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6 CHAPTER 6 
Summary and 

conclusions  

 

 

6.1 Research context 
Mitigation of greenhouse gas emissions, which are mainly caused by the combustion of fossil fuels, is 

required to stop global warming (IPCC, 2022). Societies rely on energy for basic needs and human 

development. Both of these factors imply that a transition is required as the current energy system is 

fueled with CO2 emitting fossil fuels. Phasing out fossil fuels and substituting them with renewable low-

carbon alternatives is a tremendous challenge for the coming decades. These low-carbon alternatives 

such as solar- and wind energy come with new problems, because they produce electricity in an 

intermittent manner. While fossil fuels can be easily stored and energy production can occur at times of 

demand, energy production from intermittent sources can’t. This mismatch between supply and 

demand makes it more challenging for variable renewable energy (VRE) to be integrated into the energy 

system and remain reliable. Another renewable option is biomass, which is not intermittent and can be 

stored; therefore, biomass is easier to integrate into the energy system. Moreover, it can be used for 

different end-use services.  

Future climate change mitigation scenarios foresee an essential role for the modern use of biomass. In 

the IPCC’s special report on global warming of 1.5°C, the primary energy supply of bioenergy is 

estimated to range between 75-248 EJ in 2050 (IPCC, 2022). The wide range in this report also reflects 

the issues that accompany the use of biomass. While bioenergy is regarded as carbon neutral because 

the embodied carbon originates from the atmosphere, land is required for the cultivation of bioenergy 

crops. This influences terrestrial carbon pools and requires resources for cultivation, transport and 

conversion into final energy services. As a consequence, GHG EFs can be similar to fossil fuels. On the 

other hand, when sustainable preconditions are met, even negative EFs can be reached (Creutzig et al. 

2015). To assess the net benefits of biomass to reduce GHG emissions, the complete lifecycle should be 

assessed, including: 1) changes in above- and below ground carbon stocks, 2) possible effects of indirect 

LUC on these carbon stocks, and 3) GHG emissions related to cultivation, transportation and conversion 

to final energy carriers. 

Besides its net benefits for reducing GHG emissions, the scale of bioenergy deployment in low-carbon 

energy systems depends on other factors. Other low-carbon alternatives can also meet the demand for 

end-use services. However, as all low-carbon alternatives have limited availability, supply potential is a 

critical factor. Another factor is cost-competitiveness: the deployment of a low-carbon source will 

depend on its costs for fulfilling end-use demand and reducing GHG emissions. Notably. not all low-

carbon energy sources are physically suitable for fulfilling specific end-use services. 
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Considering these factors, a need exists for methodologies that allow for the exploration of  

development pathways for complete low-carbon energy systems.  

Over the past decades, energy system models have been created to explore energy transition pathways, 

but the integration of bioenergy into these models has proven difficult. The following three main 

challenges were identified that hinder the exploration of bioenergy deployment pathways within 

ESOMs:  

1. Setting up a complete biobased resource- and technology portfolio in an ESOM: Only by 

incorporating a detailed portfolio, the competition between biomass feedstocks, as well as between 

biomass and other (renewable) resources to fulfil end-use demand for products and services, can be 

explored. This requires the incorporation of details throughout the full supply chain for: 1) the 

supply side: through incorporating specific crop components such as lignin, cellulose and oil, 2) 

conversion technologies: novel sugarcane distillery setups, BECCS plants, and conversion 

technologies for production of biobased platform chemicals, and 3) End-use demand: for example, 

petrochemicals and (biogenic) CO2 storage. 

 

2. Resolving details on the temporal resolution of the power sector: To assess the contribution of 

bioenergy within a low-carbon power sector, a detailed temporal resolution is required to analyze 

power supply and demand. Additionally, electrification in other sectors will lead to a larger demand 

for electricity, with a specific temporal profile. The temporal resolution of renewable supply 

technologies, their capability to deliver dispatch services, and end-use demand profiles, in 

combination with resource availability and costs, determine how the low-carbon electricity mix will 

look like.  

 

3. Resolving details on the spatio-temporal aspects of bioenergy supply. Bioenergy-related LUC 

emissions are not directly linked to the consumption of energy, but they occur elsewhere and at 

different times compared with when bioenergy is used. Additionally, LUC emissions are heavily 

influenced by spatially explicit crop yields, carbon stocks, (future) demand for agricultural products 

and projected LUC. From a methodological point-of-view, GHG accounting methods such as using 

time horizons and accounting for natural succession also affect bioenergy EFs. These dynamics must 

be incorporated in ESOMs to explore bioenergy pathways into low-carbon energy systems.  

6.2 Aim and research questions 
This study aimed to analyze the contribution and deployment pathways of biomass in Brazil to mitigate 

climate change, using a cost-optimization energy system model. Specific emphasis was placed on 

improving methods for a combined integration of biomass, CCS, and VRE technologies in these ESOMs, 

specifically to capture the spatio-temporal dimensions of the energy supply system more accurately, 

with a focus on bioenergy. The aims were addressed by answering the following RQs: 

1) How does the integration of novel biobased technologies such as BECCS and biorefineries in 

ESOMs, influence the deployment of biomass?  

2) How does improved temporal resolution of VRE and biomass supply in ESOMs affect the supply 

and demand of bioenergy in low-carbon energy systems? 

3) How does improved spatial resolution of biomass supply, associated LUC emissions, and 

biogenic CO2 storage within ESOMs influence bioenergy demand in low-carbon energy systems?  

4) What are the effects of model improvements on the projected role of biomass in Brazilian 

greenhouse gas mitigation strategies?  

These main questions have been addressed simultaneously throughout the various chapters of this 

thesis. Table 6-1 provides an overview which RQs were treated in which chapter: 
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Table 6-1: Overview of chapters and research questions 

Chapter Title Research questions 

1 2 3 4 

II 
Pathways for a Brazilian biobased economy: towards optimal 

utilization of biomass. 
x   x 

III 

How does the interplay between resource availability, 

intersectoral competition and reliability affect a low-carbon 

power generation mix in Brazil for 2050? 

 x (x) x 

IV 

The impact of LUC emissions on the potential of bioenergy as 

climate change mitigation option for a Brazilian low-carbon 

energy system 

 x x x 

V 

BECCS as climate mitigation option in a Brazilian low carbon 

energy system: estimating potential and effect of Gigatonne 

scale CO2 storage. 

x x x x 

 

6.3 Summarizing results 
Chapter 2 addressed RQs 1 and 4 by evaluating potential pathways for the utilization of biomass in Brazil 

until 2050, considering novel biobased sectors (renewable jet fuel and biochemicals), resource 

competition, and GHG emissions. Whereas other ESOMs assess biobased options for meeting energy 

and chemicals demand in Brazil to a limited extent, this study provided a detailed breakdown of biomass 

feedstock, and included an extensive portfolio of biomass conversion technologies. TIMBRA was used to 

assess the demand for energy and chemicals, as well as the competition between biomass and other 

climate-mitigation measures. Varying over the three scenarios, 86–96% of the sustainable biomass 

supply potential wa used. Under more stringent mitigation targets, novel biomass conversion 

technologies start to play a more important role: Biobased electricity production with CCS, jet fuel 

production from lignocellulosic biomass, and chemicals are partly produced from ethanol and bio-

naphtha. The introduction of biobased alternatives in the petrochemical sector stimulates production of 

biofuels because large scale investments in oil refineries are no longer necessary to fulfil demand for 

fossil naphtha. Instead, small scale biorefineries that produce both biobased naphtha and advanced bio 

jet fuels fulfil the growth in demand. The modeling framework provides a transparent view of which 

type of biomass can be used for which specific purpose. It is therefore an interesting tool for future 

research, for example to examine the dynamic interaction with demand for land. 

