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Abstract: The share of global CO2 emissions deriving from the cement industry is about 5%. More than
50% of these are process-related and cannot be avoided. This paper addresses the application of
CO2 capture technology to the cement industry. Analyses focusing on post-combustion technology
for cement plants are carried out on the basis of detailed model calculations. Different heat supply
variants for the regeneration of loaded wash solution were investigated. CO2 avoidance costs are
in a range of 77 to 115 EUR/tCO2. The achievable CO2 avoidance rate for the investigated cases
was determined to be 70% to 90%. CO2 reduction potentials were identified using CCS technology,
focusing on the German cement industry as a case study. The results show that adopting carbon
capture technology could lead to a significant reduction in CO2 emissions.
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1. Introduction

Combatting climate change and mitigating its effects are on the agendas of governments worldwide.
As part of the German Climate Action Plan 2050 [1] (“Klimaschutzplan 2050”), the government has set
the goal of reducing greenhouse gas (GHG) emissions by at least 55% by 2030 and by 80–95% through
2050 against 1990 emission levels. Such a substantial GHG emissions reduction cannot be achieved
through the Energiewende (energy transition) in the energy sector alone. In fact, all sectors, i.e., energy,
industry, transport, agriculture, and households will need to correspondingly and radically cut their
GHG emissions in order to achieve the German government’s ambitious goals.

Whereas the transport, household, and industry sectors, in many cases, can reduce their GHG
emissions with the so-called “sector coupling” approach [2], in other areas, in which process-related
CO2 emissions occur, this approach would not work for all emissions. Hence, other options, for
example in steel production with the use of hydrogen, have to be investigated [3]. Another area
in which these process-related CO2 emissions occur is the cement industry. In total, 4% of global
anthropogenic CO2 emissions are contributed by the cement industry [4,5]. The CO2 emissions of
the German cement industry in 2017 amounted to approximately 20.5 Mt, which is 2.5% of total
national CO2 emissions [6]. Since the 1950s, the German cement industry has already halved its power
consumption (to 2800 kJth/kg cement today) through a variety of different technological approaches and
measures (e.g., the substitution of fossil fuels by waste and alternative fuels, increased energy efficiency,
etc.) [7]. In order to further reduce GHG emissions, the substitution of fossil fuels by renewable
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energy sources is a promising pathway to further cut the industry’s CO2 emissions. However, only
about 40% of a cement plant’s overall CO2 emissions are produced through the burning of fossil fuels.
The remaining 60% of all carbon dioxide emissions in a cement plant stem from the calcination reaction,
in which clinker, the main component of cement, is formed [8,9]. Hence, process enhancements and the
substitution of fossil fuels by renewable energy sources alone only show limited potential for further
cutting GHG emissions in the future.

In some CO2 reduction scenarios for Germany [10–12], carbon capture technology in the cement
industry is seen as an important measure to achieve the ambitious CO2 reduction goals by 2050.
Compared with other CO2 mitigation measures, Pfluger et al. [12] conclude that carbon capture in
the cement industry is a cost-effective option as part of an overall mitigation strategy. Furthermore,
the captured CO2 may play an important role as a feedstock for other applications (power to chem,
power to liquid, methanation) [13–15]. However, the use of carbon capture technology will depend
significantly on cost effectiveness.

Carbon capture, utilization, and storage (CCUS) technologies have been proposed in the literature
as a viable technological pathway to radically cut CO2 emissions in the cement industry by separating
CO2 from flue gas. In this paper, a system analysis to explore the feasibility of the monoethanolamin
(MEA)-based chemical absorption technology is carried out. The potential for energetically and
economically reducing the cement industry’s CO2 emissions is examined. The analysis focuses on the
cement industry in Germany. CO2 emission projections for clinker production and emission reduction
potentials are also investigated.

The structure and content of the paper are briefly summarized as follows: State-of-the-art cement
production processes and a literature review regarding post-combustion CO2 capture technology are
outlined in Section 2; modeling of CO2 capture using MEA absorption can be found in Section 3; four
capture cases for using CO2 capture in cement plants are investigated in Section 4. The energetic and
economic analyses for these scenarios and sensitivity analysis are then carried out. The simulation
results are compared to the literature data. Furthermore, the potential for reducing CO2 emissions in
Germany using chemical absorption technologies is explored.

