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Abstract: The cement industry is recognized as an energy-intensive industry, and as a consequence
of this, it is one of the industries that generate large amounts of CO2 into the environment. The global
fight against climate change requires rethinking processes in such industries. The use of fossil fuels
as a primary energy source and the cement production process make it one of the industries with the
largest CO:2 footprint. In this case, a sustainable solution, at least in the medium term, is to integrate
the P2M-CC (Power - to - methane with carbon capture) concept, which involves replacing natural
gas with synthetic methane obtained by methanization of green hydrogen and carbon dioxide
captured from the industrial process. The paper analyzed three modernization scenarios of a cement
plant with an annual production of 1,200,000 tons defined on the basis of techno-economic
assumptions. It was observed that by integrating the P2M-CC concept in the initial process, the CO:
emission factor decreased from 789 (baseline scenario) to about 85 kg/ton of cement (proposed
scenarios). From an economic point of view, the initial investment costs were significantly higher in
the proposed scenarios than in the reference case due to the expansion of the plant by including
electrolysis, methane, CO: capture, and wind farm energy production. The costs were thus 5 to 13
times (€ 2.9 billion) higher than in the baseline scenario according to the assumptions underlying each
scenario. In terms of operation and maintenance costs, the variation was totally different depending
on the scenario analyzed, ranging from less than half of the costs of the baseline scenario to 2.4 times
(€ 2.8 billion) higher. This variation depended to a large extent on the CO: tax and the excess
electricity used in the clinker process. The discounted cost per tonne of cement, LCOC, varied
significantly for the 3 proposed scenarios, with the minimum value (about 58% lower than in the
reference case) being obtained for the ideal scenario where the excess electricity covers the entire
electricity needs of the cement plant processes. Despite the much higher initial investment and
operating costs, the payback period was slightly longer than in the baseline case (5 vs. 3 years) due
to the significantly higher net fees paid in the baseline scenario. In conclusion, the technical and
economic improvement of the performance of the cement industry is dependent on the EU-wide
regulation of CO:2 taxes but also on the careful management of electricity generated by renewable
energy sources.

Keywords: decarbonized fossil-based energy-intensive industries; power to methane with carbon
capture (P2M-CC); electrolyzer for H>; wind power plant; techno-economic and environmental
assessments

1. Introduction

The worldwide evolution of cement production/consumption emphasizes the role that the
cement industry plays in increasing greenhouse gas emissions, in particular CO2, and thus on global
change. The growth in global cement production has been significant over the last 25 years, from
about 1.6 billion tons in 2000 to 2.55 billion tons in 2006 and about 4.5 billion tons in 2024 [1-4].
Moreover, production is expected to continue to increase by up to 23% by 2050 [5]. On the other hand,
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the large carbon footprint of the cement production process makes the cement industry a 7%
contributor to the total CO:z emissions generated worldwide [6]. Considering that the cement industry
generates about 2.1 billion tons of CO: annually, it is important to know the contribution of the
various processes in the industry to the production of this pollutant. Therefore, half of the CO:
emissions are generated in the calcination process [7], 40% of the emissions are generated in the fossil
fuel combustion process (mostly natural gas) [8], and the remaining 10% are generated in the
transportation and electricity generation process consumed in the industrial process.

Considering all these aspects, it can be stated that the cement industry contributes significantly
to the generation of CO: emissions, reflecting the energy-intensive nature of the entire cement
production process. In order to highlight the role of the cement industry in the generation of CO:
emissions, Figure 1 shows a comparison of the CO: emissions generated by different industrial
sectors, excluding the energy sector, in 2022 (total CO2 emissions of 11 billion tons).

Cement
Others 19%

24%

Pulp and Paper

0,
7% Iron and Steel

24%

Refineries
12%

Chemical
14%

Figure 1. CO:z emissions by different industrial sources in 2022.

The above graph shows that the cement industry, together with the steel industry, is one of the
largest CO2 generators globally. The other sectors shown in the graph (e.g., the pulp and paper
industry), although playing a smaller role, are important contributors to these emissions. Other
sectors include the glass industry, the aluminum industry, the textile industry, etc.

Carbon capture, transport and storage (CCS) technologies represent one of the most effective
solutions to achieve decarbonization targets in the cement industry [9-10]. Essentially, these
technologies capture carbon dioxide from the industrial environment and store it underground with
the potential to reduce emissions by about 90%. In contrast to its high potential, CCS technologies
present high technical and economic challenges (e.g. high investment costs, high energy
consumption, etc.) which make their large-scale deployment difficult. However, their feasibility is
already proven in pilot projects developed in Europe or North America [11].

The use in the cement industry of alternative fuels from biomass or organic waste as well as the
use of hydrogen instead of fossil fuels can lead to significant reductions in CO:z emissions [12].
Although the use of biomass can reduce emissions by up to 30%, the sustainability and availability
of these resources are the main concerns of researchers [13]. On the other hand, the energy efficiency
of cement industry technologies has increased significantly, reaching today values of about 90% for
the efficiency of industrial kilns, and reducing specific energy consumption by about 30% by
implementing waste heat recovery systems [14]. In terms of the actual cement production process,
new technologies such as precalcining have been developed, which has led to increased process
efficiency. In addition, the reduction of the clinker/cement ratio due to the use of secondary materials
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(e.g. fly ash from coal-fired power plants) has reduced CO: emissions by about 30% [15]. However,
the limited amount of substitutes makes these proposed solutions not sustainable.

Consequently, the solution on the integration of emerging P2G (Power-to-Gas) technologies, and
in particular P2M-CC technology within the cement industry represents an innovative solution by
utilizing surplus renewable energy to produce synthetic methane obtained as a result of the reaction
between CO: captured from the industrial process and hydrogen obtained by water electrolysis [16-
17]. Being a closed-loop process, the integration of the P2M-CC concept in cement plants leads to a
drastic reduction of CO:2 emissions, with only a small fraction (10-12% of the initial CO2 emissions)
being generated in the environment. Although the concept has been technically proven, the
integration of this concept and large-scale implementation is challenging due to high investment
costs and local infrastructure development requirements.

Regardless of the solution, efforts to decarbonize the cement industry require significant costs.
The integration of CO2 capture technologies alone increases cement production costs by 50-100%
depending on the technology chosen. In addition, following the integration of CO: capture
technologies, the specific energy consumption of the process increases up to values of 3,400 MJ/ton
of clinker [18].

Summarizing the information presented, it can be said that decarbonization of the cement
industry faces major challenges due to the energy intensive nature of the process and the inherent
CO: emissions generated by the calcination process. The simultaneous application of several
measures, such as the integration of CCS technologies, the use of alternative fuels, increased energy
efficiency, and the use of innovative technologies such as P2G, can lead to a significant reduction in
the carbon footprint of the cement industry. The development and integration of these technologies
in the cement industry require overcoming several barriers, such as economic, technical, or
legislative.

The main objective of this article is the technical analysis of the P2M-CC technology in order to
assess its integration in the cement industry economically. The following technical issues deserve to
be addressed to achieve the main objective:

- Assessment of the current CO2 emissions by identifying the main generating sources;

- Investigation of the benefits of integrating P2M-CC technologies into the cement manufacturing
process. This will examine how the CO:z emissions will be captured and subsequently utilized in the
methanation reactor together with hydrogen to produce synthetic methane. The electricity
requirement generated from harnessing wind energy to produce green hydrogen in the electrolyzer;

- Techno-economic assessment of the integration of P2M-CC technologies in the cement plant. This
will assess the investment costs, operation and maintenance costs and energy flows for each P2M-CC
technology;

- Evaluation of the carbon footprint of the cement plant modernized by the implementation of P2M-
CC technologies as well as the associated decarbonization costs;

By addressing these issues, we aim to contribute by proposing solutions to the current efforts to
reduce CO:z emissions in the cement industry, and by promoting innovative technologies based on
the use of renewable energy sources. The P2M-CC concept presented in the paper utilizes the carbon
dioxide captured in the synthetic methane production process, eliminating both the need for storage
and the use of fossil fuels, and contributing to the circular carbon economy.

The integration of CO: capture technology into cement production technology is particularly
attractive as it aims to create a primary energy production system to replace the natural gas used.
Synthetic methane is a known fuel that is compatible with the existing infrastructure in the cement
industry and does not require additional investment for its use.


https://doi.org/10.20944/preprints202501.1151.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 January 2025 d0i:10.20944/preprints202501.1151.v1

4 of 31

2. Integration of Renewable Energy and Carbon Capture Technologies in
Cement Industry Decarbonization

The cement manufacturing process includes several stages including the stage of extraction and
processing of raw materials (limestone, clay), which generate indirect CO2 emissions due to the use
of various specific equipment, and the stage of grinding these materials to obtain a powder known
as coarse meal using electricity from the national energy system, the amount of CO2 being dependent
on the energy mix of the primary resources used to produce the electricity consumed.

However, the main step in the cement production process is the thermal decomposition of
limestone at 1450 C in the industrial kiln. Natural gas is used to produce heat at this thermal level,
which, in the process of combustion generates additional CO2 emissions in addition to the CO:
emissions resulting from the thermal decomposition of limestone. Also, the grinding of the clinker
and subsequent mixing with gypsum requires a cosnum of electricity, which adds CO2 emissions.

