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Abstract: This paper presents an assessment of the cost performance of CO2 capture technologies
when retrofitted to a cement plant: MEA-based absorption, oxyfuel, chilled ammonia-based
absorption (Chilled Ammonia Process), membrane-assisted CO2 liquefaction, and calcium looping.
While the technical basis for this study is presented in Part 1 of this paper series, this work presents
a comprehensive techno-economic analysis of these CO2 capture technologies based on a capital and
operating costs evaluation for retrofit in a cement plant. The cost of the cement plant product, clinker,
is shown to increase with 49 to 92% compared to the cost of clinker without capture. The cost of
CO2 avoided is between 42 €/tCO2 (for the oxyfuel-based capture process) and 84 €/tCO2 (for the
membrane-based assisted liquefaction capture process), while the reference MEA-based absorption
capture technology has a cost of 80 €/tCO2 . Notably, the cost figures depend strongly on factors such
as steam source, electricity mix, electricity price, fuel price and plant-specific characteristics. Hence,
this confirms the conclusion of the technical evaluation in Part 1 that for final selection of CO2 capture
technology at a specific plant, a plant-specific techno-economic evaluation should be performed, also
considering more practical considerations.
Keywords: CCS; cement; techno-economic analysis; MEA-based absorption; chilled ammonia;
membrane-assisted CO2 liquefaction; oxyfuel; calcium looping

