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Abstract           
 
This study provides insights in the costs of CO2 capture and storage in combination 
with bioethanol production from sugarcane in Brazil on the short term (2015) and mid 
term (2030). Some capture and storage technologies are compared to find the most 
cost effective combinations to mitigate CO2 emissions. 
CO2 capture can be applied during the production of ethanol.  In this study CO2 
capture from fermentation and post-combustion capture from a bagasse powered CHP 
are researched. As post-combustion capture technology Chilled Ammonia Process 
(CAP) is studied. The CO2 storage options are: storage in aquifers (underground layer 
of water-bearing permeable rock) or oilfields. If CO2 is injected in oilfield extra oil 
can be recovered (EOR). 
To compare these technologies 4 scenarios are used. In scenario 1 current ethanol 
factories are studied, CO2 is captured from fermentation and aquifers are used for 
storage. Scenario 2 is similar to scenario 1, but in this case new ethanol factories are 
study in the period 2015-2025. In scenario 3 new ethanol plants are studied in the 
period 2025-2030, CO2 is captured from fermentation and from the flue gas from the 
CHP and aquifers are used for storage. Scenario 4 is similar to scenario 3, except for 
storage. In scenario 4 the CO2 is stored in oilfields and extra oil is produced. 
The results of the study are that on the short term scenario 2 is most cost-effective. 
The CO2 reduction costs range from €19,30 to €28,59 /t CO2. On the mid term 
scenario 4 is most cost effective. In this scenario there are revenues from storing CO2 
due to the extra oil production. The revenues are €150,21/ t CO2 reduced. 
However, the extra oil production leads to an increase in emissions.  
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1. Introduction	 	 	 	 	 	 	 	 	
 
Raised levels of greenhouse gases (GHG) have influenced the global climate (IPCC, 
2007). According to the Intergovernmental Panel on Climate Change (IPCC) it is very 
likely that the increase in global temperatures is due to the observed increase in 
anthropogenic GHG emissions (IPCC, 2007). The levels of GHG are still increasing, 
because burning of fossil fuels contributes to a higher GHG level. Higher GHG levels 
are expected to change the climate even more and increase the threat of abrupt climate 
change. (Read and Lermit, 2005; National Academy of Science, 2001).  
To minimize climate change, a reduction of GHG emissions, and particularly CO2 
emissions, is needed (IPCC, 2007). According to the IPCC, carbon capture and 
storage (CCS) is one of the key technologies to reduce CO2 emissions (IPCC, 2007; 
World Energy Assessment, 2001). Nevertheless, it is important to keep in mind that a 
fossil-fuel based energy system with CCS always has a positive net CO2 emission 
(Möllersten et al, 2002). Besides the deployment of CCS to fossil fuel based energy 
systems, CCS can be applied on biomass based energy systems. Carbon emissions 
from biomass conversion processes can be captured and stored as well. (Azar et al, 
2006; Obersteiner et al, 2002). The biomass has absorbed CO2 during it growing 
phase and this CO2 is released in the atmosphere again when the biomass decays or is 
burned. 
This combination of bio-energy combined with CCS is also known as BECCS. If bio-
energy is produced from biomass carbon can be captured and stored. In this way 
BECSS results in a negative CO2 emission; this means that CO2 is withdrawn from 
the atmosphere (Read and Lermit, 2005).  
 
A biomass energy system can deliver a range of energy carriers. Biomass can be 
converted into heat, biofuels, electricity or hydrogen while CO2 is avoided from the 
atmosphere. If CCS to biomass is widely applied, the global energy system could 
produce biomass energy carriers and reduce the CO2 levels at the same time (Azar et 
al, 2006). However, the techno-economic feasibility of such options needs to be 
studied in more detail. In this study the focus is on bioethanol. Bioethanol is 
recognized as a potential alternative for petroleum-derived transportation fuels 
(BNDES and CGEE, 2008) (Martin et al, 2002). 
 
Bioethanol is produced at a large scale in several countries. This gives an opportunity 
for applying CCS in the near future. The US and Brazil are the largest producers of 
bioethanol. For this study Brazil is selected as case study, because this country has a) 
a growing economy and therefore is a main target for CO2 reduction measures and b) 
installed ethanol production plants which produce a substantial amount of ethanol. 
(Soccol et al., 2009).  
 
Brazil is interesting from a bioethanol point of view; if BECCS will be applied the 
captured CO2 needs to be stored. Therefore, the sources and sinks have to be 
optimally matched. CO2 can be stored by injecting the CO2 into underground 
reservoirs. (Rockett et al., 2011) There are different types of underground CO2 storage 
sites: aquifers, unmined coal seams and (partly) depleted oil- and gas fields.  In this 
research there will be a focus on storing CO2 in aquifers and oilfields. 
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All in all, bioethanol and CCS seem promising technologies for reducing CO2 
emissions (IPCC, 2007). There are opportunities for Brazil because there is a 
substantial biofuel production system which can compete with petroleum-derived 
fuels. In this research the opportunities for the short term (2015) and the midterm 
(2030) will be researched. 
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2. Research	questions	 	 	 	 	 	 	
 
The objective of this study is to assess the techno-economic feasibility of bioethanol 
production combined with CCS technologies in Brazil. The CCS technologies which 
will be studied in this thesis are CO2 capture from fermentation and capture from the 
flue gas of the CHP. As mentioned in the introduction, CO2 storage can take place in 
aquifers and oilfields. These capture and storage alternatives are combined in 
scenarios. These scenarios will be compared on cost-effectiveness. 
This leads to the following research question: 
  

Which scenarios are the most cost effective to mitigate CO2 emissions when 
bioethanol production is combined with CCS in Brazil on the short term 
(2015) and mid term (2030)? 

 
To answer the main research question other sub-questions have been defined: 
-Where are the CO2 sources (bioethanol factories) and sinks located? 
-What are the capturing costs if CO2 is captured from different processes in the 

ethanol production? 
-What are the costs of CO2 transport and storage in aquifers and oilfields?  
 
 
Research framework: 
-Time period 2015 and 2030. 
-Focus on south-east region in Brazil. 
-Only direct emissions will be taken into account. 
-CO2 transport will be done by pipeline. 
 

Approach 
For the short term CO2 will be captured from fermentation only and CO2 will be 
stored in aquifers. For 2030 capturing will take place not only at the fermentation 
stage, but also at the cogeneration of heat and power. Therefore, different capturing 
and storing technologies will be compared. In 2030 CO2 storage in aquifers and 
oilfields will be compared. The technologies are described in section 3, the literature 
background. A complete description of the scenarios can be found in section 4, the 
methodology. 
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3. Literature	background	 	 	 	 	 	

3.1 Ethanol production processes 
 
Ethanol is produced from sugarcane in ethanol factories. To produce ethanol from 
sugarcane several processes are needed. A key process is fermentation of sugar to 
ethanol. The chemical reaction of fermentation is shown in Eq 3.1. 
 

2526126 22 COOHHCOHC         

Eq 3.1 
One molecule of glucose is converted into two ethanol molecules and two carbon 
dioxide molecules. The fermentation takes place in an anaerobic environment and the 
only gas which is formed is CO2. The CO2 can be captured at the fermentation 
process. After the fermentation process the ethanol concentration is about 8% 
(Ensinas et al, 2007). To concentrate the ethanol is distilled. Hydrous ethanol is 
obtained by stripping and rectifying processes. From the hydrous ethanol anhydrous 
ethanol can be produced. The water content from the hydrous ethanol is lowered.  
A waste flow from the sugarcane fermentation is bagasse. This bagasse is currently 
used to produce power and heat. Heat and power and required for the processes in the 
ethanol producing factory. By using the waste bagasse to produce heat and power the 
ethanol factory is self-sufficient in its energy consumption (BNDES and CGEE, 
2008).   
 

3.2 Energy and material flows in sugarcane ethanol plant 
 
In an ethanol plant several processes are needed to produce ethanol from sugarcane. 
These processes require heat, mechanical or electrical energy inputs. In Figure 3.1a 
schematic representation of material flows and processes in a sugarcane ethanol 
factory is presented. 
 
Figure 3.1: Schematic representation of energy and material flows in ethanol factory 

 
Source: Based on BNDES and CGEE, 2008 and Modesto et al, 2009. 
 
The sugarcane is fed to the extraction system where the sugarcane is crushed. The 
products after crushing are sugarcane juice and bagasse. The juice is fermented and 
ethanol and CO2 is formed. The ethanol from fermentation is a mixture of water and 
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ethanol. The water content in the solution has to be lowered. This is done by 
distillation.  
The bagasse is burned in a boiler and power is produced by the turbine. At the same 
time steam is produced and that steam is used in the ethanol factory. Partly the steam 
is used for work (e.g. crushing and pumping) and a part of the steam is used for 
heating and distilling. Some ethanol factories use an electrical powered crusher, and 
some use a steam powered crusher. In the study of Modesto et al (2009) three types of 
ethanol factories are compared.  
The first case is a ‘traditional’ ethanol factory which is equipped with a mill as 
extraction system. In the second case the mill is replaced by a diffuser. In the third 
case the mechanical drive of the extraction system is replaced by an electrical drive 
and heat integration is installed. This leads to different energy demands for each case. 
For future ethanol plants in this thesis case III is studied (Modesto et al, 2009). An 
overview of energy and material flows of the study of Modesto et al (2009) can be 
found in Appendix Table 11.1. 
 
It should be noted that the input size of future ethanol factories is 2 Mt sugarcane per 
year in Brazil (Macedo et al, 2008) (Cavalett et al, 2012) (Ensinas et al, 2007) (Dias et 
al, 2011). However, not all sugarcane is converted into ethanol. According to Cavalett 
et al (2012) 30% of all ethanol facilities produce only ethanol. The other 70% of the 
ethanol facilities produce ethanol and sugar. These facilities use half of the juice to 
produce sugar and the other half for producing ethanol (Cavalett et al, 2012).  
 

3.3 Cogeneration - Steam turbine CHP 
 
An ethanol producing factory requires heat and power. If CCS is applied, the energy 
requirements will increase. In the case of post combustion capturing there is a need 
for heat to regenerate the solvents and power for the compression of the CO2.   
 
The basic principle for steam turbines is that a heat source heats water to high 
pressure steam. The steam is fed to a turbine which produces power and in some cases 
(extraction steam turbine) medium/low pressure steam (ter Telgte 2012). In some 
currently installed ethanol factories not only power is generated, but also steam at 
medium pressure is used to drive equipment such as a crusher (Modesto et al, 2009). 
The flue gas from burning the bagasse contains CO2. The CO2 can be captured from 
the flue gas. If there are contaminants which react with the solvent the flue gas needs 
to be scrubbed. 
 

3.4 CO2 Capture 
 

CO2 capture can take place in the production chain from biomass to ethanol. The most 
attractive option to capture CO2 is from the fermentation process, because the CO2 
concentration is almost 100% (Faaij, 2006) (Efe et al, 2005). 
Current sugarcane ethanol factories are equipped with a boiler or CHP equipment. 
Bagasse is combusted to generate heat and/or power. CO2 can be captured from this 
process as well, although the costs are higher. The flue gas from the combustion of 
bagasse contains around 15% CO2 (Efe et al, 2005).  
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CO2 capture from steam turbine CHP 
A post-combustion technology captures CO2 from flue gases. When fuel is combusted 
with air the flue gases consist of a mixture of gases, such as N2, CO2, NO2 and SO2. 
To separate the CO2 from the flue gases several technologies can be used (IPCC, 
2005). These technologies include: separation with a sorbent/solvent, membrane or 
cryogenic distillation.  
From these separation technologies chemical solvents are currently the most attractive 
technology (IPCC, 2005). The chemical solvents are favorable because they offer 
higher capture efficiency and selectivity. Amine based solvents are most developed 
(ter Telgte, 2012). Currently, MEA is the most interesting for post-combustion 
capturing on the short term. However, in this research in the short term CO2 will only 
be captured from fermentation and in that case there is no need for capturing CO2 with 
solvents. 
In future it is expected that other solvents will perform better than MEA, ammonia for 
instance. Therefore, for the 2030 case the focus is on carbon capturing with chilled 
ammonia. 

Ammonia solvents 
Several reports indicate that ammonia solvents have some major advantages over 
amine based solvents. The CO2 loading is higher, lower stripping energy is required, it 
is tolerant to oxygen in flue gas and ammonia does not irreversibly react with 
SO2/NOx. (GEA, 2012) (ter Telgte, 2012.) 
One major drawback of ammonia is its volatility at ambient temperatures. At ambient 
temperature there is ‘slip’ of ammonia. To reduce ammonia slip the flue gas is cooled 
and a capturing vessel can be installed (Bandyopadhyay, 2011). The process of 
Chilled ammonia (CAP) is shown in Figure 3.2.  
The flue gas is cooled in vessel 1. The cooled flue gas is fed to the absorber (2), where 
the solvent is distributed over a packing material to ensure good mixing conditions 
(Jilvero et al, 2012). Afterwards the CO2 rich solvent is pressurized and heated in the 
rich/lean heat exchanger (3). The CO2 rich solvent is fed to the desorption vessel (4) 
where the solvent is heated to reverse the reaction. The then almost pure CO2 is fed to 
a washer (7) to increase purity of CO2. The CO2 is then compressed (8). 
To reduce ammonia slip a water wash is installed (5) with an ammonia stripper (6). 
The ammonia stripper requires heat as well.  
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Figure 3.2: Schematic representation of CAP 

 
Source: Jilvero et al, 2012 
 
The energy requirement for ammonia is reported at 1.1-2.1 MJ/kg CO2 captured, 
compared to 3.7-4.2 MJ/kg CO2 for MEA (Bandyopadhyay, 2011) (ter Telgte, 2012).  
The required energy for regeneration range for ammonia is lower than the energy 
requirement for MEA, although the energy regeneration requirement range for 
ammonia is still broad (Jilvero et al, 2012) (Valenti et al, 2012). 
Bandyopadhyay (2011) mentions a low value for the CAP process. Its value is based 
on a test from Powerspan (Bandyopadhyay, 2011). The same project is researched by 
Jilvero et al (2012), who concluded that the energy requirements for CAP are at least 
2.1 MJ/ kg CO2. This also presented in Figure 3.3. 
If a heat exchanger is installed the sensible heat decreases, but on the other hand the 
heat requirement for heat of reaction increases. So, the net energy requirement 
remains around 2.2 MJ/kg CO2. This also shown in Figure 3.3. The energy 
requirements can become lower than 2.2 MJ/kg CO2 captured, but then the capturing 
efficiency becomes lower too (Jilvero et al, 2012). Therefore, in this research the heat 
requirement used will be 2200 kJ/kg CO2 captured.  
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Figure 3.3: Energy requirements for CAP. (Graph a shows energy requirements with a 
stripper; graph b presents energy requirements of a stripper with heat exchanger) 

 
Source: Jilvero et al, 2012 
 
The costs of CAP are described in literature (Valenti et al, 2012). The costs are 180M 
€ for all the capturing equipment. Although the fuel input in the study of Valenti et al 
(2012) is coal instead of biomass it is expected that the overall costs of capturing CO2 
do not change, because the equipment for biomass is similar. The only difference is 
that the CO2 concentration from bagasse is lower than for coal. Therefore, the 
installation must be scaled up because the flue gas volume is higher for the same 
amount of CO2. 

 

3.5 CO2 compression 
After capture, the CO2 has to be compressed in order to transport the CO2. The CO2 
will be compressed to at least 73.8 bar to reach supercritical state, which is presented 
in figure 3.6. The supercritical state has some very useful characteristics. Supercritical 
CO2 has the density of a liquid and the compressibility of a gas. Moreover, the phase 
changes (e.g. from supercritical to gas or from supercritical to fluid) do not release or 
require heat. This characteristic avoids the need to handle the heat from phase changes 
(IPCC, 2005). As is presented in Figure 3.4, the CO2 is supercritical when the 
temperature is above 30°C.  The CO2 will be transported in a dense phase. 
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Figure 3.4: Phase diagram of pure CO2 with the phase at any given temperature and 
pressure 

 
Source: IEA, 2010. 
 
In Figure 3.4 the conditions of the dense phase and supercritical state for pure CO2 is 
shown. If the pressure is above 73.8 bar and the temperature is below 32ºC the CO2 is 
in a dense phase. To ensure that the CO2 remains in the dense phase during pipeline 
transport a safety margin is used. The pressure of the CO2 should be at least 80 bar 
during transport.  
 

Centrifugal compressor 
The centrifugal compressor train consists of a number of compressors. Each of the 
compressors feeds the following compressor. Between the compressors intercoolers 
are installed, to cool the CO2 down (and dehydration if needed). After the compressor 
train the CO2 the pressure is increased by a pump (Hendriks and Graus, 2004).  
The energy requirements for compressing the CO2 to the dense state will be clarified 
in the methodology. 
 