Chapter 3 provides insight in research question 2, 3 and 4 by assessing the temporal resolution of the 

power system. Increasing penetration of solar and wind energy can reduce the reliability of power 

generation systems. This can be mitigated by e.g.; low-carbon dispatchable hydropower and baseload 

biomass power plants. However, long-term supply potential for those sources is often uncertain, and 

biomass can also be used for biofuel production. Here, the interplay between uncertain supply potential 

of biomass and hydropower, intersectoral competition and reliability is assessed for a Brazilian low 

carbon power system in 2050, using a soft-link between an ESOM and a power system model with a high 

temporal resolution.  

In 2050, hydropower acts as a balancing agent for variable production of solar and wind energy, even 

under lower hydropower supply potential. When less biomass is available, low carbon transportation is 

met more with electric cars instead of ethanol cars, leading to an increase in electric load for charging 

their batteries. The charging strategy determines whether peak load increases substantially (after 

commuting), or lowers (during off-peak hours). In order to match increasing supply of VRE and demand 

in a reliable way, approximately 60 GW of baseload power production capacity is required (this 



585101-L-bw-Lap585101-L-bw-Lap585101-L-bw-Lap585101-L-bw-Lap
Processed on: 26-10-2022Processed on: 26-10-2022Processed on: 26-10-2022Processed on: 26-10-2022 PDF page: 164PDF page: 164PDF page: 164PDF page: 164

Summary and conclusions 

 

148 
 

 

C
h

ap
te

r 
6

 

approximately 17% of the total installed capacity). This share of baseload capacity is underestimated in 

TIMBRA, because the timeslice representation of VRE sources makes sure that a small share of the VRE 

capacity is perceived as baseload capacity. This shows the importance of using a soft-link between the 

high temporal resolution power system model to assess the reliability, and a least cost-optimization 

model to assess the interplay between resource availability and intersectoral competition of low-carbon 

power systems. 

Chapter 4 investigates research questions 2, 3 and 4. Land use change (LUC) related GHG emissions 

determine largely if bioenergy is a suitable option for climate change mitigation. This study assesses how 

LUC emissions influence demand for bioenergy to mitigate GHG emissions, and how this affects the 

energy mix. A methodological framework is applied linking bioenergy supply curves, with associated 

costs and spatially explicit LUC emissions, to the TIMBRA model. Furthermore, the influence of four key 

determining parameters is assessed; agricultural productivity, time horizon, natural succession, and the 

use of dynamic emission factors. These four factors influence bioenergy supply potential and/or the 

GHG emissions strongly.  

Bioenergy demand from new bioenergy plantations range from 0.5-6.7 EJ in 2050. Even though the 

supply potential from new bioenergy plantations is higher, only bioenergy with an EF below 15 kg 

CO2/GJbiomass is present in the energy mix. In general bioenergy with and EF above that level is avoided. 

Dynamic EFs that distinguish between short term emissions due to removal of natural vegetation, and 

long term emissions due to cultivation of bioenergy crops, changes in soil carbon pools and (if included) 

foregone emissions from natural succession, result in earlier and larger use of bioenergy. Static EFs 

attenuate all emissions evenly over time, resulting in relative high emissions around 2050 when the 

carbon budget is most stringent. This in contrast to dynamic EFs, having early high peaks because of 

clearance of natural vegetation, but relatively small long-term emissions when the carbon budget is 

most stringent. Exclusion of natural succession, in combination with spared agricultural land, results in a 

demand of 6.7 EJ, because of its low carbon penalty (no foregone emissions are included for natural 

succession). Assuming that land is spared due to continues yield increase (which is the reason to include 

natural succession as an EF component), bypasses that yield improvements (that make those lands 

available) take place because of demand for bioenergy. When low carbon biomass is limited available, 

increasing electrification is observed, leading to electric capacity increase of 62% (mainly wind and solar 

energy), and a 12% energy system costs increase. Inclusion of spatio-temporal explicit supply potential 

and LUC emissions, leads to more accurate bioenergy deployment pathways as the dynamic nature of 

LUC emissions is included.  

Chapter 5 addresses all four research questions by assessing the potential decarbonization contribution 

of BECCS to decarbonize the energy sector. This depends on i) the competition for low-carbon biomass 

to decarbonize other end-use sectors, ii) its cost-competitiveness to other greenhouse gas mitigation 

technologies, and iii) the geological storage potential to safely trap CO2. Here an energy system model is 

used to assess the BECCS decarbonization potential in Brazil, considering uncertainty in low-carbon 

biomass resources, and storage potential, injection rates and costs of CO2 storage, assessed in eight 

scenarios. A spatial explicit source-sink match analysis is carried out to make improved estimates on the 

storage potential, injection rates, and costs for CO2 storage in the Rio Bonito saline aquifer of the Paraná 

basin.  

Although there are large differences in storage potential (12-117 Gt CO2) and costs (on average 5-15 $/t 

CO2) between high and low estimates, the accumulated volume of CO2 stored between 2010 and 2050 is 

approximately 2.9 Gt CO2 for all scenarios, with injection rates of on average 240 Mt CO2 in 2050. This 

shows that BECCS is model-wise perceived as a cost-competitive option to decarbonize the Brazilian 

energy system, even under pessimistic estimates of CO2 storage potential and costs, and low biomass 

availability. Injection locations differ per scenario. When CCS development is high, the cheapest sink 
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locations are selected. When CCS development is low, injection rates are the limiting factor, resulting in 

the selection of locations with the highest injection rates, even though sometimes more expensive. 

When CO2 storage is limited, total system costs increase. This is mainly because decarbonization of the 

industry and freight transport sector relies on more expensive decarbonization options such as green 

hydrogen. 

6.4 Main findings and conclusions 

6.4.1 How does the integration of novel biobased technologies such as BECCS and biorefineries 

influence the estimation of biomass deployment within ESOMs? 
In this thesis, novel biobased technologies were integrated within the TIMBRA modeling framework. By 

integrating these technologies into an ESOM with carbon emission restrictions, the competition for 

biomass for decarbonization options for end-use services could be assessed. Specific techno-economic 

parameters, such as the existing capital stock, cost and technical performance over time, residual 

technical lifetime, and capacities of facilities and/or appliances, determined when to switch from fossil 

services to low-carbon services. In the case of BECCS, the integration of spatially explicit sink locations 

was used to estimate the potential contribution of the geological storage of CO2 in the subsurface 

toward meeting climate change mitigation targets. Both the cost-effectiveness and storage potential of 

CCS were determined by the geological suitability for store and safely trapping CO2.  