2. CO2 Capture in Cement Production

In this section, the fundamentals for the subsequent analysis are laid out and the relevant literature
is assessed. Section 2.1 introduces the cement production process. A brief overview of the status quo
of the German cement industry is then given. Section 2.2 focuses on post-combustion amine scrubbing
technologies. Relevant literature is reviewed and discussed.

2.1. State of the Art Cement Plant

Today, all newly built plants are dry process plants with cyclone preheaters and precalciners and
are considered state-of-the-art [16]. Cyclone preheaters are arranged in towers of one to six preheaters
that reach heights of up to 120 m. The raw meal passes the preheaters from the top to the bottom
while the (hot) flue gas stream from the kiln passes the preheaters in the counter flow. Hence, the raw
material is heated and the remaining water vaporized [17].

The raw meal then enters the precalciner, where it reaches the temperature necessary to drive
the calcination reaction of around 900 ◦C. In the precalciner, the raw material reaches levels of 90%
calcination. In order to ensure sufficient thermal energy input, fuel is consumed in the precalciner
and makes up to 60–70% of the overall fuel consumption [18]. A so-called tertiary air duct provides
the precalciner with combustion air from the clinker cooler. Typically, the material is fed into the
precalciner from the second lowest preheater column and the calcined material is collected in the
lowest preheating column before being released into the rotary kiln [19]. The material coming from the
second lowest preheater is entrained by the combustion gases and lifted to the bottom preheater in the
co-current flow [20].
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After sintering, the clinker is cooled down and stored in silos. The clinker produced is ground
alone or together with additives to form fine ground cement. Additives or other cement constituents
(such as quartz sand, gypsum, etc.) are separately milled and ground and then mixed into the
clinker. Different kinds of cement (with different chemical and mechanical properties) are produced by
adjusting the blending steps. After blending, the product is stored and shipped [17]. The clinker and
cement mass produced are linked by the clinker-to-cement ratio, which equaled 0.72 in Germany in
2016, i.e., 720 kg clinker is used to produce 1 ton of cement [21].

The Verein Deutscher Zementwerke (VDZ, German Cement Association) lists 22 companies that
operate 53 cement plants in Germany [21]. Thirty-nine dry process cyclone preheater plants with a
capacity of 0.1 Mt/d, as well as 6.7 kt/d of shaft kilns and grate preheater plants are in operation. Plants
without clinker production are supplied with clinker and produce cement by means of clinker milling
and blending with other raw materials. In Germany, 36% of the total clinker volume produced in 2014
was produced in a dry process with preheater and precalciner, 58% were produced in a dry process
with preheater but without precalciner, and 7% were produced in a mixed process (dry/wet) [22].

2.2. Literature Review about CO2 Capture for Cement Plants

Post-combustion, oxyfuel and calcium looping carbon capture technologies have been proposed
to effectively reduce CO2 emissions in the cement industry [19,20,23–26]. However, due to the
advancements and existing process knowledge of post-combustion (in the power sector), amine
scrubbing, in particular, is generally regarded as being the technologically most mature option [27].
In addition, the post-combustion process offers the possibility of retrofitting. Hence, the focus of this
paper is post-combustion amine-scrubbing.

In the literature, the utilization of CO2 capture for cement production, as well as its costs and CO2

reduction potential, has been widely investigated. The following section provides an overview of the
existing literature, approaches, and the results of investigating post-combustion for cement production.
The technical and economic parameters used in different studies are listed in Table A1 (Appendix A).

For the European Union’s “CO2 capture from cement production (CEMCAP)” project, the
Norwegian research organization, SINTEF, simulated an MEA-based capture process for a cement
plant based on data provided by a VDZ process model and evaluated different scenarios for steam
production [23,28]. The reference cement plant used for the calculations is based on VDZ’s best
available technology (BAT) (dry process, a five-stage cyclone preheater and precalciner, clinker output:
1 Mt/a). The results show that compared to a 33% decrease in the CO2 capture rate in the scenarios, the
costs for the cement product are only reduced by 14%, from 80.6 EUR/tcement to 70.5 EUR/tcement (90%
and 60% CO2 capture rates, respectively). The investigated steam supply scenarios show that a rising
rate of waste heat recovery, low cost heat from a nearby steam supplier (e.g., a power plant), or an
in-house combined heat and power (CHP) plant (provided that high electricity prices are achieved)
can significantly reduce the costs of CO2 capture.

