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1 Introduction

This report, together with accompanying les embedded as links, documents the methods, assump-
tions, scenarios, and sensitivities developed so far in the Net-Zero Brazil project. An overall summary
description of the project is available in the Institutional Document [1]. The goal of this report is to
communicate as transparently as possible the foundations of the multiple models underlying the NZB
User Platform (accessible at https://netzero.eco.br). The Modeling framework (Section 2) provides an
overview of each of the models that work in an integrated fashion on the Platform. This is followed
by Section 3, Model components and formulation, describing details regarding key design elements
of each model, as well as key input assumptions and datasets. The nal section, Scenario building
(Section 4), explains each of the current 39 variables included in the Platform that a user may vary
to create their own scenarios. None of the resulting scenarios should be taken as predictions of
the future. Rather, scenarios are designed to help decision makers see more clearly how transition
pathways would need to be shaped to achieve desired objectives.

Finally, this is the rst edition of the MASS document, and the team will update it on a regular basis as
the capabilities of the NZB models and Platform are improved and enhanced. Comments, suggestions,
and criticism from readers are welcome and will help identify necessary improvements.
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2 Modeling framework

2.1 Models and integration

The NZB modeling work ow is structured around an integrated set of 8 computational tools. Each tool
has a de ned role, input data, output data, temporal resolution, spatial resolution, and interface with
other tools.

Energy Pathways - energy demand accounting

Purpose. Generate national long-term energy demand scenarios with spatial, sectoral, and
technological detail for the industry and buildings sectors.
Typical outputs. Energy demands, equipment stocks, activity levels, and emissions to be offset.

Transportation and agriculture energy demand accounting tool

Purpose. Generate national long-term energy demand scenarios for transportation and
agriculture sectors, with spatial and technological detail.
Typical outputs. Energy demands, equipment stocks, activity levels, and emissions to be offset.

Waste accounting tool

Purpose. Calculate yearly waste-sector emissions and energy supply under de ned waste-
treatment assumptions.

Typical outputs. Waste-sector emissions, methane recovery, energy outputs, and residual
emissions.

MACRO - energy supply optimization

Purpose. Find national least-cost energy and industrial decarbonization pathways with spatial,
temporal, and technological resolution.

Typical outputs. Capacity, generation, fuel use, emissions, costs, infrastructure deployment,
and sectoral supply choices.

MAQPIE_Brazil - land-use and agriculture optimization

Purpose. Global simulation of how agriculture, land demand, food demand, trade, and policies
interact to shape land-use and environmental outcomes.

Typical outputs. Brazil-speci c coarse spatial resolution (0.5 deg) land use patterns: cropland,
pasture, restoration, production, land-use change, and emissions/removals.
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AFOLU accounting tool

Purpose. Allocates pasture and cropland area across pasture health and crop management
systems while estimating emissions and removals.

Typical outputs. Area shares, management classes, emissions, removals, and land-use
accounting variables.

SEALS - spatial downscaling

Purpose. Downscale MAgPIE-Brazil land-use projections to high-resolution spatial maps.
Typical outputs. 300m gridded land-use allocation, territorial impacts, and map layers for
visualization.

Input-output model - jobs and GDP

Purpose. Estimate socioeconomic effects, including employment, output, and state-level GDP
implications.
Typical outputs. Jobs, GDP, sectoral output, regional economic effects.

The structure runs in four sequential steps:

1. Run EnergyPathways (EP), Transportation and agriculture energy demand accounting tool (Trans-
port) and Waste accounting tool (Waste);

2. With the results from above, run MACRO;
3. With the results from all above, run MAgPIE-Brazil;

4. With the results from all above, run the AFOLU accounting tool, SEALS and the input-output
model.
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2.2 EnergyPathways

Energy Pathways (EP) is an open-source tool that allows the development of models to project
demands for energy and industrial commaodities [2]. Models can include multi-sector, multi-geography,
top-down (i.e., energy and commodities demand projection based on demand history and drivers) or
bottom-up (i.e., demand projections based on stock of technologies and service demand) demand
scenarios. The EP is used in the NZB project to project the energy demand for the sectors:

Figure 1: High-level depiction of EnergyPathways modeling framework.

 Industry;

 Buildings:

Residential;

Commercial;

Public lighting;

Data centers.

EP is also capable of including transportation and agriculture sectors in demand projections, but in
this iteration of NZB's modeling toolset, demand projections for those sectors are developed using a
separate tool described in Section 2.3.

The NZB's EP model uses a database created with data from several sources, which will be described
further in this report. Data include different scenarios of GDP projection, the effect of global warming
on cooling degree days, the effect of population on equipment stock, the industrial activity under
different scenarios of economic growth, and others.

Including historical data and energy transition measures (equipment and processes ef ciency, sales
measures, fuel switching, etc), the model projects at state-level (27), disaggregated by sector:
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« Yearly demand for various fuels: Coal, Diesel, Charcoal, Firewood, Natural gas, Sugarcane
bagasse, LPG, Ethanol/Gasoline, Heavy fuel oil, Jet fuel, Hydrogen etc;

¢ Non-energy emissions of CO».