As can be seen a large amount of CO2 is generated in the cement manufacturing process.
However, in this paper only directly generated emissions are discussed, which account for about 65%
of the total emissions generated in the cement production process [7]. Thus, the aim is to capture the
carbon dioxide resulting from the combustion of fossil fuel respectively from the thermal
decomposition of limestone in order to reduce the environmental impact but also to feed the COz2 to
the CO2 methanation reactor.

2.1. Electricity Generation in Wind Power Plant

Wind turbines convert wind energy into electricity, which is essential for powering the
electrolyzer, the methanation reactor, and all electrical equipment in the cement plant.

Establishing a location defined by sufficient wind potential is essential in order to supply the
electricity needs of the cement plant. The wind speed is an important parameter in the choice of the
location as it has to be within certain limits depending on the wind turbine used, usually between 3-
4 m/s, the lower limit, and 25 m/s, the upper limit. It is important to know the wind potential of the
chosen area throughout the year in order to be able to cover the load curve of the cement plant.
Meeting this requirement will lead to increased reliability and sustainability of the whole system.

The main consumers of electricity in the modernized cement plant are the electrolysis process
(60-70%) and the CO: capture process (15-20%). Taking into account the electrolyser efficiency of
about 70%, the specific energy consumption required for hydrogen production is about 50 kWh/kg
H: [19]. The electricity required in the COz capture process to compress CO:2 to the pressure required
by the methanation reactor is 0.5 MWh/ton CO..

Sizing the wind power plant for efficient conversion of wind energy into electricity involves the
use of fundamental equations describing the relationship between wind parameters and turbine
characteristics [20]. The energy harnessed by the wind turbine is initially determined by the available
wind power, which depends on the wind speed, air density and turbine rotor disk area. Thus, the

equation can be written as:

1073 3
Pwind=T'p'A'v (1)

where:

P,ina —wind power, in kW; p — air density, in kg/m3; A - is the area of the rotor disk, in m?
and v - is the wind speed, in m/s.

The power coefficient, C,is a measure of how efficiently the wind turbine converts wind energy
into mechanical energy. Equation 2 shows the relationship for determining the electrical power

generated by the turbine.
-3
Peury === p+ A1 Cy(4, B) 2

where: C,(4,p) -is the power coefficient, which depends on the specific rotor speed, 1 (the ratio of
the blade tip linear velocity to the wind speed), and the blade pitch angle, f5.
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Betz's law limits the maximum theoretical efficiency of a wind turbine to 60%, also known as the
,Betz limit”, [10]. The law describes the maximum efficiency with which wind energy can be

converted into mechanical energy (Equation 3).

0.6-1073
Prax =2 p- A~V 3)

2.2. Process Description of the Alkaline Electrolyzer

The electrolysis of water in an alkaline electrolyzer is a process by which water (H20) is broken
down into oxygen (Oz) and hydrogen (H:) using electrical energy. The process is carried out in an
alkaline environment in the presence of either potassium hydroxide (KOH) or sodium hydroxide
(NaOH) solution as the electrolyte.

An alkaline electrolyzer uses a solution of potassium hydroxide (KOH) or sodium hydroxide
(NaOH) as an electrolyte to increase water's electrical conductivity. It comprises two electrodes, an
anode, and a cathode, separated by a membrane that allows ions to pass through but prevents the
gases produced from mixing. The chemical equations underlying the oxidation and reduction
processes are described below using equations 4-5 [21].

Anode reaction (oxidation):

2H,0() - 0,(g) + 4H" (aq) + 4e~ 4)
Cathode reaction (reduction):
4H*(aq) + 4e~ > 2H,(g) (5)

The overall process reaction (equation 6) illustrates the electrolysis process's production of
hydrogen and oxygen from water.

2H,0(1) - 2Hy(g) + 0,(9) (6)

The energy consumption required by the alkaline electrolysis process depends on its energy
efficiency and the applied voltage. The applied voltage per cell required to initiate electrolysis varies
between 1.8 and 2.6 V. The equation below (7) can be used to determine energy consumption.

E=n-F-V (7)
where: n is the number of moles of electrons transferred; F is Faraday's constant (96,485 C/mol); V
is the applied voltage per cell.

2.3. Process Description of the Methanation Reactor

The production of synthetic methane is based on the chemical reaction of CO2 with Hz in the
methanation reactor, thus valorizing COz captured from the industrial process. Technologies to store
energy in Ho or synthetic methane are essential in the energy transition to clean energy sources. The
choice of the catalyst in the methanation reactor depends on its operating parameters. Thus, nickel
(Ni)-based catalysts are among the most widely used due to their low cost and high conversion
efficiency [22]. On the other hand, Ni-based catalysts degrade due to carbon deposition affecting their
long-term stability and efficiency. There is also the possibility of improving the performance and
stability of Ni-based catalysts by combining them with different promoters (e.g. alkaline earth metals,
noble metals or phosphorus that improve thermal stability or catalytic activity by reducing carbon
deposition and reducing side reactions that may occur during the process) [23]. The use of transition
metals (e.g. CeOz) improve catalyst activity and stability, facilitating Ni dispersion and favoring the
formation of active sites for the methanation reaction [24-25].

Catalysts based on noble metals, such as ruthenium (Ru) and rhodium (Rh), exhibit higher
catalytic activity and stability than Ni-based catalysts. The disadvantage of these catalysts is the high
acquisition cost, which limits their applicability on an industrial scale [23].

Currently, MOF-derived catalysts are being studied due to the advantage of improving the
dispersion of Ni particles and favoring the formation of active zones for the interaction between CO2
and H: [25]. High specific surface area support materials (e.g. CeO2 ZrO:2) can contribute to the
catalyst stability and performance by facilitating CO: reduction (activates CO2 molecules making
them more reactive) and Hz dissociation.
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The methanation process parameters (operating pressures up to 80 bar and operating
temperature of 450 °C) influence the methane selectivity and CO2 conversion rate, which reach values
of 100% and 85%, respectively.

For the reactor design, the amount of catalyst used should be taken into account to ensure
complete conversion of reactants as well as the volume of the catalyst bed to avoid incomplete
reactions or, on the contrary, the occurrence of increased investment costs [26].

The realization of mass and energy balances allows to determine the energy consumption for
the amount of methane required by the cement plant. In order to supply the required amount of
methane, the optimization of the methanation reactor involves the adjustment of pressure and
temperature parameters, the choice of the appropriate catalyst as well as the adjustment of the molar
ratio of the reactants.

Below are the main chemical reactions (CO: hydrogenation, reverse gas-water gas reaction -
RWGSR, and carbon monoxide hydrogenation), and the heat generated/absorbed by each reaction.
Equation 8 is the sum of reactions 9 and 10.

€O, + 4H, & CH, + 2H,0, AH = —164 kJ/mol (8)
€O, + H, & CO + H,0, AH = +41 kJ /mol 9)
CO +3H, & CH, + H,0,  AH = —206 kJ /mol (10)

Temperature and pressure have a significant influence on the equilibrium constant K and hence
on the degree of conversion of reactants to products. Nickel, used as a catalyst, helps to lower the
activation energy, allowing the reaction to take place efficiently at low temperatures. Thus, for an
optimal temperature value, the catalyst activates H2 and CO:z molecules, facilitating the formation of
CHa and H2O with high efficiency. The reaction rate expressions and reaction constants are described
below using Equations 11-14 [27-28].

-2
)
r=lepgs pls, (1 gt ). (1 + Kon * 22 + Kugy DS + K pS'é;) an

B pCOZ'p?{Z'Keq pH;
E 1 1
k = koyer - €xp (f- <Tef - ;)) (12)
AHy 1 1
Ki = Ay rer - exp (T ' (E - ;)) (13)
Keq = 13710710 - 7399 exp (157) (19)

Table 1 shows the values of the main parameters used in the present study necessary for the
reactor sizing. Thus, details of the catalyst used, reactant fluxes (amount of CO2 and H2), and
methanation process parameters (pressure, temperature, molar ratio) are presented. The methanation
reactor was modeled using CHEMCAD 8 - chemical process simulation software. The type of reactor
used was PFR (Plug flow reactor), in which the composition and temperature vary along the reactor
length. The equilibrium constants were calculated using Van't Hoff relations. The thermodynamic
model used to describe the behavior of the substances is based on Peng Robinson's equation of state
thus determining the molar volume, vaporization pressures, and liquid and vapor phase
compositions [29-30].

Table 1. Primary data for methanation reactor.

