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Abstract: A technical evaluation of CO2 capture technologies when retrofitted to a cement
plant is performed. The investigated technologies are the oxyfuel process, the chilled ammonia
process, membrane-assisted CO2 liquefaction, and the calcium looping process with tail-end and
integrated configurations. For comparison, absorption with monoethanolamine (MEA) is used as
reference technology. The focus of the evaluation is on emission abatement, energy performance,
and retrofitability. All the investigated technologies perform better than the reference both in
terms of emission abatement and energy consumption. The equivalent CO2 avoided are 73–90%,
while it is 64% for MEA, considering the average EU-28 electricity mix. The specific primary energy
consumption for CO2 avoided is 1.63–4.07 MJ/kg CO2, compared to 7.08 MJ/kg CO2 for MEA.
The calcium looping technologies have the highest emission abatement potential, while the oxyfuel
process has the best energy performance. When it comes to retrofitability, the post-combustion
technologies show significant advantages compared to the oxyfuel and to the integrated calcium
looping technologies. Furthermore, the performance of the individual technologies shows strong
dependencies on site-specific and plant-specific factors. Therefore, rather than identifying one single
best technology, it is emphasized that CO2 capture in the cement industry should be performed with
a portfolio of capture technologies, where the preferred choice for each specific plant depends on
local factors.

Keywords: CO2 capture; cement production with CO2 capture; CO2 capture in industry; CO2 capture
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1. Introduction

Production of cement is estimated to account for around 7% of global CO2 emissions (2018) [1].
The cement industry can reduce its specific CO2 emissions through a variety of different techniques,
such as increased energy efficiency, utilization of alternative fuels, application of alternative raw
materials, and reduction of the clinker to cement ratio. However, these techniques have already been
exploited to a significant extent, and they can only partly reduce the emissions [2]. Around two-thirds
of the CO2 emissions from the cement industry are process related, originating from the calcination of
limestone where CaCO3 is converted to CaO and CO2, while one-third of the emissions come from
combustion of fuels in the cement plant’s calciner and rotary kiln. A measure such as fuel switch can
therefore only remove one-third of the CO2 emissions. CO2 capture and storage (CCS) can significantly
reduce both the process related and fuel related emissions. It is identified as the single measure that
has the largest potential for further overall emission reductions in the cement industry [1,2].

Cement kilns usually have a lifetime of 30–50 years [3]. Although a few kilns might have to be
rebuilt to meet EU requirements on pollutant emissions and technical standards [4], it is not likely that
many kilns are to be built in Europe in a foreseeable future, as the cement production is anticipated
to be approximately constant in the next decades [1]. Therefore, in order to abate CO2 emissions
from European cement production, it is important that CO2 capture technologies can be retrofitted to
existing cement plants.

The most mature CO2 capture technology at present is chemical absorption with amine. However,
this technology may not necessarily be the best option when alternative technologies have matured.
In literature, several CO2 capture technologies have been evaluated for use in the cement industry.
Most of the studies have focused on amine-based CO2 capture [2,5–9], followed by fewer studies on
calcium looping [6,10,11], oxyfuel [2,8], and membrane-based technologies [6,7,12]. Comprehensive
work has been performed in each of the studies, but technical and economic performance cannot
be directly compared between studies since they are based on different assumptions. A consistent
evaluation of more than two types of CO2 capture technologies for the cement industry is not available.

In most of the assessments of CO2 capture technologies in the cement industry, retrofit to an
existing cement plant is assumed. However, there are several practical aspects linked to retrofitability
that are not necessarily reflected in energy performance and cost. For instance, aspects such as space
requirement or added load to the local power grid could potentially determine whether a technology
can be implemented or not. Liang and Li [5] defined a list of criteria for assessing the potential of
a cement plant to be retrofitted with CO2 capture technologies. However, there is to the authors’
knowledge no such work done on assessing retrofitability of capture technologies to cement plants.

This paper presents a consistent technical evaluation of CO2 capture technologies for retrofit
in the cement industry. The evaluation focusses on emission abatement, energy performance,
and retrofitability. The following technologies are investigated:

• oxyfuel process
• chilled ammonia process
• membrane-assisted CO2 liquefaction
• calcium looping (tail-end and integrated configuration)

These technologies comprise a set of fundamentally different technologies that appear promising
for application in the cement sector. Absorption with monoethanloamine (MEA) is used as reference
technology due to its benchmark status in the literature.

This work has been carried out as a part of the Horizon 2020 project “CO2 capture from cement
production” (CEMCAP) [13], which has the overall objective to prepare the ground for large-scale
implementation of CO2 capture in the European cement industry. An essential element in responding
to this objective has been to perform a comprehensive techno-economic comparative assessment of CO2

capture, which can be used as a decision basis for future evaluations of CO2 capture implementation at
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cement plants. An extraction of this work is presented as a paper series, where the technical evaluation
presented in the current paper forms Part 1, and an economic analysis forms Part 2.

2. Reference Cement Plant and CO2 Capture Technologies

2.1. Reference Cement Plant

The reference cement plant is a Best Available Technique (BAT) plant defined by the so-called
European Bref document [14] and adopted by the European Cement Research Academy (ECRA)
and CEMCAP [2,9,15]. It is based on a dry kiln process, consisting of a five-stage cyclone preheater,
calciner with tertiary air duct, rotary kiln, and grate cooler. The most important characteristics of the
plant are summarized in Table 1. It has a capacity of 3.0 kt clinker per day, which corresponds to ca.
1.0 Mt clinker per year, or 1.4 Mt cement per year, with a run time of >330 days per year.

Table 1. Characteristics of the reference cement plant.

Parameter Value

Clinker production 3000 t/day
Clinker/cement factor 0.737
Raw meal/clinker factor 1.6
Specific CO2 emissions 850 kg/tclk
Specific electric power consumption 97 kWh/tcement

The clinker burning line of the plant is shown in Figure 1. The raw material, which consists of
77 wt% CaCO3, 14 wt% SiO2, and small amounts of Al2O3, Fe2O3, MgCO3, and water, is first ground
in the raw mill to form raw meal, where it is also dried by hot flue gas from the preheater. The flue gas
and the raw meal are subsequently separated in a dust filter, and the raw meal is sent to the preheater
while the flue gas is sent to the stack. In the preheater the meal is heated by hot flue gas coming from
the calciner and the rotary kiln. The meal and the hot gases are first mixed for heat transfer and then
separated again in cyclones arranged above one another. The preheated raw meal enters the calciner,
where the major part of the calcination (CaCO3 -> CaO + CO2) is performed. Around 60% of the
plant’s total fuel input is consumed here to achieve a suitable temperature (~860 ◦C) and drive the
endothermic reaction. After the calciner, the calcined (>95%) raw meal enters the rotary kiln, where the
still unreacted part of the limestone is calcined after a few meters and the formation of clinker takes
place. The rotary kiln is heated by the main burner where the remaining 40% of the plant’s fuel input is
consumed. The solid material reaches 1450 ◦C, and the temperature of the gas phase can reach 2000 ◦C.
The hot clinker is discharged from the kiln to a clinker cooler, where the clinker is cooled with ambient
air. Some of the resulting hot air is used as combustion air in the main burner (secondary air) and in
the calciner (tertiary air).

Emissions of NOx are controlled by selective non-catalytic reduction (SNCR) to not exceed the
permitted limit of 500 mg/Nm3 at 10% O2 [16]. In practice this means that ammonia solution is injected
in the kiln system to reduce NOx to N2. No system is installed for SOx emission control, because the
SOx emissions are already below the permitted limit. The CEMCAP reference plant is identical to the
ECRA reference plant, with the exception that SNCR is assumed to be implemented in the CEMCAP
reference plant and not in the ECRA reference plant.
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Figure 1. The clinker burning line of the reference cement plant.

The composition and flow rate of the flue gas depends on the amount of air leaking into the
system. The nominal air leak increases with time and operation of the plant, while it is reinstated via
the yearly plant maintenance. The air leak in the raw mill is predominant, so variation over the year is
only considered after the mill. Flue gas conditions at the stack during the first and second part of the
year are given in Table 2.

Table 2. Flue gas conditions at stack. Nm3 refers to normal cubic meters (volume at 0 ◦C and 1 atm).

