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Abstract: Carbon dioxide capture from cement plant flue gas can play an important role in mitigating
CO2 emission that lead to climate change. Among all the technologies evaluated, membranes have
potential to be one of the most energy-efficient and low-cost CO2 capture option. In this work, a
novel membrane technology, Facilitated Transport Membranes (FTMs), is assessed to further reduce
energy demand and cost for CO2 capture in a cement plant. A new process that employs FTMs is
simulated and applied to a real clinker production plant in Italy (Colacem, Gubbio). The process is
then compared with other carbon capture technologies. Results show that the FTM technology can
be competitive with other technologies despite the need of steam to operate the membrane. Despite
the benefit in terms of specific emission compared to more established absorption with liquid amines
process, further improvements on membrane performances are needed to gain also an economic
advantage for carbon capture in the cement industry.

Keywords: carbon capture; cement; membranes; facilitated transport

1. Introduction

Decarbonisation of industrial processes is a key step towards reach the net zero goals
that are targeted from countries worldwide. Carbon Capture and Storage (CCS) applied to
industrial plants has gained visibility in recent years with the recognition that switching to
alternative low carbon processes is more challenging than in the power sector. In particular,
cement industries has devoted large resources to research CCS solutions specific to cement
plants in an effort to maintain the industry sustainable from both the environmental and
the economic point of view. Cement production is responsible for around 7% of global
CO2 emissions and the demand for cement is projected to increase by 12–23% above the
2014 level by 2050 sustained by a strong growth in Asian countries that will compensate
the decline of the sector in China [1,2]. Measures that have been proposed to reduce the
CO2 footprint of the industry include exploiting efficiency improvements, switching to less
carbon intensive fuels, reducing the clinker to cement ratio, decarbonizing the electricity
used by the plant and carbon capture and storage [3,4]. Among these, CCS has the highest
potential for CO2 emission reduction [1] and is required to achieve the target of the Paris
agreement of less than 2 ◦C increase in global temperatures [4]. Despite several studies
and the technical viability of mitigation technologies proposed, few cement plants globally
have started implementing these solutions [5].

The CO2 emissions from a cement plant can be divided in two categories: the first one
comes from the fuel burned to provide heat to the process and could in theory be avoided
by switching to a different form of energy [6]. This contribution typically amounts to 34% of
the emission of a typical plant and in the case of the plant object of this study, it increases to
38% due to a lower proportion of renewable energy employed. The remaining emissions are
inherently related to the clinker production, come from the reaction of calcium carbonate
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to calcium oxide and cannot be eliminated from the process. This part typically amounts
to 66% of the emission of a typical plant and requires the application of carbon capture to
be reduced [4].

In recent years, several research projects have explored CCS in the cement industry
and solutions for both retrofit of existing plants or implementation in new building have
been investigated extensively [7–9]. Several separation processes are proposed with a wide
range of results in terms of techno-economic performance as, for example, absorption with
liquid solvents absorption [7,10–13], solid adsorbents [14], calcium looping [7,8,15,16] and
molten carbonate fuel cells [17].

Membranes have also been evaluated for carbon capture in cement plants. Lindqvist et al.
compared different process designs and various membranes, including facilitated transport
ones, and reported a cost of CO2 avoidance between 33 and 50 €/ton of CO2 [18]. Recently
the Horizon2020 funded project CEMCAP evaluated different separation technologies for
a cement plant retrofit. Among these, simple solution-diffusion membranes coupled with
a liquefaction process (Membrane Assisted Liquefaction) were included with a cost of
CO2 avoidance of 83.5 €/ton of CO2 compared to the 80.2 €/ton of CO2 for state-of-the-art
absorption process [19,20]. Polymeric membranes were also evaluated by Baker et al. with
the very positive prospective of a cost of capture of 40 $/ton of CO2, even if, as they
mention, the economic estimation might be optimistic [21]. Recently Nanoporous Single
Layer Graphene (NSLG) membranes were also evaluated for post-combustion including
cement plants. These innovative high performance materials would introduce a capture
penalty of 28 $/ton of CO2 even taking into account their very high cost compared to
polymeric materials [22].

