
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

A technical and environmental comparison of novel silica PEI adsorbent-based and
conventional MEA-based CO2 capture technologies in the selected cement plant

Jaffar, M., Rolfe, A., Brandoni, C., Martinez, J., Snape, C., Kaldis, S., Santos, A., Lysiak, B., Lappas, A., Hewitt,
N., & Huang, Y. (2023). A technical and environmental comparison of novel silica PEI adsorbent-based and
conventional MEA-based CO2 capture technologies in the selected cement plant. Carbon Capture Science &
Technology, 10, 1-14. Article 100179. https://doi.org/10.1016/j.ccst.2023.100179

Link to publication record in Ulster University Research Portal

Publication Status:
Published (in print/issue): 09/12/2023

DOI:
10.1016/j.ccst.2023.100179

Document Version
Publisher's PDF, also known as Version of record

General rights
Copyright for the publications made accessible via Ulster University's Research Portal is retained by the author(s) and / or other copyright
owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated with these
rights.

Take down policy
The Research Portal is Ulster University's institutional repository that provides access to Ulster's research outputs. Every effort has been
made to ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in
the Research Portal that you believe breaches copyright or violates any law, please contact pure-support@ulster.ac.uk.

Download date: 12/01/2024

https://doi.org/10.1016/j.ccst.2023.100179
https://pure.ulster.ac.uk/en/publications/19b5d97f-b922-4eb7-848c-9ad59c936a6e
https://doi.org/10.1016/j.ccst.2023.100179


Carbon Capture Science & Technology 10 (2024) 100179 

Contents lists available at ScienceDirect 

Carbon Capture Science & Technology 

journal homepage: www.elsevier.com/locate/ccst 

Full Length Article 

A technical and environmental comparison of novel silica PEI 

adsorbent-based and conventional MEA-based CO2 

capture technologies in 

the selected cement plant 

M.M. Jaffar a , ∗ , A. Rolfe 

a , C. Brandoni a , J. Martinez b , C. Snape 

c , S. Kaldis d , A. Santos b , 

B. Lysiak 

b , A. Lappas d , N. Hewitt a , Y. Huang 

a 

a Center for Sustainable Technologies, Ulster University, Belfast, Northern Ireland, UK 
b CEMEX Innovation Holding AG, Switzerland 
c Faculty of Engineering, University of Nottingham, Nottingham, UK 
d CPERI-CERTH, The Centre for Research and Technology Hellas, Greece 

a r t i c l e i n f o 

Keywords: 

Post-combustion CO2 capture 

Alkoxylated silica-PEI adsorbents 

MEA absorption 

Twin bubbling fluidized-bed system 

Technical and environmental assessment 

a b s t r a c t 

The cement industry accounts for almost 7 % of anthropogenic carbon dioxide emissions globally. Therefore, it 

is imperative to identify innovative solutions to mitigate carbon dioxide emissions from the cement industry. 

This study aims to evaluate and compare the technical and environmental aspects of integrating two post- 

combustion carbon capture processes (CCS) into a cement plant: the conventional monoethanolamine (MEA)- 

based CCS process and the novel silica-alkoxylated polyethyleneimine (SPEI)-based CCS process. Three scenarios 

were considered: (i) a reference cement plant without CCS, (ii) the conventional MEA-based CCS system integrated 

into a cement plant and (iii) the novel SPEI-based CCS system integrated into a cement plant. The technical 

evaluation results showed that the regeneration energy requirements for the conventional MEA and novel SPEI- 

based CCS processes were 3.53 GJ/tonne CO2 and 2.36 GJ/tonne CO2 , respectively, to achieve a capture rate of 

90 %. However, the performance of MEA-based carbon capture processes can be improved by using advanced 

amine formulations that offer lower regeneration heat requirements at 3.3 GJ/tonne CO2 , although this is still 

higher than the SPEI-based carbon capture processes. 

The novel SPEI-based CCS process showed superior environmental performance compared to the conventional 

MEA-based CCS process. The endpoint single score was conducted which showed that the SPEI-based CCS process 

had a lower impact on human health, ecosystems, and resources (7 %, 9 %, and 26 % lower, respectively) 

compared to the MEA-based CCS process. 
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. Introduction 

Certain human activities are causing an increase in greenhouse gas

missions (GHGs), which causes global warming and climate change.

ne of the major reasons for the increase in GHGs is industrialization

 Jaffar et al., 2019 ; Avagyan, 2021 ). Several policies have been imple-

ented to reduce GHGs to curb climate change ( Commission, 2012 ).

he main goal of these policies is to reduce carbon dioxide (CO2 ) emis-

ions to 40 % by 2030 and up to 95 % by 2050 in comparison to the

990 level. According to International Environmental Agency (IEA), the

ement industry is one of the main sources of anthropogenic CO2 emis-

ions that accounts for about 7 % of global emissions ( IEA, 2020 ). 

Despite higher CO2 emissions from the process, the demand for

ement-related goods and products are continuously increasing due to
∗ Corresponding author. 

E-mail address: m.jaffar@ulster.ac.uk (M.M. Jaffar) . 

ttps://doi.org/10.1016/j.ccst.2023.100179 

eceived 11 October 2023; Received in revised form 7 December 2023; Accepted 8 D

772-6568/© 2023 The Authors. Published by Elsevier Ltd on behalf of Institution o

icense ( http://creativecommons.org/licenses/by/4.0/ ) 
he growth of industrial and economic sectors ( Pacheco-Torgal et al.,

014 ; Alex et al., 2016 ). The United States Geological Survey has

tated that cement production reached 4.1 tera kg in 2020 and is

xpected to increase to 6 tera kg by 2050 ( USGS, 2021 ; Wojtacha-

ychter et al., 2021 ). Additionally, according to the European Cement

ssociation (CEMBUREAU), global cement production increased from

.6 billion tons in 2012 to 4.17 billion tons in 2020 ( Baeza et al., 2013 ;

EMBUREAU, 2021 ). 