First 1
2 Year Second 1

2 Year

Air leak in mill Low Medium
False air at preheater outlet (vol%) 5.5 5.5
False air at stack (vol%) 30 43
Total flow rate (kg/h) 318,192 388,098
Temperature (◦C) 130 110
Mole fraction (wet basis)

CO2 0.22 0.18
N2 0.60 0.63
O2 0.07 0.10
H2O 0.11 0.09

NOx (dry basis) (mg/Nm3) 591 1 455 1

SOx (dry basis) (mg/Nm3) 236 2 182 2

Dust (dry basis, at 10% O2) (mg/Nm3) 10 10
1 Corresponds to 500 mg/Nm3 at 10% O2. 2 Corresponds to 200 mg/Nm3 at 10% O2.

Waste heat can be recovered from the cooler exhaust air to produce steam (Figure 2). The dust
in the exhaust air is assumed to be removed with a ceramic filter prior to the heat recovery steam
generator, which is assumed to have a minimum approach temperature of 80 ◦C.
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Figure 2. Maximum amount of saturated steam that can be generated by heat recovery from the
cooler exhaust air as function of the saturated steam temperature, considering a minimum approach
temperature of 80 ◦C.

2.2. MEA Absorption

The reference technology MEA absorption is a post-combustion technology, where CO2 is
absorbed from the flue gas with MEA solvent (Figure 3). To limit solvent degradation, the content of
NOx and SOx in the flue gas must be reduced beyond the permitted emission limits before the flue
gas comes in contact with the solvent. The already existing SNCR system is assumed to be utilized
to remove additional NOx before the flue gas leaves the kiln. This flue gas is then cooled in a direct
contact cooler (DCC) where water also is removed, and SOx is removed by scrubbing with NaOH.
The cooled flue gas can then be sent to the absorber column where aqueous MEA solution (30 wt %)
absorbs CO2 from the gas. Evaporated MEA is recovered from the purified flue gas in a water wash
section at the top of the absorber. The CO2 rich MEA solvent is regenerated in a desorber column,
and the resulting high-purity CO2 is compressed to reach the transport specifications.
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The process requires a considerable amount of heat for solvent regeneration, and power is required
for fans and pumps in the absorption process and for compression of the captured CO2. Waste heat
can be used to cover some of the heat demand. For the reference cement plant, the available waste
heat can cover 4% of the total heat demand.

2.3. Oxyfuel Process

In the oxyfuel process (Figure 4), 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
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process itself must be modified. The gas atmosphere in the clinker cooler, the rotary kiln, the calciner
and the preheater is changed, and some of the flue gas is recycled. Air that is heated by hot gases
from the preheater and the clinker cooler is sent to the raw mill to dry the raw material, instead of the
flue gas.Energies 2018, 11, x FOR PEER REVIEW    6 of 33 
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Additional power is required for the oxyfuel process compared to a plant without capture,
mainly by an air separation unit (ASU) providing oxygen and the CPU. Some of this power demand
can be covered by a waste heat recovery system. In this analysis, an organic Rankine cycle (ORC) is
assumed to be installed.

2.4. Chilled Ammonia Process

The chilled ammonia process (CAP) is a post-combustion technology based on absorption,
where CO2 is removed from the flue gas using chilled ammonia as solvent (Figure 5). The flue gas is
first conditioned in a DCC where it is cooled and SOx is removed by scrubbing with ammonia, before it
is sent to an absorption column where CO2 is removed by an ammonia solution. The temperature
in the absorber is controlled by a solvent pump-around that is chilled down to temperatures around
12–13 ◦C. Ammonia is recovered from the flue gas in a water wash section at the top of the absorber,
before purified flue gas is released to the atmosphere. Ammonia is desorbed from the wash water
in a desorption column and recycled into the process. CO2 rich ammonia solvent is regenerated in a
CO2 desorber that is operated at around 25 bar. The resulting high-purity CO2 stream must be further
pressurized to meet the transport specifications.
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In this process heat is required for solvent regeneration and for the ammonia recovery system,
and power is required for chilling, pumping, and compression. Waste heat can be utilized to cover a
part of the heat demand. This amounts to 7–8% of the total heat demand in the case of the reference
cement plant.

2.5. Membrane-Assisted CO2 Liquefaction

The membrane-assisted CO2 liquefaction (MAL) technology comprises a combination of
polymeric membranes and a CO2 liquefaction process (Figure 6). The polymeric membranes are
utilized for bulk separation resulting in CO2 a product with moderate purity. This product is further
treated in the CO2 liquefaction process, where CO2 is liquefied to form high purity CO2, while the
partially decarbonized tail gas is recycled to the membrane feed gas.
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The flue gas entering the process is first cooled and water is removed in a DCC, before it is
compressed and sent to the membrane module. The pressure difference and pressure ratio over
the membrane module is generated both by the flue gas compression on the feed side and vacuum
pumps on the permeate side of the membrane. The chemical stability of polymeric membranes
depends on the type of polymer, and the tolerance of such membranes to SOx and NOx is often
highlighted as uncertain [17]. However, some membrane producers report on high tolerances for their
membranes [18]. In this work, the same strategy for SOx and NOx removal prior to the capture system
as for MEA absorption is assumed.

The technology is a post-combustion technology with no additional integration or feedback to the
cement plant. Only electric power is required as input to the process.

2.6. Calcium Looping—Tail-End Configuration

The calcium looping (CaL) technology is based on the reversible carbonation reaction
(CaO + CO2 
 CaCO3), which is exploited to separate carbon dioxide from flue gas. The technology
can be applied to a cement plant in a tail-end configuration (Figure 7) or it can be integrated with
the calcination process in the cement kiln. In the tail-end configuration the flue gas from the cement
kiln is sent to a carbonator where CO2 is removed by reaction with CaO-based sorbent. The sorbent
is regenerated in a calciner where coal is burnt under oxyfuel conditions to reach the calcination
temperature of around 920 ◦C. The captured CO2 requires some additional purification in a CPU.
CaO-rich purge from the system is sent to the cement kiln and used as constituents of the raw meal.
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The tail-end CaL process requires supply of limestone and coal. Power is required for an ASU
providing oxygen, fans, and the CPU. A steam cycle recovers high temperature waste heat and
produces power. Depending on the case this results in net import or net export of power.

2.7. Calcium Looping—Integrated Configuration

In the integrated calcium looping configuration, the CO2 capture calciner is combined with the
calciner of the cement kiln for a more energy efficient process (Figure 8). Because of the small size
of the particles required in the calciner of the cement kiln, which make them hardly fluidizable,
the carbonation and calcination reactions must take place in entrained flow reactors instead of
circulating fluidized bed reactors that are normally used in CaL processes.
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Figure 8. Reference clinker burning line with calcium looping CO2 capture—integrated configuration.

As for the tail-end configuration, additional fuel is required, and the calciner must be operated
under oxyfuel conditions. Power is required for an ASU, a CPU and fans, but power is also generated
by a steam cycle utilizing waste heat in the process.

3. Methodology

Process simulations of the reference plant and each of the technologies are established as a basis
for the analysis. Common assumptions for the process simulations such as specifications for different
types of process units are used as defined in the CEMCAP framework [15], and the simulations are
aligned with experimental research performed within the project [19–26].
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The oxyfuel and calcium looping technologies are closely integrated with the kiln, while the other
technologies are only connected to the kiln by the flue gas entering the system and heat integration
if heat is required. Due to the integration with the kiln, the two partners simulating these processes,
VDZ, and Politecnico di Milano (PoliMi), have established their own simulations of the reference kiln.
The other technologies are simulated using flue gas from the VDZ simulation of the reference kiln as
feed to the process.

The captured CO2, direct and indirect CO2 emissions, and primary energy consumption of the
reference cement plant with and without CO2 capture are quantified based on the process simulations
and used to calculate quantitative key performance indicators (KPIs) on emission abatement and
energy performance. It should be noted that since simulations of MEA, oxyfuel, CAP, and MAL are
based on the VDZ simulation of the reference kiln, values from this simulation are used as reference in
the KPI calculations, while for the calcium looping technologies, values from the PoliMi simulation of
the reference kiln are used as reference.

Finally, an assessment of retrofitability of all capture technologies is performed with respect to
qualitative KPIs.

