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Abstract:

The Cryogenic Carbon Capture process can
decrease the energy demand for CO, separa-
tion and pressurisation to 150 bar significantly,
compared to other conventional technologies.
The CCC process is a post-combustion tech-
nology that utilises cryogenic conditions to
separate CO, from the other contaminants in
the cement plant off-gas. The energy duty for
the CCC process is estimated both with the
use of an empirical off-gas composition and
a modelled off-gas composition. The mod-
elled calcination and combustion process is
based on a methane fired combustion and a
calcination process with a pure CaCOj5 sup-
ply. Furthermore, the CCC process is bench-
marked to the theoretical minimum energy
duty for CO, separation to consider the po-
tential for further improvements. It appears
that the CCC technology’s high potential for
heat integration is crucial in order to achieve a
competitive energy duty. Furthermore, based
on the sensitivity study, it appears that the
most dominating parameter affecting the en-
ergy duty is the CO, concentration in the
off-gas. Moreover, the synergies between the
calcination and combustion process, the CCC
process, and a Power to X facility are investi-
gated to explore the possibility of converting
the captured C02 into methane, which can be
utilised to force the calcination reaction and

make a self-supplying process.
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Summary

Carbon Capture, Utilisation and Storage (CCUS) technologies have recently re-
ceived increased interest in order to decrease the CO, emission. In Denmark, Aal-
borg Portland is the single largest CO, emitter and constitutes 4 % of the national
CO, emission. Furthermore, the introduction of new CO, emissions quotas and
emission taxes will result in a cost of 1.86 billion DKK/year for Aalborg Portland
unless a carbon capture solution is retrofitted. Thus, the incentive to find the most

suitable carbon capture technology for Aalborg Portland is obvious.

This study aims to investigate the technical potential of cryogenic carbon capture
(CCCQ) for separating CO, from the cement plant off-gas. The CO, separation is
based on cryogenic solid-vapour separation, which utilises desublimation to re-
move CO, from the remaining contaminants. The cement plant off-gas scale and
composition are initially approximated with data provided by Keer| (2019). Based
on the composition and flow specifications inspired by Kzer (2019), the developed
CCC process model could obtain a CO, purity of 99.96 mol.% with a correspond-
ing CO, recovery of 99.9 %. By further optimising the CCC process with respect
to the energy consumption and subsequently considering the potential of heat in-
tegration, a resulting energy duty of 0.89 MJ/kg of captured CO, can be achieved.
Moreover, a sensitivity study of the CCC model with respect to the CO, off-gas
concentration is conducted. The study showed that an increased CO, concentra-
tion results in a lowering in the energy duty. Consequently, the calcination and
combustion process is modelled in order to investigate the potential to increase
the CO, concentration. The calcination and combustion process is modelled based
on a constant temperature and pressure of 1,500 °C and 1 atm, respectively. The
calcination process is modelled based on the CaCO5 consumption at Aalborg Port-
land, and the associated combustion process is scaled based on the lower heating
value of methane and the enthalpy of reaction. The combustion process is as-
sumed to be methane fired, which can be produced in a methanation process. The
methanation process utilises the captured CO, from the CCC process and hydro-

gen produced by an electrolysis process. The modelled calcination and combustion
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process showed the possibility of increasing the CO, concentration in the off-gas
by increasing the oxygen content in the oxidiser. However, the resulting adiabatic
flame temperature of the oxyfuel combustion entails complications both in terms
of the heat tolerance of the equipment and the thermal CO and NOx formation.
Conclusively, oxyfuel combustion is not recommended unless these complications
are resolved. As a result, the oxidiser is solely air supplied, which leads to a direct
air capture ability. By considering the CO, content in the air for the combustion
process, the captured CO, will increase by 2,507 tonne/year. As the annual leak
of CO, from the CCC process only amounts to 11 tonne/year, due to the high
CO, recovery, the cement production in combination with a CCC technology can
be considered CO, negative. In addition, the associated energy duty of the CCC
process will be slightly reduced to 0.849 MJ/kg of captured CO,, which results
in an overall decrease in the energy consumption. The methane fired combustion
process showed the possibility of increasing the off-gas CO, concentration result-
ing in a lowered energy duty for the CCC process. In Figure|l} the resulting energy
duties for the CCC process are benchmarked to an empirical determined CCC pro-
cess and several conventional carbon capture technologies. The CCC model* rep-
resents the energy duty associated with the off-gas discharged from the methane

tired combustion and calcination process.
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Figure 1: Comparison of the energy duties between the two developed CCC models and conven-
tional carbon capture technologies

The CCC model* is based on an off-gas from the calcination process with a methane fired combus-
tion. In addition, the - - - represents the theoretical minimum energy duty of 0.375 MJ/kg-CO, for
CO, separation.

Conclusively, this study indicates that the CCC process is significantly less energy-
consuming per kg of captured CO, compared to the conventional technologies.
Furthermore, it appears that the energy consumption of the electrolysis and metha-
nation processes is significantly higher than the CCC process. As a result, an
economic evaluation must determine whether a PtX integration is a profitable so-
lution. Subsequently, the economic evaluation must likewise determine whether
a partial or entire methane conversion is the most profitable solution by evaluat-
ing the income of excess methane compared to disposal expenses for the CO, to

storage.
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Chapter 1

Introduction

The United Nations have adopted a sustainable development plan including 17
world goals. The 13th world goal is to take urgent action to combat climate change
and its impacts (United Nations, 2016). Thus, the incentive for developing new sus-
tainable technologies to lower greenhouse gas emissions is evident. The majority
of the global CO, emission comes from the heat, electricity, transport, and heavy
industry, where the heavy industry includes steel, iron, and cement production
(Ritchie and Rosr, 2020), (Energistyrelsen, 2021). In the recent decades, the global
cement production has experienced an increase, as presented in Figure[I.Il Due
to the increasing cement production and the fact that it accounts for 7-10 % of
global CO, emission, and 4 % of the Danish CO, emission, the cement industry
constitutes a huge potential for Carbon Capture, Utilisation and Storage (CCUS)
(Benhelal et al., 2021} Gardarsdottir et al., |2019; COWI, 2020). Despite the huge
potential, none of the 45 large-scale CCUS projects in design, construction, or op-
eration currently involves the cement industry (Hills et al., 2016). Consequently, it
is crucial that the carbon capture technologies can be retrofitted to existing cement
plants, to ensure that the cement plants do not need to be redesigned, which in

the end minimises the complexity for the sustainable implementation.



2 Chapter 1. Introduction

5,000
4,500
4,000
3,500
3,000
2,500
2,000
1,500
1,000

Global cement production [Mmt/Year]

500

1990 2000 2010 2020 2030

Figure 1.1: Global cement production per decade in million metric tons with data acquired from
(Statistal, 2020).

Unlike most industrial processes, process chemistry is the governing CO, emitter
responsible for approximately 50 % of the total CO, emission (Farfan et al,, 2019).
This means that an implementation of CO, free fuels is not sufficient to eliminate
the CO, emission from the cement production. In addition, it also means that a
pre-combustion process is not sufficient, as this process solely captures the CO,
from the combustion process. Consequently, a post-combustion carbon capture
process must be considered to capture both the CO, residual from the combustion

process and the process chemistry.

The Danish government has recently constituted a commission to develop socio-
economic sanctions with the purpose to reduce the national greenhouse gas emis-
sions. These initiatives include a national CO, quota price as well as a sector-
specific emissions tax. The variable emission taxes should accommodate specific
sectors by reducing emission costs, such as mineralogical production processes as
the cement production. The reduced taxes should prevent companies from relocat-

ing to other countries in order to achieve lower taxes (Svarer, 2022). The additional



costs associated with CO, emissions should promote the prevalence of CO, reduc-
ing solutions. Based on Aalborg Portland’s current CO, emission, the increased
costs will have major economic consequences, as shown in Table Based on
an expected annual CO, emission cost of 1.86 billion DKK, the incentive to lower
the CO, emission by urgent actions is clear both from an environmental and an

economic point of view.

Table 1.1: Estimated total emission cost for Aalborg Portland based on a quota price and the
emission tax per ton of CO, for mineralogical processes, with data acquired from Aalborg Portland
A/S|(2019a) and [UNESCO)| (2019)

Estimated CO, emission cost for Aalborg Portland

CO, quota price [DKK/ton] 750
Emission tax [DKK/ton] 100
Annually CO2 emission [ton/year] 2,189,152
Total emission cost [DKK/year] 1,860,799,200

From an international perspective, the International Energy Agency (IEA) has con-
structed a road map specifying possibilities to reduce the global CO, emission
from cement plants (Benhelal et al., 2021). The road map enlightens CCUS as an
initiative essential to lower the emission. CCUS aims to concentrate the CO, con-
tent from the off-gas before the high concentration CO, stream is utilised for either
Power to X (PtX) or storage.

PtX is a process chain that utilises excess electricity to produce electrofuels with
hydrogen extracted from electrolysis and captured CO, (Farfan et al,, 2019). Con-
sequently, by implementing an electrofuel synthesis facility with an associated
electrolysis capacity, the CO, captured from the cement plant off-gas can be di-
rectly converted into useful fuels, which can be used internally at the cement
plant. As a result, the captured CO, from the cement production is of high in-
terest within the field of synthetic fuel production.

Thus, the necessity to reduce the CO, emission from the cement industry is ev-
ident, both from an environmental and economic point of view. Moreover, due

to the high CO, emission from the process chemistry, a green fuel replacement
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in the cement industry is not sufficient to remove the large CO, footprint. Thus,
in order to capture the majority of the CO, emission from the cement industry, a
post-combustion carbon capture technology must be implemented.

As a result, this report aims to find the most suitable post-combustion carbon
capture technology to prevent CO, emission from the cement industry and simul-

taneously utilise the captured CO, in a PtX application for electrofuel production.



Chapter 2

Problem Analysis

In this chapter, the fundamentals of CCUS will be introduced along with different
utilisation applications for the captured CO,. Moreover, the incentive to inves-
tigate a point source, more specifically the cement plant off-gas will broadly be
presented. Subsequently, different separation technologies with their respective
advantages and disadvantage in combination with a PtX chain will be elaborated.
The different treatment methods will be evaluated based on the existing literature,

and the most suitable technology will be determined for further studies.

2.1 Introduction to CCUS

In Denmark, a 2030 objective has been adopted to reduce the CO, emission by
70 % compared to the emission level in 1990. In order to achieve this objective, sig-
nificant changes must be implemented to existing and newly built CO, emitters.
Consequently, the prevalence of carbon capture technologies is vital to achieving
the 2030 objective (Energistyrelsen, [2020).

Captured CO, has been an integrated part of the oil industry since the 1970s,
where it was used to enhanced oil recovery (Alvarado and Manrique, 2010). In
recent years, research in carbon capture technologies has increased as a pathway
towards achieving the climate goals (IEA, 2021), (Ku et al) 2020). In addition,
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the prevalence of facilities for capturing CO, for either storage or utilisation has
experienced an increase of 150 % over the last decades (IEA, 2021). The concept
of CCUS combines the contribution of Carbon Capture and Storage (CCS) and
Carbon Capture and Utilisation (CCU). The fundamentals of CCUS is illustrated

in Figure 2.1}

Utilisation

Carbon Capture Transport

e l(‘m—u;h

11 St | L |
ooo : orage —
% A A

Figure 2.1: Conceptual illustration of the carbon capture, utilisation and storage.

As shown in Figure the CO, is initially captured from a point source, such
as a power or cement plant. The CO, capturing can be achieved with several
technologies, which can be divided into mainly chemical and physical separation
technologies (IEA, 2021), (Ku et al., 2020). Subsequently, the captured CO, is trans-
ported either to a storage or utilisation facility. The CO2 can, for instance, be stored
in emptied oil or gas reservoirs in the deep underground (IEA, 2021).

Another storage method is by dissolving the CO, in water and injecting the mix-
ture into a basalt containing subsoil. Consequently, the CO, dissolved in water will
react and form carbonic acid. By injecting the carbonic acid into a basalt contain-
ing subsoil, the basalt will dissolve and among other things form calcium oxide.
The calcium oxide will react with CO, and form chalk, which appears in the bicar-

bonate formation presented in equation (2.1). According to the Icelandic CarbFix
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project, the technology can store 95 % of the CO, injected into the subsoil within
2 years (IEA, 2021). This results in a very short monitoring period compared to the
monitoring period for CO, stored in emptied oil reservoirs. The chemical reaction
converting chalk extracted from basalt, water, and CO, into stable carbonate min-
erals which easily can be stored in the subsoil is shown in equation (2.1) (Matter
et al., 2016).

CaCO; + H,0O + CO, = Ca?" + 2HCO;" (2.1)

Since approximately 10 % of the continental surface and ocean floor consists of
basalt, this storage method is of high interest due to its accessibility (Matter et al.,
2016). One of the disadvantages for this storing method is that freshwater is used
instead of seawater, as freshwater can dissolve more CO, at the same pressure
and temperature compared to seawater. According to (Gislason et al.| (2010), it
requires 12 tons of seawater and only 10 tons of freshwater to dissolve 1 ton of
CO,. This poses an ethical issue as freshwater is considered an unsustainable
supply (UNESCO, 2019). Thus, seawater must be used before it can be considered
as a sustainable storing method. Combined with other CO, storage methods as
well as different utilisation methods, the CO, reduction potential is evident and
an important way to reach the CO, mitigation (Ghiat and Al-Ansari, 2021).