The lifetime of a cement plant is around 25 years and even with the steady demand
of clinker currently foreseen, not many new plants will be built in Europe in the near
future; therefore the efforts have been focusing on retrofitting existing plants where not
only energy and economic considerations come into play but also layout, space and other
factors come into play. This makes the retrofit of existing plants very dependent on the
particular site and therefore this study focussed on a specific plant in Italy.

In this study a novel type of membranes is considered for the separation process. These
are based on the facilitated transport mechanism that exploits the reaction of CO2 with
carrier sites in the membrane and therefore enhances selectivity compared to conventional
membranes. A first generation of these materials was already tested in a cement plant in
Norway by prof. Hagg et al. [23] with promising results and a prediction of a significant
reduction in the cost of capture if improved CO2 permeance was achieved. The new
materials evaluated in this study were produced in the framework of the Horizon2020
funded project NANOMEMC2 and evaluated for a specific site in Gubbio, Italy where the
materials were also tested experimentally [24,25].

2. Methodology
2.1. Process Description

The cement plant case studied is based on the Colacem cement plant in Gubbio (PG),
Italy that employs the typical dry kiln process [26] and is designed to produce 1 Mton/year
of clinker. The raw material enters the raw mill (R/M) where it is grinded and dried with
hot flue gas. The gas and solid are separated in a dust filter (F/D) and the raw meal after
storage and homogenization into a silo is extracted and sent to the preheater (PHE). The
cyclone preheater operates with counter current streams of gas and solids. Five stages are
arranged one above the other and the hot gases coming from the calciner and the rotary
kiln are mixed with the solid to allow heat transfer and then separated due to centrifugal
forces. The preheated raw meal is then sent to the calciner where 90% of the calcination
reaction (decomposition of calcium carbonate to calcium oxide) is performed using around
60% of the total plant fuel. The calcination is completed in the rotary kiln where the clinker
phase is also formed. The kiln is the core of the burning process with the solid reaching up
to 1450 ◦C. After the formation of the clinker phase, the material is discharged from the kiln
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to a grate cooler (Cooler) that operates as a cross flow heat exchanger producing secondary
combustion air and tertiary air that are sent to the kiln and to the calciner respectively.
In the real plant, the excess air from the cooler is mixed with the gas from the raw mill
and preheaters then sent to the conditioning tower and then to a dust filter before being
released to atmosphere. The concentration of CO2 in this stream is around 11% vol. The
block flow diagram of the real plant is reported in Appendix A.

For a pure retrofit configuration, with no modification of the production plant, the
capture process would be applied to this stream. In order to favor the separation and
maximize the CO2 concentration in the stream going to the capture section, in this work a
modified process is considered: the excess air from the cooler is not mixed with the gas
stream coming from preheaters and raw mill but it is treated separately; the membrane
capture process is applied to the flue gas coming from the conditioning tower and dust
filter treating the gas after the preheaters without gas from the cooler.

The molar CO2 content in this stream is around 28% and this makes the application of
membranes quite attractive as the driving force for the transport through the membrane
is related to the partial pressure. CO2 captured is compressed and liquefied to be sent for
storage. A block flow diagram of the full process with the addition of the carbon capture
plant is reported in Figure 1 while the technical data of the plant for the reference year
2016 are summarized in Table 1. The simulated plant produced results within 3% of the
real plant.

Energies 2021, 14, x FOR PEER REVIEW 3 of 15 
 

 

the clinker phase is also formed. The kiln is the core of the burning process with the solid 
reaching up to 1450 °C. After the formation of the clinker phase, the material is discharged 
from the kiln to a grate cooler (Cooler) that operates as a cross flow heat exchanger pro-
ducing secondary combustion air and tertiary air that are sent to the kiln and to the cal-
ciner respectively. In the real plant, the excess air from the cooler is mixed with the gas 
from the raw mill and preheaters then sent to the conditioning tower and then to a dust 
filter before being released to atmosphere. The concentration of CO2 in this stream is 
around 11% vol. The block flow diagram of the real plant is reported in Appendix A. 