Category Parameter Description Example/Values
1 for chemical
Cxtalbss (e Catalyst type use:d or chemica Ni/ALOS
reaction
Catalyst amount Amount of catalyst used in the 4650 kg

reactor

Catalyst Resid i ¢ tants 1
esidence time of reactants in
Time residence . 0,5-2 seconds/0,72 seconds
contact with the catalyst

Catalyst Method and frequency of Oxidation, H2 reduction, at 100-
regeneration catalyst regeneration 300 hours
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Amount of CO2 passing

fl
€O flow rate through the reactor

~ 445 000 L/min

A t of Ha passing through
H: flow rate mount of Tz passing throug ~1780 000 L/ min

the reactor

Gas fl
as fow Molar ratio of Ratio between the amount of H 31— 41/ (41)
H2/CO2 and CO: in the inlet gas - '
Inert gases Amour}t of inert gases (N2, Ar) It is not considered in this study
in the gas stream
Reaction Temperature at which the
methanation reaction takes 250 — 450 °C
temperature
place
Reaction . Pressure under which the
o\ Reaction pressure . 1-10 bar
conditions reaction takes place
GHSV (Gas Ratio of gas volume to catalyst
hourly space 8 Yt 4000 -10 000 hr1 /5 000 hr
. volume
velocity)

2.4. CO2 Capture by Chemical Absorption Technology

The process of capturing carbon dioxide (COz) by chemical absorption from the flue gas of a
cement factory is an effective and widespread method of reducing greenhouse gas emissions. The
process of chemical absorption involves the transfer of a soluble gas, in this case CO2, from the
gaseous phase into a liquid solution, where it chemically reacts with a soluble absorbent (MEA, DEA
or MDEA). The typical process of capturing CO: from flue gas by chemical absorption includes the
following steps (see Figure 2):

- The flue gas is first cooled and filtered to remove particulates and impurities, such as sulfur and
nitrogen oxides, which can interfere with the absorption process, resulting in a reduction in the
absorption capacity of the solvent;

- The pre-treated flue gas is then introduced into the absorption column at the bottom, where it is
brought into contact with an absorbing solvent, usually an amine solution, such as
monoethanolamine (MEA), diethanolamine (DEA) or methyl diethanolamine (MDEA),
introduced at the top of the absorption column. The active zone of the absorption column may
consist of a filler, through which the flue gas flows in countercurrent with the solvent, thus
maximizing the contact area between the two phases;

- The rich loading solvent is pumped into the regeneration column after preheating in the heat
exchanger to reduce the steam input required for regeneration;

- d) the lean loading solvent is recirculated to the bottom of the regeneration column to recover
as much CO:2 as possible. Solvent regeneration is achieved by using the steam produced from
the flue gas heat recovery from the industrial process. Given the required parameters, additional
heat is produced using synthetic methane to ensure a minimum pressure of 5 bar and a
temperature of approximately 125 °C necessary for solvent regeneration in the regeneration
column;

- Cooling of the lean loading solvent shall be carried out in two stages to ensure the appropriate
temperature in the absorption column of approximately 45 °C ;

- f) The separated CO: in the regeneration column is purified and compressed for transportation
and storage; the compression being carried out at 70 bar.
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Figure 2. Flow diagram of the CO2 chemical absorption process.

Two different types of amines, monoethanolamine (MEA) and diethanolamine (DEA), have been
used in the CO2 capture process to react with COz to form soluble carbamates or bicarbonates. Each
amine has its specific chemical characteristics and reactions.

2.4.1. Monoethanolamine Solvent

MEA is a commonly used primary amine for CO: capture due to its high reactivity and
regeneration capacity. In this process, CO: reacts with MEA to form MEA-carbamate and water.
During regeneration, the MEA-carbamate is broken down into COz and MEA, allowing the MEA to
recirculate. The chemical reactions underlying carbamate formation are [31-32]:

€O, + RNH, & RNHSC00~ (15)
RNH3CO0~ + RNH, & RNHCOO~ + RNHf (16)
CO, + RNH, --B & RNHCOO™ ---BH* (17)
€O, + RNH, <& RNHCOOH (18)
RNHCOOH + RNH, < RNHCOO~ + RNH} (19)

2.4.2. Diethanolamine Solvent

DEA is a secondary amine that, similar to MEA, reacts with CO:z to form a stable compound
(DEA-carbamate) and water [33]. DEA offers a similar capture efficiency to MEA, but with thermal
stability and foam formation advantages. The following chemical reactions describe the absorption

process of CO2 with DEA.

CO, + R,NH < R,NH; C00~ (20)
R,NH3C00™ + R,NH & R,NCOO™ + R,NH} (21)
CO, + R,NH--B & R,NCOO™---BH* (22)
CO, + R,NH & R,NCOOH (23)
R,NCOOH + R,NH < R,NCOO™ + R,NH; (24)

2.4.3. Technical Consequences of Solvent Regeneration

Solvent regeneration is mandatory to maintain the required efficiency of the CO:z capture system
but also to prolong the lifetime of the solvent by avoiding premature solvent degradation and the
need for frequent replacement with fresh solvent. The correct functioning of the regeneration process
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minimizes both the operational costs (solvent purchase) and the energy used (synthetic methane
consumption).

The solvent regeneration process is energy intensive because it requires a significant amount of
heat at a thermal level of about 125 °C (valid for primary amines - MEA) to break the chemical bonds
between CO: and the solvent. The heat required comes either from the steam produced using the
waste heat recovered from the flue gas or directly by using synthetic methane. Therefore, it is
important to know the amount of heat needed for the solvent regeneration process to determine the
amount of synthetic methane needed in addition to the amount of methane needed by the cement
factory furnace.

Energy balance on cement plant processes is essential to reduce the consumption of synthetic
methane and consequently to reduce the investment costs in the electrolyzer, methanation reactor or
wind farm. Increasing the flue gas heat recovery factor leads to a reduction in the amount of synthetic
methane used and thus increases the feasibility of the whole process. Keeping the process
temperature at about 125 °C is important in order not to degrade the chemical solvent and thus not
to increase the operational costs. Therefore, pre-treating the flue gas and maintaining a constant
temperature in the regeneration process as well as the use of additives such as piperazine will allow
to prolong the lifetime of the chemical solvent and thus reduce the related operational costs. Table 2
shows the different degradation mechanisms of chemical solvents as well as the amounts of solvent
lost in the process.

Table 2. Impact of degradation mitigation methods on chemical solvent use [34 - 36].

. Solvent loss (kg
Mechanism of . Solvent loss (kg
degradation Main products Improvement method MEA/ton CO: MEA/ton CO: captured)?
captured)?

OxidatiYe Volatile amines, HEF, Addition of piPerazme to 06 03 0,5 [34]
degradation HEI, HEPO solvent mixture

Thermal HEEDA, Temperature control in

7 4 -

degradation oxazolidinones (OZD) reboiler 0 04-06[35]

Cataly’a’c HEL HEINO Removal of metal ions (Fe, 04 02-0,3 [34]
degradation Cu) from solvent

Degradation caused  Stable compounds,  Flue gas pre-treatment for 0.9 0,5 0,7 [36]

by impurities

thermal salts

removal of SOx, NOx

Tbefore applying the improvement method; 2 after applying the improvement method.

Table 2 also highlights the effectiveness of different methods in reducing chemical solvent
degradation (MEA) by adding additives, controlling the temperature of the regeneration process,
removing heavy metals from the solvent or pretreating the flue gas. Each method has advantages and
disadvantages but the application of one or the other depends on the degradation mechanism
predominant in the process.

Although each method has the potential to reduce solvent losses, the maximum efficiency can
be achieved by a strategic combination of several methods tailored to the specifics of each installation.
The higher initial investment to implement the methods can be offset by the long-term savings and
improved performance of the CO2 capture process.

The energy required for regenerating the solvent is determined from the energy balance on the
regeneration column, considering the energy introduced as steam, the heat of regeneration, and the
heat required to desorb CO: from the solvent. The relationship can express the energy balance for the
stripping column.

Qreg = Moty * Cpsotw * AT + Moy * Acor (25)
where: Qreg 18 the total heat required for regeneration (kJ/s or kW); my,, is the solvent mass flow
rate (kg/s); Cpqon is the specific heat capacity of the solvent (kJ/kg C); AT is the temperature

difference between COz-lean and COz-rich solvent temperature (K); mgy, is the mass flow rate of
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CO: released from the solvent in the gas phase (kg/s); A¢p, is the latent heat of desorption of CO: or
the energy required to break the chemical bonds between CO: and solvent (kJ/kg).

The energy required for solvent regeneration is determined using the energy balance equation,
considering the heat of regeneration, steam input, and latent heat of desorption. For instance,
depending on process parameters, a cement plant capturing one ton of CO:2 requires approximately
2,773 GJ of heat for solvent regeneration [37]. By improving solvent regeneration efficiency and
stability, cement plants can significantly lower the levelized cost of cement, making the integration
of P2M-CC technology more viable.

2.5. Economic Implications of P2M-CC Technology

Equation 26, based on the scaling method using the specific baseline cost (Cj,) of a reference
capacity (Qr), as well as the exponent (e), was used to calculate the investments required to
implement the P2M-CC sub-systems, including the wind power plant, the electrolyzer, the
methanation reactor, and the CO: capture technology [38].

e
Q
Cequipment = Cp (Q_) (26)

where: C,qupmene — re€presents the updated cost of the equipment; @ - the current capacity of the
equipment.

Table 3 details the investment costs for the main equipment used in the cement plant
modernized with the P2M-CC concept, also presenting the scaling parameters taken into account, the
base costs, the base capacities, and the scaling exponents needed to determine the costs of each
equipment using Equation 26.

Table 3. Capital cost for P2M-CC technology.