These information are fundamental for MACRO, the tool used to optimize the supply side. Other
information that are useful to the user can also be addressed, such as equipment stock, substitution
costs, energy consumption by subsector and equipment, etc.

Readers are referred to the EP user guide [3] for details on the operational structure of the software.
One particularly useful feature is EP's ability to generate pro les of hourly electricity demand. Each

sub-sector or equipment may have a different pro le of electricity consumption and different projections

may change the pro le of electricity demand. The model is capable of reconciling different hourly

demands in one unique demand at the state level.

2.3 Transport and agriculture energy demand accounting tool

The transport and agriculture energy demand accounting tool, referred as "Transport model" in this
document, projects energy demands for transportation and agriculture, complementing the energy
demands accounted for in EnergyPathways in the NZB context.

The Transport model was developed by IEMA specially for NZB aiming at mirroring general capabilities
of EnergyPathways and feeding into MACRO, while being able to reproduce exact methods established
in the Brazilian transport emissions context, mainly the National on-Road Vehicles Atmospheric
Emissions Inventory [4].

The Transport model is composed by three parts: road transport, non-road transport, and agriculture.
These parts are described, respectively, in sections 3.1.1, 3.1.2 and 3.1.9.

In the current version of NZB, the Transport model does not run on-the-y inside the integrated
modeling structure of NZB. Instead, it runs on Microsoft Excel and all possible sets of results are pre-fed
into the integrated modeling infrastructure. As sections 3.1.1, 3.1.2 and 3.1.9 will show, the Transport
model is affected by four user-dependent variables: GDP (section 4.1.4), urban mobility (section
4.4.1), vehicle technology (section 4.4.2) and biofuels mandates (section 4.7.4). The combination of
all choices for these 4 variables result in 36 possible sets of results, which the integrated modeling
infrastructure picks according to the scenario built by the user.

2.4 Waste Tool

The Waste Tool serves as a specialized component of the NZB modeling framework to estimate
greenhouse gas emissions and energy generation potential from the treatment of solid waste and
wastewater (Figure 2). It takes inputs such as waste generation/reduction rates, recycling rates,
composting and anaerobic digestion rates, incineration rates, land Il gas collection ef ciencies,

wastewater collection rates, and wastewater treatment plant optimization to calculate emissions and
energy outputs in different waste management scenarios. This is done by breaking down solid waste
streams into anaerobic digestion, composting, open burning, incineration, and solid waste disposal
sites, and wastewater streams into domestic and industrial treatment pathways, associating each
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pathway with system-speci ¢ emission factors.

Under the NetZero initiative, there was no existing program or platform capable of producing this type
of emissions estimate for the waste sector, which made the development of a dedicated tool necessary.
The Waste Tool produces waste emissions, the amount of land Il gas and biogas generated, and

the amount of electricity produced through incineration, with future versions planned to incorporate
investment and operating costs by technology, as well as socioeconomic indicators.

Figure 2: Waste Tool Model

2.5 MACRO

MacroEnergy.jl ("MACRQ") is a state-of-the-art, open-source, sector-coupled, high-performance,
highly-con gurable energy and industrial systems modeling framework for co-optimizing system design
and operation (Figure 3). The MACRO model has been developed collaboratively by researchers from
Princeton, MIT, NYU, the European Institute on Economics and the Environment, and elsewhere. It
was rst released in 2025 [5].

With the capability to incorporate a wide range of energy conversion, transmission, and storage
technologies, MACRO nds the least-cost combination of technologies that meets exogenously-
speci ed nal-energy demands under exogenously-speci ed resource, capacity expansion, and/or
policy constraints. For the NZB project, state-by-state nal-energy demands are provided to MACRO
from EnergyPathways and the Transport model. Resource constraints include state-speci ¢ cost-
supply curves for fossil fuels, several biomass feedstocks, solar PV electricity, wind electricity, CO2
storage, and others. Technology-speci ¢ caps on new capacity expansion rates can be set to re ect
limiting physical and/or socio-political factors. Policy constraints can include speci ed carbon dioxide
emissions reduction trajectories, limits on biofuel blending, and others.
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Figure 3: High-level depiction of MacroEnergy.jl ("MACRQO") modeling framework.

2.5.1 Spatial Resolutions

Figure 4 shows an example of technology and commaodity linkages in MACRO for a single spatial
zone (left panel) and for a multi-zone system with inter-zonal connections (right panel). MACRO's
design enables different spatial resolutions for different features of the energy system. Most of the
NZB model features, for example installed electricity generator capacities and operations and biomass
energy conversion capacities, are modeled at state-level resolution (27 zones for Brazil).
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For certain sectors and technologies, state-based resolution does not appropriately capture the under-
lying physical constraints governing the sector. These include hydropower generation, CO, storage,
and electricity transmission, each of which is instead represented using a zonal structure de ned by

the sector's own physical characteristics rather than administrative boundaries, as summarized brie y

here and elaborated in Section 3.2.