For a pure retrofit configuration, with no modification of the production plant, the 
capture process would be applied to this stream. In order to favor the separation and max-
imize the CO2 concentration in the stream going to the capture section, in this work a 
modified process is considered: the excess air from the cooler is not mixed with the gas 
stream coming from preheaters and raw mill but it is treated separately; the membrane 
capture process is applied to the flue gas coming from the conditioning tower and dust 
filter treating the gas after the preheaters without gas from the cooler. 

The molar CO2 content in this stream is around 28% and this makes the application 
of membranes quite attractive as the driving force for the transport through the membrane 
is related to the partial pressure. CO2 captured is compressed and liquefied to be sent for 
storage. A block flow diagram of the full process with the addition of the carbon capture 
plant is reported in Figure 1 while the technical data of the plant for the reference year 
2016 are summarized in Table 1. The simulated plant produced results within 3% of the 
real plant. 

 
Figure 1. BFD (Block Flow Diagram) of the simulated cement plant with carbon capture and subsequent CO2 compression. 
The BFD for the production section is modified compared to the real plant as the excess gas from the cooler is not mixed 
with the gas stream form preheaters and raw mill; the carbon capture and compression sections are added in the simula-
tion to this gas stream. 

Table 1. Technical data of Colacem clinker production plant in Gubbio, Italy for reference year 2016. 

Yearly Hours of Operation 7920 
Raw meal/fuel/air inlet temperature (°C) 83/55/15 

Fuel composition (wt. %) and heating value 
C (%) 86.5 
H (%) 3.53 
S (%) 5.12 

Ash (%) 0.2 

Figure 1. BFD (Block Flow Diagram) of the simulated cement plant with carbon capture and subsequent CO2 compression.
The BFD for the production section is modified compared to the real plant as the excess gas from the cooler is not mixed
with the gas stream form preheaters and raw mill; the carbon capture and compression sections are added in the simulation
to this gas stream.

2.2. Facilitated Transport Membranes

Facilitated transport membranes (FTMs) work on a different principle compared to
conventional membranes. Current state-of-the-art materials are based on the solution-
diffusion transport mechanism where the different species dissolve in the material, diffuse
through and then desorb on the other side. In FTM, the transport is enhanced by a reactive
mechanism: carbon dioxide reacts with groups inside the membrane to form complexes and
therefore its transport is facilitated compared to non-reacting species leading to enhanced
selectivity [27]. In the case of CO2, amine groups are usually exploited for this kind of
mechanism. An important feature of these materials is that the mechanism is activated in
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presence of water and therefore a minimum value of Relative Humidity (RH) is necessary
in the streams to be treated to ensure the improved selectivity. The complex that acts in the
reaction mechanism can be mobile or fixed; in this study fixed carrier membranes based on
PVAm (polyvinyl amine) are employed as developed in the NANOMEMC2 project [28].
The properties of the membranes chosen for the simulation are based on the results of
the project and are reported in Table 2 [29]; an effective permeability approach is used
for each component to lower the complexity of the simulation. Following reports in the
literature [30], the minimum amount of water required to activate the facilitated transport
is set to 60% RH and this is crucial for the development of the process flowsheet. The
performance selected are similar to materials reported by other research groups that have
already reached pilot scale [31]. FTMs have already been demonstrated in flue gas from
cement plants with good stability over time even in the presence of impurities [23–25].

Table 1. Technical data of Colacem clinker production plant in Gubbio, Italy for reference year 2016.