1. Introduction
Production of cement is estimated to account for about 7% of anthropogenic CO2 emissions,
thus contributing significantly to climate change [1]. Approximately 2/3rd of the CO2 emissions are
process related, originating from the conversion of limestone, CaCO3 to CaO and CO2 , while the
remaining 1/3rd comes from the combustion of fuels in the rotary kiln of the cement plant. A recent
technology roadmap published by the International Energy Agency and the Cement Sustainability
Initiative, a global consortium of 24 major cement producers, identified several main carbon mitigation
options for the cement industry [1]. These include e.g., reduction of clinker to cement ratio, fuel
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switching and implementation of CO2 capture and storage (CCS). Implementation of CCS was found
to have the largest CO2 emission reduction potential of the mitigation options due to its ability to
drastically reduce both process and fuel related emissions from cement kilns. Combining CCS with
CO2 utilization (CCUS) is also being discussed as an alternative emission mitigation option and
a business case although recent studies suggest that less than 10% of the captured CO2 in a cement
plant could be economically converted to added-value products [2].
Although cement plants are moderately large emission sources compared to large-scale fossilfueled power plants, they possess several characteristics favorable for CO2 capture, such a relatively
high CO2 concentration in their flue gases, few emission points, stable operation and, in some specific
cases, available waste heat. The cement industry has been showing increased interest in CO2 capture
technologies in recent years, especially in Europe where the European Cement Research Academy
(ECRA) has actively carried out CCS research since 2007 [3]. CCS applied to cement production has
gained further interest after testing at the Norcem Brevik plant in Norway, which has been selected as
one of the two potential sites for CO2 capture in the in the Norwegian full-scale CCS project. On-site
pilot testing included three CO2 capture technologies: amine absorption, amine-impregnated adsorption
and fixed-site carrier membranes [4–7]. Presently, a front-end engineering design (FEED)-study for the
Norcem Brevik plant is being carried out to prepare for a final investment decision by the Norwegian
Parliament in 2020/2021 [8].
The increasing interest in CCS from the cement industry has resulted in the publication of
several studies investigating techno-economic performance of different CO2 capture technologies
integrated in cement plants. Most of the studies have focused on retrofitting amine-based CO2 capture
processes [9–15], while few studies have also considered a case of new construction [10,11]. The supply
of heat to the capture process also varies between the studies, e.g., Liang and Li [9] considered
investment in a small coal-fired combined heat and power (CHP) plant for steam and electricity
supply while IEAGHG [10] considered steam generation from waste heat together with supply from
either a natural gas boiler or a CHP plant with export of surplus electricity. Furthermore, in their
plant-specific study, Jakobsen et al. [13] considered cases where only available waste heat was used for
partial-scale capture as well as a case with waste heat and additional steam production from a natural
gas boiler for full-scale capture.
Calcium-based looping systems have been studied in several configurations with different
strategies for waste heat utilization. Studies on indirect calcination configuration with a relatively
low CO2 avoidance rate have either considered all electricity to be imported (Ozcan [11]) or included
investments in waste heat recovery systems for electricity generation (Rodríguez et al. [16] and
Diego et al. [17]). Calcium looping in tail-end like configurations with waste heat steam generation
and high CO2 avoidance rate have also been investigated by Ozcan [11] and Rodríguez et al. [16],
and yet another configuration, double calcium looping with waste heat recovery, was proposed by
Diego et al. [17].
Oxyfuel combustion with CO2 capture was investigated by the IEAGHG [10] in partial and full
capture configurations, and more recently by Gerbelová, van der Spek and Schakel [14] for full capture.
In both studies, electricity was imported from the grid. Both studies also highlighted the potential for
significant cost-reduction with oxyfuel compared with MEA-based amine capture but emphasized the
large modifications required in the core cement process for implementing the oxyfuel technology and
the uncertain impacts on product quality.
A few studies have also investigated the techno-economics of membrane-based technologies for
application in cement plants. Lindqvist et al. [18] investigated multi-stage dense polymeric membrane
and facilitated transport membrane, Ozcan [11] evaluated a dual-stage polymeric membrane and
Jakobsen et al. [13] investigated multi-stage polymeric membrane and a fixed site carrier membrane in
their plant-specific study. These studies highlighted the potential for a relatively low-cost membrane
system compared with MEA-based amine capture. However, Jakobsen, et al. emphasized the need for
further technology demonstration to reduce uncertainties.
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Overall, a wide range in CO2 avoidance costs was observed for the different capture technologies.
The level of detail of the techno-economic evaluations, the methodologies and the assumptions
used varies considerably. It is therefore difficult to make a direct comparison of techno-economic
performance of different CO2 capture technologies applied in cement plants from literature sources in
order to identify the best CO2 capture options.
In this paper, the economic performance of CO2 capture technologies retrofitted in a Best-AvailableTechnologies (BAT) cement plant are assessed in the context of a coherent techno-economic
framework [19]. The investigated capture technologies are MEA-based absorption as reference
technology, chilled ammonia process (CAP), membrane-assisted CO2 liquefaction, oxyfuel technology
and two different configurations of calcium looping technology (tail-end and integrated). Besides
highlighting the value of the consistent application of the above-mentioned common framework in
a comparative investigation of a broad set of CO2 capture technologies, it is worth noting that for several
of these technologies this work represents the first detailed costs analysis for a cement application.
This work has been carried out within the Horizon2020-funded project CEMCAP, which has as
overall objective to prepare the ground for large-scale implementation of CO2 capture in the European
cement industry [20]. An essential element in responding to this objective has been to perform
a comprehensive techno-economic comparative assessment of CO2 capture. With this paper we aim at
providing an assessment that can be used as a decision basis for future evaluations of CO2 capture
implementation at cement plants. An extraction of this work is presented as this paper series, where
the technical evaluation is in Part 1, and the economic analysis is in Part 2.
2. Reference Cement Plant and CO2 Capture Technologies
The reference cement plant is a BAT plant defined by ECRA. It is based on a dry kiln process, and
consists of a five-stage cyclone preheater, calciner with tertiary duct, rotary kiln and clinker cooler.
Flue gas is emitted from a single stack with CO2 emissions originating from combustion of fuel in
the calciner and the rotary kiln, as well as from the calcination of the raw material itself (CaCO3 →
CaO + CO2 ). Some waste heat can be recovered in the cement plant from the clinker cooler exhaust
air. Compared to ECRA reference, here a selective non-catalytic reduction (SNCR) system for deNOx
removal is considered.
The plant has a representative size for a European cement plant with a capacity of 3000 tons
of clinker per day. This corresponds to a capacity of about 1 Mt clinker per year, with a run time
of >330 days per year. The specific CO2 emissions and the electric power consumption of the plant
amount to 850 kgCO2 /tclk (18–22 vol% CO2 in flue gas, on wet basis) and 132 kWh/tclk , respectively.
The clinker burning line of the reference cement plant is shown in Figure 1. A more detailed description
of the reference cement plant can be found in Part 1 of this study and in the CEMCAP framework [19].
The utility and material consumption of the reference cement plant (based on the process modelling
presented in Part 1) are summarized in Table 1.
Table 1. Utilities and consumables for the reference cement plant without CO2 capture.
Utility and Consumable

Value

Clinker production (t/h)
Coal (t/h)
Electric power (MW)
Ammonia solution for NOx reduction (t/h)