Hydropower is represented across a set of 15 river-basin-de ned zones, re ecting the fact that
hydrological availability and cascading dam operation are governed by watershed boundaries rather
than administrative boundaries. Hydropower capacity is also disaggregated into run-of-river and
reservoir-based assets. The largest basins by combined installed capacity today are Amazonas
(approximately 23.7 GW), Paran& (approximately 13.6 GW), Tocantins (approximately 13.0 GW), Séo
Francisco (approximately 10.6 GW), and Paranaiba (approximately 8.3 GW).

CO; storage is likewise represented across a distinct set of zones de ned by the physical extent of
sedimentary basins identi ed as geologically suitable for CO , storage in Brazil. Within the current
NZB MACRO con guration, CO , storage capacity is distributed across 10 such basin-level zones.
Storage capacity is highly concentrated among a small number of these. The Paran& basin and the
Santos basin together account for roughly 95% of total estimated storage capacity.

Electricity transmission in MACRO is represented using a zonal structure that re ects the physical
topology of Brazil's National Interconnected System (SIN) rather than administrative state boundaries.
This approach is consistent with documents elaborated by the National Electric System Operator
(ONS), such as the Medium-Term Electrical Operation Plan (PAR/PEL) and Grid Procedures —
Module 3 — Operation Planning [6]. Within the current NZB MACRO con guration, transmission is
disaggregated into seven such zones: four aggregate regional subsystems — North (N), Northeast (NE),
Southeast/Center-West (SE), and South (S), together with three additional nodes representing the
two major generation complexes connected to load centers via dedicated transmission infrastructure
(Itaipu (ITA) and Belo Monte (BM)) and a dummy node at Imperatriz (IMP) in Maranh&o that serves as
an interconnection point among the Southeast/Center-West, North, and Northeast subsystems.

Figure 5 summarizes the heterogeneous zonal structures adopted in our study. Although the zonal
de nitions differ across sectors and layers, the system as a whole remains interconnected across
zones through a base de nition of which states are associated with each zone, allowing commaodities
and information to ow consistently between sectors despite their differing spatial resolutions. In
general, higher spatial resolutions entail greater computation burden. The spatial resolutions adopted
in the NZB work produce capacity planning and operational results at socio-politically meaningful
scales with acceptable model run times.

2.5.2 Temporal Resolution

Energy system optimization planning models fundamentally aim to determine optimal investment and
operational decisions over time. To accurately represent system behavior, models require suf cient
temporal resolution to capture variations in renewable resource availability, energy demand patterns,
and storage operation. Ideally, this representation would be performed at hourly resolution over each
modeled year. However, explicitly modeling 8,760 hours across all resource availabilities, technology
and infrastructure options, and zonal regions is computationally complex and often intractable.
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Figure 5: Heterogeneous spatial resolution adopted across sectors in MACRO, shown as layered zonal
structures

We adopt Time Domain Reduction (TDR) to address this trade-off between temporal delity and com-
putational tractability [7]. The fundamental principle of TDR is to reduce the temporal dimensionality
of the optimization problem while preserving the operating conditions most relevant to system-level
decision making. Rather than representing every hour of the year explicitly, the annual time horizon
is approximated using a limited set of representative periods, typically de ned as representative
days or weeks. These periods are selected to capture the dominant temporal characteristics of the
system, including seasonal variations in renewable resource availability, periods of peak demand,
and prolonged low-renewable conditions. Each representative period is assigned a weighting factor
corresponding to the number of actual periods it represents throughout the year. Annual system
costs and operational outcomes are reconstructed through weighted aggregation of representative
period outcomes. For example, a representative winter week corresponding to fteen actual weeks
contributes proportionally to annual cost and operational calculations.

While speci c implementations of TDR vary across modeling platforms, TDR has been widely shown
to yield substantial gains in computational tractability for energy system planning problems while
maintaining temporal delity [8]. The effectiveness of TDR is based on the observation that long-term
investment decisions are primarily driven by a relatively limited number of distinct operating conditions
rather than by every individual hour of the year. By selecting representative periods that adequately
span this diversity, TDR preserves the temporal information most relevant to capacity expansion and
operational planning while avoiding the computational burden associated with repeatedly modeling
similar system conditions.

Within the current NZB MACRO modeling framework, twelve representative weeks are used to ap-
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proximate the annual temporal pro le. Although this reduced representation substantially decreases

computational requirements relative to full-year hourly modeling, the number and length of representa-
tive periods remain signi cant contributors to overall model complexity, and their selection accordingly

constitutes an important modeling consideration to balance computational ef ciency against solution

delity while enabling responsive and interactive model execution.