In this study, the petrochemical sector was modeled in more detail. The addition of intermediate 

chemicals, such as olefins, resulted in changes in the deployment pathways of biomass. By adding the 

petrochemical sector to TIMBRA, a renewable alternative for naphtha emerged. Naphtha is a product of 

oil refining. Oil refineries are typically constructed to process oil in very large quantities and have output 

ratios that are more or less fixed. In the model runs of TIMBRA, a combination of fixed output ratio for 

naphtha, the large scale of newly planned oil refineries, and the absence of a renewable alternative for 

naphtha caused a lock-in for oil refineries. As a result, the decarbonization of the transport sector was 

(to some extent) limited and postponed until the oil refineries were economically amortized, especially 

because new oil refineries must be installed to maintain pace with the demand for transport fuels. In 

model runs with the added petrochemical sector, a lock-in was avoided because the demand for olefins 

could be served by biobased naphtha from small-scale biorefineries.  

This study assessed the deployment pathways of BECCS by integrating a source–sink match analysis for 

geological CO2 storage within TIMBRA. This method helps to identify how much CO2 can be stored in a 

cost-effective manner as well as how much low-carbon biomass can be made available for BECCS. BECCS 

deployment assessments in national ESOMs often depend on theoretical storage potential assessments 

with a simplified cost assumption for geological CO2 storage and injection rates, leading to the over- or 

underestimation of the potential of BECCS as a climate mitigation option. Analyses with a high level of 

detail, however, lack that level of detail regarding the supply potential of low-carbon biomass. In this 

study, the complete BECCS chain was integrated within TIMBRA.  

In Chapters 2 and 3, the storage of CO2 in the subsurface was based on literature estimates. The 

theoretical CO2 storage potential from the literature is large in contrast to the Brazilian carbon budget 

(see Chapter 2) and therefore has little influence on estimating the contribution of CCS to climate 

change mitigation; thus, it also had a limited impact on the modeling results. The estimated annual CO2 

injection rate did influence the results significantly. Geological circumstances determine how much CO2 

can be injected safely per injection well. However, the total injection rate is determined by the number 

of drilled injection wells, in combination with the allowable distance between injection sites and the CO2 

storage costs. Due to using a restricted CO2 injection rate based on literature estimates, the cost-

effective deployment of CO2 injection wells and carbon capture technologies could not be assessed in 

competition with other climate change mitigation technologies. A source–sink match analysis for CCS 
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linked to an ESOM can assess the contribution of CCS as a climate mitigation option for a low-carbon 

energy system.  

Furthermore, estimates of the CO2 injection rate ranged from 60 to 135 Mt of CO2/y in Brazil (see 

Chapter 5). The results of the source–sink match analysis revealed that CO2 injection rates over 250 Mt/y 

can be achieved. The difference between the methods is 115–190 Mt of CO2 per year. Currently, GHG 

emissions from the energy sector are approximately 500 Mt/y. This study’s results revealed that GHG 

emissions must be reduced to near zero by 2050. The gap in injection rates indicates that the effect of 

using restricted CO2 injection rates versus a cost-effective optimization approach is significant. While 

CCS can be used to compensate for some of the GHG emissions from difficult-to-decarbonize sectors, it 

matters whether this compensation ratio is one fifth or up to half of the total energetic GHG emissions 

in 2020.  

In general, the integration of novel technologies creates more opportunities for decarbonization 

pathways. These opportunities cause the implementation to become easier. While small changes do not 

necessarily lead directly to large changes at first sight, they can make room for other systemic changes. 

This is the case with biochemicals, where their integration leads to the earlier deployment of biofuels. 

The integration of the complete BECCS chain is a key influential factor. Improved estimates of CO2 

storage potential and injection rates ensures that the deployment of BECCS can be analyzed (1) without 

an arbitrary restriction on injection rates and (2) with storage potentials closer to the practical storage 

capacity instead of the theoretical storage potential. In particular, the use of unrestricted injection rates 

suggests that the deployment of BECCS could be larger compared with the restrictions mentioned in 

other scientific literature. Even though LUC emissions are increasing, BECCS is considered a cost-

effective strategy for the net removal of atmospheric GHGs compared with other GHG-mitigation 

strategies (see Section 6.4.4 for more details on total system costs).  

6.4.2 How does an improved temporal resolution of VRE and biomass supply in ESOMs affect 

the supply and demand of bioenergy in low-carbon energy systems? 

6.4.2.1 Improving the temporal resolution of solar- and wind energy 

In TIMBRA, the production of electricity from VRE over time was incorporated by aggregated time slices 

that represent electricity production for a predefined period of approximately four hours. The temporal 

aggregation resulted in averaging out the fluctuation in production over multiple hours. In practice, the 

production within a certain time slice varied and the average value failed to represent hourly peak and 

off-peak production. This ultimately resulted in TIMBRA not capturing off-peak periods well. TIMBRA 

perceived that VRE actually provides a limited baseload capacity. The dedicated power system model 

PowerPlan uses an hourly temporal resolution, which actually represents hours with no production from 

VRE. By soft-linking TIMBRA and PowerPlan, the mismatch in capacity planning could be quantified (i.e., 

the additional capacity required to guarantee a power system capable of matching supply and demand). 

Additionally, the sensitivity of the electricity storage profile of BEVs was assessed in PowerPlan, 

revealing how the demand for electricity and the timing of charging can influence the reliability of a low-

carbon power system. 

Furthermore, the results from improving the temporal resolution of wind and solar energy had limited 

effects on the Brazilian power mix in 2050. This is mainly because hydropower is the backbone of the 

Brazilian power sector. The (potential) capacity of reservoir-based hydropower is around 120 GW (75 

GW in 2020). Its dispatchable power generation ability offers high flexibility to the power system, and 

this flexible load is also distributed over the entire country. The combination of this very large and 

evenly spread dispatchable capacity is ideal for balancing the large-scale intermittent supply of wind and 

solar energy. Mismatches in the balancing of supply and demand due to overproduction from VRE can 

largely be mitigated by ramping down the hydropower capacity. 
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To guarantee a stable transmission grid, analyses based on hourly temporal resolution revealed that 

approximately 60 GW of low-carbon back-up capacity is required, while in aggregated TIMBRA runs a 

backup capacity of 30–40 GW was estimated to be sufficient. Biomass fired combined cycle power plants 

with CCS were projected to fulfill 12–17 GW (varying per scenario; see Chapter 3) of the baseload 

capacity in 2050; however, a greater capacity is required to fill the gap. Energy storage from the 

utilization of the battery capacity of electric cars could play a crucial role in filling this gap. Electric cars 

can deliver electricity when their batteries are (partly) discharged during periods without sun and wind. 

This could reduce the demand for back-up capacity from 60 GW to 45 GW. Conversely, when commuters 

charge directly after their trip, 30 GW extra baseload capacity is required to match supply and demand. 

Moreover, the projected role of biomass in Brazil for providing baseload power generation in 2050 is 

relatively small. BECCS can provide baseload capacity; however, the availability of low-carbon bioenergy 

and the injection rate of CO2 influenced the results in the power sector significantly (see Section 6.4.4 

for details). Under low CO2 injection rates and limited low-carbon biomass availability, the total installed 

power capacity is on average 870 GW in 2050, compared with 550 GW when both factors are high. This 

additional capacity required for the electrification of the transport and industrial sectors is mostly met 

with concentrated solar power (+50 GW), BIGCC-CCS power plants (+33 GW), and offshore wind energy 

(+235 GW). The maximum hydropower capacity (145 GW) was exploited in all scenarios. 