Ramgen compressor 
This type of compressor is different from a centrifugal compressor. A centrifugal 
compressor is limited by the rotor tip speed. The rotor tip should not exceed the speed 
of sound, to prevent shockwaves.  
In contrast to the centrifugal compressors, the Ramgen compressor uses a shock wave 
to compress CO2 (Baldwin, 2009). Due to the different approach a Ramgen 
compressor can achieve high compressions ratios per stage (compression ratios of 
over 10 can be achieved). A two stage Ramgen compressor is capable of reaching an 
outlet pressure of over 100 atm.  
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Figure 3.5: Principle of Ramgen Compressor 

 
 
Source: Adapted from Baldwin (2009). 
 
Figure 3.5 shows the principles of the Ramgen compressor. The rotor turns around at 
high speed and the rotor rim causes planar shocks. These shocks compress the CO2.  
Due to its simple design Ramgen compressors are smaller and cheaper than a 
centrifugal compressor train (Baldwin, 2009). 
 

3.6 CO2 transport 
 
In this section the background of CO2 transport will be studied. To plan the pipelines 
it is necessary to find out where the sources (ethanol factories) and the sinks (aquifers 
or oilfields) are located, or will be located in the 2030 scenarios.  

Location of sources 

The sources of CO2 are the ethanol producing factories. For the short term already 
installed ethanol factories will be taken as sources. For the midterm some ethanol 
factories have to be built in future. These new ethanol factories will be taken into 
account for this research. Therefore, no exact location of sources can be pointed out. 
However, the future ethanol producing factories will be located near the areas where 
the sugarcane is cultivated.  Land use studies will be used to estimate where future 
ethanol plants will be located. In section 4.3 the method is described to locate the 
future ethanol plants. 
An example of land use maps of INPE (2013) shows the location of current and future 
sugarcane plantations. 
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Figure 3.6: Sugarcane land use in the period 2010-2030 

 
Source: INPE, 2013 

Location of sinks 
On the short term aquifers will be used for CO2 storage. For the midterm oilfields will 
be taken into account as well. 
For carbon sequestration underground formations are needed at a depth of at least 800 
meters. At this depth the downhole pressure is sufficient to ensure that the CO2 will 
remain in a dense state.  

Aquifers 
The underground formations have been studied. In this thesis the results of Ketzer et 
al (2007), Tankard et al (1995) and Rockett et al (2011) will be used.  
According to Ketzer et al (2007) a potential interesting area for carbon sequestration 
is the Paraná basin. A cross section of the Paraná basin is presented in Figure 3.7. 
Figure 3.7: Schematic cross section of the Paraná Basin 

 
Source: Ketzer et al, 2007. 
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This cross section is from the northwest (left) to the southeast (right). In this figure 
several layers are shown. A fresh water aquifer (Guarani) is located in the same area, 
but that will not be considered for sequestration beacuse it is not located deep enough 
and moreover, it is used as fresh water source. Figure 3.7 also shows Devonian and 
Permian saline aquifers, these are considered suitable for carbon sequestration.  
 
In the study of Tankard et al (1995) several cross sections of the underground of 
Brazil have been made. From the cross section several layers seem to be suitable for 
carbon sequestration. The map and cross-sections from Tankard et al (1995) can be 
found in Appendix Figure 11.1 and Figure 11.2. The Permian layer is the most 
promising for CO2 sequastration. It consists of porous sand and limestone and is 
located at a depth between 4000 and 4500 meters. 
The location of Permian aquifers is given by the study of Tankard et al (1995). 
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Figure 3.8: Geology of layers in the Late Permian 

 
Source: Tankard et al, 1995 
 
According to Rockett et al (2011) the Rio Bonito formation is suitable for carbon 
sequestration. The Rio Bonito formation consists of porous material such as sandstone 
and limestone (Tankard et al, 1995). Sandstone is presented as an dotted area in 
Figure 3.8. The dotted area within the blue circle will be used in this thesis for CO2 
storage. As can be seen in Figure 3.6 and Figure 3.8 the sink area is right beneath the 
sugarcane plantation area.  
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Oilfields 
Oilfields for EOR were studied by Rockett (2010). The oilfields are located offshore 
in the Campos Basin. The storage capacity per oilfield is also presented in  
Figure 3.9 (CO2 storage capacity is Capacidade de Armazenamento de CO2 in 
Portuguese). The oilfields can also be used to produce extra oil due to CO2 injection. 
In section 3.8 enhanced oil recovery is clarified. 
 
Figure 3.9: Location and storage capacity of oilfields in the Campos Basin 

 
Source: Rockett, 2010 
 

3.7 Injection wells 
 
Injection wells require high investment costs and therefore the injection wells have a 
large influence on the price of storing CO2 (Brederode, 2008; Rockett, 2010). The 
maximum injectivity rate is dependent on the permeability and thickness of the rock 
formations. Some studies show high permeabilities and injection rates. For instance; 
in the Sleipner formation the permeability is higher than 1500 mD (Zweigel et al, 
2004, Lindeberg and Bergmo, 2002) and 1 Mt CO2 year-1 is stored (Korbol and 
Kaddour, 1995).  
The injectivity rate for the aquifers is assumed to be 1 Mt CO2 year per injection well. 
For the offshore oilfields the injectivity differs per oilfield. The characteristics of the 
oilfields can be found in Appendix Table 11.2 and Table 11.3.  
 

3.8 Enhanced oil recovery 
 
In this thesis CO2 sequestration in oilfields will also be researched. Enhanced oil 
recovery (EOR) is already applied in some oilfields, although the primary goal of 
these projects is to increase oil production and not CO2 sequestration.  
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Not every oilfield is suitable for EOR.  If oil is produced using conventional methods 
only 5-40 % of the original oil in the field is recovered by primary production. Water 
flooding can be used as secondary recovery and it produces another 10-20% of 
original oil in place (IPCC, 2005).  
 
Figure 3.10: Production profile of an oil field  

 
Source: Hertwich et al, 2008 
 
Figure 3.10 shows three stages of oil production for a particular field (Draugen). The 
first stage is ‘oil normal’ which is started in 1993 in this particular case. Oil is 
produced after wells are drilled. After a while the oil production peaks (1999) and the 
second stage is started: water flooding (in the year 2000). The third stage is CO2 
injection. The CO2 injection increases the oil production. In Figure 3.10 the extra oil 
production due to CO2 injection is represented by the gray shaded area. CO2 injection 
can only take place after the water flooding stage. 
The CO2 demand is not constant over time. At first CO2 will be injected and it can 
take 18 to 24 months before extra oil is produced after the initial injection (Godec, 
2011). After a year extra oil is produced from the oilfield. The more CO2 is injected, 
the more oil is produced. After 4 years the amount of CO2 in the oil increases. Some 
of the CO2 will come out of the oilfield together with the oil as an oil/CO2 mixture. 
The CO2 from the oil can be reinjected. This process is also shown in Figure 3.11. 
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Figure 3.11: Profiles of oil production and CO2 injection  

 
Source: Godec, 2011 
 
It is shown that the share of recycled CO2 becomes larger over time, the ‘purchased 
CO2’ decreases over time.  
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4. Methodology		 	 	 	 	 	 	 		
 
The goal of this research is to compare technologies on to find the costs of negative 
emissions. In this section it will be clarified how the CO2 reduction costs per 
technology will be calculated. Therefore, the structure of the methodology is as 
follows: first the scenarios are briefly described. Then, the emissions calculations per 
scenario are explained. Afterwards, each relevant technology from ethanol production 
until the injection well is clarified. Note that the technical and economic performances 
for the short and midterm are clarified per technology. 

4.1 Scenario overview 
 
The technological combinations and timeframes studied in this thesis are presented in 
Figure 4.1, where four main scenarios can be distinguished. 
 
Figure 4.1: Overview of technological paths 

2015
Existing plants  
fermentation

AquifersScenario 1

2015-2025
New plants 

fermentation
AquifersScenario2

2025-2030
New plants

Fermentation and 
CHP

AquifersScenario3

OilfieldsScenario 4

 
 
In the 2015 scenario CO2 will be captured from fermentation only at existing ethanol 
factories; CO2 is stored in aquifers. Scenario 2 is similar to scenario 1; the difference 
is that new ethanol factories are included. In scenario 3, from 2025 onwards, CO2 will 
be captured from fermentation and from the flue gas of the CHP. The CO2 is stored in 
aquifers (scenario 3) or in oilfields for EOR purposes (scenario 4). 

4.2 CO2 emissions 
In this section it is clarified how the captured emissions and the emission reduction 
from the atmosphere are calculated. In this thesis only direct emissions are taken into 
account, so it is assumed that during the lifecycle of sugarcane and bioethanol the net 
emissions are 0 (Laude et al, 2011). If CO2 is captured and stored the net emissions 
are negative; in other words the total amount of CO2 in the atmosphere is reduced. 
Therefore, the negative emissions in this thesis will be called ‘reduced emissions’ or 
‘CO2 reduced’. If 1 Mt CO2 is reduced, it means that net emissions are -1Mt CO2.  
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To calculate the cost of CO2 capture CO2 reduction emissions from the reference case 
and the reduced emissions per scenario are required. In the next section these 
emissions calculations are clarified.  

Reference case 
The reference case is a sugarcane factory without CCS. The processes which emit 
CO2 in the reference case are presented in Figure 4.2. 
 
Figure 4.2: Carbon flows in ethanol producing facility in the reference case 
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The emissions from the reference scenario are: 
 

cogenfermref EMEMEM         Eq 4.1  

 
EMferm are the emissions from fermentation and EMcogen are the emissions from 
cogeneration. The amount of produced ethanol can be used to calculate the CO2 
emissions from fermentation: 
 

MmEtOH

MmCO
EtOHEtOHprodEM ferm

2**       Eq 4.2 

 
Where, 
EMferm are the emissions in t CO2/yr, 
EtOHprod is the ethanol production in liters/yr, 
ρEtOH is the density of ethanol, 0.792*10-3 t/liter (BNDES and CGEE, 2008), 
MmCO2 is the molecular mass of CO2, 44.0096 *10-6 t/mol, 
MmEtOH is the molecular mass of ethanol, 46.06844 *10-6 t/mol. 

 
The emissions from cogeneration can be calculated if the input of bagasse to the CHP 
is known. The bagasse consists for 20.7% out of carbon (if bagasse is in wet 
condition, 51% moisture) (ECN, 2012). To calculate the CO2 emissions from the 
cogeneration Eq 4.3 is used. 
 






 MmC

MmCOBagasseEM Cogen
2*207.0*      

Eq 4.3 
 

Where,  
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EMCogen are the CO2 emissions in t/yr, 
Bagasse is the (wet) input of bagasse in t/yr, 
MmCO2 is the molecular mass of CO2, 44.096 g/mol and 
MmC is the molecular mass of carbon, 12.0107 g/mol. 

 

CO2 emissions from capture at fermentation 
CO2 will be captured from fermentation only until 2025 in the existing ethanol plants. 
The CHP will remain the same as in the reference case. 
To calculate the negative emissions the fermentation scenario will be compared with 
the reference case. In scenario 1 and 2 the CO2 from fermentation is captured and 
compressed. The processes, material and energy flows of an ethanol plant with carbon 
capture from fermentation are shown in Figure 4.3. 
 
Figure 4.3: Overview of processes and carbon flows in the 2015 scenario. 
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The compressors are powered by the electricity from the CHP. If there is a surplus of 
electricity in the reference case it is sold to the grid. In the 2015 scenario the 
compressor causes an increased power demand, thus the surplus of electricity 
decreases compared to the reference scenario.  
This means that less electricity can be sold to the grid. Other generating facilities in 
Brazil should produce more electricity to compensate the decrease in surplus from the 
ethanol factory. The emissions from the other facilities to compensate the decrease in 
electricity surplus are also taken into account. 
Eq 4.4 shows the reduced emission calculation. 
 

)*(22 rodAvgEmElecPeqCompEnergyRfermCOreducedCO 
 

Eq 4.4
 

 
Where, 
CO2reduced is the amount of CO2 which is reduced from the atmosphere per 
year in tCO2/yr,  
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CO2ferm is the amount of CO2 from fermentation in the bioethanol plant in t 
CO2/yr,  
EnergyReqComp are energy requirements of compressing the CO2 in kWh/yr 
and AvgEmElecProd are the CO2 emissions from all installed electricity 
generators in Brazil. The average emissions from current electricity generation 
are 56g CO2 /kWh (ABB, 2011). 

 

CO2 emissions in scenario 3 and 4 
The ethanol plants which are built from 2025 onwards will be equipped with a CHP 
with carbon capture equipment. As a result, the heat and power demand increases due 
to capturing and compressing. The increase in heat and power demand influences the 
reduced emissions. To calculate the captured and reduced emissions the key processes 
and energy flows are clarified. These are presented in Figure 4.4.  
 
Figure 4.4: Overview of processes and carbon flows of ethanol factory with CCS  
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The captured CO2 can be calculated using Eq 4.5. 
 

)*(22 CogenEMfermCOcapturedCO        

Eq 4.5 
 

Where,  
CO2captured is the total amount of captured CO2 in t CO2 /yr, 
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CO2ferm is the amount of CO2 from fermentation in t CO2 /yr, 
η is capturing efficiency of the capturing unit and 
EMcogen is the amount of CO2 from the CHP in t CO2 /yr. 

 
The amount of captured CO2 is used to calculate the size of the carbon capture 
equipment, compressors and pipelines and number of injection wells. 
 

Reduced emissions 2030 
As mentioned before, capturing and compressing CO2 requires more energy compared 
to the reference scenario. This means that less electricity can be delivered to the grid 
from the CHP or that extra power from the grid is required.  
Therefore, not all the captured emissions are negative emissions. The increase in 
energy requirements increase the emissions and decrease the negative emissions. This 
is shown in Figure 4.5. 
 
Figure 4.5: CO2 emission in a reference plant and in a plant with CCS 

 
Source: IPCC, 2005 
 
The avoided emissions are expressed as the difference between the reference 
emissions and the emission from the equipment with CCS. 
 

CCrefNeg EMEMEM          Eq 4.6 

 
In which EMNeg represents the negative emissions, EMref the emissions from the 
reference situation and EMCC are the emissions from the installations if CCS is 
applied. In this case the emissions are the emissions from capturing (due to capturing 
efficiency of 90%) and emissions due to the increase in electricity use in the ethanol 
factory (compressors) and booster stations. This is shown in Eq 4.7. 
 

))*()*)1(((2 AvgEmGridtationECBoostersEmEMreducedCO CogencaptefR    

Eq 4.7 
Where, 
CO2reduced are the negative emissions in tCO2/yr; 
EMref are the emissions from the reference scenario, 
ηCapt is the capturing efficiency, 
ECcomp is the electricity consumption of the compressor train in MWh/yr; 
ECBooster is the electricity consumption of the booster station in MWh/yr and 
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AvgEmGrid are the average CO2 emissions for the production of electricity in 
Brazil for 2030. Currently, emissions are 56 g CO2/kWh. 

 
According to the WEO (2012) the electricity production will be 79% renewable in 
2035 compared to 85% in 2010. This is a small change and it is assumed that the 
emission factor in Brazil will not change. 
 

4.3 Bioethanol factories 
To calculate the costs of the reduced emissions the energetic and economic 
performances of technologies have to be calculated.  In this section the economic and 
energetic characteristics of bioethanol factories are clarified for the 2015 and 2030 
scenarios. 

2015 characteristics  
The following specifications have been assumed: 
- The size and the location of the ethanol factories are taken from the database of the 
IEA (IEA GHG 2008). 22 ethanol factories are given in the database and these will be 
researched. 
- The conversion efficiency is 85 liters of ethanol /t sugarcane (Faaij, 2006) 
- The amount of surplus bagasse is on average: 9.6% of the bagasse, the surplus 
electricity is 9.2 kWh /t sugarcane (Macedo et al, 2008). The surpluses are the average 
of a sample of respectively 22 and 30 ethanol factories (Macedo et al, 2008). These 
samples are considered a good representation of an average ethanol plant. 

2030 characteristics 

Number and size of ethanol factories 
To calculate the number of ethanol plants in 2030 a future ethanol demand estimate is 
needed. 
In the world energy outlook of the IEA (2012) an increase of ethanol consumption of 
0.3 Mboe/d (barrel of oil equivalent) in 2010 to 0.8 Mboe/d in 2035 is expected in 
Brazil. In 2035 the ethanol export of ethanol will be 0.2 Mboe/d. That brings the total 
production in Brazil to 1Mboe/d in 2035.  
This is an increase of about 333% compared to 2010. However, in the data of 2010 
the exports of Brazil are not taken into account. In 2010 7.5 % of the produced 
ethanol was exported (Unica, 2012). The ethanol production increases with 310% 
from 2010 until 2035 if export data is included.  
If there is a linear growth, the ethanol demand will increase with a factor 2.62 from 
2010 to 2030. This increase seems large, but other studies indicate even higher growth 
rates (E.g. 387% from 2005-2030 according to Hollauer, 2007). A growth factor of 
2.62 for the period 2010-2030 will be used in this study. 
 
