
 

 

 University of Groningen

The role of biomass in a low-carbon energy system
Lap, Tjerk

DOI:
10.33612/diss.252011492

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2022

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Lap, T. (2022). The role of biomass in a low-carbon energy system: capturing the complexity of biobased
options, land use and carbon balances in an energy system model demonstrated for Brazil. [Thesis fully
internal (DIV), University of Groningen]. University of Groningen. https://doi.org/10.33612/diss.252011492

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.252011492
https://research.rug.nl/en/publications/57f0ae5d-6b3b-4331-a67d-29ba542ab015
https://doi.org/10.33612/diss.252011492


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: 17PDF page: 17PDF page: 17PDF page: 17

 

1 
 

 

 

 

1 CHAPTER 1 
INTRODUCTION 

 
 

 

The climate of the earth is rapidly warming because of increasing levels of anthropogenic greenhouse 

gasses (GHGs) in the atmosphere. These rising levels are mainly the result of the combustion of fossil 

fuels (IPCC, 2022). The rising temperature will have major implications such as biodiversity loss, 

population displacement, sea level rise and extreme weather events (IPCC 2014a). The problems related 

to climate change have long been known, however before the Paris Agreement was ratified in 2015, only 

limited action was taken to mitigate climate change. This accord aims to maintain the  global 

temperature increase well below 2°C and pursue efforts to achieve a limit of 1.5°C of global warming 

above pre-industrial levels (IPCC 2018). To reach these targets, scientists have estimated (with a 66% 

certainty) that we can still emit 410-1170 Gt CO2-equivalents in the period 2018-2050 (IPCC 2018).  

Moreover, energy services are required to fulfil basic societal needs and foster human development (UN 

General Assembly 2018). Mitigating these emissions while fulfilling energy demand requires tremendous 

efforts, as the complete energy system needs to phase out the use of fossil fuels and substitute them 

with renewable sources of energy, such as solar- and wind energy and hydropower. Biomass is another 

option as a renewable energy source and has unique advantages in contrast to other renewable energy 

sources. First, biomass feedstock can be converted into multiple end-use services such as heat, power, 

transport fuels and as feedstock for biobased chemicals (Chum et al. 2011). Second, in contrast to 

intermittent sources such as solar and wind energy, biomass can deliver a stable supply of energy 

because it can be stored easily, which makes it easier to integrate into the existing energy system (Bauen 

et al. 2009a). Third, in some sectors (e.g., aviation and petrochemical), biomass is seen as the only 

feasible decarbonization option in the near future (Tsiropoulos 2016). Last, bioenergy requires limited 

use of rare earth metals, in contrast to other renewable energy technologies (Deetman et al. 2021; 

Tokimatsu et al. 2018).  

Currently, the production of renewable energy is 14% of the total primary energy supply, of which 

biomass contributes 65% (56 EJ) of all renewables (IEA 2021). Approximately 46% of this biomass is used 

in traditional ways, for cooking and heating in mostly developing countries (IEA 2018). While the use of 

traditional biomass has been quite steady over the last decades, the use of modern biomass has grown 

steadily (Nakada, Saygin, and Gielen 2014).  

In future climate change mitigation outlooks, the use of modern bioenergy is predicted to play an 

essential role. In the IPCCs sixth assessment report, the primary energy supply of bioenergy is estimated 

to be in the range between 75-248 EJ by 2050 (IPCC, 2022). Notably, the wide ranges in this report 

reflects the controversy around biomass. In general, biomass is regarded as carbon-neutral because the 

carbon trapped inside through photosynthesis, is eventually emitted back into the atmosphere when the 

biomass is combusted. However, biomass requires a large acreage of land and has a relatively low energy 

production per square meter (Fritsche et al. 2017). 
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Because of this need for land, the cultivation of biomass affects terrestrial carbon pools and requires 

resources for cultivation, transportation and conversion into final energy services. Consequently, the 

GHG emissions due to the cultivation of dedicated biomass for energy production can result in emission 

factors (EFs) similar to conventional fossil fuels (Chum et al. 2011). By contrast, other studies have even 

calculated negative EFs for bioenergy (Hoefnagels, Smeets, and Faaij 2010; Lange 2011; Merfort et al. 

2022). To assess the net benefits of bioenergy to reduce GHG emissions from the atmosphere through 

replacing fossil fuels, the complete lifecycle of bioenergy should be considered. This includes the 

following: 

• Possible GHG emissions due to changes in above- and below ground carbon stocks (Fargione et al. 

2008b); 

• Possible effects of indirect land use change (LUC; Lapola et al. 2010; Searchinger et al. 2008), where 

the production of bioenergy crops on agricultural land, may result in shifts of the initial agricultural 

practice towards natural biomes; 

• GHG emissions from cultivation, transportation, pre-treatment, and conversion to final energy 

carriers. 

The overall contribution of biomass in relation to climate change mitigation targets depends on changes 

in the energy system. While biomass can be used for different end-use services, other renewable energy 

sources can also contribute to these targets. Additionally, a decreasing energy demand, increasing 

energy efficiency, and CO2 capture and storage can result in climate change mitigation (Minx et al. 2017). 

