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ABSTRACT

The carbon capture, utilisation and storage (CCUS) process chain is subject to increasing interest, and its
overwhelming implementation on the industrial scale appears to be one of the main ways to reduce COy
emissions. In this context, the optimisation of a CO purification process for oxy-combustion cement plant flue
gases is proposed. This optimisation is based on a multidimensional study on the energy, exergy, economy, and
environmental impacts of the process. The results of the optimisations carried out show that it is more favourable
to increase the CO; recovery above 90%, from an energy, exergy and economic point of view. The analysis of the
evolution of the capture cost as a function of the CO5 recovery shows that for a given carbon tax, there is a
minimum for the total cost which includes the sum of the carbon tax contributions for the uncaptured CO, and
the capture cost. As the unit uses only electrical energy, the cost and the electricity generation will directly
impact the capture cost as well as the overall balance in terms of CO2 avoided. As the electricity price increases
from 50 to 250 €/MWh, the CO2 capture cost increases by almost 250%. An analysis of the parameter un-
certainties allows to observe their impacts on the results, and to define a standard deviation from the optimised
points and show the robustness of these. Considering the technical parametric uncertainties, the standard de-
viation on the electrical consumption (3.65 kWh/tco2), CO2 recovery (0.09%) and exergy efficiency (0.92%) is
limited.

1. Introduction

CO4, captured from industrial emitters can be used either directly (food-
grade CO; for soft drinks, Enhanced Oil Recovery (EOR), supercritical

In order to achieve carbon neutral emissions by 2050, carbon cap-
ture, utilisation and storage (CCUS) is being developed, especially to
reduce the carbon impact of industries. In various scenarios defined by
the European Union to limit global warming to 1.5 °C, CO5 capture
technologies must be use and could reduce emissions by up to 40% [1].
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CO4, solvent, etc.) or indirectly by chemical transformation processes
(methane, methanol, etc.) or for biological processes (microalgae) [2].
After ratification of the Kyoto Protocol in 1997, the European Union
established an Emissions Trading Scheme (EU-ETS) for industrial in-
stallations. The system applies to large installations (with a thermal
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Fig. 1. Block diagram of an oxy-combustion cement plant comprising a Carbon Purification Unit (CPU).

Table 1
Literature review for CPU.

Cold box number Purity equipment COy in (dry) Outlet pressure Recovery Purity Electrical consumption
mol% Bar % % kWh/tcon

[19] 3 2 Flash 75.70 110.00 90.30 95.17 164.00
[23] 2 2 Flash 75.70 110.00 91.80 96.60 136.50
[20] 1 2 Flash 75.70 97.00 90.10 96.74 N/A
[16] 1 1 Flash + Distillation 77.40 120.00 90.00 99.98 172.00

2 2 Flash 77.40 120.00 92.00 97.54 150.00

0 2 Flash 77.40 120.00 97.00 92.55 158.00
[21] 1 1 Flash 78.40 103.45 89.60 96.80 148.00

1 Distillation 78.40 103.45 88.20 99.90 164.00
[17] 2 2 Flash 82.40 18.40 94.00 96.91 116.00
[18] 2 2 Flash 94.10 110.00 99.30 96.00 112.60

1 1 Flash + Distillation 94.10 110.00 96.20 99.99 126.20

capacity of >20 MW), including those operating in industry, power
generation and aviation since 2012.

European annual emissions are capped to achieve targets. COy
emitters concerned by the EU-ETS must buy allowances representing
one tonne of CO, equivalent. The legislation has been changed, with an
increase in the price of allowances from November 2020. From
December 2021 until today, the price of the allowance is around 80€
with a price exceeding 100 € per allowance in February 2023 [3]. In
practical terms, the EU-ETS market provides an incentive for industry to
move towards less polluting or non-polluting alternatives technologies,
or towards CO capture systems to reduce emissions.

Carbon capture is possible in different ways, which can be more or
less easily integrated into an existing process. These are pre-combustion,
oxy-combustion, and “end of pipe” technique as post-combustion. In
pre-combustion way, fossil fuel is firstly converted into hydrogen to
capture CO, before the combustion chamber. This process produces a
gas with a CO2 concentration from 15 to 60 mol% on a dry basis. In
addition, this process allows also the gas desulphurisation before com-
bustion, which greatly reduces the production of SOx. This technique is
effective in the case of energy production, such as power plants [4], or
for processes that do not emit intrinsic CO». Indeed, for industrial sectors
(i.e. cement or lime plants), where a major part of the CO, emissions is
linked to the decarbonation of the raw material, namely the limestone,
pre-combustion carbon capture is not relevant. Oxy-combustion uses
relatively pure oxygen (>95 mol%) as an oxidant to increase drastically
the CO; concentration of the flue gas. There are two possibilities for oxy-
combustion. Either the furnace can withstand the higher combustion
temperatures associated with pure oxygen operation, or a partial recir-
culation of the flue gas (mainly CO; and H30) can be carried out to
maintain combustion with 21 mol% oxygen as an oxidant [5]. Conse-
quently, the flue gases are concentrated in COy (>75 mol% on a dry
basis). The CO;, content depends on the purity of the oxygen coming
from an air separation unit that can introduce a significant amount of
argon, as well as on the fuel used and possible air inlets bringing in ni-
trogen. Finally, post-combustion is the capture of the CO, once gener-
ated by the process. One of the advantages of this technology is that it is
applicable at the end of the flue gas treatment chain (“end-of-pipe”
process) allowing the integration of a capture unit without modifying
the upstream process except flue gases pre-treatment units if it is
necessary. However, it requires high energy consumption due to the low

concentration of COz in the gaseous effluent.

Several CO» capture technologies are available. The most developed
one is based on absorption with a chemical or physical solvent. In the
case of an amine(s)-based solvent, which is the most common process, it
consists of a CO, absorption column and a regeneration column to
generate a COy-rich stream (conventionally CO; purity >98 mol%) with
water and traces of amine as an impurity [6]. It is conventional to
recover 90% of the CO, present in the flue gas, even though studies are
starting to show that going up to 95% could economically make sense
[7]. Thermal energy must be used to regenerate the solvent, which is
mainly interesting for processes having fatal heat available. Another
carbon capture technology is based on an adsorption principle using
porous materials, such as zeolites, aluminas or MOFs (Metal Organic
Frameworks). The technologies developed (i) Pressure Swing Adsorp-
tion (PSA) using only electrical energy for compression or vacuum in the
case of a VPSA or (ii) Temperature Swing Adsorption (TSA) where
thermal energy is used to regenerate the adsorbent [8]. Membrane
technologies are also available to separate CO, from a flue gas. Sepa-
ration through the membrane is achieved using a pressure gradient
generated by compression of the flue gas and/or vacuuming the
permeate. Polymeric membranes are the most studied in the context of
CO4, capture. Their selection is based on the Robeson line [9], which is a
compromise between the selectivity (ability to separate two molecules)
and the permeance (flow through the membrane) of a membrane [10].
The last of the four main capture technologies is based on a cryogenic
process which allows the CO- to be separated from other flue gas com-
pounds based on their different condensation temperatures. This tech-
nology is well adapted when the flue gas CO, content is already quite
high (>70%) and when the other gases are permanent gases, which is
the case when it is integrated into a Carbon Purification Unit (CPU)
applied to oxyfuel flue gases, as described hereafter. Additionally, there
are emerging capture processes like calcium looping [11], microalgae
[12], and certain plant-based approaches, such as virgin ivy plants
[13,14], among others, that are being explored as potential alternatives.

In this work, a cement plant working in oxyfuel-combustion is
considered. An air separation unit (ASU) is considered to produce oxy-
gen. Among the different capture units available in the literature, it
appears that for flue gases with a CO3 concentration higher than 70%
[15], the cryogenic carbon purification unit (Fig. 1) is the most suitable
technology. The principle of this process is to separate the CO; from the
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Fig. 2. CPU modelling with membrane.

other gaseous components by liquefying the carbon dioxide after
dehydration and eventual flue gas pre-treatments (e.g. de-dusting, de-
NOx, etc.).

