SSP5

2087 3,096.62 2,335.28 4,475.92
2088 3,117.09 2,362.06 4,525.99
2089 3,137.41 2,388.81 4,575.91
2090 3,161.41 2,416.12 4,629.14
2091 3,182.32 2,443.57 4,679.27
2092 3,199.66 2,470.79 4,726.03
2093 3,216.42 2,497.96 4,772.23
2094 3,233.07 2,525.13 4,818.34
2095 3,250.81 2,552.33 4,864.89
2096 3,265.68 2,579.74 4,908.17
2097 3,278.51 2,607.24 4,949.58
2098 3,291.01 2,634.76 4,990.69
2099 3,303.45 2,662.28 5,031.75




Appendix C: Annual rail freight demand

Table XVIII: Appendix C — Annual rail freight demand (billion TKU)

Year SSP1 SSP2 SSP5
2020 348.00 347.79 348.23
2021 361.13  360.21 362.08
2022 375.61 373.92 377.35
2023 390.51 388.05 393.04
2024 405.54  402.32 408.87
2025 420.97 416.60 425.42
2026 437.60  431.25 443.93
2027 45479  446.37 463.10
2028 472.18  461.66 482.47
2029 489.62 477.02 501.89
2030 507.51 492.41 522.10
2031 526.85  508.32 544.53
2032 546.89  524.81 567.75
2033 567.16  541.52 591.19
2034 587.50  558.31 614.72
2035 608.13 575.20 638.72
2036 629.68  592.62 664.05
2037 651.67 61042 689.87
2038 673.80 628.36 715.84
2039 69598 646.35 741.85
2040 718.25 664.38 768.13
2041 740.79  682.56 795.07
2042 763.46  700.85 822.18
2043 786.17  719.18 849.34
2044 808.89  737.53 876.52
2045 831.52  755.84 903.74
2046 853.83  773.96 930.96
2047 87597  791.93 958.07
2048 898.07/7  809.86 985.13
2049 920.15  827.76 1,012.17
2050 942.13  845.68 1,039.27
2051 963.79  863.53 1,066.39

Continued on next page
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Year SSP1 SSP2 SSP5

2052 98529  881.26 1,093.41
2053 1,006.75 898.93 1,120.38
2054 1,028.19 916.59 1,147.33
2055 1,049.46 934.25 1,174.26
2056 1,070.19 951.72 1,201.00
2057 1,090.67 968.97 1,227.52
2058 1,111.06 986.14 1,253.95
2059 1,131.42 1,003.29 1,280.36
2060 1,151.44 1,020.32 1,306.52
2061 1,170.29 1,036.75 1,331.75
2062 1,188.59 1,052.70 1,356.45
2063 1,206.71 1,068.47 1,380.97
2064 1,224.78 1,084.18 1,405.43
2065 1,242.45 1,099.79 1,429.58
2066 1,258.89 1,114.82 1,452.64
2067 1,274.73 1,129.34 1,475.12
2068 1,290.38 1,143.66 1,497.40
2069 1,305.97 1,157.93 1,519.63
2070 1,321.29 1,172.18 1,541.68
2071 1,335.75 1,186.14 1,563.10
2072 1,349.79 1,199.77 1,584.14
2073 1,363.71 1,213.27 1,605.04
2074 1,377.58 1,226.72 1,625.90
2075 1,391.13 1,240.08 1,646.52
2076 1,403.62 1,252.91 1,666.26
2077 1,415.61 1,265.30 1,685.51
2078 1,427.43 1,277.52 1,704.60
2079 1,439.20 1,289.70 1,723.64
2080 1,450.61 1,301.77 1,742.37
2081 1,460.85 1,313.25 1,760.06
2082 1,470.52 1,324.25 1,777.19
2083 1,480.01 1,335.07 1,794.14
2084 1,489.44 1,345.83 1,811.04
2085 1,498.45 1,356.50 1,827.52
2086 1,506.10 1,366.55 1,842.65