Hassan [29] conducted a study estimating the costs of MEA scrubbing for a reference cement
plant (clinker production capacity: 2400 t/d) in Canada. Additional necessary flue gas treatment was
not considered in the simulation. However, for the economic assessment, the author used literature
values to estimate the costs of the bag filters and flue gas desulphurization (FGD). The costs per ton
of CO2 captured are estimated to vary between 49 and 54 USD. The author shows that the biggest
cost factor is steam, representing roughly 40% of the overall CO2 capture costs, followed by variable
operating and maintenance (O&M) costs (~18%), fixed O&M (~8%), and annual capital costs (~5%).

Barker et al. [18,30] evaluated the costs of cement production with and without CO2 capture
for different scenarios. As a base case for the analysis, a dry feed plant with a capacity of 910,000
tclinker/a in the UK is assessed. In a sensitivity case, the performance of a 3 Mtcement/a plant in Asia
was considered. Post-combustion and oxyfuel combustion processes were also assessed and analyzed.
The major cost drivers for post-combustion capture process are the flue gas desulphurization (FGD)
unit, as well as the steam supply for the stripper. Therefore, in the case of co-location with a power
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plant supplying steam at low cost and allowing the flue gas to pass, the power plant’s FGD equipment
would have avoidance costs of 55 EUR/tCO2, as is shown in the study.

Kuramochi et al. [31] conducted a techno-economic analysis and compared the costs and suitability
of CO2 capture for consistent boundary conditions in the industrial sectors of cement, iron, and steel, as
well as petrochemicals and petroleum refineries. By using standardized assumptions and framework
conditions for assessing the application potential of CO2 capture for the different industry sectors, the
authors aimed to conduct a transparent comparison of the different sectors. For a short-term (10 to
15 years) assessment, the MEA technology with steam import from a power plant or boiler and onsite
combined heat and power (CHP) and CO2 capture, as well as KS-1 capture process, are assessed. For
the long term (more than 20 years), post-combustion with an advanced solvent, oxyfuel combustion,
and calcium looping (CaL) were assessed. The results indicate that technologies available in the long
term might prove considerably more cost effective, ranging from avoidance costs of 37 EUR/tCO2 for
advanced solvent post-combustion capture (PCC) (steam imported from a power plant), to 52 EUR
(steam imported from a boiler). The expected CO2 avoidance lies between 0.5–0.7 tCO2/tclinker (short
term) and 0.4–0.7 tCO2/tclinker (long term).

Jakobsen et al. [32] calculated the costs of a demonstration CO2 capture plant for an existing
coastal cement plant in Norway. In contrast to many other studies, they included detailed scenarios
of CO2 transportation and storage costs. The CCUS options assessed were: MEA-based, advanced
solvent-based, and membrane capture processes combined with CO2 pipeline transport or shipping
to a storage location. Different storage scenarios were assessed, such as storage in depleted oil and
gas fields, saline aquifers, and CO2 utilization for enhanced oil recovery. The scenarios show CO2

avoidance costs of 100 EUR/tCO2 to 150 EUR/tCO2. Due to the relatively low carbon capture rate and
the detailed investigation of the storage scenarios, these costs are higher compared to other values in
the literature.

Zhou et al. [33] investigated different carbon dioxide emission reduction scenarios by applying
CCUS to China’s cement industry. The plant size was assumed to be 5000 tclinker/d and three cases
(i.e., MEA system with imported steam, onsite CHP, and precalciner oxyfuel CCUS) were investigated
and compared to a CO2 capture plant for a 600 MWel coal power plant. The data input for the cost
estimations were derived from the literature and no plant simulation was conducted. In terms of flue
gas treatment, the authors assumed that in future, more stringent future regulations will lead to a
general installation of advanced DeNOx and FGD equipment in the cement industry. According to
this report, the CO2 avoidance cost is 45 €/t CO2, which is lower than the values reported by other
literature. The reasons for this might include that the flue gas treatment costs were not taken into
account and that the costs of deploying CCUS plants to the Chinese market were assumed to be lower
than the literature values for Europe and the US. Defining different emission scenarios, the authors
show that CO2 capture has the potential to reduce the Chinese cement sector’s CO2 emissions by up to
57% by 2030.