While it is highly likely that all options are required (IPCC 2018), the question arises what options are the 

most effective, without causing other adverse societal effects, such as a loss of biodiversity (Immerzeel 

et al. 2014), depletion of fresh water resources (Mekonnen, Gerbens-Leenes, and Hoekstra 2015), 

threats to food security (Robledo-Abad et al. 2017), and unaffordable energy for all (McCollum et al. 

2017). On the other hand, bioenergy can result in positive effects, such as improvements to local food 

security (Egeskog et al. 2011), energy independence (Stromberg and Gasparatos 2012), and income 

diversification (Moraes et al. 2010). Moreover, when biomass is grown on degraded land, it can result in 

a net increase of soil organic carbon and improve the soil conditions (Wicke 2011). 

As energy systems are embedded in the liberal economic system, cost-competitiveness will determine 

which energy carrier can contribute to meeting energy demand services, while mitigating global warming 

(Poncelet 2017). The deployment pathway of bioenergy is therefore determined by 1) its ability to 

mitigate GHG emissions, 2) the supply potential, 3) cost-competitiveness with other renewable energy 

carriers, and 4) its ability to meet end-use service demand. Regarding these challenges, a need exists for 

methodologies that allow an exploration of the development pathways of complete energy systems. 

Over the past decades energy system models have been created to explore such pathways (Pfenninger, 

Hawkes, and Keirstead 2014). Nonetheless, the integration of biomass into these models has proven 

difficult (Angelis-Dimakis et al. 2011), especially because of the interconnection of the energy and land 

system (Daioglou 2016b). GHG emissions are not linearly tied to the consumption of energy, but can 

occur elsewhere in the world, as well as at different times compared with when the bioenergy is 

consumed (Koponen et al. 2018). Capturing these dynamics is essential to quantify the contribution of 

biomass to mitigate climate change and meet end-use service demand (Calvin et al. 2021). 



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: 19PDF page: 19PDF page: 19PDF page: 19

CHAPTER 1 

3 
 

 

C
h

ap
te

r 1
 

A biobased profile of Brazil – Tremendous potential with risks 

 

Brazil is a country in Latin America with a population of 212 million people and a GDP of US$ 1.88 

trillion (Worldbank 2022), of which a large share is related to its natural resources (OECD & FAO, 

2015). Brazil is globally known for the Amazon rainforest; covering an area of 6.7 million square 

kilometers, it is the largest rainforest in the world and often referred to as the Earth’s lungs. There 

is plenty of sunshine all year round; annual precipitation rates are relatively high; and Brazilian soil 

conditions are excellent for agriculture. Agriculture is Brazil’s major export sector and is the world’s 

largest supplier of sugar, soybeans, orange juice, and coffee (FAOSTAT 2020).  

In the 1930’s, the industrialization of Brazil’s economy sparked the need for energy sources (Santos 

2018). Around that time, the government started to actively investigate electricity production using 

hydropower dams, and the search for oil reserves also began. At the same time, the use of ethanol 

in cars was investigated, eventually leading to the construction of the first ethanol factory in the 

state of Alagoas (Rostand de Araújo Rodrigues 2000). Traditional use of biomass has been the 

primary source of energy during the first half of the 20th century (Santos 2018). After that period, 

energy use steadily grew, until the 1970’s. That period was marked by the global oil crisis, which hit 

the world in 1973. By that time, Brazil was largely dependent on oil imports (IEA, 2015) and the 

crisis caused the economy to take a step back. The government decided to launch the Brazilian 

Alcohol Program (PROALCOOL), to reduce the country’s dependence on international oil and to 

provide an additional market for sugarcane farmers (Goldemberg, Coelho, and Guardabassi 2008). 

This program was successful and made Brazil the largest ethanol producer in the world, until 

recently when this position was taken over by the United States (Walter et al. 2015). Currently, 

ethanol is mainly blended with gasoline and used in light-duty vehicles, and a special policy was 

created to guarantee a certain proportion of ethanol within the fuel. A similar blending target was 

created for biodiesel, which is mainly derived from soybean oil (EPE & MME, 2017). Currently, the 

total primary energy supply from bioenergy is nearly 4 EJ (25% of the total; EPE 2020).  

 

With the rising production of biofuels, concerns have been raised regarding the contribution of 

bioenergy with respect to deforestation and associated GHG emissions (Lapola et al. 2010). 

Historically, GHG emissions from land use, land use change and forestry (LULUCF) in Brazil have 

been high (Figure 1-1). However, over the past few years GHG emissions from the energy sector 

have been steadily growing. Moreover, the trends in the LULUFC sector fluctuate over time. Until 

around 2000, there was limited governance for ending deforestation (Brancalion et al. 2016). 

Although concerns have mainly been raised for the Amazonian rainforest, the Mata Atlantica (the 

Atlantic rainforest on the coast of east Brazil) and the Cerrado (the savannah/rainforest area 

located between the Mata Atalantica and the Amazon) are particularly heavily affected by 

deforestation, with reported deforestation rates of 88% and 46%, respectively (Crouzeilles et al. 

2017).  