Equipment Scaling parameter Ba(sl\e/[g)st Base capacity exs;:lle::tg © References
Wind turbine Power (MW) 1.5 3 MW 0.7 [39]
Electrolyzer Power (MW) 0.8 5 MW 0.6 [40]
Methanation reactor Power (MW) 1.2 5 MW 0.7 [41]
Absorption column Solvent flow rate (m%h) 0.015 1,000 (m3/h) 0.7 [42]
Desorption column Solvent flow rate (m3h) 0.02 1,000 (m?3/h) 0.7 [42]
Heat exchanger Heat exchange area (m?) 0.01 1,000 (m?) 0.8 [43]
Pump Power (kW) 0.005 100 kW 0.6 [43]
Compressor Power (kW) 0.01 200 kW 0.75 [43]

The operation and maintenance costs for the cement plant modernized with the P2M-CC concept
include the expenses necessary to operate each subsystem (wind farm, electrolyzer, methanation
reactor, clinker kiln, and CO2 capture technology). Expenses include the purchase of solvents, fuels,
additives, alkaline solutions, catalysts but also equipment maintenance, staff salaries, etc.). All OPEX
expenses are shown in Table 4.

Table 4. Operation and maintenance cost for P2M-CC technology.

Equipment OPEX Specific cost Details References
I ion. lubricati
Wind turbine Turbine maintenance costs 0.01 €/kWh nspectl(?n, ubrication, [44]
maintenance

Purchase of electricity 0.1 €/kWh Operation of auxiliary equipment [45]
Infrastructu int
CI;SI;:S ructure matntenance 4 €/kW Maintenance of electricity networks [39]
Cost of alkaline solution (e.g. Purchase and replenishment of

Electrolyzer KOH) 15€/kg alkaline solution (401

Di 1 f

Alkaline waste treatment costs 0.5 €/kg isposal and treatment of waste [46]

solutions
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Maintenance of electrolysis Replacement of worn components,

11 €/kW 4

cells € inspections and repairs (401

Methanation reactor Maintenance costs 34.5 €/kW Inspection and repair [41]
Fueling the reactor and cement
Purchase of methane gas 0.3 €/m3 plant and providing the necessary [47]
heat
hemical Purch lenish £
C02c e.mlca Cost of chemical solvents 2.5 €/kg urchase and replenishment o [48]
absorption MEA solvent
Di 1 of used solvents and wast
Chemical waste disposal costs 0.8 €/kg 15posal ob used solvents and waste [46]
treatment
Mai.ntenance costs of capture 6.6 €/ton CO Inspection, ljepair, and general (48]
equipment maintenance
laries f 1 ti
General costs Operating staff salaries 50 k€/year/employer Salaries for er,nP oyees operating [49]
and supervising sub-systems
Maintenance staff salaries 45 k€/year/employer  Salaries for maintenance teams [50]
ing staff traini d
Training costs 1,000 €/year/employer Ongoing staf training an [50]

development programs

The levelised cost of cement (LCOC) produced in the modernized cement plant (with P2M-CC
technology) and in the reference cement plant (without P2M-CC technology) is the ratio of the total
discounted expenditure (CTA) to the annual quantity of cement produced (TQC) (equation 27).

LCOC( € )_CTA

ton cement) TQ_C (27)
The total discounted expenditure (CTA) is determined as the sum of the total capital expenditure
(CAPEX) divided by the equipment's annual lifespan and the total operation and maintenance

expenditure (OPEX), presented in equation 28.
CTA = (7o) + OPEX (28)

lifespan

Equations 29 and 30 determine the total capital O&M expenditure for each piece of equipment i
(see Tables 10 and 11), where m is the number of technologies used in the P2M-CC technology.

CAPEX = Z:Z1 Cequipmenti (29)

OPEX = ¥, OPEX, (30)

Net Present Value (NPV) is an economic metric to evaluate an investment's profitability
(equation 31). It is calculated by summing the present values of incoming and outgoing cash flows
over a specific period (the lifespan is 25 years). The cash flows are discounted using a particular rate,
often the cost of capital or a required rate of return.

NPV = 5o i (31)
where: C, —represents cash flow at the time, ¢;  — is the discount rate; t — is the period and n — is the

lifespan.

A positive NPV indicates that the projected earnings (discounted back to the present value)
exceed the anticipated costs, making the investment potentially profitable. Conversely, a negative
NPV suggests that the costs outweigh the benefits, indicating a less favorable investment.

The payback period (PP) is an economic term that refers to the time required for an investment
to recover its initial cost from the net cash inflows it generates. It is a straightforward measure of
investment risk. The shorter the payback period, the less time the investment is at risk. The payback
period is calculated by summing the cash inflows until they equal the initial investment (equation
32).

Initial investment

PP =

= 32
Annual cash inflow ( )

The initial investment represents the total amount needed to cover all expenses including the
purchase of equipment, land, buildings and other expenses necessary to launch the project. Payback
period indicates in how many years the initial investment can be amortized considering the cash
flows generated annually by the project. Although it does not take into account the depreciation of
the money supply or the income subsequently generated by the project, the payback period is a useful
indicator for a quick assessment of the payback period and the risk associated with the investment.
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Net present value income, NPV, is useful in determining the profitability of an investment taking
into account the devaluation of the cash flow.

The EPI indicator, defined in Equation 33, is a useful tool to simultaneously account for the
influences of the three indicators NPV, LCOC and PP. The EPI is useful because it allows a unitary
assessment of the economic performance of a project by simplifying the comparative analysis.

NPV

EPI = [tone cement] (33)
Lcoc-pP year

The usefulness of this indicator lies in the ease of comparing several scenarios when changing a
given parameter, in this case the CO2 emission rate. A high value of the EPI indicator suggests the
maximization of cement production under economically profitable conditions. The main advantage
of this indicator is that it concentrates in a single indicator the influences on the analyzed scenario of
the three different indicators. Thus, it avoids analyzing each parameter individually, simplifying the
decision-making process.

However, the PI indicator also has some disadvantages such as its sensitivity to extreme values
(e.g. a value close to zero of the payback period). In these situations the values of the indicator may
be distorted due to unjustified amplification. Another drawback is that treating the three indicators
as equally important (equal weights) leads to masking some real economic priorities of investors (e.g.
payback period more important than investment costs). The EPI indicator can be used in financial
projects to assess the extent to which an investment is likely to yield high returns.

Although the literature does not identify such an indicator in the form as defined above, the
concept of combining several economic parameters is often found in multi-criteria analysis used in
decision-making processes.

Another indicator is the CO2 emission factor (F,,) determined as the ratio between the total
annual amount of CO: generated into the atmosphere by the whole system and the yearly amount of
cement produced (Qcement), according to equation 34.

Feo, = —2 (34)

chment

Only the costs associated with CO: capture (CO:z removal and CO2 avoided) were considered in
determining the costs associated with CO:z capture technology. Thus, for all scenarios considered with
the modernization of the cement plant, the values of the two indicators are the same. The calculation
of these indicators considers the actualized cost per ton of cement for the initial and modernized
cement plant, the CO:2 flux generated by the modernized cement plant, and the emission factor in

both scenarios (equations 35 and 36).
LCOCcapture — LCOCreference (35)
C0, removed

CO, removal =

. LCOCcqpture — LCOC
€O, avoided = L - Leference (36)
€Oz reference CO2 capture

3. Cases Studied for the Cement Manufacturing Process Improvement Towards
Decarbonization

3.1. Current Status of the Cement Plant - Reference Scenario

Table 5 centralizes the main data and information for the processes that define the current state
of the cement plant representing the reference scenario. From the mass and energy balances carried
out, the main flows were determined, i.e. the consumption of energy and raw materials necessary for
the cement manufacturing process and the emissions generated in the environment.

Table 5. Primary data of the cement factory.

Category Unit Values
Raw materials and fuels

Methane (CHs) tons/year 77,850

Limestone tons/year 960,000

Clay tons/year 240,000
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Energy
Electricity GWh/year 144
Products
Cement tons/year 1,200,000
CO2 tons/year 946,650
Emissions
Water tons/year 175,150
Nitrogen - N2 tons/year 1,146,600
Oxygen — Oz tons/year 31,150
NO«x mg/Nm? 500

For the case study, the Fieni cement plant in Romania (Figure 3) was chosen, which produces
1,200,000 tons of cement annually using 960,000 tons of clinker and 240,000 tons of clay. The cement
plant has an annual running time of 75%, representing 6,570 hours of operation, the remaining time
the cement plant is under maintenance. Being an energy intensive industry, the specific electricity
consumption considered in the energy balances was 120 kWh/ton of cement produced [51-52]. In
order to produce the planned amount of cement, the cement plant consumes 144,000 MWh of
electricity per year, which is supplied by the national energy system. In terms of specific heat
consumption, the cement plant consumes 920 kWh/ton of cement, the annual requirement being
1,104,000 MWh [51]. 77,850 tons of methane are consumed annually to generate heat energy,
considering the conversion efficiency of methane to heat energy of 92%.

Cement
Scenario | — Benchmark case 1200 000 tons/year
Co,
946 650 tons/year
CH,4
H,0
R ——— —
77850 175 150 tons/year
tons/year
- N,
1 146 600 tons/year
Cement factory plant
144 GWh/year . 0,
¥ 31 150 tons/year
Electricity from power grid
— Cement flow E— Electricity flow ———— CH;/C0,/H,0/N,/0, flow

Figure 3. The cement factory (reference scenario) evaluation.