Ho et al. [34] estimated the costs of MEA chemical CO2 absorption for different industrial sectors
in Australia. Specifically, the authors focused on the estimation of the capture costs, while transport and
storage were neglected. The flue gas parameters were drawn from Hassan [29]. A techno-economic
model developed at the University of New South Wales was used to assess the different technologies.
The necessary steam is supplied from a natural gas CHP plant and the costs are assumed to be those of
“lost electricity production” with 100 USD/MWel. Consistent with other research, the results show that
the gas pre-treatment, such as FGD, SCR (selective catalytic reduction), and flue gas cooling, and the
MEA plant itself, together amount to 70% of the total equipment costs (6% to 15% of the total capture
costs in all sectors). The operating costs are dominated by the energy costs (35% to 70%, depending
on the sector investigated). Interestingly, the cement-specific avoidance costs are, at 68 USD/tCO2,
of the same size and even slightly cheaper than the costs of the coal power plant investigated, with
70 USD/tCO2.
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Summers et al. [35] conducted an analysis for various industry sectors regarding their costs of CO2

capture and CO2 avoidance potential. The authors used the cement flue gas specifications as given in
Hassan’s work to study the potential of applying MDEA scrubbing to an average US cement plant.
Flue gas treatment was only considered in the sensitivity analysis. For the base case, it was assumed
that the flue gas already reached adequate pollutant levels. The authors calculated the total costs for a
greenfield, namely a newly built cement plant, and retrofit case, assuming that the retrofit costs are 5%
higher than those of the greenfield case. The estimated costs of CO2 capture are estimated to be 96
USD. By multiplying the CO2 emission factor per ton of cement (1.2 tCO2/tcement) with overall cement
production in the US, they estimate the CO2 available for CO2 capture in the US cement industry to be
79.8 Mt.

3. Modeling of the CO2 Capture

Cement plant specifications are derived from the literature, real cement plant data, and simulation
data [16,18,23,24,29,36–39]. It is impossible to obtain specific plant data from the German cement
industry, as precise flue gas data are classified as ‘competition data’ and, hence, is not publicly available.

The plant investigated here is a dry process plant with a five-stage cyclone preheater, a precalciner
with a tertiary air duct, rotary kiln, and grate cooler. The production capacity is 3000 tclinker/d and 1
Mtclinker and 1.36 Mtcement per year (clinker to cement ratio of 0.74), corresponding to a run time of
around 330 d (~8000 h). Specific CO2 emissions account for 850 kgCO2/tclinker. The reference cement kiln
is based on the best available technology (BAT) document by the European Union [16] and describes
state-of-the-art cement plants in Europe. For a more detailed account, see the literature [20,23,24].

Air leaks affect the flue gas volume flow and the CO2 content. The lower the leakage, the higher
the CO2 content. It is assumed that during the yearly general inspection of the plant, all air sealings in
the raw mill are checked and, if necessary, renewed. Hence, in the first months after the revision, the
low air leak mode applies, while during the latter half of the operational year, the medium air leak case
is reached as air sealings become degraded during operation. In a conservative approach, similar to
the work done in CEMCAP [20], in this paper, the medium air leak is regarded as the base case. Table 1
compares the flue gas conditions at the stack for the operational modes described in the literature [20].

Table 1. Gas parameters at the stack [20].

Air Leak in Raw Mill Medium Low

Air leak in raw mill, flow rate [kg/h] 139,806 69,903
Total flow rate [kg/h] 388,098 318,192

Temperature [◦C] 110 130

Gas composition, wet basis [mol%]

CO2 18 22
N2 63 60
O2 10 7

H2O 9 11

3.1. Energy Modeling

A process (Figure 1) for using MEA to capture CO2 from a cement plant is proposed, similar to
the study of IEAGHG [18]. The flue gas from the preheater enters an SCR in which NOx emissions are
reduced to an acceptable limit. After the raw mill, SO2 emissions are reduced to an acceptable limit in
the FGD unit. The flue gas is led to the chemical absorption plant, where CO2 is separated from the
flue gas, compressed, and utilized or stored. The CO2-free flue gas (contains ~2 mol% CO2) is emitted
to the atmosphere.
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cost index (CEPCI) obtained from the literature [42,43]. For converting USD to EUR, an exchange rate
of 1.11 USD/EUR2016 is used.