Although no new soft-link analyses were conducted on a scenario with a combination of limited low-

carbon biomass and CO2 injection rates (as was done in Chapter 5), the effects on the mismatched 

capacity due to the aggregation of time slices in TIMBRA are expected to be small. Mismatches due to a 

loss of load are expected to be minimal because (1) BIGCC-CCS power plants deliver a significantly higher 

baseload capacity in these scenarios, and (2) the BEV car fleet is significantly higher in this scenario, so 

vehicle-to-grid services can provide flexible power supply. Mismatches due to overproduction can be 

mitigated by ramping down hydropower capacity and the smart storage of electricity in BEVs. 

Additionally, the demand for hydrogen can be met by electrolyzers, which can operate on maximum 

capacity during peak production hours of VRE sources to mitigate the oversupply of electricity.  

6.4.2.2 Temporal dynamic bioenergy emission factors 

Compared with CO2 emissions from the combustion of fossil fuels, which occur instantly, LUC emissions 

from the clearing of natural vegetation occur due to the decomposition of biogenic carbon. In general, 

this process occurs shortly after the clearance of natural vegetation. A second effect of clearing natural 

vegetation is the disturbance of soil organic matter. This is a slower process leading to GHG emissions 

over a longer time frame. ESOMs that incorporate LUC emissions use temporal static bioenergy LUC EFs, 

where LUC emissions are assumed to be the same over a predefined time horizon. In the short term, this 

can lead to the underestimation of GHG emissions, as emissions due to the decomposition of natural 

vegetation are attenuated over the entire time frame. However, in the long term, this could lead to 

overestimation because of the same effect. By disentangling LUC emissions into short- and long-term 

emissions, the natural fluxes of LUC emissions are incorporated into TIMBRA. This is critical because the 

timing and scale of the deployment of GHG mitigation technologies are influenced by emissions, mainly 

in relation to the time-dependent carbon budget.  

Moreover, the effect of dynamic EFs became visible in the GHG profiles of new bioenergy plantations. 

Due to high short-term LUC emissions, LUC emissions peaked at 150 Mt in 2030, but they reached below 

30 Mt in 2050 with bioenergy production from new plantations of 4.6 EJ. In the scenario with static EFs, 

the LUC emissions reached a peak of just over 40 Mt in 2035 and remained constant toward 2050, with 

bioenergy production from new plantations of 3.5 EJ in 2050. Limited growth after 2030 occurs because 

the carbon budget becomes increasingly stringent in the period of 2030–2050. This affected the 

modeling results in two ways. The first effect was observed in 2050; for long-term EFs, the difference per 

unit of bioenergy produced between dynamic (6 Mt/EJ) and static (12 Mt/EJ) modeled EFs was large. As 
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the total GHG emissions must be reduced to near zero by 2050, LUC emissions could be a large burden. 

This is also why the demand for bioenergy from new bioenergy plantations was smaller when static EFs 

were used as the short-term emissions were attenuated over time, thus adding up on the long-term EFs. 

A second effect was observed around 2030. In the scenario with dynamic EFs, the peak of 150 Mt of CO2 

emissions was relatively high, considering that energy-related emissions in 2020 were approximately 

500 Mt. This also caused other GHG mitigation options to come into play earlier. Accumulated LUC 

emissions in the period 2020–2050 were approximately 2.2 and 1.1 Gt for the dynamic and static 

scenarios, respectively. Even though the difference of 1.1 Gt must be decarbonized elsewhere in the 

energy system, a higher use of biomass with higher accumulated LUC emissions was observed to be a 

cost-effective GHG emission reduction option (see RQ4 for more details on energy system costs).  

In addition, the improved resolution of VRE indicates that Brazil has a highly flexible power system. Even 

with high shares of VRE, only a limited need exists for biomass as a provider of baseload power 

generation to overcome periods with limited sunlight and wind. Thus, biomass can be used to 

decarbonize other sectors. Improving the temporal resolution of LUC emissions for the production of 

bioenergy would result in a larger deployment of bioenergy, as GHG fluxes from the removal of natural 

vegetation are modeled according to their natural timing, as opposed to being attenuated over the time 

horizon. This results in smaller LUC emissions toward the end of the modeling horizon (2040–2050), at 

times when the carbon budget is at its most stringent.  

 

6.4.3 How does an improved spatial resolution of biomass supply, associated LUC emissions, 

and biogenic CO2 storage within ESOMs influence bioenergy demand in low-carbon 

energy systems?  

6.4.3.1 Improving the spatial resolution of biomass supply with GHG supply curves 

The supply potential of biomass and its associated LUC emissions differ widely, mainly because of variety 

and uncertainty in crop yields, carbon pools, future land use projections, and demand for agricultural 

products. These factors are spatially heterogeneously distributed and require analyses on the dynamics 

of land systems. In general, ESOMs use simplified assumptions regarding biomass supply potential and 

costs, and LUC emissions are usually neglected (see Chapter 4). By linking the land system to the energy 

system, the dynamic nature of the bioenergy supply potential and associated LUC emissions can be 

incorporated, and furthermore, the influence of LUC emissions on the demand for bioenergy as a 

climate change mitigation option could be assessed.  

Within this study, the following three different types of biomass supply potential were distinguished: 

1. Current bioenergy crops 

2. Agricultural residues  

3. New bioenergy plantations 

With respect to their spatial profile, the supply potential from current bioenergy crops was limited to 

the land under cultivation for bioenergy crops in 2015. The supply potential of agricultural residues was 

related to the demand for rice, maize, sugarcane, and soybeans (see Chapter 4 for details). In 

combination with yield improvements over time, the demand for arable land was determined. The 

supply potential from new bioenergy plantations was calculated for each grid cell in Brazil, excluding 

agricultural land (food-first principle), urban areas, and water bodies. For each grid cell, the supply 

potential for sugarcane was calculated based on spatially explicit biophysical growing conditions, as well 

as the LUC-related GHG emissions (from crop cultivation and changes in soil organic carbon and living 

biomass). The supply potential from new bioenergy plantations was divided into supply potential on 
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land located on natural vegetation and abandoned agricultural land. Abandoned agricultural land 

referred to land that becomes available when land demand for crops or livestock systems decreases due 

to either the reallocation of crops to more suitable locations or yield increases.  

Throughout the chapters of this study, a division was made regarding high and low biomass supply 

potential. The difference between high and low supply potential for current bioenergy crops and 

agricultural residues was rather small because they are only influenced by agricultural productivity and 

the demand for food and/or feed. For residues, the supply potential in the high scenario was smaller 

because of a lower demand for those crops due to shifts in diets.  

The supply potential of new bioenergy plantations is influenced by a combination of key determining 

factors. For the scenario with over 44 EJ in 2050, agricultural productivity is high, a long time horizon is 

selected over which the LUC emissions are amortized and natural succession is excluded. This results in 

spared agricultural land with minimal LUC related GHG emissions, and without a carbon penalty for 

natural succession. This combination of key determining factors results in high supply potential. In a 

scenario with low supply potential, nearly no agricultural land is spared as yield improvements are low. 

Additionally, a time horizon of 25 years and the inclusion of natural succession results in a low-carbon 

supply potential of 0.5 EJ in 2050.  