Various research studies have been conducted on cryogenic carbon
purification units. These studies have investigated different methods of
purifying COz including processes to reach medium and high purity
(containing >95 mol% and 99 mol% of CO,, respectively). The main
difference between both processes is the presence of a distillation or
desorption column to have a higher purity in place of several flashes for
the CO4 separation. Multi-parameter optimisation of the CPU is sought
in most studies to minimise cost and/or electrical consumption.

Table 1 summarizes the relevant elements for comparing different
CPUs in the literature, including the number of multi-stream heat ex-
changers (cold box), the purity equipment (flash, distillation or
desorption column), fixed parameters such as CO; flue gas concentration
and outlet pressure as well key performance indicators such as purity,
recovery and electrical consumption. Based on the CPU with two cold
boxes and two flashes illustrated by Kolster et al. [16], Jin et al. [17] and
Magli et al. [18], higher CO2 purity requires more electrical consump-
tion, while higher inlet CO2 concentration leads to greater CO2 recovery
and lower electrical consumption.

Various authors [17,19,20] have studied the dynamic behaviour of a
CPU to avoid the formation of dry ice due to a drop in temperature below
the triple point. All three studies concluded that the most critical stream
is the one related to the cooling generation following a Joule-Thompson
expansion. Others have conducted techno-economic analyses, showing
capture costs [21] and impacts on clinker costs [18]. Integration of CPUs
into power plants reduces efficiency and increases electrical consump-
tion [16].

Additionally, studies have optimised power consumption in two-flash,
two-cold-box CPUs for treating coal-fired power plant flue gas, considering
exergy destruction and “exergoeconomic” analysis [17,22]. Decreasing
oxygen purity from the ASU can increase CPU power consumption but
reduce overall electrical consumption in both processes [23].

The purity of the CO, depends on its utilisation. On the one hand, it
can be transported for storage or use outside the capture site. Depending

on the means of transport, whether pipeline, ship, train or truck, the
characteristics of the CO5 are more or less constrained. On the other
hand, CO; can be used directly. In this case its specification will depend
on the process (e.g. the catalyst used in a CO5 conversion process could
experience deactivations due to certain compounds, risk of corrosion,
etc.). In this work, the objective is to consider a very restrictive case
which corresponds to the specification given by the Northern Lights
project, world's first open-source CO, transport and storage infrastruc-
ture, [24] for transport by ship to a terminal in western Norway for
intermediate storage, before being transported by pipeline for perma-
nent storage in a reservoir 2600 m under the seabed.

In this work, a CPU capable of generating a high purity CO; is
modelled. In addition, to reduce the electrical consumption of the sys-
tem, which directly influences the process operation costs, a hybrid
system with a membrane is studied. This configuration also increases the
maximum COs recovery of the process compared to a standard one for a
similar flue gas. The modelling of a CPU with membrane and its opti-
misation is addressed in the present work. Moreover, in a multi-
dimensional study, an energy, exergy, economic and environmental
(4E) analysis is carried out by considering an oxy-combustion flue gas
coming from a cement plant as a base case. In addition, a further analysis
of the source and electricity price in the system is performed. The CPU
performance is subjected to a considerable number of uncertain pa-
rameters. In this framework, uncertainty quantification (UQ) allows the
uncertainty on a quantity of interest to be quantified (e.g., the electrical
consumption) with respect to the random environment (e.g., the
compressor efficiency). Finally, a variation of the CO2 content linked to
the possibility of a higher or lower air entrance is also considered.

2. Details and design of the carbon purification unit
2.1. Process configuration
The process investigated in this work and simulated using Aspen

Plus® V14 software is partly based on the Callide oxyfuel project with a
CPU pilot [15,25,26]. The process combines a membrane unit to
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Fig. 3. Co-current membrane discretisation.

Table 2

Permeabilities of polyimide membrane studied by [33].
Molecules CO, [e2% Ar Ny
Permeability (barrer) 11 2.4 2.4 0.41

increase the COy recovery with a cryogenic unit to reduce the power
consumption of the compressors (lower pressure) and, at the same time,
a compression unit for sending the CO; in a supercritical state into a
pipeline. The flue gases treated are produced by an oxy-combustion
cement kiln.

Fig. 2 represents the investigated CPU system. It can be divided into
eight subsystems: (1) flue gas compression, (2) flue gas drying, (3) flue
gas cooling, (4) CO, vapour-liquid separation, (5) CO; recovery of the
vapour from flash, (6) CO5 purification, (7) cold generation and (8) CO2
compression.

The objective of the cryogenic unit is to cool the flue gas to recover
CO4 with high purity. This cooling is applied close to the triple point
temperature for pure CO5 (—56.6 °C) but without going below it to avoid
any dry ice in the installation. A limit of —54 °C is fixed to avoid any
issues with the triple point. The flue gas enters the multistage
compression chain to reach the working pressure, allowing at least 90%
CO4 recovery (1). The gas is compressed in 3 compressor stages to get
the compression ratio between 2 and 5 by stage, and to limit gas
warming below 200 °C [27]. The stream is dried by an adsorption col-
umn containing silica gel or alumina to a dew point temperature below
—60 °C (2). The stream is then cooled in the cold box before entering the
flash at —49.45 °C. The multi-stream heat exchanger technology is a
brazed aluminium heat exchanger (BAXH) that was demonstrated in the
Callide project [26] (3). The cooled flue gas is sent to a flash to separate
liquid CO; from the incondensable gases (4). The cold duty of the vapour
phase coming from the flash is recovered in the cold box, before being
sent to the membrane to recover CO, that will be used to regenerate the
dryer and being recirculated through multistage compression. The non-
condensables are expanded in a turbine (5). The desorption column
extracts the impurities of the liquid CO3 coming from the flash by means
of a pure CO, vapour (6). The desorption of impurities allows a CO5
purity of 99.999 mol% to be reached. The liquid obtained at the bottom
of the column is separated into two streams. The first one is heated to
generate the CO, vapour used in the column. The second one is
expanded in a Joule-Thomson valve (7) to generate a stream at
—52.45 °C to obtain a pinch of 3 °C with the stream to be cooled [28]. At
the end of this process, the CO5 is compressed in order to be injected into
the pipeline distribution at 110 bar (8).

2.1.1. Membrane modelling

The membrane is a unit operation that is not available in Aspen
Plus® V14. To integrate this separation process, it has been developed in
Aspen Custom Modeler™ V14. The validation of the model is available
in the supporting information section I.1. The membrane has been dis-
cretised into different slices following the works of Fanchon [29] and
Fernandes Rodrigues [30]. Temperature variations are taken into ac-
count according to the Joule-Thomson effect. A relationship between the
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permeate and feed temperatures has been proposed by Gorissen [31].
To model the membrane, several assumptions are made in this work:

there is no gradient of concentration in each discretisation slice;
the membrane is co-current;

there is no pressure drop along the membrane;

the permeability is constant;

the transfer is done by diffusion through a non-porous membrane.

The co-current membrane is schematically presented on Fig. 3. The
equations related to the system are the total and partial molar balances
for the slices and the permeate. These equations are described
hereunder:

e Diffusion through a non-porous membrane

Pi(pri — ppi
7= (Pri — Ppi) @D
e
Global molar balance per slice
Nry_y +Np,_, = Nry+ Np, 2)
e Global molar balance on the permeate side
Np,_, + Zi«/i.kAk = Npy 3
e Partial molar balance per slice
Nri1Yrik-1 + Npi_1Ypik—1 = Nrivrig + NpiVpik (C)]
e Partial molar balance on the permeate side
Npi_1Ypik—1 T JixAr = N Ypik %)

where J; is the diffusion flux (mol/ (m2 s)), P; is the permeability (mol
m/(m? Pa s)), pg; and pp; are the partial pressure of the retentate and
permeate side respectively (Pa), e is the membrane thickness (m), Nry is
the retentate molar flux out of the slice k (mol/s), Np, is the permeate
molar flux out of the slice k (mol/s), Ay is the membrane area of the slice
k (m?) and Ypik and yy;; are the molar fractions for the component i in the
slice k (—) for permeate and retentate respectively.