The production of ethanol was 25.96*109 l ethanol in the 2010-2011 season (BSIA, 
2009). If the increase of ethanol production is 262% the expected annual production 
would be 68.14 *109 l ethanol in 2030. It is assumed that ethanol is only produced 
from sugarcane. 
However, the ethanol production since 2005 has differed from the expectations due to 
change in demand. The capacity was highest from 2009, so the trend line will be 
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drawn from the highest capacity. The forecast and the actual ethanol production can 
be found in Figure 4.6. 
 
Figure 4.6: Future ethanol demand in Brazil in period 2005-2035. 

 
 
Using the measured amount of ethanol production and the prediction from literature a 
rough estimate can be made of the annual increase in ethanol production. This 
prediction indicates that the ethanol production should increase 1.97*109 l ethanol per 
year to meet future demands. 
 
This value of increased production is used to estimate the number of ethanol plants 
which have to be built to fulfill the demand.   
The average conversion efficiency is 95 l ethanol/t sugarcane (Faaij, 2006) for the 
long term. However, current conversion efficiencies are lower, around 85 l ethanol/ t 
sugarcane. Therefore, an average conversion efficiency will be used of 90 l ethanol/ t 
sugarcane for the period 2010-2030. (BNDES and CGEE, 2008) 
With the annual increase in ethanol demand and conversion efficiency the sugarcane 
demand can be calculated.  
The average size of new ethanol factories is assumed 2Mt sugarcane input per year 
(Ensinas et al. 2007; Leite et al, 2009). As described in the literature background, only 
30% of the new factories produce ethanol, the other 70% produces 50% ethanol and 
50% sugar from the juice. If these values are used, 1.3 Mt sugarcane is dedicated to 
ethanol production per new ethanol factory.  
If the size of 1.3 Mt sugarcane is combined with the conversion efficiency the number 
of ethanol factories is calculated. 17 new ethanol factories per year are required to 
fulfill the estimated demand in 2030. 
 

Spatial distribution of new ethanol factories 
Figures of the Worldbank (2010) show that new ethanol plants will be built in the 
same area as the new sugarcane plantations.   
The distribution of the ethanol factories can be estimated by assuming that the 
sugarcane will be transported to the closest ethanol factory. With this reasoning there 
is a circular area from which sugarcane is delivered to an ethanol factory.  
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The input of each ethanol factory is 2Mton sugarcane per year, the expected 
agricultural yield in 2020 is 90 t/ha and for 2025 it is 96t/ha (Leite et al, 2011).  
However, the effective yield is lower, because not all land is used for sugarcane 
agriculture. Therefore, the yield will be multiplied by a land use factor.  





**

*
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LUFYield

InputSC
r
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Eq 4.8 
Where, 
r is the radius of the circle in km 
InputSC is the input of sugarcane per ethanol factory (2Mt) 
yield is the agricultural yield in t/km 2 
LUF is the land use factor (0.77) (Unica, 2013) (FOEE, 2010) 

 
The land use factor has been calculated. The document of Unica (2013) provides the 
annual production of sugarcane (Mt sugarcane per year). The FEO report (2010) 
provides the total amount of land use in hectares. With these values and the 
agricultural yield, the sugarcane land use factor in an agricultural area is 0.77. 

Location of future ethanol factories 
Land use maps will be used to predict the location of ethanol factories. The land use 
maps of INPE (2013) will be used to estimate where future ethanol factories will be 
located. 
ArcGis will be used to make maps which show the increase of sugarcane plantation 
area over time. By doing that, it should become clear where the new sugarcane 
plantations are located from 2025 onwards. If an area has a high density of new 
sugarcane plantations, it is expected that a new ethanol factory will be built in that 
area.  
The map which shows the sugarcane plantation increase is divided into segments. 
Each segment is large enough to contain sufficient sugarcane plantations to feed one 
ethanol factory. The result is a map with small segments and in each segment an 
ethanol factory is located. 

4.4 Cogeneration 

2015 Scenario 
In 2015 the already installed cogeneration equipment will be used. No extra or larger 
cogeneration equipment will be installed. 

2030 Scenario 
First of all, the size of the cogeneration equipment has to be determined. The size can 
be calculated with the heat demand of ethanol production and solvent regeneration. It 
is assumed that the CHP can provide sufficient heat for these processes. 

Energy requirements ethanol production 
The energy requirements for the production of ethanol in 2030 are based on Modesto 
et al (2009). Modesto describes the efficiencies of a boiler with steam turbine and heat 
integration on the distillery. In the study of Modesto et al (2009) this is case III. 
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The energy requirements are presented in Table 4.1. 
  
Table 4.1: Energy flows in ethanol factory. 

 
Source: Modesto et al, 2009. 
 
In Table 4.1 the energy flows are presented per tonne sugarcane input, which is 
abbreviated to tc.  
The surplus of bagasse is 32% (of 260 kg bagasse/ t SC) and the thermal energy 
requirements are 178 kWh / t SC. The electricity consumption is 17.72 kWh /t 
sugarcane. The surplus electricity (without CCS) is 48.36 kWh / t sugarcane and the 
surplus bagasse is 32% (83.5 kg bagasse).  
Modesto et al (2009) do not mention a year in which these values are valid. However, 
the conversion efficiency from ethanol is mentioned at 90.41 liter ethanol/ t 
sugarcane. That efficiency places the data of Modesto et al (2009) around 2020. 
It is assumed that the energetic requirements of Modesto et al (2009) are valid to use 
in 2030. 
 
Modesto et al (2009) only describe the heat demand for ethanol production. In this 
thesis factories which produce ethanol and sugar are also taken into account. The heat 
demand for sugar production is presented by BNDES and CGEE (2008). 
 
Table 4.2: Energy demand of sugar, hydrated bioethanol and anhydrous bioethanol  

 
Source: BNDES and CGEE, 2008 
 
Table 4.2 shows that the heat demand for sugar production is between the heat 
demand for producing hydrated ethanol and anhydrous ethanol. Therefore, it is 
assumed that the heat requirement for producing sugar is similar to the heat demand 
for ethanol production.  
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It seems logical that the values are in the same range, because ethanol and sugar are 
both produced form sugarcane juice. The water content has to be lowered for both end 
products. 
 

Energy requirement solvent regeneration 
The energy requirements for solvent regeneration are described in section  
‘CO2 capture from steam turbine CHP’, which is 2200 kJ/kg CO2 captured from the 
CHP. 

Size of CHP 
The size of the CHP will be optimized for heat demand. The heat demand is 
dependent on the heat requirements for the ethanol production and the solvent 
regeneration.  
An iterative approach is used to calculate the size. First the size is determined based 
on the heat requirements for ethanol production. This leads to a certain amount of heat 
produced by the CHP and emissions from the CHP. If the CO2 is captured from the 
flue gas, the heat demand increases and thus more heat from the CHP is required. 
Thus, a larger CHP is required. The larger CHP has more emissions and increased 
solvent regeneration energy requirements. 
The energy input can be calculated using Eq 4.9 to Eq 4.11. 
 

CHPth
egeneqSolvRThReqThREtOHtEnergyInpu 

)(   

Eq 4.9 
 

LHVBagassetEnergyInpuseInputBagas /      Eq 4.10 

 
 

egmRSpecHeatDeCaptEmmBagasseCOseInputBagasegeneqSolvRThR *** 2   
Eq 4.11 

 
Where, 
Energy Input is the total energy input in MJ (from bagasse);  
EtOHThReq is the thermal requirement for the production of ethanol in MJ/t 
sugarcane*s-1; 
ThReqSolvRegen is the thermal requirement for the solvent regeneration in 
(MJ/t CO2 captured*s-1) 
ηCHPth is the thermal efficiency of the CHP; 
InputBagasse is the amount of bagasse (t/s); 
LHVBagasse is the LHV of bagasse in MJ/t bagasse; 7738 MJ/ t bagasse, 
(Barosso et al, 2003). It is assumed that future LHV of bagasse does not 
change. 
CO2EmmBagasse is the amount of CO2 if bagasse is burned in kg CO2/t 
bagasse  
ηCapt is the capturing efficiency 
SpecHeatDemReg is the specific heat demand to regenerate the solvent in MJ/t 
CO2 captured. 
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As described before, an iterative process is required to get the right amount of energy 
input.  
 
The heat requirement for sugar production is considered the same as for ethanol 
production (BNDES and CGEE, 2008). The water content of the sugarcane juice is 
lowered when ethanol is produced, but the water also has to be evaporated if sugar is 
produced. 
 
To calculate the CO2 emissions from bagasse the bagasse characteristics are needed. 
The carbon content in the bagasse is calculated using data from ECN Phyllis (2013) 
and Macedo (2004). 
 
Table 4.3 Bagasse characteristics 
Bagasse as received (AR) 

LHV (MJ/t)  7260

Carbon content bagasse  22,05%

CO2    

Mass C (u)  12,011

Mass O (u)  15,999

Total mass (u)  44,010

percentage C/ CO2  0,273

1/ (percentage C/CO2)  3,664

mass CO2/ mass bagasse AR   0,808
 
Table 4.3 shows the characteristics of bagasse. The carbon content of bagasse as 
received (AR) is 22.05%. That value should be multiplied by 3.664 to get the weight 
of CO2 instead of carbon. 
 
 
If the energy input is calculated with Eq 4.9 the capacity of the CHP can be 
calculated. The heat demand is the sum of the heat demand of the ethanol factory (in 
MJ/t SC), the regeneration energy of the solvent (MJ/tCO2 captured). 
The Eq 4.12 is used to calculate the size of the cogeneration plant. 
 

Loadfactor

MJtEnergyInpu
CapacityMWh

)(
      

Eq 4.12 
Capacity MWh is the capacity of the new cogeneration plant in MWh and the load 
factor is the load factor in s/yr.  

2030 Costs of CHP 
The CCS equipment increases the heat and power demand. The increase in CHP size 
is presented as ΔCHP. The extra costs can be calculated: the costs due to CCS are the 
difference in the costs of a CHP with and without CCS.  
First the costs of the reference CHP can be calculated. 
 

SizeCHPICCspecIrefCHP          
Eq 4.13 

Where, 
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IrefCHP are the investment costs of the CHP (€), 
ICCspec is the specific investment costs (€/MWe) and  
SizeCHP is the size of CHP (MWe) 

 

CHPCHPCHP MrefOIrefCref &)(    
Eq 4.14 

Where, 
CrefCHP are the overall annual costs for the cogeneration equipment in € 
IrefCHP are the total investment costs for the reference CHP in € and 
O&MrefCHP are the operation and maintenance costs in €  

 
The costs of the CHP which has to supply the capturing and compression equipment 
can be calculated using a similar approach. The costs can be calculated using Eq 4.15. 
 

CHPCrefbagasseyelectricitCCCHPMOCCCHPICCHP  )&()(  
Eq 4.15 

Where, 
ΔCCHP is the difference between the overall costs of the reference CHP and a 
larger CHP due to the carbon capture in €, 
I CHP CC are the investment costs of the larger CHP in € 
O&M CHP CC are the O&M costs of the larger CHP 

Electricity are the costs of the extra electricity requirements €/yr and 
Bagasse are the costs of the extra bagasse which is burned to produce the 
required heat and power in €/yr. The price of bagasse is estimated at $23.25 / t 
bagasse by Cavalett et al (2012). 
 

 
The technical performance data will be taken from ter Telgte (2012). The specific 
investment costs of the CHP-ST are described by Bolhàr-Nordenkampf et al (2004): 
the specific investment costs of a steam turbine are 385 €/kWth (expressed in €2004). 
Steam turbine technology is a widely applied; therefore it is not expected that the 
investment costs will decrease in future. 
The O&M costs are 2% of the investment costs (Bolhàr-Nordenkampf et al, 2004). 
       

4.5 CO2 Capture 

Capture at fermentation 2015 
The CO2 can be captured directly from fermentation, because the flue gas from 
fermentation consists for the largest part (over 95%) of CO2, and there are some 
impurities such as water and ethanol.  
Table 4.4: Composition of flue gasses from fermentation process. 

 
Source: (Efe et al, 2005) 
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Water is reduced (to <500 ppm) during the intercooling stage in the compressor train 
(de Visser et al, 2008), to prevent the pipelines from corroding. The intercooling takes 
place between the compressor stages and due to the increased pressure and low 
temperature the water and also ethanol is beyond its dew point. The water and ethanol 
are in liquid state and can be removed. 
 

Postcombustion capture 2030 (Ammonia) 

Size 
The size of the capturing equipment is dependent on the amount of flue gas from the CHP. 
The size is expressed in kg CO2/s. and can be calculated using Eq 4.16: 
 

EmFBagasseseInputBagaseEquipmentSizeCaptur *  
Eq 4.16 

Where,  
SizeCaptureEquipment is the size of the ammonia capture equipment in kg 
CO2 feed/s, 
InputBagasse is the amount of bagasse fed to the CHP in t bagasse/s and 
EmFBagasse is the CO2 emission factor of bagasse in kg CO2/t bagasse. 

 
According to Jilvero et al (2012) the solvent regeneration heat requirement of 2200 
kJ/kg CO2 captured will be used.  

Solvent Costs 
If an ammonia recovery vessel is installed the ammonia loss is low. The loss is 0.02 
kg solvent / t CO2 captured (Versteeg and Rubin, 2011) (Valenti et al, 2009). 
The solvent costs will be calculated using Eq 4.17. 
 

ssSpecSolvLocaptEmCHPsSolventLos **  
Eq 4.17 

Where, 
Solvent loss is in t NH3/ yr 
EmCHP are the CO2 emissions from the CHP in t/ yr 
ηcapt is the capturing efficiency and  
SpecSolvLoss is the solvent loss in kg per t CO2 captured (0.02 kg/ t CO2 
(Versteegh and Rubin, 2011)) 

 
The costs of ammonia are currently 400 €/t (Valenti et al, 2009). The price of 
ammonia fluctuates, in this study a fixed price of 400€/t will be used.  

Costs capturing equipment (Chilled Ammonia Process) 
The total costs of CAP are the investment costs of the equipment, the costs of the 
solvent and the O&M costs.   
The capturing equipment consists of flue gas coolers, absorbers, recovery and 
regeneration vessels. (Valenti et al, 2012) (Jilvero et al, 2012). However, in these 
studies the fuel is coal. The CO2 percentage in the flue gas determines the size of the 
vessels and thus the investment costs. 
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In the study of Valenti et al (2012) the CO2 content in the flue gas is 14.5%. The CO2 
percentage in the flue gas from burning bagasse is 15% (Efe et al, 2005). This slight 
difference in CO2 content is expected to be negligible. 
Valenti et al (2012) describe the costs for CAP. The equipment costs of CAP 
(including compressor train investment costs) are 64.2M€ (Valenti et al, 2012). The 
equipment costs for the compressor train are 8M€. Due to other costs such as indirect 
costs, contingencies and capital fee the costs of CAP are multiplied by a factor 2.8, to 
180M€ (Valenti et al, 2012). However, these values include a compressor. If the 
compressor is not taken into account the total investment costs are 157M€ for that 
specific case. 
The costs are based on a certain size; the feed to the CAP equipment is 143 kg CO2/s 
(Valenti et al, 2012). The costs of the CAP equipment can be calculated using a 
scaling factor of 0.7. This results in Eq4.18. 
 

7.0











efSizeR

SizeX

efCostR

CostX
 

Eq4.18  
Where, 
CostX are the investment costs of the CAP equipment  
CostRef are the costs found in literature (157M€, Valenti et al, 2012) 
SizeX is the size of the installed equipment (kg/s) 
SizeRef is the size of the equipment found in literature (143 kg/s). 

 
However, these costs are based on current prices. Future prices are expected to 
decrease. Chung et al (2011) describe the expert expectations for the costs of CAP. 
Chung et al (2011) do not mention quantitative improvements in investment costs, 
only qualitative expectations are mentioned. A conclusion of Chung et al (2011) is 
that it is expected that the costs of CAP will decrease more than for amine-based 
capturing. 
Folger (2010) describes the cost predictions of carbon capture from different 
technologies. Ammonia carbon capture from pulverized coal is included. As 
mentioned before, the percentage CO2 in the flue gas from coal fired power plants is 
quite similar to emissions from bagasse fired plants (Valenti et al, 2012; Efe et al, 
2005). Folger (2010) expects a costs decrease of capturing from pulverized coal of 10-
19%. For the costs calculations in this thesis a price decrease of 15% will be used, the 
range of 10-19% will be used in the sensitivity analysis. 