2.1.1 Carbon Capture and Utilisation

In support of CCS, CCU is considered an important CO, mitigation approach
to achieve the CO, emission objectives. CCU has an advantage compared to
CCS as CCU utilises a "waste product” to produce environmental friendly prod-
ucts, which promotes a great incentive to further investigation (Ghiat and Al-
Ansari,[2021). The conversion of CO2 into chemicals or electrofuels is an important
utilisation pathway, representing a CO, sequestration potential of approximately
500 Mt/year (Chauvy et al, 2019). CCU represents various methods that utilise
the captured CO, as a feedstock or for the generation of demanded commodities.
There are several applications where the captured CO, can be utilised, for instance,
to produce methane or methanol. Both methane and methanol can be produced
through hydrogenation, where CO, and hydrogen are converted into useful fuels
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which can participate in phasing out fossil fuels. The overall process chain from

carbon capture to the electrofuel production is presented in Figure[2.2]

0O,
Excess [
electriciiy
H,
Water
Transport
Carbon Capture
\9[ 0,0 e,0 (J
11
| | -

Figure 2.2: Conceptual illustration of the processes for electrofuel production.

It appears in Figure [2.2| that the Power to X (PtX) facility can utilise excess electric-
ity to ionise water into hydrogen and oxygen through electrolysis, which forms the
basis for electrofuel production. The chemical reactions transforming CO, and hy-
drogen into either methane or methanol are presented in equation and (2.3),
respectively.

CO, +4H, = CH, + 2H,0 (2.2)

CO, +3H, = CH;0OH + H,0 2.3)

Since the reactants for both processes are the same, the end product depends solely
on the catalyst. Consequently, carbon capture can preserve the environment but
also contribute to the production of more sustainable energy sources. Ultimately,
this increases the incentive to explore the possibility of capturing the CO, from the

most appropriate point sources.
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2.2 Cement Production Process

As stated in Chapter 1} the cement production accounts for 4 % of the Danish CO,
emission and thus possesses a vital potential on the way to achieve the 2030 target

of reducing the CO, emission by 70 %.

The cement production converts raw material, mainly consisting of limestone to
clinker. The process occurs is several steps to obtain the high-quality clinker
(Group, 2020). A simplified flow chart of the cement production is presented in
Figure The raw material utilised in the cement production consists of differ-
ent minerals, primarily constituted of 83 % limestone, 5 % sand, and 4 % gypsum
(Group, 2020). The first step of cement production is raw material processing,
which accounts for several processes including; material crushing, storing, pro-
portioning, and grinding. Subsequently, the raw mixture enters a preheater, which
heat exchanges with an airflow from the clinker cooling. Afterwards, the mixture
flows into a pre-calciner, which further heats the mixture before entering the rotary
kiln. Due to the high temperature in the rotary kiln, a calcination reaction occurs.
The temperature within both the pre-calciner and rotary kiln is established by a
combustion process. The combustion characteristics are defined by the fuel used
and the oxidiser, which typically is air.

The fuel is pre-treated prior to the combustion process in the fuel preparation pro-
cess, where the fuel is dehumidified and ground to the desired fuel size (Bosoaga
et al., 2009). Subsequently, the raw mixture is heated to 1,500 °C in the rotary

kiln, which makes the limestone undergo the calcination reaction presented in

equation (2.4).
CaCO; —» CaO+CO,  AH =178 kJ /mol 2.4)

The product of the rotary kiln is further cooled by heat-exchanging with the inlet
airflow. Finally, the clinker undergoes the final processing to prepare the prod-
uct for distribution and utilisation (Group, 2020), (Farfan et al., 2019), (Bosoaga
et al., [2009). Figure also indicates where the off-gas is discharged as well as

the inlet oxidiser flow for the combustion process. The largest contributor to the
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Figure 2.3: Flow chart of the cement production. The dotted line indicates the preheated oxidiser
flow.

CO, emission is the calcination reactions which account for approximately 50 %.
Subsequently, the combustion process accounts for approximately 40 % of the CO,
emission. Finally, the use of electricity and transport constitutes the remaining
10 % of the CO, emission (Farfan et al., 2019), (Bosoaga et al., 2009).

The resulting cement plant off-gas composition discharged from the process is pre-
sented in Table (Schakel et al., 2018), (Keer, 2019). The off-gas consists mostly
of N,, as it can be considered an inert gas in the combustion process. In addition,
the second and third largest concentrations in the off-gas is H,O and CO,. Fur-
thermore, the O, from the combustion is not fully reacted, as a small percentage
remains in the off-gas. Finally, it appears from Table that trace components of
CO, NOx, and 502 occur (Schakel et al., 2018)).
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Table 2.1: Estimated off-gas composition from a cement plant at 1,500 °C, with data acquired from
Keer| (2019) and |Schakel et al.| (2018).

Compound Unit Average value

CO, mol.% 0.1739
0, mol.% 0.0609
H,0 mol.% 0.1304
N, mol.% 0.6345
CcO ppm 1283
NOx ppm 133
SO, ppm 19

However, it is assumed that the CO, emission from the calcination process is con-
stant, due to the fixed amount of CO, bound in the limestone. As a result, the
largest CO, contributor, which can be changed is the combustion process. Fur-
thermore, several studies indicate that an increase in the CO2 concentration in
the off-gas is the most influential parameter affecting the capture energy duty
(Mathisen et al,, 2014). Consequently, an investigation of the combustion process
in order to increase the CO, concentration is of high interest.

2.2.1 Introduction to Oxyfuel Combustion

As previously stated, the combustion process accounts for 40 % of the CO, emis-
sion from the cement production, which increases the incentive to investigate this
process. Furthermore, it is assumed that the CO, emission from the calcination
is constant and independent of the combustion process. Consequently, the focus
is on improving the capture potential by adjusting the combustion process. The
majority of the conventional combustion processes use air as the oxidiser, resulting
in an oxygen supply of 21 %. However, by increasing the oxygen content in the
oxidiser, an increased C02 concentration in the off-gas can be obtained, resulting
in a higher potential for carbon capture. Due to the increased carbon capture po-
tential, the possibility of increasing the oxygen concentration in the oxidiser will
be considered (Hills et al., 2016). The oxygen supply could be covered from the
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electrolysis process, in which the hydrogen for either methanol synthesis or metha-
nation is produced. An increase in the oxygen concentration in the oxidiser will
likewise result in a decrease in the fuel consumption. This is due to the fact that by
increasing the oxygen concentration, the volume flow required to cover the com-
bustion process with oxygen will likewise be reduced. The fuel consumption is

reduced since less heat is used to heat up the inert nitrogen compounds (Dzurnak
et al., 2021).

COz-concentration in off-gas [%]
Off-gas volume per unit NG [m3/m3j

20 30 40 50 60 70 80 90 100
Oxygen in oxidiser [%]

Figure 2.4: CO, concentration in the off-gas and off-gas volume per cubic meter natural gas (fuel)
as a function of oxygen content in the oxidiser, based on data acquired from |Dzurnak et al.| (2019).
The data is extracted from a combustion process fuelled by natural gas, but it is expected that the
trends are equivalent for a coal fired combustion.

In addition, enhanced or complete oxyfuel combustion will likewise reduce the
volume flow of the resulting off-gas up to 75 %, as shown in Figure By reduc-
ing the volume flow, the scale of the treatment equipment will likewise be reduced,
as it is scaled with regard to the volume flow (Wall, 2005). As a result, the total
separation cost can be reduced by increasing the oxygen content in the oxidiser
as it increases the CO, concentration in the off-gas and lowers the resulting vol-

ume flow. Based on these considerations, the combustion process will be further
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investigated to determine a correlation between the oxygen content and the CO,

concentration in the off-gas.

Additionally, independent of the combustion process, the cement industry must
comply with the national emission limits. These criteria must prevent inappropri-
ate emission of several harmful components into the environment. Conclusively,
these emission limits must be complied with before oxyfuel combustion can be
considered as an advantageous solution. The emission limits related to the com-

ponents included in this report are presented in Table 2.2

Table 2.2: Emission limits of harmful compounds for discharge to the environment (Aalborg Port-
land A /S| 2019b).

Legislation requirements

Compound Amount [Unit]

CcO 1500 [ppm]
NOx 500 [ppm]
SOx 400 [ppm]

Consequently, the correlation between oxygen content in the oxidiser and the con-
centration of the vital compounds must be further investigated to avoid an inap-
propriate concentration of impurities and to maximise the CO, concentration in
the off-gas. Additionally, in order to produce a usable CO, product, the captured
CO, likewise needs to comply with some CO, purity requirements defined by the
utilisation facility. Within the field of methane and methanol production, several
compounds must be removed prior to the synthesis processes to ensure that the

catalyst material does not deactivate.

2.3 CO, Purity Requirements for Electrofuel Produc-
tion

To use the captured CO, for electrofuel production, several criteria must be met

in order to obtain a usable CO, stream. These requirements are generally char-
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acterised as the industrial CO, requirements. Concerning methanol or methane
production, there is a special focus on the concentration of sulphur compound,
due to the inhibitory effects on the catalyst material used to force the synthesis
(Twigg and Spencer, [2003). In this report, the various carbon capture technologies
are evaluated based on their ability to comply with the industrial CO, purity re-
quirements. More specifically, the CO, must at least reach a purity of 99.5 mol.%
and comply with the criteria for the minor components as presented in Table
(Brownsort, [2019).

Table 2.3: Purity requirements of the CO, stream for methane or methanol production [Brownsort
(2019).

Minor compounds

Compound Amount [Unit]

CcO 2,000 [ppm]
0, 150 [ppm]
H,O 50 [ppm]
NOx 2.5 [ppm]
Sulphur 0.1 [ppm]

As stated in Table the CO content has to be kept below 2,000 ppm to prevent
corrosion and to reduce the consequences of a leak. Furthermore, the oxygen con-
tent must be kept below 150 ppm as it can catalyse corrosive components such
as sulphur components (Brownsort, 2019). Moreover, the NOx and sulphur con-
tent must be monitored and kept below the limits due to the fact that they can
deteriorate the catalyst’s ability to initiate the methanol or methane synthesis. By
complying with the criteria presented in Table no further treatment of the CO,

stream is necessary before utilisation.

As a result, the off-gas composition and the requirements for utilisation will form
the basis of the evaluation of the different separation technologies in order to find

the most suitable technology.
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24 Post-combustion CO, Capture Technologies

To obtain a sufficient CO, purity to supply the electrofuel synthesis, several sepa-
ration technologies are considered. The fundamental of the separation process is
to separate the CO, from the other impurities and concentrate the CO, stream for
further utilisation. In this section, the following separation methods will be inves-
tigated; Amine scrubbing, Vacuum Pressure Swing Adsorption (VPSA), Cryogenic
distillation, and Cryogenic solid-vapour separation. The technologies will be in-
vestigated to determine the most suitable separation process to produce liquefied
CO, which is suitable for either storage on-site prior to utilisation or transporta-
tion to an external electrofuel facility. Furthermore, the separation technology
must obey the industrial CO, purity requirement of 99.5 mol.%. Additionally, the
technologies have to comply with the requirement regarding the minor component
presented in Table Eventually, the separation must obtain a CO, recovery of
at least 99 %, to reach an acceptable separation rate and lower the emission from
the cement plant. These assessment criteria will form the basis of the technology
screening to find the most suitable technology, which will be selected for further

investigation.

241 Amine Scrubbing

One of the most commercially used separation methods is the amine scrubbing
technology, which uses an aqueous water/amine mixture to chemically bind the
CO,. Amines are ammonia derivatives, where one or more hydrogen molecules
are released from the bindings. The released hydrogen molecules facilitate the
chemical absorption of CO, (Dutcher et al., 2015). A schematic overview of the
amine scrubbing process is illustrated in Figure
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Figure 2.5: Schematic overview of the amine scrubbing technology, inspired by [Dutcher et al.
(2015).

Lean amine

The amine scrubbing technology is divided into two main parts, an absorber and
a desorber, as presented in Figure 2.5] During the interaction between the off-gas
and the amine mixture, the amines retain the CO, molecules from the off-gas.
However, the majority of the remaining impurities will pass through the absorber
and leave the system as a CO,-lean off-gas. After the amines have bound a CO,
molecule, they are referred to as rich amines. The rich amine mixture is further
heated to approximately 120 °C to detach the CO, from the bindings. The specific
temperature required to detach the CO, from the amines depends on the amine
solvent used (Sartori), [1978). After the CO2 is detached from the amines, the CO2
stream can be released for further utilisation at a purity of 99.8 mol.% (Sutanto
et al,, 2017), (IECM, 2018). However, since the process releases the CO, in gaseous
form, it will require a retrofitted liquefaction unit to convert the final product to

liquefied CO, for either storage or transportation.