Figure 6: Conceptual example of the TDR process applied to multiple time-series datasets

As illustrated in Figure 6, representative periods are constructed by applying K-means clustering [9] to
all explicitly time-resolved input data de ned over the full 8,760-hour annual horizon, including hourly
electricity and hydrogen demand, hydropower availability, solar and wind capacity factor, and biomass
supply cost curves, grouping time steps that exhibit high similarity into representative periods. While
a range of period lengths is in principle feasible, a weekly resolution is adopted in this study, as it
captures intra-week variability in demand and resource availability with greater delity than shorter
periods while still preserving the seasonal patterns that longer periods would tend to obscure, thereby
offering a balanced trade-off between solution delity and computational ef ciency.

The reduced temporal representation is implemented through a representative period mapping and
associated weighting scheme. Each original period within the modeled time horizon is assigned to
one representative period through a prede ned period map. Consequently, the optimization problem
is solved only over the representative periods, while annual quantities are reconstructed through
weighted aggregation. If (N ) denotes the number of representative periods and (n;) the number of
original periods assigned to representative period (i). The weight, w, associated with representative
period (i) is computed as:

T otalHoursModeled

Wi = n j; where = p - 1
! ! : N, HoursPerSubperiod n; @)

Accordingly, the contribution of each representative period to annual system quantities is proportional
to the number of original periods it represents. Operational costs, energy production, resource
consumption, and emissions are therefore evaluated over the representative periods and subse-
quently aggregated using the corresponding weights. In general, any time-dependent quantity (X)) is
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reconstructed as:

X
Wi X &)

i=1
where (X;) denotes the quantity evaluated over representative period (i). This weighting formulation
enables the optimization problem to be solved over a substantially reduced temporal domain while
preserving consistency between representative-period results and annual system-level quantities.
Within the current implementation, the same weighting mechanism is applied consistently across all
time-dependent model outputs, including operating costs, commodity ows, resource utilization, and
carbon emissions.

2.6 MAgPIE-Brazil

The Model of Agricultural Production and its Impact on the Environment (MAgPIE) is a global land use
allocation model that is used in the NZB modeling framework to establish future land-use allocations
for Brazil at a coarse spatial scale under different global scenario assumptions. MAgPIE-Brazil takes
into account regional economic conditions such as demand for agricultural commodities, technological
development, and production costs, as well as spatially explicit data on potential crop yields, land
and water constraints (Figure 7)([10]). The model aims to minimize total cost of production globally
for given demands, and produce results on speci c land use patterns, yields, and total costs of
agricultural production at a resolution of 0.5°x0.5°. Regional food energy demand is de ned for an
exogenously given population in 10 food energy categories, based on regional diets. Future trends
in food demand are derived from a cross-country regression analysis, based on future scenarios on
GDP and population growth.

Figure 7: High-level depiction of the MAgPIE-Brazil model framework.

For the base year 1995, total agricultural land is constrained to the area that was actually in agriculture
in 1995 within each grid cell, according to the input dataset. For future projections, the model works
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on a 5-year time step in a recursive dynamic mode. The link between two consecutive periods is
established through the land-use pattern. The optimized land-use pattern from one period is taken as
the initial land constraint in the next. If necessary, additional land from non-agricultural areas can be
converted into cropland at additional costs and generating GHG emissions (mainly CO»).

The NZB project uses a version of the global MAgPIE-Brazil model that is specially calibrated using
Brazilian national data. The NZB project uses uses MAgPIE-Brazil [11], a recently developed version
of MAgPIE-Brazil developed by researchers at the University of Lisbon and the Potsdam Institute
for Climate Impact Research (PIK). MAgPIE-Brazil includes extensive adjustments and calibration
to Brazilian national statistics and datasets. It splits Brazil out as a standalone region and replaces
the original initialization land use map with a new map derived from national sources, combining
MapBiomas annual land cover with the national agricultural census [12, 13], and reconciling both to
the model's spatial grid, as described in [14][11]. Several structural improvements have been made to
the default global model. In this version, Brazil is given extra weight in a spatial clustering algorithm
[15] so it is represented at 58 clusters of similar 0.5° cells rather than the default 13 that would result
from a simple splitting it out of LAM with equal weighting. This adjustment allows the model to better
capture the heterogeneity of Brazilian agricultural expansion, land-use transitions, and biome-speci ¢
dynamics. In addition, the model uses a new implementation of a GHG emissions cap as described in
Section 3.

2.7 AFOLU Accounting Tool

The AFOLU Accounting Tool (AAT) is a dedicated accounting component within the NZB modelling
framework developed to represent agricultural management and land-condition dynamics that are
not explicitly captured by the core land-use modelling system. While MAgPIE-Brazil simulates
land-use allocation, agricultural production, and land-use transitions, it does not explicitly represent
management heterogeneity within individual land-use classes. For example, pasture areas are
not differentiated according to pasture vigor classes, and cropland areas are not allocated among
alternative crop management systems. These factors can substantially in uence carbon emissions
and removals, and the overall mitigation potential of agricultural systems. To address this gap, the
AFOLU Accounting Tool was developed as a complementary framework that links land-use projections
to management-speci ¢ accounting of emissions and removals.