One of the main components of cement is clinker, which is produced

y calcining limestone to produce calcium oxide (CaO) and then sinter-

ng of CaO with aluminosilicate and other raw materials. Almost 50 % of

he total CO2 emissions from cement plants are linked to the calcination

f limestone, while 40 % of the emissions are produced by burning fuel

n the rotary kiln and calciner. The electricity requirement accounts for
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lmost 5 % of the emissions, and the remaining 5 % of CO2 emissions

re linked to transportation ( Summerbell et al., 2017 ). It has been re-

orted that each kilogram of cement generates approximately 0.5–0.7 kg

f CO2 emissions, depending on the production technology and clinker

actor ( USGS, 2021 ; Wojtacha-Rychter et al., 2021 ). 

Strategies such as the usage of alternative fuels, improving electrical

nd thermal efficiency, substituting clinker with supplementary cement-

ng materials, and carbon capture and storage (CCS) are being developed

o reduce emissions from the cement industry ( Galusnyak et al., 2022 ).

he first three strategies can only partially eliminate the CO2 emissions

rom the cement industry; therefore, the implementation of CCS pro-

ides a promising pathway to reduce CO2 emissions from the cement

ndustry ( Xu et al., 2016 ). According to the IEA, it is expected that the

mplementation of CCS will contribute approximately 55 % to the re-

uction of GHG emissions ( IEAGHG, 2008 ). 

Currently, there are three carbon capture processes available: (i) pre-

ombustion CCS process, (ii) post-combustion CCS process, and (iii) oxy-

uel combustion process ( Cormos et al., 2017 ). As previously mentioned,

ost of the CO2 emissions in the cement industry are due to the calcina-

ion of limestone, therefore, pre-combustion CO2 capture is not a viable

pproach ( IEAGHG, 2008 ). In the case of the oxyfuel combustion pro-

ess, modifications to the design of the rotary kiln and pre-calciner are

ecessary, making it difficult to retrofit existing cement plants. In con-

rast, the post-combustion CCS process is the most feasible option for

he cement industry. It not only reduces emissions from the cement in-

ustry but, it can also be retrofitted to existing cement plants without

equiring any design modifications ( Hong, 2022 ; García-Gusano et al.,

015 ). 

The most common method adopted for the post-combustion CCS pro-

ess is through the chemical absorption process, with first-generation

iquid amine-based solvents, such as monoethanolamine (MEA). MEA is

ostly used due to its high capture rate and selectivity at low partial

ressures. However, the integration of the MEA-based capture process

as certain disadvantages, including high energy requirements for re-

eneration, the potential for equipment corrosion, and significant losses

ue to oxidative degradation and evaporation ( Peu et al., 2023 ). There-

ore, researchers are working towards developing second and third-

eneration solid sorbents for their application in the post-combustion

CS process. 

Solid sorbent-based processes have several advantages over liq-

id amine-based processes, such as low regeneration energy require-

ents, reduced sorbent losses, and a lower potential for equipment

orrosion. The solid sorbents can be either chemisorbents, including

etal-organic frameworks, amine-functionalized mesoporous silica, and

lkaline-based sorbents, or physisorbents, such as activated carbon and

eolites etc. ( Bonenfant et al., 2008 ; Lu et al., 2008 ; Su et al., 2010 ;

elmabkhout and Sayari, 2009 ; Zhao et al., 2022 ; Khosravi et al., 2022 ).

ompared with the other solid sorbents, various amine-based solid ad-

orbents have shown promising results because of their lower heat of ad-

orption and high dynamic sorption capacity ( Kim et al., 2021 ). Among

he amine-based sorbents, polyethyleneimine-based (PEI) solid sorbents

ave been widely developed. The sorbent based on PEI is essentially

omposed of a silica support material that has been impregnated with

EI and utilized in a circulation fluidized bed or bubbling fluidized

ed reactor for CO2 capture ( Harlick et al., 2006 ; Sayari et al., 2016 ;

hang et al., 2020 , 2014b ). 

A number of life cycle assessment (LCA) studies have been performed

o study the environmental impact. Stafford et al. (2016a) performed

he LCA of a cement plant and investigated the use of waste in par-

ial replacement of fossil fuels. They reported that the major contrib-

tor in all impact categories are the emissions from the rotary kiln.

n another study, Stafford et al. (2016b) considered the Brazilian ce-

ent industry and reported that the emissions related to transporta-

ion have the maximum emissions, followed by burning fossil fuels

n the kiln. Georgiopoulou and Lyberatos (2018) investigated the in-

uence of using refused derived fuel (RDF), waste tires, and biologi-
2 
al sludge as alternative fuels. They presented that the RDF fuel has

 minimal environmental effect followed by waste tires, while the bi-

logical sludge-based fuel resulted in higher emissions. Furthermore,

ankaya and Pekey (2019) studied the influence of alternative fuels

nd raw materials. They showed that almost a 12 % reduction in to-

al environmental impact can be achieved when alternative fuels and

aw materials are employed. 

Gracia-Gusaon et al. (2015) studied the influence of integrating an

EA-based post-combustion CCS system with a cement plant. They

ound that the integration of the post-combustion CCS system showed

mprovements in global warming, ozone depletion, and abiotic deple-

ion potential. Rolfe et al. (2018) investigated the effect of integrating

 CCS system with a cement plant and compared the environmental

mpact of a calcium looping-based CCS system with oxyfuel combus-

ion. They showed that the integration of a calcium looping carbon cap-

ure system had better environmental performance compared to oxyfuel

ombustion, and the global warming impact was reduced by 89 %. Also,

n et al. (2019) compared a MEA-based carbon capture system with the

xyfuel combustion process. They showed that the integration of a CCS

ystem could result in better performance in terms of global warming,

utrophication, acidification, and photochemical ozone formation. 

Although considerable attention has been given to the SPEI-based

CS system for optimizing the carbon capture process at the lab scale

nd pilot scale, however, to the best of our knowledge, no work has been

eported on the potential environmental benefits that can be gained

hrough its integration with a cement plant. This research aims to per-

orm a technical and environmental assessment of the novel SPEI-based

CS process integration with a cement plant and compare it with the

onventional MEA-based CCS process integration. Various technical and

nvironmental performance indicators are assessed when the two CCS

echnologies are integrated with a reference cement plant. 