Yearly Hours of Operation 7920

Raw meal/fuel/air inlet temperature (◦C) 83/55/15

Fuel composition (wt. %) and heating value

C (%) 86.5
H (%) 3.53
S (%) 5.12

Ash (%) 0.2
H2O (%) 0.5

LHV (MJ/kg) 34.24

Raw meal composition (wt. %)

CaCO3 (%) 77.4
SiO2 (%) 13.78

Al2O3 (%) 3.7
Fe2O3 (%) 1.58

MgCO3 (%) 2.37

Suspension Preheaters

Number of stages 5
Cyclones efficiency, (%) 98/56/76/63/77

Heat loss, (kJ/kgclk) 100
Flow rate air (Nm3/hr) 150–160,000

Flue gas temperature (◦C) 320

Precalciner (95% efficiency)

Fuel consumption, (kg/kgclk) 0.041
Transport air, (kg/kgclk) 0.0298

Tertiary air temperature (cooler outlet/calciner inlet), (◦C) 980/820
Tertiary air mass flow rate (kg/kgclk) 0.49

Heat loss, (kJ/kgclk) 100

Rotary Kiln

Fuel consumption, (kg/kgclk) 0.061
Gas outlet temperature, (◦C) 1150

Transport air + primary air flow rate, (kg/kgclk) 0.07
Secondary air temperature, (◦C) 1050

Secondary air mass flow rate (kg/kgclk) 0.62

Clinker cooler

Clinker final temperature, (◦C) 106
Exhausts temperature, (◦C) 300

Heat loss, (kJ/kgclk) 38



Energies 2021, 14, 4772 5 of 15

Table 2. Membrane characteristic used for the process simulation.

FTM [29] S/D [21]

CO2 Permeance (GPU) 2000 2000
Selectivity N2 (-) 300 300

Selectivity H2O (-) 0.3 0.3
Selectivity other components (-) 200 200

Minimum Relative Humidity for operation 60% N/A
Operation temperature (◦C) 60–120 35

Lifetime (yr) 3 3

A single stage configuration is considered for the separation as shown in Figure 2. In
order to meet the additional humidity constrain introduced by the facilitated transport
membranes, a steam sweep stream is used on the permeate side; steam can also added
on the feed side to maintain the humidity along the module. The presence of the sweep
further improves the driving of the process lowering the partial pressure of the permeating
components. Different steam grade can be used for this purpose and the temperature can
be optimized in terms of separation efficiency. Another factor to consider in the choice of
the steam temperature is the origin of the steam: three scenarios can be envisaged, one
where steam is produced onsite using a natural gas boiler, one where the steam is imported
from outside the plant and finally one where the steam is raised internally from waste heat
and therefore the availability of suitable waste heat available needs also to be ensured.
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Figure 2. Simplified PFD of FTM technology for carbon capture considered in the simulation.

After the membrane section, the concentrated CO2 is compressed to 110 bara. The com-
pression train is also optimised in order to improve the separation obtained in the mem-
brane module and reach the final 95% purity required for transport and storage.

2.3. Solution Diffusion Membranes

A process based on solution diffusion membranes (S/D) was also simulated in order
to compare the novel technologies to more established options. For S/D membranes, no
water is required for the permeation to take place and therefore no steam sweep is needed.
Also in this case the carbon capture process is a pure retrofit to the clinker production plant
and is applied to the same flue gas stream. The process was designed using the membrane
materials performance reported by Baker et al. [21] that can be found in Table 2; due to
the low selectivity intrinsic to the solution diffusion membranes compared to FTMs, a two
stages process with the recycle of the retentate from the second module was required to
reach the 90% capture and 95% purity targets simultaneously. The process BFD is reported
in Figure 3.
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Even in this case, the concentrated CO2 after the membrane process is compressed to
110 bara.