4.6 Compression 

General 
CO2 is compressed to the dense phase for transport and storage; the outlet pressure 
from the compressors will be above 8 MPa. The actual outlet pressure will be 
determined once the transport distance is known. For larger distances between sources 
and sinks a higher outlet pressure is required. However, if the transport distance is 
larger than 150 km a booster station is required due to pressure drop. 
 
In 2015 compression will be executed by a five stage compressor with dehydration 
steps (McCollum and Ogden, 2006). To calculate the size of the compressor train (in 
kW) the flow of CO2 and specific compression energy is required. 
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The energy required to compress CO2 can be calculated using Eq 4.19. 
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Eq 4.19 

    

 
 (Kuramochi et al, 2011) 
 

Where, 
Es,comp is specific electricity requirement (kJ/kg CO2), 
Z is the compressibility factor at 1.013 bar and 15 °C (0.9942), 
R is the universal gas constant (8.3145 J/ mol K), 
Tl is the suction temperature (313.15 K), 
γ is the specific heat ratio (Cp/Cv , 1.294), 
M is the molar mass (44.01 g / mole), 
ηis is the isentropic efficiency (80%), 
ηm is the mechanical efficiency (99%), 
pl is the suction pressure (101 kPa), 
pc is the critical pressure (7380 kPa) 
pl is the outlet pressure  
N is the number of compressor stages 

 
loadfactorCOflowCO fermcompressor /22       

 Eq 4.20 

  
 

Where, 
CO2 flowcompressor is amount of CO2 captured per unit of time (kg CO2/ s), 
CO2 ferm is the amount of CO2 captured at fermentation per year (kg CO2 /yr), 
Load factor is the load factor of the compressor (s/yr). 

 
 
The compressor size is calculated using Eq 4.21. 
 

compressorcomps flowCOESizeCompressor 2,   
Eq 4.21 

 
 Where, 

CompressorSize is the power input in the compressor (kW), 
Es,comp is the energy requirement for compressing CO2 (kJ/kg CO2) (calculated 
from Eq 4.19) and  
CO2flowcompressor is the amount of CO2 into the compressor (kg CO2/s). 

 
The compressor train reaches a pressure of 7380 kPa. The compression to higher 
pressures is done with pumps.  
 
The size of the pumps can be calculated using Eq 4.22. 
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Eq 4.22 
(McCollum and Ogden, 2006) 
 

Where, 
Wp is the power of the pumps in kW; 
m is the mass flow in t CO2 /day; 
P final is outlet pressure (Mpa); 
P cutoff is the pressure from the compressors (Mpa); 
ρ density of the CO2 (630 kg/m3) and 
ηp is the pump efficiency (75%). 

 

2015 Compressor Investment, O&M, and Energy Costs 
The investment costs can be calculated using Eq 4.23. 
 

)ln*)(10*40.1())(10*13.0(( 60.0671.06 
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Eq 4.23 

(McCollum and Ogden, 2006) 
 

Where, 
Icompressor are the investment costs of the compressor ($ 2005), 
Q is the amount in CO2 in kg/s, 
Pcut-off is the outlet pressure and 
Pinitial is the initial pressure of the CO2 before compressing. 

 
The costs are calculated in 2005 $. The outcomes of the formula will be converted to 
2011 €. 
 
The O&M costs are assumed 4% of the investment costs (McCollum and Ogden, 
2006).  
 
The investment costs of the pumps can be calculated using Eq 4.24. 
 

36 10*70))1000/(*)10*11.1((  WpIpump  
Eq 4.24 

(McCollum and Ogden, 2006) 
 

Where, 
Ipump are the investment costs in $2005 and 
Wp is the power of the pump in kW. 

 
The O&M costs are assumed 4% of the investment costs (McCollum and Ogden, 
2006). 
 
Energy costs of the compressor are calculated; it is assumed that the energy would be 
sold to the grid if it was a surplus.  
 

))))(( 2, riceyPElectricitcapturedCOEpumpErsCompressoEnergyCost comps 
  

Eq 4.25
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Where,  
EnergyCostsCompressor are the energy costs of compressing the CO2 in €,  
Es,comp is the energy required for compressing in MJ/t CO2, 
Epump is the energy required for pumping in MJ/t CO2, 

CO2captured is the amount of CO2 stored in an underground formation in t 
CO2/yr and Electricity price €36.53 / MWh (85 R$/MWh 2003 (Jonker, 
2013)). 

 

2030 Compression  

Investment costs 
In 2030 the compression is executed with Ramgen compressors. The capital costs for 
a Ramgen compressor are expected to be 50% lower compared to a compressor train 
(Vora et al, 2012) (Baldwin, 2009). 
The investment costs of the compressor can be calculated using Eq 4.23.  
The O&M costs are assumed to be 4% of the investment costs in 2030. 

Energy requirements 
A Ramgen compressor requires similar shaft input power as a 10 stage compressor 
train (Baldwin, 2009). Therefore,  
Eq 4.19 will be used to calculate the energy requirements of a 10 stage centrifugal 
compressor. 
 

Booster Stations 

Number of booster stations 
If the  distance between sources and sinks is larger than 150 km, booster stations are 
required. The number of boosters can be calculated with Eq 4.26 and Eq 4.27. 

Maximum distance between boosters: 

 
 

 Lp
essurerMinPressureMaxPMaxDist /


     

Eq 4.26 
Where, 
MaxDist is the maximum separation distance between booster stations (m), 
MaxPressure is the maximum outlet pressure of booster stations or 
compressor (Pa), 
Min Pressure is the minimum pressure (Pa) and 
Δp/L is the pressure drop per meter. 

 
 

1))1000//((  MaxDistanceTotaldistationsNBoosterst     
Eq 4.27 

Where, 
N Booster station is the number of required booster stations. This value should 
be an integer value and rounded up.  
The Total distance is the distance between the source and sink area in km. 
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The -1 is added to prevent double counting of the compressors, because the 
first compression is done by compressors instead of booster stations.  

 

Investment costs and O&M 
The investment costs of a booster station can be calculated using the equation of the 
pumps (Eq 4.24). The O&M costs are 4 % (McCollum and Ogden, 2006). 
Instead of the cutoff pressure of the compressors, the pressure of the inlet pipeline is 
used. 
 

Energy costs 
iceEnergyloadfactorWpsBoosterEnergyCost Pr**     

Eq 4.28 
Where, 
EnergyCostsBooster is the energy costs of pumping in €, 
Wp is the power of the booster in kW, 
Load factor is hours per year and 
Energy price is the electricity price in €36.53/MWh. 

 

4.7 Pipeline routing 

2015 aquifers 
The location of the sources is given in the database of the IEA (IEA GHG, 2008) and 
the sources will be drawn on a map. The sinks are located in the same area as the 
ethanol plants, as was already shown in paragraph 3.6. It is assumed that the injection 
wells can be located in the same region as where the sugarcane plantations are 
located. 
The sources will be clustered to a group until the captured emissions of the sources  in 
that group reach 1 Mt CO2 per year; which is the maximum injectivity rate per year 
per well.  
The sources from the IEA database are not evenly distributed over the map. So, the 
first ‘clustering’ will be done on eyesight.  
The ethanol factories which are located close together will be pointed out as a group. 
Within each group 2 sources which are located closest together will be clustered to 
one injection well.  
The site of the injection well is estimated. The mass flow (in kg/s) of both sources is 
known and the distance between the two sources. These values are used to use to 
minimize the transport distance of the CO2. This is done using Eq 4.29. 
 

21*1 SourceanceSourcedist
totalMF

MFsource
InjnceSourceDista 














  

Eq 4.29 
Where,  
DistanceSource-Inj is the distance from the source to the injection well in km, 
MFsource is the mass flow of the specific source in kg CO2/s,  
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TotalMF is the total mass flow, in this case the mass flows from the two 
sources and distanceSource1-Source2 is the distance between the 2 sources in 
a straight line. 

 
This method will lead to the lowest transport distance of the CO2 between two 
sources. If another source is added, the injection site will shift towards that source. 
The shift distance can also be calculated. 
The firstly calculated injection well is seen as a virtual source which has a mass flow 
of the two first sources combined. With this in mind Eq 4.30 can be used to find the 
injection site. 

SourceanceInjWdist
MFsourceMFInjW

MFInjW
InjWnceInjWDista 


















 1*
1

1
121  

Eq 4.30 
 

Where, 
DistanceInjW1-InjW2 is the distance from virtual injection well1 to the site of 
the new calculated location of the injection well in km, 
MFInjW1 is the mass flow to the virtual injection well in kg CO2/s, 
MFsource is the mass flow of the added source in kg CO2/s and 
DistanceInjW1-Source is the distance between the virtual injection well and 
the added source in km. 

 
This method is repeated for each source which will be connected to the injection well. 
If the distance from a source to another source is smaller than the distance of a direct 
connection to the injection well, the pipeline from the source will then be built via the 
other source. 

2015-2025 aquifers 
In this thesis the ethanol plants are located in the Sao Paulo state, therefore the CO2 
can be injected into aquifers. 
The exact location of future ethanol plants is unknown. Therefore, it is assumed that 
there are agricultural areas where the largest share of the arable land is used for 
sugarcane plantations. In these areas the density of ethanol factories will also be high. 
However, the output of the factories is unknown. The output could be 100% ethanol, 
or 50% ethanol and 50% sugar.  
Therefore, two types of clusters will be compared: the first one is a cluster with only 
ethanol producing factories. The other cluster consists of factories which produce both 
ethanol and sugar. The cluster of only ethanol producing represents the most positive 
situation, the cluster with factories which produce sugar and ethanol represent a 
conservative situation.  
The size of the cluster will be 1 Mt CO2 per year, which corresponds to the maximum 
annual injectivity rate of one injection well. The injection well will be located in the 
center of the cluster to minimize transport.  
Figure 4.7 shows how the clustering will be done with a maximum of 7 sources per 
cluster. Until 7 sources the CO2 pipelines will directly connect the sources to the 
injection well. If more sources than 7 are needed to reach the 1 Mt CO2 per year 
satellite pipelines will be built as well. This is presented in Figure 4.8. Each circular 
area represents an area which delivers sugarcane to the ethanol factory; the arrows 
indicate CO2 transport from the ethanol factory to the injection well.  
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Figure 4.7: Cluster formation with a maximum of 7 sources. 
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Figure 4.8: Cluster formation with more than 7 sources. 
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2030 aquifers 
The approach for the 2030 aquifers scenario is similar to the 2015-2025 aquifer 
scenario. The difference is that the amount of captured CO2 per factory is higher, thus 
the number of factories per injection well becomes lower. In this scenario the 
distinction between a cluster with 100% ethanol producing factories and 50% ethanol 
factories will also be made.  
 

2030 oilfields 
In this scenario CO2 is transported from the ethanol factories to the oilfields, which 
are located offshore. To produce extra oil, there is a CO2 demand as was already 
clarified in section 3.8. The CO2 demand differs per oilfield. 
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The supply of CO2 is the amount of CO2 captured from the ethanol factories. 
Therefore, the total amount of captured CO2 from the ethanol factories built in the 
period 2025-2030 is added. This amount of CO2 is the annual CO2 supply. Then, the 
CO2 demand for EOR is checked per oilfield. The oilfields are selected if they have a 
CO2 demand compatible with the CO2 supply.  
From the oilfields a pipeline to the shore is planned. From that point onshore the trunk 
pipeline will be built in already existing pipeline corridors. Every 150 km a booster 
station will be built. The booster stations will also function as a hub, to which 
emission sources can be connected. The distance between an emission source and the 
hub should not exceed 150 km, due to pressure losses in the pipelines. 
If a group of sources are located further than 150 km from the booster station, a 
smaller shared pipeline will be built from the trunk pipeline to connect these sources 
as well. The pipelines from a source will preferably be built via another source to 
create a shared pipeline, instead of direct pipelines. This approach should reduce 
pipeline costs. 
 

4.8 CO2 transport 

Characteristics of pipeline 
The material of the pipeline is commercial carbon steel x70, surface roughness 0,0457 
10-3 m. Carbon steel will corrode when water is present. Therefore, free water must be 
removed from the CO2. The water content will be decreased to <500 ppm, during the 
condensation between the stages in the compressor train. (de Visser et al, 2008). 
 
The diameter of the pipeline is dependent on the peak flow rate. The peak flow rate is 
the maximum flow of CO2 and is expressed as kg CO2/s. The peak flow rates are 
obtained from the emissions database of the IEA (2008) and  BNDES and CGEE, 
2008) 
 

Diameter calculation of pipeline 
 
The approach of van den Broek et al, (2010) and Vandeginste and Piessens (2008) 
will be used, because it explicitly accounts for the pressure drop over distance. Eq 
4.31 will be used to calculate the inner pipeline diameter. 
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Eq 4.31

 Van den Broek et al, 2010. 
 

Where, 
D is internal diameter of the pipeline in meter;  
λ is friction coefficient (0.015)  
Qm is the mass flow rate in kg/s.  
ρ is the density of the CO2 in kg/m3, 
Δp is the pressure (Pa) and 
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L is the length of the pipeline in meter. 
 
A key assumption for the diameter calculations is the pressure drop of 30 Pa/m. If that 
assumption is made the diameter can be calculated using an iterative approach.  
The pipeline diameter has been calculated for several diameters and a function has 
been made which describes the pipeline diameter. It is presented in Figure 4.9. 
 
Figure 4.9: Pipeline diameter calculation and trend line 

 
 
The formula presented in Figure 4.9 is used to calculate the pipeline diameter. CO2 
flow (kg/s) has to be filled in for x. 
 

Pressure drop calculations 
Pressure drop is used to calculate the maximum distance of a pipeline before the 
pressure becomes below 8 MPa. The higher the outlet pressure of the compressor train 
the longer the distance between booster stations can become. However, higher 
pressure requires more energy to and more powerful compressors. The maximum 
outlet pressure is 150 atm (de Visser et al, 2008). 
In order to calculate the pressure drop the Reynolds number and the friction should be 
calculated. This can be done with Eq 4.32 to Eq 4.36. 
 


 Dv 

Re
 

Eq 4.32 
(IEA, 2010) 
 

Where, 
ρ is density (kg/m3), 

  v is the velocity (m/s),  
D is the diameter of the pipeline (m) and  
μ is the dynamic viscosity (Pa·s) 

 
The Reynolds number is used to calculate the Darcy-Weisbach friction factor. 
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Eq 4.33 

(IEA, 2010) 
 

Where,  
D is diameter (in m) and  
e is the roughness height (in m) 
The Moody friction factor (fF) can be calculated using the Darcy-Weisbach 
friction factor (f): 

 
4ff F           Eq 4.34 

 
With the friction factor the pressure drop per meter (Δp/L in N/m3) can be calculated. 
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Eq 4.35 

(IEA, 2010) 
 

Where, 
Qm is the mass flow rate (kg/s)  
ρ is the density and  
D is the diameter. 

 
The diameter and pressure drop are dependent on each other, the pressure drop is set 
to 30 Pa m-1.  With this value the inner diameter can be calculated. However, the size 
of pipelines is standardized. The commercial available size larger than the calculated 
diameter will be chosen.  This diameter is used in further calculations. The pressure 
drop should be 30 Pa m-1 (or less) with this approach. With an outlet pressure of 11 
MPa a distance of at least 100 kilometers can be covered without the need for a 
booster station. 
 
Besides the diameter calculations, the wall thickness also has to be calculated. 
The wall thickness of the pipeline can be calculated using Eq 4.36. 
 

SEF
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2
          

 Eq 4.36 
Where, 
t is wall thickness (mm), 
Pmop is the maximum operating pressure (15.3 MPa) 
Do is the outside pipe diameter (mm) 
S is the specified minimum yield stress (483 MPa) 
E is the longitudal joint factor (1) 
F is the design factor (0.72)  
(McCoy and Rubin, 2008)(Knoope et al, 2013). 

 
The wall thickness will be calculated with an iterative calculation. First, an 
assumption for the wall thickness will be made. This assumption of wall thickness 
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leads to a new wall thickness which will be used again in the formula. This process is 
repeated a number of times so the wall thickness tends to a certain value. 
 

Costs pipelines to aquifers (2015 and 2030) 
The investment costs of pipelines are described by van den Broek et al (2010).  
 