The amine regeneration process is the most energy-consuming part of the pro-
cess. During the regeneration, the majority of the impurities which are bound
to the amines are detached and can be removed as condensate. After the regen-

eration process, the lean amines are cooled and recycled into the absorber. The
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amine solvent is cooled prior to the absorber to compensate for the heat genera-
tion produced by the exothermic reaction where amine binds CO, and in this way
stabilises the temperature in the absorber (Dutcher et al., 2015). Due to the high
heat consumption of the process, the use of surplus heat is crucial for the capture
energy duty. Unfortunately, the majority of the excess heat can only be utilised for
district heating in the winter period, which is a huge economic encumbrance in
order to lower the capture energy duty. Thus, further possibilities for the use of
surplus heat must be investigated, in order to make the amine process favourable.
The resulting energy duty for the amine scrubbing technology is estimated to by
2.54 MJ /kg of captured CO, (Wang et al., 2013). Furthermore, according to a study
conducted by Rao and Rubin (2002), SO, and NOx will deteriorate the absorption
ability of the amine solvent. As a result, pre-treatment of the off-gas is required
to reach optimal separation conditions. Eventually, the amine scrubber technology
can only reach a CO, recovery of 96 %, which is lower than the target recovery
of 99 % presented in the assessment criteria. Conclusively, alternatives to amine

scrubbing are of interest.

2.4.2 Vacuum Pressure Swing Adsorption

Vacuum Pressure Swing Adsorption (VPSA) is a commercially used gas separation
technology, used in several applications, for instance for biogas upgrading and
carbon capture. VPSA utilises elevated pressure to separate the CO, from the
remaining compounds in the off-gas. A schematic overview of the separation
process is presented in Figure [2.6] Initially, the off-gas is pressurised to obtain the
desired separation pressure, which typically is between 8-12 bar (Speight, 2019).
Subsequently, sulphur compounds are removed from the off-gas prior to the VPSA
columns, as they will bind irreversibly to the adsorption material and degrade
the separation ability. Due to the initial pressurisation, the water content can be

removed as condensate.
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Figure 2.6: Schematic overview of the vacuum pressure swing adsorption technology.

The separation of the CO, occurs in the VPSA columns, where the CO, is extracted
from the off-gas. The porous adsorption material retains the CO,, but not the
remaining species from the off-gas. When the adsorption medium is saturated
with CO,, the pressure is changed to vacuum conditions to release the CO, and
regenerate the adsorption medium. To achieve a continuous process, several VPSA

columns are required due to pressure-changing conditions during the regeneration

process (Hoyer et al., 2016). The high concentration CO, stream is indicated with
the dotted line in Figure However, a fraction of the released CO, stream
will be recirculated to achieve a higher CO, concentration. The VPSA separation

method can purify the off-gas to a CO, concentration > 95 % with a resulting
energy duty of 2.44 MJ/kg of captured CO, (Wang et al, 2013). As a result,
additional treatment is necessary to reach a CO, concentration that complies with

the CO, purity requirements for methane or methanol production. However, by
increasing the CO, concentration, the corresponding CO, recovery will decrease.
Thus, a trade-off must be found between the desired CO, concentration and CO,
recovery (Kozak et al| 2017). According to a study conducted by
, the VPSA technology can only reach a CO, recovery of 76.4 %, which is

significantly below the 99 % requirement. Furthermore, since the CO, is released

as a gaseous phase at vacuum conditions, it will be an energy-consuming process

to liquefy the CO, to achieve suitable conditions for further storage or transport.
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Consequently, alternatives that are more suitable in order to obtain an sufficient

CO, purity must be considered.

2.4.3 Cryogenic Distillation

Another conventional separation method is low-temperature separation, also known
as cryogenic separation. Generally, the cryogenic separation technologies utilise
low temperatures and differences in thermodynamic behaviour to separate the
components. Cryogenic separation can obtain very high recovery of > 99 % with a
CO, purity > 99.5 mol.% (Song et al,, 2019). Within the field of cryogenic separa-
tion methods, several different technologies exist.

The most common technology is cryogenic distillation, which utilises the differ-
ence in boiling points to separate the components (Song et al., 2019). Commonly,
the cryogenic distillation process appears as a cascade distillation to increase the
purity and recovery. A schematic overview of a single stage cryogenic distillation
process is presented in Figure 2.7}

External Exhaust gas
refrigerant cycle

Multi-step Condenser
compression - -
Off-gas - L - -
1 Cooler -~ - | Distillation
- tower
Condenser I
Compressor C s
( i Steam
Water Liquid CO,
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Figure 2.7: Schematic overview of a single stage cryogenic distillation process.

Initially, the off-gas passes through a compressor followed by a cooler to increase
the pressure and lower the temperature. Afterwards, the off-gas is led through a

condenser to separate the water from the off-gas, as water otherwise will freeze
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and clog the system. Subsequently, the gas flows through a multi-step compres-
sion, in which the gas stepwise is compressed with internal cooling to above 45 bar
(Pellegrini, 2014). Then, the flow is cooled below the boiling point for CO, at the
desired pressure before the separation occurs in the distillation column. The sep-
aration occurs due to the difference in boiling points between CO, and the other
impurities in the off-gas. The residuals from the distillation process are the CO,-
lean off-gas leaving the top as a gaseous phase and the liquid CO, in the bottom.
The CO,-lean off-gas is led through a condenser to recirculate the majority of the
CO, which is not condensed. The liquid CO, phase enters a reboiler to ensure
that the majority of the impurities dissolved in the liquid phase are recirculated to
the distillation column. As a result, the purity of the liquid CO, stream increases

before further utilisation (Song et al., 2019).

The disadvantage of the cryogenic distillation is the required pre-treatment for
H,0, SOx, and NOx prior to the distillation process. Furthermore, the multi-step
compression is very energy-consuming as the off-gas is compressed at a gaseous
state prior to the distillation column to reach the desired distillation conditions and
to prevent dry-ice formation Aaron and Tsouris| (2005). However, the advantage
of cryogenic distillation is that the technology can obtain a recovery > 99 % with
a corresponding CO, purity > 99.5 mol.%, and thus comply with the assessment
criteria (Font-Palma et al., 2021). In addition, it is also an advantage that the CO,
product is liquefied, as it increases the density and thus the suitability for either
storage or transportation to an external utilisation facility. Furthermore, the result-
ing energy duty for the cryogenic distillation process is estimated to be 1.47 MJ/kg
of captured CO,, which is relatively low compared to the other conventional tech-
nologies (Font-Palma et al., [2021).

2.4.4 Cryogenic Solid-Vapour Separation

Alternatively to cryogenic distillation, cryogenic solid-vapour separation has shown
promising initial results. According to Baxter et al. (2021), the cryogenic solid-
vapour technology can lower the energy consumption for the carbon capture tech-
nology to 0.74 MJ/kg of captured CO,, which is close to halving the energy con-



24. Post-combustion CO, Capture Technologies 21

sumption compared to cryogenic distillation. However, this technology has not
been used commercially yet, which indicates that further studies are needed to
achieve a Technology Readiness Level (TRL) that allows it to be equated with com-

mercial separation technologies.

The solid-vapour separation technology exploits that the compression of a solid
is significantly less energy-consuming compared to a gas phase compression. As
mentioned earlier, the multi-step compression required to prevent the dry-ice for-
mation in cryogenic distillation accounts for a significant part of the energy con-
sumption. This dry-ice formation is utilised to separate the CO, from the off-gas
in cryogenic solid-vapour separation. Here, the off-gas is cooled to the CO, desub-
limation conditions, after which it can be separated due to solidification. Subse-
quently, the separated dry-ice is pressurised followed by a heat exchange, which
carries out the melting process. The CO, phase diagram illustrates the desublima-

tion, pressurisation, and melting process, presented in Figure [2.8|
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Figure 2.8: CO, phase diagram representing the phase behaviour during the cryogenic solid-
vapour separation and subsequently liquefaction process.

A more detailed schematic overview of the cryogenic solid-vapour separation is
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presented in Figure[2.9] Initially, the off-gas is dried to lower the water content.
Subsequently, the off-gas enters a desublimation column at around -100 °C de-
pending on both the CO, content and pressure. Inside the desublimation column,
the CO, is captured from the off-gas due to the presence of cold contact liquid.
The recovery of the CO, is very dependent on the temperature of the contact liquid
(Baxter et al) 2021). The slurry leaving the desublimation column is pressurised
to enhance the separation of the contact liquid and the solid CO,. Afterwards, the
slurry enters a solid-liquid separator to extract the clean CO, product from the
contact liquid. In addition, pure contact liquid can be recirculated to the desubli-
mation column and close the separation process. The solid CO, is melted in the
multi-stream heat exchanger before it enters a CO, polisher, which separates the
remaining contact liquid to obtain a CO, concentration, which complies with the
CO, purity requirements (Baxter et al., 2021).

Light gas o Liquid natural gas CO,
out ~— Desublimation refrigerant polisher
"g" CO]umn /‘ @‘@_}CO2 stream
Off- gas D | é —
o ! Internal Separator
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dryer

Figure 2.9: Schematic overview of the cryogenic solid-vapour separation with liquid natural gas as
refrigerant, inspired by |Baxter et al.| (2021).

Since the CO, extracted from the process is liquefied, no additional energy supply
is required to prepare the product for transport or storage, which is a huge ad-
vantage for the cryogenic solutions compared to both amine separation or VPSA.
During the cryogenic solid-vapour separation, the off-gas is converted into a CO,-
lean gas at ambient pressure and a liquid CO, stream at a pressure of 150 bar for
further utilisation.
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Another major advantage is the fact that the technology only consumes electricity,
and no steam or other costly energy sources are required. According to Baxter
et al|(2021), the technology can obtain a recovery > 99 % as well as a CO, purity
of > 99.99 %, which means that no further treatment is necessary to comply with
the CO, purity requirements. However, the main disadvantage of the technology
is the low TRL. As a result, the technology requires further research and experi-
mental studies to be considered a profitable and commercial technology that can
be equated with other technologies (Baxter et al 2021), (Font-Palma et al., 2021).

2.5 Evaluation of the Separation Methods

Amine scrubbing and VPSA are widely used technologies, but the cryogenic meth-
ods have some favourable advantages, which could be desirable for carbon capture
solutions. Consequently, the most important advantages and disadvantages of the

technologies with respect to the assessment criteria are presented in Table
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Table 2.4: Overview of the main advantages and disadvantages of the different carbon capture
technologies.

Amine Scrubbing

Pros Cons

The amine scrubber can reach a

Pre-treatment is necessary.

purity of 99.8 %.
* Widely used with a high TRL. ® Requires utilisation of excess heat.
, Liquefaction of the CO,-stream is
necessary for further use.
Vacuum Pressure Swing Adsorption
Pros Cons
. , The VPSA technology only reach a
® Requires only electrical energy. i i
purity > 95 %.
«  Widely used with a high TRL. . Requires pre-treatment for sulphur
compounds.
* Can only reach a CO, recovery of 76.4 %.
Cryogenic Distillation
Pros Cons

* The CO, can reach a purity 99.9 %. ¢ High investment cost.

Liquefied CQO, is suitable for Cryogenic conditions require high

further utilisation. energy consumption.
® Require only electrical energy. * High energy consumption.
Cryogenic Solid-Vapour Separation
Pros Cons
, Liquefied CO, is suitable for . Not commercial utilised due to
further utilisation. low TRL.
* Low energy consumption * High investment cost

® Recovery and purity > 99.9 %.

® Requires only electrical energy.

Table 2.4 shows that the VPSA technology will require further treatment to com-
ply with the CO, purity requirements for electrofuel production. In addition, the
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purified CO, flow will require a significant amount of pressurisation or cooling to
achieve liquefied CO, for either storage or transportation. Alternatively, the amine
technology can be used as it is the most widely used technology with the highest
TRL. The disadvantage of the amine scrubbing technology is the excess heat from
the regeneration process, which is difficult to utilise during the summer period.
If the excess heat cannot be utilised, amine scrubbing is a very energy-consuming
process. In addition, liquefaction of the purified CO, to obtain suitable conditions
for storage or transportation will be very energy consuming, unless the electrofuel

production occurs on-site.

Alternatively, the cryogenic solutions can achieve a high CO, purity of > 99.5 %,
and thus comply with the desired CO, purity requirement. Furthermore, the out-
let CO, product is liquefied, which is very favourable for storage or transporta-
tion before further utilisation. The disadvantages of the cryogenic solutions are
the low TRL as well as high capital expenses (CAPEX). However, the cryogenic
solid vapour separation technology has a significantly lower energy consumption
compared to cryogenic distillation, as the concentrated CO, is pressurised after
dry-ice formation, which reduces the energy consumption of the compression sig-
nificantly. Conclusively, based on the established assessment criteria, cryogenic
solid-vapour separation seems to be the most suitable technology. Consequently,
this technology will be further investigated and form the basis of this report.






Chapter 3

Thesis Statement

Is cryogenic solid-vapour separation a suitable carbon capture technology for a cement plant
off-gas in view of the technical potential, and is it possible to achieve synergistic effects
between the cement production, the carbon capture technology, and the PtX integration?