2.4. Process Simulation and Membrane Module

In this work, the aforementioned process is simulated using the commercial engineer-
ing tool Honeywell Unisim Design® R400. Model simulation includes all the key unit
operations and all key reactions that are taking place in the process of cement production.
To be able to compare our results with published data, the main process assumption were
extracted from the work published by the CEMCAP project [19]. The membrane modules
are simulated using an in-house detailed membrane module simulator implemented in
UniSim Design®, with the membrane unit as completely automated customised unit op-
erations. The model simulates a hollow fiber module and was used for both membrane
technologies (FTMs and S/D) changing the parameters for the permeance and selectivity
accordingly. The model was reported and validated previously [32]. The model allows
the user to select the geometrical parameters for the module (i.e: number of fibers and
dimensions) and also the direction of flow (i.e: co-current or counter-current) and takes
into account pressure drops along the module. For all the simulations the counter-current
configuration was used without a sweep for S/D membranes and with a steam sweep
for the FTMs. In the case of FTMs, an additional constraint was added for the relative
humidity: if the RH dropped below the 60%, the permeance for CO2 would automatically
reduce to the solution/diffusion value of PVAm as the facilitated transport would not
be activated.

2.5. Economic Analysis

The assessment of the economic performance of the proposed technology is key in
order to evaluate its potential against other options and guide decision making. Therefore
the method employed is crucial for a fair comparison [33,34].

In this work, the economic analysis of the plants simulated is based on the estimation
of investment cost, fixed and variable operation and maintenance cost for all cases and their
comparison. The assessment mainly follow the assumptions of the CEMCAP project [20]
and was performed using the spreadsheet published by the project [35].

The lifetime of the plant is estimated as 25 years with a plant construction period of
3 years with annual allocation of construction cost as 40%, 30% and 30% in the 3 years. The
project is evaluated through a discounted cash flow approach with a real discount rate
of 8%. The costs are calculated pre-taxation and no CO2 emission taxation is considered.
Development and land costs are not considered in the capital expenditures.

The total direct cost (TDC) of the cement plant with no carbon capture is directly
estimated scaling to the actual production based on the IEAGHG report [36]. The TDC is
then summed to the Indirect costs to estimate the Engineering, Procurement and Construc-
tion Costs (EPC). The Indirect cost are considered as 14% of the TDC. Owner’s Costs and
Contingencies (15% of EPC) are then added to the EPC to obtain the Total Plant Cost (TPC).



Energies 2021, 14, 4772 7 of 15

A different approach is used or the carbon capture and compression of the plant
since these are added the cement plant end-of-pipe with no modification to the clinker
production section. A Bottom-Up Approach (BUA) is used and the Total Equipment Cost
(TEC) is calculated from the sum of all Equipment Cost in the plant. Major Equipment
items on the plant are listed and their cost is estimated using exponential costing method
based on values extracted from the mass and energy balance. The Process contingencies
are estimated as a percentage of the TDC based on the maturity of the technology, (i.e., 15%
of TDC for amines, 35% of TDC for FTMs).

For the evaluation of the operating cost, the fixed and variable operating cost are
considered. The fixed component includes insurance and local property taxes as 2% of the
TPC; the maintenance cost is assumed as 2.5% of the TPC while the labour cost include 100
persons Electricity, fuels, raw materials, cooling water are included in Variable Operating
Costs and the unit cost considered are reported in Table 3. The membranes are considered
under the variable operating cost and are replaced every 3 years. This is to take into account
the potential degradation of the material exposed to the impurities of the flue gas.

Table 3. Unit cost for variable operating costs calculation.

Variable OPEX Item Unit Cost

Raw Meal (€/t_clinker) 5
MEA Solvent (€/kg) 1.45
Process Water (€/m3) 6.65
Cooling Water (€/m3) 0.39
Electricity (€/MWhe) 58.1
Natural Gas (€/GJ) 6

Fuel (€/GJ) 3
Labour (k€/year) 60

Other Variable Costs (€/t_clinker) 1.09
Limestone (€/t) 3

Steam (€/MWhth) 25
Membrane (€/m2) 42

Electricity (€/MWhe) 58.1

The key indicators considered to evaluate the plant performance are:

• Specific Primary Energy Consumptions (SPECCA), which is calculated from the sum
of the direct and indirect specific primary energy consumption (Q) and the equivalent
specific CO2 emissions (E) of the case without carbon capture (BAU) and the capture
cases (CP) using Equation (1):

SPECCA

(
MJ

kgCO2

)
=

QCP − QBAU
EBAU − ECP

; (1)