120.65
13.93
15.88
0.60

The investigated CO2 capture technologies are fundamentally different, both in terms of the
capture concepts themselves, but also when it comes to the inputs required (coal, heat, electric power),
whether electric power is consumed or generated, and the way the capture technologies are integrated
into the kiln (ranging from purely end-of-pipe to considerable modification of the process at the cement
kiln). A schematic overview of the integration of the capture technologies to the reference kiln is given
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The investigated CO2 capture technologies are fundamentally different, both in terms of the
capture concepts themselves, but also when it comes to the inputs required (coal, heat, electric
power), whether electric power is consumed or generated, and the way the capture technologies are
integrated into the kiln (ranging from purely end-of-pipe to considerable modification of the process
at the cement kiln). A schematic overview of the integration of the capture technologies to the
reference kiln is given in Figure 2, followed by a brief description of each technology. More detailed
descriptions of the technologies can be found in Part 1 of the paper series.
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The reference technology MEA is an end-of-pipe technology based on absorption. The MEA
The reference technology MEA is an end-of-pipe technology based on absorption. The MEA
process
requires a considerable amount of heat for solvent regeneration, and power is required for
process requires a considerable amount of heat for solvent regeneration, and power is required for
fans and pumps in the core process as well as for compression and dehydration of the captured CO2 .
fans and pumps in the core process as well as for compression and dehydration of the captured CO2.
The flue gas from the cement plant is treated in the capture system right before it reaches the stack,
and waste heat from the cement plant is used to cover a part of the heat demand.
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The flue gas from the cement plant is treated in the capture system right before it reaches the stack,
and waste heat from the cement plant is used to cover a part of the heat demand.
In the oxyfuel process, combustion is performed with an oxidizer consisting mainly of oxygen
mixed with recycled CO2 , to produce a CO2 rich flue gas which allows a relatively easy purification
with a CO2 purification unit (CPU). As opposed to the MEA technology, the cement kiln process is
modified when the oxyfuel process is integrated into a kiln system. Additional power is needed for
an air separation unit (ASU) and for the CPU, but some of this power demand can be covered by an
organic Rankine cycle (ORC) generating power from waste heat.
The chilled ammonia process (CAP) is also an end-of-pipe technology based on absorption,
where CO2 is removed from flue gas using aqueous ammonia as solvent. Heat is required for solvent
regeneration and for an ammonia recovery system and power is required for chilling, pumping and
compression. Waste heat from the cement plant can be utilized to cover a part of the heat demand.
In the membrane-assisted CO2 liquefaction (MAL) concept, polymeric membrane technology
and a CO2 liquefaction process are combined since CO2 liquefaction is generally more suitable than
membranes for second-stage CO2 purification [21]. Polymeric membranes are first utilized for bulk
separation of CO2 resulting in moderate product purity. This CO2 -rich product is sent to the CO2
liquefaction process, where CO2 is liquefied, and the more volatile impurity components are removed,
resulting in a high purity CO2 product. The technology is an end-of-pipe retrofit technology with no
additional integration or feedback to the cement plant, and only electric power is required as input to
the process.
The calcium looping (CaL) technology is based on the reversible carbonation reaction, which is
exploited to separate the carbon dioxide from the flue gas. The technology can be applied to a cement
plant as a tail-end/end-of-pipe technology (CaL tail-end, Figure 2e) or it can be integrated with
the calcination process taking place in the cement kiln (CaL integrated, Figure 2f). In the tail-end
configuration the flue gas from the cement kiln is sent to the CaL system for purification, and a CaO-rich
purge from the CaL system is sent to the cement kiln and added to the raw meal. In the integrated
concept, the calciner and the preheater of the cement kiln are modified (the cement kiln calciner and
the CaL calciner are combined), and the CO2 capture is performed as a part of the process. The CaL
processes require supply of limestone and coal. Oxygen is required for oxyfuel combustion in the
calciner. Power is required for an ASU for oxygen supply to the core CaL process and for a CPU.
A steam cycle recovers high temperature waste heat and produces power that can cover demand of
the process and/or be exported.
The cost analysis of the CO2 capture retrofit considers 90% CO2 captured from the flue gas at
the stack in the reference cement plant as a baseline scenario. Furthermore, the captured CO2 is
compressed and conditioned for transport by pipeline. The required CO2 pressure is 110 bar and the
temperature is around 30 ◦ C. Further details on requirements for CO2 purity and maximum impurity
concentrations are outlined in the CEMCAP framework [19]. For the capture technologies that require
steam in their operation, available waste heat from the cement plant is used to cover as much of the
steam demand as possible while the rest of the steam required (the major part) is generated by a natural
gas boiler (see Part 1 for details).
Utility and material consumption of the CO2 capture technologies as well as equivalent specific
CO2 avoided for all technologies, based on process simulations presented in Part 1, are summarized
in Table 2. It should be mentioned that the oxyfuel and CaL technologies are closely integrated with
the cement kiln, while the other technologies are only connected to the kiln by the flue gas entering
the system and heat integration. Due to the close process integration, the two CEMCAP partners
simulating the oxyfuel and CaL technologies, VDZ and PoliMi, have established their own simulations
of the reference cement kiln. Other technologies are simulated using the flue gas from the VDZ
simulation of the reference kiln as feed.
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Table 2. Utilities, consumables and CO2 avoided for the cement plant with CO2 capture.