LDCFtIpipeline ***         
Eq 4.37 

Where,  
Ipipeline is the investment costs (€),  
Ft is the terrain factor (dimensionless),  
C is a constant 1600 €/m  
D is diameter (€/km length *cm diameter), 
L is the length of the pipe (m) 
(van den Broek et al, 2010) 

 
O&M costs are 3.5% of the investment costs (van den Broek et al, 2010) 
 
The C in Eq 4.37 is a constant factor is based on Europe. The costs for Brazil are 
different. A correction factor has to be used. In the section ‘Region factors’ it is 
clarified which region factors will be used. The diameter in Eq 4.37  is the outside 
diameter, and with the current approach the inner diameter has been calculated. 
Therefore, the Do in Eq 4.37 is replaced by (Di +2t), which is inner diameter plus 
twice the wall thickness.  
 

Costs pipelines to Oilfields (2030) 
The pipeline from the sources to oilfields consists of five parts: the pipeline from the 
source to the trunk pipelines, the shared trunk pipelines (onshore and offshore), 
booster stations and the pipelines from the trunk pipelines to the sinks. 
The first part of the pipelines is optimized for the amount of captured CO2 from the 
source, the trunk pipelines are optimized for the total captured CO2 flow. 
 
For each pipeline the CO2 flow (in kg/s) will be calculated and the length of each 
pipeline will be estimated or measured if possible. This enables to calculate the 
investment and O&M costs for each specific pipeline.   
Note: the length of the pipeline to the hubs will be estimated. The length of the trunk 
pipelines will be measured using the pipelines corridors of Rockett et al (2011).  
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Terrain factors  
For the terrain factors, values from Table 4.5 will be used. The terrain factors of 
Element energy (2010) are used, because a value is given for offshore pipelines at a 
depth larger than 500 meters. The oilfields are located the Atlantic Ocean and the 
depth of the ocean near the oilfields is larger than 500 meters.  
 
Table 4.5: Terrain factors  

 
Source: Element Energy, 2010 
 
Figure 4.10: Oilfields in the Campos basin with oceans depth.  

 
Source: Geoscienceworld, 2013 
 
The largest part of the distance is in ‘shallow’ water (depth<500m). Therefore the 
overall terrain factor is calculated using the values from Table 4.5. 
Calculated terrain factor = (0.8*1.6)+(0.2*2.7) = 1.82. 

4.9 Injection wells 
For the injection well two types of wells will be used: injection wells in aquifers and 
injection wells in oilfields. The costs calculation is different per type of well. 
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Injection in aquifers 
The location of injection wells is dependent on the location of the ethanol factories. 
The area around the ethanol factories is mainly used for agriculture and has a low 
density of inhabitants; therefore it is assumed that CO2 injection near the ethanol 
factory is possible. The maximum injectivity rate is 1 Mt CO2 per well per year. 
 
For the injection in aquifers the ‘Aquifer onshore’ data can be used from Table 4.6.  
The investment costs of an injection well consist of fixed costs, such as the site 
developments and costs for drilling. 
Van den Broek et al (2010) have studied the costs of injection wells for the 
Netherlands. 
 
Table 4.6:  Costs for individual components of underground CO2 storage 

 
Source: Van den Broek et al, 2010 
 
This table gives the fixed costs and variable costs of an injection well.  
Table 4.7 shows the difference in costs of reusing an old well compared with a new 
well. 
The costs of an injection well are the fixed costs (new or reusing old equipment) and 
the drilling costs which are €3000 per meter depth. In the cost calculation a depth of 
4250 meters will be used.  

 
))(*3000(10*5.110*53,110*48,2 666 mdepthwellIinjection     

Eq 4.38 
Costs in Eq 4.38 are given in Euro. 
Based on van den Broek et al (2010). 
O&M are 5% of investment costs per year.  
 

Storage in Oilfields 
The costs for the injection wells in oilfields will be calculated, using these 
assumptions: 

- The most attractive option is to reuse the surface facilities from economic 
point of view. Therefore, it will be researched how many injection wells can 
be built from reused surface facilities. The study of Rockett (2010) will be 
used to find the number of injection wells which can be reused. 

The maximum injectivity per well per oilfield is given in Appendix Table 11.2 
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For storage in offshore oilfield the values of Rockett (2010) will be used. 
 
Table 4.7: Costs for individual components of underground storage in offshore oil fields 
Parameter Costs (€) for offshore oilfield 
Site development 3.06*106 
Surface facilities (new) 61.2*106 
Surface facilities (reuse) 15.3*106 
Drilling costs (€/m) 5314 
Fixed costs per well 8.2*106 
Workover per well 2*106

Monitoring 3.34*105 
O&M (% of investment costs) 5 
Source: Translated from Rockett, 2010. Based on van den Broek et al, 2010. 
 
The costs of offshore injection wells are calculated with Eq 4.39. 
 

)*( workoverNwellsMonitoringsfacilitiesSurfacepmentSitedeveloionwelleuseInjectIR 
 

Eq 4.39  
Where, 
Site development are the costs of developing the site (€3.060.000), 
Surface facilities are the costs for old surface facilities (€15.300.000)  
Monitoring are the monitoring costs (€334.000), 
Nwells is number of injection wells and 
Workover are the costs for making the well suitable for injection (€2.000.000.) 
(Rockett, 2010) 

 
 The investment costs for a new injection well are: 
 

)cos**(()cos*( tsdrillingdepthNWellswellpertsfixedNwells

monitoringonsInstallatiSurfacetdevelopmenSiteionwellINewInject




  

          Eq 4.40 
Where, 
The site development costs are €3.060.000, 
Surface installations are the costs of new surface facilities (€61.200.000), 
Monitoring are the monitoring costs (€334.000), 
Nwells are the number of new wells, 
Fixed costs are the fixed costs for new wells (€8.200.000), 
Depth is the depth of the oilfield from the bottom of the ocean (Van den Broek 
et al, 2010) and the drilling costs are €5314/meter (Rocket, 2010). 

 

Oil production revenues 
If CO2 is injected in oilfields extra oil is produced. The amount of extra oil can be 
calculated. The CO2/Oil ratio gives the amount of oil produced per t CO2. According 
to Rockett (2010) the ratio is 2.58 t CO2/ m

3 oil (which is  0.4102 t CO2 / barrel of 
oil). The ratio of injected CO2 to produce one barrel of oil is presented in Table 4.8 
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Table 4.8: CO2 /Oil ratio in EOR projects 

 
Source: Godec, 2011 
 
The amount of extra oil due to CO2 storage can also be calculated if the density (API) 
of the oil is known. The density of the oil in the oilfields in the Campos Basin can be 
found in the Appendix Table 11.3. 
 
If this value is compared to the values in 
Table 4.8 it is clear that the value from Rockett is higher (the oil production per t CO2 
is lower in the study of Rockett (2010)). The oil is denser in the Campos basin and as 
a result less oil is produced per t CO2. The value of Rockett (2010) will be used in the 
calculations. 
The amount of oil can be calculated using Eq 4.41. 
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Eq 4.41 

Where, 
EOR stands for the number of barrels of oil 
CO2 is the amount of CO2 injected in the oilfield 
RCO2 is the CO2/Oil ratio (0.4102 tCO2/BO) 

 
The revenues from oil production can be calculated using Eq 4.42 
 

ricePExtraOilevenuesEORR        
Eq 4.42 

Where, 
Revenues is given in €/yr, 
Extraoil is given in barrels of oil per year (BO/yr) and  
The oil price is the projected price of oil in future (€)  
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To calculate the revenues the future oil price will be used. In Figure 4.11 predictions 
of oil prices will be used. In the calculations an oil price of $110/ bbl oil is used. 
Later, the other values will be used in a sensitivity analysis. 
 
Figure 4.11: Scenarios of future oil price developments in dollars 

 Source: IEA, 2010 
 

4.10 Costs - General 

Economic Analysis 
The net present value (NPV) equation will be used to calculate the costs. 
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Eq 4.44 

            
    

Where, 
I is investment (€), 
B is annual benefits (€), 
C is annual costs (€), 
α is annuity factor, 
r is discount rate and  
L is depreciation period (yr) 
(Blok, 2007) 

 
The NPV formula is adapted to calculate the costs per t CO2 reduced 
 

2

2

*

CO
specCO m

BCI
C







       

Eq 4.45 

     
Where, 
CspecCO2 is annual capital costs (€ / t CO2 reduced), 
α is annuity factor, 
I is investments (€), 
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C are annual costs (€),  
B are annual benefits (€) and  
ΔmCO2 is the annual amount of negative emissions (t CO2). 

 

Economic values  
Interest rate 
The interest rate fluctuates strongly for Brazil; the interest rate fluctuates around 10% 
the last years. This value will also be used in this study. 
 
Exchange rates 
Some costs are given in Dollars instead of Euro’s. These exchange rates will be used. 
Euro Dollar exchange rate (average over 2011):  1.3916 
Euro Real exchange rate (average over 2011): 2.3272 
(ECB, 2011) 
 
Inflation rate 
The inflation rates of the CPI will be used. The year 2011 will be the reference year. 

Region factors 
Most values are given in Euros and based on European prices. However, the costs of some 
technologies differ per region.  
For mature technologies it is not assumed that investment costs will differ per region. 
Mature technologies used in this thesis are CHP’s and centrifugal compressors. 
Pipeline technology is also considered mature; however the investment costs of 
pipelines do also consist of ground use (and thus ground costs). Therefore, region 
factors will be taken into account for all pipelines as well. 
For the other technologies studied in this thesis region factors will be used. The other 
technologies are the equipment for chilled ammonia, Ramgen compressors, and 
injection wells.  
The region factors for these technologies are presented in Table 4.9. The investment 
costs will be multiplied by the factor for field work, that value is 0.7 compared to 
European costs.  
The O&M costs of all technologies will be multiplied by the factor of qualified work, 
which is 0.6 compared to European costs. 
 
Table 4.9: Cost regional corrective factor  

 
Source: IEA GHG, 2011a 
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4.11 Costs  
The costs of the negative emissions for scenario 1 and 2 can be calculated using Eq 
4.46. 
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Eq 4.46

 Where, 
ICompressor are the investment costs of the compressor, 
O&MCompressor are the O&M costs for the compressor, 
EnergyCostCompressor are the costs of energy for the compressor, 
IPipeline are the total investment costs of the pipeline, 
O&MPipeline are the O&M costs of the pipeline, 
IInjection are the investment costs for the injection wells and 
O&MInjection are the O&M costs of the injection wells. 

 
The CO2 reduction costs for storing in aquifers from 2025 onwards (scenario 3) can be 
calculated using Eq 4.47. 
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Eq 4.47 

 
The CO2 reduction costs for storing in oilfields (scenario 4) can be calculated using Eq 
4.48. 
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Eq 4.48 

Where, 
IΔCHP is the extra investments due to a larger CHP, 
O&MΔCHP are the extra O&M costs for the CHP, 
ΔBagasseCosts are the extra bagasse costs (€/t), 
ICC are the investment costs of the carbon capture equipment, 
O&MCC are the O&M costs for the carbon capture equipment, 
Solvent loss is the costs of the solvent loss, 
ICompressor are the investment costs of the compressor, 
O&MCompressor are the O&M costs for the compressor, 
IPipeline are the total costs of the pipeline, 
O&MPipeline are the O&M costs of the pipeline, 
IBS are the investment costs for the booster stations, 
O&MBS are the O&M costs of the booster stations, 
EnergyCostsBS are the costs of energy for the booster stations, 
IInjection are the investment costs for the injection wells, 
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O&MInjection are the O&M costs of the injection wells and 
Revenues Oil are the revenues from selling oil from EOR. 
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5. Results	 	 	 	 	 	 	 	 	 	

General results 
In this section the general results will be presented. The general results are the results 
and/or data which are used for more than one scenario.  

Ethanol factories 
The characteristics of ethanol factories are presented in Table 5.1.  The data given in 
Table 5.1 represent the values if all sugarcane is used for ethanol production. If 50% 
of the sugarcane input is used for sugar production the amount of CO2 decreases with 
the same percentage. 
 
Table 5.1: Characteristics of ethanol factories over different timeframes, emissions are 
given per ethanol factory. 

Characteristics   Unit          

Time period     <2015  2015‐2025  2025‐2030 

Size  t SC input  database  2000000  2000000 

Conversion efficiency ethanol  l/t SC  85  92  95 

CO2 from fermentation  kg CO2/ t SC  6,43E+01  6,96E+01  7,19E+01 

CO2 captured from CHP  kg CO2/ t SC  Not captured Not captured  1,89E+02 

Total potential CO2 capture/yr  t CO2/yr  database  1,39E+05  5,22E+05 
 
Table 5.1 shows the amount of CO2 which can potentially be captured from an ethanol 
factory. The CO2 captured from the CHP is multiplied by 90% (capturing efficiency). 
For the already existing ethanol factories no values are given. The already existing 
ethanol factories differ in size and emissions, so it is not possible to give one value for 
these factories. Data is available and is used from the database of the IEA GHG 
(2008). 
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Location of ethanol factories and pipeline planning 
In this section the location of sources and sinks is clarified. Pipeline routes are also 
presented. A distinction is made between current ethanol factories and future ethanol 
factories. 

Location and emissions from current ethanol plants 
The IEA GHG reports CO2 point sources larger than 100 kt CO2 (IEA GHG, 2008). 
According to the IEA GHG emissions database several ethanol factories are located in 
the Sao Paulo state which emit more than 100 kt of CO2 per year. The largest ethanol 
factories emit around 200 kt CO2 per year. For the largest ethanol factories the exact 
emissions are known as well as their location. An overview of these ethanol plants is 
given in Table 5.2. 
 
Table 5.2: Emissions of large ethanol plants in Sao Paulo state in Brazil  

  Name of company kt CO2/ yr CO2 (kg/s) 

1  ANDRADE  121  7,00 

2  BARRA GRANDE  148  8,56 

3  BONFIM  140  8,10 

4  BURITI  100  5,79 

5  CATANDUVA  143  8,26 

6  COLORADO  108  6,25 

7  COSTA PINTO  121  7,02 

8  DA BARRA  209  12,11 

9  DA PEDRA  160  9,28 

10  EQUIPAV  116  6,71 

11  IRACEMA  101  5,87 

12  ITAMARATI  259  15,01 

13  MOEMA  106  6,15 

14  NOVA AMÉRICA  103  5,94 

15  SANTA CRUZ - AB  103  5,96 

16  SANTA ELISA  177  10,23 

17  SÃO CARLOS - COOPCANA  110  6,39 

18  SÃO JOÃO - ARARAS  106  6,13 

19  SÃO JOSÉ - MACATUBA  165  9,57 

20  SÃO MARTINHO  213  12,30 

21  VALE DO ROSÁRIO  137  7,96 

22  VALE DO VERDÃO  129  7,45 

Source: Database IEA GHG, 2008 
 
The ethanol plants in Table 5.2 cover approximately 30% of the ethanol production in 
the Sao Paulo state. The other 70% of the ethanol is produced by smaller ethanol 
plants. Data of the smaller plants is not available and are not included. 
From the IEA GHG emissions database (2008) the location of the point sources is 
known. The ethanol plants are drawn on a map and it is shown in Figure 5.1. Numbers 
on the map in Figure 5.1 corresponds with the numeration in Table 5.2. 
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Figure 5.1: Overview of ethanol factories in Sao Paulo state 

 
Source: Google Earth and IEA GHG, 2008 

Clustering 
The emissions of the ethanol factories are clustered. The clusters are presented in 
Figure 5.2. 5 clusters are made; cluster 3 is a combination of cluster 1 and 2 together. 
Some of the ethanol sources are located too far from the other sources and these 
ethanol factories will not be connected to other ethanol factories. The CCS costs of 
these separate ethanol factories will be calculated as well. 
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Figure 5.2: clusters of ethanol factories 

 
Source: Google Earth and IEA GHG, 2008 

Injection well and pipeline planning  

Cluster 1, 2 and 3 
The pipelines in cluster 1 and 2 are presented in Figure 5.3: Source 2 has a larger CO2 
volume than source 18; therefore CO2 will be transported from source 18 to source 2. 
Figure 5.3: Pipelines (yellow lines) for cluster 1 and 2. 

 
Source: Google Earth and IEA GHG, 2008 
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Table 5.3: lengths of pipelines in cluster 1 and 2 
Pipeline  Length pipeline (km) 
Source 18 to source 2 15 
Source 17 to source 10 27 km 
Source 6 to source 10 17 km 
 
Cluster 3 is a combination of cluster 1 and 2. Figure 5.4 shows the pipelines and 
injection well. 
 
Figure 5.4: Injection well and pipelines in cluster 3. 

 
Source: Google Earth and IEA GHG, 2008 
 
The location of the injection well is estimated using Eq 4.29. 
The lengths of the pipelines are showed in Table 5.4. 
 