The characteristic parameters of the membrane units are the surface,
thickness, and permeability of the molecule through the membrane. The
ratio between the permeability and thickness gives the permeance. The
operating parameters from the process are the composition, temperature
and pressure of the feed and the pressure on the permeate side.

Many papers have studied different types of membranes for the
separation of carbon dioxide/nitrogen, which are the two major com-
ponents in the CO capture process but in this case, oxygen and argon
must be also considered. When the permeability is plotted as a function
of selectivity (ratio between permeability of two molecules), there is a
limit called the Robeson limit [9] implying that the membranes have a
maximum selectivity which decreases as the permeability increases.
Hence a membrane close to the Robeson limit will have the best selec-
tivity for a given permeability. In this case the selectivity must be high
enough to reduce the recirculation of non-condensables and then to limit
the electrical consumption by their presence, but the permeance must
not be also too low to keep a reasonable surface area. There is a trade-off
between increasing CO, recovery and decreasing electrical consumption
and the membrane cost.

Currently, commercial membranes are mainly used for natural gas
purification. Air Liquide has developed a MEDAL™ membrane (based on
polyimide) [32] which has properties close to those studied by Hao et al.
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Table 3
Compositions of an outcoming gas from an oxyfuel cement
industry (simulation —courtesy of ECRA).

Components Molar composition
CO, 79.0%

Ny 9.9%

0, 2.9%

Ar 1.2%

H,0 7.0%

[33]. The permeabilities of the membranes are given in Table 2. These
inputs are considered in this work for the membrane separation with a
thickness of 1 pm.

2.1.2. Process modelling

The flue gas treated in this work comes from an oxy-combustion
cement kiln, based on a production of 3000 tcjinker/day. These data are
based on simulations carried out by the European Cement Research
Academy (ECRA). Table 3 summarizes the composition of the flue gas to
be treated. The flue gas is cooled down to 40 °C and considered to be
cleaned from dust, SOx and NOy. To clean the flue gas and reduce them
to a few ppm, various processes can be employed [15]. These include a
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Sour Compression Unit (SCU) [34,35], a NaOH column [26], or more
conventional methods like Selective Catalytic Reduction (SCR) [36] and
processes using lime [37]. Particulate matter is typically removed using
electrostatic precipitators or baghouse filters [38]. Moreover, this
clinker production corresponds to a flow rate of 70,000 Nm>/h. In this
way, the flue gas contains 116.89 tcoa/h. The relatively high presence of
nitrogen is explained by taking account of air intrusion in the model.
Argon is introduced simultaneously with O as an impurity from the air
separation unit.

Modelling in Aspen Plus® V14 software was performed (Fig. 4). The
predictive Peng-Robinson 1978 (PPR78) equation of state [39] was
chosen to determine the thermodynamic properties of the fluid mixture.
Temperature-dependent k; were considered [40] (group-interaction
parameters for CO,_Njy determined by Privat et al. [41] and CO3-O2 and
CO9-Ar by Xu et al. [42]. The validation of the implementation of the
thermodynamic model in Aspen Plus is detailed in Section 1.2 of the
supporting information.

The flue gas was at 1 atm and 40 °C. The centrifugal compressors were
designed with an isentropic efficiency of 85% and the stream was cooled
to 35 °C after each compression step before the purge of the condensate.
The permeate (PERM) pressure was set at the pressure of the compressor
(C1) considering the pressure drops inside the heat exchanger. The
retentate (RET) is heated with the heat release of (COMP2) by keeping a

COMPB

[VABSREC |
VABSREC
e y———
MEMBVAP

—

Fig. 4. Aspen flowsheet of the CPU.
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Fig. 5. T-Q diagram of multi-stream heat exchanger (BAHX).
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Table 4
Reference environment (25 °C, 1 atm) [47].

Components Molar composition
0, 20.54%

N, 76.34%

Ar 0.913%

H,0 2.17%

CO, 0.0337%

pinch of 40 °C. As such, the expansion of (ATM-HP) was more efficient
thanks to the increase of the stream temperature. The temperature at the
outlet of (T1) is set to —54 °C. The outlet pressure of (C2) was set in
function of the desorption column (DES1) pressure considering pressure
drops in the BAHX and in the heat exchanger. The temperature minimum
in the multi-stream heat exchanger was also set to —54 °C. The desorption
column was modelled thanks to a Rad-Frac model using the rate-base
mode. A Mellapak 250Y from Sulzer© was used as structured packing
in the column. The outlet pressure of the compressor (C4) was set to the
pressure of the valve (V2) minus the pressure drops from BAHX. The valve
(V2) was a second Joule-Thompson expansion to reduce the flowrate
through the compressor (C4) coming from the first Joule-Thompson
expansion in the valve (V3). The vapour from this expansion was mixed
with the vapour coming from the liquid phase of the same stream to
reduce the stream temperature (REF4) and therefore to improve the
compression efficiency. A by-pass (BPEX4) was modelled in the case that
the temperature after this compression was less than the minimum tem-
perature required to cool the stream.

Fig. 5 illustrates the heat exchange through a T-Q diagram between
the cold streams and the hot stream. The stream with the lowest tem-
perature is ATM-BP, which is quickly joined by the stream (CO2BPA)
that has been expanded in V3. Following this is the duty of the CO2MPA
stream from the second Joule-Thompson expansion, which is main-
tained at a higher pressure and thus generates a liquid-vapour stream at
a higher temperature. The Joule-Thompson expansion streams
contribute to nearly two-third of the duty required for cooling and
partial liquefaction of the flue gas. The remaining duty is provided by
FVAP, VABSOUT, and L1CO2, with only the latter being in the liquid
phase at the inlet of the exchanger, allowing for the recovery of its latent
heat to complete the necessary duty for the phase change of the flue gas.

The dryer considered in this work applies a Pressure Swing
Adsorption (PSA) process and beds are filled with silica gel. The
adsorption pressure was in the range of the compressor (20-35 bar) and
the desorption pressure was in the range of the permeate pressure (2-5
bar). Rezk et al. [43] presented a complete study about silica gel as a
desiccant. Based on the 2-bed cycle, an adsorption time of 10 min is
considered with the same duration for the regeneration step. The
quantity of water adsorbed can be calculated thanks to isotherms
equations. From the flowrate of the stream to dry, the adsorption time,
the packed bulk density (1000 kg/m®) and the molar adsorption loading
allow the calculation of the adsorbent volume.

The pressure drop in the cold box is relative to the plate-fin heat
exchanger. Magli et al. [18] consider a pressure drop of 2% of the inlet
pressure in the cold box. A pressure drop of 0.21 bar is taken into ac-
count by Koohestanian et al. [20]. With Aspen Exchanger Design and
Rating™, the cold box can be designed from the streams calculated in
Aspen Plus®. This method allows the pressure drop for a cold box design
to be calculated. Considering the friction at the distributors situated at
the inlet and outlet of the BAHX as well as friction along the exchanger,
the pressure losses have an average value of 0.45 bar. This value was
used to determine the pressure drop in the BAHX. A pressure drop of 0.2
bar was assumed for the intercooling heat exchanger.

2.1.3. Single variable analysis
A parametric study was performed and highlighted the variables that
have an impact on major process performances: electrical consumption,
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COs, purity and recovery.