Clinker production (t/h)
Coal (t/h)
Electric power (MW)
Steam from waste heat (MW)
Steam from NG boiler (MW)
Cooling water make-up (t/h)
MEA make-up (t/h)
Process water make-up (t/h)
NaOH solution for DeSOx (t/h)
Ammonia solution for SNCR (t/h)
Ammonia solvent make-up (t/h)
Sulfuric acid for ammonia recovery (t/h)
Membrane material replacement (m2 /year)
Equivalent specific CO2 avoided (kgCO2 /tclk )

MEA

Oxyfuel

CAP

MAL

CaL-Tail-End

CaL-Integrated

120.7
13.9
29.5
3.7
92.7
208.2
0.1
46.0
0.1
0.6
559

125.0
14.5
35.1
104.5
0.6
719

120.7
13.9
24.2
4.7
56.1
185.7
1.1
0.6
0.2
0.1
640

120.7
13.9
50.0
85.3
0.1
0.6
50,160
687

117.7
30.8
6.8
256.3
0.6
806

117.4
23.5
20.4
263.5
0.6
797

3. Methodology
The economic assessment of retrofitting CO2 capture technologies in a BAT cement plant is based
on the results from the detailed technical process evaluations for each of the technologies described in
Part 1. The technical process evaluations are based on process simulations with input from experimental
work carried out in the CEMCAP project, on the oxyfuel technology [22,23], membrane-assisted
CO2 liquefaction [24], the chilled ammonia process [25,26] and calcium looping [27–30]. Economic
key performance indicators (KPIs) are finally calculated and used to compare the techno-economic
performance of the technologies.
3.1. Cost Estimation
The cost estimation is performed on the basis of earnings before interest, taxes, depreciation and
amortization. The estimation consists of two main parts: estimation of (i) the capital costs (CAPEX)
which is expressed in terms of total plant cost (TPC), and (ii) the operating costs (OPEX). All cost
figures are expressed in €2014 . The main assumptions and descriptions of cost elements that make up
the CAPEX and OPEX are summarized in this section. For further details the reader is referred to the
CEMCAP framework [19]. Furthermore, a spreadsheet with the model developed in this work for the
cost estimation is available for open use [31].
3.1.1. Capital Costs
A bottom-up approach is used for estimation of TPC for the CO2 capture technologies [32].
The cost estimates of all the CO2 capture technologies are performed for “Nth of a kind” plants, i.e.,
for commercial plants built after successful development and commercial adoption of the technology.
A breakdown of the costing approach is illustrated in Figure 3.
Estimation of total equipment costs (TEC) and installation costs are based on equipment lists
compiled for each of the investigated CO2 capture technologies (see Supplementary Material for
detailed equipment lists). Estimation of equipment costs (EC) and installation costs (IC) for most
standard process equipment is done using Aspen Process Economic Analyzer® and the Thermoflex®
software. The estimation is based on key characteristics of each equipment from process simulations
and design criteria, such as pressure, temperature, flows and materials. Estimates for other,
non-standard components are based on information provided by the CEMCAP industry partners
and literature. This includes e.g., several pieces of non-commercial process equipment in the oxyfuel
and CaL systems, membrane packages and multi-stream plate and fin heat exchangers used in CO2
purification units (CPU). More details on design criteria for standard process equipment and cost
estimation methodologies for non-standard equipment can be found in CEMCAP report D4.4 “Cost of
critical components in CO2 capture processes” [33].
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Figure 3. Break-down of cost elements in the bottom-up approach for estimation of total plant costs
Indirect costs are set to 14% of the total direct costs (TDC) for all technologies and include cost
[35].

elements such as yard improvement, service facilities, engineering and consultancy cost as well as
building and sundries [32].
Owner’s costs and project contingencies for Nth of a kind cost estimates are set to 7% and 15% of
the TDC, respectively, following the AACE cost estimates guidelines.
The accuracy of the cost estimate is expected to be +35%/−15% (AACE Class 4), except for
the CAP technology, where the estimation of TEC and installation cost is performed by BHGE with
expected accuracy of ±30% (also AACE Class 4).
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3.1.2. Operating Costs
Fixed OPEX, which include maintenance, insurance and labour costs are based on assumptions
for material replacement and factor approach [32]. The annual maintenance cost is taken as 2.5% of
the TPC and includes cost of preventive and corrective maintenance as well as maintenance labour
cost. Maintenance labour cost corresponds to 40% of the total annual maintenance cost. The annual
insurance and location taxes, including overhead and miscellaneous regulatory fees are set to 2% of
TPC. Labour costs include costs for operating, administrative and support labour. Costs for operating
labour are calculated from assumptions on number of employees, 100 persons in the cement plant and
20 persons in the CO2 capture plant, with an annual fully-burdened cost per employee of 60 k€/person.
Costs for administrative and support labour are assumed to be 30% of the operating and maintenance
labour cost.
Variable OPEX, which include fuel and raw material costs, utilities and other consumables, are
primarily based on process simulations. No carbon tax is considered in the calculation of variable
OPEX. The unit cost of all materials and utilities considered in the cost analysis are listed in Table 4.
Table 4. Unit cost of materials and utilities used in the cost analysis.
Variable OPEX Item