Table 6-2: Bioenergy supply potential (EJ) in 2050 for the different supply types, the application of emission factors, and their 
influencing factors.  

Supply potential (EJ) 
  

Supply 
potential type 

High Low EF Key influencing factors 

Current 
bioenergy crops 

8.6 7.8 no Agricultural productivity 

Agricultural 
residues  

3.3 3.8 yes Agricultural productivity, food/feed demand 

New bioenergy 
plantationsa 

44.1 0.5 yes Agricultural productivity, food/feed demand, 
time horizon, natural succession 

a) Potential with an EF <15kg CO2/GJ 

The supply potential of new bioenergy plantations is influenced by a combination of key determining 

factors. For the scenario with over 44 EJ in 2050, agricultural productivity is high, a long time horizon is 

selected over which the LUC emissions are amortized and natural succession is excluded. This results in 

spared agricultural land with minimal LUC related GHG emissions, and without a carbon penalty for 

natural succession. This combination of key determining factors results in high supply potential. In a 

scenario with low supply potential, nearly no agricultural land is spared as yield improvements are low. 

Additionally, a time horizon of 25 years and the inclusion of natural succession results in a low-carbon 

supply potential of 0.5 EJ in 2050.  

As the low-carbon supply potential of bioenergy was among the most influential parameters of TIMBRA 

(see RQ4), this result indicated that the key determining factors affected the modeling results 

tremendously. The difference between the simplified bioenergy supply potential from Chapters 2 and 3 

and the spatiotemporally explicit cost and GHG supply curves in Chapters 4 and 5 was substantial. First 

of all, the inclusion of LUC-related GHG emissions from new bioenergy plantations indicated that this 

type of supply potential comes with EFs of 5–15 kg CO2-eq. per GJ of primary biomass. By using, for 

instance, 1 EJ of this biomass, 5–15 Mt of CO2-eq. would be emitted into the atmosphere. This is a 

substantial amount considering that GHG emissions need to approach zero by 2050. The results in 

Chapter 4 demonstrated that the supply from new bioenergy plantations ranged between 0.5 and 7 EJ in 

2050, with associated LUC emissions ranging from 6 to 55 Mt CO2-eq. in 2050 (approximately 1–11% of 
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the total energy-related GHG emissions of Brazil in 

2020; Quintana et al. 2021)). In Chapters 2 and 3, there 

were no associated LUC emissions, which essentially 

ensures that there is more space in the carbon budget 

as well as less of a need to decarbonize.    

6.4.3.2 Source-sink matching of bioenergy carbon 

capture and storage 

BECCS is considered one of the most promising CO2-

reducing technologies. However, its potential for 

mitigating climate change depends on the availability of 

low-carbon biomass, cost-competitiveness of reducing 

GHGs in competition with other GHG-mitigation 

technologies, ability of CO2 capture technologies to 

produce energy, and CO2 storage volume and costs. In 

particular, the low-carbon biomass supply potential as 

well as CO2 storage potential and costs are site-

dependent. Furthermore, all aforementioned aspects 

are dynamically interlinked. By assessing both biomass 

supply and CO2 storage and integrating them into the 

TIMBRA model, the complete BECCS lifecycle was 

assessed in competition with other GHG-mitigating 

technologies.  

Incorporating spatially explicit bioenergy GHG supply 

curves into the modeling framework allowed this study 

to assess the trade-off between higher demand for 

bioenergy, and subsequently more bioenergy-related 

LUC emissions, in relation to higher CO2 injection rates. 

In scenarios where CCS was unrestricted, the demand 

for low-carbon bioenergy increased. Approximately 

40% (1 EJ) of the total biomass from new bioenergy 

plantations was sourced from biomass with a higher EF 

(15–20 kg/GJ), whereas if CCS was restricted with 100 

Mt CO2 per year, the highest EF category was 10–15 kg 

CO2/GJ. This indicates that BECCS is a cost-competitive 

option that results in net GHG removal.  

By incorporating details on CO2 sink locations, the 

preference for a specific sink could be assessed. In 

general, sink locations closer to the source location are 

cheaper. The combined effect of distance to source 

location and the ability to inject large volumes of CO2 

determines the total costs for CO2 storage, and thus, 

the preferred location. The results from this analysis 

revealed that injection rate per well is the most 

influential factor in the selection of a location, as it 

determines how many injection wells should be drilled 

to reach a high volume of CO2 injection per year. In the 

most optimistic scenario, injection wells on three grid 
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Figure 6-1: GHG supply curves for new bioenergy 
plantations. Scenario acronyms: NS-ex, excluding 
natural succession; Ref, reference; APL, low 
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Chapter 4 for details). Note: Dynamic EFs do not 
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cells were adequate for reaching injection rates of approximately 250 Mt of CO2. These locations are just 

around the deepest sites, thus avoiding higher drilling costs, but further from the source location. There, 

shallower injection sites have higher injection costs per unit of injected CO2 because less CO2 can be 

injected per injection well due to less favorable geological circumstances. In the pessimistic case, the 

injection circumstances were far less favorable. The injection rate was the predominant factor in the 

selection of the site. Even sites with the highest transport costs were selected because of a higher CO2 

injection rate. Overall, injection sites were not selected based on their distance from the source location 

but rather their ability to reach high CO2 injection rates. Additional CO2 transport costs are marginal 

compared with the total energy system costs (see RQ4 for more details).  

Moreover, the introduction of GHG supply curves resulted in spatially explicit estimates of the bioenergy 

supply potential, costs, and GHG emissions. This, compared with the commonly used stylized 

representation of bioenergy in Chapters 2 and 3 (based on extrapolations of land use and yield growth), 

resulted in input data for the TIMBRA model for assessing how much bioenergy can be used to fulfill 

end-use demand, at the expense of a share of the carbon budget due to bioenergy-related LUC 

emissions. Key determining factors were explored to demonstrate their influence on the GHG supply 

curves. The introduction of spatially explicit CO2 sink locations revealed that CO2 injection costs had a 

minor effect on the scale of deployment for BECCS. Even in the pessimistic scenario, injection rates of 

250 Mt of CO2/y in 2050 were reached.  

6.4.4 What are the effects of model improvements on the projected role of biomass in 

Brazilian GHG mitigation strategies?  
In this section, the effect of the improvements is discussed in relation to energy system costs, final 

energy consumption, and how they affect biomass deployment pathways. Eventually, the results are 

placed in perspective with the current situation of the Brazilian energy mix and its decarbonization 

plans.  

6.4.4.1 Influence of model improvements on total system costs and total final energy consumption  

Throughout the different chapters of this thesis, methodological improvements were made to the 

TIMBRA model. To assess the effect of the methodological improvements, this section compares the 

results from the different chapters in terms of total final energy consumption (TFC) and total system 

costs (TSC), and it also investigates the sensitivity of key parameters that affected the modeling results. 