Continued on next page



104

Table XVIII — Continued from previous page

Year SSP1 SSP2 SSP5

2087 1,513.10 1,376.04 1,857.14
2088 1,519.88 1,385.33 1,871.41
2089 1,526.60 1,394.55 1,885.62
2090 1,532.93 1,403.70 1,899.43
2091 1,638.00 1,412.35 1,911.96
2092 1,542.48 1,420.49 1,923.90
2093 1,546.76 1,428.45 1,935.64
2094 1,550.98 1,436.34 1,947.32
2095 1,554.79 1,444.16 1,958.53
2096 1,557.26 1,451.44 1,968.27
2097 1,5659.10 1,458.18 1,977.36
2098 1,560.72 1,464.72 1,986.25
2099 1,562.28 1,471.19 1,995.06




Appendix D: Annual air freight demand

Table XIX: Appendix D — Annual air freight demand (million TKU)

Year SSP1 SSP2 SSP5

2020 966.91 942.96 964.32

2021 1,021.93 990.39 1,025.22
2022 1,075.35 1,038.90 1,085.06
2023 1,128.76 1,087.42 1,144.90
2024 1,182.18 1,135.93 1,204.74
2025 1,254.61 1,196.40 1,289.59
2026 1,318.47 1,244.78 1,369.38
2027 1,378.98 1,290.28 1,445.47
2028 1,439.49 1,335.79 1,521.57
2029 1,499.99 1,381.29 1,597.66
2030 1,576.70 1,438.94 1,695.82
2031 1,648.84 1,484.89 1,793.09
2032 1,718.43 1,527.99 1,887.51
2033 1,788.01 1,571.09 1,981.92
2034 1,857.60 1,614.18 2,076.33
2035 1,942.76 1,669.92 2,190.31
2036 2,020.55 1,716.19 2,298.26
2037 2,095.55 1,759.81 2,403.07
2038 2,170.55 1,803.44 2,507.89
2039 2,245.55 1,847.06 2,612.70
2040 2,333.90 1,902.86 2,735.19
2041 2,412.73 1,948.77 2,848.94
2042 2,488.81 1,992.03 2,959.49
2043 2,564.90 2,035.30 3,070.03
2044 2,640.98 2,078.56 3,180.58
2045 2,730.14 2,135.13 3,307.81
2046 2,806.35 2,180.05 3,422.76
2047 2,879.45 2,221.97 3,534.23
2048 2,952.55 2,263.90 3,645.70
2049 3,025.65 2,305.82 3,757.17
2050 3,110.49 2,362.08 3,883.36
2051 3,183.56 2,407.19 3,999.20

Continued on next page
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Year SSP1 SSP2 SSP5

2052 3,253.81 2,449.25 4,112.02
2053 3,324.07 2,491.31 4,224.84
2054 3,394.33 2,5633.37 4,337.67
2055 3,475.03 2,586.39 4,463.22
2056 3,543.67 2,630.93 4,578.64
2057 3,609.64 2,673.14 4,691.31
2058 3,675.61 2,715.34 4,803.98
2059 3,741.58 2,757.54 4,916.65
2060 3,814.97 2,809.16 5,038.76
2061 3,875.03 2,851.98 5,148.39
2062 3,932.63 2,892.61 5,255.43
2063 3,990.24 2,933.25 5,362.46
2064 4,047.85 2,973.88 5,469.49
2065 4,111.12 3,022.90 5,583.61
2066 4,162.02 3,064.66 5,685.87
2067 4,210.81 3,104.54 5,785.90
2068 4,259.60 3,144.42 5,885.93
2069 4,308.39 3,184.30 5,985.95
2070 4,362.75 3,232.25 6,092.87
2071 4,407.19 3,274.67 6,191.28
2072 4,449.81 3,315.47 6,287.86
2073 4,492.43 3,356.26 6,384.44
2074 4,535.04 3,397.05 6,481.02
2075 4,581.34 3,443.02 6,581.33
2076 4,618.08 3,484.03 6,674.02
2077 4,653.26 3,523.84 6,765.39
2078 4,688.45 3,563.64 6,856.76
2079 4,723.64 3,603.45 6,948.13
2080 4,761.70 3,646.76 7,040.64
2081 4,790.14 3,686.54 7,126.36
2082 4,817.12 3,725.49 7,211.17
2083 4,844.11 3,764.44 7,295.98
2084 4,871.09 3,803.39 7,380.79
2085 4,904.55 3,844.07 7,463.35
2086 4,924.22 3,883.30 7,539.59