The annual costs for carbon capture are, therefore, calculated by the summation of OPEX and the
annual CAPEX depreciation: Annual CAPEX depreciation is calculated as the product of CAPEX and
annuity. CO2 capture costs, avoidance costs, and clinker costs are determined by the division of the
annual costs by the mass of CO2 captured mCO2,cap, avoided and clinker produced, respectively. The
equations are given in Table 3. The calculation boundary conditions and data for CAPEX and OPEX
can be found in Appendices C and D.

Table 3. Annual costs, CO2 avoidance, CO2 avoidance costs, clinker costs.

Symbol Equation

Total Annual Costs Kan,tot = KOPEX + ICAPEX ∗ a

CO2 Avoidance mCO2,av = mCO2,cap −mCO2,additional

Additional CO2 Emissions mCO2,additional = mCO2,steam + mCO2,el

CO2 Avoidance Costs kCO2,av =
Kan,tot

mCO2,av

CO2 Capture Costs kCO2,cap =
Kan,tot

mCO2,cap

Clinker Costs kclinker = kclinker,base +
Kan,tot

mclinker,an

It is important to distinguish the CO2 capture cost from the CO2 avoidance cost. The distinction
is caused by the difference between the amounts of CO2 captured and avoided. The amount of
CO2 captured refers to the absolute amount of CO2 captured by the capture system. The amount of
CO2 avoided, however, equals the amount of CO2 captured minus the additional CO2 (mCO2,additional)
generated because of using the capture system. Therefore, it is normally smaller than the amount of
CO2 captured. In this study, the additional emissions stem from emissions associated with the steam
production, mCO2,steam, and indirect CO2 emissions from electricity consumption, mCO2,el.

3.3. Analyzed Cases for CO2 Capture

Four cases are distinguished in the following (Table 4). In the base case as well as in case 2,
imported steam is used to meet the reboiler heat demand. Between both cases, the amount of false air
in the flue gas varies. Case 3 assesses the utilization of a coal boiler to generate steam onsite, while in
case 4, a coal CHP is used for this purpose. The case definitions and assumptions are summarized in
Table 4. What should be noted here is that, as discussed above, more frequent renewal of the sealings
would lead to less CO2 leakage. Nonetheless, this is not considered as a CO2 abatement strategy in the
present paper because this paper is focused on examining the feasibility of the MEA technology in
capturing CO2 from a cement plant. Therefore, any changes that would interfere with the original
operation of the cement plant is not in the scope of the research.

• Base case

In the base case, the cement plant is operated in a medium air leak interconnected mode (see
Table 1). The CO2 content in the flue gas is 18 mol%. It is assumed that the steam suitable for the
reboiler duty is imported from a nearby coal power plant at 8 EUR/t associated with CO2 emissions
at the steam generator of 152 kgCO2/MWhth (the steam emission data were interpolated from the
CEMCAP study for steam from a coal CHP at 131 ◦C). Electricity is bought from the grid at the given
costs and associated with 516 kgCO2/MWhel emissions.

• Case 2: Low Air Leak

In case 2, the cement plant is operated in low air leak interconnected mode. The CO2 content in
the flue gas of 22 mol% is 4 mol% higher than that in the base case. The same assumptions for the
steam and electricity import as for the base case apply.



Energies 2019, 12, 2432 8 of 25

• Case 3: Coal Boiler

In case 3, the cement plant is operated in medium air leak interconnected mode, as in the base
case. However, steam is not imported but produced onsite in a coal boiler. The CO2 from the coal
boiler is also captured in the CCUS plant. Electricity is imported under the same conditions as above.

• Case 4: Coal-fired CHP

In case 4, steam is supplied by a coal CHP and the electricity can be produced in parallel for
the carbon capture plant and cement plant. The cement plant’s flue gas is that of medium air leak
operation. The CO2 from the CHP is captured in the CCUS plant. The CHP provides electricity for
both the CCUS plant and cement plant. Providing electricity to the cement plant not only leads to cost
savings, but also avoids CO2 emissions associated with the cement plant’s electricity consumption.