 

In the past, the main drivers of deforestation were timber production, cattle farming and soybean 

cultivation (Bowman et al. 2012; R. D. Garrett et al. 2018). While these commodities can be linked 

directly to deforestation, the indirect effect of the production of biofuels gained attention in 2008, 

based on a scientific study by Timothy Searchinger (Searchinger et al. 2008). This study shows that 

the use of land for energy production causes other agricultural production to move to other areas, 

which is indirect LUC. This cascading effect eventually leads to the loss of forest area.  
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Figure 1-1: Total GHG emissions (Mt CO2-eq./y) in Brazil per sector (SEEG, 2022). 

Since 2005, deforestation has dropped because of a combination of factors. Satellite monitoring 

resulted in more effective monitoring of deforestation (Carreiras et al. 2014), protected areas for 

biodiversity and indigenous people were enforced (Soares-Filho et al. 2010), and the Forest Code 

was implemented (Soterroni et al. 2018). This law requires land owners to preserve a certain 

percentage of their land for native vegetation, and a 2012 revision introduced an obligation to 

restore illegally deforested areas (Soterroni et al. 2018). However, these policies are heavily 

contested, landowners did not comply to (Nepstad et al. 2014), and the implementation lags 

behind (Soterroni et al. 2018). For bioenergy and biobased products, certification schemes have 

been developed to ensure sustainable production, with prominent examples being the Roundtable 

on Sustainable Bioproducts (RSB) (Walter et al. 2018), and the soy and beef moratoria (R. D. Garrett 

et al. 2018). Furthermore, agro-ecological zoning (AEZ) is enforced, which involves assigning specific 

areas for sugarcane cultivation and restricting expansion into the Amazon and the Pantanal (de 

Andrade Junior et al. 2019). While the national sugarcane association (UNICA) is committed to this 

law, a full implementation has not yet been enforced (Follador et al. 2019). From an international 

perspective, the second renewable energy directive (RED II) of the European Commission (EC) set 

strict goals for GHG savings throughout the supply chain (Câmara et al. 2015; Mai-Moulin et al. 

2019). Yet, under the previous government led by president Bolsonaro until 2022, sustainability 

restrictions have been loosened and deforestation rates increased up to the highest levels in 15 

years (Reuters 2021).  

 

In support of the Paris Agreement, Brazil formulated its nationally determined contribution (NDC), 

which was updated in 2021 (Brazil Federal Government 2020). The main pledges are: i) to reduce 

GHG emissions by 43% by 2030, relative to the GHG emission levels in 2005, reaching net-zero 

targets by 2060, ii) to stop deforestation over the next decade, iii) to achieve 45% renewables in 

the energy mix by 2030, and iv) to achieve 18% biofuels in the energy mix by 2030. However, critics 

argue that climate goals are weakened in the updated NDC and it is uncertain whether sector-

specific goals still apply, in contrast to the 2016 version (Brazilian Government 2015). With respect 

to the goal of increasing the share of biofuels, the Brazilian government launched the National 

Biofuels Policy (RenovaBio) in December 2017. This policy aims to increase the consumption of 

biofuels and is supported by lifecycle assessment tools to quantify GHG emissions and incentivize 

low-carbon biofuels.  
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1.1 State of the art 

1.1.1 Tools: Energy system models 
A wide variety of energy system models exists for assessing the potential role of bioenergy for climate 

change mitigation. Energy system models are generally classified by their analytical approach and 

methodology (Pfenninger et al. 2014; Ringkjøb, Haugan, and Solbrekke 2018), where two main analytical 

approaches are distinguished: top-down models, and bottom-up models. Top-down models are 

economic driven, using long-term macroeconomic trends and relationships; however, their focus on 

economic sectors results in a lack of technological depth (Creutzig et al. 2012; Wicke et al. 2015). 

Bottom-up models are technology-driven, and contain detailed techno-economic information of energy 

conversion technologies. Apart from their approach, the methodology differs, with the following three 

main categories: simulation, optimization and equilibrium models. The focus of simulation models is to 

forecast envisaged energy system settings (such as new technologies) within a predefined setting (Lund 

et al. 2017). Optimization models use mathematical optimization technologies with an objective 

function, aiming to search for an optimal system design (Lopion et al. 2018; Loulou et al. 2005). A typical 

example is the so-called least-cost optimization models (LCOMs) also known as energy system 

optimization models (ESOMs), where the total system costs of an energy system is minimized given a set 

of constraints (e.g., the supply potential of energy carriers).  

Currently most energy markets are liberalized (Lund et al. 2017; Poncelet 2017), meaning that cost-

competitiveness is a critical factor that influences the composition of the energy system. In our current 

economic structure, economics largely influence the decision to switch from conventional- to renewable 

energy sources. To explore realistic energy system changes, energy system models should be capable of 

incorporating investment planning (Connolly et al. 2010; Pfenninger et al. 2014; Simoes et al. 2019). An 

additional prerequisite is that all end-use sectors should be part of an energy system, since our modern 

society demands specific forms of energy, such as transportation services, heating for houses and offices, 

electricity for electronic appliances, heat for industrial processes, and carbon molecules for the 

production of petrochemicals (Priesmann et al. 2021; Tsiropoulos et al. 2017).  