In Chapters 2 and 3, sensitivity analyses were conducted to examine the extent to which model 

parameters influence the modeling outcomes in terms of TFC and TSC. Three parameters ‒ carbon 

budget, bioenergy supply potential, and annual CO2 injection rates ‒ were identified as the prime 

parameters affecting the model results (see Appendix 3-V). While the bioenergy supply potential 

affected the results substantially, bioenergy was still represented in a simplified manner in Chapters 2 

and 3 – based on estimations of future supply potentials, extrapolations of current land use and 

expected yield growth, scientific and governmental land use projections, and scientific estimates of 

current and future biomass feedstock costs. Analyzing the scientific literature on the integration of 

biomass supply potential and costs within ESOMs revealed that this is a common practice (see Chapter 

4), essentially because land use dynamics require full scale land use system analyses to cope with future 

demand for food, agricultural productivity, and global agricultural trade. In Chapter 4, these dynamics 

were integrated with GHG supply curves, providing detailed information on the bioenergy supply 

potential, costs, and LUC-related GHG emissions.  

The differences in results between the simplified bioenergy supply potential from Chapters 2 and 3 and 

the spatiotemporally explicit cost and GHG supply curves in Chapters 4 and 5 were substantial due to 

bioenergy-related LUC emissions ranging from 6 to 55 Mt CO2-eq. in 2050 (see RQ3 for more details). In 

Chapters 2 and 3, there were no associated LUC emissions, resulting in a lower need for decarbonization 
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due to more room in the carbon budget. This is underlined by the average share of fossil energy being 

part of the TFC in 2050, which was 30% in Chapter 3 and 14% in Chapter 4 (see Figure 6-3). 

In terms of total system costs, incorporating spatiotemporally explicit cost and GHG supply curves 

resulted in better but higher cost estimates (see Figure 6-2). Cost–supply curves represent all costs 

involved in the cradle-to-factory gate lifecycle of biomass feedstock. On the other hand, the share of the 

carbon budget ‘consumed’ by bioenergy (as a result of LUC emissions) requires decarbonization in other 

sectors, mainly in the residential and industrial sectors. The average TSC in 2050 in Chapter 3 was 

estimated at $330 billion, while it increased to $455 billion in Chapter 4. The majority of this increase 

was related to the electrification of the industry (and to a lesser extent the transport sector), due to the 

related additional capacity in wind and solar energy, transmission infrastructure, and electrolyzers for 

hydrogen production, with an average of $100 billion in additional costs.  

 

Figure 6-2: Total system costs (in $ billion) in 2050 for a representative selection of the different scenarios per chapter. The 
acronyms indicate the difference in biomass availability (either high [BH] or low [BL]) and CO2 injection rate (either unrestricted 
[CH] or limited [CL]).  

Furthermore, the sensitivity of the CO2 injection rate was assessed in Chapter 3 by examining the effect 

of restricting the injection rate to 50, 150, or 250 Mt/y. The difference in TSC between the highest ($315 

billion) and lowest ($377 billion) injection rate was over $60 billion in 2050. This was related to the 

effect of CO2 emissions, which can be compensated for by negative emissions from the deployment of 

BECCS. As a result of a stringent carbon budget, the total CO2 emissions must be reduced from 500 Mt in 

2020 to near zero by 2050. Higher injection rates leading to negative emissions from BECCS can 

compensate for CO2 emissions from fossil sources. Together, the negative emissions from BECCS and 

fossil CO2 emissions cancel each other out. This is a cost-effective strategy for net GHG reduction (see 

the results in Chapter 3). The difference between low and high injection rates therefore affected the 

modeling results significantly (see RQ1 for more details).  

In Chapter 5, the source–sink analysis of CCS was added to the TIMBRA framework, allowing for an 

investigation of the potential of BECCS without restricting the CO2 injection rate. The results indicated 

that even in the most pessimistic case, BECCS is a cost-effective mitigation strategy that can store 

approximately 250 Mt of CO2 per year during the period after 2040. In the absence of BECCS, the total 

system costs in 2050 were approximately $40 billion higher (+7%) compared with scenarios with BECCS.  

Moreover, the costs in Chapters 2 and 3 were lower compared with those in Chapters 4 and 5, but only 

because bioenergy-related LUC was excluded. When included, the results indicated that when biomass is 
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produced in locations that have little (systemic) impact on terrestrial carbon pools, the total system 

costs are actually lower. The higher costs in Chapter 5 (compared with Chapter 4) originated from 

improvements to the modeling structure. In previous chapters, specific constraints caused 

insurmountable problems, resulting in GHG emissions. These problems were solved model-wise by 

importing so-called dummies. In Chapter 5, these constraints were removed, creating a decarbonization 

ability that was indeed solved but with additional costs. The dummy imports in Chapters 2–4 were 

constant for all specific scenarios, and therefore, they did not affect the individual findings.  

The abovementioned results also became visible in the total final energy consumption (see Figure 6-3). 

The total final energy consumption of Brazil in 2050 ranges from over 12 EJ to 17 EJ, dependent on the 

scenario. The difference between either Chapters 2 and 3 or Chapter 4 and 5 – which included GHG 

supply curves – was visible not only in a lower TFC but also a higher share of fossil fuels. The 

abandonment of fossil energy was replaced by an increasing use of bioenergy. In scenarios with limited 

low-carbon biomass, increasing electrification was observed. As the conversion efficiency of electricity is 

higher than bioenergy, the total final energy consumption of those scenarios was lower. More details on 

the TFC were provided in Chapters 2–5.  

 

Figure 6-3: Total final energy consumption (in EJ) in 2050 for a representative selection of the different scenarios per chapter. 
The acronyms indicate the difference in biomass availability (either high [BH] or low [BL] and CO2 injection rate (either 
unrestricted [CH] or limited [CL]).  

6.4.4.2 Effect on biomass deployment 

From the methodological improvements the effect of availability of the low-carbon biomass and the 

annual CO2 injection rate on the modeling results stand out. The deployment of biomass throughout the 

entire energy system is mainly affected by these two factors. Table 6-3 presents, a matrix that depicts 

the general impact of the combination of low-carbon biomass availability and CO2 injection rates. Below, 

the table the effects on biomass deployment within specific subsectors are described. 
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 Table 6-3: Main impacts of improved modeling of low-carbon biomass availability and CO2 injection rates on projected biomass 
deployment in the energy sector in Brazil in 2050. 

  Biomass: Low-carbon Supply Potentiala 

  High Lowb 

C
C

S:
 A

n
n

u
al

 C
O

2 
in

je
ct

io
n

 r
at

e 

H
ig

h
 

Scenario setting: 
Low-carbon biomass SPa: 41 EJ 
CO2 injection rate: unrestricted 
 
General impact: 
Abundant supply of low-carbon biomass 
and an unrestricted CO2 injection rate 
result in high biomass deployment rates. 
Difficult to decarbonize sector (i.e. 
industry and freight transport) operate 
with fossil energy, compensated by high 
CCS shares, and fast shares of biomass in 
the transport sector.  
 
Scenario specific biomass deployment:  
Biobased decarbonization transport 
sector 

Scenario setting: 
Low-carbon biomass SPa: 0-11 EJ 
CO2 injection rate: unrestricted 
 
General impact: 
Limited biomass availability results in the  
electrification of the transport- and 
industrial sectors. Approximately 150 Mt of 
CO2 is captured by BIGCC power plants, 
producing low-carbon electricity for these 
sectors. Industry still operates partially on 
fossil fuels.  
 