The pressure at the cold box inlet influences the CO5 recovery and
the purity of the liquid out of the flash. If the pressure increases, more
CO4 is recovered, but the other compounds are more solubilised in liquid
phase, degrading the purity of the liquid CO, produced.

A higher surface area of the membrane increases the CO5 recovery to
a maximum threshold for a given permeability. A minimum energy is
consumed when the surface area is larger due to the decrease in the
amount of CO, transferred per unit area, as opposed to other com-
pounds, such as Ny, Oy, etc., which increase the amount of incon-
densable gas in the permeate and, therefore, the electrical consumption.

The desorption column allows CO3 liquid purification with pure CO5
vapour. For a given column, a rise in the vapour flowrate increases the
purity, but this implies an increase in the recirculated flow and, there-
fore, the energy required to increase its compression. For an increase in
pressure, the purity decreases, but this reduces the energy required to
compress the final product. Thus, an optimum is possible by varying
these two parameters.

Considering the cold box, optimisation can be done with Joule-
Thompson expansion. Minimising the energy loss between the hot and
cold streams by varying the flow rate and pressure of the second stream
allows the optimisation of the duty quantity to be exchanged and the
temperature of the stream.

2.2. Energy balance

The energy analysis focuses, according to the first law of thermo-
dynamics, on the amount of energy related to the process without
considering the losses.

Y0+ > Wy ih=0 ©)

where Q is the heat power (kW), W is the mechanical power rate (kW), nn
is the mole flowrate (mol/s) and h is the enthalpy (kJ/mol).

The electrical consumption per tonne of CO; is often the Key Per-
formance Indicator (KPI) parameter used to show the efficiency of a
system. In a cryogenic CPU, the energy required is mainly electrical due
to the consumption of the compressors.

Wre_c + Weo,c — Wr

Eum.&umplian = 3 (7)
mc 'Os captured

where Econsumpiion is the electrical consumption of the process (kWh/
tco2), Wre_c is the flue gas compressor mechanical power rate (kW),
Wcoz,c is the CO4 product compressor mechanical power rate (kW), Wr
is the turbine mechanical power rate (kW) and ni¢o,cqprureq is the mass
flowrate of the captured CO; (tcoz/h).

2.3. Exergy analysis

The exergy analysis is based on a combination of the first and second
laws of thermodynamics to consider both the quantities of energy used
and their quality, allowing the calculation of the energy useful for the
work (exergy) and the energy lost and degraded during the process. The
exergy comprises four terms (physical, chemical, potential and kinetic
contributions). However, the last two being negligible, the exergy is
calculated as follows [44]:

ex = exy, + ex, (8

where ex is the exergy (kJ/mol), exyy, is the physical exergy (kJ/mol) and
ex. is the chemical exergy (kJ/mol).

The physical contribution of the exergy is the amount of work
obtainable by physical processes involving thermal interaction that al-
lows the system to change from an initial state to the state of the envi-
ronment (Pg (1 atm) and Ty (25 °C)).
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Table 5
Capital cost variable of components (*: F, = 1 for P < 5 barg) [48].
Equipment Type K Ko K3 By By Fpm Cy Cy Cs
Compressors Centrifugal 2.2897 1.3604 —0.1027 - - 2.7 - - -
Floating head HX 4.8306 —0.8509 0.3187 1.63 1.66* - 0.03881 —-0.11272 0.08183
Turbines 2.2476 1.4965 —0.1618 - - - - -
Vertical towers and vessels 3.4974 0.4485 0.1074 2.25 1.82 - - - -

Table 6
Base case assumptions for OPEX (electricity from [52], labour cost from [53] and
other coefficients from [48]).

Parameter Value

Utilities (Cyr) Electricity: 100 €/MWh
Cooling water: 15.7 $59;5/m>

Operating Labour Cost (Cor) 15 labours; 90,632 €/labour/year

Direct supervisory and clerical labour 0.18 Co,
Maintenance and repairs 0.06 CAPEX
Operating supplies 0.15 (0.06 CAPEX)
Laboratory charges 0.15 Cop,

Patents and royalties 0.03 OPEX

Local taxes and insurance 0.032 CAPEX

Plant overhead costs
Administration costs

0.6 (1.18 Cqp, + 0.06 CAPEX)
0.15 (1.18 Coy, + 0.06 CAPEX)

Distribution and selling costs 0.11 OPEX
Research and development 0.05 OPEX
exy, = (h—ho) — To(s — s0) ()]

where Ty is the environment temperature (K), s is the entropy (kJ/(mol.
K)) and subscript 0 is for environmental reference state.

The chemical contribution of the exergy of a reference substance is
calculated using the concentration of the compound at the reference
state [45,46]. The exergy of the compounds in the atmosphere is
determined by

eXep;i = RTolniy (10)

Yi

where R is the gas constant (kJ/(K mol)) and, y; is the vapour mole
fraction (—).

Table 4 provides the composition of the air for the reference state at
25 °C and 1 atm with a relative humidity of 70%, as proposed by Rivero
& Garfias [47] based on the environmental reference state from Szargut
[46].

When a compound is not present in the environment, the chemical
exergy of the compound can be calculated by setting up a reversible
reaction of formation.

eXepi = — (vaAgfp - vrAgfr> D vexap— Y vexg, (11)

PROD REACT PROD REACT#i

where v is the stoichiometric coefficient (—), Agf is the formation of
Gibbs free energy (kJ/mol), and r and p subscript are for reactants and
products respectively.

The chemical exergy of a biphasic liquid-vapour system is calculated
as

exqy = (1— w)Zx,» (ex[h_i +4G°_, +RT0[ny,»x,~) + wa, (exch‘i +RTolny,»)
12)

where o is the vapour fraction (—), x; is the liquid mole fraction (-),
AGY_, is the standard Gibbs energy of condensation (kJ/mol) and, y is
the activity coefficient (—).

The exergy destruction (Exp) represents the irreversibility of the

process implying that the exergy can be partially or totally destroyed.

> riexy + Exg =Y 1 Xy + Exw + Exp (13)

The heat and work exergy described with subscripts Q and W
respectively corresponds to:

Ty
1——|d
)

Tour
Ex, 0= ( 1 4)
T=Ti

Exy =W (15)

The exergy efficiency (7,,) of the process is a parameter calculated to
evaluate its thermodynamic performance. This efficiency considers the
exergy destruction as well as the loss exergy (Ex;) (related to cooling,
wastewater, and by-products) compared to the contribution of the fuel
exergy (Exy) that is the sum of the exergy of the flue gas and the elec-
tricity supplied [17]. This parameter is expressed as:

Exp + Ex;

EXF (16)

Moy =1

2.4. Economic analysis

The calculation method of the CAPEX (CAPital EXpenditures) and
OPEX (OPerational EXpenditures) for a process is based on (Turton
et al., 2018) [48].

The Chemical Engineering Plant Cost Index (CEPCI) is used as an
index to consider the inflation of the equipment cost and services
associated with chemical process industries.

Iuctuul
Canmll = Crcference(

1, reference

a7

where C is the cost (€), and I is the index (—) with their corresponding
subscripts, namely ‘actual’ and ‘reference’. Costs are calculated with the
CEPCI value relative to the year 2022 which is 816.2 [49].

Economic analysis involves the estimations of the CAPEX that can be
calculated thanks to the purchased equipment cost (Cg), the bare module
cost (Cpy) that includes direct and indirect costs (all associated equip-
ment and installation labour close the purchased equipment), and the
last contributions are from the contingency costs, and fees. Egs. (18)—
(21) are used to calculate the CAPEX with the parameters listed in
Table 5.