Energy planning, investment decisions and sectoral coverage are three factors that are usually covered 

by ESOMs (Pfenninger et al. 2014). However, because these models require numerous specific techno-

economic details for conversion technologies, end-use services, and energy supply potential, they can be 

complex and difficult to handle (Poncelet et al. 2016; Pye, Usher, and Strachan 2014). As a solution to 

this complexity, information is usually simplified (Li et al. 2019). While for example, each individual 

power plant has its own complex techno-economic set-up, the usual decision is to incorporate a generic 

set of power plants, with the essential techno-economic parameters that are representative for that 

specific energy system. The issue between simplified or detailed information was highlighted by 

Pfenninger et al. (2014) as one of the main challenges for analyzing modern energy systems, particularly 

related to the resolution of space and time. This applies especially to biomass, as the supply potential 

and associated LUC emissions are heterogenic spread over land (Daioglou et al. 2017; Panichelli and 

Gnansounou 2015; Woltjer et al. 2017a). 

1.1.2 Methods: Representation of space and time in ESOMs, in relation to biomass 
It is recommended dealing with the spatio-temporal resolution of biomass to assess its potential role in 

future low-carbon energy systems (Czyrnek-Delêtre et al. 2016; Popp et al. 2014). Such an assessment 

requires a detailed representation of the land system within energy system models (Panichelli and 

Gnansounou 2015). However, such models are not specifically designed to incorporate details of land 

systems, which is generally a weak point of energy system models. Integrated assessment models 

integrate both land- and energy systems into one model, mostly on global scale. However, because of 

their complexity the temporal and spatial levels of detail are often low (Wicke et al. 2015). While climate 

change mitigation policy, energy demand, and techno-economic detail of end-use sectors vary widely per 
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country, a preference for national-scale models over global models is recommended (Köberle et al. 2022; 

Krey et al. 2018).   

The most common method of modeling the CO2 emissions of energy carriers in energy system models is 

to link the emission factors to the consumption of energy. By multiplying the consumption with the EFs, 

the energy-related CO2 emissions are estimated. Other GHG emission sources are not always 

incorporated in energy system models. Typical examples are process emissions from industries and LUC 

related GHG emissions for the production of bioenergy (Fais, Sabio, and Strachan 2016; Panichelli and 

Gnansounou 2015; Pfenninger et al. 2014). While most GHG emissions are static by nature because they 

are linearly related to consumption or production, biomass related GHG emissions are dynamic. 

Interference in soil carbon stocks can cause emissions for multiple decades, and the decay of removed 

natural vegetation causes short-term initial sources of GHG emissions (Fargione et al. 2008b).  

The framework of ESOMs does partially fulfill the conditions for assessing the potential role of bioenergy 

for climate change mitigation. Nonetheless, improvements such as the spatio-temporal representation of 

biomass are required in both the modeling structure and input data to make accurate predictions of that 

potential role. The next section highlights the specific knowledge gaps that need to be addressed to 

improve the representation of bioenergy in energy optimization models.  

1.1.3 Research gap: Biobased technology portfolio 
The potential role of biobased technologies within energy system models is not always properly 

addressed. Biorefineries are expected to play a key role in the transition towards a low-carbon economy 

because they can yield useful energy carriers for many end-use sectors (Chen and Patel 2012; 

Tsiropoulos, Hoefnagels, van den Broek, Patel, and Andre P. C. Faaij 2017). Many studies assessing novel 

biorefinery concepts have uses techno-economic process modeling, where utilization of by-products 

within that biorefinery concept is studied (Ren et al. 2009). However, they ignore the possible utilization 

and potential synergetic use of biomass of those by-products in different sectors. Second, technological 

data of biorefineries and fossil counterparts lack detail, not only on a global, but also national scale. 

Tsiropoulos et al. (2017) assessed a full range of biotechnologies, as well as other fossil and renewable 

technologies, to be integrated into the energy system of the Netherlands. However, the modeling of oil 

refineries is simplified due to data complexity; therefore, the dynamic interaction between the fixed 

outputs of oil refineries (e.g., diesel, and naphtha) and their renewable substitutes is not optimally 

addressed (Brown and Brown 2017). In this light, the potential role of biobased naphtha as a renewable 

option for the petrochemical industry remains underexposed.  

Bioenergy carbon capture and storage ([BE]CCS) is seen as an important option to reduce net 

atmospheric GHG emissions and mitigate global warming (Fuss et al. 2018; IPCC 2018). To assess the 

contribution of BECCS as a GHG mitigation option in low-carbon trajectories, its complete chain should 

be considered, namely: capture, transport and storage. Abundant scientific literature is available on the 

abatement potential from (BE)CCS, such as for power production (Woolf, Lehmann, and Lee 2016), for 

ethanol production (Moreira et al. 2016), or the negative emission potential (Sanchez et al. 2018); 

however, the majority of the studies have analyzed the BECCS abatement potential based on the costs to 

mitigate CO2. Notably, the economic competition with other CDR technologies, and the competition for 

biomass to meet the demand for energy services are often not considered, as doing so would require an 

energy system analysis with a detailed representation of a BECCS chain. Selosse & Ricci (2017) and 

Butnar et al. (2020) have assessed the deployment of CCS within an energy system model. However, they 

used global models that do not specifically use spatio-temporal biomass supply potential, including 

associated LUC related GHG emissions and costs, which are essential for assessing the potential of BECCS 

in low-carbon energy systems (Hanssen et al. 2020). Other studies, such as those of Hanssen et al. (2020) 

and Bauer et al. (2018), have assessed BECCS within integrated assessment models (IAMs). These models 

demonstrate the BECCS potential in competition with other biomass end-uses and CDRs with different 