 
Scenario specific biomass deployment:  
Biobased low-carbon electricity generation 
for hydrogen production 
 

Lo
w

 

Scenario setting: 
Low-carbon biomass SPa: 41 EJ 
CO2 injection rate: 100 Mt CO2/y 
 
General impact: 
Limited CO2 injection rates result in 
decarbonization of the industrial sector 
with biomass. Furthermore, biomass is 
the main energy source for the transport 
sector 
 
 
Scenario specific biomass deployment:  
Decarbonization of the industry and 
transport sector with biomass.  

Scenario setting: 
Low-carbon biomass SPa: 0-11 EJ 
CO2 injection rate: 100 Mt CO2/y 
 
General impact: 
Freight transportation based on hydrogen, 
passenger transport increasingly 
electrified. Industry decarbonized with 
biomass. Decarbonization happens earlier 
and with more efficient and expensive 
conversion technologies. 
 
Scenario specific biomass deployment:  
Focus on decarbonization of the industry 
with biomass.  

a) In this table, low carbon supply potential refers to the supply potential from new bioenergy plantations. 

b) Low-carbon supply potential (SP): the range shown for the low-carbon biomass supply potential reflects 

the difference between the EF categories 0-15 kg CO2-eq. and 15-20 kg CO2-eq.  

Biomass demand per type of feedstock: Three types of biomass were distinguished: biomass from land 

that is currently used for cultivation of bioenergy crops, agricultural residues, and new bioenergy 

plantations. Throughout all scenarios, the supply potential of current bioenergy crops was fully utilized, 

with approximately 8 EJ in 2050.  

The key determining factors strongly influenced the demand for bioenergy from new bioenergy 

plantations (see Section 6.4.3 for more details). High agricultural productivity resulted in a low-carbon 

supply potential of over 40 EJ on AAL, whereas this was less than 1 EJ under low agricultural 

productivity. However, the deployment of biomass from AAL depended heavily on how NS was 

accounted for. When foregone emissions were included (as is often the case in IAMs), the long-term EFs 
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caused biomass grown on land with former natural vegetation (nearly 5 EJ) to be preferred over biomass 

from AAL (0 EJ), while this was 0 EJ and nearly 7 EJ, respectively. 

Foregone emissions placed a relatively heavy burden on long-term emissions, as the amount of 

embodied carbon in the succession of natural vegetation is assumed to grow continuously, whereas 

GHG emission fluxes from the clearance of natural vegetation spikes in the short term due to the 

removal of natural vegetation. This, in combination with an increasingly stringent carbon budget toward 

2050, caused the difference between preferences for biomass from natural vegetation. Dividing the EFs 

into short- and long-term EFs also contributed to this result. When conventional static EFs were used, 

GHG emission fluxes due to the removal of natural vegetation were attenuated over time, resulting in a 

relatively higher EF in the longer term, when the carbon budget became more stringent. This 

subsequently resulted in lower demand for bioenergy (4.7 EJ, versus 3.5 EJ with dynamic EFs) as the 

carbon budget became increasingly stringent toward 2050.  

The maximum deployment of residues reached nearly 4 EJ (Chapters 4 and 5); however, this maximum 

was reached in 2040. This is because of the added EF for carbon losses due to the removal of residues. In 

the final years toward 2050, demand for soybean oil and residues (other than sugarcane straw) 

decreased drastically. In particular, soybean oil and agricultural residues (other than sugarcane straw) 

are considered transition fuels. They have superior GHG performance compared with fossil fuels, but 

when the carbon budget became stringent, other low-carbon sources substituted them, such as 

hydrogen (from solar and wind energy). Only when the low-carbon biomass supply potential (other than 

residues) was limited did agricultural residues (excluding sugarcane straw) remain utilized with an 

average of 1.5 EJ in 2050, in contrast to 0 EJ for scenarios with abundant availability of low-carbon 

biomass. Sugarcane straw remained utilized with approximately 2 EJ in 2050 in all scenarios, mainly 

because no EF was added for sugarcane straw as its sustainable extraction does not affect soil carbon 

pools (see Chapter 4 for an explanation). 

6.4.4.3 How do the results compare to the current Brazilian energy system? 

Biomass supply potential: The primary bioenergy supply for Brazil in 2050 in this study ranged from 12 

to 17 EJ/yr. The current primary energy supply of biomass is approximately 4 EJ. Thus, there is a large 

opportunity to decarbonize the Brazilian energy sector using biomass. First, the low-carbon supply 

potential is significant when correct preconditions are met (see point 3 in Section 0). The efficient 

deployment of this potential can ensure that more energy can be used as an end-use service in a cost-

effective manner. Current conversion technologies, notably sugarcane refineries, can operate more 

efficiently. Furthermore, the introduction of novel bioenergy technologies can yield biofuels and 

products for markets that are currently dominated by fossil fuels, such as the freight transport sector, 

the industry, and the nonenergy sector.  

The range in primary bioenergy consumption found in this study is in line with comparable studies, 

which have also assessed how Brazil can reach Paris Agreement GHG targets. Rochedo (2016), Nogueira 

et al. (2016), Köberle (2018), and Lucena et al. (2014) have found a primary energy supply in the range of 

12–23 EJ/yr. Apart from Köberle (2018), these studies have not assessed LUC emissions from bioenergy 

production. This study demonstrates that the primary bioenergy supply can reach close to 19 EJ under 

the correct preconditions. This was also concluded by Köberle, who asserted that the intensification of 

agricultural production (mainly the cattle industry) is a prime objective for sparing land for low-carbon 

bioenergy production (Köberle 2018). A similar finding to our results was that the conversion from 

natural vegetation to bioenergy plantations can result in net GHG savings.  

BECCS: In this study, the accumulated volume of biogenic CO2 stored in the subsurface was estimated at 

2.9 Gt in 2050. This is just below 20% of the Brazilian carbon budget. While this study is the first to 

conduct a spatiotemporally explicit source–sink match analysis of BECCS, linked to an ESOM, this 
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indicates that BECCS is a cost-competitive option for reducing atmospheric CO2 and meeting the energy 

end-use demand – both on a large scale. Nonetheless, the geological data on which these results are 

built were obtained from modeled estimates, rather than from real time measurements of geological 

parameters. Given the large potential for GHG mitigation, as well as the large uncertainty in terms of 

data quality, this study recommends acquiring real-time geological data on sink locations or making 

them publicly available.  

Currently, limited attention seems to be paid to BECCS as a climate change mitigation option in Brazil. 

There is a Brazilian CCS Atlas (Ketzer et al. 2015) that provides information on the status of CO2 storage. 

However, this status is based on coarse data, and very limited details are provided on the geological 

conditions of sink locations. Additionally, no governmental policy and/or roadmaps for the development 

of BECCS are present.  

Reflection on decarbonization policies in Brazil: The Brazilian nationally determined contribution (NDC) 

sets a target of 18% of its primary energy supply to be based on biofuels by 2030. Given the rise in 

energy demand, and consequently in primary energy supply, our study demonstrated that this should be 

approximately 2.2 EJ in 2030. Our results suggested a biofuel supply of 3.5–4.5 EJ in 2030, dependent on 

the scenario. This indicates that current policies on biofuels in Brazil are not ambitious enough to 

prevent global warming surpassing critical levels. This is in line with studies that have assessed the 

Brazilian NDC on its effectiveness at cutting GHG emissions (Köberle et al. 2020).  