This study is based on real-time data obtained from an existing ce-

ent plant CEMEX, while the SPEI-based process is simulated based on

ilot scale experimental results provided by our partners from the Uni-

ersity of Nottingham, UK ( Kim et al., 2021 ; Zhang et al., 2014a ). A

etailed technical and environmental assessment is conducted through

imulation modeling and LCA methodology. This research has the poten-

ial to benefit those involved in the cement industry, policymakers, and

cademics by providing them with deep insights to assess the technical

nd environmental benefits of integrating CCS in the cement industry,

nabling them to make informed decisions. 

. Carbon capture technologies 

.1. Case scenarios and descriptions 

The influence of the integration of CCS technologies has been studied

hrough simulation modeling and environmental assessment by consid-

ring the following scenarios. 

Scenario 1: The reference cement plant without CCS. 

Scenario 2: Integration of an MEA-based CCS system with the cement

plant. 

Scenario 3: Integration of SPEI-based CCS system with the cement

plant. 

In this study, the CCS process includes the compression and lique-

action of captured CO2 , while the storage scenario of CO2 is not con-

idered. 

.1.1. Scenario 1: the reference cement plant without CCS 

Scenario 1 involves the cement plant without any CCS system, which

s assumed as a benchmark. In the cement production process, the raw

eal is processed to produce clinker, which is further grounded to pro-

uce a powder (cement) with specific physical and chemical properties.

he processes involved in clinker production are shown in Fig. 1 . 
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Fig. 1. The reference cement plant without 

CCS. 
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During clinker production, the flue gas and raw meal move in

ounter-current flow. The raw meal is fed into the cyclone preheater,

here it is heated, and moisture is removed by the hot flue gas produced

rom the pre-calciner and rotary kiln. The number of cyclone preheaters

mployed is dependant on the moisture content of the feedstock. In the

tudied scenario, four cyclone preheaters are integrated into the cement

lant. The raw meal achieves a temperature of 800 °C in the cyclone

reheaters before being entered into the pre-calciner. 

The reactions involved in the clinker production process are pre-

ented in Table 1 ( Jaffar et al., 2023 ). In the pre-calciner, the calcina-

ion process takes place and CO2 is removed from the limestone Eq. (1).

fter the calcination process, the calcined meal enters the rotary kiln,

here sintering takes place at a high temperature of 1400–1500 °C. The

eaction that occurs during the sintering process is given in Eqs. (2) to

6). The high temperature in the rotary kiln is achieved by burning coal

n the kiln. After sintering in the kiln, the produced clinker undergoes a

ooling process, where cold air is blown over the hot clinkers. The hot

ir is recovered and split into three portions. The secondary and tertiary

ir are used to heat the rotary kiln and pre-calciner, while the remaining

ot air is used to heat the raw meal. 

.1.2. Scenario 2: integration of an MEA-based CCS system with the 

ement plant 

In Scenario 2, the MEA-based CCS system is integrated with the ce-

ent plant. The MEA-based system is a single unit that captures CO2 

rom the flue gas produced by the cement plant. Fig. 2 presents the

chematic of integration of MEA based CCS into the cement plant. The

ue gas is extracted directly from the first stage of the cyclone preheater
Table 1 

Calcination and clinker formation reactions. 

Reactions Eqs. 

Calcination Reaction (Pre-calciner step) 

CaC O3 → CaO + CO2 ΔH = + 178.2 KJ/mol Eq. (1) 

Clinker Formation Reaction (Rotary kiln step) 

2CaO + Si O2 → Ca2 Si O4 ΔH = − 126.4 KJ/mol 

Dicalcium silicate (C2 S) 

Eq. (2) 

3CaO + Si O2 → Ca3 Si O5 ΔH = − 113.0 KJ/mol 

Tricalcium silicate (C3 S) 

Eq. (3) 

3CaO + Al2 O3 → Ca3 Al2 O6 ΔH = − 7.3 KJ/mol 

Tricalcium aluminate (C3 A) 

Eq. (4) 

Al2 O3 + 4Si O2 + H2 O → Al2 Si4 O10 (OH ) 2 ΔH = 
− 80.7 KJ/mol 

Pyrophyllite (AS4 H) 

Eq. (5) 

Al2 O3 + 2Si O2 + H2 O → Al2 . Si2 O5 (OH ) 4 ΔH = − 7.3 

KJ/mol 

Kaolinite (AS2 H2 ) 

Eq. (6) 

b  

s  

fl  

b  

T  

F

3 
nd cooled to remove the moisture. After the moisture is removed, the

ue gas enters the absorption column, where 90 % of the CO2 is re-

oved using MEA solvent. The CO2 -rich MEA solvent is then directed

o the desorption column, where the solvent is regenerated using steam

nd the CO2 is released. The released CO2 is then recovered and liq-

efied, while the regenerated MEA solvent is transferred back to the

bsorption column. 

In the liquefaction process, the recovered CO2 is compressed in a

our-stages. The CO2 is initially cooled to a temperature of 25 °C before

ntering each stage. The compressor operates at an adiabatic efficiency

f 85 %. After each intercooler, flash separators are integrated to re-

ove the highly purified liquid CO2 . Through this process, the CO2 pu-

ity level reaches 96 %, which is considered ideal for CO2 sequestration

 Jaffar et al., 2023 ). 

.1.3. Scenario 3: integration of an SPEI-based CCS system with the 

ement plant 

In Scenario 3, the cement plant is integrated with the SPEI-based CCS

ystem. The SPEI-based system uses a modular system and solid SPEI

orbents to capture CO2 from the flue gas. Fig. 3 shows the schematic

f integration of SPEI-based CCS into the cement plant. SPEI-based CCS

ystem is integrated into modules due to limitations related to the max-

mum bed diameter required for fluidization. Our calculations have

hown that four parallel units are required to capture CO2 from the flue

as. 