As a result of the use of methane gas as well as the cement production process, the cement plant
generates significant CO2 emissions. The determination of the annual CO: emissions took into
account the amount of methane used and the amount of clinker produced, knowing the emission
factor of 0.85 ton CO2/ton of clincher [52]. Equation 37 shows the chemical reaction of stoichiometric
methane combustion.

CH, + 20, - CO, + 2H,0,AH = —165% (37)

It can be seen that one mole of COz2 is generated for each mole of methane. Given the molar
masses of the reaction products, the annual amount of CO: resulting from methane combustion is
about 214,050 tons. Equation 38 is used to determine the CO: emissions from the clinker
manufacturing process.

CaC03; - Ca0 + CO, (38)

Knowing that approximately 1.5 tons of calcium carbonate are used to produce one ton of
clinker, the annual emissions of CO2 resulting strictly from cement production are 732,600 tons. Thus,
the annual emission of CO2 resulting from the entire process is the sum of the CO:2 emissions from
the methane combustion process and the clinker production process, Equation 39.


https://doi.org/10.20944/preprints202501.1151.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 January 2025 d0i:10.20944/preprints202501.1151.v1

14 of 31

CO; = COzpy, +COspppony (39)

On the basis of the resulting calculations, an emission factor of 789 kgCOz/ton of cement was
obtained. Taking into account the energy intensive nature of the process, measures are needed to
reduce CO2 emissions either by replacing fossil fuel or by adding CO2 capture technologies.

Emissions of CO:z from the direct use of electricity in the process have been neglected due to their
relatively small contribution compared to the total emissions from the cement manufacturing process
or from methane combustion. Emissions associated with electricity consumption amount to
approximately 40,752 tons of COz/year, corresponding to a specific emission factor of 34 kg CO2/ton
of cement. The amount of CO2 thus obtained represents only 4.3% of the total emissions of CO2/ton
of cement (789 kg CO:/ton of cement for the whole reference scenario). Consequently, the CO:
contribution from power generation is minimal compared to the direct emissions from clinker
production and methane combustion.

Consequently, the impact associated with the cement plant can be reduced by integrating the
P2M-CC concept. Thus, the natural gas used will be completely replaced by synthetic methane and
the electricity needed for the whole process is produced by the wind power plant that capitalizes on
the wind potential of the area [53].

3.2. Scenarios Description for Upgrading Cement Plant with P2M-CC Integration

Taking into account the increasingly stringent environmental conditions imposed on the energy-
intensive industry (in this case the cement industry), three solutions for the modernization of a
cement plant based on the use of renewable energy sources and modern technologies such as CO:
capture by chemical absorption using amines, hydrogen production by electrolysis or synthetic
methane production in the methanation reactor have been proposed in this article. Therefore, the
baseline scenario is compared with the modernized one (the three proposed solutions).

For all the alternatives proposed in the modernized scenario, the wind farm provides all the
electricity to cover the needs of the cement plant (including the new equipment: electrolyser,
methanation reactor, hydrogen compression, and CO: capture). By integrating this equipment, the
aim is to reduce dependence on natural gas and reduce CO2 emissions, thus creating a closed carbon
cycle in which carbon dioxide becomes a primary resource used in the methanation process (Figure

Scenario Il - Complete process
Heat from flue gases: 727 GWh/yearHeat from compressor (2 stages): 0,95 GWh/year
36 GWh/year
[ MEA
= . 1385 tons/year i
PN .. == co,
10?"5‘00 BT /E *j ot 95% ﬂ; Cco, Y €O, C CO, transport and storage
> = storage (2 stages) 580 043 tons/year
tons/year & *& |
Cement actory plant 40% & o ker Cement
ement factory plan Wt mi 344 000 804000 tons/year . emen
144 GWh/year Amine carbon capture tons/ v 1200 000 tons/year
Flue gases: technology
" H, Alkaline 0,
i 63 000
H,0 85% efficiency 70% efficiency 500 000 tons/year
175 150 tons/year - ; tons/year]|
N ﬁ_l“i'lfﬁlEF’* _ | N T CO, realesed in atmosphere
2 ~-—] (. ‘,f; 101 530 tons/year
1146 600 tons/year | I— A s » 2505 GWh/year
0, .
- Surface of wind plant
31150 tons/year 44,8 k?
———» Heat/Electricity flow ——»  CH,/CO,/0, flow —  Water/MEA flow — Cement flow

Figure 4. The cement factory upgraded with P2M — CC concept (scenario II).

The modernization of the cement plant involves the complete replacement of natural gas with
synthetic methane and a 90% reduction in CO2 emissions, with the CO2 thus captured being used
entirely in the methanation reactor. Thus, three distinct scenarios have been proposed with the
objective of producing the same annual amount of cement: the full scenario (52.1), the ideal scenario
(52.2) and the realistic scenario (52.3). Each scenario represents a possible situation under real
operating conditions.
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3.2.1. Complete Scenario (52.1)

In this scenario, the initial costs and the operation and maintenance costs of the wind farm are
included in the economic analysis, with the wind farm supplying the entire amount of electricity
required by the cement plant. The definition of this scenario is motivated by the need to analyze the
economic impact of including all the equipment that defines the modernized solution. This scenario
reflects a realistic and comprehensive approach, assessing the long-term economic sustainability of
the modernized cement plant.

3.2.2.1deal Scenario (52.2)

In this scenario, the wind farm is located close to the cement plant but is not owned by the plant
owner. It is assumed that the excess electricity produced (e.g. at night, when the energy price is
negative or zero) by the wind farm fully covers the cement plant's needs. Consequently, the costs
associated with the purchase of electricity are assumed to be zero. The definition of this scenario is
motivated by the desire to assess the maximum possible benefits of modernizing the cement plant
when electricity costs are minimal (even zero). The scenario provides insight into the ideal economic
potential, highlighting the maximum benefits of modernizing the cement plant under favorable
market conditions.

3.2.3. Realistic Scenario (S2.3)

As in the previous case, the wind farm is located close to the cement plant and is not owned by
the plant owner. However, in this case, the excess electricity is only one third of the cement plant's
needs (8h out of 24 h - energy produced at night), the rest of the electricity needed by the cement
plant is purchased at market price. The choice of this scenario is motivated by the need to assess the
economic risks and constraints in the context of real conditions, providing a clear perspective on the
feasibility of the proposed project.

In all three proposed scenarios for the modernization of the cement plant (52.1-3), the electrolysis
process generates oxygen with a purity of more than 99 %. Oxygen is a co-product of the cement
plant that can be valorized by selling it to various beneficiaries such as specialized companies (e.g.
Linde). The economic analysis also included the revenues from the sale of this product in order to
maximize the economic benefits obtained by the cement plant.

The analysis of these three alternatives provides a holistic understanding of the economic and
operational impact of modernizing a cement plant. Each scenario highlights distinct benefit and cost
issues, allowing a detailed assessment of the feasibility of the proposed modernization project.

4. Results and Discussion

The proposed scenarios will be analyzed from a technical, economic, and environmental impact
point of view to capture the extent to which the proposed modernizations of the cement plant benefit
the cement industry. Each modernized scenario is characterized by benefits (CO: capture, oxygen
generation) and challenges (e.g. increased initial investment and increased operating and
maintenance costs). Benefits and challenges will be the criteria used to determine each scenario's
sustainability and economic viability. The detailed analysis will help to understand the potential for
transforming the cement plant into a more efficient and environmentally friendly system.

Table 6 shows the primary data for each piece of equipment in the cement plant modernized by
introducing the P2M-CC system.
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Table 6. Central assumption and data calculated for cement factory upgraded with P2M - CC.
System Assumption Values Reference
General Operational lifetime, [years] 25 [51-52]
Cement production  Operating hours, [hours/year] 6,570 [52]
Average annual clinker production capacity, [tons/year] 1,200,000
Clinker/cement ratio, [ton clinker/ton cement] 0.925 [54]
Direct CO2 emissions, [tons COz/tons cement] 0.789
Amine COz capture  CO2 capture ratio 0.9 [55-60]
Electrical required for CO: capture — MEA 30% wt., [kWh/ton COz] 100 [58]
Electrical required for CO2 capture — DEA 25% wt., [kWh/ton CO2] 90 [58]
Electrolysis Type of electrolyzer — alkaline AEL
Water to Ho ratio 4.5
H: amount generation, [tons/year] 53,268
Oz amount generation, [tons/year] 426,142
Electricity for AEL, [kWh/ton CO2] 47,023
Energy efficiency 0.7
Methanation Reactor efficiency 0.85 [56]
Electricity for methanation, [kWh/GJ methane] 1.95 [61]
CO: emissions, [tons/G] methane] 0.0589 [62]
Wind plant Capacity factor 0.25 [53]
Operating hours, [hours/year] 8,000
Installed power in wind turbine, [MW] 3
Number of wind turbines, [-] 545
The total area of the wind plant farm, [km?] 54.5
The total electricity requested, [GWh/year] 2,685

The cement plant operates 6 570 hours per year, while the wind turbines operate 8 000 hours
yearly. This means that, for 1 430 hours, the wind turbines continue to produce electricity, but the
cement plant is under maintenance and cannot directly use the available energy. It is, therefore,
necessary to develop a hydrogen production and storage system to efficiently harness the renewable
energy produced by the wind turbines during this period. The hydrogen produced during
maintenance is stored in specialized tanks at a pressure of 350 bar, and the wind farm will ensure the
electricity required. These tanks are designed to provide safe hydrogen storage and prevent losses.
The storage capacity is calculated to cover the amount of hydrogen used in the methanation reactor
to produce the synthetic methane needed by the cement plant during the periods when it is in
operation, so that the cement plant can supply the entire annual cement supply. Implementing a
hydrogen production and storage system during the maintenance period of the cement plant allows
the full utilization of renewable energy produced by wind turbines.