The AAT operates as a post-processing component within the NZB modelling framework. The
tool combines projected cropland and pasture extent from MAgPIE-Brazil with scenario-speci ¢
assumptions regarding pasture vigor and crop management systems. Cropland areas are allocated
among alternative management systems, while pasture areas are distributed across pasture vigor
classes. Management-speci ¢ emission and removal factors are subsequently applied to estimate
carbon dioxide (CO,) emissions and removals associated with different AFOLU mitigation pathways
(Figure 8).

Future versions of NZB may further strengthen the integration between land-use allocation and
management representation. In particular, the incorporation of MapBiomas-based information into the
SEALS downscaling framework will be evaluated as a potential approach for spatially allocating and
projecting pasture vigor classes. Additional efforts will also investigate opportunities to incorporate
agricultural management dynamics directly into the land-use and agriculture modelling system,
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Figure 8: High-level description of the AFOLU Accounting Tool framework.

reducing reliance on ex-post accounting approaches and allowing a more integrated representation of
management-related mitigation measures.

2.8 SEALS

SEALS, the Spatial Economic Allocation Landscape Simulator, is a land-use change model that
downscales predictions of land-use change from aggregate (regional or coarse-gridded) inputs (such
as those produced by MAgPIE-Brazil) to a ner resolution (300m in the current NZB framework)
[16]. Its allocation processes are based on empirically calibrated adjacency relationships, physical
suitability, and conversion eligibility information (Figure 9). The SEALS model uses trained coef cients
from historical land-use change patterns to predict future land-use changes based on adjacency (i.e.,
whether cropland tends to grow close/far from urban areas). The shape of these adjacency effects is
derived for numerous parameters using machine learning algorithms.

For the NZB project, Mapbiomas time series data [12] were used to retrain SEALS for both (i)
coef cients typical to SEALS, and (ii) new coef cients relevant to Brazil's net zero policy pathways.
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Figure 9: High-level depiction of the Seals model framework.

2.9 Input-Ouput Model

The Input—Output Model (IOM) is the socioeconomic assessment component of the Net Zero Brazil
(NZB) modelling framework. Its purpose is to translate projected changes in energy demand, energy
supply, and agricultural production into changes in gross economic output, Gross Domestic Product
(GDP), employment, and the regional distribution of economic activity. To this end, input—output
analysis represents the economy as an interconnected production network in which each activity
purchases goods and services from other activities to produce its own output. Consequently, a change
in one activity can propagate through multiple supply chains, generating both direct and indirect
economic effects [17].

Within the NZB framework, the IOM links the results generated by Energy Pathways (EP), MACRO,
and the Model of Agricultural Production and its Impact on the Environment (MAgPIE) to the Brazilian
interregional economic structure. More speci cally, EP determines the level and destination of energy
demand, whereas MACRO provides information on the technological composition and geographical
origin of energy supply. In turn, MAgPIE-Brazil provides projected changes in Brazilian agricultural
production associated with the land-use allocations generated under each scenario. Together, these
model outputs de ne the external changes that are translated by the IOM into socioeconomic impacts.

Accordingly, the IOM does not optimize the energy or land-use systems themselves. Instead, it
evaluates the socioeconomic consequences of pathways de ned externally by EP, MACRO, and
MAgPIE-Brazil (Figure 10). The resulting estimates are therefore conditional on the assumptions,
scenario de nitions, and outcomes of these upstream models.

Because the transition is expected to be spatially heterogeneous, the IOM retains the interregional
structure of the Brazilian economy. The current implementation covers all 27 federative units and 29
economic sectors spanning industrial activities, energy production, agriculture, and services, resulting
in 783 region—sector activities. Each activity represents a speci ¢ sector operating within a given
federative unit. This structure allows the model to capture not only sectoral supply-chain effects but
also economic spillovers across Brazilian regions.
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Figure 10: High-level depiction of the Input-Output model framework.

Version 1.0 18 /316






MASS REPORT DOCUMENTATION NZB-MASS-DOC-2026-09

3 Model components and formulation

This section of the MASS details key assumptions, input data, and operational features of the
submodels that make up the NZB framework.

3.1 Energy demand modeling

The energy demand modeling framework is used to project energy demand across all sectors of
the Brazilian economy (transport, industry, agriculture, households, commercial buildings, and public
facilities) on an annual basis from 2025 to 2050.

Statistics from the National Energy Balance (Balango Energético Nacional — BEN) [18] are used as
the baseline for these projections.

The framework comprises seven sub-models, each using its own methodology to project future energy
demand in speci ¢ sectors: (i) road transport, (ii) non-road transport and agriculture, (iii) industry, (iv)
households, (v) commercial buildings, (vi) data centers, and (vii) public lighting. The methodologies,
assumptions, references, and sensitivities used in each of these sub-models are presented in the
following sections.