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: 23PDF page: 23PDF page: 23PDF page: 23

CHAPTER 1 

7 
 

 

C
h

ap
te

r 1
 

BECCS technologies. However, these IAMs operate on a global scale, which requires the aggregation of 

data (van Vuuren, Hoogwijk, et al. 2009) and can therefore lead to the over- or underestimation of 

certain results. The potential for CCS in Brazil, for instance, is classified as the ‘theoretical’ potential (CCS 

Institute 2016). While this estimate is the most comprehensive review of the geological storage potential 

in Brazil, this is likely to be used as input for integrated energy system assessments; consequently, its 

global warming mitigation potential could be overestimated within global CCS assessments. Additionally, 

the abovementioned global assessments do not specifically perform a source-sink matching analysis, 

which is recommended for making more accurate and realistic investment decisions (Bradshaw et al. 

2007).  

1.1.4 Research gap: Improving the temporal resolution of VRE in ESOMs 
A reliable and affordable power system capable of matching supply and demand, is considered critical for 

modern economies, as a stable supply of electricity is one of the back-bones of their development (IEA 

2013b). Bioenergy is known as a potential balancing agent for a reliable electricity grid (Arasto, 

Chiaramonti, Kiviluoma, Waldheim, et al. 2017; Panos and Kannan 2016). However, there are other 

options for balancing the intermittent supply of electricity from solar and wind energy, such as 

hydropower (Schmidt, Cancella, and Pereira 2016) and several storage options (Hunt, Freitas, and Pereira 

Junior 2017; Lund and Kempton 2008; Zappa, Junginger, and van den Broek 2019). Balancing of the 

power system requires an hourly temporal resolution (Deane, Drayton, and Ó Gallachóir 2014; 

Pfenninger et al. 2014), and is therefore, it is often analyzed using dedicated power system models, 

considering dispatchable power generation based on the merit-order approach (Brouwer et al. 2014; 

Staffell and Green 2016). However, these models often only assess the power system itself without 

considering the possible electrification of other sectors. Yet, the interplay between sectors can stimulate 

the reliability of the power system (Brown et al. 2018; Jacobson et al. 2015; Ringkjøb et al. 2018). 

Further, power system models are not designed to forecast sectorial electrification, whereas ESOMs are 

(Fattahi, Sijm, and Faaij 2020; Sharma et al. 2019).   

ESOMs are characterized by a low temporal resolution with aggregated time slices. They provide the 

opportunity to explore demand for electricity in different sectors and can assess the competition 

between multiple energy conversion technologies. The integration of high shares of variable renewable 

energy (VRE) power plants in ESOMs can lead to the underestimation of peak-load capacity in these 

models (González et al. 2015; Poncelet et al. 2016). Furthermore, ESOMs optimize on costs. VRE is 

advocated worldwide as one of the prime solutions for the decarbonization of the energy system. By 

integrating the supply potential and costs of VRE, its contribution to a low-carbon energy system can be 

analyzed. The potential of VRE is restricted to specific areas, and its deployment is to a large extent 

determined by available land (IRENA 2016b), but also by its social acceptability (e.g., the “not in my 

backyard” discussion; Brannstrom et al. 2017a; IEA 2013b). Additionally, as the transition towards low-

carbon energy systems can increase costs it is crucial to assess these costs, since energy should remain 

affordable -especially to the poorer in society- to foster economic and social development (IPCC 2014a; 

Von Stechow et al. 2016). 

More recently, the soft-linking of dedicated power system models and ESOMs was proposed to deal with 

the shortcomings of both power system models (dynamic interaction between sectors), and ESOMs (low 

temporal resolution; Deane et al. 2012). However, dynamics in the supply potential of energy sources 

that can act as balancing agents, and in the demand for electricity in other sectors are poorly 

investigated. Hydropower relies on rainfall, and climate change is expected to have a negative impact on 

the amount of rainfall in the future (van Vliet et al. 2016). For biomass, it is recognized that a large 

uncertainty exists in the future supply potential due to LUC emissions (Daioglou et al. 2019). On the 

demand side, electric vehicles (EVs) can play a crucial role in balancing demand and supply of electricity 

(Lund and Kempton 2008). By contrast, the growth in the demand for electricity due to a growing EV 

fleet can result in higher peak load for electricity when commuters start to recharge their batteries after 
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commuting, as demonstrated by Boβmann and Staffell for Germany and the UK (Boßmann and Staffell 

2015).  

All of the afore mentioned aspects (hourly temporal resolution, sectorial interlinkage, uncertain supply of 

balancing agents, and EV charging patterns) must be considered to quantify the share, and role of 

biomass within a low-carbon power system.  