10g10CY = Ky + K>logio(S) + Ks[logio(S) 1s)
Csu = C) [B1 + By FpFy) = CoFpy 19
10g10F 1 = C1 + Cs logio(P) + Cs [logio(P) | (20)
Fyveset = “Zbltj"iﬁm @1

where Cg is the purchased equipment cost corresponding to the atmo-
spheric operating pressure and using carbon steel construction, S is the
size of the equipment, Fy, is the material factor (1 for carbon steel ma-
terial), Fp is the pressure factor, P is the pressure (bar), D is the diameter
(m), tin is the minimum allowable vessel thickness (0.0063 m), CA is the
corrosion allowance (0.00315 m), E is the weld efficiency (0.9), St is the
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Table 7
Variables for the optimisation with lower and upper bounds.
Variables  Definitions Units  Lower Upper
bounds bounds
Po Discharge pressure of C1 bar 2 5
compressor
Pcs Discharge pressure of C3 bar 15 30
compressor
Py1 Pressure of the V1 valve bar 9 15
Py Pressure of the V2 valve bar 6 15
Fricoz Mass fraction towards L1CO2 - 0.05 0.25
Fracoz Mass fraction towards L3CO2 - 0.05 0.5
A Membrane area m? 1000 200,000
Hpgsy Tower DES1 height M 5 20
Table 8

Constraints for the optimisation.

Constraint Justification

Purity >99.999 mol%
Teompressor < 200 °C
BAHX Pinch >3 °C
Tstream > —54 °C

Py; < Pc3-0.045 bar
Pyz < Pyy

Fixed purity for the transport

Technology limitation [27]

Technology limitation [28]

Limit to avoid dry ice formation (—56.6 °C)
Pressure of FLIQ higher than pressure of LABSIN
Pressure of L2CO2 higher than pressure of CO2MPA

Stop criteria

Define bounds
parameters Selection
| 7
No Intital population Crossover
v
Mutation
inear constrali

validated

Measure fitness

New generation
Elite

t )

Fig. 6. Illustration of the genetic algorithm concept.

Table 9

GA configuration.
Parameters Value
Population size 50

Crossover probability 0.2 for < generation 25

0.8 for > generation 25

Pareto fraction 0.5
Constraint tolerance 1074
Function tolerance 0.210°*
Stall generation 50

allowable stress for carbon steel (944 bar) and B;, C; and K; are constants.

The membrane cost is set at 50 €/m? including direct and indirect
costs [10] with a lifetime of five years and a replacement cost fixed at 25
€/m?. Considering an invariable replacement cost, the total membrane
cost for a 25-year plant lifetime is estimated at 150 €/m?. The adsorbent

Applied Energy 357 (2024) 122431

Table 10
Ranges considered on the uncertain parameters for uncertainty quantification
and global sensitivity analysis.

Units Default Uncertainty Distribution
value
FG compressor efficiency % 85 + 5% Uniform
CO, compressor % 85 + 5% Uniform
efficiency
Turbine efficiency % 90 + 5% Uniform
Cooling water heat °C 10 +3°C Gaussian
exchanger pinch
0O, concentration mol% 2.9 + 0.5% Uniform
Permeability CO, barrer 11 + 10% Gaussian
(relative)
Permeability Ny barrer  0.41 + 10% Gaussian
(relative)
Permeability Oy/Ar barrer 2.4 + 10% Gaussian
(relative)

cost used in the dryer is fixed at 1.32 USDyg20/kg [50]. Aspen Economics
is used to generate the BAHX cost since this equipment is not available in
Turton et al. [48]. This cost is calculated thanks to the volume, itself
calculated considering the overall heat-transfer coefficient being U =
170 W/m?K [20] and the surface to volume ratio being 2000 m?/m>
[51].

The contingency cost varies depending on the reliability of the cost
data and completeness of the process flowsheet available. This factor is
included in the evaluation of the cost as a protection against oversights
and poor/wrong information. Unless otherwise stated, values of 15%
and 3% of the bare module cost are assumed for contingency costs and
fees, respectively. Adding these costs to the bare module cost provides
the total module cost.

OPEX can be calculated using various known or estimated costs
(Table 6). These costs are CAPEX, Operating Labour Cost (Cor) and,
Utility Cost (Cyr).

OPEX = 1.235 (Cyr) +2.735 Cor +0.180 CAPEX (22)

As the CAPEX is the complete plant cost, it is amortised over the
lifetime of the plant. Twenty-five years as the plant life is considered.
However, the CAPEX can be annualised by considering a certain infla-
tion rate according to the equation below.

i(140)"

CAPEX, = CAPEX -~ "T1Y
(I4+i)"—1

(23)

where CAPEX, is the annuity cost (€), i is the inflation rate (6.5%) [54]
and n is the number of years of annuity interest.

Capture cost can be defined thanks to the annuity of the CAPEX and
the OPEX.

Capture cost (€/tco,) = CAPEX, + OPEX 24)
2.5. Environmental analysis

The main environmental impact indicator for carbon capture is the
CO, emissions avoided to evaluate and quantify the effect on global
warming. Usually, the CO5 recovery reached for these systems is around
90%. In this work the performance of the CPU with a membrane can be
higher. Two key performance indexes are to be considered: the CO,
recovery of the system defined as:

MOy capurea 1

CO, recovery = 00 (25)

mco, ;,

and the CO, emissions avoided, which considers the CO5 emissions due
to the utility consumption according to:

Mco, capured — TCO2 ity

CO, avoided = .100 (26)

mco, ;,



A. Costa et al.

Applied Energy 357 (2024) 122431

100 -
(o] o (0} o
98 - 5 @© 9@ ©
9% 1 o °
— O
R 94 1 =
= o
g 92 A o
. o
o 90 4
- o
o 88 1 o
o
86 - e
o
84 A o
82 T T T T T T 1
27 29 31 33 35 37 39 41
CO, capture cost (€/tcoz)
Fig. 7. Pareto front for optimisation of cost-recovery.
Az 9 +60 €/tCO2
70 €/tCO2
— 101 o 080 €/tC0O2 &
4-8 o A 90 €/tCO2
w 381 a R B 0 100 €/tC0O2 §
=
— D A Q
g 36 - O A ° 4
£ A fe)
E 0 (m] A A O @
+ (] o A 8
2 A + +
e 32 L + + ¥ T
30 L) T T T T T T T 1
82 84 86 88 90 92 94 96 98 100
CO, recovery (%)
Fig. 8. Total CO; cost considering capture cost and carbon tax (see legend).
100 - 5 5
O o]
%8 1 g © OAAOA m sAT ABTES
9% g A0
§ 94 4 5 (0] A
— A
£ 92 1 0,2
§ 90 - OO A O Cost-Recovery (Base case)
£ 88 1 %A A Energy-Recovery (Base case
~ gy
QO 86 - o
- o
84 oA
82 a
80 T Ll T T  § T 1
27 29 31 33 35 37 39 41
CO, capture cost (€/tcoz)

Fig. 9. Comparison between pareto front of cost-recovery and energy-recovery.




A. Costa et al. Applied Energy 357 (2024) 122431
250 (a)
=
8 200 F
g &
= o
o 150 |
(%]
€
5 5 =
w 100 F (@]

e
@]
©
‘.g 50 | s © e
@ o ©
E O T — OI T T T T T T T 1
80 82 84 86 88 90 92 94 926 98 100
CO, recovery (%)
25 r
(b)
20 | &
- o o
@ o o) o o o o O o 00 o
215
o
=
210 } A A A A A A A A AA A A @M
]
s o o O 0O o o Oa0o 0O O o %
5 |
O C3 outlet pressure A V1outlet pressure  0OV2 outlet pressure
0 T | | T T T T T T !
80 82 84 86 88 20 92 94 96 98 100
CO, recovery (%)
045 ()
o4 | O Liquid fraction recycle to column
' A Liquid fraction to V2
—~ 035 |
o A
g 03 F A o A
5" A A A A
B 025 | & A A A A A A A
©
« 02 |
= &
5 015 | &
g 0@
= 01 } o) o O o o o ©O o oo ©O o
005
O T T T T T T T T T 1
80 82 84 86 88 20 92 94 96 98 100
CO, recovery (%)

Fig. 10. Variable in function of the recovery for the base case (a) Membrane surface / (b) Pressure / (c) Liquid fraction.