In general, exogenous GDP pathways are used as the main proxies determining future energy demand,
based on the historical relationship observed between GDP and energy demand. The model then
estimates demand for different energy carriers, including fuels, electricity, and hydrogen. This demand
may vary in both magnitude and composition across energy products. For example, under a given
scenario of assumptions, road transport may require less total energy than under another scenario
to provide the same level of transport service. It could be achieved through a more energy-ef cient
vehicle eet. Similarly, in a given scenario, the eet may rely on a larger share of electricity and a
smaller share of ethanol - or vice versa - to meet the same travel demand. All these sort of outcomes
depend on the assumptions adopted in each sub-model, as detailed in the following sections.

The resulting energy demands are ultimately passed on to the Macro model, which determines how
the required energy demands will be met with optimized (minimized) costs while meeting speci ed
emission reduction goals.

3.1.1 Road transport

The road transport energy demand is calculated by the Transport model (section 2.3). The general
framework for projecting road transport energy demand is shown in Figure 11, and the steps illustrated
in the gure are described throughout this section.

To provide greater detail and better re ect the Brazilian context, the energy demand projection model
for road transport, covering both passenger and freight transportation, is based on the methodology
of the National Inventory of Atmospheric Emissions from Road Motor Vehicles [4].

Initially, historical statistics on annual sales of new passenger cars, motorcycles, buses, light com-
mercial vehicles, and trucks were compiled. For each of these categories, the shares of different
vehicle sizes and powertrain technologies were also collected on an annual basis, including diesel
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Figure 11: Road transport energy demand projection: input data, operations and resulting data.

engines, gas engines, battery electric powertrains, hydrogen fuel cell electric powertrains, gasoline-
only engines, ethanol-only engines, ex-fuel engines, and hybrid powertrains (plug-in or non-plug-in)

running on gasoline, diesel, or ex fuel. Based on these data and vehicle scrappage curves, which

make it possible to estimate the number of vehicles in each category and technology that are retired
from circulation each year according to their respective ages, the circulating vehicle eet in Brazil was

estimated through 2024 (the base year of the model presented here) — see Figure 12.

Figure 12: Evolution of the road motor vehicle eet in Brazil by vehicle category.

As a next step, different approaches were adopted to project vehicle-kilometers, eet composition,
and energy demand for road freight transport (carried out by light commercial vehicles and trucks)
and passenger transport (using passenger cars, motorcycles, and buses).
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3.1.1.1 Freight transport

All light commercial vehicles and trucks are considered freight vehicles. The historical relationship
between the country's GDP per capita and sales of these vehicles is used to estimate future sales for
each vehicle size — light commercial vehicles and light, semi-light, medium, semi-heavy, and heavy
trucks — based on exogenous GDP and population projections for the years from 2026 to 2050.

Projected sales by vehicle category and size are allocated among different powertrain technologies
according to three technology penetration scenarios:

e Current trend, characterized by modest eet technology renewal rates, based on the Ten-Year
Energy Plan 2035, prepared by the Brazilian Ministry of Mines and Energy (MME) [19]. The values
projected by the MME for the shares of vehicle sales by category and technology are available for
2030 and 2035. To obtain values for the periods 2025-2029, 2031-2034, and 2036-2050, linear
interpolation was applied.

« Medium penetration of electri ed vehicles in new vehicle sales, combined with the continued
signi cant share of internal combustion engine vehicles, as assumed in the Sdo Paulo State
Energy Plan 2050 [20]. Since values were available only for 2030, 2040, and 2050, numbers for
the intervening years were obtained through linear interpolation.

¢ Fast penetration of battery electric vehicles, following an ambitious scenario developed by the
ICCT for 2030, 2040, and 2050 [21]. As in the previous cases, values for the periods 2025-2029,
2031-2039, and 2041-2049 were obtained through linear interpolation.

As an illustrative example, Figure 13 presents, for each of the technology penetration assumptions
described above, the shares of battery electric vehicles (BEVSs) relative to total light commercial
vehicle sales for the years available in the respective references.

Figure 13: Percentages of sales of battery electric vehicles (BEVS) relative to total light commercial vehicle
sales under three distinct road transport electri cation scenarios, based on different years available in the
references identi ed in the literature review [19] [20] [21].
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By applying vehicle scrappage curves to the pre-existing vehicle stock combined with newly sold
vehicles, the evolution of the vehicle eet from 2025 to 2050 is obtained. Vehicle-use intensity rates
(km/vehicle), differentiated by vehicle category, size, and age, are then applied to this eet [4]. With
the resulting annual distance traveled for each vehicle category, size, and powertrain technology,
it is possible to estimate demand for different energy sources, including gasoline, ethanol, diesel,
biodiesel, electricity, methane, and hydrogen. For this purpose, the fuel consumption factors (J/km)
available in the National Road Transport Emissions Inventory are used [4], with a linear decline in
these factors through 2050 applied in accordance with the historical trend observed.