• Cost of Clinker (COC), which is the sum of the contributions of annualized investment
cost and of the operating costs referred to the amount of clinker produced;

• CO2 avoidance cost, calculated from the cost of clinker and the specific CO2 emissions (E)
of the case without carbon capture (BAU) and the capture cases (CP) using Equation (2):

CAC
(

€
tCO2

)
=

COCCP − COCBAU
EBAU − ECP

. (2)

3. Results and Discussion
3.1. Steam Grade

Firstly, the quality of steam required for the sweep of the permeate side of the module
was investigated in order to achieve the target of 90% capture at 95% purity of the final
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compressed CO2 stream. The streams table for the simulation of the optimised case at
75 ◦C can be found in Appendix B (Table A1).

Different levels of temperature and therefore pressure were investigated, in the range
allowed by the membrane materials employed (Table 2). As shown in Figure 4, at lower
temperature a larger membrane area is required to achieve the separation together with
a very high amount of steam. Operating at low pressure would increase the driving
force for the transport of all components while also introducing operational difficulties
in maintaining vacuum in the lines. Regarding the energy required for the capture and
compression plant, again the value is the highest at the lowest temperature while the total
energy required is similar at 75 ◦C and 90 ◦C with a minimum in the steam flow rate
at 75 ◦C.
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From these results, it is already evident that using steam at the lowest temperature
is not attractive due to the high area and high energy requirements but a full economic
analysis is required in order to choose the most favorable configuration to be compared
to different separation technologies. Table 4 reports the results for the three investigated
temperatures considering steam imported from outside the plant together with the case
with no carbon capture applied. The case at 75 ◦C is the most promising among the ones
investigated with a CO2 avoidance cost of 89.11 €/ton CO2. The CAC is heavily dependent
on the assumption behind the economic calculation and therefore it is hard to compare
the values across publications. This explains the wide range of values presented in the
literature and the difference between the calculation in this work and other reports as for
example the one by Lindqvist et al. [18].

It must be noted that these calculations were performed considering the emission
related to the production of electricity required by the membrane and compression section
of the plant that is quite significant. The electricity was considered taken from an Italian
energy mix (location of the site) with specific emissions 256.2 g CO2/kWhe [37]. Similar
considerations can be applied to the steam that is a significant contributor to emissions;
for this first analysis the steam was produced using an additional boiler with natural gas
(224 g CO2/MWth) [38].
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Table 4. Techno-economic performance of cement plant without carbon capture and with carbon capture with FTM
membranes using a sweep stream of imported steam at different temperatures.

No Capture Capture with FTM Membranes

Steam temperature (◦C) - 60 75 90
Steam pressure (bar) - 0.20 0.39 0.70

Clinker production (Mton/yr) 1 1 1 1
Raw meal (Mton/yr) 1.53 1.53 1.53 1.53
Fuel input (Mton/yr) 0.097 0.097 0.097 0.097

Fuel LHV (MJ/kg) 34.24 34.24 34.24 34.24
Electricity consumption (MWe) 12.36 22.79 27.22 28.15

Cooling Duty (MW) 44.08 26.42 27.00
Steam required (MW) 66.34 43.44 49.24
Membrane area (m2) - 66,430 46,234 30,823

CO2 emissions (Mton CO2/yr) 0.87 0.09 0.09 0.09
CO2 avoidance rate (%) - 90 90 90

CO2 emission rate (kg CO2/ ton clinker) 831.83 83.18 83.18 83.18
SPECCA (MJ/ kg CO2) - 8.99 6.14 6.70

Total Plant Cost (M€) 204 387 387 387
Cost of Clinker, COC (€/ton clinker) 61.45 125.26 116.69 117.62