3.1 Scope of the Project

To answer the thesis statement, the following will be covered:

* The composition of the off-gas from Aalborg Portland A/S is determined

based on measurement data provided by [Keer| (2019).

* Models of the cryogenic solid-vapour separation technology, the calcination

and combustion process, and the PtX integration will be developed.

* Energy optimisation for the cryogenic solid-vapour separation will be con-

ducted with the associated constraints and heat integration.

* A sensitivity study of the modelled cryogenic solid-vapour separation and

the combustion process will be conducted.

* An evaluation of the combined process train will be evaluated with respect

to mass flow and corresponding energy consumption.
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Chapter 4

Technical Analysis of the CCC
Model

In this chapter, the estimated scale and off-gas composition from the cement pro-
duction at Aalborg Portland is presented. The off-gas composition is inspired
by Keer| (2019) and will also include the most critical components with respect to
electrofuel production presented in Table These components are included to
ensure that the final CO, product comply with the purity requirements for electro-
fuel production. The cryogenic solid-vapour separation process will in this report
be referred to as the cryogenic carbon capture (CCC) process. The CCC process
model will be presented and described in detail. The initial flow specifications
used to approximate Aalborg Portland in terms of temperature, pressure, and
mass flow rate are inspired by Keer (2019), Jensen| (2015) and |Aalborg Portland
A/S (2019a). Subsequently, the immediate results extracted from the CCC model
will be presented to give an overview of the flow specifications throughout the dif-
ferent stages. Eventually, the CCC model will be optimised in order to minimise
the energy duty of the process. Finally, a sensitivity study of the CCC model will

be conducted.

29
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4.1 Scale and Composition

In this study, the off-gas composition and the corresponding flow specifications
used to generate the initial results are an approximation of the grey cement pro-
duction at Aalborg Portland inspired by (Kzer, [2019). According to Keer|(2019), the
main components discharged from the calcination and combustion process are N,,
02, HZO, and COZ. In addition, the presence of NOx and SOx are also included in
the composition, as these components are considered critical both in terms of emis-
sion and to comply with the CO, purity requirement for utilisation. According to
(L. Baxter, Personal communication, 1st April, 2022), it is expected that the amount
of NOx and SOx is approximately 100 ppm each. Additionally, the initial off-gas
temperature and pressure are estimated to be 70 °C and 1.07 bar (Jensen, 2015).
This temperature is based on the fact that the hot off-gas discharged from the com-
bustion and calcination process is used internally in the combustion process prior
to the CCC process. Conclusively, the off-gas composition with the corresponding
temperature and pressure is presented in Table

Table 4.1: The chemical composition and flow specifications for the off-gas based on [Jensen|(2015),
Keer| (2019) and (L. Baxter, Personal communication, 1st April, 2022).

Off-gas composition
Total flow [kg/h] 951,192
Temperature [°C] 70

Pressure [bar] 1.07
Mixture [mole fraction]
Nitrogen 0.6345
CO, 0.1739
Water 0.1304
Oxygen 0.0609
CcO 0.001

Sulphur dioxide  0.0001
Nitrogen oxide 5107
Nitrogen dioxide ~ 5-107
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4.2 Cryogenic Carbon Capture Model

The CCC process will be modelled using the steady-state process simulations soft-
ware Aspen Plus®. By the use of Aspen Plus®, it is possible to build a complex
process model, which can take the thermodynamic behaviour into account. In As-
pen Plus®, the user specifies the equipment blocks, the thermodynamic models,
and the inlet composition for the inlet streams. To approximate the thermody-
namic behaviour, the user must specify an equation of state based on the com-
pounds included, the temperature range, and the pressure range. Based on the
selected equation of state, the flow properties, and the user specified equipment
blocks, Aspen Plus® simulates the performance of the process (AspenTech) 2000).

To ensure that the process simulation approximates the actual phase behaviours
during the simulation, an appropriate property method is necessary. When se-
lecting the property method, the temperature, pressure, and compositions are cru-
cial. Furthermore, to approximate the thermodynamic phase behaviour, the bi-
nary interaction coefficients for all the compounds must be available in the prop-
erty method. The compounds represented in the off-gas are listed in Table
Based on the compounds represented in the off-gas and the cryogenic operating
temperatures, the Peng-Robinson (PENG-ROB) property method is selected. The
PENG-ROB is validated during cryogenic conditions and includes all the binary in-
teraction coefficients between the compounds presented in Table 4.1| (Jensen, 2015).

The PENG-ROB property method uses the Peng-Robinson cubic equation of state
to calculate the thermodynamic properties (AspenTech, 2001). Additionally, the in-
cluded binary interaction coefficients increase the accuracy of the phase equilibria.
Generally, the PENG-ROB property method is best suitable for nonpolar or mildly
polar mixtures, for instance, hydrocarbon, COZ, and hydrogen. Furthermore, the
property method can generate reasonable results within all temperatures and pres-
sures, however with the least accuracy near the critical point (Aspenlech, 2001).
Based on all the considerations, the PENG-ROB property method is selected and
utilised to approximate the phase equilibria during the CCC process.
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4.2.1 CCC System Description

Based on the composition described in Table 4.1 the selected property method,
and the CO, purity requirements, the CCC model can be developed in Aspen
Plus® as shown in Figure The model consists of several components whose
common purpose is to separate the CO, from the cement plant off-gas. The entire
process model is attached as Supplementary 1. In addition, to simplify the process
modelling as well as ensure that the process operates under reasonable conditions,

the following assumptions have been made:

* The pressure ratio in the compressors cannot exceed 3 suggested by (Dincer
and Zamfirescu), 2014).

e The minimum pinch temperature in the heat exchangers is 2 °C following

cryogenic conditions.
* The pressure loss in the heat exchangers or coolers is neglected.

* The compressors are estimated to have an efficiency of 72 %, which is the
default in Aspen Plus®.

* The majority of the minor components are not included in the off-gas com-

position unless they are considered critical for the electrofuel production.

These assumptions will provide the basis of the CCC process modelling presented
in Figure Furthermore, the CCC model is divided into three sub-components,
which represent the desublimation column, the melter, as well as the final treat-

ment process.
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Figure 4.1: Schematic overview of the cryogenic carbon capture model developed in Aspen Plus®.
The blue dotted line encapsulates the desublimation process of the model, whereas the red dotted
line frames the melting process. Finally, the green dotted line encapsulates the last treatment
step before pressurisation to transport. Additionally, the dryer component and the contact liquid

refrigerant circuit are further elaborated in Appendix
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Initially, the cement plant off-gas enters the system at 70 °C and 1.07 bar inspired
by Keer (2019) and Jensen| (2015). The relatively low inlet temperature has been
used, as it is expected that the majority of the excess heat from the off-gas has
been used internally in the cement production. The first part of the system is a
dryer component, which consists of several flash stages. The dryer component
removes the water content to prevent clogging of the system when low tempera-
tures are desired. An elaborated description of the dryer component is presented
in Appendix|Al After the flash stages in the dryer component, the water content in
the off-gas is removed. However, several impurities are dissolved in the removed
water. As a result, the water discharged from the system needs further treatment
before it can be discharged to the environment. However, the water treatment to

comply with the emission limits is not investigated in this report.

After the dryer component, the dehydrated off-gas enters a heat exchanger at 10 °C
and is further cooled to -100 °C. A focused schematic overview of the desublima-
tion equipment with the associated temperature profile is presented in Figure
and The temperature profile illustrates the decrease in temperature due to
the heat exchanger as the initial decrease. The desublimation of CO2 occurs, fol-
lowed by interaction with the cold contact liquid. The contact liquid is cooled
to -125 °C in an external refrigerant circuit prior to the injection into the desub-
limation column. The external refrigerant circuit is elaborated in Appendix
Moreover, the desublimation phase change is illustrated as the more flattened part
of the temperature profile. However, due to the presence of impurities in the gas,

the temperature will slightly decrease during the desublimation of CO,.
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Figure 4.2: Schematic overview of the desublimation process with the resulting temperature profile

throughout the desublimation process.

Inspired by a report conducted by [Jensen| (2015), the desublimation column in the
Aspen Plus® model is represented by a Gibbs reactor. However, a conceptual
drawing of a desublimation column is shown in Figure The desublimation
column works as a combined heat exchanger and a CO, separator.

Initially, the off-gas is injected from the bottom of the desublimation column before
it moves towards the top due to buoyancy. Simultaneously, the contact liquid is
sprayed over the gas from the top. Due to the temperature and pressure inside
the column, the CO, will desublimate from a gaseous phase to a solid during the
interaction with the contact liquid. When the CO, desublimates, it will precipitate
as a slurry in the contact liquid and leave the system from the bottom of the
column, as shown in Figure [21;3}
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Figure 4.3: Conceptual illustration of the desublimation column.

After the CO, separation in the desublimation column, an exhaust gas consisting
of the remaining compounds is discharged. The slurry of contact liquid and CO, is
further pressurised to improve the separation in the solid separator. Subsequently,
the separated contact liquid is recirculated in order to reduce the make-up flow
needed to sustain the CO, separation. However, a fraction of the impurities and
the CO, will remain in the contact liquid stream. Thus, a bleed is needed to pre-

vent an accumulation of impurities in the system. To compensate for the bleed,
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the recirculated contact liquid is mixed with a make-up flow of pure contact liquid.

After the solid separator, a mixture of mostly solid CO, and contact liquid is dis-
charged for further treatment at a temperature of -119 °C and a pressure of 7 bar.
The mixture is further compressed in a screw-pump to prevent clogging, before it
enters the melting process marked with the red dotted line in Figure A focused
illustration of the melting process is presented in Figure Additionally, the as-
sociated temperature profile for the melting process is illustrated in Figure
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Figure 4.4: Schematic overview of the melting process and the resulting temperature profile.

The melting process is illustrated with a heat exchanger and a Gibbs reactor to
force the phase change. The solid-liquid mixture enters the heat exchanger at
-119 °C and is heated to -50 °C to achieve a liquid state. However, to obtain the
phase change from solid to liquid, a Gibbs reactor is necessary due to the fact that

the heat exchangers in Aspen Plus® cannot manage solid-liquid phase change.

Subsequently, the liquid CO, is pressurised to 30 bar and cooled before it enters

a decanter, which is a liquid-liquid separator that separates the two immiscible
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liquids based on densities. The pressurisation prior to the decanter occurs due to
the fact that it will increase the degree of separation. Within the decanter, the liquid
CO, is purified to approximately 99.2 mol.%, whereas the remaining impurities
primarily consist of contact liquid. As a result, the purified CO, stream needs
further treatment to comply with the CO, purity requirements. Consequently,
the liquid CO, stream is further heated to around 5 °C to make a phase change
into a gaseous phase by heat exchanging with ambient air. Subsequently, the final

treatment of the CO, stream occurs in a distillation column, as shown in Figure

@ Vapour ; Z< 4 2
Liquid Vapour
DISTIL

Ambient

Liquid CO,
to transport

Recirculation

Figure 4.5: Focused illustration of the final separation and pressurising of the CO, before it is sent
to transport indicated by the green dotted line in Figure

The distillation column separates the CO, from the impurities based on the dif-
ference in boiling points. The number of trays and the optimal inlet stage is de-
termined to be 28 and 14, respectively, based on a sensitivity study accomplished
in Aspen Plus®. Furthermore, the distillation temperature and pressure must be
specified to ensure that the components are separated at the desired conditions.
Moreover, a reboiler is included in the bottom of the distillation column to recycle
the majority of the CO, dissolved in the liquid leaving the column. Additionally,
a condenser is likewise included to recycle the majority of the impurities leaving
the distillation column with the gaseous CO, stream to increase the final CO, pu-
rity. To achieve the desired separation conditions, the reboiler pressure is set to
28.5 bar, whereas the condenser pressure is specified at 30.1 bar. After the distil-

lation column, the CO, stream has reached a concentration of 99.96 mol.%, which
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is sufficient for further utilisation. After the distillation process, the purified CO2
stream is cooled to approximately -5 °C to obtain a liquid phase stream before the
final pressurisation. The liquid CO, stream is pressurised to 150 bar to comply

with the common liquefied CO, transportation conditions.

In Table the initial results based on the cement plant off-gas composition from
Table 4.1 are presented. Specifically, the total flow, CO, flow, and gas composition

through the most important components are presented.

Table 4.2: Comparison between the flow specifications for the cement plant off-gas and CO, outlet
stream with the corresponding composition throughout the different stages in the CCC model.