In previous studies, the post-combustion CO: capture process using the chemical absorption
based process using amines [55, 57-59] is presented in detail. These studies involved rigorous
experimental tests to ensure the accuracy and relevance of the data collected on the specific thermal
energy consumption required for chemical solvent regeneration and the electricity consumption of
the capture plant. The results obtained from the pilot plant studies were compared with results from
other literature studies to validate the accuracy and reliability of the data [56, 60]. Thus, the data used
in the current study are robust being validated by various specialized technical reports.

4.1. Integration of the P2M-CC in the Cement Plant

To modernize the cement plant to integrate the P2M-CC concept, it is necessary to assess the
sustainability of generating the synthetic methane requirements using the carbon dioxide captured
by the post-combustion integrated chemical absorption technology in the cement manufacturing
process. Thus, in Table 7, the characteristic data of the modernized cement plant are presented
concerning the electricity and heat requirements as well as the CO: flux resulting from various
processes.


https://doi.org/10.20944/preprints202501.1151.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 January 2025 d0i:10.20944/preprints202501.1151.v1

17 of 31

According to Figure 2, the integration of chemical absorption technology requires an additional
heat source to ensure solvent regeneration. The heat required for solvent regeneration comes, on the
one hand, from flue gas heat recovery and, on the other hand, from the additional methane
combustion in a thermal power plant.

Table 7. Primary data of the cement factory .

Nr.crt. Parameter UM Values
1 Annual amount of cement produced tons/year 1,200,000
2 Specific electrical energy consumption kWh/ton cement 120
3 Electricity for the cement factory MWh/year 144,000
4 Specific thermal energy consumption kWh/ton cement 920
5 Heat for the cement factory MWh/year 1,104,000
6 Methane for cement factory tons/year 106,536
7 CO: from clinker production tons/year 732,600
8 CO:2 from methane combustion tons/year 292,973
9 Total CO:z from cement factory tons/year 1,025,573
10 CO2 emissions captured tons/year 924,043
11 CO:2 emission factor kg/ton cement ~85

Determining the heat required to regenerate the solvent depends on the type of solvent used
and its mass concentration to ensure 90% carbon capture efficiency. The total carbon dioxide
generated is 732,600 tons/year, mainly from clinker manufacture. In comparison, 214,054 tons/year
come from the combustion of methane to generate the heat required for the cement plant, and 78,919
tons/year come from the combustion of methane to produce the heat required to cover the entire heat
input for the chemical regeneration of solvents.

4.1.1. Parameterization of the Chemical Absorption Process

Determining the optimal parameters of the chemical adsorption process is essential to minimize
solvent consumption and reduce the heat consumption required for solvent regeneration. Thus, two
chemical solvents (MEA and DEA) were analyzed, each in three mass concentration variants: 10, 20
and 30 % (Figures 5 and 6). Simulations of the chemical absorption process were performed with the
CHEMCAD version 8.0 program using the thermodynamic package specific to amines starting from
the composition of the flue gas resulting from the cement plant. Table 8 shows the flue gas mass
composition considering the flue gas stream resulting from the cement manufacturing process and
that resulting from the methane gas combustion.

Table 8. Flue gas constituents from cement plant operation.

Nr.crt. Component UM Values
1 Flue gas flow kg/s 121.65
2 CO % wt. 35.64
3 H0 % wt. 8.33
4 N2 % wt. 54.54
5 Oz % wt. 1.48

The choice of the chemical solvent was based on a comparison of the values of the thermal
energy consumption required to regenerate the solvent (GJ/ton CO:) for the two solvents.
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Figure 5. Specific heat energy utilization for different concentrations of MEA solvent.

Figure 5 shows the comparison of the values obtained for the thermal energy consumption
corresponding to the MEA solvent with different mass concentrations (10, 20, 30 wt.%) while Figure
6 shows the comparison of the results obtained for the thermal energy consumption corresponding
to the DEA solvent with the same mass concentrations as for MEA.

It can be seen that the lowest value of thermal energy consumption (3.07 GJ/ton CO2) was
obtained for a MEA mass concentration of 30 %. In the case of DEA, the optimum value of thermal
energy consumption was obtained for a mass concentration of 20 %, being 4 compared to 3.24 GJ/ton
CO: for MEA. The differences in specific heat energy consumption between MEA at 30 wt.% and
DEA at 20 wt.% are due to the physico-chemical properties of MEA, which allow more efficient
carbon dioxide capture and regeneration.

6.00
5.00
4.00
3.00
2.00

1.00

Specific thermal energy, [GJ/tCO,]

EDEA10wt.% mDEA20wt.% mDEA30wt%

Figure 6. Specific heat energy utilization for different concentrations of DEA solvent.

The lean loading solvent was optimized to reduce the heat consumption necessary for the
regeneration process. The literature shows that lowering CO2 content in the lean loading solvent
requires a higher heat consumption in the reboiler but increases the solvent's absorption capacity,
reducing operating costs [63]. Figure 7 shows the variation of the specific heat consumption and
solvent flow rate (MEA 30 wt.%) with the lean loading solvent. Thus, it was observed that the lowest
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value of the specific heat consumption (3.07 GJ/ton CO:z) was obtained for a lean loading solvent of
0.23 mol CO2/mol MEA.

The solvent flow rate obtained under these conditions was approximately 105 kg/s. When using
the DEA-based solvent at a mass concentration of 20 %, the optimum value for lean loading solvent
was 0.2 mol COz/mol DEA. In this case, the thermal energy consumption was 5.4 GJ/ton COz, and the
solvent flow rate was about 219 kg/s. Therefore, using the MEA-based solvent at a mass concentration
of 30% resulted in lower values for both energy consumption and solvent flow rate.
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Figure 7. Specific thermal energy consumption and MEA solvent flow variation with lean loading solvent.

The parameters presented in Table 9 for each of the two solvents analyzed were considered for
the choice of the optimal chemical solvent. In addition to the results obtained in this study, various
literature references were studied in order to determine the degradation rate of the two solvents [60-
61].

Table 9. Parameter optimization in CO2 capture processes.

Nr.crt. Component MEA DEA
1 Solvent mass proportion, wt. % 30 20
2 CO:z2 capture rate, % 90.3 90.9
3 Gas absorption unit, trays 16 18
4 Gas desorption unit, trays 14 16
5 Liquid-to-gas flow rate ratio, kg/kg 2.97 8.56
6 CO:2 capture absorption capacity, mol/mol 0.29 0.24
7 Specific thermal energy, GJ/tCOz 3.07 5.36
8 Solvent degradation rate, kg amine/tCO: 1.5 [60] 0.5 [61]

4.1.2. Parametrization of the P2M-CC Process

a. Wind turbine plant

The conversion of wind energy to synthetic methane required detailed knowledge of the
operation of equipment such as wind turbine, electrolyzer, and methanation reactor and their
interaction. Based on the data collected from the website https://www.meteoromania.ro/, a database
for the year 2023 corresponding to the Fieni area (Arges county, Romania) was built including
information related to the average wind speed, wind frequency, and wind speed distribution. The
collected data helped to determine the location with the most advantageous wind potential in relation
to the type of wind turbine chosen [66]. The Fieni region is known for its existing wind potential
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allowing the development of energy projects based on the use of wind energy. Based on this
information, the wind power plant was sized to ensure the electricity production capacity required
by the whole system (electrolyzer, cement factory, etc.). Thus, the wind potential during 2023 was
evaluated using Weibull distribution to model the wind speed distribution (Figure 8). Analyzing
Figure 8, it can be observed that in about 14% of the cases, the wind speed ranged between 4-5 m/s,
and in 12%, it ranged between 7-8 m/s. In order to determine the location for wind turbine siting, it
is necessary to identify areas characterized by wind speed greater than 5 m/s.

Table 9 shows the characteristics of different types of wind turbines, including rotor diameter,
power rating, tower height, minimum wind speed, and nominal wind speed. It identifies several
types of turbines: Vestas, Siemens, or Enercon [67 - 69]. The choice of the type of wind turbine takes
into account the meteorological characteristics of the area.
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0.08
0.06

0.04
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Figure 8. Wind speed distribution and Weibull fit for Fieni in the year 2023.

Taking into account the technical characteristics of wind turbines, in this study it was considered
that the Vestas V150 wind turbine best suits the specific meteorological conditions of the Fieni area.
In addition, Vestas V150 wind turbines are characterized by high reliability for different wind speed
values which make them suitable for energy projects based on wind energy exploitation.