3.1. Common Design Specifications

All the capture processes are designed for minimum 90% CO2 avoided from flue gas, ACfg,
and pipeline transport, which requires >95% CO2, <300 ppmwt H2O, and 110 bar. For MEA, CAP,
and MAL, which are installed after the raw mill, the process is designed for medium air leak and
assumed to be operated with low air leak half of the year and medium air leak the other half of the
year. The oxyfuel and CaL technologies are implemented before the mill, and the effect of change in
air leak over the year is this neglected for these technologies.

3.2. Utility Energy Consumption and CO2 Emissions

Calculated emissions and energy consumption of utilities are based on assumptions presented
in Table 3. For the electricity generation efficiency and CO2 emissions, the average electricity mix in
EU-28 in 2014 is used as base case, but alternative scenarios that also are investigated are summarized
in Table 4. For MEA and CAP, which require steam, it is assumed that the available waste heat will
be used to cover the demand as far as possible, and that the rest is covered by a natural gas (NG)
fired boiler.

Table 3. Assumptions on energy consumption (lower heating value) and CO2 emissions related
to utilities.

Parameter Value

Coal (kJ/kg) 27,150
Natural gas specific CO2 emissions (kg/GJ) 56.1
Natural gas boiler efficiency (%) 90
Electricity generation efficiency (EU 2014), ηel (%) 45.9
Electricity generation specific CO2 emissions (EU 2014), eel (kg/MWh) 262
Electric heater efficiency (%) 95
ASU power demand [27] (kWh/t O2) 226
ASU cooling demand [28] (kJ/kg O2) 566
ASU dehydration heat demand [28] (kJ/kg O2) 58.3
CO2 dehydration with TEG heat demand (kJ/kg CO2) 2.62
CO2 dehydration with TEG power demand (kJ/kg CO2) 0.045
Cooling water system power demand (kW/kW) 0.02
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Table 4. Generation efficiency ηel and specific CO2 emissions eel of electric power in alternative
scenarios for electric power generation.

Power Generation Case ηel (%) eel (kg/MWh)

Pulverized coal—ultra-supercritical state-of-the-art 44.2 770
Pulverized coal—sub-critical 35.0 973
Natural gas combined cycle 52.5 385
Renewables 100 1 0

1 Physical energy content method as used by IEA and Eurostat.

3.3. Technical Key Performance Indicators

Key performance indicators for evaluation of emission abatement, energy performance,
and retrofitability are defined.

3.3.1. Emission Abatement

The CO2 capture ratio is a common KPI for CO2 capture processes. It is defined as the CO2

captured,
.

mCO2,capt, divided by the CO2 generated,
.

mCO2,gen:

CCR =

.
mCO2,capt

.
mCO2,gen

(1)

The CO2 generated is both CO2 generated in the cement kiln and CO2 generated by fuel
combustion internally in the capture process, but not CO2 generated in the NG fired boilers or CO2

generated indirectly by power consumption. The CO2 captured is the total amount of CO2 captured.
There is no distinction between CO2 originating from the cement process, and CO2 originating from
additional fuel combustion.

The CO2 avoided from flue gas evaluates the direct CO2 emission reduction from the flue gas of
the cement kiln. It is defined as

ACfg =
eclk,fg,ref − eclk,fg

eclk,fg,ref
(2)

where eclk,fg,ref denotes specific CO2 emissions with the kiln flue gas in the reference plant, and eclk,fg
denotes the specific CO2 emissions with the flue gas of the kiln with capture. For technologies where a
CPU is used, the CPU vent gas is accounted as a part of the flue gas. Emissions from steam generation
(NG fired boilers) and indirect emissions related to power consumption/generation are not considered.
This indicator differs from the CCR, because CO2 captured from additional fuel combustion internally
in the capture process is not counted as CO2 avoided.

The equivalent CO2 avoided evaluates the total equivalent CO2 emissions avoided at the plant,
taking the direct emissions related to the steam generation (NG fired boilers) in addition to the
direct emissions with the flue gas, as well as the indirect CO2 emissions associated to electric power
consumption/generation, into account. It is defined as:

ACeq =
eclk,eq,ref − eclk,eq

eclk,eq,ref
(3)

where eclk,eq,ref is specific equivalent emissions from the kiln without capture, and eclk,eq is the specific
equivalent emission from the kiln with capture. Equivalent emissions are defined as the sum of direct
eclk and indirect eel,clk emissions

eclk,eq = eclk + eel,clk [kg/tclk] (4)
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Indirect emissions can be calculated using the equation

eel,clk = eel · Pel,clk [kg/tclk] (5)

where Pel,clk is the specific power consumption per unit mass of clinker produced, 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 on the electricity mix considered
(see Table 4).

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.

3.3.2. Energy Performance

The specific primary energy consumption for CO2 avoided, SPECCA, evaluates the primary
energy used to avoid CO2 emissions to the atmosphere. It is defined as the difference in equivalent
primary energy consumption of the cement plant with and without CO2 capture, divided by the
difference in equivalent CO2 emissions without and with capture

SPECCA =
qclk, eq − qclk,eq,ref

eclk,eq,ref − eclk,eq
[MJ/kg CO2] (6)

Equivalent specific primary energy consumption is the sum of direct (qclk) and indirect (qel,clk)
specific primary energy consumption

qclk, eq = qclk + qel,clk [MJ/tclk] (7)

The direct specific primary energy consumption is the amount of energy (lower heating value),
supplied in the form of fuel (coal or natural gas), that is used per ton of clinker

qclk =

.
m f uel · LHVf uel

.
mclk

[MJ/tclk] (8)

The indirect specific primary energy consumption is the amount of energy consumed by the
generation of power required per ton of clinker. It can be calculated by

qel,clk =
Pel, clk

ηel
[MJ/tclk] (9)

where ηel is the electricity generation efficiency, which depends on the electricity mix considered.

3.3.3. Retrofitability

To assess retrofitability, a qualitative assessment is performed. The following set of indicators is
defined for the assessment:

• impact on the cement production process
• equipment and footprint
• utilities and services
• introduction of new chemicals/subsystems
• available operational experiences

These indicators evaluate different aspects that will affect the selection of capture technology for
retrofit to an existing cement plant. Each of them is described in more detail below.
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The evaluation is performed using the color-coding system presented in Table 5. For the color
green, retrofit is evaluated as fairly straightforward; for yellow, retrofit is in most cases straightforward
but some attention is needed; for orange more attention is needed, or important aspects are unknown
so further assessment/research is needed; for red, a retrofit is evaluated not to be possible.

Table 5. Color coding for assessment of retrofitability.

Color Explanation

� In most cases no or significantly less attention needed.
� Some attention needed for plant retrofit.

�
Special attention needed for plant retrofit, or further
assessment is needed.

� Retrofit is not possible.

3.4. Impact on the Cement Production Process

For a cement producer, the first priority is the production of high-quality clinker that can be
ground and mixed with additives to produce cement. It is therefore very important that the installation
of a CO2 capture system does not influence the operability of the plant and the quality of the product.
Some technologies imply modifications of the kiln system itself, and then the risk for effects on
plant operability and product quality is increased. Furthermore, if fundamental modifications of the
cement kiln system are required, long production stops during the installation of the technology may
be required. This indicator evaluates the potential impact on clinker quality and plant operability,
taking the phase with normal operation after installation as well as the installation phase into account.

3.5. Equipment and Footprint

The application of CO2 capture technologies in cement plants requires the installation of additional
equipment which demands a certain amount of space. The footprint of a typical cement plant with
a 3000 t/d cement kiln is around 15 ha (150,000 m2; a cement plant including the quarries can cover
100–150 ha). In general, if the new equipment can be installed anywhere at the plant, the space
requirement would need some attention, but can in most cases be handled quite easily. However,
in many cement plants the free space close to the kiln line is limited. If the new equipment must be
installed near the kiln line, the footprint of the equipment could then be a limiting factor for individual
capture technologies, and more attention to the characteristics of each site is required for assessing the
applicability of the technology as a retrofit.

3.6. Utilities and Services

The application of certain CO2 capture technologies requires additional utilities and services.
This includes the need of additional electric power, steam (or NG for steam boilers), coal, or chemicals.
Out of this, the most limiting factor is the electric power demand, since the availability is dependent
on the local grid capacity. Infrastructure for import of natural gas and coal normally already exists at
cement plants, and an increase in the import of these fuels can be handled easily up to a certain point,
before the capacity of the infrastructure must be increased. In addition, some technologies require that
the raw meal fed to the plant has certain properties. This indicator evaluates the technologies with
respect to such aspects.
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3.7. Introduction of New Chemicals/Subsystems

This indicator evaluates the attention needed concerning the introduction of new
chemicals/subsystems at the plant. If new chemicals or subsystems are introduced, e.g., MEA,
ammonia, oxygen, ASU, refrigeration system, ORC, or steam cycle, new procedures, and routines must
be implemented to ensure safe operation. The utilization of new chemicals could also require additional
permits. The relevant regulatory framework might vary from country to country. Constraints related
to the handling of CO2 at the plant are not included, since this will be the same for all technologies.