Flow comparison between the cement plant off-gas and the CO, outlet stream

Off-gas stream CO, outlet stream
Total flow [kg/h] 951,191 244,861
CO, flow [kg/h] 244,798 244,796

Results of the composition through the CCC model

Compounds [mol.%] OFF-GAS DRYER DESUB SOLID LIQSEP  DISTL

Nitrogen 62.5 71.8 0.296 0.0244 0.0231 0.0251
Water 13.05 0 0 0 0 0
CoO, 17.4 20.0 4.10 92.1 98.3 99.96
Oxygen 6.09 7.00 0.168 0.0139 00129  0.0140
Sulphur dioxide 0.01 0.0115 0.208 0.0171 0.0177 0
Nitrogen oxide 5102 575102 115102 2.59.107%8 0 0
Nitrogen dioxide 5102 555102 9.32:10710 7671071 2.66-10710 0
Contact liquid 0 0 95.2 7.83 1.67 0
CcO 1.0 1.1 0.0108  8.89-10* 7.86-10% 8531074
HCL 1.107 0 0 0 0 0

Based on the intermediate results presented in Table it appears that the CCC
model can achieve a recovery of 99.9 % with a corresponding CO, purity of
99.6 mol.%. Furthermore, to minimise the resulting energy duty and still com-
ply with the CO, purity requirements, an energy optimisation will be conducted.
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4.3 Optimisation of the CCC Model

The CCC model is energy optimised to lower the energy consumption for the
capture technology. Firstly, the optimisation procedure is presented with the asso-
ciated case-specific considerations. Afterwards, an objective function is generated,
accounting for the total energy consumption of the CCC model. Subsequently,
the adjustable parameters influencing the objective function are stated with their
corresponding boundary conditions. The boundary conditions are inspired by em-
pirical literature and are specified to prevent inappropriate phase shifts and ensure
a reasonable optimum is found. Additionally, the results of the energy optimisa-
tion are presented and evaluated. Finally, heat integration of the CCC model will
be investigated, and the energy duty per kg of captured CO, is compared to em-

pirical values for conventional capture technologies.

The energy optimisation is preferred instead of a cost optimisation since vital
equipment in the CCC process is replaced with Gibbs reactors to approximate
the desublimation column and the melter component. Considering these simplifi-
cations, it is expected that the cost evaluation with Aspen Process Economic Anal-
yser (APEA) will be uncertain both in terms of CAPEX and OPEX. Furthermore, by
minimising the energy consumption within the system, it is expected that the cor-
responding Equivalent Annual Cost (EAC) will go towards a minimum, due to the
strong correlation presented in Baxter et al. (2021). Based on these considerations,

the optimisation can be conducted in the following steps:

1. Identify adjustable parameters which affect the energy consumption of the
CCC model.

2. Generate an objective function based on the identified adjustable parameters.
3. Identify constrains of the model.
4. Optimise the problem using the optimising tool in Aspen Plus®.

5. Evaluate the optimised results concerning the energy consumption.
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The purpose of the optimisation process is to obtain the lowest possible energy
consumption of the system and still comply with the CO, purity requirements
stated in Table The first step is to identify the adjustable parameters influenc-
ing the energy consumption. These parameters with their associated optimisation
range are presented in Table

Table 4.3: The adjustable parameters and their associated bounded ranges from the CCC model.

Adjustable parameters

Parameter Initial value Ranges
Reboiler pressure [bar] 28.5 26.5 - 30.5
Condenser pressure [bar] 30.1 28.1-32.1
Reflux ratio [-] 4.17 2-5
Desublimation temperature [°C] -120 (-135) - (-120)
Desublimation pressure [bar] 1.07 1.01-3
Solid separator pressure [bar] 9 7-10
HEX temperature [°C] -100 (-110) - (-90)
HEX-1 temperature [°C] -50 (-60) - (-40)
HEX-2 temperature [°C] -87.65 (-90) - (-80)
HEX-3 temperature [°C] 5 3-7
HEX-4 temperature [°C] -10 (-12) - (-8)
Dryer HEX temperature [°C] 10 8-12
Dryer HEX-1 temperature [°C] 10 8-12
Dryer HEX-2 temperature [°C] 5 3-7

Subsequently, an objective function can be generated by summarising the energy
consumption of all the equipment block represented in the CCC model. Further-
more, the objective function is based on absolute values, since cooling appears as
a negative energy duty, which must be considered as an energy expense for the
system. As a result, the total energy consumption of the CCC technology can be
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minimised by minimising the objective function presented in equation (4.1).

Ob] = | Qreboil [ + | Qcond | + | QDesub | + | QMelt | + | QHEX | + | QHEX—l | +

| Qrex—2 |+ 1QnEX-3 | + 1 QuEx-4 | + | QDry,HEX | + | QDry,HEX-1 | + | QDry, HEX-2 |
4.1)

Based on the objective function, the minimum energy consumption can be found
by adjusting the adjustable parameters within the bounded ranges. However, to
ensure that the captured CO, comply with the purity requirements, several con-
straints must be specified. The constraints are based on the CO, purity require-
ments presented in Table 2.3 and listed from equation to equation (4.8).

€1 =Yco,~ 0.995 4.2)

0 =1-10"-yycL (4.3)

c3 =0.002-yco (4.4)

¢y = 4.021-107° = (yyo + ¥no,) (4.5)
¢s=1-107 -yg0, (4.6)

¢6 = 0.00015 -y (4.7)

cy = 0-05_yH20 (4.8)

The constraints from c; to ¢4 ensures that separated CO, stream meets the purity
requirements. In addition, cy restricts the water content prior to the water knock-
out in the dryer component presented in Appendix[Al This constraint should
ensure that the off-gas can be considered sufficiently dehydrated before entering

the CCC process to prevent ice formation.

Based on the identified adjustable parameters and the specified constraints, the
BOBYQA optimisation algorithm can be executed to minimise the objective func-
tion. The BOBYQA optimisation algorithm is used in Aspen Plus® due to its high
robustness. The resulting values from the optimisation performed in Aspen Plus®
are presented in Table
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Table 4.4: The resulting optimised values for the adjustable parameters and the constraints.

Adjustable parameters

Parameter Optimised value
Reboiler pressure [bar] 26.5
Condenser pressure [bar] 32.1
Reflux ratio [-] 2
Desublimation temperature [°C] -120
Solid separator pressure [bar] 7
HEX temperature [°C] -97.31
HEX-1 temperature [°C] -49.88
HEX-2 temperature [°C] -80
HEX-3 temperature [°C] 7
HEX-4 temperature [°C] -8
Dryer HEX temperature [°C] 12
Dryer HEX-1 temperature [°C] 12
Dryer HEX-2 temperature [°C] 4.71
Constraints
Parameter Optimised value
CO, mole fraction 0.9995
HCL mole fraction 0
CO mole fraction 8.98 -107°
NOx mole fraction 0
SO, mole fraction 0
O, mole fraction 0.00015
Water mole fraction 0.0031

Based on the minimisation of the objective function, the associated optimised para-
meters and constraints can be found. By minimising the numerical value of the
objective, the lowest possible energy consumption for the CCC model can be de-
termined. Thus, the resulting minimised objective function value is determined
to be 429 MW. Consequently, based on the total energy consumption of the CCC
process, the associated energy duty per kg captured CO, can be determined to
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5.77 MJ/kg of captured CO,. The resulting optimised CO, outlet stream and the
corresponding CO, recovery are presented in Table

Table 4.5: Optimised results regarding the CO, recovery and the CO, outlet stream composition.

Optimised results of CO, outlet stream

Recovery [%] 99.9
Compounds [mol.%]
Nitrogen 0.0251
CO, 99.96
Oxygen 0.0140
CO 8.53:107*
Sulphur oxide -

Nitrogen oxide -

Nitrogen dioxide -

However, the energy optimisation does not take internal heat integration into ac-
count, which can have a major impact on the total energy consumption. Conse-
quently, to identify the potential for heat integration in the CCC process, a pinch

analysis will be conducted.

4.4 Heat Integration

The potential for heat integration is investigated in order to identify the ideal
heat recovery. The pinch analysis is performed based on a pinch temperature of
2 °C, since the pinch point is found under cryogenic conditions (L. Baxter, Per-
sonal Communication, 1st April, 2022). The pinch analysis is performed based on
the heat consumption and the corresponding temperature intervals from the CCC
process modelled in Aspen Plus®. The resulting composite curves from the pinch
analysis is presented in Figure 4.6/ and is further elaborated in Supplementary 2.
The red composite curve in Figure represents the hot streams which require

cooling whereas the blue curve represents the cold streams which require heating.
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Moreover, the surplus heat appears below the pinch point and represents the heat
which is not utilised within the system.

Cold utility
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Figure 4.6: Composite curves illustrating the maximum possible heat recovery for the CCC model.
The cold utility amounts to 5.95 MW.

The overlapping part of the composite curves indicates the maximum possible heat
recovery within the system. Based on the heat integration analysis, it appears that
the entire cold composite curve can be covered by heat exchanging with the hot
streams within the system. Thus, if the ideal heat recovery is taken into account,
the total energy consumption can be reduced with 84.6 %, resulting in a energy
duty of 0.89 MJ/kg-captured CO,. Consequently, based on the results from the
pinch analysis, it appears that heat integration must be taken into account when
designing the CCC process.

A schematic overview of the energy duties from different carbon capture tech-
nologies are presented in Figure [4.7] The energy duty of the empirical CCC model
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is based on [Font-Palma et al. (2021) whereas the other conventional technologies
are based on |Wang et al. (2013). By comparing the energy duties from the tech-
nologies presented in Chapter [2, it appears that the CCC technology is the most
competitive solution. In addition, the theoretical minimum energy duty for CO,
separation is likewise presented in Figure 4.7, represented by the dotted line. The
theoretical minimum energy duty is evaluated based on the energy required to
force the CO, phase changes and the energy required to compress the separated
CO, stream to 150 bar, which is equivalent to the outlet pressure achieved in the
modelled CCC process (Berger et al [2020). According to Berger et al.| (2020), the
theoretical minimum energy duty for CO, separation is 0.375 M]J/kg-CO,, which

can be considered as the theoretical zero point.
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Figure 4.7: Comparison of the energy duties between the developed CCC model and the carbon
capture technologies described in Chapter [2| The energy duties of the technologies other than the
CCC model are based on reviews by [Font-Palma et al|(2021) and Wang et al.| (2013). In addition,
the - - - represents the theoretical minimum of 0.375 MJ/kg-CO, for CO, separation Berger et al.
(2020).

It appears from Figure 4.7, that the CCC model presented in this report deviates
with 16.9 % from the empirical CCC model. However, it also appears that the
empirical CCC model does not take the refrigerant cycle of the contact liquid into
account, which may be a contributing factor to the deviation between the mod-
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elled CCC process and the empirical CCC model. However, since the majority
of the heat required for the CCC model can be recovered internally in the pro-
cess, it appears that the energy duty is relatively close to the theoretical minimum,
compared to the other technologies. Consequently, the large potential for heat in-
tegration is crucial for the CCC technology in order to achieve the lowest possible
energy duty. Furthermore, as stated previously, the CO, concentration in the off-
gas is expected to have a major impact on the resulting energy duty. As a result,
a sensitivity analysis of the modelled CCC process must be conducted in order to
investigate the correlation between the energy duty and the CO, concentration in
the off-gas.

4.5 Sensitivity Analysis of the CCC Model

The sensitivity analysis will be evaluated based on the energy-optimised CCC
model with heat integration. It appears from section that the CCC model
could reach an energy duty of 0.89 MJ/kg-CO,, based on a CO, concentration of
17.39 mol.%. Consequently, the correlation between the CO, concentration in the
off-gas and energy duty will be investigated. The resulting correlation is presented
in Figure with the initial case of 0.89 MJ/kg-CO, with a corresponding CO,

concentration of 17.39 mol.% marked with the arrow.
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Figure 4.8: Energy duty of the CCC model as a function of the CO, concentration in the off-gas.
The initial value of 0.89 MJ/ kg—CO2 based on the off-gas composition from |Keer| (2019) is marked

with an arrow.

To evaluate the energy duty with respect to the the CO, concentration, the initial
value of 17.4 mol.% has been varied with £ 20 % to a value of 20.9 and 13.9 mol.%,
respectively. Besides, two outer points of 10 and 42.5 mol.% have been established.
The resulting energy energy at the lower boundary is determined to 2.73 MJ/kg-
CO,, whereas the energy duty obtained at the higher boundary condition is 0.81
MJ/kg-CO,. Due to the unambiguous trend, the incentive to further investigate
the calcination and combustion process in order to increase the CO, concentration
is clear. Consequently, a study of the calcination and combustion process will be
conducted in order to identify the most significant parameters affecting the CO,
concentration in the cement plant off-gas.



Chapter 5

Technical Analysis of the Calci-

nation and Combustion Process

Within this chapter, the calcination and combustion process will be modelled in
Aspen Plus® to investigate the possibility of increasing the CO, concentration in
the cement plant off-gas and simultaneously lowering the energy duty and in-
creasing the capture potential. Subsequently, a sensitivity study of the combustion
process will be conducted in order to identify the most influential parameters on

the C02 concentration.

5.1 Development of the Calcination and Combustion
Model

The dominating processes affecting the cement plant off-gas composition are the
calcination and combustion process, as stated in Chapter 2| section The CO,
produced from the calcination process is assumed to be constant and solely tem-
perature and pressure dependent. As a result, the combustion process is the only
adjustable variable in order to increase the CO, concentration in the off-gas. To de-
termine the fuel consumption required to force the calcination reaction, the energy

consumption associated with the isothermal and isobaric calcination process must

49
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be determined. The calcination process is modelled in Aspen Plus® based on an
annual CaCO4 consumption of 3,537,868 tonne/year at Aalborg Portland (Aalborg
Portland A /S| 2019a). The calcination reaction is presented in (5.1).