Similar to the MEA-based CCS system, the flue gas is extracted di-

ectly from the first stage of cyclone preheaters and cooled to remove

oisture. After 90 % of moisture removal, the flue gas is directed to the

ubbling bed adsorber reactor, where it passes through the solid SPEI

orbent. The solid SPEI sorbent can capture up to 90 % of CO2 from the

ue gas. The CO2 -rich SPEI sorbent is then transferred to the bubbling

ed desorber, where the CO2 is released, and the sorbent is regenerated.

he recovered CO is liquefied using the same methodology as for the
2 

ig. 2. Schematic diagram of an MEA-based CCS system with the cement plant. 
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Fig. 3. Schematic diagram of an SPEI-based CCS system with the cement plant. 
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EA-based CCS system, and the regenerated SPEI sorbent is transferred

ack to the bubbling bed adsorber reactor. 

. Modelling and boundary conditions 

.1. Feedstock composition 

The raw meal used for the clinker formation is composed of lime-

tone, iron, clay, and sand. The percentage of limestone is 77.7 wt. %,

ron is 1.4 wt. %, clay is 18.6 wt. % and sand is 2.3 wt. %. The moisture

ontent percentage in limestone is 15.2 wt. %, in iron is 5.3 wt. %, in

lay is 14.0 wt. %, and in sand is 22.1 wt. %. 

RDF, waste tires, and coal are used as fuel for heating pre-calciner,

hile only coal is used as fuel in the rotary kiln to achieve the desired

emperature. The detailed ultimate analysis on a received basis is pre-

ented in Table 2 . 

.2. Indirect heat consumption 

Indirect heat consumption is defined as the ratio of net primary en-

rgy consumption to the efficiency of a reference cement plant. Indi-

ect heat consumption refers to the net primary energy consumed in

elation to the net electricity consumption produced by the reference

ower plant. Therefore, to calculate the indirect heat consumption, the

eference power plant needs to be defined. For the current study, it is

ssumed that electricity is provided by the national grid, which has an

lectricity production efficiency of 62 % and an average CO2 emissions

ate of 274 kg CO2 /MWh ( BP, 2022 ). 

In the case of CCS integration, it is assumed that heat for sorbent

egeneration is provided by a natural gas boiler with an efficiency of

0 % and a CO2 emission rate of 56.1 kg of CO2 /GJ of natural gas

 Voldsund et al., 2019 ). 
Table 2 

Ultimate analysis of fuels. 

Coal RDF Tyres 

Hydrogen (Wt.%) 5.0 7.2 8 

Carbon (Wt.%) 65.7 53.0 52.1 

Sulphur (Wt.%) 0.5 0.3 2 

Oxygen (Wt.%) 11.8 0 8 

Nitrogen (Wt.%) 1.7 1.4 0 

Water (Wt.%) 2 23.7 15 

Ash (Wt.%) 13.3 14.4 0 

LHV (MJ/kg fuel) 26.0 18.8 25.9 
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4 
.3. The reference cement plant operating conditions 

We developed a simulation model for clinker production with a ca-

acity of 133.4 tonnes/hr, based on real-time data provided by our in-

ustrial partner. Fig. 4 presents the main operating parameters of the

eference cement plant. The raw meal is heated up to 880 °C using flue

as, with the first, second, third, and fourth stage cyclone preheaters

aving temperatures of 370, 563, 737, and 880 °C, respectively. The

imulation model assumes ideal solid-gas separation during the preheat-

ng stage, and the flue gas leaving the preheaters enters the raw meal

ill at 325 °C. Additionally, a portion of flue at 325 °C is utilized in the

oal mill. 

The clinker cooler uses ambient air, which splits into three preheat-

ng streams. The secondary air is fed to the rotary kiln at 973 °C, while

he tertiary air is added to the pre-calciner at 1000 °C. A small portion of

his air stream, at 213 °C, is utilized to heat the raw meal to the desired

emperature at the inlet. 

.4. MEA-based CCS system operating conditions 

In the MEA-based CCS system, it is assumed that 30 wt. % of the

EA solvent is used for the scrubbing process. The absorption column

s operated at 40 °C with a CO2 capture rate of 90 %. For a desorp-

ion column, a temperature of 150 °C is assumed with a CO2 lean lime

oading of 0.24 mol CO2 /mol MEA ( Antzaras et al., 2023 ; Jaffar et al.,

023 ). The sorbent/CO2 ratio is critical and significantly affects the CO2 

apture rate and regeneration energy. For the current study, a sorbent

o CO2 molar ratio of 2 is assumed, and the purge rate is assumed at

.2 kg sorbent/tonne of CO2 ( Roussanaly et al., 2017 ; Atsonios et al.,

015 ; Abu-Zahra et al., 2007 ; Rezazadeh et al., 2016 ). The process flow

iagram of the MEA-based CCS system is shown in Fig. 5 . 

.5. SPEI-based CCS system operating conditions 

In the SPEI-based CCS system, it is assumed that the sorbent

sed in the capture process is composed of 53 % silica and 47 %

olyethyleneimine. The adsorption temperature in the bubbling bed is

ssumed to be 50 °C. Similar to the MEA-based CCS system, the CO2 cap-

ure rate is assumed to be at 90 %. The bubbling bed desorption reactor

emperature is assumed to be between 110 and 120 °C. The sorbent to

O2 mass ratio is assumed to be 10 and the purge rate is assumed to

e at 0.1 %. The working capacity of the SPEI-based CCS process is as-

umed to be 1.25 mmol of CO2 /g of SPEI ( Kim et al., 2021 ; Zhang et al.,

014a , 2016 ). The process flow diagram of the SPEI-based CCS system

s shown in Fig. 6 . 

. Methodology 

.1. Technical analysis methodology 

All three case scenarios were modeled and simulated using the

CLIPSE software to ensure that the comparisons are consistent and ac-

urate. ECLIPSE, is a sophisticated suite of C-language programs, de-

igned to facilitate an in-depth technical and economic analysis of both

urrent and prospective fuel conversion and power generation systems.

CLIPSE stands out for its remarkable flexibility in approach and the

eamless integration of technical and economic elements within the

nalysis. It is equipped with comprehensive databases encompassing

hemical properties, utilities, and capital costing all of which are user-

odifiable, thereby enhancing its applicability and utility in diverse sce-

arios ( Williams and McMullan, 1996 ). 