Table 5.4: lengths of pipelines in cluster 3 
Pipeline  Length pipeline (km) 
Source 6 to source10 17 km 
Source 17 to source10 27 km 
Source 2 to shared pipeline 11 km 
Source 18to shared pipeline 11 km 
Source 10 to injection well 51.8 km  
Shared pipeline (2,18) to injection well 68.2 km 
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Cluster 4 
Figure 5.5: Injection well and pipelines in cluster 4 

 
Source: Google Earth and IEA GHG, 2008 
 
Table 5.5: lengths of pipelines in cluster 4 
Pipeline  Length pipeline (km) 
Source 7 to injection well 11 km 
Source 8 to injection well 31 km (around city) 
Source 19 to injection well 23.3 km 
Source 14 to source 19  48.2 km 
Source 1 to source 7 36.3 km 
Source 4 to source 1 61.6 km  

Cluster 5 
Figure 5.6: Injection well and pipelines in cluster 5 

 
Source: Google Earth and IEA GHG, 2008 
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Table 5.6: lengths of pipelines in cluster 5 
Pipeline  Length pipeline (km) 
Source 5 to injection well 37 km 
Source 12 to injection well 94 km 
Source 15 to injection well 54 km 
Source 3 to source 5 56 km 
Source 20 to source 15 16 km 
 

Location of sources and sinks - future ethanol plants 
The source and sinks areas will be connected in this scenario with a trunk pipeline. 
Therefore, a study has to be made where the future ethanol plants will be built.  This 
is done using the maps of INPE (2013) 
The location of the new ethanol factories is dependent on the availability of 
sugarcane. The sugarcane agricultural areas are used to predict where future ethanol 
factories will be built. Therefore, land use maps are created in ArcGIS to estimate 
where future sugarcane areas will be built. 

ArcGIS 
Land use maps of INPE (2013) are used to produce maps which show the sugarcane 
land use over time. This is shown in Figure 5.7. 
 
Figure 5.7: Expected sugarcane plantations from 2010 to 2030.  

 
Source: INPE,2013 
 
The colors show sugarcane land use over time. The green and blue sugarcane areas 
are new sugarcane areas which are built between 2020 and 2030. A larger timeframe 
than five years is chosen, because it will take some time before an ethanol factory is 
built. Sugarcane areas from the period 2020-2030 are used in this study. 
A map is created which shows the increase of sugarcane fields between 2020 and 
2030. 
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Figure 5.8: Increase in sugarcane fields from 2020 to 2030.  

 
 Source: INPE, 2013 
 
The selected sugarcane land use areas are presented in Figure 5.8. The sugarcane 
areas are then divided into segments. Each segment has a size of 20x20km, which is 
sufficient to grow 2 Mt sugarcane per year. 
The sugarcane land use map is divided into a raster. If the sugarcane land use was 
over 50% in a raster area a raster block is created. The result is presented in Figure 
5.9. 
 



65 
 

Figure 5.9: Sugarcane land use with raster 

 
Source: INPE, 2013 
The green color of the sugarcane land use area is changed to blue to improve 
visibility. The red blocks represent the agricultural areas for each ethanol factory. So, 
every red block shows the potential location of a future ethanol plant. 
Over a period of 5 years (2025-2030) 85 ethanol factories will be built. The red blocks 
are numbered and the emissions from the ethanol factories will be transported to the 
oilfields. 
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Oilfields 
Rockett (2010) has studied offshore oilfields which can be used for CO2 storage and 
EOR. These oilfields are located in the Campos basin (Rockett, 2010). 
 
Figure 5.10: CO2 storage potential of oilfields in the Campos Basin. 

 
(Source: Rockett, 2010) 
 
In Figure 5.10 several oil fields are shown with their storage capacities. In the study of 
Rockett (2010) the capacities and storage costs per well were studied. Rockett (2010) 
also gives the CO2 demand for EOR. This is given in Table 5.7. 

Source-Sink matching 
The CO2 demand has to match with the CO2 supply from the ethanol factories. The 
total captured emissions are calculated. Over a period of 5 years 85 new ethanol 
factories will be built. 30% of the new factories are 100% ethanol factories, 70% are 
50% ethanol factories. The total amount of CO2 captured is 36,7 Mt CO2 /yr. 
The CO2 demand per oilfield is presented in Table 5.7. 
 
Table 5.7: Characteristics oilfields in Campos Basin (Rockett, 2010) 

Offshore oilfields  Marlim  Barracuda Albacora Roncador Jubarte  Caratinga 
Enchova/
Bonito 

CO2 amount for EOR (Mt CO2)  352,76  334,88  476,96  1082,89  31,8  80,4  26,34 

Recoverable oil per year (M m3)  7,2  5,9  8,4  11,99  0,49  1,42  0,57 

CO2 amount per year (Mt)  18,57  15,22  21,68  30,94  1,27  3,65  1,46 

 
If the CO2 amount per year is taken into account three oilfields are most optimal for 
EOR. Marlim and Albacora can be used, or Barracuda and Albacora. Marlim is 
chosen over Barracuda, because the costs for Marlim are lower (due to higher 
injectivity rate of Marlim and Marlim is located closer to the Albacora field.) 
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The location of sources and sinks are known, and the pipelines can be planned. The 
trajectory of the trunk pipeline will follow current pipeline corridors. The pipeline 
corridors are shown in Figure 5.11. 
 
Figure 5.11: Existing pipeline corridors and expected  

 
Source: INPE, 2013 
 



68 
 

Figure 5.12: Trunk pipeline planning 

 
Source: INPE, 2013 
 
Figure 5.12 shows the planned trunk pipeline and booster stations. The numbered 
ethanol factories will be connected to the booster stations. If possible, the pipeline 
from one ethanol factory will be built via another ethanol factory to create shared 
pipelines which are cheaper than direct connections. 
Figure 5.12 shows numbered ethanol factories. Each number represents an ethanol 
factory. The type of ethanol factory per number (50% or 100% ethanol factory) is 
randomized, taking into account the 30/70 ratio of 100% and 50% ethanol factories.  
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Results scenario 1: Capture from fermentation, storage in 
aquifers (2015) 
The costs for scenario 1 have been calculated and are presented in Table 5.8. The 
costs are presented in M€ unless stated otherwise. ‘IC’ stands for investment costs.  
 
Table 5.8: Costs overview scenario 1 

Annualized cost (M€ 2011)  cluster 1  cluster 2 cluster 3 cluster 4 cluster 5  source 9  source 13 

Compr IC  2,53 3,62 6,15 7,78 7,07  1,39  1,18

Compr O&M  0,06 0,09 0,15 0,19 0,17  0,03  0,03

Compr Energy costs  0,91 1,19 2,10 2,93 3,06  0,57  0,38

Pump IC  0,01 0,02 0,06 0,07 0,07       

Pump O&M  0,0002 0,0004 0,0016 0,0016 0,0018       

Pump Energy costs  0,002 0,006 0,041 0,046 0,068       

Pipeline IC  0,27 0,78 4,38 6,05 8,07       

Pipeline O&M  0,01 0,03 0,15 0,21 0,28       

Inj. Well Costs total  3,59 3,59 3,59 3,59 3,59  3,59  3,59

Total costs  7,37 9,32 16,63 20,85 22,39  5,59  5,18

CO2 captured (Mt/yr)  0,25 0,33 0,59 0,82 0,86  0,16  0,11

€/t stored  29,05 27,87 28,27 25,44 26,11  34,84  48,70

Reduced emissions (Mt 
CO2)  0,25 0,33 0,58 0,81 0,85  0,16  0,11

€/ t reduced  29,21 28,03 28,43 25,59 26,25  35,04  49,00
  
Table 5.8 shows the costs of CO2 capture and transport per cluster and source. In 
cluster 1, 2 and 3 the same sources are studied, so only one option can be chosen. The 
options are: cluster 1 and 2, or cluster 3 (which is a combination of 1 and 2). The CO2 

reduction cost of 1 and 2 together are higher (€ 28.54/ t CO2 reduced) than the costs of 
cluster 3.  
Source 9 and 13 show no costs for pumps and pipelines. In that case no pumps and 
pipelines are installed because no transport of CO2 is required. The costs for 
electricity (for the compressors and pumps) is relatively high, this is due to the 
forecasted electricity price of €36.5/MWh 
The distribution of CO2 reduction costs is shown in Figure 5.13. 
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Figure 5.13: Costs of negative emissions of the clusters, source 9 and source 13. 

 
 
In Figure 5.13 the distribution of CO2 reduction costs per scenario are presented. The 
light blue bars represent the investment costs of the pipeline (Pipeline IC). In cluster 3 
the pipeline costs increase compared to cluster 1 and 2 due to an increase in transport 
distance and volume. At the same time the injection well costs decreases per t CO2 
reduced for cluster 3. The fixed costs of an injection well can be spread over a larger 
amount of CO2. 

The result is that in this case the decreased costs of the injection well outweigh the 
extra costs of the larger and longer pipelines. 
The cost curve of scenario 1 is presented in Figure 5.14. 
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Figure 5.14: Cost curve of negative emissions in Scenario 1 

 
 
Figure 5.14 shows that the CO2 reduction costs are lowest for cluster 4. Cluster 5 has 
slightly higher cost and the total negative emissions are larger in cluster 5 than in 
cluster 4. The CO2 reduction costs increase in cluster 3; the costs for separate wells (9 
and 13) increase even stronger with smaller amounts of reduced emissions.  
 
If the costs are compared to other BECCS studies it seems that the calculated costs in 
this thesis are lower. For example, Laude et al (2011) show costs of capture from 
fermentation of €56-86 per t CO2 abated. However, these costs of Laude et al (2011) 
present relative low amounts of CO2, only 43 and 85 kt CO2 per year. The value of 
Laude can best be compared with the separate sources in this study. The amount of 
negative emissions from Source 13 is 106 kt CO2. So if that value is compared with 
costs of Laude et al (2011) the outcomes are quite similar. 
The study of Laude (2011) also indicates that the costs of the injection well is the 
largest share of the costs if the amount of CO2 is relatively low. 
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Results scenario 2: Capture from fermentation, storage in 
aquifers (2015-2025) 
In this scenario the locations of the new ethanol plants are unknown. It is assumed 
that there are large agricultural areas where the main crop is sugarcane. The distance 
from one ethanol factory is dependent on the size of the agricultural area around each 
ethanol factory, as is described in Eq 4.8. The land use factor is 0.77 and the 
agricultural yield is 90 t/ha (Leite et al, 2011) 

100% ethanol producing facilities 
In this scenario CO2 is captured from fermentation only. The ethanol factories in this 
scenario are only producing ethanol and no sugar.   
The emissions from fermentation are 139 kt CO2 per year per factory. This means that 
seven ethanol factories will store their emissions in one injection well (with eight 
ethanol factories the total amount of captured CO2 exceeds the maximum injectivity 
rate of one injection well).  
The injection well is located on the site of the center ethanol factory and the six 
surrounding ethanol factories transport their CO2 to the injection site, as is presented 
in Figure 4.7. The radius of the sugarcane area is calculated using Eq 4.8. The radius 
of the sugarcane area is 9.7 km. 

Sugar and ethanol producing facilities 
In this scenario the ethanol factories convert the sugarcane into sugar and ethanol; 
50% of the sugarcane will be used for the production of ethanol. The same 
agricultural area and conversion efficiencies are used, but only 1 Mt sugarcane is used 
for ethanol production. This means that to reach the maximum injectivity rate of 1 Mt 
CO2/yr 14 ethanol factories will be connected to one injection well.  

Costs overiew scenario 2 
The costs have been calculated for both types of ethanol plants. The results are shown 
in Table 5.9. 
Table 5.9: Costs overview for scenario 2 
Annualized costs (M€ 2011)  100% ethanol 50% ethanol

Compressor  IC  9,22 14,02

Compressor O&M  0,22 0,34

Compressor Energy costs  3,48 3,48

Pump IC  0,05 0,11

Pump O&M  0,002 0,003

Pump Energy costs  0,02 0,04

Pipeline IC  2,04 5,92

Pipeline O&M  0,07 0,21

Inj. Well Costs total  3,59 3,59

Total costs  18,70 27,71

CO2 captured (Mt/ yr)  0,975 0,975

€/t stored  19,19 28,43

Reduced emissions (Mt CO2)  0,96914 0,96900

€/ t reduced  19,30 28,59
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The costs for the 100% ethanol producing are lower compared to the ethanol factories 
which produce only 50% ethanol. The difference is mainly caused by the compressor 
costs and pipeline costs.  
The invesment costs of the compressors are larger for the 50% ethanol factories, 
because the compressors are smaller. The function to calculate the costs of the 
compressor is not linear. If the size increases the specific investment costs decrease. 
This is also graphically presented by McCollum and Ogden (2006). 
The costs of the pipelines are also higher for the 50% ethanol factories. In that 
scenario the distance between sources and sinks is larger and the pipelines become 
longer as well.  Besides, the sattelite pipelines are smaller and the specific investment 
costs are also higher for smaller pipelines. 
 
The costs distributions for both type of clusters are presented in Figure 5.15. 
Figure 5.15: CO2 reduction costs for scenario 2 

 
 
Figure 5.15 shows the diffference between the costs of both types of ethanol factories.  
The CO2 capture can be applied on all ethanol plants built in the period 2015-2025.  
This leads to the following cost curve, presented in Figure 5.16. 
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Figure 5.16: Costs of negative emissions 

 
 
Figure 5.16 shows that the negative emissions from 100% ethanol factories are just 
over 7 Mt CO2 / yr, and the negative emissions of the 100% ethanol factories are over 
8 Mt CO2/ yr. The number of 100% ethanol factories is 51, the number of 50% 
ethanol factories is 119. 
The costs of capture and storage of all ethanol factories combined is €25,81 / t CO2 
reduced. That value is quite low if it is compared to other studies (Laude et al, 2011) 
(Fabbri et al, 2011). The low costs are caused by the short distance between sources 
and sinks and that the costs of the injection well are relatively low per t CO2. 
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Results scenario 3: Capture from fermentation and CHP, 
storage in aquifers (2025-2030) 

Costs of CHP 
In scenario 3 and 4 CO2 will also be captured from the flue gas from the CHP. If CCS 
is applied to the CHP the heat demand increases due to regeneration energy for the 
solvent. Therefore the size of the CHP has to be calculated.  
To calculate the size of the CHP with CCS equipment the following data will be used. 
 
Table 5.10: Characteristics of CHP 
Characteristics       

Heat req ethanol production  kWh / t SC   178

Heat efficiency     60%

Capt efficiency     90%

Bagasse share  t bagasse / t SC  0,26

LHV bagasse  MJ / t   7260

Emission factor  t CO2 / t bagasse  0,8080

Solvent Regeneration heat  MJ / t Co2  2200

Specific investment costs  € 2004 / kWth  385

O&M     2%

region factor     0,7

Bagasse cost  $ 2011/ t bagasse  23,25

Bagasse cost  € 2011  16,67

 
The CHP has to fulfill the heat demand for the ethanol production and the solvent 
regeneration.  
An iterative approach is used which was described in section 4.4 ‘2030 Costs of 
CHP’; the bagasse demand is calculate. The annual bagasse demand is 4.65*105 t/yr if 
the characteristics presented in Table 5.10 are used. The amount of available bagasse 
is 5.20*105 t/yr. So, the amount of bagasse is sufficient to fulfill the heat demand for 
the ethanol factory as well as the CCS equipment. 
These values are then used to calculate the increase in size of the CHP. The results are 
shown in Table 5.11. The increase in size of the CHP is presented as ∆ CHP. 
Table 5.11: Results for CHP with CCS 

CHP characteristics  Unit 
reference 

CHP 
CHP with 

CCS  ∆ CHP 

Sugarcane input   t SC  2000000  2000000

Heat req ethanol production  MJ / yr  1,28E+09 1,28E+09

Heat req solvent regeneration  MJ / yr  ‐  7,44E+08

Input bagasse  MJ / yr  2,14E+09 3,38E+09

Size CHP  kWth  1,24E+05 1,95E+05 7,17E+04 

Bagasse req  t /yr  2,94E+05 4,65E+05 1,71E+05 

A similar approach is used to calculate the costs. The economics of the reference CHP 
and the new CHP are presented in Table 5.12. 
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Table 5.12: Economics of reference CHP and larger CHP due to CCS 
Economics  Unit  reference CHP CHP with CCS  ∆ CHP 

Annualized IC  € 2011  6,52E+06  1,03E+07  3,78E+06

O&M  € 2011  1,30E+05  2,06E+05  7,57E+04

Bagasse costs  € 2011  4,90E+06  7,75E+06  2,85E+06

 
The investment costs of the larger size CHP are compared to the reference CHP. The 
extra costs are shown in the column ΔCHP.  
 