1.1.5 Research gap: Improving temporal aspects of biomass related LUC emissions within 

ESOMs 
In simplified ESOMs, bioenergy emissions are defined as carbon neutral (Butnar et al. 2020; Drews, 

Larsen, and Peña Balderrama 2020; Panichelli and Gnansounou 2015), because the emitted carbon 

embodied in the biomass, originates from the atmosphere. However, this does not account for LUC 

emissions, which occur during different stages of bioenergy production. Emissions from clearing natural 

vegetation for new bioenergy plantations occur instantly, while those from decreasing soil organic 

carbon occur over a longer period, just like emissions related to bioenergy cultivation. The temporal 

dimension of LUC emissions is dynamic, in contrast to the static emissions of conventional hydrocarbon 

fuels.  

Modeling bioenergy with dynamic EFs influences the temporal deployment perspective of bioenergy. 

Higher short-term EFs (which are attenuated, because they spread out over time when static EFs are 

used) can weaken the demand when carbon restrictions become stringent, resulting in shifting strategies 

(other low-carbon technologies; and/or different timing of bioenergy deployment) to meet both energy 

demand and GHG emission restrictions. Additionally, the selection of a time horizon over which LUC 

emissions are amortized, influences the EFs of bioenergy (Plevin et al. 2010). In general the majority of 

LUC emissions occur during the conversion from one land type to another, due to clearings of the living 

biomass (Wise et al. 2015). When this spike in emissions is amortized over a longer time horizon, the EF 

per unit of produced energy is lower.  

Moreover, the effect of choosing a specific time horizon will have a large influence on bioenergy EFs as 

carbon stocks change over time (Koponen et al. 2018). The effect of the time horizon is typically well 

studied (Cowie et al. 2021), but its impact on demand in an integrated ESOM is less known. In addition, 

the methodological choice of a time horizon is required to compare different life cycle chains, and their 

global warming potential (Saez de Bikuña et al. 2018). From an LCA perspective, ESOMs can be regarded 

as a full system expansion (in terms of energy and global warming potential). In the sense of dynamic 

emissions, the methodological choice for a time horizon is no longer necessary, because dynamic EFs 

represent actual time-specific emissions and their direct effect is considered. 

1.1.6 Research gap: Improving the spatial resolution of biomass related LUC emissions and 

BECCS within ESOMs 
Limited studies have investigated the dynamic link between the spatially explicit GHG quantification of 

bioenergy and national energy systems, which is recommended by Köberle (2018) for assessing national 

GHG mitigation strategies. Czyrnek-Delêtre et al. (2016) claimed to be the first to assess the impact of 

LUC emissions on the demand for bioenergy in a low-carbon energy system. They demonstrated that the 

total primary bioenergy demand reduces by approximately 70% when LUC emissions are included, 

compared with a scenario excluding LUC emissions. This results in radical changes, especially in a low-

carbon transport sector. However, they only used bioenergy EFs that are static over time, and constant 

over space.  

Daioglou et al. (2017) and more recently Kalt et al. (2020) have developed a spatio-temporal method to 

quantify the EFs related to bioenergy production. They have shown the global supply potential of 

bioenergy per unit of associated GHG emissions, resulting in so-called emission supply curves, as 

originally  proposed by Haberl (2013). Daioglou et al. (2017) quantified both supply potential and 
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associated GHG emissions from crop cultivation per grid cell, revealing large differences per biome, as 

well as between grid cells within each biome. This highlights that spatially explicit methods are required 

to assess low-carbon biomass potential, due to its spatial heterogeneity. However, neither study 

assessed the dynamic interaction for multiple end-use applications for biomass (e.g. electricity 

production, renewable heat for the industry, feedstock for bio-chemical production), as they only 

assessed the impact for biomass and bioenergy production. Furthermore, they did not investigate how 

these EFs affect bioenergy deployment strategies when attempting to meet strict GHG constraints. 

Linking an energy system model to emission supply curves; allows for the assessment of the impact of 

LUC emission on biomass as climate change mitigation for the following reasons: 1) it includes the spatial 

heterogeneity of LUC; 2) the dynamic interaction between supply and demand for bioenergy can be 

assessed; and 3) the competition between various end-uses for bioenergy can also be assessed.  

As previously mentioned, BECCS is seen as an important option for net atmospheric GHG reduction to 

mitigate global warming (IPCC 2018). To assess the contribution of BECCS as a GHG mitigation option in 

low-carbon trajectories, its complete chain should be considered: capture, transport and storage, in 

competition with other decarbonization options. As mentioned in section 1.1.3, previous scientific 

literature do not specifically perform a spatially explicit source-sink matching analyses, which is 

recommended to make more accurate and realistic investment decisions (Bradshaw et al. 2007).  

1.2 Research gaps translated into modeling improvements 
To assess the contribution of bioenergy in a future low-carbon energy system, a modeling framework is 

required that can integrate spatio-temporal bioenergy related information from global land system models within a national 
energy system model. This is required for the investment planning of the energy system, and the model should be fed with local 
techno-economic data on energy assets, as well as infrastructure and supply locations. Based on the aforementioned research 
gaps, seven points of improvement are identified with respect to the modeling of bioenergy and materials in the context of an 

ESOM. The improvements are presented in  

Figure 1-2, next to the models and their characteristics, which are used to obtain input data for a 

national ESOM.  

The modeling improvements are as follows: 

1) Spatio-temporal bioenergy supply and GHG emissions 

By quantifying the combination of bioenergy supply potential, the associated LUC related GHG 

emissions and the production costs, the dynamic relationship between supply, GHG emissions, 

costs and demand for bioenergy can be assessed (Improvement A). 