As shown in Fig. 7 , technical and environmental analysis is carried

ut in four logical steps. In the first step, process flow diagrams made

p of modules and streams are developed. In the second step, enthalpy

alculations for each stream are performed that are used to calculate the

ass and energy balance after defining the stream inputs and technical
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Fig. 4. Main operating parameters of the reference cement plant. 

Fig. 5. Process flow diagram of MEA-based CCS system. 
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haracteristics of particular modules. The data gathered during the sim-

lation step serves as the baseline for identifying crucial components.

n the third step, all the energy inputs and outputs are analyzed. After

ompleting the mass and energy balance, the environmental assessment

s conducted. 

.2. Environmental assessment methodology 

LCA methodology is used to assess the environmental effects of

oods or services throughout the course of their whole lifetime i.e.,
5 
rom cradle to grave. However, the cradle-to-gate concept is the most

idely applied. The structures and machinery used in manufacturing,

re frequently left out of research, but, in a few cases, where account-

ng LCAs are studied; these should be included. In this study, we uti-

ized the LCA software SimaPro. The ecoinvent built-in database and

he ReCipe 2016 method is applied for the life cycle impact assessment

LCIA). 

The ISO 14040 series is available specifically for LCA ( ISO, 2006 ).

 LCA is divided into four sections: the goal and scope, the life cycle

nventory (LCI), LCIA, and the interpretation. 
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Fig. 6. Process flow diagram of SPEI-based 

CCS system. 
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.2.1. Goal and scope 

The goal of this research is to evaluate the environmental impact of

he clinker production process by integrating the CCS system. The study

ompares the three case scenarios outlined in Section 2.1 , to determine

f the integration of CCS technologies can reduce environmental impact

ompared to a cement plant without CCS. Fig. 8 presents the system

oundaries for life cycle assessment. The functional unit considered in

his study is 1 kg of clinker production, which is consistent with similar

esearch ( Stafford et al., 2016a , 2016b ). 
6 
Allocation is used to determine the share of environmental impact

hen multiple products are formed simultaneously. According to the

SO 14044 guidelines, the allocation should be minimized as much as

ossible. Baumann and Tillman (2004) and Weidema (2014) suggested

plitting the unit processes or expanding the product system. In the

imaPro software the function of “Avoided Product ” is applied to expand

he system and the impact of avoided products are subtracted from the

otal impact of the system. However, in the case of RDF, a complication

rises, because in the SimaPro software waste is not possible to model
Fig. 7. Logical steps involved in process simu- 

lation and modeling for technical analysis and 

environmental assessment. 
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Fig. 8. System boundaries for LCA. 
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R  
aste as an input product. Some literature avoided the issue because

f the same input. For example, Dong et al. (2018) compared various

aste-to-energy technologies using a functional unit of 1 tonne of mu-

icipal solid waste (MSW) received at the plant. To avoid the issue, they

eported that the benefit of disposing of MSW in landfills would be the

ame for all technologies. Chen et al. (2010) explored different alloca-

ion methods for recycling waste into different products in the cement

ndustry. They reported that if recycled material is used, there is no

eed to consider the extraction and production of the virgin base mate-

ial, and it can be considered an avoided product. However, there is still

 need to consider the environmental impact of the material recovery

rocess. Similarly, according to European Waste Framework, the waste

sed to produce RDF has no use and should be disposed of. Therefore, in

his study, the benefits of avoiding landfills disposal of RDF and waste

ires are captured ( Sauve and Van Acker, 2020 ). 

Both midpoint and endpoint indicators were evaluated. The mid-

oint environmental indicator includes 18 categories, and the endpoint

ndicators include 3 categories ( Brilhuis-Meijer, 2014 ). LCIA employ

he characterization factor to quantify the environmental damages for
7 
ach impact category. However, comparing impacts is challenging since

ach impact characterization approach uses a different unit of measure-

ent. Therefore, the findings from the characterization stage were di-

ided by a reference situation for each impact in the normalization step

nd therefore make the result interpretation simpler ( Baumann and Till-

an, 2004 ). 

In this study, background processes are modeled using the built-in

atabase of SimaPro software where possible. It is considered that the

re-dried hard coal and the raw material are received therefore the dry-

ng processes are modeled using the ECLIPSE process simulator to obtain

he utility inputs and flow rates. The RDF and waste tire processing are

ot included in the SimaPro software, therefore, LCA for these processes

as developed by consulting the literature, and supply companies. 

The process of RDF and tyres preparation and transportation are

resented in the Fig. 9 and Fig. 10 , respectively. Tables 3 and 4

resent the assumptions considered for the preparation and transport

f RDF and waste tires respectively ( Dong et al., 2021 ; Abouglil et al.,

017 ; Merlin and Vogt, 2020 ; Kløverpris, 2010 ; Pavlovic et al., 2019 ;

olfe et al., 2022 ). It is assumed that RDF and waste tires receive envi-
Fig. 9. Schematic of RDF prepration and trans- 

port. 
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Fig. 10. Schematic of tyres prepration and 

transport. 

Table 3 

Assumptions for the preparation and trans- 

portation of RDF. 

Collection (tonnes per kilometre) 29.4 

Electricity (kWh) 154.4 

Gas (m3 ) 37.09 

Transport (tonnes per kilometre) 95.61 

CO2 (kg) 68.60166 

RDF (tonnes) 1 

Table 4 

Assumptions for the preparation and 

transportation of tyres. 

Collection (tonnes per kilometre) 30 

Transport (tonnes per kilometre) 80 

Electricity (MJ) 4.5 

Shredded Tyres (tonnes) 1 
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onmental credit for not being disposed of in landfills, but the environ-

ental impact of waste collection, sorting, and transportation is con-

idered. The average distance from waste generation to the collection

acility, from the collection facility to the RDF processing site, and from

he RDF processing site to the landfill site was estimated using literature

nd in agreement with the manufacturer. Similarly, in the case of waste

ires, the transport distance from the tire shop to the collection site and

rom the collection site to the landfill site was estimated using literature.

dditionally, the transport distance of hard coal and raw material was

stimated using literature. It is assumed that the waste collection vehi-
Table 5 

Technical analysis results. 