CO2 avoidance Cost (€/ton CO2) - 112.08 89.11 91.91

3.2. Steam Availability

A typical dry process cement plant has no requirement for steam for its operation and
therefore no steam is directly available in the plant to be used as sweep in the membrane
module. Three different scenarios can then been envisaged that can influence dramatically
the economic analysis [34]: in the first one the steam is produced onsite using a natural gas
boiler (NG); in the second one it is imported from outside the battery limits of the plant
(Import) while in the third the steam is raised from waste heat around the plant (Internal).
In reality the production plant is already highly integrated and therefore the best option to
avoid affecting production is to use heat available in the capture plant. A new boiler and
steam cycle in the plant are needed and therefore this option incurs in significant additional
capital investment while reducing the operational costs. The cost were estimated using
correlations found in literature [39]. In the case of NG or imported steam, the CO2 emission
related to the production of steam were also included; considering that no power plant is
located near the plant, the same value for emissions of steam produced from a natural gas
boiler is considered (224 g CO2/MWth) [38].

The three scenarios were compared at the three different temperatures considered
before (Figure 5). It can be seen that the NG option is not competitive while the other
two cases appear close in terms of COC (116.69 €/ton clinker for the import case versus
116.96 €/ton clinker for the internal steam case). This is due to the fact that the higher
OPEX contribution due to the imported is balanced by the higher CAPEX needed to raise
steam internally. Looking at CAC for example case at 75 ◦C, we can see that the difference
between the two cases is around 4% (89.11 €/ton CO2 for externally sourced steam versus
84.90 €/ton CO2 for the internally raised case) with an advantage for the internal case
where there are no aadditional CO2 emissions related to the steam production. Considering
the location of the plant in Gubbio, raising the steam internally would be more practical
due to the lack of nearby providers of steam. For other location though, it might become
more practical to import steam directly from nearby plants.

3.3. Comparison with Other Capture Technologies

Finally the potential of the optimized FTM process was evaluated in comparison with
other separation technologies. A state-of-the-art absorption process based on Monoethyl
amine (MEA) solvent and a Membrane Assisted Liquefaction (MAL) scheme were consid-
ered extracting data from the literature [19,20]. The economic analysis in this work is based
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on the same assumptions presented in the two references and therefore we can fairly com-
pare the different technologies. Additionally a conventional solution diffusion membrane
process based on materials reported by Baker et al. [21] was considered; due to the low
selectivity intrinsic with the solution diffusion membranes compared to FTMs, a two stages
process was required to reach the 90% capture and 95% purity targets simultaneously as
presented in Section 2.3. The results can be found in Table 5.
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Table 5. Comparison of different carbon capture alternatives.

No
Capture Carbon Capture

Capture Technology - MEA [19,20] MAL [19,20] S/D
Membranes

FTM (75)
Membranes

Clinker production (t/h) 119 120.7 120.7 119 119
Electricity consumption (MWe) 12.36 29.5 50 76.05 53.62

Steam required (MW) - 96.4 - - 43.44
Membrane area (m2) - - 50,160 185,718 46,234

Equivalent specific CO2 avoided
(kg CO2/ton clinker) - 559 687 83.18 83.18

SPECCA (MJ/kg CO2) - 7.08 3.22 5.68 5.48

Total Plant Cost (M€) 204 280 450 340 387
Fixed O&M Cost (M€/yr) 18.47 76 1 71 1 29.96 29.36

Variable O&M Cost (M€/yr) 22.13 56.62 46.78
Cost of Clinker, COC (€/ton clinker) 61.45 107.4 120 119.03 116.69

CO2 avoidance Cost (€/ton CO2) 80.2 83.5 95.20 89.11
1 Total O&M costs (Fixed + Variable).

The SPECCA for the different technologies has been calculated and is compared in
Figure 6; it can be seen how FTM and S/D membranes have similar values (5.47 and
5.68 MJ/kg CO2) with a decrease of around 20% compared to MEA. MAL shows the lower
SPECCA value at 3.22 MJ/kg CO2.