In the next paragraph the costs of the other equipment (CAP, compressors, pipelines 
and injection well) will be calculated. To calculate these costs, the amount of captured 
CO2 is needed. A distinction is made between 50% ethanol factories and 100% 
ethanol factories. As is showed in Table 5.13, the CO2 captured from 100% ethanol 
factories are higher. 
 
Table 5.13 CO2 flow from fermentation and CHP 
      50% ethanol  100% ethanol 

CO2 from fermentation  t CO2 / yr  7,19E+04  1,44E+05 

CO2 captured from CHP  t CO2 / yr  3,38E+05  3,38E+05 

Total CO2  t CO2 / yr  4,10E+05  4,82E+05 

   kg CO2 / s  23,73  27,89 

 
For both types of ethanol factories only two ethanol factories can be connected to one 
injection well. If three injection wells are connected to one well the maximum 
injectivity rate of 1 Mt CO2 is exceeded.  

Costs of Chilled ammonia process (CAP) 
The cost of the CAP is calculated using Eq4.18. The costs are based on the captured 
CO2 flow from the CHP. The amount of kg CO2/s is calculated using the data from 
Table 5.13. The CO2 captured is 3,38*105 t CO2/yr; 19.57 kg CO2/s. The size of the 
reference plant is 143 kg CO2/s (Valenti et al, 2012). 
The result of the cost calculation is presented in Table 5.14. 
 
Table 5.14: Size and investment costs calculation CAP 
CAP     Ref plant  Calculated

Size  kg/s  143  19,57 

Costs  M€  157  39,01 

Scaling factor     0,7 
 
The investment costs for the CAP equipment is M€ 39.01.  
 
Table 5.15: CAP economics 
Annualized costs  Unit  Ref plant  Calculated

Investment costs  €  3,90E+06  2,73E+06 

O&M  €  1,91E+06  1,34E+06 

Solvent loss  kg NH3/ yr  6,76E+03 

Solvent costs   €  2,70E+03 
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In Table 5.15 a cost reduction is mentioned. This cost reduction is used, because it is 
expected that future CAP installations can become cheaper than current (pilot) 
installations. As mentioned in paragraph ‘Costs capturing equipment (Chilled 
Ammonia Process)’ the cost reduction percentage will be included in the sensitivity 
analysis.  The O&M costs seem high, but the same percentage as described by Valenti 
et al (2012) is used.  
The solvent costs are calculated using the approach described in Eq 4.17. 
 

Costs of compression and pumps 
The investment costs of compression and pumps are related to the required outlet 
pressure. The outlet pressure is dependent on distance between sources and sinks. 
Therefore, the distance from one to another ethanol factory is calculated. The distance 
between 2 ethanol plants is dependent on the size of the agricultural area around each 
ethanol factory. 
The agricultural area per ethanol factory is calculated (Using as yield 96 t sugarcane 
per hectare and it is assumed that 77% of the land in an agricultural area is used for 
agriculture). With these values the radius of the agricultural area is calculated, it is 9.7 
km. 
The sinks (injection well) can be located at two sites in this scenario: 

- In the middle between the two sources, 
- Or at the site of one of the ethanol factories.  

If the injection site is located in the middle, both ethanol factories need to transport 
CO2 to the injection well. However, if the injection well is located at one of the 
ethanol factories, only the emissions of one ethanol plant have to be transported to the 
well, but it has to be transported over a larger distance. 
Both options are calculated to find the most economic attractive option. 
 
In this scenario the Ramgen compressors are used. The energy requirement of the 
Ramgen compressors is 334.8 kJ/kg CO2 to 73.8 atm. For further compression pumps 
are used. 

Costs scenario 3: total cost overview 
As described before two distinctions are made: the type of ethanol factory (50% or 
100% ethanol factories) and location of the injection well. This leads to four cost 
calculations in this scenario. The results of the calculations are presented in Table 
5.16. 
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Table 5.16: Costs overview of Scenario 3. 

Annualized costs (M€) 

50% ethanol, 
injection 
between 2 
factories 

100% ethanol, 
injection 
between 2 
factories 

50% ethanol, 
injection at site of 
one ethanol 
factory 

100% ethanol, 
injection at site 
of one ethanol 
factory 

Inv CHP  7,57 7,57 7,57  7,57

O&M CHP  0,15 0,15 0,15  0,15

Bagasse costs  5,69 5,69 5,69  5,69

Inv CAP  5,45 5,45 5,45  5,45

O&M CAP  2,68 2,68 2,68  2,68

Solvent costs  0,01 0,01 0,01  0,01

Inv Compressor  2,03 2,16 2,03  2,16

O&M Compressor  0,05 0,05 0,05  0,05

Energy Compressor  2,79 3,27 2,79  3,27

Inv Pump  0,023 0,024 0,023  0,024

O&M Pump  0,001 0,001 0,001  0,001

Energy Pump  0,016 0,019 0,016  0,012

Inv Pipeline  0,53 0,59 0,53  0,59

O&M Pipeline  0,02 0,02 0,02  0,02

Injection Well  3,59 3,59 3,59  3,59

Total costs  30,59 31,29 30,59  31,28

CO2 captured (Mt /yr)  0,82 0,96 0,82  0,96

€/ t captured  37,30 32,46 37,30  32,46
Reduced emissions 
(Mt/yr)  0,82 0,96 0,82  0,96

CO2 reduction costs €/t  37,30 32,46 37,30  32,46

  
  
The results presented in Table 5.16 are the costs per cluster (See the reduced 
emissions; those are double the amount of reduced emissions of one ethanol factory). 
At first it is showed that the costs are lower for the 100% ethanol factories. The 
location of the injection well does not have a large impact on the costs. The costs are 
only €0,01 lower if the injection well is located at the site of one ethanol factory.  
The CO2 reduction costs seem quite low if compared with data in literature. Valenti et 
al (2012) calculated an avoidance cost of €38,60/ t CO2. In the value of Valenti et al 
(2012) transport and injection costs are not taken into account. 
The reason why the calculated costs in this case are lower are the 15% cost reduction 
in investment costs and the region factor of 0.7. 
The energy costs of the compressors are higher than the investment costs of the 
compressors. This seems unusual. The electricity costs in this study are relatively high 
and the investment costs of the compressor are low. In scenarios 3 and 4 Ramgen 
compressors are used and the investment costs of Ramgen compressors is 50% lower 
than a compressor train.  
The bagasse costs are quite high. The used bagasse costs are a derivative of the 
sugarcane price and are therefore high.  The distribution of costs is presented in 
Figure 5.17. 
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Figure 5.17: Costs of negative emissions in scenario 3. 

 
 
Figure 5.17 clearly presents that the costs due to post-combustion capture represent 
the largest share of the costs (Over €26/t CO2 for the 50% ethanol factories). The 
costs for post-combustion capture are: extra CHP investment cost, the bagasse costs 
and the investment and O&M costs of the CAP equipment. 
Although the costs of CAP are relatively high, it also increases the amount of CO2 
captured. For the 100% ethanol factories the amount of CO2 captured increases with a 
factor 3.3 for 100% ethanol factories, for the 50% ethanol factories the increase is a 
factor 5.7. 
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Results Scenario 4: Capture from fermentation and CHP, 
storage in oilfields (2025-2030) 

Costs Scenario 4 
The costs are calculated and presented in Table 5.17 and Figure 5.18. 
  
Table 5.17: Total costs scenario 4  

Annualized costs (M€)  Total costs

CHP IC  321,68

CHP O&M  6,43

Bagasse costs  241,95

CAP IC  231,77

CAP O&M  113,92

Solvent  0,23

Comp IC  87,90

Comp O&M  2,11

Comp Energy  124,73

Pump IC  1,81

Pump O&M  0,04

Pump Energy  2,06

Pipelines IC  87,56

Pipelines O&M  3,06

TrunkPipelines IC  250,51

TrunkPipelines O&M  8,77

Boosterstation IC  19,85

Boosterstation O&M  0,48

Boosterstation Energy  32,84

Injection wells IC  12,71

Injection wells O&M  0,91

Costs Subtotal  1550,40

CO2 captured (Mt CO2)  3,672E+01

CO2 reduced (Mt CO2)  3,667E+01

Oil production  ‐7058,29

Total costs  ‐5507,89

 
Table 5.17 shows the total costs of scenario 4. These costs are the costs of all 85 
ethanol factories, capture equipment and pipeline infrastructure. The costs are € 42.28 
/ t CO2 reduced and it is given in Figure 5.18. The costs are calculated using the 
overall costs divided by the negative emissions. The result is an aggregated value. The 
distance from one ethanol factory to the sink area is different than from another 
ethanol factory, so the costs represent the average costs. 
The bagasse costs seem quite high. Due to the increase in heat demand (and the 
increase of CO2 flow from the extra bagasse) the amount of bagasse fed to the CHPs 
increases strongly. The strong increase bagasse causes the high bagasse costs. 
For the compressors, pumps and booster stations it is remarkable that the energy costs 
are higher than the investment costs. This is due to the high electricity price and the 
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functions used to calculate the investment costs. The specific investment cost decrease 
when the size of the equipment increases. 
The solvent costs are really low, this can be explained by the low amount of ammonia 
slip, which is only 0.02 kg/ t CO2 captured. At a price of 400€/t ammonia, the solvent 
costs are only €0.008/ t CO2 captured. 
The injection wells are also relatively cheap. The injection wells and surface facilities 
can be reused, so the costs of reuse are lower than for new installations. The facilities 
are already installed on the researched oilfields and therefore the costs of injection 
wells are low. The overall costs and benefits are presented in Figure 5.18 and Figure 
5.19. 
Figure 5.18: Costs overview of scenario 4. Costs are given in €/t CO2 captured and €/t 
CO2 reduced. (Left figure) 
 

 
 
 
Figure 5.19: Costs overview including revenues from oil production (right figure) 
 
Figure 5.19 shows that the revenues from oil production outweigh the capture and 
transport costs. The net revenues are €150,21/ t CO2 reduced. 
The cost due to CO2 capture are €24.98/ t CO2 reduced. The overall transport costs are 
€16.96/ t CO2 reduced.  
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6. Sensitivity	analyses	 	 	 	 	 	 	
 
In the previous sections the costs of capturing and storing CO2 were calculated. 
Sensitivity analyses are conducted to find out if the results are stable. The parameters 
are selected which have a major impact on the costs or if assumptions were made. 
The following parameters are used in the sensitivity analyses: 

 Interest rate 
 Electricity price 
 Emission factor electricity 
 Pipeline investment costs 
 Injection well investment costs 
 CHP heat efficiency 
 Solvent regeneration energy 
 Price decrease of investment cost of CAP 
 Bagasse costs 
 Oil price 

The results of the sensitivity analyses are presented per scenario. 
 

Scenario 1 
Figure 6.1 shows the sensitivity analysis for scenario 1. On the Y-axis the costs are 
shown (in €/ t CO2 reduced) and the X-axis shows the percentage of parameter 
change.  
 
Figure 6.1: Sensitivity analysis scenario 1 

 
 
Figure 6.1 shows that the interest rate has the largest impact on the costs, followed by 
the pipeline investment costs and injection investment cost. The interest rate has the 
largest influence, because it has an effect on all investments. The electricity price has 
only a minor impact if the costs change. This is due to the relatively small 
contribution to the overall costs. 
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If the pipeline investment costs decrease to 90% the costs per cluster changes. In the 
results it was found that cluster 3 was cheaper than the combination of cluster 1 and 2. 
However, if the costs are calculated with a 10% cost decrease of the pipelines cluster 
1 and 2 become cheaper than cluster 3 (the combination of cluster 1 and 2). This is 
caused because longer pipelines will be build cluster 3. 
 

Scenario 2 
The results of the sensitivity analyses for scenario 2 are presented in Figure 6.2 and 
Figure 6.3.  
The main difference between the 100% and 50% ethanol factories is the change in 
electricity price and the pipeline investment costs. The electricity price is represented 
as blue diamonds; the pipeline investment costs are represented as purple crosses. 
In the 100% ethanol factories the electricity price has a larger impact on the costs than 
the pipeline costs. In the 50% ethanol factories it is the other way around. This is 
caused by the fact that the distances of the 50% ethanol factories between sources and 
injection well is larger and therefore the larger impact of pipeline costs can be 
clarified. 
It is also showed that the emission factor of electricity almost has no impact on the 
costs.  The electricity price does have a relative high impact on the overall costs. In 
this scenario the compressors are compressor trains and have high electricity 
demands. Therefore, a change in electricity price has a quite strong impact on the 
overall costs. 
Figure 6.2: Sensitivity analysis scenario 2: 100% ethanol factories 
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Figure 6.3: Sensitivity analysis scenario 2: 50% ethanol factories 

 
 

Scenario 3 
In scenario 3 CAP equipment is installed and sensitivity analyses on CAP 
technologies are conducted as well.  
The parameters with the highest impact on the CO2 reduction costs are the interest 
rate, solvent regeneration energy requirement, the heat efficiency of the CHP and the 
bagasse costs.  
 
Figure 6.4: Sensitivity analysis scenario 3: 100% ethanol factories 
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Figure 6.5: Sensitivity analysis scenario 3: 50% ethanol factories 

 
 
The solvent regeneration energy is presented as the pink lines. If the solvent 
regeneration heat requirement increases, the size of the CHP also increases to fulfill 
the extra heat demand. That leads to higher costs.  
If the solvent regeneration heat increases the bagasse input also has to increase, 
however the amount of bagasse is limited. The bagasse can fulfill the heat 
requirements until the solvent regeneration heat requirement reaches 2600 kJ/kg CO2 
captured. Beyond that energy requirement the bagasse cannot longer fulfill the energy 
requirements.  
The heat requirement of 2600 kJ/kg CO2 captured is an increase of 18% compared to 
the heat requirement used in this thesis. A pilot plant of Powerspan shows a 
regeneration heat requirement of 2326 kJ/kg CO2 (Jilvero et al, 2012), which is within 
the margin of 2600 kJ/kg CO2 captured. Therefore, it is expected that the bagasse can 
fulfill the energy requirements even if the solvent regeneration heat requirement 
increases. If the regeneration heat requirement is higher than 2600 kJ/kg CO2 captured 
it might be an option to limit the amount of CO2 captured. 
The CO2 reduction costs are inversely correlated to the CHP heat efficiency. If the 
CHP has a higher efficiency a smaller sized CHP can provide the required output. 
This reduces the costs. The investment costs of the CHPs are a quite large share of the 
overall costs and therefore a change in efficiency of the CHP has a large impact on the 
costs. 
Price decrease of CAP is presented as the light green stripes. In the calculations a 
price decrease of 15% is expected. A range of 10 to 19% in the price decrease of CAP 
has been used (which is a parameter change of 70% to 125%). The overall costs show 
a small impact due to the price decrease of CAP.  
 

Scenario 4  
The results of the sensitivity analyses are presented in Figure 6.6. As is presented the 
costs are the most dependent on the oil price. In the calculations an oil price of $110 
per barrel is used. The oil price in the sensitivity analyses ranges from $85 to $143 per 
barrel. 
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Figure 6.6: Sensitivity analysis scenario 4  

 
 
The costs range due to oil price change is large, that makes it hard to see what the 
effects are of the other parameters. Therefore Figure 6.7 is included. Figure 6.7 shows 
the sensitivity analyses of all parameters except oil price and interest rate. 
 
Figure 6.7: Sensitivity analysis scenario 4, without the parameters oil price and interest 
rate 

 
 
The parameters which show the most interesting effect on the CO2 reduction costs are: 
solvent regeneration energy, pipeline costs, CHP heat efficiency and bagasse costs.  
The effects of solvent regeneration energy requirement and CHP heat efficiency on 
the reduction costs have already been clarified in the previous section.  
The pipeline costs have a large influence on the CO2 reduction costs, because the 
distance between sources and sinks is large in this scenario. The costs of the pipeline 
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infrastructure are relatively high. A change of pipeline cost has therefore more impact 
on this scenario than on the other scenarios.  
The CO2 reduction costs do also change due to a change in bagasse costs. In the 
current calculations the bagasse price is a derivative of the sugarcane price (Cavalett 
et al, 2012). In the sensitivity analysis the range for bagasse cost is 60-100% of 
current bagasse prices.  
 
Overall, it is showed that the interest rate, pipeline investment costs and electricity 
price have the largest impact on the costs. For mid term scenarios the solvent 
regeneration energy demand shows a large impact. And for the EOR scenarios the oil 
price is by far the parameter with the highest impact on the CO2 reduction costs.  
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7. Discussion	 	 	 	 	 	 	 	 	
 
In this section there will be reflected upon some aspect of this thesis. At first the 
(assumptions on) data is discussed, followed by a discussion about the methodology. 
Finally, the results from this study are compared to values from literature. 

Data   
In this research some assumptions on data had been made. In this section the 
assumptions or data availability is discussed. 