Main process data 

Raw meal input (tonne/hr, as received) 

RDF input (tonne/hr, as received) 

Tyres input (tonne/hr, as received) 

Coal input (tonne/hr, as received) 

Total thermal input (MWth) 

Clinker production (tonne/hr) 

Raw meal/clinker ratio (dry basis) 

Auxiliary power consumption (MWe) 

CO2 purification/compression power (MWe) 

Total power consumption (MWe) 

Specific power consumption (MWh/tonne Clinker) 

Specific direct heat required (GJ/tonne Clinker) 

Specific indirect heat required (GJ/tonne Clinker) 

Specific heat requirement from natural gas boiler (GJ/tonne Clinker) 

Equivalent specific heat requirement (GJ/tonne Clinker) 

CO2 captured (tonne CO2 /hr) 

CO2 emitted on-site (tonne CO2 /hr) 

CO2 capture rate of the plant (%) 

Specific direct CO2 emissions (kg CO2 /tonne Clinker) 

Specific indirect CO2 emissions (kg CO2 /tonne Clinker) 

CO2 emissions from natural gas boiler (kg CO2 /tonne Clinker) 

Equivalent specific CO2 emissions (kg CO2 /tonne Clinker) 

Equivalent CO2 emissions avoided (kg CO2 /tonne Clinker) 

SPECCA (GJ/tonne CO2 ) 

8 
le was a 21 mt waste collection lorry. While, for the freight transport

f hard coal, RDF, and waste tires the vehicle is assumed to be 32 mt

reight transport lorry. 

In the case of RDF, the waste is sorted at a municipal solid waste fa-

ility (MSF). The electricity and gas are utilized in the collection facility

nd RDF during the RDF processing stage. The electricity data and natu-

al gas is taken from the built-in SimaPro database. After MSF, the waste

s normally sent to the final stream (reuse, recycle, landfills). According

o EU legislation, waste should be recycled or reused before being dis-

osed of in landfills (energy recovery in this case). Therefore, it is as-

umed that the waste utilized in the RDF process is destined for landfills.

he waste diverted from landfills and waste rejected from RDF process-

ng are sent back to the landfills. Therefore, except for transportation,

he process is considered neutral. 

The LCA for this project is cradle-to-gate, which includes material

xtraction, fuel synthesis and drying, transport, clinker production pro-

ess, and clinker production process integrated with CCS technologies.

he main limitation of this project is the assumption of unknown ele-

ents that are outside the control of this study. 

. Results 

.1. Technical analysis results 

ECLIPSE process simulation software was used to perform the techni-

al analysis of all three case scenarios. The key technical analysis results

re given in Table 5 . 
Reference cement plant MEA integration SPEI integration 

208.9 

14.0 

1.4 

7.0 

133.4 

133.4 

1.57 

16.3 17.2 16.8 

n/a 13.8 13.0 

16.3 31.0 29.8 

0.12 0.23 0.22 

3.60 

0.71 1.30 1.35 

– 4.40 2.76 

4.31 9.35 7.66 

n/a 134.5 126.5 

122.5 15.0 14.1 

– 90 90 

919 92 92 

34 64 61 

– 20 16 

952 176 169 

– 777 783 

– 6.49 4.30 
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Table 6 

Life cycle inventory of (i) reference cement plant (ii) MEA integration with the cement 

plant iii) SPEI integration with the cement plant. 

Inputs Wastes & Emissions Products 

Element Value Unit Element Value Unit Element Value Unit 

Reference cement plant 

Limestone 1.5349 kg Argon 0.0199 kg Clinker 1 kg 

Coal 0.0522 kg Water 0.4130 kg 

Tyres 0.0101 kg CO2 0.9176 kg 

RDF 0.1048 kg NO2 0.0001 kg 

Electricity 0.44 MJ SO2 0.0001 kg 

MEA integration 

Limestone 1.5349 kg Argon 0.0199 kg Clinker 1 kg 

Coal 0.0522 kg Water 0.8952 kg CO2 1.0085 kg 

Tyres 0.0101 kg CO2 0.1133 kg 

RDF 0.1048 kg NO2 0.0001 kg 

MEA 0.0027 kg SO2 0.0001 kg 

Electricity 0.8502 MJ MEA 0.0037 kg 

Natural gas 0.1066 m3 

SPEI integration 

Limestone 1.5349 kg Argon 0.0199 kg Clinker 1 kg 

Coal 0.0522 kg Water 0.4130 kg CO2 0.9483 kg 

Tyres 0.0101 kg CO2 0.1055 kg 

RDF 0.1048 kg NO2 0.0001 kg 

SPEI 0.010 kg SO2 0.0001 kg 

Electricity 0.8067 MJ SPEI 0.0011 Kg 

Natural gas 0.0711 m3 
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.1.1. Technical performance of the reference cement plant 

Based on the real-time data provided by our industrial partner CE-

EX, the modeling of the reference cement plant has been performed

ith a clinker production capacity of 133.4 tonnes/h. The specific heat

equired is 3.60 GJ/tonne of clinker produced, with almost 60 % of

he thermal energy linked to the calcination of limestone in the pre-

alciner. The total power consumption in the reference cement plant is

6.3 MWe, with a specific power consumption of 0.12 MWh/tonnes of

linker produced. The results show that the total CO2 production from

he cement plant is 122.5 tonnes/hr, with the highest CO2 emissions

inked to the pre-calciner. If the indirect CO2 emissions from electricity

re considered, then the equivalent CO2 emissions are estimated to be

.952 tonne CO2 /tonne clinker. 

.1.2. Technical performance of the integration of an MEA-based CCS 

rocess with the cement plant 

The integration of an MEA-based CCS with a cement plant can re-

ove 90 % of the CO2 from the flue gas. To ensure a fair comparison,

he raw meal input and clinker production capacity have been kept con-

tant. However, MEA integration requires more electricity. Considering

he base case cement plant, MEA-based carbon capture unit, and com-

ression unit, the electricity consumption increased to 31.0 MWe, with

lmost 45 % of the total electricity consumption occurring in the CO2 

ompression stage. In addition to the electricity consumption require-

ent, additional heat is necessary to regenerate the solvent in the desor-

er. In this study, it is assumed that the required thermal energy for sol-

ent regeneration is provided by a natural gas boiler. The total thermal

nergy required from the natural gas boiler is 162.8 MWth, with a spe-

ific heat requirement of 4.4 GJ/tonne of clinker. The specific CO2 emis-

ions avoided (including direct, indirect, and natural gas CO2 emissions)

nd specific primary energy consumption for CO2 avoided (SPECCA) rel-

tive to the reference cement plant are 0.78 tonnes CO2 /tonne of clinker

nd 6.5 GJ/tonne of clinker, respectively. 