Unit Cost

Raw meal price (€/tclk )
Coal price (€/GJLHV )
Natural gas price (€/GJLHV )
Price of electricity (€/MWh)
Cost of the steam produced from a natural gas boiler (€/MWh)
Cost of the steam produced from the cement plant waste heat (€/MWh)
Cooling water cost (€/m3 )
Process water cost (€/m3 )
Ammonia solution price for NOx removal (€/t)
MEA solvent (€/t)
Ammonia solvent (€/t)
Sulfuric acid (€/t)
Sodium hydroxide for flue gas desulfurization (€/t)
Membrane material replacement (€/m2 )
Miscellaneous variable O&M (€/tclk )

5
3
6
58.1
25.3
8.5
0.39
6.65
130
1450
406
46
370
7.87
1.1

3.2. Economic Key Performance Indicators
The cost performance of the capture technology is evaluated by the cost of clinker and the cost
of CO2 avoided. In calculating the KPIs, the economic boundaries and financial parameters listed in
Table 5 are used.
Table 5. Economic boundaries and financial parameters used in calculating economic KPIs.
Capacity factor (%)
Economic life (years)
Construction time, cement plant (years)
Allocation of cement plant construction costs by year (%)
Construction time—CO2 capture (years)
Allocation of CO2 capture construction costs by year 1 (%)
Discount rate (%)

91.3
25
2
50/50
3
40/30/30
8

1

For certain CO2 capture technologies, like the oxyfuel and integrated CaL technologies, a significant downtime
might be required to modify the existing cement plant for deep integration with the CO2 capture plant. Although
this could impact the cost performance of these technologies, this is not considered here due to the lack of publicly
available knowledge and highly site-specific nature of this issue.

The cost of clinker (COC) is evaluated by summing the contributions of the annualized CAPEX
Ccap , of the fuel cost Cfuel , of the raw material costs CRM , of the electricity cost Cel , and of the other
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operating and maintenance cost CO&M , all expressed per ton of clinker produced (i.e., as €/tclk ). In case
the cement plant has a net power export, revenues for electricity export to the grid are considered and
Cel becomes negative:
COC = Ccap + Cfuel + CRM + Cel + CO&M
(1)
The cost of CO2 avoided (CAC), in €/tCO2 , is evaluated based on the cost of clinker and the equivalent
specific emissions of the cement plant with and without CO2 capture as shown in Equation (2) [36],
CAC =

COC − COCref
eclk,eq,ref − eclk,eq

(2)

where eclk,eq,ref is specific equivalent emissions from the reference cement plant, in tCO2 /tclk , and eclk,eq
is the specific equivalent emission from the cement plant with capture.
Equivalent emissions are defined as the sum of direct eclk and indirect eel,clk emissions:
eclk,eq = eclk + eel,clk

(3)

Indirect emissions can be calculated using the following equation:
eel,clk = eel · Pel,clk

(4)

where Pel,clk is the specific power consumption, which is positive when power is consumed and
negative when it is generated, and eel is the CO2 emissions associated with each unit of electric power
consumed. This value depends largely on the electricity mix considered.
The equivalent CO2 avoided takes all direct and indirect emissions into account. It gives the
best indication on the overall reduction in CO2 emissions of the cement plant when a certain capture
technology is implemented and allows a fair comparison of different technologies.
3.3. Economic Data of the Reference Cement Plant
The TDC of the reference cement plant is based on estimations from the IEAGHG [10] for
a BAT cement plant with the same clinker capacity as the CEMCAP reference plant and amounts to
149.8 M€2014 . This includes the added costs of a DeNOx system, based on standard SNCR process,
assumed to be installed in the reference cement plant. The SNCR system uses ammonia solution as
a reduction agent and has an average reduction rate of 60%. The TDC for the SNCR system is assumed
to be 1.01 M€2014 . The TPC for the reference cement plant are consequently calculated according to the
bottom-up approach described in Figure 3.
4. Results and Discussion
4.1. Comparative Analysis of Key Performance Indicators
The KPIs employed to evaluate the economic performance of the cement plant with CO2 capture
are the cost of clinker and the cost of CO2 avoided. The economic KPIs, as well as the total plant costs
and annual OPEX for all the capture technologies and the reference cement plant without CO2 capture
are presented in Table 6. Detailed equipment lists with estimated equipment costs and direct costs on
component basis are provided as Supplementary Material.
The cost evaluation shows that the reference capture technology, MEA, has the lowest total plant
cost but also the highest annual OPEX. The MAL technology has the highest total plant cost, roughly
three times higher the MEA technology. The oxyfuel and both CaL technologies have relatively low
OPEX. In general, the cost of clinker increases with 49–92% from the 62.6 €/tclk in the reference cement
plant when the investigated CO2 capture technologies are implemented. The cost of CO2 avoided
ranges from 42 €/tCO2 for the oxyfuel technology to 84 €/tCO2 for the MAL technology, which is on
a similar level as the CO2 avoidance cost for the MEA reference technology.
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Table 6. Summary of total plant costs and economic KPIs for the reference cement plant and the CO2
capture technologies.
Ref. Cement
Plant