 

2) Improving spatio-temporal aspects for carbon stocks and geographical sink locations 

Incorporating the natural dynamics of carbon fluxes can improve the rate- and timing of 

bioenergy deployment. Improvements are made on the temporal resolution of bioenergy EFs 

(Improvement B), accounting for foregone emissions on abandoned agricultural land by means 

of natural succession (Improvement C), and adding information on storage of CO2 in the deep 

subsurface (Improvement G). 

 

3) Biomass supply side improvements: 

More detailed information is required on the supply of biomass with regard to emissions from 

agricultural residues, as well as the division of energy crops into specific components (e.g. 

bagasse, and sugarcane juice) that can be used for different end-use applications (Improvement 

D). This leads to an increase in bioenergy conversion pathways to fulfill the demand for energy 

and materials.  
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Figure 1-2: Methodological framework to assess the contribution and pathways of bioenergy within a low-carbon energy system.  
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4) Power sector: 

Within the power sector, improving the temporal resolution of VRE can result in a better 

composition of the power mix, as the balance between supply and demand for electricity is 

improved (Improvement E). Furthermore, by coupling sectoral demand, the interlinkage 

between sectors results in a more accurate match between supply and demand of specific 

energy sources (Improvement F).  

 

5) Technological improvements: 

By integrating the demand for petrochemical products more options for decarbonization 

become available. In combination with expanding the technological profile of industrial plants 

and carbon capture technologies (Improvement F), this allows to investigating system-wide 

implications on decarbonization pathways beyond a specific sector. 

1.2.1 Modeling bioenergy deployment in Brazilian decarbonization pathways 
Multiple scientific studies have explored decarbonization pathways for Brazil using ESOMs. However, 

studies that focuses specifically on the integration of bioenergy are limited. The most likely reason for 

this is that modeling dynamic land and energy systems requires different models, which are rather 

complex by themselves (see Sections 1.1.5 and 1.1.6 for details). Nonetheless, bioenergy supplies 

currently approximately 25% of the Brazilian primary energy (EPE 2020), and estimates of supply 

potential suggests that bioenergy is one of the most promising low-carbon alternatives for fulfilling end-

use demand (Lossau et al. 2015; Welfle 2017; De Wit, Junginger, and Faaij 2013), even with very low, or 

even negative EFs (Hoefnagels et al. 2010). On the other hand, multiple have demonstrated that 

bioenergy production can lead to deforestation, and including these (in)direct LUC emissions results in 

EFs that can go beyond fossil fuels (Lapola et al. 2010).  

The only study to have specifically investigated the deployment of bioenergy in an energy system model 

dedicated to Brazil, is conducted by Köberle et al. (2022); where the land system is modelled with a high 

level of technological detail. Nonetheless, the authors argue that the model is not spatio-temporally 

explicit with respect to modeling bioenergy. The issue of short- and long term emissions in relation to 

bioenergy from either natural vegetation or abandoned agricultural land is mentioned specifically, with 

the notion that this can result in overestimation of land-based carbon sequestration. Furthermore, 

bioenergy EFs are based on average values for specific bioenergy crops.  

 

1.3 Aim and research questions 
The aim of this thesis is to investigate the contribution and deployment pathways of biomass in Brazil to 

mitigate climate change, using a cost-optimization energy system model. This research aims to improve 

the 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 main research questions (RQs) that provide insight towards this objective 

are 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 improved temporal resolution of VRE and biomass supply in ESOMs affect 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?  
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The main questions are addressed simultaneously throughout the various chapters of this thesis. Table 

1-1 provides an overview of which RQs are treated in which chapter: 

Table 1-1: 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 

 

1.4 Methods 

1.4.1 TIMES 
The TIMBRA model is used for this study. TIMBRA is an acronym of TIMES-Brazil, and the model is built 

upon the TIMES modeling framework. The framework of TIMES consists of two basic elements: 

technologies and commodities. The commodities are energy carriers and services (e.g., harvested coal, 

refined oil, electricity, and illumination) but other possibilities exist, such as emissions and materials. The 

commodities are transformed from one type to another by conversion technologies (e.g., oil refineries, 

power plants), together forming an energy network from supply to demand.  

The supply side illustrate the primary energy sources being characterized by the feedstock costs and the 

supply potential. The primary energy flows to the conversion technologies, which transform the primary 

energy into secondary energy. Conversion technologies comprise a set of characteristics, such as 

conversion efficiency, capacity factor, lifetime, cost and GHG emissions. The model is driven by the 

demand for useful energy (defined by the user). It depicts the optimal conversion pathways for the 

energy and materials system by solving a mathematical linear problem. The mathematical optimization is 

based on the net present value (NPV) of the total costs of the entire energy system (Loulou et al. 2005). 

The NPV (based on CAPEX, OPEX, feedstock costs and optional costs or revenues1) of all commodities is 

calculated and the model selects the lowest cost options to fulfill the final demand. Policy constraints 

such as the blending rate or subsidies can be applied to force the model to select a specific commodity or 

technology for producing energy or materials to fulfill the final demand.  