.1.3. Technical performance of the integration of SPEI-based CCS process 

ith the cement plant 

In the scenario where the SPEI-based CCS unit is integrated with

he reference cement plant, 90 % of CO can be removed from the flue
2 

9 
as. The raw meal input and clinker production capacity of the refer-

nce case cement plant remain the same. The electricity consumption

n the SPEI integration is 29.8 MWe, which is lower compared to the

EA integration, with almost 44 % of the total electricity required for

he compression. This is due to the lower amount of CO2 required to be

aptured because of lower thermal energy requirement. The total regen-

ration heat required for the sorbent regeneration is 102.4 MWth, corre-

ponding to 2.36 GJ/tonne CO2 , which is almost 33 % lower compared

o the MEA integration. The specific CO2 emissions avoided (including

irect, indirect, and natural gas CO2 emissions) and SPECCA relative to

he reference cement plant are 0.78 tonnes CO2 /tonne of clinker and

.3 GJ/tonne of clinker, respectively. 

.2. Environmental analysis results 

The LCI results obtained from the technical analysis are presented in

able 6 . To ensure accuracy across the studied scenarios, the functional

nit is assumed to be 1 kg of clinker produced. As the SimaPro software

oes not support flowrates, therefore, the LCI data timescale is set to

ne second. 

.2.1. Midpoint indicators 

Table 7 and Fig. 11 present the LCIA characterization results of the

idpoint indicators. As each impact category has a different set of units,

hey cannot be directly compared. However, the impact category scores

or each scenario can be useful for comparison purposes. The base case

ement plant exhibits the lowest scores in all the midpoint impact as-

essment indicators, except for global warming, which is highest in the

EA integration followed by SPEI integration. Meanwhile, the MEA in-

egration results in the highest scores in nearly all the midpoint impact

ategories, except for global warming, which is almost 64 % lower than

he reference cement plant. While, in the case of SPEI integration the

lobal warming impact is 67 % lower than reference cement plant. The

igher score of the global warming indicator in the reference cement

lant is linked to the higher CO2 emissions into the atmosphere from the

rocess, while the higher impact scores of the other midpoint indicators

n the case of CCS integration are linked to the utilization of a higher

mount of natural resources such as electricity and natural gas. The SPEI



M.M. Jaffar, A. Rolfe, C. Brandoni et al. Carbon Capture Science & Technology 10 (2024) 100179 

Table 7 

Impact Assessment. ReCiPe 2016 Midpoint (H) V1.07 / World (2010) H. 

Impact category Unit Reference cement plant MEA integration SPEI integration 

Global warming kg CO2 eq 1.01274 0.36221 0.33678 

Stratospheric ozone depletion kg CFC-11 eq 0.00000 0.00000 0.00000 

Ionizing radiation kBq Co-60 eq 0.03044 0.05408 0.05233 

Ozone formation, Human health kg NOx eq 0.00044 0.00061 0.00057 

Fine particulate matter formation kg PM2.5 eq 0.00019 0.00031 0.00029 

Ozone formation, Terrestrial ecosystems kg NOx eq 0.00045 0.00062 0.00058 

Terrestrial acidification kg SO2 eq 0.00049 0.00083 0.00076 

Freshwater eutrophication kg P eq 0.00013 0.00018 0.00017 

Marine eutrophication kg N eq 0.00001 0.00001 0.00001 

Terrestrial ecotoxicity kg 1,4-DCB 0.14905 1.33993 0.22298 

Freshwater ecotoxicity kg 1,4-DCB 0.00481 0.00758 0.00704 

Marine ecotoxicity kg 1,4-DCB 0.00655 0.01011 0.00959 

Human carcinogenic toxicity kg 1,4-DCB 0.00924 0.01419 0.01335 

Human non-carcinogenic toxicity kg 1,4-DCB 0.19079 0.26233 0.25397 

Land use m2 a crop eq 0.00354 0.00638 0.00583 

Mineral resource scarcity kg Cu eq 0.00014 0.00028 0.00025 

Fossil resource scarcity kg oil eq 0.05425 0.17274 0.13660 

Water consumption m3 0.00121 0.00212 0.00205 

Fig. 11. Comparing the reference cement plant, SPEI-based CCS technology integrated with the cement plant and MEA-based CCS technology integrated with the 

cement plant. Method: ReCiPe 2016 Midpoint (H) V1.07 / World (2010) H. 
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ntegration leads to better performance and shows lower impact scores

or all the categories when compared with the MEA integration. In some

ndicators such as stratospheric ozone depletion, terrestrial ecotoxicity,

ineral resource scarcity and fossil fuel scarcity the impact score of MEA

ntegration are more than 10 % higher than SPEI integration. 

These results are in agreement with the results reported by

n et al. (2019) who studied the influence of the integration of CCS

echnology into a cement plant. They also reported that, in the midpoint

mpact assessment, the integration of MEA-based CCS technology can

ecrease the global warming potential impact. However, the increase in

he score of other environmental impacts was observed with the inte-

ration of CCS technologies. Similarly, García-Gusano et al. (2015) also

eported a better performance score in terms of global warming im-

act when MEA-based CCS was integrated with the Spanish cement

lant. They also reported that the integration of CCS technology can

ncrease the impact potentials of photochemical eutrophication, ozone

ormation, acidification, ionising radiation, human toxicities, ecotoxi-

ity, particulate matter, and land use by several times. Furthermore,
10 
alusnyak et al. (2022) also investigated the influence of the integra-

ion of calcium carbonate looping-based CCS unit into cement plant.

hey also reported that at a capture rate of 90 %, the global warming

mpact is around 69 % lower compared to the reference cement plant

ithout CCS integration. 