The capacity coefficient of a wind turbine, expressed as a percentage, is the ratio between the
electrical energy actually produced by the wind turbine and the maximum energy it could have
produced if it had been continuously operated at rated capacity. Taking into account the V150 wind
turbine's power curve over the year (equation 2), the capacity coefficient is estimated to be about 24,7
%. In other words, 24,7 % of the period of one year the turbine operates at rated capacity. For
simplicity, in modeling the operation of the wind power plant, the capacity factor was considered as
25%.

Table 9. Attributes of wind turbines.

Siemens Gamesa SG 2.6 -

Attribute Vestas V150 114 Enercon E - 126
Type Horizontal axis Horizontal axis Horizontal axis
Rotor diameter, m 150 114 127
Rated power, MW 3 2.6 7.58
Tower height, m 105-166 92.5;107.5; 127.5 135; 138; 145
Start wind speed, m/s 3 3 2.5
Nominal wind speed, m/s 5-7 12 12
Cut-out wind speed, m/s 22.5 25 28-34

b. Alkaline electrolyzer
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The specific characteristics of the different types of electrolyzers are summarized in Table 10.
Among the types of electrolyzers presented, alkaline electrolyzers (AEC) are considered mature with
multiple industrial applications. Aqueous alkaline solutions are used in such equipment and
potassium hydroxide (KOH) based solution is preferred due to high electrical conductivity but also
due to low electrode corrosion. Metal alloys such as Ni-Mo, Ni-Cr-Fe and low alloyed steels are the
materials used for electrode materials. Taking into account the operating parameters (pressure,
temperature, non-corrosive character of the electrolyte), the alkaline electrolyzer is an optimal choice
for the P2M concept.

Table 10. Attributes of different electrolyzer technologies.

Attributes AEC PEMEC SOEC Sources
Maturity Established Commercialized Developing [70]
Electrolyte KOH Polymer YSZ (71]
membrane
Electrode materials Metal alloys Precious metals Ni/LSMO [72]
Operating temperature, °C 40-90 20-100 600-1,000 [73]
Operating pressure, bar 1-30 <100 <25 [73]
Efficiency, % <80 <85 <90 [74]

c. Methanation reactor

The hydrogen obtained in the electrolysis process and the carbon dioxide captured in the
chemical absorption process react in the methanation reactor to produce synthetic methane. The
methanation technology is appropriately sized to supply the full amount of synthetic methane
required by the cement plant. Synthetic methane thus fully replaces fossil natural gas. Therefore, the
methanation reactor is not only a solution for storing renewable energy in synthetic methane but also
for reducing CO2 emissions by providing a sustainable solution for the production of alternative
fuels.

Knowing the characteristics of the methanization reactor, presented in Table 1, as well as the
amount of CO2 available after the chemical absorption process, the amount of hydrogen needed to
obtain the synthetic methane requirement corresponding to the Sabatier reaction is determined
(Equation 37).

Taking into account the information specific to each equipment used in the concept (P2M-CC),
the main operational flows presented in Table 11 were determined. The determination of these flows
is essential for the appropriate sizing of each equipment used (electrolyzer, methanation reactor, CO:
capture process, wind power plant). This information is useful in technico-economic calculations
(CAPEX and OPEX costs) and financial assessments.

Table 11. Primary data of each technology of P2M process.

Technology Parameter UM Values

Methanation reactor Methanation capacity m’/h 24,715.7
Conversion efficiency % 85
Operating temperature °C 300
Operating pressure bar 10

Electrolyzer Type — Alkaline = =
Hydrogen production capacity m®/h 90,206.12
Water requirement kg/h 72,970
Oxygen generation kg/h 64,862
Electrical efficiency % 70
Nominal power MW 312

Wind turbine Nominal capacity MW 3
Rotor diameter m 120
Tower height m 100
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Wind speed for nominal capacity m/s 12
Capacity factor %o 25
Number of wind plants - 545
Total power installed MW 1,635
Total area km? 54.5

4.2. Economic and Technical Evaluation of Integrating P2M-CC in a Cement Factory

This section aimed to determine the economic and technical impact of involving the P2M-CC
concept in the cement plant. The techno-economic analysis consisted in determining the capital
(CAPEX) and operation and maintenance (OPEX) costs for the four scenarios defined above.

The main parameters considered in the techno-economic analysis and their range of variation
are presented in Table 11.

Table 11. Assumptions for key sensitivity parameters in economic and operational analysis.

Parameter Unit Initial value Range of variation Range of values
CO:2 tax €/ton 80 +/- 30% 56 ...104
O: price €/kg 0.33 +/- 50% 0.17...0.5
Electricity price €/MWh 175 +/- 30% 122.5...227.5
Methane cost €/m3 0.091 +/- 5% 0.09 ...0.1
MEA solvent cost €/kg 1.5 +/-20% 12..18
Cement price €/ton 220 +/- 5% 209 ... 231
Wind capacity factor % 25 +/-20% 20...30
Cement plant capacity % 1,200,000 +/- 30 % 840,000 ... 1,560,000
CO: capture efficiency % 90 +/-10% 81...99
Excess electricity rate % 33 +/-10% 29.7 ...36.3
Electrolyzer efficiency % 70 +/- 30% 49..91
Me‘tl?ane to heat conversion % 0 na. e,
efficiency
Discount rate % 8 n.a. n.a.

The results obtained and presented in Table 12 are based on the initial values of the parameters
presented in Table 11, which were used in the techno-economic assessment of each scenario analyzed.

Table 12. Benchmarking the economic and environmental performance for the integration of the P2M concept

in cement plants.

Cement plant - reference

C t plant — P2M int ted
Scenarios Unit case ement plan tegrate

52.2. 523.

CAPEX Me€ 230 2,968 1,333 1,189
OPEX:25 years M€ 1,152 1,026 666 2,778
LCOC25 years €/ton of cement 169 297 71 333

NPV2s years M€ 780 579 2,609 - 751
PP years 3 16 5 n.a.

Feo: kg COz/ton of 789 85

cement
CO2removal €/tonCO2 n.a. 47
CO:2 avoided €/tonCO2 n.a. 51

Table 12 centralizes the techno-economic results for the four scenarios analyzed in this study.
The baseline scenario is characterized by the highest environmental impacts due to using natural gas
and the lack of investment in advanced energy generation and decarbonization based technologies.
In the absence of a policy on decarbonizing the energy-intensive industry, the baseline scenario
presents the most competitive discounted cost per ton of cement of about 103 €/ton. The application
of a COz emission tax of 80 €/ton increases the LCOC indicator to 169 €/ton of cement for the reference
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scenario, which is surpassed by the ideal scenario S2.1 whose LCOC value is 71 €/ton of cement.
Although all the upgraded scenarios (S2. 1-3) show high environmental performance by integrating
CO2 capture technology, the economic performance is totally different due to the technical
assumptions underlying their construction. The high investment costs in the full scenario 52.1 lead
to a high cost for the LCOC indicator (297 €/ton of cement) while in the realistic scenario 52.3 the
LCOC indicator value is the highest among the cases studied (333 €/ton of cement) due to very high
operating costs (the electricity procurement process being the basis for these high costs).

Taking all these aspects into account, the integration of the P2M-CC concept in a cement plant
leads to a drastic reduction of CO: emissions achieving an almost complete decarbonization.
However, the implementation of this solution in cement plants requires the optimization of all
process parameters (wind power plant, electrolyser, methanation reactor, cement plant, CO:z capture
technology) and the implementation of environmental regulations (CO:2 tax) in order to obtain the
ideal technological conditions to achieve the above mentioned economic performances.

The influence of the CO2 emission tax increase on the discounted cost per ton of cement is shown
in Figure 9. Although the ideal scenario, 52.1, is the most competitive scenario presenting the lowest
LCOC indicator value (below 100 €/ton of cement) for CO2 tax values ranging between 50 - 160 €/ton
of CO, its implementation is dependent on large investments in advanced technologies (e.g.
electrolyzer, methanation reactor, CO: capture technologies). The feasibility of the full and realistic
scenarios (52.1 and 52.3) depends very much on the EU policy to accelerate the increase of the CO:
tax so as to stimulate the development of advanced technologies and consequently reduce their
specific costs (wind power plants, methanation reactors, electrolysers, CO: capture technologies).
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Figure 9. LCOC variation as a function of the CO: tax for cement scenarios.

Figure 10 shows how the CO: emission tax increase influences the payback time for each of the
four scenarios analyzed by showing the differences in their economic outcomes by grouping them
into two categories as not feasible or competitive. It is evident that the scenarios that were constructed
considering COz capture technology were advantaged (lower payback times with increasing COz2 tax)
but this advantage differed from scenario to scenario (S2.1-3) according to the assumptions that were
the basis for their construction.
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Figure 10. Payback period (PP) as a function of COz2 tax.