Continued on next page
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Year SSP1 SSP2 SSP5

2087 4,941.51 3,922.16 7,615.40
2088 4,958.80 3,961.02 7,691.20
2089 4,976.09 3,999.87 7,767.00
2090 4,996.80 4,039.45 7,838.94
2091 5,006.96 4,079.11 7,906.21
2092 5,015.50 4,118.69 7,973.42
2093 5,024.03 4,158.27 8,040.64
2094 5,032.57 4,197.85 8,107.86
2095 5,041.50 4,237.54 8,169.52
2096 5,041.89 4,277.80 8,226.14
2097 5,041.26 4,318.11 8,282.89
2098 5,040.63 4,358.42 8,339.65
2099 5,040.00 4,398.73 8,396.40
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Table XX: Appendix E — Transport cost as % of GDP, by year, for SSP1, SSP2, and

SSP5

Year SSP1 SSP2 SSP5
2020 1.89% 1.82% 1.89%
2021 1.92% 1.83% 1.93%
2022 1.92% 1.82% 1.93%
2023 1.91% 1.80% 1.92%
2024 1.90% 1.79% 1.91%
2025 1.92% 1.80% 1.93%
2026 1.93% 1.81% 1.94%
2027 1.93% 1.81% 1.94%
2028 1.92% 1.80% 1.93%
2029 1.91% 1.79% 1.92%
2030 1.93% 1.81% 1.94%
2031 1.94% 1.82% 1.95%
2032 1.94% 1.82% 1.94%
2033 1.93% 1.81% 1.93%
2034 1.93% 1.81% 1.93%
2035 1.94% 1.82% 1.94%
2036 1.95% 1.84% 1.95%
2037 1.95% 1.84% 1.94%
2038 1.95% 1.83% 1.94%
2039 1.95% 1.83% 1.94%
2040 1.96% 1.85% 1.95%
2041 1.97% 1.86% 1.95%
2042 1.97% 1.86% 1.95%
2043 1.96% 1.86% 1.95%
2044 1.96% 1.86% 1.94%
2045 1.97% 1.88% 1.95%
2046 1.98% 1.89% 1.96%
2047 1.98% 1.89% 1.96%
2048 1.98% 1.89% 1.96%
2049 1.98% 1.89% 1.95%
2050 1.99% 1.91% 1.96%

Continued on next page
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Year SSP1 SSP2 SSP5
2051 2.00% 1.92% 1.97%
2052 2.00% 1.93% 1.97%
2053 2.00% 1.93% 1.96%
2054 2.00% 1.93% 1.96%
2055 2.01% 1.94% 1.97%
2056 2.02% 1.95% 1.97%
2057 2.02% 1.95% 1.97%
2058 2.02% 1.96% 1.97%
2059 2.02% 1.96% 1.97%
2060 2.03% 1.97% 1.98%
2061 2.04% 1.98% 1.98%
2062 2.04% 1.98% 1.98%
2063 2.04% 1.98% 1.98%
2064 2.04% 1.99% 1.98%
2065 2.05% 2.00% 1.98%
2066 2.06% 2.00% 1.99%
2067 2.06% 2.01% 1.99%
2068 2.06% 2.01% 1.99%
2069 2.06% 2.01% 1.99%
2070 2.07% 2.02% 1.99%
2071 2.08% 2.03% 1.99%
2072 2.08% 2.03% 1.99%
2073 2.08% 2.03% 1.99%
2074 2.08% 2.03% 2.00%
2075 2.09% 2.04% 2.00%
2076 2.10% 2.04% 2.00%
2077 2.10% 2.05% 2.00%
2078 2.10% 2.05% 2.00%
2079 2.11% 2.05% 2.00%
2080 2.11% 2.05% 2.00%
2081 2.12% 2.06% 2.01%
2082 2.12% 2.06% 2.01%
2083 2.12% 2.06% 2.01%
2084 2.13% 2.06% 2.01%
2085 2.13% 2.07% 2.01%