3. Optimisation
3.1. Objective function

The KPIs of the economic, environmental, energy and exergy di-
mensions are relevant to evaluate the global performance of the process.
The single variable analysis demonstrates that the CPU process can be
optimised. This is the reason why in this work, a multi-objective opti-
misation is performed with the capture cost as a first objective function.
The second and third objective functions consider the efficiency of the
system for CO5 emissions as well as the electrical consumption of the
process. The fourth objective is the exergy efficiency of the system.

10

e Objective I: Capture cost (Eq. (24))

e Objective II: CO, recovery (Eq. (25))

e Objective III: Electrical consumption (Eq. (7))
e Objective IV: Exergy efficiency (Eq. (16))

To perform the optimisation, a system of variables has been defined.
These variables are those identified in the process analysis. Table 7 in-
cludes the different variables as well as the limits imposed.

The system has constraints linked to the technical limits and to the
operating conditions. Table 8 lists the different constraints
implemented.
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Table 11
Input variables and KPI for the three objectives optima of energy-recovery-
exergy optimisation.

Unit Maximum Maximum Minimum
recovery exergy energy

Input variable

Discharge pressure of ~ bar 23.97 16.39 15.75
compressor C3

Pressure of the valve bar 12.87 10.50 10.03
Va1

Pressure of the valve bar 7.44 9.19 8.99
V2

Mass fraction - 0.15 0.12 0.11
towards L1CO2

Mass fraction - 0.46 0.35 0.36
towards L3CO2

Membrane area m? 200,000 101,000 1000

Discharge pressure of ~ bar 2.31 2.63 2.52
compressor C1

Tower DES1 height m 20.00 10.00 10.00

KPI

Capture cost €/tco2 38.85 31.51 27.95

CO,, recovery % 98.99 94.89 81.69

Electrical kWh/ 160.87 132.97 127.90
consumption tcoz

Exergy efficiency % 67.19 73.03 69.96

11

3.2. Genetic algorithm

The genetic algorithm (GA) [55], based on the principle of natural
evolution of Charles Darwin, is used in this optimisation due to the non-
linearity between the inputs of the CPU Aspen model and its results. In a
system to be optimised, the best results will be used to calculate new
points to converge towards an optimisation.

Starting from an initial population composed of several individuals
being defined by variables (called genes), these are then grouped
together as a set of variables which define a proposed solution of the
problem (called chromosome).

The individuals are assigned a rank according to their fitness towards
the problem. This ranking will allow the selection of the best individuals
among the population who will generate chromosomes by cross-over, i.e.
by taking a part of the genes from one parent and the other part from the
other parent. After this stage, part of the child chromosomes can undergo
a mutation on one of the genes corresponding to leave a local minimum.
Finally, the algorithm will end when the population converges (Fig. 6).

This method allows, among other things, individuals to be generated
in a random way, which can be shifted with respect to the temporary
minimum to increase the probability of leaving a local minimum. An
advantage of GA is that the search for the minimum can be done either
with a mono-objective or multi-objective function. A modified NGSA-II
algorithm [56] is used in the context of CPU multi-objective optimisa-
tion. The genetic algorithm parameters are given in Table 9. The stop-
ping condition is triggered when the function tolerance is less than the
mean spread when the maximum stall generation is over.
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Table 12
Comparison of the exergy destruction (kW) and its affectation (%) to the different equipment's between the three optimised points.
Maximum recovery Maximum exergy Minimum energy
Compressors 2481.7 22.14% 2202.0 27.77% 1972.3 28.95%
Heat exchangers 4979.9 44.43% 3896.3 49.15% 3362.3 49.35%
Turbine 139.8 1.25% 144.6 1.82% 239.4 3.51%
Desorber 128.3 1.14% 80.4 1.01% 60.0 0.88%
Dryer 32.7 0.29% 43.0 0.54% 38.3 0.56%
BAHX 1393.3 12.43% 934.5 11.79% 1073.7 15.76%
Membrane 1534.8 13.69% 516.1 6.51% 7.4 0.11%
Valve 146.7 1.31% 50.4 0.64% 39.2 0.58%
Mixer 372.6 3.32% 60.9 0.77% 20.9 0.31%
Total Exp 11,209.7 7928.1 6813.5
Nex 67.19% 73.03% 69.96%
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Fig. 13. Impact of the variation of the electricity price.
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Fig. 15. Evolution of the CO, avoided in function of the CO, recovery for the base case optimisation.

3.3. Uncertainty quantification

Crude Monte Carlo Simulation is a state-of-the-art uncertainty
quantification (UQ) method, randomly generating scenarios from the
distributions on the input parameters until sufficient (10° — 10*) values
on the quantity of interest are collected to make a statistically sound
distribution [57]. However, the method is computationally intractable
for complex models. To increase the computational efficiency, a surro-
gate model of the system model for the space defined by the random
environment can be constructed. Typical surrogate models include
Kriging [58], support vector machines [59] and Polynomial Chaos
Expansion (PCE) [60]. In the case of PCE, both the distribution param-
eters and the sensitivity indices (i.e., Sobol’ indices) can be derived
analytically from the coefficients that characterise the surrogate model.
Rixhon et al. [61] used PCE to quantify the Sobol’ indices on the cost of

13

the future Belgian energy mix and highlighted the significant impor-
tance (53%) of the uncertainty related to the cost of e-fuels.

A UQ and global sensitivity analysis were performed to quantify the
uncertainty on parameters and to identify the dominating parameter
uncertainties. PCE is adopted being a surrogate-assisted UQ method that
promises an improved computational efficiency when compared to
usual Monte Carlo Simulation. To apply PCE to the system, the open-
source Python framework RHEIA was used, developed by Coppitters

et al. [62]. The PCE (IVI) replicates the input-output relation defined by
the Aspen model (M) and consists of a truncated series of multivariate
orthonormal polynomials ¥, weighted by coefficients u:

D e irta¥al) =~ M(E) (27)

where § = (&, ..., &) is a vector of the independent random parameters,
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d corresponds to the number of input distributions and o is a multi-
index. The truncation scheme limits the number of elements in the se-
ries (P + 1) based on a limiting polynomial order (p) and the number of
uncertain parameters (d). The multivariate polynomial order is the sum
of the order for each univariate polynomial in the multivariate poly-
nomial (i.e., || = p). Therefore, the multi-indices that correspond to an
order below or equal to the limiting order are stored in the truncated

series ./ [63]:
27 ={aeN:|a<p}. (28)

The amount of existing multi-indices that comply with this rule
equals [63]:

card (y/d"’ ) = (ppii> =

(d+p)

dip! 29

—P+1

To illustrate, ford = 8 and p = 2, 36 terms are present in the PCE. To
quantify the coefficients (u), a regression method is adopted [63]. To
acquire a well-posed least-square minimisation, two times the number of
coefficients is defined as a sufficient amount of training samples [63].
Thus, 2(P + 1) samples are evaluated in the Aspen model (M), and the
model response for each quantity of interest is stored. The quasi-random
Sobol’ sampling technique is adopted to generate the training samples

14

16. Standard deviation (o) for energy-recovery-exergy optimisation (a) Energy consumption function/ (b) Exergy efficiency function.

[64]. In this work, a polynomial order of 2 is required (72 training
samples) to result in a Leave-One-Out error [63] below 1% of their value
for the considered parameter.

Once the PCE is constructed, the statistical moments and sensitivity
indices are quantified analytically from the PCE coefficients. Hence, no
additional model evaluations are required to quantify the probability
density function (PDF) and the sensitivity indices. From the coefficients,
the mean p and standard deviation ¢ are derived as follows:

(30)

n

2 2
o = E u;
at0 !