Of the three cement plant modernization scenarios (S2.1-3), the ideal scenario 52.2 is by far the
most profitable due to low investment costs. However, this scenario is not very credible since the
entire amount of electricity needed for the plant is available and there is no need to purchase wind
power plants. The purpose of such a scenario is to utilize the wind energy produced in excess. The
full scenario S2.1 considers the purchase of the wind power plant to supply the full amount of
electricity but the investment and subsequent operation and maintenance costs are not quickly
compensated by the increased CO2 tax and a longer payback period is needed. In contrast to the 52.2
scenario, the full scenario is advantaged by high values of the CO:2 tax. In other words, the purchase
of the wind farm is not a feasible option as long as the CO: tax is reactively low, below 350 €/tonne of
COs2. The realistic scenario, 52.3, is based on the fact that the wind farm exists but it only supplies one
third of the electricity produced (during the night the electricity is produced in excess). Consequently,
the rest of the electricity needed by the cement plant is purchased from the same supplier that
manages the wind farm. Therefore, the electricity operating costs start to offset at high values of the
CO2 emission tax, with the payback period becoming shorter as the CO: tax increases. It can be
observed that for values higher than 350 €/ton of CO, the realistic scenario becomes more attractive
than the full scenario (i.e. it is more attractive to purchase the electricity than to invest in the wind
farm). Further analysis shows that for values above 600 €/ton of COz the realistic scenario becomes as
attractive as the ideal scenario.

Considering a constant value of the CO2 tax, the simultaneous evaluation of the discounted cost
of cement (LCOC), the discounted net present value (NPV) and the payback period (PP) allowed to
distribute the analyzed scenarios on a graph (Figure 11) in order to highlight the large differences
between their techno-economic results. It can thus be seen that the position of the realistic scenario
52.3 indicates an unfavorable combination for all three indicators, the scenario being completely
unrealistic in the current economic context. On the other hand, the baseline scenario, S1, and the full
scenario, S52.1, although they are at about the same level of the NPV indicator, have completely
different results for the LCOC and PP indicators due to the large investments made in the modernized
scenario (S2.1), the latter becoming economically unattractive.
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Figure 11. Scenarios comparison according to different economic criteria.

However, even with a relatively low COz emission tax (80 €/tonne of CO2), the modernized
cement plant can still perform significantly better than the reference scenario if electricity is supplied
from external sources without the need for initial investments and high operating costs (52.2).

Moreover, the ideal scenario remains competitive even if the wind power plant does not fully
cover the electricity needs of the cement plant but only 70-80 % as shown in Figure 12.

——PPS2.2 —@—PPS1 —@—NPVS2.2 NPV S1
25 3
20 25
2 —
@ 15 w
5 >
2 15 &L
~ >
[a
210 S
1
> / 0.5
:/ o o o o o
0 0

50 60 70 80 90 100

Excess electricity rate, [%]

Figure 12. Comparative assessment between S1 and S2.2 according to different excess electricity rate.

Figure 13 illustrates the evolution of the EPI indicator for the four scenarios analyzed, as a
function of the variation of the CO: tax considering the current trends of the European Union policies.
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Taking into account the assumptions underlying the construction of each scenario analyzed, the
evolution of the EPI indicator for each of them is completely different, reflecting the ability of each
scenario to offset the investment and operation - maintenance costs with those of the CO: tax. The
evolution of the EPI indicator for the S2.2 scenario is exponential as a result of the limitation of
investment costs by using the existing wind farm and as a result of fully covering the electricity needs
based on the wind plant output.
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Figure 13. Evolution of economic performance (EPI) according to CO: tax for each scenario.

On the other hand, the baseline scenario is strongly affected by the increase in the CO2 emission
tax as it is based on the use of fossil natural gas and the purchase of electricity from the national grid
electricity. It can be seen from the graph that the EPI indicator decreases sharply and becomes
unprofitable for a value higher than 150 €/ton of CO.. Among the scenarios proposed for the
development of the cement plant, scenarios 52.1 and 52.3 show slightly positive evolutions being less
affected by the tax increase. This is explained by the fact that high initial investments (52.1) or high
operating costs (52.3) are relatively compensated by carbon capture technology. As for scenario S2.1,
the EPI indicator increases slowly, indicating a gradual improvement in its techno-economic
performance with the increase in the CO: tax. However, compared to scenario S2. 2, the lower value
of the EPI indicator is explained by the much higher investment costs (around 3 billion €), which led
to a much longer payback period and a high value of the LCOC indicator. In scenario S2.3, although
the EPI indicator shows a slight increase, it is not significant because the use of carbon dioxide as a
resource does not compensate for the increase in operating costs generated by the purchase of
electricity (about 2.8 billion € over the 25 years). Consequently, scenario S2.3 becomes uncompetitive
compared to the other alternatives analyzed.

From the analysis of the four proposed alternatives, it can be concluded that using the surplus
electricity generated by the existing wind power plants to produce synthetic methane is a viable
strategy in the context of the CO: tax increase, leading to the development of a high performance
scenario (52.3) but under the condition that the power plants would fully supply the electricity needs
of the cement plant.

By integrating CO, capture technologies, in this case, the chemical absorption process based on
the use of MEA in a mass concentration of 30%, the CO2 capture and CO: avoidance costs were
calculated. Thus, the avoidance cost of 51 €/ton CO: is slightly higher than the capture cost of 47
EUR/ton COy, as it includes additional penalties related to the efficiency of the process (more energy
is needed to keep the cement production constant).
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Taking into account the relatively low values of the two costs of CO2 capture and avoidance, it
can be concluded that the proposed CO: capture solution is economically attractive and has a high
potential for large-scale implementation, at least in the cement industry. Furthermore, considering
that a CO2 tax of 80 EUR/ton CO:2 was taken into account in the analysis, we can safely state that the
integration of this technology into the cement manufacturing process is a more economically efficient
option than paying the CO:2 tax. The technical performance of the CO: capture process is also
underlined by the decrease of the CO2 emission factor from 789 kg to 85 kg COz/ton of cement. It is
important to emphasize that maintaining high efficiency in this process is essential, as the captured
CO:z emission is one of the primary resources used in the methanization process to obtain synthetic
methane. Flow optimization in the cement plant is essential to ensure that all captured COz2 is used
in the methanation process, so that the hybrid cement production system based on P2M-CC
technology only releases to the environment the CO2 emissions that could not be captured due to the
efficiency limitations of the capture process.

5. Conclusions

The article's main objective was to integrate the Power-to-Methane (P2M) concept combined
with carbon capture and sequestration (P2M-CC) to reduce CO:2 emissions and thus create a profitable
and sustainable business model. The scenarios in the article represent technical and economic
solutions for modernizing cement plants while integrating renewable energy produced by wind
power plants.

From the analysis carried out, it resulted that by integrating the P2M-CC technology, it is
possible to significantly reduce CO:z emissions from 789 kg CO:/ton of cement, the value obtained in
the reference scenario, to about 85 kg CO:/ton of cement, the value obtained for all the modernized
scenarios. From the analysis of the obtained results, it was observed that the ideal scenario (S2.2)
received the best economic and environmental results mainly because no costs were charged for the
electricity supply due to zero investment costs for the wind power plant. For scenario S2.2, the
following values were obtained for the economic indicators: LCOC was 71 €/ton of cement, and NPV
was about 2609 million €, suggesting long-term profitability.

In the context of the increasing CO: tax, hybrid technologies incorporating CO: capture
technologies are becoming more and more economically attractive and can be found in the
framework of policies to accelerate the decarbonization of the energy-intensive industry and, in
particular, of cement. To increase the economic and environmental benefits of integrating P2M-CC
technology into a cement plant, maximizing the flow of electricity produced by the wind power plant
and the amount of carbon dioxide captured from the cement plant and used for the production of
synthetic methane is necessary. For example, if the electricity produced by the wind power plant does
not cover all of the cement plant's needs but only one-third (52.3), the operating costs increase
dramatically, and the scenario is not economically viable.

Storing or converting the surplus electricity produced in the wind power plants into hydrogen
in the electrolysis units becomes a key element of the whole process. The methanation reactor
facilitates the production of synthetic methane using the carbon dioxide captured from the cement
plant. Thus, by properly managing the variability of wind energy, the stability and viability of the
industrial process are ensured.

Synthetic methane in the cement plant has a double benefit: it reduces dependence on fossil fuels
and drastically reduces CO2 emissions. Consequently, by integrating the P2M-CC system, the concept
of a circular economy is developed. CO: emissions from the plant processes become a primary
resource in the methanation reactor, thus closing the carbon cycle.

As mentioned above, integrating the CO: capture system by chemical absorption produces
synthetic methane and reduces the cement plant's carbon footprint. From an economic point of view,
this technological model contributes to long-term cost reduction by harnessing a renewable energy
source and minimizing the penalties associated with CO2 emissions.
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Therefore, implementing the P2M-CC concept represents a flexible solution to the current
challenges in the cement industry. It combines CO: emission reduction, harnessing wind potential,
and economic efficiency. The proposed technology supports the decarbonization objectives and
contributes to increasing the industrial sector's sustainability and resilience in the face of climate
change and economic constraints.
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Nomenclature

e  CAPEX - Capital expenditure

e  OPEX - Operational expenditure

e LCOC - Levelized cost of cement

¢ NPV - Net present value

e PP - Payback period

e  P2M - Power-to-Methane

e  P2M-CC - Power-to-Methane with Carbon Capture

e MEA, DEA, MDEA - Monoethanolamine, Diethanolamine, Methyldiethanolamine
¢  CO:2Removal Cost: The cost of capturing CO2 per ton

¢ CO2 Avoided Cost: The cost of avoiding CO2 emissions
e  ETS - Emissions Trading System

e  EPI- Economic Performance Indicator

e  FCO:- COz Emission Factor

e  GHSYV - Gas Hourly Space Velocity

e CCS - Carbon Capture and Storage
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