3.1.1.2 Passenger transport

For passenger transport, two scenarios de ne the kilometers traveled by cars, motorcycles, urban
buses, and minibuses through 2050, both drawn from the study “Compact Cities Electri ed: Brazil”
[22]:

1. 2050 Business as Usual; and

2. 2050 Mode Shift.

Under the Business as Usual scenario, individual road transport by cars and motorcycles is assumed
to remain the target of substantial investments by cities and society as a whole, resulting in individual
transport activity, measured in passenger-kilometers (p.km), nearly doubling between 2025 and 2050.
In contrast, collective transport (urban buses and minibuses) gradually loses ground, increasing by
only 7% in passenger-kilometers over the same period.

In the Mode Shift scenario, greater priority is given to collective and active mobility in cities, leading
to a reversal of this trend: while cars and motorcycles combined would produce only 5% more p.km in
2050 than in 2025, buses would produce 115% more over the same period.

Using these two xed passenger-kilometer scenarios (Figure 14), the aim is to assess the sensitivity
of emissions reductions to policies that either prioritize or do not prioritize collective and active mobility
in Brazil.

Figure 14: Transport activity (in billion passenger-km) in 2050 for individual modes (cars and motorcycles) and
collective modes (urban buses and minibuses), under two different scenarios prioritizing collective and active
mobility.
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For each of these scenarios, the required sales of each vehicle category are calculated to achieve
the projected annual distance traveled through 2050, taking into account average vehicle occupancy
rates, as well as annual vehicle scrappage and use-intensity curves [4].

Vehicle sales are allocated among different powertrain technologies under three possible scenarios
(Current trend, Medium electri cation, and Fast electri cation), as described in the previous subsection.
Finally, the energy demand required for the projected vehicle stock ( eet) to provide the speci ed
transport service (distance traveled) is calculated, also accounting, where necessary, for the shares of
biofuels and fossil fuels in commercial fuels.

It is worth noting that the energy demand for intercity buses follows the same methodology applied
to freight vehicles, described in the previous subsection. This is because this vehicle category was
not included in the scope addressed by the report “Compact Cities Electri ed: Brazil”. Sales of these
vehicles, however, are considerably lower than those of motorcycles, passenger cars, and even other
bus categories.

3.1.1.3 Distribution of road transport energy demand by Brazilian state

Following the methodology applied by SEEG [23], the estimated energy consumption obtained in the
steps described above was disaggregated across each of Brazil's 27 Federative Units (UF) using
state-level fuel sales statistics for the road transport sector in 2024. These data are provided by the
National Agency of Petroleum, Natural Gas and Biofuels (ANP), and the following equation represents
the approach adopted.

024
SalesfzueI;U F

024;BR (3)
uel

. _ . BR
Consumptlonfue|’veh|c|e’year’UF - Consumptlon erI;VehiCIe;year Sale

It is worth noting that this approach involves some simplifying assumptions:

* Fuel sales and fuel consumption/demand are considered equivalent.

* The same percentage share of fuel sales in a given state is applied to all vehicles consuming that
energy source.

¢ The distribution of fuel sales across Brazilian states is assumed to remain unchanged through
2050.

For the speci ¢ case of electricity and hydrogen demand in road transport, as consolidated data by
state are not available, the following state-level shares were used:

« The total amount (in Joules) of gasoline and ethanol sold in each state relative to national sales of
these fuels, to allocate electricity and hydrogen demand for light-duty vehicles (passenger cars,
motorcycles, and light commercial vehicles);

« The percentage share of diesel sales in each state, to allocate demand for electricity and hydrogen
among heavy-duty vehicles (trucks and buses).
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3.1.1.4 Hourly distribution of electricity demand from road motor vehicles

To ensure that the electricity system to be modeled by MACRO will be capable of supplying electricity
for vehicle charging during every hour of any given day, it is necessary to distribute the annual
electricity demand in each state across the 8,760 hours of the year, thereby determining the hourly
load pro le for the road transport sector.

To achieve this, average hourly electricity demand pro les for vehicles on a weekday and on a weekend
day were used [24]. For simplicity, these same pro les were applied uniformly to all days of the year,
differentiated only between weekdays and weekends, and were assumed to be the same for all
vehicles (Figure 15).

Figure 15: Hourly electricity demand distribution curve for electric vehicle charging over a day [24].

3.1.2 Non-road transport

Non-road transport includes rail, water and air transport. By simpli cation, these modes of transport
are treated as a single group in the current version of NZB and their total energy demand is calculated
using the Transport model (section 2.3).

To estimate non-road transport energy demand through 2050 under different projections of Brazilian
GDP growth, the energy intensity rate of 2024 was assumed to remain constant. This energy intensity
rate was calculated by dividing Brazil's GDP in 2024 [25] by the nal energy consumption of electricity
and fuels in non-road transport, as reported in the National Energy Balance [18].