The sensitivity indices (i.e., Sobol’ indices) identify the importance
of the uncertain input parameter to the variability on the output. To be
more specific, the total-order Sobol’ indices (S) quantify the total
impact of a stochastic input parameter on the performance indicator,
including all interactions:

st = Zu@/f”‘i / Ziluf o7 ={ae o |a >0}

Uy

(3D

(32)

where .o/ is the set of all the PCE coefficients and o; represents the co-
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Table 13
Different case studies considering CO, variations in the inlet flue gas.
Components (Base Case 1 Case 2 Case 3 Case 4
case)
CO, 79.0 mol% 64.0 mol 69.0 mol 74.0 mol 84.0 mol
% % % %
CO, (Dry) 84.9mol%  68.8 mol 74.2 mol 79.6 mol 90.3 mol
% % % %
Ny 9.9 mol% 24.9 mol 19.9 mol 14.9 mol 4.9 mol%
% % %
0, 2.9 mol%
Ar 1.2 mol%
H,0 7.0 mol%

efficient related to the uncertain parameter i. As total-order Sobol’
indices are considered, which consider both first-order and higher-order
effects of the uncertain input parameters on the quantity of interest, the
sum of the total-order Sobol’ indices can be higher than 1.

In this CPU model, some values are taken from assumptions implying
a possible divergence of results as well as a potentially large standard
deviation. The purpose is to study this impact on the model and on the
different optimised points. Thus, the parameters (Table 10) are varied
according to uniform or Gaussian (uncertainty correspond to 3¢ bound)

15

functions to represent the potential deviation from the basic inputs.
Gaussian probability distributions are chosen for fixed parameters with
a high probability of being at the mean value such as permeability or
heat exchanger pinch. Uniform probability distributions are taken for
fixed parameters with equivalent probability for the different values.

4. Results and discussions
4.1. Multi-objective optimisation

A multi-objective optimisation was carried out on a CPU including a
membrane-separation step to analyse the process with respect to the
economic, environmental, energy and exergy dimensions.

Initially the optimisation considered only the objective functions I
and II, capture cost and CO; recovery respectively. This optimisation
allowed the evolution of the capture cost with respect to the CO5 re-
covery to be shown. It is common to consider systems with a 90% cap-
ture rate. However, it is interesting to measure the financial impact of a
higher capture rate. Fig. 7 presents the results of the optimisation. Up to
95% of CO5 recovery, the additional cost compared to 90% is only 1.5
€/tcoz. However, to reach a CO, recovery of 99%, the cost per tonne
captured is increased by 9 € which corresponds to 30% of the cost to
capture 90% of the COs.
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Considering the carbon tax for uncaptured CO,, an optimum can be
determined for a CO3 recovery value. Per tonne of CO, generated by the
cement plant, the total cost, including the CO; capture costs and the
carbon tax, can therefore be calculated as follows:

CO, recovery,
100

(100 — CO, recovery) *carbon tax
100

Total cost = CO, capture cost

(33)

Fig. 8 shows different curves depending on the value of the carbon
tax. Thus, considering an interval of 60 to 100 €/tco2 [3], a minimum of
the total CO; cost for a 60 €/tcoz carbon tax appears from a CO5 recovery
of 93% with a tendency towards a higher CO, recovery for a higher tax.
For an allowance of 100 €, it is interesting to capture around 96.5% of
the CO,.

However, because of the uncertainties about the prices of energy
carriers, it is also interesting to know how the cost behaves in relation to
the energy-recovery optimisation. Fig. 9 shows a slight difference on the
top for the energy-recovery optimisation because CAPEX is not opti-
mised. However, as in the CO5 capture cost, OPEX related to the elec-
trical consumption is the dominant factor, it implies that a minimisation
of the electrical consumption leads to a minimisation of the OPEX. In the
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continuation of this study, the optimisation is focused on the electrical
consumption being independent of the electricity price.

Input variables related to energy-recovery optimisation results are
shown in Fig. 10 (a/b/c). The CO, recovery is very dependent on the
membrane and its operating parameters. Indeed, the increase of the
membrane surface increases the CO5 recovery (Fig. 10(a)). Moreover, to
reach the highest CO, recovery, the differential pressure applied on the
membrane is higher with an increase of the pressure in the cold box that
increases the pressure of the vapour at the inlet of the membrane (Fig. 10
(b)). In this figure, the pressure at the outlet of the V2 valve decreases.
This tendency is linked to a need to increase the cold duty, which is also
reflected in the increase of the flowrate to this V2 valve for the second
Joule-Thompson expansion (red triangle curve in Fig. 10(c)). The blue
circle curve in Fig. 10(c) is the recirculation to the desorption column,
which increases to maintain the purity above the required threshold in
response to the rise in pressure at the outlet of the V1 valve (Fig. 10(b))
that feeds the column.

In a second step, a third objective optimisation of energy, recovery
and exergy was established to study the behaviour of the latter. Fig. 11
(a) shows the CO, recovery as function of the electrical consumption for
both optimisations considering in the first case the energy and recovery,
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and 95%.

and in the second case the energy, exergy, and recovery. Results show
that the electrical consumption is very similar in both cases. There is a
little deviation when the exergy is considered around the maximum
exergy (Fig. 11(b)).

It is interesting to note that for maximum exergy efficiency, the COy
recovery is around 95%. It is in this area that the CPU is most efficient.
Table 11 presents the input variables and the KPI of the three objectives
optima of the energy-recovery-exergy optimisation.

Concerning the capital cost, the main contributing cost is related to
the compressor. This cost increases when the CO; recovery is higher as
the pressure applied to the flue gas is higher and that of the Joule-
Thompson expansion is lower. Depending on the COj recovery
reached, this amount decreases with the membrane cost that becomes a
non-negligible cost at high CO5 recovery. Indeed, the membrane goes
from 1000 m? for the minimum recovery to 200,000 m? for the
maximum recovery. The membrane and compressor contributions
represent >80% of the total CAPEX, which varies between 23.2 M€ and
57.1 M€ for the lowest and the highest CO, recovery. Fig. 12 represents
the distribution of the CAPEX for the different units.

Regarding the exergy analysis, the higher exergy destruction is
induced by the heat exchangers, especially those that use the cooling
water (around 50%). Compressors are the second unit that destroyed
around 25% of the exergy, followed by the BAHX for which the exergy
destruction varied in a range of 10-15%. Finally, the membrane exergy
destruction depended on its surface and thus it increased with a higher
CO5 recovery. Table 12 provides the distribution of the exergy
destruction between the units. Globally, the exergy efficiency (1,,) is
acceptable for such a process (between 67% and 70%). As a point of
comparison, Jin et al. [17] had an exergy efficiency based on the same
definition of 69.73% for their optimised point.

Overall, looking at the optimisation results for the base case, the CO,
recovery should clearly be above 90%. Whether considering the overall
capture cost and carbon taxes or purely in terms of system efficiency,
CO, recovery tends to be around 95%. The comparison between the
different cost-recovery, energy-recovery and energy-recovery-exergy
optimisations shows that globally an energy-recovery optimisation
gives very close results to the other two optimisations.

4.2. Sensitivity analysis

4.2.1. Electricity price variation
As already mentioned, electricity representing the highest energy
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contribution, it is necessary to evaluate the impact of its price on the
capture cost. By varying the electricity price from 50 to 250 €/MWh, the
evolution of the capture cost is linear. However, depending on the
desired CO5 recovery which implies a higher electrical consumption, the
cost increases more significantly with the increase in the electricity price
when seeking to achieve maximum recovery (Fig. 13). A higher elec-
tricity price is therefore not favourable for this process. Nevertheless,
despite a price of 250 €/MWh, the capture cost in the case of exergy
optimisation remains 53.74 €/tco2. In the more or less short term, the
electricity price should decrease since the price of renewable electricity
is between 30 and 110 €/MWh [65]. Considering this last value, the
capture cost drop to 31.66 €/tcoz. In summary, the electricity price and
carbon tax which are two relatively variable elements, will have an in-
fluence on whether the capture system is sufficiently economically
competitive to be implemented.