3.8. Available Operational Experiences

For the installation of CO2 capture technologies at cement kilns, technology maturity is important
to limit the associated risks. The assessment should take into account the available experiences with
the application in the cement industry, but also the available experiences from other industrial sectors
like the power industry.

4. Process Modeling and Key Process Data

In this section, the process modeling of the reference cement kiln and the capture technologies,
as well as the most important process data are summarized. Stream data and PFDs of the
complete systems, including CPUs and waste heat recovery systems, can be found in the
Supplementary Materials.

4.1. Reference Cement Kiln

The core process of the reference cement kiln is simulated by VDZ with their in-house cement
kiln process model [29,30], and by PoliMi with their in-house process simulation tool GS [31] (Table 6).
The difference in specific heat input and specific CO2 emissions between these two simulations is 2%.
The effect of these differences will be considerably lower in the final quantitative KPIs, since values
referring to the cement plant with and without CO2 capture for the calculation of KPIs for each
technology, will have been obtained using the same tool. Details on the simulations and a comparison
of them are given by Campanari et al. [32].

Table 6. Key process data of reference cement kiln.

VDZ Simulation PoliMi Simulation

Clinker production (t/h) 120.6 117.7
Coal consumption (MW) 105.1 105.9
Electric power consumption 1 (MW) 15.9 15.5
CO2 emissions at stack (t/h) 102.0 101.8

1 Including raw meal and clinker grinding, solids handling, kiln drive, lightning, etc.

4.2. MEA Absorption

The MEA system is modelled as shown in Figure 9 using the process simulator Aspen HYSYS V9,
with resulting key process data as summarized in Table 7. The acid gas property package is selected
for modelling the part of the process including MEA solvent. The SRK property package is used for
calculation of properties of the flue gas and CO2 streams.



Energies 2019, 12, 559 14 of 33

Energies 2018, 11, x FOR PEER REVIEW    13 of 33 

 

systems,  including CPUs  and waste  heat  recovery  systems,  can  be  found  in  the  Supplementary 

Materials. 

4.1. Reference Cement Kiln 

The core process of the reference cement kiln is simulated by VDZ with their in‐house cement 

kiln process model [29,30], and by PoliMi with their in‐house process simulation tool GS [31] (Table 

6). The difference in specific heat input and specific CO2 emissions between these two simulations is 

2%. The effect of  these differences will be considerably  lower  in  the  final quantitative KPIs, since 

values referring to the cement plant with and without CO2 capture for the calculation of KPIs for each 

technology, will have been obtained using the same tool. Details on the simulations and a comparison 

of them are given by Campanari et al. [32]. 

Table 6. Key process data of reference cement kiln 

  VDZ simulation  PoliMi simulation 

Clinker production (t/h)  120.6  117.7 

Coal consumption (MW)  105.1  105.9 

Electric power consumption 1 (MW)  15.9  15.5 

CO2 emissions at stack (t/h)    102.0  101.8 
1 Including raw meal and clinker grinding, solids handling, kiln drive, lightning, etc. 

4.2. MEA Absorption 

The MEA system is modelled as shown in Figure 9 using the process simulator Aspen HYSYS 

V9, with  resulting key process data as  summarized  in Table 7. The acid gas property package  is 

selected for modelling the part of the process including MEA solvent. The SRK property package is 

used for calculation of properties of the flue gas and CO2 streams.   

 

 

Figure 9. Process flowsheet of the MEA CO2 capture process. 

The regenerator reboiler requires 96–97 MW steam, corresponding to 3.76–3.80 MJ/kg CO2, at 

approximately 128  °C. Out of  this, 3.7 MW  can be  covered by heat  recovery at  the  cement plant 

(Figure 2), while the rest must be covered by a NG fired boiler. 

Figure 9. Process flowsheet of the MEA CO2 capture process.

Table 7. Key process data for the MEA process.

First 1
2 Year Second 1

2 Year

Air leak Low Medium
CO2 avoided from flue gas, ACfg (%) 90 90
Captured and conditioned CO2 mole fraction (wet basis) 0.999 0.998
Lean CO2 loading (mol/mol MEA) 0.22 0.22
Rich CO2 loading (mol/mol MEA) 0.5 0.5
Specific reboiler duty CO2 desorber (MJ/kg CO2) 3.76 3.80
Reboiler temperature CO2 desorber (◦C) 128.4 128.4
Steam generation from waste heat (%) 4% 4%
Steam generation in NG boiler (%) 96% 96%
Specific power consumption (MJ/kg CO2) 0.521 0.549
Cooling demand (MJ/kg CO2) 3.80 3.63
MEA make-up (kg/kg CO2) 0.001 0.001
Additional ammonia solution for NOx removal (kg/kg CO2) 0.0002 0.0002
NaOH solution for SOx removal (kg/kg CO2) 0.001 0.001
Process water make-up (kg/kg CO2) 0.473 0.528

The regenerator reboiler requires 96–97 MW steam, corresponding to 3.76–3.80 MJ/kg CO2,
at approximately 128 ◦C. Out of this, 3.7 MW can be covered by heat recovery at the cement plant
(Figure 2), while the rest must be covered by a NG fired boiler.

The concentration of NOx at the absorber inlet should be limited to 410 mg/Nm3 for MEA-based
CO2 absorption [33]. An increase in NOx reduction rate to reach the acceptable level is achieved by
increasing the injection rate of ammonia solution in the SNCR system, with 1.5 times the stochiometric
amount of the additional NOx to be reduced. The concentration of SOx at the absorber inlet should be
limited to 10 ppmv prior to the MEA capture process. The SOx level is reduced by injection of 50%
NaOH solution in the DCC. It is assumed that SOx is selectively removed by the stochiometric amount
of NaOH.

Thermal reclaiming of MEA solvent for removal of amine degradation products is not included
in the process model. In this sub-process a slipstream with amine solution is vaporized, the vapor
is returned to the main process, while the less volatile degradation products are removed from the



Energies 2019, 12, 559 15 of 33

process. The amount of degradation products, the energy requirement of the reclaimer, and the amount
of solvent lost in the reclaimer waste stream are estimated based on the studies by IEAGHG [34] and
Knudsen et al. [35].

The captured CO2 is assumed to be conditioned for pipeline transport by three stage compression
up to 80 bar with triethylene glycol (TEG) dehydration and pumping to 110 bar.

4.3. Oxyfuel

The core oxyfuel cement process is simulated with VDZs in-house cement process model.
A process flowsheet of the plant model is shown in Figure 10, and resulting key process data are
presented in Table 8. The model is based on a model of the reference cement plant [29,30]. It has
been adapted to the oxyfuel process as part of the work in the ECRA CCS project [36–39], and model
parameters are tuned based on experimental work in CEMCAP [19,20].

The CPU is simulated using Aspen HYSYS V9, as a single stage flash self-refrigerated unit.
The power consumption of the CPU is 0.4 MJ/kg CO2. The heat required for dehydration is assumed to
be 21.9 kJ/kg CO2 (estimated based on [40]) and provided by electric heaters. The waste heat recovery
system is designed and simulated using the Sequential Framework for heat exchanger network
synthesis [41]. The heat required for ASU dehydration is assumed to be provided by electric heaters.

The power demand related to other utilities at the plant are slightly changed compared to the
reference kiln (cf. Table 3), due to changed gas compositions and flow rates in some existing fans,
and the added power demand of new fans. This gives a small increase in power consumption of
cement plant utilities from 132 kWh/tclk to 139 kWh/tclk [42].

Details about the design and operating parameters of the waste heat recovery system and the
CPU are described by Jamali et al. [20].
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Table 8. Key process data for the oxyfuel process.

