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 7 SUMMARY 

 

To mitigate global warming, a transition is required from the use of fossil energy to renewable sources. 
Here, biomass can play a crucial role. It is a versatile resource that can be used to generate heat, 
electricity, and transport fuels, and it can also serve as a feedstock for the production of chemicals. In 
addition, biomass can be easily stored, unlike solar and wind energy (Variable Renewable Energy, VRE), 
which are influenced by weather conditions. As a result, biomass can be relatively easily integrated into 
the existing energy infrastructure. Another advantage is that in some sectors, such as the petrochemical 
industry, biomass is a critical alternative feedstock for petroleum. However, there are also risks 
associated with the production of biomass, such as the release of GHG emissions from LUC, a loss of 
biodiversity, and potentially negative impacts on food security and water use. 

In current climate change mitigation scenarios, biomass plays a major role in reducing GHG emissions. 
However, the differences in the deployment between these scenarios are large (75–248 EJ in 2050), for 
which several reasons exist. One is that great uncertainty exists about the future supply potential of 
biomass and the associated GHG emissions from LUC. Another factor is the cost-effectiveness of 
reducing CO2 in relation to other CO2-reducing measures. Considering these challenges, a need exists for 
methods and tools for investigating transition pathways of the complete energy system, in combination 
with land use effects. 

Current scientific research demonstrates that integrating biomass into existing energy system models is 
difficult, especially because the energy and land use systems are intertwined; furthermore, current 
energy system models are not built to account for changes in the land use system. Bioenergy-related 
GHG emissions are not linked to the direct use of energy, but they can occur in different parts of the 
world and at different times. Including such time- and place-related dynamics is essential for quantifying 
the contribution that biomass can make to reducing GHG emissions and meeting the final energy 
demand. In addition, it is crucial to incorporate a complete portfolio of available CO2-reducing measures 
into the model structure. Innovative options for the conversion of biomass are not always included, 
examples of which are production chains for biochemicals, biokerosene for aviation, and the capture 
and storage of CO2 in subsoil (Carbon Capture & Storage, CCS) in combination with biomass conversion 
(BECCS) resulting in negative emissions. 

Aim and research questions 

The aim of this thesis was to investigate the contribution and deployment pathways of biomass in Brazil 
to mitigate climate change using a cost-optimization energy system model. This research aimed to 
improve the methods for a combined integration of biomass, CCS, and VRE technologies in these ESOMs, 
specifically to more effectively capture the spatiotemporal dimensions of the energy supply system with 
the focus on bioenergy. The main RQs were as follows: 

 

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

ESOMs, influence the deployment of biomass?  

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?  

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?  

4. What are the effects of model improvements on the projected role of biomass in Brazilian GHG 
mitigation strategies?  
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Answering the research questions 

In general, the integration of new technologies into energy system technology creates more 
opportunities for reducing CO2 (RQ1). These possibilities make the implementation of CO2-reducing 
measures easier. Such modifications can create emission-space for other system changes. This is the 
case with biochemicals, where the integration of this module into the model results in an earlier 
deployment of biofuels. The integration of the entire CCS chain has a major impact on the use of 
biomass, as negative emissions create more emission-space for sectors that are more difficult to 
decarbonize. 

Improved estimates of CO2 storage potential and injection rates allow CCS deployment to be analyzed (1) 
without arbitrary limitations on injection rates (as often happens in comparable scientific research), and 
also (2) with CO2 storage potentials closer to practical storage capacity, rather than the theoretical 
storage potential. The sensitivity of the CO2 injection rate to the model results is high, which is related to 
the effect of the (LUC) CO2 emissions. These can be offset by negative emissions from the use of BECCS. 
Due to a tight carbon budget, the total CO2 emissions must be reduced from 500 Mton in 2020 to almost 
zero in 2050. Higher injection rates leading to negative CO2 emissions can offset CO2 emissions from fossil 
sources. Together, the negative emissions of BECCS and fossil CO2 emissions cancel each other out. The 
results revealed that even in the most pessimistic case, BECCS is a cost-effective mitigation strategy that 
will be able to store approximately 250 Mt CO2 per year in the period after 2040. 

While biomass can be used as a renewable alternative in several sectors, VRE can also make a crucial 
contribution to the reduction of CO2 by producing renewable electricity. The question is to what extent 
biomass is required for generating renewable electricity. By improving the resolution of VRE, its 
deployment can be more accurately quantified. Biomass can supply electricity continuously, so that the 
demand for electricity can still be met during periods with limited sunlight and wind. However, the 
analyses revealed that even with a high penetration of VRE, there is only a limited need for biomass as a 
supplier of baseload electricity for overcoming periods of limited sunlight and wind. This is mainly 
because hydropower is the backbone of the Brazilian energy sector. The capacity for flexible power 
generation by reservoir-based hydropower plants offers great flexibility to the electricity system. The 
combination of this flexible capacity is ideal for balancing the large-scale supply of wind and solar 
energy. This means that biomass can be used more effectively for decarbonizing other sectors, where 
fewer cost-effective low-carbon alternatives are available. 