CaCO; — CaO+CO,  AH’ =178 k] /mol (5.1)

Based on equation (5.I), the enthalpy of reaction for the calcination process can be
determined to 178 kJ/mol-CaCO;. Besides the enthalpy of reaction, a heat con-
sumption associated with dissociation reactions must be taken into account. The
heat consumption to cover the heating of the limestone from ambient temperature
to the calcination temperature of 1,500 °C and the dissociation reactions are esti-
mated to be 159.13 kJ/ mol—CaCO3, based on the Aspen Plus® model. However,
due to the fact that the calcination in Aspen Plus® is considered adiabatic, an ad-
ditional heat loss to the surroundings must be taken into account and is assumed
to be 50.51 kJ/mol-CaCOjy (Lin et al., 2011). Consequently, the total energy con-
sumption is expected to be 387.64 k] /mol-CaCOj;. Thus, the heat required for the
calcination process can be determined by multiplying with the mole flow rate of
the CaCOj;. The resulting energy consumption for the calcination process is ap-
proximately 434.1 MW.

Based on the total energy consumption, the amount of fuel can be estimated using
the lower heating value (LHV). The LHV is used as the latent heat from the vapor-
isation of the water is not recovered, and the water vapour from the combustion is
released with the off-gas. Consequently, the general equation to estimate the mass

flow rate of fuel for the combustion is presented in equation (5.2).

/i _ Qtot,cal
fuel LH Vfuel

(5.2)

The combustion model is assumed to be methane fired. Methane is utilised due
to the fact that the captured CO, can be converted into methane through metha-
nation and, in this way, be self-supplying. The energy requirement for the calci-
nation process of 434.1 MW can be covered by an annual methane consumption
of approximately 238,000 tonne/year, based on a LHV of 50 M]J/kg. Compared
to the fuel consumption at Aalborg Portland of approximately 518,000 tonne/year
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(Aalborg Portland A/S, 2019a), the methane consumption is significantly lower.
However, considering the significantly higher LHV for methane compared to the
average LHV at Aalborg Portland which is estimated to be 35 M]/kg and the fact
that the water content from the limestone supply is not taken into account, the

estimated fuel consumption is considered reasonable.

Based on the assumption regarding a methane fired combustion, the correspond-
ing air flow can be estimated using the Air to Fuel ratio (AFR), as presented in
Appendix B} equation (B.7). The AFR is calculated based on the combustion reac-
tion presented in equation (5.3).

CH, +2(O, +3.76N,) — 2H,0 + CO, +7.892N, (5.3)

For a methane fired combustion process, the stoichiometric AFR can be determined
to be 17.16. The associated mass flow calculations as well as the AFR calculation
are elaborated in Appendix [B} section B.1} Based on the stoichiometric AFR and an
assumed excess air coefficient, the mass flow of air can be determined. The excess
air coefficient takes the mixing ability of the fuel and air into account. Since the
mixing abilities of methane and air are great, an excess air coefficient of A = 1.05 is
assumed (T. Condra, Personal Communication, 21st April, 2022). In other words, it
is assumed that 5 % more air had to be supplied than for a stoichiometric combus-
tion. This is in huge contrast to a coal-fired combustion, where the mixing abilities
are poor. Hence, the combustion will require a significant higher excess air coeffi-
cient to achieve a total combustion. The excess air coefficient must likewise ensure
that a complete combustion is achieved to prevent traces of methane in the off-gas.
Methane in the off-gas is very inappropriate as methane is a powerful greenhouse
gas. Since the combustion process is an integrated part of the CCU process train,
the excess oxygen from the electrolysis can be utilised internally in the system. By
the use of pure oxygen instead of an air supply, the oxidiser flow can be lowered
by 4.76 times, due to the fact that air only consists of 21 % oxygen. Consequently,
oxyfuel combustion will require a significantly lower volume flow compared to air
combustion. Additionally, the heating demand for the oxidiser is significantly less

due to the reduced volume flow.
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Based on the evaluation of the calcination and combustion process and the de-
termination of the associated fuel and oxidiser requirements, the combined cal-
cination and combustion process can be evaluated in Aspen Plus®. Hence, a

conceptual illustration of the calcination process is presented in Figure 5.1}

CaCo; Oftf-gas

V. Fuel

R - Oxidiser
2% &b

O ) (

Figure 5.1: Conceptual illustration of the calcination and combustion process developed in Aspen
Plus®.



5.1. Development of the Calcination and Combustion Model 53

The resulting off-gas from the calcination and combustion process is based on
isothermic and isobaric conditions. According to |Aalborg Portland A/S (2019a)
and Keer| (2019), the calcination reaction occurs at 1,500 °C and 1 atm. However,
since the calcination is evaluated based on a Gibbs reactor in Aspen Plus®, the

model cannot take the temperature gradient within the calciner into account.

The calcination process is assumed to be constant at isothermic and isobaric con-
ditions. Thus, the changes in the off-gas volume flow and composition are solely
affected by changes in the combustion process. However, as the methane consump-
tion is determined based on the calcination reaction with dissociation, preheating
of limestone and an estimated heat loss to the surroundings, the only variable is
the oxidiser. The preheating of the oxidiser is neglected as it is expected to heat
exchange with the CaO product leaving the calciner. However, air combustion
will require significantly more preheating compared to oxyfuel combustion, as the
volume flow is higher. However, this difference is not included in this calcination
evaluation. The resulting off-gas compositions and molar flow from a calcination
and combustion process with either air combustion or oxyfuel combustion are
presented in Table
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Table 5.1: Off-gas comparison between the air combustion and oxyfuel combustion at isothermic
and isobaric conditions extracted from Aspen Plus® model. The compositions are based on an
average calcination temperature of 1,500 °C and pressure of 1 atm (Aalborg Portland A/S, [2019a).

Volume flow
Air Oxyfuel
Volume flow [m3/h]  3.305-10° 1.352-10°

Composition

Compounds [mol.%] Air Oxyfuel

Nitrogen 59.5 -
Water 15.02 37.1
CO, 24.6 60.8
Oxygen 0.773 1.97
Nitrogen oxide 0.0674 -
Nitrogen dioxide 3.239-107° -
CO 0.0428 0.0663
Hydrogen 7.138-10°  0.0111

An oxyfuel combustion results in a 59.1 % lower volume flow compared to air
combustion, as presented in Table This difference can have a major impact
on the sizing of the CCC technology, as carbon capture technologies typically are
scaled with respect to the volume flow. It also appears that there are not traces of
neither nitrogen nor NOX, as it is assumed that the oxygen and CaCO; supply is
100 % pure. However, an air supply is expected unavoidable with the limestone,
which forms the basis for thermal NOx formation, which the CCC model must be
able to handle. Furthermore, a significant increase in the CO, and water concen-
trations appears due to the fact that the oxygen molecules are more likely to react
with C and H molecules when the nitrogen is removed.

It appears from Table |5.1| that the CO formation in oxyfuel combustion increases
significantly compared to air combustion. However, according to the emission re-
quirement of 1,500 ppm presented in Table the CO concentration of 663 ppm is
not critical. Conclusively, in accordance with the data presented in Table OXy-

fuel combustion will be very beneficial to the CCC process. However, to determine
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the impact of the increased oxygen supply to the combustion process, a sensitivity

analysis of the combustion process is further investigated

5.2 Sensitivity Analysis of the Combustion Process

The results obtained from the calcination and combustion process presented in
Table 5.1 are based on a constant calcination temperature and pressure of 1,500 °C
and 1 atm, respectively. However, the calcination temperature will vary depend-
ing on how close to the flame of the combustion process the calcination reaction
occurs. The temperature closest to the flame is the Adiabatic Flame Temperature
(AFT). The AFT depends on several parameters including the fuel type, oxidiser,
and amount of dissociation. To solely investigate the trends from a methane fired
combustion process without considering the impact of the calcination reaction,
a combustion model has been developed in Cantera, which is presented in Sup-
plementary 3. Based on the combustion model, the correlation between the AFT
and the oxygen content in the oxidiser can be determined and is presented in
Figure[5.2l The oxygen content varies from air combustion at 21 % oxygen to
oxyfuel combustion at 100 % oxygen.
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Figure 5.2: The adiabatic flame temperature of the combustion as a function of oxygen content in
the oxidiser.

Figure illustrates that the AFT is highly affected by changes in the oxygen
content in the oxidiser. It appears that the AFT can reach approximately 3,040 K for
oxyfuel combustion, which can result in major challenges for the material used in
the rotary kiln. Subsequently, the increased AFT will likewise cause changes in the
flue gas composition due to dissociation. The temperature-dependent behaviour

of three of the most vital compounds is presented in Figure 5.3
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Figure 5.3: The mole fraction of CO and CO, in the flue gas on the left y-axis and the mole fraction
of NOx in the flue gas on the right y-axis as a function of the adiabatic flame temperature.

It appears from Figure |5.3| that an increased AFT will result in an increasing con-
centration of CO and CO,. However, the CO formation will increase more sig-
nificantly compared to the CO, formation, which can be explained by thermal
displacement of the CO/CO, equilibrium. The increased CO content in the flue
gas is very inappropriate due to the strict legislation limits presented in Table

The resulting thermal NOx formation following a change in AFT is likewise pre-
sented in Figure The NOx formation occurs due to the dissociation of nitrogen
and oxygen. The significant decrease in the NOx concentration after approximately
2,900 K is due to the fact that the nitrogen content in the oxidiser goes toward
zero when the AFT approximates oxyfuel combustion. However, it appears from
Figure 5.3 that independently of the combustion process, the NOx concentration
must be reduced to comply with the emission limits stated in Table

In order to prevent an inappropriate high AFT for oxyfuel combustion, a subset

of the flue gas can be recirculated. The impact of recirculation is investigated
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in Supplementary 4. Consequently, the correlation between recirculation and the
resulting AFT for oxyfuel combustion is presented in Figure The recirculate is
cooled to 100 °C prior to the reinjection (Granados et al., 2011). It appears from
Figure|5.4|that even with 50 % recirculation, the resulting AFT will only be reduced
to approximately 2,920 K, which is still considered as a critically high AFT. This
indicates that oxyfuel combustion will require a significant amount of external
cooling to protect the equipment and ensure that no inappropriate thermal CO
and NOx formation occurs. Furthermore, this also means that oxyfuel combustion
cannot be considered a retrofit possibility as the technology will require that the
entire cement plant should be redesigned.
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Figure 5.4: The adiabatic flame temperature based on oxyfuel combustion as a function of recircu-
lation of the flue gas.

Furthermore, it appears from Figure that the amount of recirculation has a
major impact on the resulting flue gas composition. Specifically, the CO, concen-
tration will increase at the expense of the CO concentration. However, despite the
reduced CO concentration, it is still inappropriately high and will require addi-

tional treatment to comply with the emission requirements presented in Table
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Besides, it appears that the NOx concentration drops significantly due to an in-
crease in recirculation. Incidentally, the tendency for NOx formation presented in
Figure [5.5 is based on 90 % oxygen in oxidiser, as the NOx concentration in oxy-
fuel combustion will be zero. However, similar to the CO content, the NOx content
must be further reduced to comply with the emission limits for discharge to the
environment as stated in Table
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Figure 5.5: The resulting mole fraction of CO and CO, in the flue gas followed by an oxyfuel
combustion as a function of recirculation. In addition, the mole fraction of NOx in the flue gas is
based on a 90 % oxygen content in the oxidiser is presented on the right y-axis.

Consequently, it appears from the sensitivity studies that the CO, concentration
can be increased by increasing the oxygen content in the oxidiser or recirculating
the flue gas. However, following the correlation between the oxygen content in
the oxidiser and the AFT, the temperature might be a problem for the equipment
used at the current cement plants. However, the increased oxygen content in the
oxidiser also causes an inappropriate displacement in the CO/CO, equilibrium,
as well as an undesirable thermal NOx formation. It appears from the sensitivity
study that recirculation is not sufficient to prevent an undesirable high CO forma-

tion and to obtain a permissible AFT. As a result, external cooling must be added
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to obtain a sufficiently low AFT and a CO concentration complying with the emis-
sion limits. Conclusively, oxyfuel combustion is not recommended unless these

challenges are solved.

Despite the challenges regarding oxyfuel combustion, an enhanced oxygen con-
tent in the oxidiser might be beneficial to the energy duty of the CCC process. In
order to identify whether enhanced oxygen combustion is a possibility, a material-
specific maximum AFT for the existing cement plant must be identified. In addi-
tion, the emission criteria for NOx and CO must be complied with either with or
without external purification. Finally, the maximum amount of recirculation and
the recirculation temperature must be determined. Based on these plant specifica-
tions, the maximum oxygen content in the oxidiser can be determined. However,
these practical specifications have not been collected. As a result, the maximum

amount of oxygen concentration in the oxidiser cannot be determined.