Parameter Value

False air at preheater outlet (vol%) 6.3
Clinker production (t/h) 125
CO2 avoided from flue gas, ACfg (%) 90
Captured and conditioned CO2 mole fraction (wet basis) 0.973
Coal consumption (MW) 109
O2 flow rate (t/h) 31.0
Generated CO2 (t/h) 110
Captured CO2 to storage (t/h) 99
Cooling (MW) 47.2
Net power consumption (MW) 35.1

ASU (MW) 7.5
CPU (MW) 12.1
Cooling system (MW) 0.9
Other utilities (MW) 17.4
Power generation in ORC (MW) −2.9

4.4. Chilled Ammonia Process

The chilled ammonia process is simulated in Aspen Plus V8.6 using a rate-based model developed
with experimental data from pilot tests [18]. These pilot plant tests, which were performed with
synthetic cement plant flue gas streams, are additionally used to verify the final process simulations [34].
A process flowsheet of the system is shown in Figure 11 and resulting key process data are presented
in Table 9.
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Table 9. Key process data for the chilled ammonia process.

First 1
2 Year Second 1

2 Year

Air leak Low Medium
CO2 avoided from flue gas, ACfg (%) 90 90
Captured and conditioned CO2 mole fraction (wet basis) 0.999 0.999
NH3 concentration CO2-lean stream (mol/kg H2O) 5 6
CO2 loading CO2-lean stream (mol/mol NH3) 0.415 0.387
CO2-lean to inlet flue gas flowrate ratio (kg/kg) 9.0 6.5
Pumparound split fraction (%) 0.12 0.18
Pumparound temperature (◦C) 12 9
CO2 desorber pressure (bar) 25 25
Cold-rich split fraction (%) 0.025 0.035
Specific reboiler duty CO2 desorber (MJ/kg CO2) 2.12 2.20
Reboiler temperature CO2 desorber (◦C) 155.5 157.0
Specific reboiler duty NH3 desorber (MJ/kg CO2) 0.13 0.18
Reboiler temperature NH3 desorber (◦C) 108.8 108.8
Specific reboiler duty appendix stripper (MJ/kg CO2) 0.05 0.07
Reboiler temperature appendix stripper (◦C) 115.0 115.0
Steam generation from waste heat (%) 8 7
Steam generation in NG boiler (%) 92 93
Specific power consumption (MJ/kg CO2) 0.315 0.338
Cooling water demand (MJ/kg CO2) 3.23 3.40
Process water make-up (kg/kg CO2) 0.009 0.014
Solvent makeup (kg/kg CO2) 0.002 0.003
H2SO4 consumption (g/kg CO2) 0.6 1.0

Waste heat from the cement plant (Figure 2) is assumed to cover all the heat required for the
reboiler in the NH3 desorber and the appendix stripper (steam at ~110 ◦C), and a small part of the
remaining heat demand (steam at ~145 ◦C for the CO2 desorber). Refrigeration of the CO2 absorber
pumparound and of the water stream entering the top of the NH3 absorber to 12–13 ◦C and to 15 ◦C,
respectively, is required. For estimation of power consumption and cooling demand of the refrigeration
system, coefficients of performance of 7–8 are assumed [15]. Since the captured CO2 leaves the CO2

desorber at elevated pressure—i.e., 25 bar which is optimal for minimization of SPECCA—only one
compression stage in addition to the final pumping is assumed in the compression process.

A detailed description of the simulation and optimisation procedure of the core process is
described in the original work by Pérez-Calvo et al. [43].

4.5. Membrane-Assisted CO2 Liquefaction

The membrane-assisted CO2 liquefaction system is simulated with Aspen HYSYS V9, with the
Peng–Robinson equation of state. A multicomponent membrane model that has been integrated into
the HYSYS interface is used to simulate the membrane unit. A process flowsheet of the system is
shown in Figure 12 and resulting key process data are presented in Table 10.
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Table 10. Key process data for membrane-assisted CO2 liquefaction system.

First 1
2 Year Second 1

2 Year

Air leak Low Medium
Membrane area (m2) 228,000 228,000
Membrane feed pressure (bar) 2.23 2.50
Main separator pressure (bar) 29 32
CO2 avoided from flue gas, ACfg (%) 90 90
Captured and conditioned CO2 mole fraction (wet basis) (%) 99.40 99.27
Specific power consumption (MJ/kg CO2) 1.23 1.44
Cooling water demand (MJ/kg CO2) 1.54 1.51
Additional ammonia solution for NOx removal (kg/kg CO2) 0.0002 0.0002
NaOH solution for SOx removal (kg/kg CO2) 0.001 0.001

Membrane permeance data representative for the membrane that was tested within CEMCAP are
used in the model (Table 11). It should be noted that the selection of membranes available for testing
was limited.

Table 11. Membrane permeance and CO2 selectivity for relevant components.

Component Permeance
(m3STP/m2bar-h) CO2 Selectivity over Component

CO2 2.7 1
N2 0.054 50
O2 0.216 12.5

H2O 54 0.05
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The need for NOx and SOx removal from the flue gas stream beyond what is already required to
not exceed the permitted limits for pollutant emissions depends on the tolerance of the membrane
material. It is assumed that NOx and SOx removal is performed the same way and to the same extent
as for the MEA absorption process.

A more detailed description of the process design and simulation is given by Berstad et al. [44].

4.6. Calcium Looping—Tail-End Configuration

The tail-end calcium looping process and its integration with the reference cement kiln are
modeled with PoliMi’s in-house process simulator GS [31]. A process flowsheet of the system is shown
in Figure 13 and resulting key process data are presented in Table 12.

The circulating fluidized bed (CFB) reactor model presented by Romano [45] is used to simulate
the carbonator, which includes the carbonation kinetic expression proposed by Grasa et al. [46].
The calciner is modeled assuming complete calcination of the sorbent. Based on the data presented by
Martínez et al. [47], this assumption is justified considering the high residence time of the solids in a
CFB calciner and the assumed calcination temperature of 920 ◦C. Further details about simulations of
the CaL reactors are given by Spinelli et al. [48], and details on the methodology used for simulation of
the overall process, with extensive sensitivity analysis on the main process parameters are given by De
Lena et al. [49].

The heat recovery steam cycle parameters are set according to the thermal input available as
defined in the CEMCAP framework [15]. The CPU is simulated using Aspen HYSYS V9, as a single
stage flash self-refrigerated unit, slightly modified compared to the CPU of the oxyfuel process.
The resulting power consumption of the CPU is 0.4 MJ/kg CO2. The heat required for dehydration in
the CPU is assumed to be 16.6 MJ/kg H2O (estimated based on Kemper et al. [40]). The dehydration
heat required in the CPU and the ASU are assumed to be provided by some of the steam generated in
the process.
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Table 12. Key process data for the reference cement kiln with tail-end calcium looping CO2 capture.

Parameter Value

Integration level (%) 50
F0/FCO2 0.60
FCa/FCO2 2.94
Clinker production (t/h) 117.7
CO2 avoided from flue gas, ACfg (%) 91
Coal consumption—rotary kiln (MW) 39.9
Coal consumption—calciner (MW) 27.6
Coal consumption—CaL calciner (MW) 164.6
O2 flow rate (t/h) 51.5
CO2 capture efficiency of carbonator (%) 90.0
CO2 generated from fuel combustion (t/h) 77.8
CO2 generated from raw meal calcination (t/h) 67.3
CO2 emission from kiln flue gas (t/h) 5.8
CO2 emission from the CPU vent gas (t/h) 3.6
Captured CO2 to storage (t/h) 136.1
Captured and conditioned CO2 mole fraction (wet basis) (%) 96
Cooling 1 (MW) 33.3
Net power consumption (MW) 6.79

ASU (MW) 11.64
Fans in CaL system (MW) 2.70
CPU (MW) 16.11
Cooling system (MW) 0.67
Auxiliaries for calciner fuel grinding (MW) 0.18
Cement plant auxiliaries (MW) 15.49
Power generation in steam cycle (MW) −40.00

1 Cooling of steam cycle not included.

4.7. Calcium Looping—Integrated Configuration

As for the tail-end CaL technology, the process evaluation is based on simulations performed
with Polimi’s in-house process simulation code GS [31]. A process flowsheet of the system and
its integration with the reference plant is shown in Figure 14 and resulting key process data are
summarized in Table 13.