Improving the temporal resolution of bioenergy-related LUC emissions results in larger bioenergy 
deployment, as the GHG emissions from the removal of natural vegetation are modeled according their 
natural fluxes, rather than spread out over the chosen time horizon (as is common in comparable 
scientific research). This results in smaller land use emissions at the end of the modeling horizon (2040–
2050), when the carbon budget is most stringent. 

The biomass potential is one of the most influential factors within the model. To provide insight into the 
spatial aspects of the biomass potential, so-called GHG supply curves were developed, in which the 
energetic potential, associated LUC emissions, and costs were quantified for each location. The 
difference between this approach and the more common approach – a simplified method based on 
estimates of future supply potential, extrapolations of current land use, and expected yield growth – 
was found to be significant. 

The use of GHG supply curves revealed that the supply of new bioenergy plantations is accompanied by 
EFs between 5 and 15 kg CO2-eq. per GJ of primary biomass. The results in Chapter 4 indicated that the 
supply of new bioenergy plantations in 2050 will be between 0.5 and 7 EJ, with associated LUC emissions 
of 6–55 Mt CO2-eq., which equates to approximately 1–11% of Brazil's total energy-related GHG 
emissions in 2020. These are substantial amounts, as GHG emissions should move toward zero. Including 
these emissions in the carbon budget creates an additional need to reduce CO2 emissions, which logically 
ensures that there is less room for fossil emissions. In Chapters 2 and 3, no associated LUC emissions 
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were considered. In principle, this ensures that there is more emission-space in the carbon budget and 
that there is less need for GHG reduction. This is demonstrated by the average share of fossil energy 
that will be part of the final energy consumption in 2050, which was 30% in Chapter 3 (excluding land 
use emissions) and 14% in Chapter 4 (including land use emissions). 

In addition, the supply potential of new bioenergy plantations is influenced by four methodological 
parameters, namely agricultural productivity, time horizon, natural succession (NS), and the use of 
dynamic EFs. High agricultural productivity can free up agricultural land for the production of bioenergy. 
When agricultural land is abandoned, the natural vegetation can grow back, which is a process known as 
NS. Accounting for future sequestered carbon as an EF for bioenergy significantly influences the total EF 
of bioenergy, as does the selection of a time horizon over which land-use emissions are amortized, 
considering the effects of temporally dynamic EFs compared with static EFs. For the scenario with more 
than 44 EJ in 2050, agricultural productivity is high, a long time horizon is selected over which the LUC 
emissions are amortized, and NS is excluded. This results in the clearing of agricultural land with minimal 
land use emissions and no CO2 penalty for NS. The combination of these determining factors results in 
this high and sustainable supply potential. In a potential low-supply scenario, almost no agricultural land 
is cleared because yield improvements are low. Moreover, a time horizon of 25 years and the inclusion 
of NS result in a supply potential of 0.5 EJ in 2050. 

Total energy system costs are strongly influenced by the GHG supply curves. In Chapter 3, the average 
cost in 2050 was estimated to be $330 billion, while in Chapter 4 it rose to $455 billion. The vast majority 
of this increase is accounted for by the electrification of industry (and to a lesser extent the transport 
sector), through the additional capacity for wind and solar energy, transmission infrastructure, and 
electrolyzers for hydrogen production. When a very limited sustainable bioenergy potential exists, the 
costs rise to over $500 billion for the same reasons mentioned earlier. 

Conclusion 

The main methodological conclusion of this thesis is that the model improvements provide improved 
insights into the role of biomass in achieving GHG emission reductions, particularly through enhanced 
coherence between the energy and land use systems. In addition, this thesis demonstrates that biomass 
can be the backbone of a future low-carbon energy system for Brazil, and also that biomass leads to 
lower energy system costs compared with other strategies.  

To support these findings, a need exists for measured data on carbon reservoirs and geological data for 
CO2 storage, so that modeled scenarios can be verified. In addition, land use policy is required to create 
correct preconditions for guaranteeing sustainable bioenergy production. This requires improvements in 
spatial policy by protecting areas with high carbon stock and high biodiversity value. Methodologically, 
research can be conducted into the role of NS. Without an 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 will have to become more productive sooner, which 
means that the use of fertilizers could increase. An improvement to the existing model would be to 
include CO2 reduction measures within sectors for the production of materials and energy-related 
services (i.e., usable energy), thus providing insight into the CO2-reduction potential of industry and the 
built environment in particular.  

Brazil is in an excellent position to meet its climate change mitigation targets due to its high renewable 
resource potential. A combination of the sustainable use of its renewable resources and thorough policy 
making can help Brazil to meet the goals of the Paris Agreement, largely based on a sustainable 
biobased economy. 
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