As mentioned in the Goal and Scope section, the environmental as-

essment study aimed to investigate whether integrating a CCS system

ould potentially reduce the climate change impact (i.e., global warm-

ng) without negative environmental impacts. The breakdown of the

lobal warming impact is shown in Fig. 12 . The results indicate that

he main contributor to the global warming impact is the clinker pro-

uction process in all three scenarios. However, the global warming im-

act score for the reference cement plant is almost 83 % higher than

hat of both the MEA-based and SPEI-based CCS system integrations.

hese results were expected as the capture rate of the CCS technolo-

ies is fixed at 90 %. Rolfe et al. (2018) also studied the influence of

he integration of CCS technologies into a cement plant. They also re-

orted that at a capture rate of 94 %, the global warming impact score
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Fig. 12. Break down of global warming indica- 

tor, unit kg CO2 eq. Method: ReCiPe 2016 Mid- 

point (H) V1.07 / World (2010) H. 
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n  
s 90 % lower for the CCS integration compared to the reference cement

lant. 

In the case of CCS integration with the cement plant, after the clinker

roduction process, the electricity and natural gas inputs have a higher

ontribution towards the global warming indicator compared to the ref-

rence cement plant. In the case of MEA integration, the contribution of

atural gas and electricity was nearly 44 % and 97 % higher than that
11 
f the reference cement plant, respectively. In the case of SPEI integra-

ion, the electricity and natural gas contribution to the global warming

ndicator was 3 % and 32 % lower in comparison to MEA integration. 

The integration of both CCS technologies has a higher impact score

n fossil resource scarcity, as shown in Fig. 13 . The main contributors

o the higher impact in the case of CCS integration were electricity and

atural gas input. The electricity and natural gas consumption was high-
Fig. 13. Break down of fossil resource scarcity 

indicator, unit kg oil eq. Method: ReCiPe 2016 

Midpoint (H) V1.07 / World (2010) H. 
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Fig. 14. Endpoint single score assessment. 

Method: ReCiPe 2016 Endpoint (H) V1.07 / 

World (2010) H/A. 
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st in the MEA integration. Therefore, when MEA integration was com-

ared to the reference case cement plant, the electricity and natural

as input resulted in 44 % and 97 % higher scores, respectively. Mean-

hile, the SPEI integration resulted in 3 % and 32 % lower scores of

lectricity and natural gas consumption compared to the MEA integra-

ion. An et al. (2019) reported that most of the environmental impacts in

he case of CCS integration are linked to heat and power requirements,

herefore, resulting in a higher impact score. 

.2.2. Endpoint indicator 

The endpoint single score results are presented in Fig. 14 . The inte-

ration of CCS technologies results in a lower impact on human health

nd the ecosystem. For human health and the ecosystem, the base case

ssembly exhibits values of 18.94 and 0.85 mPt, respectively. Mean-

hile, the lowest values are exhibited by SPEI integration at 9.99 and

.37 mPt, respectively, for the human health and ecosystem indicators.

owever, the values for the resource indicator are at 0.35, 0.26, and

.06 mPt, respectively for MEA integration, SPEI integration, and the

eference cement plant. 

Similarly, damage assessment results show that in the case of MEA

ntegration, the impact on human health and damage to the ecosystem

s almost 44 % and 53 % lower, respectively, compared to the reference

ement plant. However, due to the utilization of higher electricity and

atural gas, the impact of fossil fuel depletion is higher in the case of

CS integration. In the case of the reference cement plant, the resource

epletion impact is almost 82 % lower compared to MEA integration. 

The SPEI integration has a lower endpoint impact compared to the

EA integration in all three categories, i.e., resources, ecosystem, and

uman health. In the case of SPEI integration, the impact on human

ealth, ecosystem, and resources is almost 7 %, 9 %, and 26 % lower

han MEA integration. This is due to the requirement for a lower amount

f electricity and natural gas, and lower emissions. A similar trend of

esults has been presented by Singh et al. (2012) . They studied the in-

uence of the integration of CCS into various processes. They also re-

orted that the integration of CCS technology can significantly reduce
12 
he impact score of human health and ecosystem score thereby showing

 positive impact. However, the impact score of the resource indicator

as reduced for the resources because of the utilization of more energy

o carry out the CO2 capture operation. 

. Conclusion 

This study aimed to evaluate the technical and environmental as-

essment of the integration of carbon capture and storage technologies

nto the cement plant. A comparison of conventional MEA-based car-

on capture technology and SPEI-based carbon capture technology was

erformed. The main conclusions from this study are the following: 

From the technical point of view, integration of both processes can

liminate the CO2 from the flue gas to up to 90 %. The equivalent CO2 

missions avoided were at 742.9 and 749.3 kg CO2 /tonne clinker for

he MEA-based carbon capture process and SPEI-based carbon capture

rocess, respectively. However, the requirement for electricity and nat-

ral gas increased for both carbon capture technologies. This was due

o the additional energy required to operate CO2 capture technologies.

ccording to the results of SPECCA the SPEI-based carbon capture unit

ntegrated with the cement plant showed better performance than MEA-

ased carbon capture process integration. The SPECCA of MEA integra-

ion was at 6.5 GJ/tonne CO2 and for SPEI integration at 4.3 GJ/tonne

O2 . The life cycle impact assessment results also indicated that this

as the key component that reduced the environmental impact of SPEI

ntegration. 

From an environmental assessment perspective, the SPEI-based car-

on capture process integration showed better environmental perfor-

ance compared to MEA-based integration in all impact categories. The

EA-based carbon capture process integration had a higher score in

he global warming indicator (still lower than the base case) due to the

igher energy requirement for sorbent regeneration, resulting in greater

missions for energy generation. Additionally, the MEA-based carbon

apture process integration had a score almost 21 % higher for fossil re-
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ource scarcity due to the increased utilization of electricity and natural

as for capture process operation. 

Also, it can be depicted from the single score endpoint results, over-

ll, the integration of CCS technologies into cement plants have a pos-

tive environmental impact in terms of human health and ecosystems.

he results show that greater benefits can be achieved by integrating the

PEI-based carbon capture process integration compared to MEA-based

arbon capture process integration. 
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