For the scenario 1 (2015) data from the IEA GHG (2008) is used. This data is 
reliable, but it only represents 30% of the current ethanol factories. The other 70% has 
lower emissions than 100 kt CO2 per year. Although the other ethanol factories are 
smaller, they could be located in the same area as the larger ethanol factories. If they 
are located near a larger ethanol factory it could be interesting to capture emissions 
from small ethanol factories as well. If more sources can be added to injection wells, 
the overall costs will decrease. 

Another assumption is the estimated number of future ethanol plants. The 
future ethanol production prediction (of the IEA, 2012) is used to estimate the number 
of ethanol plants. The expected increase in ethanol production is different per source. 
The IEA assumes an increase of ethanol production around 300% (IEA, 2012). Other 
studies indicate an increase of 380% compared to current production (Hollauer, 2007). 
Besides, it is assumed that all future ethanol will be produced from sugarcane and that 
future ethanol factories have a size of 2 Mt sugarcane input. These assumptions all 
have influence on the estimated number of new ethanol plants. A larger increase of 
ethanol production could lead to more negative emissions. If the average size of the 
ethanol factories increases, the CO2 reduction costs will decrease. (The effect of size 
of ethanol factories is showed in the results of scenario 1). 

The location of future ethanol plants is based on maps of INPE (2013). 
However, it is not known how this data was collected and when an area was 
considered as sugarcane area. Another land use study was done by the Worldbank 
(2010). It was tried to get data from that study of the Worldbank, the authors were 
contacted, but the data remained unavailable for this thesis.  

Energy requirements play an important role, especially in the scenarios with 
post-combustion CCS. The solvent regeneration heat requirement is based on 
literature and results from a pilot plant. However, a different pilot plant shows a 
higher heat requirement. It was assumed that if a current pilot plant was energy 
efficient the future plant would also use the more efficient method. 

In this study all bagasse is available for the CHP. However, bagasse can also 
be used for the production of bioethanol. If that is the case other fuels have to be 
bought to fulfill the heat demand, natural gas for example. However, there is a major 
drawback, the price of bagasse is €2.30/GJ and the price of natural gas is around 
€8/GJ (Kuramochi et al, 2011). The costs of CO2 capture will increase if the bagasse 
is used for ethanol production. 

The amount of extra oil production is based on one value, the oil/CO2 ratio. 
This value was a result of the study of Rockett (2010). The value seems reliable if 
compared to other studies (Hendriks and Graus 2004). However, as the sensitivity 
analysis shows, the CO2 reduction costs of the future scenarios are highly dependent 
on the oil price. However, even if the oil price drops to $85/ barrel there are still 
revenues instead of costs.   
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Methodology 
In this section the methodology and methodological choices are discussed: 

In this study only direct emissions are taken into account. However, this 
research boundary could lead to distorted results. For example: the upstream 
emissions from agriculture and emissions due to land use change are not taken into 
account. Moreover, in scenario 4 extra oil is produced. The oil will be used or burnt 
and CO2 will be emitted. In both cases the amount of negative emissions will be lower 
than calculated in this thesis. 
 In this research it was chosen to review the techno-economic feasibility of 
different technologies; there was no focus on public or political opinions. In some 
scenarios a large pipeline infrastructure is planned for CO2 transport. Although it can 
be feasible from techno-economic perspective; the public opinion also has to be 
considered. If the public opinion is negative it can stop CO2 storage projects; with the 
example of the failed CCS project of Barendrecht in the Netherlands.  

The goal in this thesis was to compare technological combinations. However, 
for some processes a technology is chosen, while different technologies could also be 
available in future. This is the case for the CHP. As cogeneration technology only one 
option has been researched (a boiler with steam turbine), while other options for a 
CHP-CC are available, e.g. a solid oxide fuel cell with integrated carbon capture. If 
the other CHP technologies have higher efficiencies there will be less demand for 
bagasse.  

In the storage in aquifer scenarios some assumptions have been made which 
influence the methodology: assumptions on the injectivity rate, the location of ethanol 
factories and injection wells.  
For the injection wells these assumptions are used: a) injectivity rate is 1 Mt CO2/ yr 
well and b) the injection wells can be built at any place because the ethanol factories 
are located above the aquifers. For the ethanol factories these assumptions are used: a) 
ethanol factories are built within a distance of 20 km from each other and b) the 
emissions from different ethanol factories are clustered to one injection well. 
These assumptions lead to the current methodology of clustering and distance 
estimations. However, this method does not take into account that other (agricultural) 
land use types can be located in the same region. The ethanol factories might be not 
evenly distributed spatially. This increases the transport distances and costs.  
Using the current methodology, all ethanol factories will be connected to the injection 
well by pipelines. The distance between the ethanol factory and the injection well 
determines the transport costs, so for an ethanol factory it is favorable that the 
injection well is located on a short distance. Therefore, it could be difficult to find a 
location for the injection well, because the ethanol factories have conflicting interests. 
If the distance between sources and sinks is short, it could be attractive to transport 
the CO2 is gaseous phase instead of dense phase. The pipelines will be larger, but the 
compressor train can become smaller and less energy will be needed for compression. 

The ethanol factories have a load factor of 200 days per year. This has impact 
on the economic approach. In the calculations an economic lifetime of 20 years is 
assumed. Due to the low load factor the lifetime of the equipment could increase. The 
effects of a longer lifetime of equipment on the CO2 reduction cost are the same as a 
slightly lower interest rate. In the study of Efe et al (2005) bioethanol plants are 
studied and lower interest rate is used (4%). 
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Results and comparison to other studies 
The estimated and calculated results are compared to values from literature.   
 If the overall costs are compared to other BECCS studies, it shows that the 
costs in this thesis are lower compared to Laude et al (2011) and Fabbri et al (2011).  

The costs of post-combustion capture (CAP) are compared. In this thesis the 
cost of capture is €24,98/ t CO2 reduced (without compression and transport). If this 
value is compared to values of Kuramochi et al (2011) it is showed that Kuramochi 
show higher costs. The costs of Kuramochi could be higher because the volume 
percentage of CO2 in the flue gas is lower and in this thesis a reduction in costs is 
used. 

The transport costs are also compared to other studies. The transport costs are 
substantial in scenario 4, where CO2 is transported over large distances. The transport 
costs in scenario 4 are €16.27/t captured (including the costs of compressors and 
booster stations). The transport costs without the cost of compressors is €10,95/ t CO2 
captured. 
The transport costs are high compared to the IEA GHG report (IEA GHG, 2011b), 
which indicates costs of €10/ t CO2 transported over a large distance. However, in the 
Ecofys study a ‘large distance’ is 500-2000 km.  
The article of Knoope et al (2013) also shows the costs of CO2 transport. This is 
graphically presented in  
Figure 7.1. In this study the approach of van den Broek et al (2010) is used, which is 
presented as the dashed blue line. The costs of van den Broek et al seem to be slightly 
higher than other studies.  
 
Figure 7.1: Pipeline transport costs  

 
Source: Knoope et al, (2013) 

 
The revenues from EOR will also be compared to other studies. The EOR 

revenues in this study are high compared to Heddle et al (2003) and Holt et al (2009). 
The results of Heddle et al (2003) show a range: the results differ from capture costs 
of $73/ t CO2 to revenue of about $95/ t CO2 captured. However, in the study of 
Heddle et al (2003) an oil price of $12 to $20 per barrel is used, which is very low. 
Holt et al (2009) show the value of CO2 compared to the oil price. If the oil price is $ 
110/ bbl (the price used in the thesis) the value of CO2 would be $65/ t CO2 (~ €46,60/ 
t CO2). The costs of CO2 transport, storage and interest rate are lower in the study of 
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Holt et al (2009). Therefore, it can be concluded that in the study of Holt et al (2009) 
less oil is produced per t CO2 injected. 

All in all, the transport costs in this study are higher, the costs of CAP are lower, 
and the revenues from oil are higher than found in literature. 
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8. Conclusion	 	 	 	 	 	 	 	 	
 
The goal of this thesis was to find the most cost effective technological combination 
to mitigate CO2 emissions if bioethanol is produced from sugarcane. 

The results show that scenario 2 is the most costs effective for the short term. 
The costs are low if they are compared to other BECCS studies. The costs of scenario 
2 are lower than for scenario 1 and the amount of negative emissions are higher.  
It can be concluded from the results that the size of an ethanol factory is the main 
determinant of the costs. Scenario 2 also indicates that the amount of injected CO2 per 
well is also important for the overall costs; the larger the amount of CO2 per injection 
well, the lower the costs.  
 Scenario 2 furthermore shows that the costs within this scenario depend on the 
type of ethanol factory. The distinction between 50% and 100% ethanol factories 
gives insights in the transport costs. The 100% ethanol factories have shorter pipelines 
and the costs are almost a factor 3 lower than for the 50% ethanol factories. So, on the 
short term the most attractive sources are the 100% ethanol factories, because more 
CO2 can be captured. 

For the mid term scenario 3 and 4 are compared. In scenario 3 more CO2 is 
captured per ethanol factory, it is also captured from flue gas. As is concluded in 
scenario 2 a larger amount of captured CO2 per ethanol factory is desirable from 
economic point of view. However, the increase in costs due to CAP equipment and 
the larger CHP outweigh the decrease in costs of shorter pipelines and shared costs of 
the injection well. The costs in scenario 3 are relatively high. Scenario 4 is more 
attractive; due to EOR it becomes economically attractive to store CO2.   
So on the short term scenario 2 is most attractive and on the mid term scenario 4 is 
selected. 

If scenarios 2 and 4 are implemented the costs and the overall negative 
emissions are calculated.  If all ethanol factories in scenario 2 and 4 are taken into 
account it leads to the following negative emissions: 
Scenario 2:  15.3 Mt CO2/yr 
Scenario 4:  36.5 Mt CO2/yr 
Total:   51.8 Mt CO2/yr 
The costs and revenues are presented in Table 8.1. 
 
Table 8.1: Overview of costs of scenario 2 and 4 
   Unit  Scenario 2  Scenario 4  Sum 

CO2 reduction costs  €/t  22,97 ‐150,21   

Total reduced emissions  Mt/yr  15,30 36,72   

Costs  M€/yr  351,33 ‐5515,45 ‐5164,12 
 
For scenario 2 the aggregated results are presented, which are the CO2 reduction costs 
of the 50% and 100% ethanol factories combined. If the revenues of scenario 4 are 
also taken into account the total revenues are M€ 5164 per year. 
 
The total amount of negative emissions of the two scenarios is 51.8 Mt CO2 per year. 
The total annual emissions of Brazil are 475 Mt CO2/yr in 2011 (EIA, 2012). So, if 
the emissions are captured and stored the annual emissions of Brazil can be reduced 
with 10.9% (using emission data from 2011).  
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So, CCS from bioethanol production from sugarcane seems a promising option 
to reduce emissions (and even generate revenues from 2025 onwards due to EOR). 

 
The sensitivity analyses show that the costs are most influenced by the interest rate, 
CHP heat efficiency, electricity price and oil price. However, even if these parameters 
change scenario 2 and 4 will remain the most favorable scenarios. The costs will also 
change if the parameters change, but the costs will remain in the same order of 
magnitude.  
 
The findings of this thesis can be used in other situations. This study has furthermore 
shown that it is more economically attractive to apply CCS to a relative small, pure 
CO2 flow than a large CO2 which has to be captured from flue gas. In this thesis the 
costs of post combustion capture are low compared to literature and still capture of 
smaller pure CO2 sources is more economically attractive. 
Therefore, on the short term it could be interesting to retrofit capture equipment on 
other sources with almost pure CO2 exhaust gases. For example, CO2 can also be 
captured from sugarbeet ethanol factories, or corn bioethanol factories.  
 
The findings also indicate that storage in oilfields is attractive from economic point of 
view. The revenues from extra oil production are high and in this thesis the revenues 
of EOR even outweigh the costs of long distance transport by pipelines. It is expected 
that EOR in other oilfields is also economically attractive. 
However, a remark has to be made: the extra oil due to EOR leads to more emissions. 
Therefore, the actual emission reduction is lower than when CO2 is injected in 
aquifers.  
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9. Recommendations	 	 	 	 	 	 	
 
In this thesis some assumptions have been made; these are already described in the 
discussion. However, further research on some topics should lead to improved data 
quality and it should contribute to improve the accuracy of this research.  
The main recommendations are clarified below and grouped per subject: 
 
Bioethanol production: 
- The number of future ethanol factories is estimated using ethanol production 
predictions. More precise ethanol production predictions are needed. It should also be 
researched if the sugarcane ethanol factories will remain the main ethanol production 
method in Brazil in future. 
- The location of ethanol factories is estimated on land use maps of INPE (2013). It is 
unknown how the data is collected to produce the maps of INPE. The Worldbank 
(2010) also has a land use study. It would be interesting if that data can also be used in 
ArcGIS to estimate the locations of future ethanol plants. 
 
CAP: 
- The future price expectations costs of CAP are not given in quantitative figures. 
Chung et al (2011) give expert opinions about cost reductions of CAP. However, the 
price decrease is given as qualitative data. More research about future costs for CAP 
is required. 
- The data of solvent regeneration heat requirements show a large range. Some 
estimates are low (~1000 kJ/kg CO2 captured), modeling studies give values between 
2050 and 2900 kJ/ kg CO2 captured and pilot plants give 2326 to > 4000 kJ/kg CO2  
captured (Jilvero et al, 2012). More studies are needed to get more insights in the 
regeneration heat requirement. 
 
EOR: 
- Due to the CO2 injection in oilfields extra oil is produced. The extra oil leads to an 
increase in emissions. The emissions from oil were outside the research boundaries of 
this thesis. A LCA study would be interesting to find the net negative emissions of 
CCS with EOR. 
- The ethanol factories have a load factor of 200 days per year. The oilfields have a 
certain annual CO2 demand for EOR; more research is needed to find out if these load 
factors are compatible or that temporarily CO2 storage is required to make the CO2 
flow more consistent. 
- Some of the injected CO2 dissolves in the oil. If the oil is produced from the oilfield 
the CO2 will come out of the oilfield with the oil. Therefore, the CO2 has to be 
separated and recompressed again so it can be reused in the oilfield. 
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11. Appendix	 	 	 	 	 	 	 	
 
Figure 11.1: Overview of geological structure of South America.  

 
(Tankard et al, 1995) 
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Figure 11.2: Underground structure of  Brazil and the Paraná Basin  

 
Source: Tankard et al, 1995 
 
 
 
Table 11.1: Overview of energy and material flows in a sugarcane ethanol plant.  
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Flow flowtype m kg/s Temperature P (bar) e kj/kg

1 steam 0.33 480 80 1896
2 steam 0.291 317.8 22 1568
3 steam 0.038 132.4 2.5 1150
4 steam 0.036 132.4 2.5 1150
5 steam
6 condensed 0.328 121.8 2.1 582
7 condensed 0.328 121.8 4 582
8 condensed 0.33 121.8 2.5 586
9 condensed 0.33 125 88 595

10
11 steam 0.002 132.4 2.5 1150
12 steam 0.291 172.6 2.5 1175
13 cane 1 25 1.01
14 imbitition water 0.235 98 1.01 82
15 bagasse 0.26 25 1.01 9959
16 juice 0.975 25 1.01 2416
17 bagasse 0.155 25 1.01 9959
18 bagasse 0.105 25 1.01 9959
19 wine 0.975 25 1.01 2486
20 wine 0.975 90 1.01 2512
21 ethanol 0.167 78 1.01 12058
22 water residues 0.793 99 1.01 98
23 ethanol 0.069 78 1.01 27674
24 water residues 0.097 99 1.01 122
25 condensed 2.433 25 1.2 527
26 condensed 2.433 30 1.15 528
27 steam 0.168 121.8 2.5 1148
28 condensed 0.168 121.8 2.1 582
29 condensed 15.329 25 1.2 527
30 condensed 15.329 30 1.15 528
31 steam 0.015 121.8 2.5 1148
32 condensed 0.015 121.8 2.1 582
33 steam 0.031 121.8 2.5 1148
34 steam 0.113 121.8 2.1 1148
35 condensed 0.031 121.8 2.5 582
36 condensed 0.113 121.8 2.1 582
37 condensed 0.144 121.8 2.1 582
38 steam 0.328 121.8 2.5 1148
39 ethanol 0.008 88 1.01 26397
40 imbitition water 0.235 25 1.01 50  

Data obtained from Modesto et al, 2009. 
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Table 11.2: Injectivity per well per oil field.  

 
Source: Rockett, 2010. 
Translation from Portuguese: Campo de Petróleo means oilfield and Injectividade 
(Mt/ano per poço) means injectivity (Mt/ year per well) 
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Table 11.3: Characteristics of oil fields.  

 
Source: Rockett, 2010. 