Table 4. Definitions and parameters.

Parameter Base Case 2 Case 3 Case 4

Flue Gas Air Leak Medium Low Medium Medium
Electricity Source Import Import Import Generation in CHP

Steam Source Import Import Generation in Boiler Generation in CHP

4. Results and Analyses

4.1. Energetic and Economic Performance

A comparison of all cases in terms of their energetic performance is given in Table 5. The heat
demand in the base case is equal to 92 MWth. In case 2, with a 4 mol% higher CO2 content in the flue
gas and a smaller overall flue gas rate, the heat demand drops by 3 to 89 MWth. In cases 3 and 4, the
heat demand increases as a result of two reasons: (1) A lower CO2 content in the flue gas; and (2) a
60% and 95% higher total flue gas mass flow as the CO2 from the boiler and CHP are also captured,
respectively. Hence, in case 4, the flue gas from the CHP nearly equals the cement plant flue gas flow.

Table 5. Analysis of carbon capture for cement plants.

Parameter Unit Base Case 2 Case 3 Case 4

Heat Demand (Reboiler) MWth 92 89 150 181
Electricity Demand CCUS Plant MWel 11.9 11.5 19.8 23.7

Flue Gas Flow Cement kg/h 388,098 318,192 388,098 388,098
Flue Gas Flow Boiler/CHP kg/h / / 243,360 369,878

CO2 Content Boiler/CHP Flue Gas mol% / / 15.7 15.7
CO2 Content in the Flue Gas (Cement

+ Boiler/CHP)
mol% 18 22 17 17

CO2 Capture Rate % 90 90 90 90
CO2 Captured mCO2,cap kt/a 728 722 1137 1364

Specific Thermal Energy Requirement MJth/kgCO2 3.6 3.5 3.8 3.8
Specific Cooling Duty MJth/kgCO2 4.3 4.3 4.5 4.5

Specific Compression Work MJel/kgCO2 0.30 0.30 0.30 0.29
Specific Electricity Consumption MJel/kgCO2 0.41 0.41 0.44 0.44

The specific thermal energy requirement reflects this. While from the base case to case 2, the
thermal energy demand per captured ton of CO2 decreases, it increases in case 3 and case 4. A similar
tendency fits for the cooling duty. Total work consumption and compression work stay approximately
constant across all cases.

The purchased equipment costs (PEC) are depicted in Figure 2. In the base case, the absorber
costs are the major cost factor, followed by the compressor costs, heat exchangers, and pre-scrubber
costs. The base case PEC totals 23.8 MEUR.

In case 2, with a smaller flow gas rate, the single equipment costs are reduced, while in cases 3 and
4 the equipment costs rise due to the larger flue gas flow. It is striking that the absorber costs remain
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must be understood as the upper limit. In addition, the option of retrofitting would need to be taken
up in a follow-up analysis.
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Nomenclature

Symbol SI-Unit Name

a Annuity
cp J/K Specific heat
CO2R % Overall CO2 reduction rate
I EUR Investment costs
k EUR/unit Specific costs per unit
K EUR/a Annual costs
.

m kg/s Mass Flow
Symbol Name

an Annual
BAT Best available technology
BECCS Bioenergy with carbon capture and storage
CaL Calcium looping
CAPEX Capital expenditure
CCUS Carbon capture, utilization and storage
CEMCAP CO2 capture from cement production
CEPCI Chemical engineering plant cost index
CHP Combined heat and power
CO2,av CO2 avoided
CO2,cap CO2 captured
el Electric
FGD Flue gas desulphurization
GHG Greenhouse gas
IEA International energy agency
MDEA Methyldiethanolamin
MEA Monoethanolamin
NG Natural gas
NGCC Natural gas combined cycle
OPEX Operational expenditure
PCC Post combustion capture
PEC Purchased equipment costs
RLHX Rich lean heat exchangers
SCR Selective catalytic reduction
USD US dollar
VDZ Verein Deutscher Zementwerke
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Appendix C. CAPEX Data

Table A3. CAPEX calculation and cost factors from the literature [40].