MEA

Oxyfuel CAP

MAL

CaL-Tail-End

CaL-Integrated

TPC, cement plant + CO
280
332
353
450
406
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estimated for the ASU and the CPU. On the other hand, the study reported around 8% higher CO2
avoidance cost than in this work. Gerbelová, van der Spek and Schakel [14] estimated the CAPEX to
be around 2% lower than estimated in this work, but they did not report on the CO2 avoidance cost.
Ozcan [11] reported on CAPEX for a calcium looping tail-end process, although the process
configuration is slightly different from what is presented in this paper, with the flue-gas to be treated
extracted between two preheating stages and not downstream of the preheater. The difference in
CAPEX, in €/tclk , ranges from −5% to 11%, depending on the amount of CaO-rich purge from the
calcium looping process that is added to the raw meal in the cement plant.
Considering membrane-based technologies, literature cost estimates for cement applications are
difficult to compare with the results presented here, as they are based on different process concepts
than considered in this work. For the CAP and integrated calcium looping technologies, detailed cost
analyses comparable with the work presented here are not available in the literature.
Through the conduction of the current techno-economic analysis, several possibilities for
improved cost performance or to reduce uncertainties in cost estimates have been identified.
For several technologies, it was observed that process contingencies contributed heavily to the
CAPEX. The process contingencies account for costs that are unknown, and the relative amount of
unknown costs are assumed to be higher for technologies with lower maturity (cf. Table 3). The process
contingencies are particularly high for the oxyfuel, the MAL and the integrated CaL technologies,
where they directly account for about 22%, 30% and 20% of the TDC for these technologies, respectively.
In addition, elements of the fixed OPEX are calculated as a factor of the CAPEX, such that the process
contingencies overall account for 14%, 20% and 15% of the CO2 avoidance cost for the oxyfuel, MAL
and the integrated CaL technologies. Increasing technology maturity by further development and
demonstration of the technologies for cement applications would reduce the uncertainty of the costs,
and possibly lower the overall cost estimates of the technologies.
The technical evaluation reported on in Part 1 showed that steam generation in a NG boiler
contributed to a significant share of equivalent specific CO2 emissions for the solvent technologies
MEA and CAP. To reduce these emissions and potentially decrease the cost of CO2 avoided, it could
be considered to mix the flue gas from the NG boiler with those from the cement plant and thereby
capture the CO2 from the NG boiler in the post-combustion process. Furthermore, in cement plants
which use raw material with low moisture content, a larger amount of waste heat would be available
for steam generation at lower cost and lower associated CO2 emissions compared to the NG boiler
steam generation. This is for instance the case for the previously mentioned Norcem cement plant in
Brevik, where it has been found that use of the plant waste heat for solvent regeneration can cover the
heat demand for capturing ~40% of the emitted CO2 [13]. Thus, the solvent based technologies will
have a better techno-economic performance when retrofitted to such plants.
The oxyfuel technology is shown to have the lowest cost of CO2 avoided, and has both relatively
low OPEX and CAPEX, even though maturity related process contingencies do contribute significantly
to the CAPEX. It should however be noted that there are several important aspects regarding
retrofitability of the technology with the cement plant which could affect the cost process performance,
such as potential impacts on the reliability of cement production due to substantial modifications of
the core production process, that have not been considered in calculation of the economic KPIs.
For the MAL technology, CAPEX is the single largest cost factor. In this context, the membrane
performance is essential as it strongly influences the energy performance of the whole process and
consequently the size and cost of several of the most capital-intensive process equipment. The MAL
process design was restricted to the specific membrane type that was tested within CEMCAP.
A screening of different membranes, preferably with testing in real conditions at a cement plant
to increase technology maturity and reduce uncertainties, in addition to further optimization of the
system could result in better technical performance and lower costs than observed here.
For the calcium looping technologies, CAPEX and the consumption of coal are the largest cost
factors, although in the tail-end configuration, the large coal consumption is effectively counterbalanced
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by the consequent production of electricity and the associated negative CO2 avoidance costs (cf.
Figure 5). In the integrated configuration, the CAPEX together with the capital-related fixed OPEX
account for nearly 80% of the cost of CO2 avoided. Further development of this technology on a larger
scale is therefore essential to increase maturity, reduce uncertainties and potentially bring about
cost reductions.
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requirement. However, it should be mentioned that fewer than 10% of the existing cement plants in
The results presented for the baseline scenario consider 90% CO2 avoided from the cement
Europe are in close proximity to CHP plants.
plant flue gases, CO2 transport by pipeline and, when required, steam being provided by a natural
An increased CO2 content in the flue gas, which could be possible in a cement plant with e.g.
gas fired boiler. However, other scenarios for CO2 capture have also been investigated within the
increased maintenance to reduce air leak in the clinker
burning line, was shown to benefit the CO2
CEMCAP project. This includes scenarios with higher CO2 content in the flue gas, partial-scale
capture performance, and in particular the MAL technology. An
increase in flue gas CO2 content from
capture, ship transport, different characteristics of the power generation system, steam import for
the baseline scenario with an average of 20 mol% to a scenario with 22 mol% improves the process
solvent-based technologies, variations in air leakage in the oxyfuel cement plant and variations in the
performance. In particular, the electricity requirement is reduced and the more efficient process
amount of sorbent purge used as raw material in the calcium looping tail-end configuration. Selected
results in reduced design capacity for most of the process equipment. As a result, the cost of CO2
technology-specific scenarios which showed a significantly different composition or a change in the
avoided is about 10% lower for the higher flue gas CO2 content, 74.7 compared to 83.5 €/tCO2 for the
cost of CO avoided are highlighted here, while the complete analysis of all scenarios can be found in
lower CO2 2content, as shown in Figure 7. Under these conditions, the MAL technology was found to
the CEMCAP report by Voldsund et al. [39]. The cost of CO avoided for the highlighted scenarios are
outperform the reference technology MEA, which is not as2strongly affected by the applied increase
in CO2 content of the flue gas (the cost of CO2 avoided for MEA was found to decrease with <1%).