Based on the evaluation of the calcination and combustion process, the oxyfuel
combustion resulted in several inappropriate challenges, with which an air com-
bustion is considered the most suitable for retrofitting. Furthermore, it appears
that the CO, concentration in the cement plant off-gas can be increased by a
methane fired combustion process, resulting in a reduced energy duty. In order to
utilise the captured CO, and be self-supplying with methane, a Power to X (PtX)
integration will be further investigated.



Chapter 6
Integration to Power to X Chain

Within this chapter, the Power to X (PtX) integration of the CCC model in order to
produce methane to supply the calcination and combustion process will be inves-

tigated.

The PtX integration is modelled based on the CO, outlet stream from the CCC
model presented in Table The captured CO, can be utilised in several appli-
cations, as described in Chapter 2} section2.1.1l In this report, the main focus is
to utilise the captured CO, for methane production in order to supply the com-
bustion process. As a result, a hydrogen supply for the methanation is required
as expressed in equation (2.2). The total hydrogen demand required to convert the
captured CO, from the CCC process into methane can be determined based on

equation (6.1).
CO, +4H, = CH, +2H,0  AH? =165 kJ/mol 6.1)

It appears from equation (6.1)), that the methanation requires 4 moles of hydro-
gen per mole of CO, and is highly exothermic (S.Pieta et al., 2021). To force the
CO, methanation, a nickel catalyst is commonly used. Additionally, the metha-
nation commonly occurs in a temperature range of 249-449 °C. The upper limit
of the temperature range should prevent an inappropriate formation of CO as a

consequence of reverse water gas shift, presented in equation (6.2).

CO, +H, = H,0+CO 6.2)
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However, in a study conducted by S.Pieta et al. (2021), the highest methane yield

is obtained at 349 °C resulting in a conversion rate of > 97 %.

In addition, it appears that the methanation reaction produces water, which can be
used to cover a subset of the water demand for the electrolysis process. The elec-
trolysis process is utilised to produce the hydrogen demand for the methanation
reaction. Electrolysis is a cleavage process in which water is ionised into hydrogen
and oxygen due to the presence of electricity. The electrolysis reaction is presented
in equation (6.3)).

2H,0 + electricity — 2H, + O, (6.3)

It appears from equation that the electrolysis produces oxygen, which might
be utilised in the combustion process or an external application. The hydrogen
production from the electrolysis is stated in Figure based on the mass calcu-
lations presented in Appendix B} section Besides, the electrolysis process will
act as a grid balancing technology, which can stabilise the grid by purchasing elec-
tricity during periods of low demand. As a result, surplus electricity can be used

to produce hydrogen and hence contribute to methane production.

The resulting demand of hydrogen to cover the methanation is scaled with respect
to the captured CO, as presented in Figure Furthermore, the methanation is
based on a total conversion rate of 100 % with regard to the captured CO,. The
mass flows presented in Figure [6.1] are elaborated in Appendix B} section
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Figure 6.1: The associated mass flows of CO,, hydrogen, oxygen, methane, and water scaled with
respect to the CO, captured from the CCC model.

The hydrogen is expected to come from a low temperature alkaline electrolysis
process as this technology is commercially utilised. According to Jensen! (2017),
the alkaline electrolysis process operates below 100 °C. The electricity consump-
tion required per kg of hydrogen is estimated based on a cell efficiency of 7 = 64.5
%, the enthalpy of formation for water, and the molar flow of hydrogen needed
to make a total conversion of the captured CO, (Sarkar and Bhattacharyya, 2012).
Since the electrolysis reaction converts water into hydrogen and oxygen, it will
only be the enthalpy of formation for water that is included since all pure elements
have an enthalpy of formation of 0. Consequently, the electricity consumption for
the electrolysis process is calculated solely based on water’s enthalpy of forma-
tion with the corresponding cell efficiency. The resulting electricity consumption
amounts to 60.91 kWh/kg of hydrogen.

One of the challenges of producing hydrogen from electrolysis is the large water
consumption. A minimum of approximately 9 kg of water must be used to pro-
duce 1 kg of hydrogen. Furthermore, the current state of the art uses drinking
water as the electrolysis is unable to use seawater (Tong et al., 2020). However, the
use of drinking water poses an ethical issue, as drinking water is not considered as

a renewable resource. As a result, desalination and demineralisation of seawater
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could make the technology more sustainable. However, desalination and dem-
ineralisation will result in significantly higher energy consumption for the process
(Lampert et al., 2016).

Based on the hydrogen consumption stated in Figure and the electricity de-
mand of 60.91 kWh/kg-H,, the corresponding electricity consumption can be es-
timated to 2,806 MW for the electrolysis process. Conclusively, the three models
considering the CCC process, the combustion and calcination process, and the PtX

integration will, in combination, form the basis of an overall system evaluation.



Chapter 7
Evaluation of the Process Train

In this chapter, an overall evaluation of the process train will be conducted. Hence,
the combined methane fired combustion and calcination process will be connected
to the CCC process prior to the methanation process. Additionally, the evaluation
will embrace the mass balances between the different processes and the resulting
energy consumption. The evaluation will consist of two cases, consisting of a total
methane conversion and exclusively self-supplying methane conversion. Finally,

the capability of direct air capture will be investigated for the CCC model.

The mass Sankey diagram of the process train with total methane conversion is
outlined in Figure The CaCO; supply to the calcination process is relative
to the supply at Aalborg Portland, while the remaining stream specifications are

based on modelled data extracted from Aspen Plus®.
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Figure 7.1: Mass-based Sankey diagram of the process train representing a total methane conver-

sion. The mass flows are scaled with respect to the calcination off-gas.

It appears from Figure [7.1| that a large amount of surplus oxygen is available from
the electrolysis process. Consequently, this surplus oxygen must be utilised either
to enhanced oxygen combustion or stored prior to further utilisation in an exter-
nal application. Furthermore, an exhaust gas is likewise discharged from the CCC
process. Dependent on the calcination and combustion process, this exhaust gas
might require additional treatment in order to comply with the emission limits
stated in Table2.2l However, based on an air combustion and an average calci-
nation temperature of 1,500 °C, the corresponding exhaust gas will only require

NOx treatment before discharge.

Conclusively, it appears from Figure that if the entire amount of captured CO,
is converted into methane, it will result in excess methane, which must be used in
external applications. However, Denmark has a very well-distributed natural gas

grid, where surplus methane can be supplied and generate an additional income.
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Furthermore, an associated energy evaluation of the processes can be conducted
based on the resulting mass balances. The energy evaluation of the processes con-
sidering a total methane conversion is presented in Table In addition, the
energy consumption of the electrolysis and the methanation processes do not con-
sider the potential of heat integration, by which the energy consumption might be
further reduced. The energy consumption is determined based on the energy du-
ties and the corresponding mass flows of CO,, hydrogen, and methane presented
in Figure Furthermore, the energy consumption associated with the CCC pro-
cess and the electrolysis process are power consuming, while energy consumption

of the methanation solely requires thermal energy.

Table 7.1: Energy evaluation of the total methane conversion based on the post calcination pro-

cesses.

Energy evaluation of the total methane conversion

Process Energy duty Energy consumption
Cryogenic carbon capture  0.85 MJ/kg-CO, 59.38 MW
Electrolysis 219.26 MJ /kg-H,, 2,802.11 MW
Methanation 51.43 MJ/ 1<g—CH4 1,309.73 MW
Total energy consumption 4,171.22 MW

Based on the energy evaluation, it is clear that the electrolysis process is the largest
consumer with 2,802.11 MW. By summarising the three contributions, the total en-
ergy consumption can be determined to be 4,171.22 MW. Conclusively, it appears
that the energy consumption from the CCC process can be considered negligible
compared to the electrolysis and methanation processes. Since methane produc-
tion is by far the largest energy consumer, an alternative case can be considered.
In this case, the energy consumption is evaluated based on a methane production
that solely cover the demand from the calcination and combustion process. Con-
sequently, the largest energy-consuming processes should solely ensure that the
calcination and combustion process remains self-supplying. The resulting mass-
based Sankey diagram is presented in Figure[/.2} It appears from Figure [7.2] that
only a subset of the CO, is chemically converted into methane, following the lim-

ited methane production. Consequently, the remaining captured CO, must be
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either utilised in an external process or stored.
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Figure 7.2: Mass-based Sankey diagram of the self-supplying process train, scaled with respect to
the calcination off-gas.

By considering the newly obtained mass flows, the resulting energy consumption
can be determined. The energy duties for the processes will remain constant, due
to the fact that they are considered independent of the scale. The resulting energy
consumption of the processes are presented in Table Compared to the energy
consumption of the process train considering a total CO, methanation, the elec-
trolysis process is reduced to 831.90 MW, which is a decrease of 70.3 %. Similarly,
the energy consumption of the methanation is reduced by 70.4 % resulting in en-
ergy consumption of 388.34 MW. In combination, the exclusively self-supplying
process train results in a total energy consumption of 1,279.63 MW, resulting in a
total reduction of 69.3 %.
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Table 7.2: Energy evaluation of the self-supplying process train based on the post calcination

processes.
Energy evaluation of the self-supplying process train
Process Energy duty Energy consumption
Cryogenic carbon capture  0.85 MJ/kg-CO, 59.38 MW
Electrolysis 219.26 MJ/kg-H, 831.90 MW
Methanation 51.43 MJ/kg-CH, 388.34 MW
Total energy consumption 1,279.63 MW

Conclusively, the exclusively self-supplying process train will lower the energy
consumption significantly. However, the overall evaluation of the profitability is
dependent on the potential income of the excess methane, compared to the dis-
posal cost of the excess CO,. As a result, an economic evaluation must be devel-

oped in order to determine the most profitable solution.

7.1 Direct Air Capture Ability

In the modelling of the CCC process in combination with a cement production, the
air supply to the combustion process is assumed to be a binary mixture between
nitrogen and oxygen. However, other components, such as 380 ppm CO,, also
appear in the ambient air (de la Vega et al., 2020). As the CCC process achieves
a CO, recovery of 99.97 %, it makes sense to include this subset of CO, in the air
supply to investigate the possibility of Direct Air Capture (DAC). It appears from
the model that by including 380 ppm of CO, in the airflow, the resulting CO, cap-
ture will increase with 285.9 kg/hour, which is equivalent to an annual increase
in CO, capture of 2,507 tonne/year. This is significantly more than the annual
CO, loss through the exhaust gas and the bleed, which combined amount to 11
tonne/year. Conclusively, the CCC process can be categorised as a DAC technol-
ogy, which annually removes 2,496 tonne/year of CO, from the atmosphere. As a
result, the entire process can be considered CO, negative as the process captures
more CO, than it emits. The difference between the CO, content in the off-gas and
the deviation in the amount of captured CO,, with and without considering the
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CO, content in the air, is presented in Table

Table 7.3: Evaluation of the CO, mass flow from the off-gas and the resulting captured CO, stream,
with and without CO, content in the air supply.

Evaluation of the CO, flow from the off-gas and the resulting captured CO, stream

Air supply without CO, Air supply with CO,

CO, content in the off-gas [tonne/year] 2,205,089 2,207,599
Captured CO, stream [tonne/year] 2,204,554 2,207,061

Moreover, by increasing the amount of captured CO,, the corresponding energy
duty will also be reduced. As a result, by including the CO, content in the air-
flow to the methane fired combustion process, the energy duty for the CCC pro-
cess will be reduced from 0.85 MJ/kg-CO, to 0.849 M]J/kg-CO,. Consequently,
the CCC process can capture CO, directly from the air to an energy duty of
0.849 MJ/ kg-CO,, which is significantly lower compared to conventional DAC
technologies, which use approximately 7.2 MJ/kg-CO, (Lebling and Leslie-Bole,
2022). However, the CCC technology cannot be considered a standalone DAC so-

lution since it requires a point source in order to achieve a remarkable energy duty.
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Conclusion

Throughout this study, a technical evaluation of the Cryogenic Carbon Capture
(CCC) process and the opportunity for a Power to X integration has been per-
formed in order to answer the following thesis statement:

Is cryogenic solid-vapour separation a suitable carbon capture technology for a cement
plant off-gas in view of the technical potential, and is it possible to achieve synergistic
effects between the cement production, the carbon capture technology, and the PtX integra-

tion?

Specifically, a model of the CCC process has been developed to investigate the pos-
sibility of obtaining a purified CO, stream which complies with the requirements
for methane production. The CCC process model is scaled with respect to the
off-gas composition and mass flow discharged from Aalborg Portland of 8,337,970
tonne/year. In addition, a model of the calcination and combustion process as
well as the methanation with an adjacent electrolysis process has been developed.
These models are developed in order to investigate the suitability of the CCC pro-

cess in combination with a PtX utilisation facility.

The modelled calcination process is scaled with respect to the annual CaCOj5 con-
sumption at Aalborg Portland. The associated combustion process is assumed to
be methane fired due to the favourable lower heating value. By considering a

71
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methane fired combustion process, the fuel can be produced on-site by methana-
tion, resulting in a self-supplying process train. The resulting methanation process
with corresponding electrolysis capacity is initially scaled in order to achieve a

total methane conversion of the captured CO, from the CCC model.