The energy mix is considered constant except for the content of sustainable aviation fuel (SAF) in
aviation kerosene that is determined by a chosen mandate according to the user variable "biofuels
mandates" (see section 4.7.4).

The energy consumption is then allocated by state according to the allocation factors for 2024
calculated by SEEG [23].

Figure 16 summarizes the modeling framework for energy demand in the non-road transport sector.
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Figure 16: Non-road transport energy demand projection: input data, operations and resulting data

3.1.3 Industry
3.1.3.1 Data base

Industrial energy demand projections begin from energy consumption, production, and value-added
statistics available in the Brazilian Energy Balance (BEB) of 2026 for the industrial sectors national
database.

The same disaggregation of the industrial sector used in the matrices of the BEB was adopted for this
project, i.e.: mining and pelletization®; pig-iron and steel; iron-alloys; non-ferrous and other metals;
cement; ceramics; foods and beverages; chemical; paper and pulp; textiles; and other industries.
Chapters 3 and 7 of the current BEB [26] present national annual statistics, from 1970 to 2025, for:

(i) the total energy consumption and the consumption by energy source, in tonnes of oil equivalent
(toe), for these 11 industrial sectors (chapter 3 of BEB);

(i) the production, in tonnes (t), and unit energy consumption (total energy consumption per ton),
in toeft, for the following industrial sectors: pig-iron and steel; iron-alloys; non-ferrous and other
metals; cement; and paper and pulp (Table 7.8 of chapter 7 of BEB); and

(iii) the Brazilian Gross Domestic Product (GDP), the value-added, in million US$ ppp? (2010°) (Table
7.4 of chapter 7) and the energy intensity, in toe/million US$ ppp (2010) (Table 7.5 of chapter
7 of BEB), for the following industrial sectors: mining and pelletization; non-metals (includes
cement and ceramics); ferrous and non-ferrous metals (includes pig-iron and steel, iron-alloys and
non-ferrous and other metals); chemical; food and beverages; textiles; pulp and paper; and other
industries (Table 7.4 of chapter 7).

The stacked area graphs of Figures 18 to 28 show the evolution, from 1970 to 2025, of the total energy

The production of petroleum and natural gas is excluded, since they are part of the energy sector in the BEB.
2ppp: purchasing power parity
3Constant dollar of 2010.
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consumption and of the energy sources used in each of the 11 industrial sectors of the BEB. The
aggregated energy consumption is shown in Figure 17 and the share of each subsector in the total

energy consumption in recent years is given in Table 1.

Figure 17: Consumption, from 1970 to 2025, of energy carriers, in 102 toe, in the Brazilian industry. Source:

Table 1: Share of each industrial subsector in total industry energy consumption (%).

[27]

Subsector 2020 2021 2022 2023 2024 2025
Cement 1.69 1.97 2.32 2.37 2.52 2.58
Pig iron and steel 7.33 8.36 7.86 6.98 7.14 6.75
Iron-alloys 0.17 0.18 0.17 0.09 0.09 0.08
Mining and pelletization 0.82 0.92 0.88 0.94 1.11 1.14
Non-ferrous metals 2.30 2.89 2.53 2.30 2.60 3.73
Chemical 4.64 5.10 4.87 4.45 4.05 3.89
Food and beverages 48.10 42.28 41.89 47.59 4541 44.00
Textiles 0.52 0.55 0.49 0.41 0.41 0.38
Pulp and paper 24.01 25.40 26.26 23.45 25.28 25.91
Ceramics 6.94 7.84 7.20 6.56 6.54 6.42
Other 3.48 4.52 5.54 4.85 4.85 5.14

As shown in Figure 18, the largest energy consumption carrier in the food and beverages industry has
been sugarcane bagasse, followed by rewood and electricity.

The largest shares of energy consumption in the ceramics industry come from rewood, mostly
consumed in the production of red ceramics (bricks, roof tiles, blocks), natural gas, the most important
energy carrier in the production of white body ceramics, porcelain stoneware and vitreous china, and
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electricity, in this sequence, as depicted in Figure 19. The decarbonization expectations to decrease
the dependence on fossil fuel natural gas rely on biomethane in the short and medium terms and
hydrogen in the long term.

Figure 18: Consumption, from 1970 to 2025, of energy carriers, in 102 toe, in the Brazilian food and beverages
industry. Source: [27]

Figure 19: Consumption, from 1970 to 2025, of energy sources, in 102 toe, in the Brazilian ceramics industry.
Source: [27]

Figure 20 reveals that petroleum coke has been, in the current century, the most consumed fuel in the
production of cement in Brazil. It has been the cheapest fossil fuel to re the clinker furnaces. The
“other fuels” category, which includes various types of residues and biomass, and electricity, also has
signi cant consumption in this industry, which plans to decrease the use of petroleum coke in the
future with a larger use of residues and smaller shares of clinker in the cement composition.
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