A one-dimensional, steady-state model, which is described by Spinelli et al. [48,50], has been used
for the calculation of the entrained flow carbonator. Sorbent conversion kinetics are described by the
random pore model proposed by Grasa et al. [51]. For the calciner, an outlet temperature of 920 ◦C has
been assumed to calculate the heat input needed in that reactor to heat up and calcine the recarbonated
raw meal from the carbonator. Further details about simulations of the cement kiln with the integrated
CaL configuration are given by De Lena et al. [52].

For the heat recovery steam cycle, the CPU and the ASU the same simulation approaches and
assumptions as for the CaL tail-end process are used.
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Figure 14. Process flowsheet of the reference cement kiln with integrated calcium looping CO2 capture.

Table 13. Key process data for the reference cement kiln with integrated calcium looping CO2 capture.

Parameter Value

F0/FCO2 3.96
FCa/FCO2 3.90
Clinker production (t/h) 117.4
CO2 avoided from flue gas, ACfg (%) 93
Coal consumption—rotary kiln (MW) 37.5
Coal consumption—CaL calciner (MW) 139.8
O2 flow rate (t/h) 44.1
CO2 capture efficiency of carbonator (%) 82.0
CO2 generated from fuel combustion (t/h) 59.4
CO2 generated from raw meal calcination (t/h) 64.4
CO2 emissions at stack from kiln flue gas (t/h) 2.9
CO2 emissions at stack from the CPU vent gas (t/h) 3.6
Captured CO2 to storage (t/h) 117.0
Captured and conditioned CO2 mole fraction (wet basis) (%) 96
Cooling 1 (MW) 29.1
Net power consumption (MW) 20.41

ASU (MW) 9.96
Fans in CaL system (MW) 1.21
CPU (MW) 14.11
Cooling system (MW) 0.58
Auxiliaries for calciner fuel grinding (MW) 0.26
Cement plant auxiliaries (MW) 15.36
Power generation in steam cycle (MW) −21.06

1 Cooling of steam cycle not included.
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5. Comparative Technical Evaluation of the CO2 Capture Technologies

5.1. Emission Abatement

The CO2 capture ratio, the CO2 avoided from the flue gas, and the equivalent CO2 avoided
evaluate the effect that the implementation of a capture technology has on the CO2 emissions of a
plant. These KPIs calculated for the investigated technologies and the reference technology are given
in Table 14.

Table 14. Direct and indirect emissions, CO2 capture ratio, and CO2 avoided.

Ref.
Plant
VDZ

Ref.
Plant

PoliMi
MEA Oxy-Fuel CAP MAL CaL

Tail-end CaL Int.

Direct CO2 emissions at stack (kg/tclk) 846 865 84 88 83 84 78 57
Direct CO2 emissions due to steam
generation (kg/tclk) 0 0 172 0 104 0 0 0

Indirect CO2 emissions (kg/tclk) 34 34 64 74 53 109 15 46
CO2 capture ratio (CCR) (%) - - 90 90 90 90 94 95
CO2 avoided from flue gas (ACfg) (%) - - 90 90 90 90 91 93
Equivalent CO2 avoided (ACeq) (%) - - 64 82 73 78 90 89

The CCR of all technologies range between 90% and 95%, and the CO2 avoided from the flue gas
range between 90 and 93%. For the MEA, CAP, and MAL technologies, the CO2 avoided from flue gas
is by definition equal to the CCR, since there is no change in internal fuel combustion generating CO2

within the kiln or the capture process when these technologies are installed. For the oxyfuel technology
the value is approximately the same as the CCR—the specific fuel consumption changes in the oxyfuel
technology compared to the standard reference kiln, but the change is very small. For the calcium
looping technology, the CO2 avoided from the flue gas is lower than the CCR, because the capture of
CO2 generated by fuel combustion within the calciner is not counted as CO2 avoided.

The equivalent CO2 avoided of all technologies range between 64% and 90%. With this KPI
all direct emissions at the plant, as well as indirect emissions related to power consumption or
generation are taken into account. This value is lower than the CO2 avoided for all technologies due
to the contribution of direct emissions from steam generation and indirect emissions associated to
power import.

All the investigated technologies have equivalent CO2 avoided in the range 73–90%, which is
higher than the reference technology MEA with 64%. The CaL technologies end up with the highest
equivalent CO2 avoided. These technologies have no additional direct emissions as most of the CO2

from the additional coal combustion is captured, and negative or low added indirect CO2 emissions
thanks to the internal power production.

5.2. Energy Performance

The energy inputs of the reference cement plant without and with CO2 capture are in the form
of coal, natural gas, and power. For some CO2 capture technologies power is also generated on-site.
A summary of the energy inputs is given in Table 15.

Table 15. Reference plant energy input without and with CO2 capture technologies.

Ref.
Plant

(VDZ)

Ref.
Plant

(PoliMi)
MEA Oxy-Fuel CAP MAL CaL

Tail-End CaL Int.

Coal consumption (kJ/kgclk) 3135 3241 3135 3139 3135 3135 7100 5436
NG consumption (kJ/kgclk) 0 0 3073 0 1859 0 0 0
Power consumption (kJ/kgclk) 474 474 881 1094 723 1491 1431 1272
Power generation (kJ/kgclk) 0 0 0 −83 0 0 −1,223 −646
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The specific primary energy consumption for CO2 avoided of the technologies are presented in
Figure 15 and Table 16. All the investigated technologies have clearly lower SPECCA values than
the reference technology. The oxyfuel technology has a SPECCA of 1.63 MJ/kg CO2, which is the
lowest value among the SPECCA values of the investigated technologies. The chilled ammonia
and membrane-assisted liquefaction technologies have SPECCA values of 3.75 and 3.22 MJ/kg CO2

respectively, while the calcium looping tail-end and integrated technologies have SPECCA values of
4.07 and 3.17 MJ/kg CO2.
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Figure 15. Specific primary energy consumption for CO2 avoided (SPECCA).

Table 16. Break-down of specific primary energy consumption for CO2 avoided (SPECCA).

MEA Oxy-fuel CAP MAL CaL
Tail-End CaL Int.

Added equivalent specific primary energy
consumption (MJ/tclk) 3959 1173 2401 2216 3280 2528

Coal consumption 0 4 0 0 3859 2195
NG consumption for steam generation 3073 0 1859 0 0 0
Electric power consumption 887 1351 542 2216 2086 1740

ASU 0 473 0 0 776 666
Refrigeration 0 0 59 260 0 0
Auxiliaries 1 312 119 316 1955 236 132
CPU 0 759 0 0 1074 943
CO2 compression 575 0 167 0 0 0

Electric power generation 0 −182 0 0 −2665 −1408
Equivalent specific CO2 avoided (kg/tclk) 559 719 640 687 806 797

At cement kiln stack 761 758 762 761 787 808
Steam consumption (NG fired boiler) −172 0 −104 0 0 0
Electric power consumption −30 −45 −18 −74 −70 −58

ASU 0 −16 0 0 −26 −22
Refrigeration 0 0 −2 −9 0 0
Auxiliaries 1 −10 −4 −11 −65 −8 −4
CPU 0 −25 0 0 −36 −31
CO2 compression −19 0 −6 0 0 0

Electric power generation 0 6 0 0 89 47
SPECCA (MJ/kg CO2) 7.08 1.63 3.75 3.22 4.07 3.17

1 Pumps, fans, fuel grinding (CaL), compressors, thermal reclaimer (MEA), dehydration (MAL) and cooling water
system (cooling tower and pumps).

The most important contributions to the SPECCA differ among the technologies. For the
MEA technology the primary energy consumption related to the steam required in the process is
responsible for the largest part of the added equivalent primary energy consumption and reduction
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in equivalent CO2 avoided. For the oxyfuel technology, the added equivalent primary energy
consumption and reduction in equivalent CO2 avoided are almost entirely due to the increased
electric power consumption. The CPU is the largest power consumer, followed by the ASU and the
fans. Electric power generation from waste heat reduces the net power consumption by almost one
fifth. For the chilled ammonia process, the steam consumption makes up the largest part of the primary
energy consumption and reduction in equivalent CO2 avoided. The steam consumption makes up
around three-quarters of these values, while the electric power consumption is responsible for the
rest. For the membrane-assisted CO2 liquefaction process, electric power consumption is responsible
for all added equivalent primary energy consumption and reduction in equivalent CO2 avoided,
where around four-fifths are due to fan, pump and compressor work in the process, and the rest
is mainly due to the refrigeration system. For both calcium looping processes, coal consumption,
electric power consumption and electric power generation are important for the final SPECCA value.
The considerable electric power generation is especially important for the tail-end technology as
it contributes to a reduction in both added equivalent specific primary energy consumption and
equivalent specific CO2 avoided. This essentially means that the electricity generated covers a part
of the cement plant’s demand as well as the demand of the CO2 capture process, resulting in lower
electric power consumption per unit of clinker produced.