The characteristics of the power generation system in terms of efficiency and specific CO2
emissions will depend on the geographical location of the cement plant and have an impact of the
cost of CO2 avoided, especially for electricity intensive technologies such as the MAL technology. The
cost of CO2 avoided for the MAL technology when electricity is generated solely from renewables,
and with the same selling price is shown in Figure 7. The resulting CO2 avoidance cost of 75.4 €/tCO2
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For certain cement plants, it might be possible to import steam from an external coal-fired
5. Conclusions
combined heat and power plant, instead of on-site generation from natural gas, to supply the MEA and
This paper presents
a comparative
assessment
CO2 capture
processes
to a cement
CAP technologies.
By doing
so, the cost ofcost
steam
could beof
reduced
substantially
[15]applied
and consequently
plant:
MEA-based
absorption
as
reference
technology,
chilled
ammonia
process,
membrane-assisted
the cost of CO2 avoided, as illustrated in the sensitivity analysis in Figure 6. Furthermore, depending
COthe
2 liquefaction,
oxyfuel technology
and CO
calcium
looping in a tail-end and an integrated
on
power plant efficiency,
the equivalent
2 avoided could be increased, leading to a further
configuration.
Cost
of
clinker
and
cost
of
CO
2
avoided
have
based
onand
detailed
reduction of the specific cost of CO2 avoided. The cost of been
CO2 calculated
avoided for
MEA
CAPprocess
when
importing steam from a coal-fired CHP at a roughly 50% reduced cost and with around 20% lower
CO2 emissions per MWhth compared to steam from NG boiler [15] is shown in Figure 7. This results
in 20% reduction in CO2 avoided cost for MEA and 10% for CAP. The lower cost reduction for CAP
compared with MEA is explained by CAPs significantly lower steam requirement. However, it should
be mentioned that fewer than 10% of the existing cement plants in Europe are in close proximity to
CHP plants.
An increased CO2 content in the flue gas, which could be possible in a cement plant with e.g.,
increased maintenance to reduce air leak in the clinker burning line, was shown to benefit the CO2
capture performance, and in particular the MAL technology. An increase in flue gas CO2 content from
the baseline scenario with an average of 20 mol% to a scenario with 22 mol% improves the process
performance. In particular, the electricity requirement is reduced and the more efficient process results
in reduced design capacity for most of the process equipment. As a result, the cost of CO2 avoided is
about 10% lower for the higher flue gas CO2 content, 74.7 compared to 83.5 €/tCO2 for the lower CO2
content, as shown in Figure 7. Under these conditions, the MAL technology was found to outperform
the reference technology MEA, which is not as strongly affected by the applied increase in CO2 content
of the flue gas (the cost of CO2 avoided for MEA was found to decrease with <1%).
In the CaL tail-end configuration, the solid CaO-rich purge from the capture process is added
to the raw meal in the cement kiln. The amount of Ca fed to the cement kiln from the sorbent purge
to the total amount of Ca fed to the kiln is defined as the integration level (IL) between the tail-end
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calcium looping system and the kiln. The process presented in this paper has an IL of 50%. Designing
for a lower IL will result in a larger potential for power generation from waste heat and could result in
the cement plant being a net electricity producer with revenues for electricity export. The cost of CO2
avoided for the Cal tail-end configuration when designed for 20% IL is shown in Figure 7. With this
design, the CaL system requires significantly more fuel compared with the 50% IL design, but is also
a net producer of electricity. This could be an important feature for a plant located in a region with
high electricity prices and/or where the produced electricity substitutes generation with significantly
higher specific CO2 emissions. However, under the conditions applied in the cost analysis a similar
balancing effect between the fuel consumption and electricity generation is seen in both designs and
the cost of CO2 avoided is calculated to be about the same, 52 €/tCO2 .
The characteristics of the power generation system in terms of efficiency and specific CO2
emissions will depend on the geographical location of the cement plant and have an impact of