Continued on next page
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Table XX — Continued from previous page

Year SSP1 SSP2 SSP5
2086 2.14% 2.07% 2.02%
2087 2.15% 2.07% 2.02%
2088 2.15% 2.07% 2.02%
2089 2.16% 2.07% 2.02%
2090 2.16% 2.08% 2.02%
2091 2.17% 2.08% 2.02%
2092 2.18% 2.08% 2.03%
2093 2.18% 2.08% 2.03%
2094 2.19% 2.08% 2.03%
2095 2.19% 2.08% 2.03%
2096 2.20% 2.08% 2.03%
2097 2.20% 2.08% 2.03%
2098 2.21% 2.08% 2.04%

2099 2.22% 2.08% 2.04%
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Appendix F: Transport Cost as a Share of GDP in 2035
Under Carbon Pricing

This appendix details the calculation of the total cost of freight transport as a share
of GDP for the year 2035 under the SSP2 scenario, incorporating the economic impact
of carbon pricing required to meet Brazil's Nationally Determined Contribution (NDC)
targets. The methodology follows the framework presented in Chapter 3, which ac-
counts for the price elasticity of diesel demand, providing a more accurate measure
than a simple additive cost model.

Step 1: Baseline Data for 2035 (SSP2 Scenario)

The analysis starts with the baseline projections for freight demand, modal costs,
and GDP, which represent a "business-as-usual" trajectory without carbon pricing.

Table XXI: Appendix F — Projected demand and cost factors for 2035 (SSP2)

Transport mode Projected Demand (billion TKU) Cost Factor (BRL$/TKU)

Road 953.85 0.074
Rail 575.20 0.017
Air 1.67 0.531

Source: Own Elaboration. Air transport demand corresponds to 1,669.92 million TKU.

1.1. Calculate Baseline Logistics Cost: The total baseline logistics cost is the sum
of the costs for each mode:

(953.85 x 0.074) + (575.20 x 0.017) + (1.67 x 0.531) = 81.25 billion BRL

1.2. Baseline GDP and Cost Share:
» Projected GDP for 2035 (SSP2): BRL 4,479 billion.

» Baseline Logistics Cost as a Share of GDP:

81.25
4,4—79 x 100 = 1.82% of GDP

Step 2: Define Parameters for the Carbon Pricing Scenario

The following parameters from Chapter 3 are used:
* Long-run price elasticity of diesel demand (n): -0.610.

* NDC reduction targets for 2035 (vs. 2005 levels): 59.0% and 67.0%.
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Step 3: Calculate Adjusted Transport Cost as a Share of GDP

This step applies the methodology from Chapter 3 (footnote 54) to calculate the
final economic cost to the sector, accounting for the reduction in fuel consumption due
to higher prices. The formula is:

Adjusted Cost (% of GDP) = Baseline Cost (% of GDP) x (1 + %AP) x (1 + %AQ)

where %AQ is the percentage reduction in diesel demand (assumed equal to the NDC
target) and %AP is the required percentage price increase (%AQ/7).

Scenario 1: 59.0% NDC Target

» Required reduction in quantity (%AQ): -59.0% or -0.59.

* Required increase in price (%WAP): (—0.59)/(—0.610) = 96.72% or +0.9672.

» Adjusted Cost as a Share of GDP:

1.82% x (14 0.9672) x (1 —0.59) = 1.82% x 1.9672 x 0.41 = 1.47% of GDP

Scenario 2: 67.0% NDC Target

» Required reduction in quantity (%AQ): -67.0% or -0.67.

 Required increase in price (WAP): (—0.67)/(—0.610) = 109.84% or +1.0984.

» Adjusted Cost as a Share of GDP:

1.82% x (1 + 1.0984) x (1 — 0.67) = 1.82% x 2.0984 x 0.33 = 1.26% of GDP

As shown, when accounting for the price elasticity of demand, the total expenditure
of the freight sector as a share of GDP is lower than the baseline cost. This occurs
because the significant reduction in fuel consumption partially offsets the higher per-
unit cost of diesel.