The characteristics of the power generation system in terms of electricity generation efficiency,
ηel, and the specific CO2 emissions of the electricity generation, eel, have an impact on the SPECCA.
The generation efficiency and specific CO2 emissions are directly linked to the power generation
technology that is assumed to provide the electricity required by the processes.

To investigate the impact of the values of
ηel and eel, SPECCA values are calculated with several different options for power generation.

The average electricity mix in EU-28 in 2014 is used as basis in the calculations. The alternative cases
are summarized in Table 4, and the results are shown in Figure 16. For the calcium looping tail-end
technology, the SPECCA increases with increasing electricity generation efficiency and decreasing
specific CO2 emissions, while the opposite is observed for all the other CO2 capture technologies.
This is because the CaL tail-end technology generates enough electricity to cover both its own demand
and a part of the electricity demand of the cement plant, effectively substituting some of the electricity
that was bought from the grid in the reference cement plant. With increasing generation efficiency of
the power system and a decrease in the associated specific CO2 emissions, the reduction in indirect
added equivalent specific primary energy consumption becomes smaller, as well as the indirect avoided
equivalent specific CO2 emissions.
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different power generation scenarios.
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For oxyfuel and MAL technologies, where the main added energy input is in the form of electric
power, the SPECCA value is highly dependent on the characteristics of the power generation system.
In the case of electricity being solely generated from renewables, the SPECCA is reduced by more
than half compared to the EU 2014. On the other hand, the SPECCA of the MAL technology is
almost doubled in the worst case of electricity generation from sub-critical pulverized coal plants.
The SPECCA values of the MEA and CAP technologies are also significantly affected by the different
power generation cases.

As mentioned, the generation of steam is responsible for the largest part of the added primary
energy consumption and equivalent CO2 emissions for the absorption-based technologies, MEA and
CAP. The SPECCA is therefore largely dependent on amount of waste heat available at the plant,
and the selected strategy for steam supply. One alternative to steam generation in NG fired boilers is
steam import from a coal fired combined heat and power (CHP) plant. The associated primary energy
consumption can be assumed to be 0.34-0.68 MWth/MWth and the associated CO2 emissions 116-231
kg/MWhth for steam temperatures in the range 100-160 ◦C, considering a conversion efficiency for
coal to power without steam extraction of 39.1% and a conversion efficiency for steam to power of
13.3-26.6% for steam in this temperature range [24]. The energy consumption and CO2 emissions of
the CHP plant are partly assigned to the generated steam and partly to the generated electric power.
The SPECCA is reduced with 47% for MEA and 35% for CAP in this case, but it should be mentioned
that few cement plants are located close to a power plant.

It is assumed in this study that cooling water is supplied by a cooling tower, that requires power
for fans and water pumping, and delivers cooling water at 18 ◦C. If the cooling could be performed
with water from the sea or a river, less power consumption would be required by the cooling system
itself, and the cooling water could in many cases be delivered at lower temperature levels. This would
benefit all the technologies slightly.

5.3. Retrofitability

The overall retrofitability assessment of the technologies is shown in Table 17, and more detailed
reasoning is given in the following subsections. In general, it can be noted that the post-combustion
technologies are easier to retrofit, while the integrated technologies are more challenging.

Table 17. Assessment of retrofitability.

Indicator MEA Oxyfuel CAP MAL CaL
Tail-End CaL Int.

Impact on the cement production process � � � � � �
Equipment and footprint � � � � � �
Utilities and services � � � � � �
Introduction of new
chemicals/subsystems � � � � � �

Available operational experiences � � � � � �

5.3.1. Impact on the Cement Production Process

The application of post-combustion technologies does not affect the actual clinker burning process
or the clinker quality, as they can be installed as independent units that flue gas is sent to before the
stack. During the construction phase, only a short stop of the clinker production would be required
for the rerouting of the flue gas. This rerouting can be performed during the yearly maintenance
period when the plant is shut down and does therefore not need to affect the operability of the plant.
The tail-end CaL process is slightly integrated with the cement kiln since sorbent purge is ground and
used as raw meal in the kiln. However, this does not include any risk for the plant operability or the
clinker quality. Therefore, all post-combustion technologies are marked green.
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The oxyfuel and the integrated CaL processes require significant modification of the production
process. As a result, potential operational problems due to the capture technology can directly affect
the operability of the plant. There is also an increased risk related to the quality of the produced
clinker [53]. In theory changes of the gas atmosphere, of gas temperatures, and other process conditions
can be managed so that optimum clinker production still can be achieved, but this remains to be
proven. A long production stop is required during the construction phase for both these technologies.

In the oxyfuel process, the clinker cooler, rotary kiln, calciner, and preheater are modified,
whereas for the integrated CaL technology only the calciner and preheater are changed, while the
cooler and the kiln are unchanged. The oxyfuel process is therefore marked orange and the integrated
CaL process is marked yellow.

5.3.2. Equipment and Footprint

Every capture process will need installation of some additional equipment which requires
available space, and therefore at least some attention is required regarding this aspect for all
technologies. The most important difference between the technologies is whether the equipment
must be installed close to the kiln line or if it can be installed further away.

For all the post-combustion technologies the required equipment can be installed anywhere at the
plant, and there is also some flexibility for splitting up the systems and installing different units at
different locations at the plant, so these technologies are marked yellow. The oxyfuel and the integrated
CaL processes are integrated with the kiln system itself, and these technologies require space close to
the kiln line. These technologies are therefore marked as orange.

5.3.3. Utilities and Services

The need for utilities and services of the technologies is summarized in Table 18. The two
solvent based processes MEA and CAP require considerable amounts of steam and also some power,
in addition to the solvents MEA and ammonia. Each of these points should be possible to handle in
most cases, but still require some attention. These technologies are therefore marked yellow.

Table 18. Additional utilities and services required for the reference cement plant.

MEA Oxyfuel CAP MAL CaL
Tail-End CaL Int.

Electric power 14 MW 19 MW 8 MW 34 MW −9 MW 5 MW
Steam 96 MW - 61 MW - -
Coal - - - - 126 MW 71 MW
Solvent MEA - ammonia - - -

Raw meal quality - - - 15–20% Ca
as limestone -

For the oxyfuel and MAL processes, only additional electric power is required, but in both
cases the magnitude of the power demand is considerable. These technologies are marked yellow,
because some attention is needed on the local power grid capacity.

For the CaL processes, additional coal is required. Additional electric power is also needed,
but on the other hand power is also generated from the waste heat. Depending on the integration
level, the net power consumption at the plant can be positive or negative. If there is power export
from the plant, infrastructure would be required for this. If the power generation is balanced with the
power consumption, there would not be any need for import of power, which is an advantage. For the
tail-end configuration 15–20% of the calcium must be fed to the plant as limestone. Some attention
is needed for the plant retrofit, with respect to coal import, import/export of power, and raw meal
quality. The two CaL processes are therefore marked yellow.
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5.3.4. Introduction of New Chemicals/Subsystems

The operation of the MAL requires the installation of a refrigeration system, which implies that
refrigerants will be present at the plant, and small amounts of NaOH for SOx removal. This should be
relatively easy to handle, and therefore this technology is marked in green.

All capture technologies which require the production and use of oxygen, a chemical that can
increase the risk for fires and explosions at the plant, could require a more complex permitting process
and would require that new procedures and routines are established. However, the use of oxygen
is normal in many industries, so although attention is needed it can still be handled. Therefore,
the oxyfuel and the CaL process are marked yellow.

The MEA process and the CAP require aqueous solutions of amines or ammonia as solvent.
Amines and their degradation products, as well as ammonia, are poisonous and dangerous for the
environment. The use of these chemicals requires a permitting process, whose complexity depends
on national/local regulations. Furthermore, new procedures and routines must be established to
ensure safe operation at the plant. Ammonia is already commonly used at cement plants for NOx

removal systems, but in very low quantities compared to what is required for the CAP. As for oxygen,
significant experience is available from other industries, so MEA and CAP are marked yellow.