1.4.2 TIMBRA 
This research builds on the TIMES-Brazil model developed by Nogueira (2016). The inputs for the model 

are based on research condusted with MESSAGE-Brazil (e.g. (Dijkstra, Kipping, and Mézière 2015a; Dutra 

and Szklo 2008; Herreras Martínez et al. 2015; Soria et al. 2016)). TIMES-Brazil covers the entire energy 

system of the country including the main sectors of: industry, transportation, residential & commercial 

and agriculture. The reference energy system (RES) is a representation of the energy system of Brazil for 

the year 2010. It includes a full portfolio of fossil and renewable energy technologies for the production 

 
1 Optional costs or revenues can be for instance subsidies or a carbon tax.  
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of electricity and fuels for the present and future situation. The supply potentials and costs of the most 

important primary energy sources (oil, coal, natural gas, biomass, solar, wind and hydro) are available 

and the useful demand2 for energy for all sectors is included based on previous studies (de Lucena, 

Schaeffer, & Szklo, 2010; EPE & MME, 2007; Nogueira et al., 2014). The operating timeframe of the 

model runs from 2010 to 2050 with time steps of five years and is calibrated for the existing situation in 

2015 based on data from the Brazilian energy research company EPE (EPE, 2015). Energy efficiency 

measures are present in the transport sector of TIMES-Brazil but not in the other sectors.  

Furthermore, climate policy is included in TIMBRA by applying a carbon budget. The carbon budget 

refers to the volume of GHG emissions that Brazil may emit (for the period 2010-2050) to prevent global 

warming from surpassing the 2°C limit, and in this study it is set to 16 Gt CO2-eq. according to estimates 

from Rochedo et al. (2018). In this study, the carbon budget is associated only with the energy system. 

The emissions from LUC for bioenergy production and the emissions related to the cultivation of those 

bioenergy crops are thus included in the carbon budget for the energy system.  

1.5 Thesis outline 
Throughout this thesis, different modules of TIMBRA are improved, related to the integration of biomass. 

Three sections can be distinguished: an introduction of novel biomass technologies (Chapters II and V), 

improving the spatial resolution (Chapters II, III and IV), and improving the temporal resolution (Chapter 

III and IV). In each chapter, the implications towards utilizing biomass for the low-carbon energy demand 

in a Brazilian energy system are discussed, in relation to the studied improvements.   

Chapter 2 addresses RQ 1 as a new module for biobased chemicals is integrated within the TIMBRA 

modeling structure. At the same time, the complete bioenergy conversion technology portofolio and the 

possible biomass feedstock are revised and updated. This ensures that the cost-competitiveness of 

bioenergy can be assessed in comparison with other renewable and fossil energy carriers. Furthermore, 

the end-use services are updated. A new module for petrochemicals is created within TIMBRA, based on 

per capita demand projections for petrochemicals. Moreover, the transport sector is updated with novel 

transport modes, including modes fueled with electricity, biomass and hydrogen. Additionally, a 

sensitivity analysis is performed to highlight which parameters have the highest impact on the TIMBRA 

results, and to prioritize which parts require specific attention to improve the accuracy of TIMBRA.  

Chapter 3 assesses RQs 2 and 3. The temporal resolution of the power system is investigated by soft-

linking TIMBRA with the dedicated power system simulation model PowerPlan (Benders 1996). Electricity 

production and demand must be matched on an hourly basis, for a reliable electricity system. With the 

increased penetration of variable solar and wind energy, buffer capacity is required to guarantee a stable 

power grid. Different options -hydropower and biomass-, and challenges -EVs and vulnerable 

hydropower supply- are studied in relation to power grid reliability.  

Chapter 4 addresses RQs 2 and 3 specifically as spatially explicit biomass GHG-supply curves are 

integrated into TIMBRA. The temporal aspects of LUC related GHG emissions are addressed as formerly 

static EFs are disentangled into short-term emissions which occur directly during the removal of the 

original vegetation, and long term emissions which occur during the cultivation of biomass and due to 

changes in soil carbon pools. Additionally, the sensitivity of the low-carbon bioenergy supply potential is 

assessed related to the following four key determining parameters: agricultural productivity, time 

horizon, accounting for natural succession, and the temporal resolution of LUC emissions. The created 

set of scenarios is used to demonstrate the varying impact on biomass supply and demand within the 

Brazilian energy mix.  

 
2 The demand for useful energy services like e.g. illumination, transportation kilometers, etc.  
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Chapter 5 investigates the potential role of BECCS, and touches upon all four RQs. The complete BECCS 

chain is assessed within TIMBRA. A detailed analysis is conducted on Brazilian sink locations for 

geological CO2 storage, resulting in the selection of the Paraná basin as a prime location for Gigatonne 

CO2 storage. The storage potential, injection rates and associated storage costs are assessed in a spatially 

explicitly manner, resulting in cost-storage curves that are used as input for the TIMBRA model. The level 

of detail on the storage side of the chain, in combination with the detailed spatio-temporal biomass GHG 

supply potential within TIMBRA, allows for the investigation of the BECCS deployment pathways.  



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: 31PDF page: 31PDF page: 31PDF page: 31

CHAPTER 1 

15 
 

 

C
h

ap
te

r 1
 



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: 32PDF page: 32PDF page: 32PDF page: 32

 

16 
 

 


	Chapter 1