the cost of CO2 avoided, especially for electricity intensive technologies such as the MAL technology.
The cost of CO2 avoided for the MAL technology when electricity is generated solely from renewables,
and with the same selling price is shown in Figure 7. The resulting CO2 avoidance cost of 75.4 €/tCO2
is around 10% lower than calculated for the baseline scenario.
The investigation of alternative scenarios for CO2 capture illustrates that the selection of a capture
technology will depend strongly on plant-specific and local area characteristics, such as flue gas
composition, vicinity to a potential steam exporter and electricity market conditions.
5. Conclusions
This paper presents a comparative cost assessment of CO2 capture processes applied to a cement
plant: MEA-based absorption as reference technology, chilled ammonia process, membrane-assisted
CO2 liquefaction, oxyfuel technology and calcium looping in a tail-end and an integrated configuration.
Cost of clinker and cost of CO2 avoided have been calculated based on detailed process simulations
with input from experimental work and compilation of detailed equipment lists for each of the CO2
capture technologies.
The cost analysis shows that the cost of clinker for the chilled ammonia and the calcium looping
technologies is in the range of 105–110 €/tclk , which is on the same level as the reference technology
MEA. The oxyfuel technology has the lowest cost of clinker, 93 €/tclk , and the membrane-assisted
CO2 liquefaction has the highest cost of clinker of 120 €/tclk . Overall, the cost of clinker is shown to
increase with 49–92% when CO2 capture is retrofitted to the cement plant. The cost of CO2 avoided lies
between 42 €/tCO2 (oxyfuel process), which is approximately halved compared to MEA, and 84 €/tCO2
(membrane-assisted CO2 liquefaction), which is on the same level as MEA.
The calculation of the economic KPIs relies on a number of assumptions related to important
cost parameters which are dependent on location and time, such as cost of steam, electricity price and
carbon tax. A sensitivity analysis showed the importance of such variables on the cost performance
of the technologies. Further, the evaluation presented here is performed for application to a BAT
reference cement kiln with steam generation primarily from natural gas. It should be noted that cement
plants in general vary significantly from each other, for instance when it comes to CO2 concentration
in the flue gas, availability of waste heat or possibilities for importing steam from an external producer.
The variability in these conditions was shown to have a strong impact on the economic performance of
the CO2 capture technologies, which indicates that the best CO2 capture option in one cement plant
might not be the best in another.
Part 1 of this paper series also showed that the characteristics of the power generation system, and
the steam generation strategy, in terms of efficiency and specific CO2 emissions, have a strong impact
on the specific primary energy consumption and the equivalent CO2 avoided. Furthermore, it was
emphasized that several other aspects are important for evaluation and practical implementation of
retrofitting technologies for CO2 capture in a cement plant, such as technology maturity, integration
with the clinker burning process and possible effects on product quality (and therefore risk), space
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requirement and the need for utilities, such as electric power or natural gas. It was found that the
post-combustion technologies, MEA, chilled ammonia, membrane-assisted CO2 liquefaction and
calcium looping tail-end configuration are easier to retrofit than the more integrated technologies,
oxyfuel and calcium looping integrated configuration.
The technologies investigated within CEMCAP are fundamentally different from each other
and provide a portfolio of technologies with different properties, suitable for application in a wide
variety of conditions in cement plants. No single technology has been found to stand out as a clear
winner-each has its strengths and weaknesses. For the final selection of a CO2 capture, a plant-specific
techno-economic evaluation should be performed. In addition, plant-specific evaluation of more
practical properties such as available space, capacity in local power grid and options for steam supply
should also be carried out.
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