Factor Used percentage

Percentage of PEC

Direct cost
Inside Battery Limits (ISBL)

Purchased Equipment Cost (PEC) 100
Purchased Equipment Installation 53

Instrumentation and Control 20
Piping 40

Electrical 11
Outside Battery Limits (OSBL)

Building and Building Services 10
Yard Improvements 10

Service Facilities 20
Land 5

Flue Gas Treatment

FGD Unit scaled and adopted from [18]
SCR Unit scaled and adopted from [18]

Indirect cost
Engineering 10

Construction Expenses 10
Contractor’s Fee 0.5

Contingency 17
CHP/Steam Source Costs (CHPC) scaled and adopted from [18]

Fixed Capital Investment (FCI) = Indirect cost + Direct cost + CHPC
Percentage of FCI

Fixed Capital Investment (FCI) 100
Working Investment (WI) 25

Percentage of CAPEX

Start-up Cost and Initial MEA Cost (SUC) 10
CAPEX = FCI +WI + SUC

Table A4. Parameters for different types of equipment according to Smith [41].

Equipment
Capacity

Measure [Unit]
Base Size QB

Base Costs CB

[EUR2016]
Size Range Exponent M

Shall-and-Tube Heat
Exchanger

Area [m2] 80 4.06 × 104 80–4000 0.68

Compressor, incl. motor Power [kW] 250 1.22 × 104 250–10,000 0.46
(Large) Centrifugal Pump,

incl. motor
Power [kW] 4 1.22 × 103 4–700 0.55

Table A5. Parameters for equipment according to Turton [52].

Equipment
Capacity

Measure [Unit]
K1 K2 K3 Size Range

Process vessel (vertical) Volume [m3] 3.4974 0.4485 0.1074 0.3–520
Packing (for towers) Volume [m3] 2.4493 0.9744 0.0055 0.03–628

Table A6. Parameters description FGD [18].

Parameter Value

Flue gas stream, wet [kg/s] 162.5
Electricity demand [kW] 1790

Limestone consumption [t/a] 12,830
Capital costs [MEUR2016] 21.2
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Table A7. Parameters description SCR [18].

Parameter Value

Flue gas stream, wet [kg/s] 65.5
Electricity demand [kW] 300

Limestone consumption [t/a] 1855
Capital costs [MEUR2016] 4.3

Appendix D. OPEX Data

Table A8. OPEX calculation and cost factors from the literature [40].

Factor Calculation Method

Fixed Charge
Local taxes 2% of FCI
Insurance 1% of FCI

Direct Production Cost
Resource Consumption

Cooling Water
Cooling water make up [m3/GJ] × Cooling Duty [GJ]

× Cooling water costs
Coal Fuel Costs [EUR/t] × Consumption

Steam Steam costs [EUR/t] × Consumption
Electricity Electricity costs [EUR/MWh] × Consumption

MEA Make Up MEA cost x MEA degradation
Limestone adopted from [18]
Ammonia adopted from [18]

SCR Catalyst adopted from [18]
Activated Carbon Activated Carbon Cost × Consumption

Maintenance, Labor, Supplies, Laboratory

Maintenance (MA) 4% of FCI
Operating Labor (OL) No. of Shifts × Labor Cost [EUR/h]

Supervision and Support Labor (SL) 30% of OL
Operating Supplies 15% of MA
Laboratory Charges 10% of OL

Plant Overhead Cost

Plant Overhead Cost 60% of (MA + OL + SL)
General Expenses

Administrative Cost 15% of OL
Distribution and Marketing 0.5% of OPEX

R&D Cost 5% of OPEX
OPEX = General Expenses + Plant Overhead Cost + Direct Production Cost + Fixed Charge

Appendix E. CAPEX Results

Table A9 and Figure A3 summarize several of the smaller cost factors to provide greater clarity.
Next to the PEC, large cost factors are the working investment and start-up costs, followed by ISBL
and flue gas treatment, OSBL, and indirect costs.

In cases 2 and 3, the ratios between the single cost factors remain approximately constant in
comparison to the base case, as the CAPEX is a function of the PEC only.

While in case 3, the capital costs for the coal boiler are neglected, the capital costs for the CHP are
included in case 4. Hence, case 4 CAPEX is significantly higher than all other cases due to the 70.1
MEUR costs for the CHP plant.
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