In the first version of the Brazilian NDC, more concrete sustainability measures were provided. In the 

latest NDC, multiple measures were removed from the previous list. Noteworthy is the removal of the 

objective to create 5 million ha of agroforestry by 2030. Agroforestry could be an important measure 

that could potentially increase the productivity of fertile land, as it combines forestry, crop, and livestock 

systems. This study demonstrates the large potential for bioenergy production on abandoned 

agricultural lands.  
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6.5 Final remarks and recommendations for future research  
The concluding remarks of this study and key recommendations for future research are summarized in 

the following eight points: 

1. The application of the developed framework for assessing deployment pathways for bioenergy and 

biomaterials within an energy optimization model created valuable insights with respect to 

decarbonization strategies, particularly for bioenergy deployment pathways over time and space. It 

indicates the coherence between the energy and land systems as well as the dynamic relationship 

between low-carbon bioenergy supply potential, the associated costs, and the competition 

between low-carbon alternatives for fulfilling the demand for energy services. The modeling 

framework is a flexible platform with a strong core built around the energy system model, which 

allows the addition of specialized modules for studying specific aspects of the energy system, the 

sustainability of the land system, and interlinked trade-offs and synergies between those aspects.  

 

2. Biomass has the potential to be the backbone of the Brazilian low-carbon energy system. The 

combination of the high availability of low-carbon supply potential, its versatile employability in all 

end-use sectors, the ability to capture and store biogenic carbon by means of negative emission 

technologies, and its relatively low costs demonstrates that biomass is the most promising source in 

Brazil for reaching climate change mitigation goals in a cost-effective manner. This was reflected in 

the final energy consumption, where the use of biomass ranged from 5 to 10 EJ in 2050, with a 

share of 35–62% of the total final energy consumption. In scenarios with a high low-carbon biomass 

availability, the total system costs in 2050 were in the order of $40–60 billion lower (8–11% of the 

total annual energy system costs) compared with scenarios with a limited low-carbon supply 

potential.  

 

3. The contribution of bioenergy to reaching climate change mitigation targets was based on the 

model results. However, the modeled situation is an oversimplification of reality. Under- or 

overestimation of the modeled contribution of biomass for mitigating GHG emissions due to the 

incorrect quantification of (avoided) GHG emissions must be prevented. Low-carbon bioenergy 

supply potential and injection rates were identified as prime factors that affected the modeling 

results, but both factors need to be substantiated with actual measured data. First, measuring and 

monitoring of terrestrial carbon pools remains difficult, and a platform for the measurement, 

reporting, and verification of these measurements is missing (Smith et al., 2020). Solid and reliable 

data on soil carbon stocks are key to assessing the GHG mitigation potential – and therefore the 

contribution of bioenergy to low-carbon energy systems – based on qualitative and verified 

monitoring systems. Second, to assess CO2 injection rates site-specific geological data are required. 

While limited data exist for the Paraná basin, the available data for other saline aquifers in Brazil 

are even sparser. These data are required to analyze whether sink locations are truly suitable for 

trapping CO2 without the risk of leakage as well as for making accurate business cases and detailed 

BECCS deployment strategies. 

 

4. Although biomass could play a crucial role in meeting climate change mitigation targets in a cost-

effective manner, critical prerequisites exist for its sustainable deployment. First, ecosystems with 

high carbon pools should be protected. Second, adverse environmental impacts on freshwater 

resources and biodiversity should be avoided. Third, sustainable agricultural intensification is 

required to spare land for dedicated bioenergy plantations, which will require strong spatial 

planning. While policy programs stimulate these practices, they should be combined with land 

zoning goals to steer results – spared land – toward the desired outcomes, such as preserved 
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nature and creation of areas for dedicated bioenergy production. This is because just setting goals 

on land zoning might lead to diffused and diluted effects. 

 

5. Accounting for the regrowth of natural vegetation on abandoned agricultural land (natural 

succession) has a large influence on the GHG footprint of bioenergy. Including natural succession as 

an EF component of bioenergy’s supply potential may seem logical from a GHG accounting 

perspective, but from agricultural-economic and system integrated perspectives it is not logical. 

This is because the assumption that agricultural intensification occurs in coexistence with the 

abandonment of agricultural land on a large geographical scale is unlikely. Natural succession is 

sometimes included in counterfactual scenarios of IAMs. This study recommends that future 

research should investigate these counterfactual scenarios. Without additional demand for 

bioenergy, agriculture is likely to be less intensive because the demand for agricultural land is 

lower. By contrast, in scenarios with bioenergy production, the agricultural sector is likely to 

operate more intensively, leading to an increasing use of artificial fertilizers. The new bioenergy 

scenario should include adverse climate effects from (global) agricultural intensification through 

adding an EF component to bioenergy for this intensification. Abandoning the natural succession EF 

and including a new EF for increasing agricultural intensification could improve counterfactual 

scenarios, which might lead to more accurate estimates of the potential for low-carbon bioenergy.  

 

6. The focus of this study was on improvements on the supply side of the energy system. However, 

improvements on the demand side are required for assessing the cost-effectiveness of 

decarbonization strategies. Within TIMBRA, the industrial and residential sectors were modeled in 

terms of final energy (e.g., energy consumption by the steel industry). However, there is a demand 

for useful energy (e.g., low-temperature heat). By modeling the industry only in terms of final 

energy, the only decarbonization option that was incorporated was the substitution of fuels. To 

capture the potential for decarbonization, the demand for end-use services should be modeled, 

such as the demand for steel, high-temperature heat, and cement, as well as options for capturing 

(biogenic) CO2 from industrial facilities. The same holds for the residential sector. This would allow 

for an exploration of decarbonization pathways, including so-called ‘behind-the-meter’ solutions 

within, for instance, existing industrial facilities, houses, and offices. 

 

7. The LUC-related GHG emissions in this study were quantified based on optimal land use allocation 

with respect to suitability for crop growth. However, there are many other factors that determine 

land use allocation outside of the scope of the optimal growing conditions. When factors such as 

distance to roads and demand markets, economies of scale, and suitability for making the land 

ready for crop production are considered, more realistic LUC patterns are likely to emerge. They 

may in turn lead to different bioenergy LUC emission profiles. Land use allocation models, such as 

PLUC and CLUE, are suitable for assessing LUC allocation, including the aforementioned factors. 

However, they require exogenous data on demand for bioenergy. By soft-linking TIMBRA to a 

dedicated LU allocation model, more realistic bioenergy LUC emission profiles can be created, 

which can subsequently be used to improve results from ESOMs.  

 

8. Brazil’s starting position for meeting climate change mitigation targets is excellent because of its 

large renewable resource potential. The availability of low-carbon energy resources, such as 

biomass, hydro, solar, and wind energy; the possibility to match this resource supply to end-use 

demand both in time and space; and the opportunity for BECCS, mean that Brazil can decarbonize 

its economy in a highly cost-effective manner. To reach a low-carbon economy within the given 

time frame, strong strategic and integrated planning of the land and energy systems is required, in 

addition to using policy instruments for carbon taxation, boosting sustainable innovation, and 
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abandoning the use of fossil resources. A combination of the sustainable use of the nation's low-

carbon resources and decisive policy making could make Brazil a thriving country based on a 

sustainable biobased economy
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