The models have been developed in Aspen Plus® and Cantera. The results from
the CCC model showed that a CO, recovery of 99.9 % with a corresponding pu-
rity of 99.96 mol.% could be obtained. As a result, the CO, purity requirement for
methanation is met. Subsequently, the CCC model has been optimised in order to
lower the energy duty per kg of captured CO,. Conclusively, the energy optimisa-
tion resulted in an energy duty of 5.77 MJ/kg-CO,. However, by considering the
possibility of heat integration, the energy duty could be further reduced by 84.6 %,
resulting in an energy duty of 0.89 MJ/kg-CO,.

Subsequently, a sensitivity analysis of the CCC model has been conducted to inves-
tigate the correlation between the CO, concentration in the cement plant off-gas
and the resulting energy duty. The analysis showed that by increasing the CO,
concentration in the off-gas, the resulting energy duty will be reduced. Conse-
quently, a sensitivity study of the combustion process has shown the possibility
to increase the CO, concentration by adjusting the oxygen content in the oxidiser.
Besides, the study showed a strong correlation between the adiabatic flame tem-
perature and the oxygen content in the oxidiser. Furthermore, it appears that
the off-gas composition is strongly correlated with the adiabatic flame tempera-
ture. Consequently, the oxyfuel combustion process was disregarded due to the
inappropriate high adiabatic flame temperature as well as the resulting undesired
concentrations of CO and NOx. Conclusively, oxyfuel combustion is not recom-

mended unless these challenges are solved.

By considering the methane fired calcination and combustion process, the CO,
concentration in the off-gas is increased, resulting in an energy duty of 0.85 MJ /kg-
CO,. In Figure 8.1} the resulting energy duties for the two CCC models are com-

pared to an empirical CCC model and other conventional separation technologies.



Energy duty

73

The initial CCC model is approximated with an off-gas composition inspired by
Kaer| (2019), while the CCC model* is evaluated based on the modelled methane
fired calcination and combustion process. In addition, all the CO, separation tech-

nologies are compared to a theoretical minimum energy duty, which is estimated
to be 0.375 MJ/kg-CO, (Berger et al., 2020).

Figure 8.1: Comparison of the energy duties between the two developed CCC models and the
carbon capture technologies described in Chapter 2| The energy duties of the technologies besides
the developed CCC models are based on reviews by [Font-Palma et al.|(2021) and |Wang et al.|(2013).
The CCC model* is based on a off-gas from a modelled calcination process with a methane fired
combustion. In addition, the - - - represents the theoretical minimum of 0.375 MJ/kg-CO, for CO,

separation.

Finally, an evaluation of the entire process train including the calcination and com-
bustion process, the optimised CCC process, and the methanation with associated
electrolysis process is conducted. The evaluation is divided into two cases, a total
methane conversion and an exclusively self-supplying methanation process. Both
evaluations showed that the electrolysis process is the most energy-consuming
process, resulting in an energy consumption of 2,802.11 MW for the total methane
conversion and 831.90 MW for the exclusively self-supplying methane conversion.
Conclusively, the total energy consumption of the two cases is determined to be
4,171.22 MW and 1,279.63 MW for total methane conversion and exclusively self-

supplying methane conversion, respectively. However, it will require economic
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considerations to determine which of the two cases is the most profitable solution.
This is due to the fact that the valuation of a surplus methane production must
be taken into account, as well as the potential disposal costs associated with a
surplus CO, stream. However, by considering the two cases solely based on the
energy consumption, the exclusively self-supplying methane production will re-

sult in the lowest accumulated energy consumption.

Furthermore, by including CO, content in the airflow used as the oxidiser to the
calcination and combustion process, the annual amount of captured CO, in the
CCC process increases by 2,496 tonne/year. Additionally, by considering the di-
rect air capture ability, the resulting energy duty of the CCC process can be slightly
decreased to 0.849 MJ/kg-CO,. Conclusively, the cement production in combina-
tion with the CCC process can be considered CO, negative.
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8.1 Recommendations for Future Studies

The conclusions obtained in this report are based on several assumptions which
must be further investigated to support the results. First and foremost, the desub-
limation column and the melter in the CCC model are simplified with Gibbs re-
actors to approximate the thermodynamic behaviour. In particular, the desubli-
mation process is modelled based on a single Gibbs reactor, which means that
the temperature is assumed to be constant during the solidification. To make a
better approximation, it will require several Gibbs reactors to incorporate the con-
sequences of a temperature gradient within the desublimation column. Further-
more, the CCC model must be investigated from an experimental point of view to
investigate whether there are factual challenges that are not taken into account in
the CCC model.

Additionally, the pressure losses in the pipes and heat exchanges must be con-
sidered as it has been disregarded in the CCC model. By including the pressure
losses, the energy consumption related to the pressure-changing components will
be higher than currently expected, which must be taken into account to determine

the actual energy consumption.

Additionally, the water content extracted from the off-gas in the dryer compo-
nent will most likely contain dissolved impurities and need treatment to comply
with the emission limits. Consequently, the impact of the minor components dis-
regarded from the off-gas composition should be investigated to determine the

amount of post-treatment required prior to discharge to the environment.

In addition, it appears that the electrolysis process requires heating to force the
ionisation of water to produce hydrogen and oxygen. In contrast, methanation
requires cooling to maintain the desired operating temperature in order to achieve
the highest possible conversion rate. Consequently, by implementing heat integra-

tion between these processes, the total energy demand will be reduced.
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Furthermore, in general it will be evident to investigate a plant-based heat integra-
tion to reduce the total heat demand for the entire process train. In this way, any
hot or cold utilities can be utilised internally to reduce the total heat demand for

the system.

Finally, the raw material used for the calcination process is pure CaCO;. Com-
pared to the raw material used at Aalborg Portland, a significant amount of wa-
ter has been disregarded. This must be considered due to the high energy con-
sumption for heating and evaporating, which will result in a significantly higher
methane consumption. Consequently, it will require an equivalent amount of wa-
ter to benchmark the methane consumption in this report with the fuel consump-

tion at Aalborg Portland.
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Appendix A

Sub-Blocks in CCC Model

In this appendix, the two sub-blocks from Figure 4.1/ are described and elaborated.
Firstly, the dryer is presented, which is based on several flash stages and a water

knock out. Subsequently, the contact liquid refrigerant circuit is presented.

A.1 Dryer Component

The sub-block called "DRYERCOM" in Figure 4.1} from Chapter [ covers the equip-
ment illustrated in Figure The dryer component has to remove the water con-
tent in the off-gas prior to the desublimation column to prevent ice formation. The

process is based on a cascade flash separation with a separator in the end to ensure

a total water knockout.

Water Dried
Flash knockout  Valve
tank aa == @ foed
Colmp¥ @_) Ambient

Ambient

Figure A.1: Schematic overview of the drying process prior to the CCC model.
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Initially, the off-gas is cooled to 5 °C by either heat exchanging with the ambient
air or seawater. Subsequently, the off-gas enters the first flash tank, which sepa-
rates the water from the off-gas. The off-gas from the first flash tank is pressurised
to 3.21 bar, which is equivalent to a maximum pressure ratio of 3. After the pres-
surisation, the off-gas is cooled to 10 °C prior to the second flash tank. After the
second flash tank, the water content is sufficiently low to be neglected in the CCC
model. Therefore, a separator is included to ensure a total water knockout be-
fore the off-gas is injected into the desublimation column. Finally, the off-gas is
passed through a valve and a heat exchanger in order to reduce the pressure and
temperature to 1.07 bar and 5 °C, respectively.

A.2 Contact Liquid Coolant Circuit

The other sub-block "CLCOOL" presented in Figure [4.1| covers the refrigerant cir-
cuit cooling the contact liquid before entering the desublimation column. The
equipment included in the contact liquid refrigerant circuit is presented in Figure
A2

Contact 1 Contact
liquid X liquid .
| l

%Valve

“ Amlf%{_'ibomp
_E] Comp

Figure A.2: Schematic overview of the contact liquid refrigerant circuit.

The refrigerant circuit aims to cool the contact liquid to -125 °C prior to the desubli-

mation column. In order to obtain the desired temperature, the contact liquid heat
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exchanges with a refrigerant circuit in a multi-stream heat exchanger. The refriger-
ant circuit is a closed-loop including a cascade compression and heat exchanging.
During the cascade compression and heat exchange, the refrigerant obtains a pres-
sure of 36.95 bar and a temperature of 31.85 °C before it enters the multi-stream
heat exchanger. In the multi-stream heat exchanger, the refrigerant is further cool-
ing, before it enters a valve to obtain the inlet temperature of -166.45 °C. During
the multi-stream heat exchanger, the refrigerant is heated to 13.25 °C by heat ex-
changing with itself and the contact liquid. The mass flow required to cool the
contact liquid from 15 °C to -125 °C is determined to 173,915 kg/hour.






Appendix B

Mass Flow Calculation of the com-

bustion and utilisation processes

In this appendix, the mass flow calculations from sections 5| and are elabo-
rated. The mass flow rates are calculated based on balancing the reactions with

the corresponding molar masses of the compounds.

B.1 Specification of the Mass Flows for the Combus-

tion Process

The annual CaCO5 consumption used at Aalborg Portland in 2019 is used to es-
timate the mass flow rate of the fuel and oxidiser required for the combustion
process (Aalborg Portland A/S| 2019a). Firstly, the calcination enthalpy of the

reaction is determined. The calcination reaction is presented in equation (B.1).
CaCO; — CaO +CO, (B.1)

The standard enthalpy of reaction is calculated based on the sum of standard
enthalpies for the products subtracted from the sum of the standard enthalpy of

the reactants, as presented in equation (B.2).

AHP

reaction —

(AHZ,0 + AHEo,) = AHE, o, (B.2)
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Based on the calcination reaction and the standard enthalpies, the calcination en-
thalpy of the reaction can be calculated to 178 k]J/mol-CaCO;. Additionally, the
energy consumption to cover the preheating of limestone and dissociation has
been estimated to be 159 kJ/mol-CaCO; based on the Aspen Plus® model. Fur-
thermore, a heat loss to the surrounding of 50.51 kJ/mol-CaCOj; is likewise con-
sidered. Combined the total energy consumption for the calcination process is
expected to be 387.64 kJ/mol-CaCOj;. As a result, the corresponding mass flow
rate of fuel required to force the calcination process can be calculated. The fuel

flow rate can be calculated, based on equation (B.3).
_ Qtot,cal

mfuel - LHVfuel (B3)

Qtot cal from equation is the total energy consumption from the calcination
multiplied by the annual molar flow of CaCOj; based on data from |Aalborg Port-
land A/S (2019a). Furthermore, the corresponding air supply to obtain stoichio-
metric combustion can be calculated based on the fuel consumption. The air re-
quired for the combustion can be determined based on the fuel specified Air to
Fuel ratio (AFR). The AFR is the ratio between air and fuel to obtain a stoichio-
metric combustion. Thus, the AFR is based on the combustion reaction and the
molar masses of the fuel and air. The balanced methane combustion reaction is

presented in equation (B.4).
CHy +2(0, +3.76N,) — 2H,0 + CO, +7.892N, (B.4)
Subsequently, the molar masses of the methane and air in the reaction is deter-
mined in equation (B.5) and respectively.
1mol-16 g/mol=16 g (B.5)
2mol - (32 g/mol +3.76 - 28 g/mol) = 274.56 g (B.6)

Finally, the AFR can be determined as presented in equation (B.7).
Moy 27456 g
Meyel l6g

In accordance with equation (B.7), the mass flow of air to obtain stoichiometric

AFR = =17.16 (B.7)

methane combustion can be specified. However, if oxyfuel combustion is used,
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the AFR will be recalculated, as the nitrogen from equation (B.4) will disappear.
Consequently, the AFR for oxyfuel combustion will be 3.9969.

B.2 Scaling Specifications for the Utilisation Facility

and the Electrolysis Process

In order to calculate the resulting hydrogen production required to make a con-
version of all the captured CO,, the following reactions are considered. It appears
from equation (B.§), that the methanation requires 4 moles of hydrogen per mole
of CO, to start the reaction. The hydrogen production is expected to come from
an alkaline electrolysis process, which is presented in equation (B.9).

CO, +4H, — CH, +2H,0 (B.8)

2H,0 +elec — 2H, + O, (B.9)

Based on the reactions, the molar masses of the compounds, and the knowledge
about the CO, mass flow from the CCC model, the corresponding mass flows for

the remaining components can be determined. The molar masses for the different
components are stated in Table

Table B.1: Molar mass of the compounds in reaction (B.8), and (B.9).

Compound Molar mass [g/mol]

CO, 44
Methane 16
Water 18
Oxygen 16
Hydrogen 2

Based on the CCC process modelled in Aspen Plus®, the annual molar flow of
CQO, is estimated to 4.88-107 kmole/year. This annual CO, capture forms the basis
to determine the corresponding mass flows of the other components, based on
equation and (B.9). The resulting mass flows are presented in Table
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Table B.2: Calculated mass flow rates of the compounds based on molar masses and reactions.

Compound Mass flow rate [tonne/year]

CO, 2.15-10°
Oxygen 3.12:106
Hydrogen 393,172
Water 3.51-10°

Methane 782,232
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