5.3.5. Available Operational Experiences

The MEA process is the most mature capture technology and a lot of information is already
available. Other types of amines have been tested for flue gas treatment from an operational plant,
and it can be expected that a retrofit should be possible without major problems. The most advanced
testing done so far with amines on cement flue gas so far are the pilot trials with Aker Solutions mobile
test unit, which is a fully integrated prototype of the system, for six months in an operational kiln
at Norcem in Brevik, Norway. The testing at Norcem showed good stability of the solvent towards
cement flue gas, and no technical show-stopper was identified. A capture ratio of 90% was obtained,
and 370 tonnes of CO2 were captured over 2700 h [54]. Furthermore, there is a lot of operational
experience with amine absorption from the demonstration for coal power plants in commercial scale
at Boundary Dam. Consequently, this technology is marked green.

For the oxyfuel process, burner, calciner, and clinker cooler pilot trials have been conducted
in industrial relevant environment as a part of the CEMCAP project. A 500 kW oxyfuel cement
kiln burner prototype has been successfully demonstrated at the University of Stuttgart [19,55].
Oxyfuel calcination has been demonstrated in a 50 kW reactor, also at the University of Stuttgart [56].
A clinker cooler pilot has been successfully operated with clinker directly from a real industrial kiln line
at HeidelbergCement’s plant site in Hannover [57]. However, the full system has not been operated as
a whole yet, and experience from the power sector is not directly transferrable to the cement sector,
so the technology is marked orange.

The chilled ammonia process has been demonstrated for flue gas concentrations ranging from
typical natural gas-fired power plants to typical coal-fired power plants in several pilots including
the 58 MWth AEP Mountaineer pilot [58] and the 40 MWth TCM pilot [59]. In CEMCAP, the chilled
ammonia absorber, direct contact cooler (DCC), and water wash units were tested for the cement
application, since these are the units that are affected by a change in the flue gas conditions. All three
units were tested in GE’s 1 tonne CO2 per day pilot facility in Vaxjö, verifying that the process can be
applied in the cement industry [44]. Due to the experience from the pilot plants in the power sector,
no major risks are foreseen for the operation of all units together or for the scale-up of the system.
Based on this, the technology is marked yellow.

For the membrane-assisted CO2 liquefaction process, the liquefaction system and membranes
have been tested separately. The liquefaction part of the process has been tested as a part of CEMCAP
in a pilot facility at SINTEF Energy Research with liquefaction capacity of 10 tonne CO2 per day, and a
separation performance consistent with expectations based on vapour-liquid equilibrium data was
demonstrated [21]. One type of membranes as tested in the lab for cement specific flue gas in the
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CEMCAP project, but more advanced testing has been carried out for fixed-site-carrier membranes
at the Norcem plant in Brevik with flue gas from an operational kiln [60]. The full process with
membranes and the liquefaction system integrated has not been operated, so therefore the technology
is marked orange.

The tail-end calcium looping technology has been demonstrated for coal at the “la Pereda” power
plant in a 1.7 MWth pilot [61]. Within CEMCAP the technology has been tested for cement flue gas in a
30 kW pilot at CSIC, and a 200 kW pilot at the University of Stuttgart [26]. The testing has shown that
fundamental parameters, such as the carbonation rate constant, are consistent with those in systems
already tested for coal power plants at a large scale. This technology is therefore marked yellow.

For the calcium looping integrated technology, calcium looping experiments with entrained flow
reactors have been carried out in the 30 kW pilot at CSIC. It has been shown on a laboratory scale that
calcined materials with free CaO are able to adsorb CO2 in an entrained flow environment. There is
not yet any operational experience with the full system, so this technology is marked orange.

6. Conclusions

A consistent technical assessment of the oxyfuel process, the chilled ammonia process,
membrane-assisted liquefaction, and the calcium looping technology with tail-end and integrated
configurations retrofitted to a reference cement plant is performed. The technologies are benchmarked
against MEA absorption which is used as a reference technology.

All the investigated technologies perform better than the reference technology both in terms of
emission abatement and primary energy consumption. The equivalent CO2 avoided under the defined
conditions are in the range 73–90% for the investigated technologies, while it is 64% for the reference
technology. The calcium looping technologies have the highest emission abatement performance with
89–90% equivalent CO2 avoided. For this technology, most of the CO2 generated by the additional
primary energy consumption are also captured. The other technologies entail additional emissions
due to imported electricity or steam generation, which reduce the equivalent CO2 avoided despite
the fact that all technologies capture 90% of the cement plant’s emissions. The SPECCA values of the
investigated technologies are in the range 1.63–4.07 MJ/kg CO2, compared to 7.08 MJ/kg CO2 for
the reference technology. The oxyfuel process has the lowest SPECCA, with 1.63 MJ/kg CO2. This is
explained by a significantly lower primary energy demand than the other technologies and a medium
value for equivalent CO2 avoided.

The post-combustion technologies, particularly the reference technology MEA, are assessed as
easier to retrofit than the integrated technologies. Clear advantages of the post combustion technologies
are the low impact on the cement production process and the flexibility in the placing of new equipment
at the cement plant. The oxyfuel and integrated CaL technologies, which are more integrated with the
cement plant, are assessed as more challenging, although no ‘showstoppers’ were identified for their
installation in existing plants.

Due to the different performance of the technologies with respect to the different KPIs, it is
not possible to identify one overall winner among them. A high equivalent CO2 avoided and low
SPECCA will always be desired but depending on the specific cement plant and the local conditions,
other aspects may become dominant, such as space requirements, utility requirements in the light of
available infrastructure, or available operational experience.

Furthermore, it is shown that for the technologies that require a considerable amount of electric
power, the electricity mix has a large effect on the SPECCA. This is particularly important for the
membrane-assisted liquefaction process which has a high electricity demand, but no other primary
energy consumption. In a scenario with a large share of renewable electric energy—e.g., the Norwegian
mix—this technology has the second lowest SPECCA among the technologies. On the contrary, in a
scenario based on coal power, which is relevant for some Eastern Europe countries, this technology
has the highest SPECCA after the reference technology. Similarly, it is highlighted that different
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assumptions on the availability of waste heat, co-generated steam, cooling water, etc. affect the
performance of the different capture technologies to a varying extent.

Based on these findings, it can be concluded that CCS in the cement industry should be performed
with a portfolio of capture technologies. For identification of the optimal capture technology for
a specific plant, a case specific evaluation should be performed considering the local conditions
and constraints. The results and the discussion of their sensitivity presented above provide robust
indications on which technologies may be favored under certain conditions.

An economic evaluation of the technologies is presented in Part 2 of this paper series.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/12/3/559/s1,
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Abbreviations

ASU air separation unit
BAT best-available technologies
CaL calcium looping
CAP chilled ammonia process
CAPEX capital costs
CCS carbon capture and storage
CFB circulating fluidized bed
CPU CO2 purification unit
DCC direct contact cooler
ECRA European Cement Research Academy
HSS heat stable salts
IL integration level
KPI key performance indicator
MAL membrane-assisted CO2 liquefaction
MEA monoethanolamine
NG natural gas
OPEX operating costs
ORC organic Rankine cycle
PC pulverized coal
SNCR selective non-catalytic reduction
SRK Soave–Redlich–Kwong
TEG triethylene glycol
Nomenclature
ηel electricity generation efficiency
ACeq equivalent CO2 avoided
ACfg CO2 avoided from flue gas
CCR carbon capture ratio
eclk specific direct CO2 emissions
eclk,eq specific equivalent CO2 emissions
eclk,eq,ref specific equivalent CO2 emissions in reference plant
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eclk,fg specific CO2 emissions with kiln flue gas
eclk,fg,ref specific CO2 emissions with kiln flue gas in reference plant
eel CO2 emissions associated with electric power
eel,clk specific indirect CO2 emissions
F0 molar flowrate of fresh sorbent
FCa molar flowrate of CaO entering carbonator
FCO2 molar flowrate of CO2
.

mclk mass flowrate of clinker
.

mCO2,capt mass flowrate of CO2 captured
.

mCO2,gen mass flowrate of CO2 generated
.

m f uel mass flowrate of fuel
Pel,clk specific power consumption
qclk direct specific primary energy consumption
qclk, eq equivalent specific primary energy consumption
qclk,eq,ref equivalent specific primary energy consumption in reference plant
qel,clk indirect specific primary energy consumption
SPECCA specific primary energy consumption for CO2 avoided
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