Looking more closely at the membrane cases simulated in this study for the specific
plant in Gubbio, it can be seen that the increased selectivity of the FTM membranes
allows to reduce the number of separation stages required from two to one compared to
the conventional solution-diffusion membranes (S/D) and this allows to save significant
capital and operational costs. This advantage is although almost completely lost due to
the humidity constraints of the FTM membrane that introduce the additional complexity
of a steam sweep stream and the two technologies have a final similar cost of clinker.
In comparison the Membrane Assisted Liquefaction (MAL) considered in the literature
has a slightly higher COC but with a lower CAC. The necessity to raise steam for FTM
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membranes significantly increases the complexity of the capture plant similarly to the
amine case where steam is required to regenerate the solvent and release the captured CO2.
The traditional optimized MEA processes though still remains advantageous.
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These results indicate a clear direction for material development that should aim at
increasing the performance at a reduced humidity content, but maintaining the high selec-
tivity ensured by the facilitated transport mechanism. Pre-pilot tests in situ showed how the
membranes could operate with a reduced humidity but with lower performances [24,25].

3.4. Sensitivity Analysis: Capture Rate

The effect of the sweep temperature can also be studied as a function of the capture
rate. The lowest temperature of 60 ◦C was not considered since the cost was already
very high in comparison to the other temperatures. The different cases were compared
in terms of variable operative costs of the capture and compression sections of the plant
including electricity to operate pumps and compressor, membrane replacement and steam
consumption. Figure 7 shows the results for 75 and 90 ◦C where it is evident the increase
of the cost of capture as the capture rates increases consistently with what already reported
in the literature for cement plants [21].
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3.5. Sensitivity Analysis: Flue Gas Partial Pressure

The relatively high partial pressure of CO2 in the flue gas entering the membrane
unit in the specific cement plant under investigation makes the application of membrane
technologies particularly attractive. In an effort to extend the results of this study beyond
the specific site, a sensitivity analysis was performed on the effect of concentration in the
flue gas on the membrane process and the penalties introduce by the capture process at
fixed steam flowrate. This also shows the results of retrofitting the FTM technology directly
to the existing plant without any modification to the emissions treating section of the plant.
The results for the variable operative costs of the capture and compression sections are
reported in Figure 8 and show an increase of costs as a function of recovery and initial flue
gas concentration. This is due to the smaller permeate stream that reduces the membrane
are requirement and the size of the vacuum pump. At the same time, the retentate stream
is larger and therefore allows to recover more energy with the expansion.
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4. Conclusions

The application of novel facilitated transport membranes in a cement plant located
in Gubbio, Italy has been investigated. The study supports the pilot plant testing of the
membranes developed in the Horizon2020 funded project NANOMEMC2. The process
simulation demonstrated how the membranes can be deployed to achieve different level
of capture. Different temperatures were analyzed for the steam required as sweep by
the technology; while all different grade of steam considered can be utilized to achieve a
90% capture rate, a full economic optimization is required to establish the more favorable
scenario. The case at 75 ◦C using steam raised inside the plant demonstrated the best
performance with a cost of clinker of 116.69 (€/ton clinker) and CO2 avoidance cost of
89.11 €/ton CO2 that is comparable with other proposed technologies. This cost is highly
related to the amount of steam required to operate the membranes and therefore any
improvement on this front would bring the cost down and benefit the plant. Three cases
were considered for the steam: producing it onsite from natural gas, importing form
adjacent plants and raising it from waste heat. This is crucial considering the location of
the plant investigated where no steam facilities are available in the vicinity.
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Appendix B

Table A1. Stream table for FTM capture process at 75 ◦C.

Feed Steam Feed to Membrane Out Turbine Sweep Steam Permeate To Compression Train

Pressure (kPa) 101.3 101.30 165 101.30 35.61 35 101.00
Flow (kmol/h) 6474 1080 7760 5556 2166 4606 2130
Molar fractions

CO2 0.33 0.000 0.287 0.04 0.000 0.44 0.95
O2 0.02 0.000 0.017 0.025 0.000 0.00 0.001
N2 0.60 0.000 0.522 0.72 0.000 0.01 0.02

H2O 0.04 1.000 0.174 0.2 1.000 0.55 0.03
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