4.2.2. Environmental impact as function of the electricity source

As the process uses large amount of electricity as energy source, the
source of the electricity will impact the overall balance of avoided
emissions. The percentage of CO5 avoided compared to an initial CO,
recovery of 94.9% is 94.7% for wind power generation (0.011
kgco2e,/kWh) and can degrade to 82.8% for coal power generation (1
kgco2e/kWh) (Fig. 14). In Europe (ENTSO-E), the electricity mix emits
0.399 kgco2e/kWh which gives an avoided CO- rate of 90.1%.

Taking emissions factor from the European electricity mix as an
example, the impact of these emissions on the total carbon footprint of
the process is not negligible. By looking at the CO; recovery, which is
linked to the electrical consumption, this impact (Fig. 15) is less visible
once the CO; recovery exceeds 97% due to the significant increase in
electrical consumption compared to the small gain in terms of CO;
recovery.

4.3. Uncertainty analysis

Compressors and turbines have a basic isentropic efficiency of 85%
and 90%, respectively. This efficiency is dependent on the compressors
and the gas passing through them. The impact on the compressors is
shared between both compression chains (flue gas side and purified CO,
side). A variation of +/— 5% is considered in this study. The other un-
certainty analysed is the pinch at the cooling exchangers of the flue gas
compression. This can vary for a given design if the flow rate or the gas
composition changes. At the flue gas level, the oxygen from the
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combustion exhaust can vary over time. A variation of 0.5% is consid-
ered to encompass the potential variations. The difference from the base
case is reflected in the nitrogen concentration. The last uncertainties are
posed on the membranes permeabilities which are experimental data
defined on an installation. By applying a relative error of 10% following
a Gaussian distribution, the uncertainty at the experimental level is
represented.

The uncertainties on the results of the energy-exergy-recovery opti-
misation are quantified. The average standard deviation (o) of the
different results is 3.65 kWh/tcoz for electrical consumption, 0.09% for
CO, recovery and 0.92% for exergy efficiency. Fig. 16(a/b) show the
standard deviation for energy and exergy respectively.

Standard deviation of objectives function is plotted on Fig. 17.
Concerning the electrical consumption, a minimum of the standard de-
viation is present at around 132 kWh/t¢p2, meaning that more robust
designs are present in this area (Fig. 17(a)). The Sobol’ indices for
electrical consumption illustrate that flue gas compressor efficiency and
CO4 compressor efficiency have the greater impact on the electrical
consumption variation, with values around 0.70 and 0.25, respectively.
Hence, providing a compressor map to the simulation is necessary to
reduce the uncertainty on the electrical consumption. The other
important contribution for the Sobol’ indices come from the pinch in the
exchangers with the cooling water. Permeability, oxygen concentration
and turbine efficiency do not have a significant impact on the variation
of the electrical consumption. These conclusions are noticed for the
exergy variation, which is impacted mainly by these two same param-
eter uncertainties (Fig. 17(c)). Concerning the COs recovery, only
permeability uncertainty has an impact, with the highest Sobol’ indices
for CO, permeability equal to 0.98. Residues come from permeability of
other components and O concentration. Other parameters do not have
an impact on CO; recovery. The standard deviation is very low for the
extremity because the values are very close to the limit that involves this
trend (Fig. 17(b)).

4.4. Optimisation considering several flue gas compositions

In this section, different flue gas compositions are considered to
determine the impact on the process parameters. COy can be more
diluted due to a higher air entrance that degrades the high concentration
obtained thanks to oxy-combustion conditions. Only the variation of
carbon dioxide in the range of 64 mol% to 89 mol% and nitrogen were
modified for this study (Table 13).

The more a gas is already concentrated in CO», the easier it is to
separate the CO5 from the other compounds, which leads to a lower
electrical consumption. However, the optimum recovery varies ac-
cording to the CO4 concentration (Fig. 18). For a concentration higher
than the base case, a CO2 recovery higher than 95% is to be considered.
Below the base case concentration, the optimum CO; recovery is be-
tween 90 and 95%. It is thus more interesting from an energetic point of
view to capture >90% of the CO; from the flue gas.

Therefore, the optimal CO5 recovery can be determined according to
the maximum exergy efficiency. The exergy maxima are aligned as
shown in Fig. 19, with a maximum exergy efficiency of 74% for Case 4
(CO4 recovery of 95%).

Fig. 20 shows the evolution of the KPIs for a 90 and 95% CO re-
covery considering different CO, concentrations in the flue gas. As
shown in this figure, electrical consumption follows a very similar trend
as for the capture cost. For a CO, concentration of 74%, the exergy ef-
ficiency shows that it is more energetically (and therefore economically)
interesting to have a COy recovery of 95%. As regards to the capture
cost, the difference between both CO, recoveries decreases when the
concentration in the flue gas is higher. A good maintenance of the
process, thus avoiding the air inlets, can make it possible to have better
performances for a slight difference from an economic point of view.
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5. Conclusion

This work presents a detailed analysis of a carbon purification unit
(CPU) designed specifically for treating flue gas coming from an oxy-
combustion cement kiln. A cryogenic process coupled with membrane
unit has been implemented to increase the global CO5 recovery of the
process, and to reduce the electrical consumption of cryogenic unit. This
process has been studied through a 4E analysis concerning energy,
exergy, economy, and environment. An optimisation with a genetic al-
gorithm by minimising electrical consumption (at the same time to
minimise capture cost) and by maximising the CO5 recovery and exergy
efficiency of the process is performed.

The study revealed an exergy maximum linked to CO5 recovery, with
higher values observed for COq-rich flue gases, reaching a maximum
exergy efficiency of 73.03% for the base case. The capture cost exhibited
a parallel trend with electrical consumption, aligning with CAPEX
annualization between 1.6 and 4 €/tco, depending on capture cost
ranges and electricity prices. Below 100 €/MWh, the cost for a 95% CO,
recovery is 30 €/tcoz which is considered as acceptable, keeping in mind
that it is only a part of the CCUS chain costs.

From an environmental point of view, this study shows that it is
economically interesting to increase the capture rates compared to the
usual 90% of CO» recovery, even decreasing the total costs related to the
emission and capture of CO3 according to the carbon tax. Since this is an
electricity-only process, the source of electricity is important and can
lead to a degradation of >10% of the CO; recovery for the most polluting
sources.

Uncertainty analysis highlighted energy and exergy as the most
affected aspects, with standard deviations of 3.65 kWh/tcoo and 0.92%
for exergy efficiency. Implementing a compressor map could reduce
uncertainties, particularly for flue gas.

Additionally, the variation of the inlet gas CO5 concentrations shows
that the richer the flue gas, the more the electrical consumption de-
creases and the higher the exergy efficiency. The curves show a linear-
isation of the exergy maximum as a function of the CO5 concentration
indicating that beyond the base case, a capture of >95% is economically
interesting.

The carbon purification unit with membrane to recover COs,
comparing with other cryogenic processes developed in the literature,
allows a significant reduction of electricity consumption. Kolster et al.
[16] and Shah [21] have studied a high-purity CPU (with a column to
desorb impurities) on a gas containing approximately 78 mol% CO; and
with an almost 90% recovery. The energy consumed is 164 and 172
kWh/tcoo, respectively. In this work, for such a concentration and re-
covery rate, the electricity consumption is about 140 kWh/tcog, repre-
senting an energy reduction of >15%.

It is therefore important to manage the air inlets in the flue gas to
keep a good efficiency of the installation. In view of these observations, a
perspective of this study could be to couple the CPU to an ASU and to
determine the optimum energy according to the oxygen purity and thus
the concentration of the flue gas at the inlet of the CPU.
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