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Abstract

CO, mineral carbonation (MC) curing technology prowdepromising solution for large-scale £0
utilization and construction sectors towards lowbca and environmentally friendly production of
concrete, but studies on the total environmentglaicts of this technology are scarce. Accordingig t
paper evaluated the life cycle environmental impadtseven promising concrete blocks from,QvIC
curing manufacturing pathways (Ordinary-Portlandmert block, MgO-Portland cement block,
wollastonite-Portland cement block, limestone-Rordl cement block, calcium silicate cement block,
slag-Portland cemenblock and Waste Concrete Aggregate block), offeridgtailed results of
cradle-to-gate life cycle assessment and inventdentification of the contributions of subdivideaw
materials and manufacturing processes, as welieagrergy consumption, transportation, and upstream
processes for raw materials was performed. It wasve that 292~454 kg Gfeq global warming
potential (GWP) of 1 th CO,-cured non-hollow concrete blocks were obtained. ddytrast, results
indicated the 419kg C&q GWP from a base case of conventional (steasdcunon MC)

Ordinary-Portland cement block. Up to 30 % of L@mission avoidance could be achieved when
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replacing steam curing by MC curing and adjustimg binder types. From the point of view of matarial
and manufacturing, the reduced use of Portland oeis@ key step for environmental optimization jleh
reducing the energy consumption for maintaininghkpgessure carbonation helps to cut down the
cumulative energy demand. Increasing the blendatig in binary binders and the lightweight redesign
also proved to be beneficial solutions for mitiggtenvironmental impacts of G@ured concrete blocks.
Wollastonite-Portland cement block and slag-Podlaament block using natural wollastonite and blast
furnace slag in binary binders obtained the mostrigbly scores in all impact assessment indicatord,

thus, are arguably considered as the most sustaitygles of concrete blocks.

Key words

CO, mineral carbonation curing; Life cycle assessmé&it]L2001; Global warming potential; Green

concrete

Highlights

* Life cycle assessments of mineral carbonation cuoextrete blocks were conducted.

*  Contributions of subdivided raw materials and mantifring processes were identified.
*  Beneficial solutions for mitigating environmentaipacts were determined.

* Replacing steam curing by mineral carbonation guhielps environmental optimization.

1. Introduction

Greenhouse gas (GHG) emissions from fossil fuellrestion have attracted significant
attention due to increasing political pressure ankling climate change. Among the
numerous carboaioxide (CQ) utilization technologies available, mineral carbiora (MC)
of CO,, which involves chemical reactions that are analisgo geologic mineral weathering,
has been proposed as a promising scalable rout@d<d al., 2014). CQOeacts with alkaline
metal minerals to form carbonate products during BC reaction. To address product
market scale limitation of aqueous MC technologiessearchers currently use the MC
process of cement for early-stage concrete curmgmély CQ MC curing technology

(Zhang et al., 2017)), realizing G@xation and obtaining high-value concrete progudihe
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market scale of concrete products significantlyeexts that of high purity carbonate products
obtained from the aqueous MC technologies, offeeangomising CQ utilization potential.
The MC curing also differs from the natural carbiora of steel reinforced architecture
products, where C{reacts in a durability deterioration mechanismr(yaa, 2003).

The MC curing technology is capable of replacingrgg-intensive steam curing by
accelerating carbonation cementation (Rostami et28l12). When C@diffuses through
micropores in the cement matrix, the pore structsirgensified with the MC conversion of
calcium silicates and hydrated products to carlexharoducts. Thus process could replace
the hydration reaction to cure the concrete praluthe energy saving potential and raised
level of productivity of this process are well alegl with sustainable strategies of
construction sectors towards low-carbon and enuemtally friendly production. However,
data on energy and efficiency of this process aece when applying CGQas a material
input, as well as total environmental impacts. $&@vetudies on the footprint assessments of
some CQ-cured products (MgO-cement paste (Unluer and Albga, 2014), for instance),
have provided knowledge of the potential £gnission reduction about a specific material.
Furthermore, environmental accounting methods sischife-cycle Assessment (LCA) are
required to establish a comprehensive understarafinganufacturing processes and product
types.

LCA has been successfully applied in the constuctsectors to evaluate the
environmental impacts of multiple life cycle prosgsathways (Gursel et al., 2014; Vieira et
al., 2016). For steam-cured or air-cured concretelycts, the literature provides results of
impact assessment methods and scenario modelliegsuring various influencing factors
from the aspects of the material (Yang et al., 20b%anufacture (Flower and Sanjayan,
2007), transportation, energy input (Dahmen et28l1,7; Marinkow et al., 2017) and so on.
There is, however, very little information availebbn the LCA of C@cured concrete
products. Research on hydration (Garcia-Segurd.,eR@l4; Heede and Belie, 2012) or
alkali-activated concrete products (Dahmen et28l17) undoubtedly indicates that carrying
out an LCA study is necessary for the environmeimglact comparison involving various

raw materials. It is also beneficial for the idénétion of key parameters and optimization of
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products and approaches in different regions aptiGgion scenarios.

To conduct LCA studies of G&ured concrete, several knowledge gaps regardiag t
materials and processes should be addressed. t8tibgti COQ-activated binders for
carbonation hardening instead of hydration have lvédely proposed (Mahoutian and Shao,
2016; Sahu et al., 2013 ; Zhang et al., 2017)watlg less energy use and lower GHG
emissions by reducing traditional cement productiBrevious studies explored the MC
curing feasibility of MgO-Portland cement (Mo et,&016), wollastonite-Portland cement
(Huang et al., 2019; Wang et al., 2017), limestBoedand cement (Tu et al., 2016) and
slag-Portland cement (Liu et al., 2016), which iadlst replaced cement by other minerals to
form binary binders as the substitute of the traditPortland cement in concrete. The
crushed and recycled waste concrete (Zhan etlf)2as coarse aggregate in the-€Qred
concrete block has also been investigated fromimt b view of mechanical performance.
The potential environmental benefit of &Qured concrete is strongly dependent on the type
of raw materials.

The optimizations of mix designs and approachesCiog-cured concrete products also
needs to be addressed, especially aiming at impgavie environmental impacts. Similar to
the widely studied hydration process of hydraulioders and aggregates, significant
differences in reaction mechanisms and structusadludons exists when considering
different CQ-activated binders (and reactive aggregates). Ressma and industrial
developers are modifying the curing conditions ¢baduration, pressure, temperature,CO
concentration) to fit with different types of comt# blocks, striving to achieve qualified
mechanical performance and large Q@{take during MC curing. Wang et al. (Wang et al.,
2017) adopted up to 25 bar pressure for the MCnguaf wollastonite-Portland cement
within a 2-hour reaction. On the other hand, Asketal. (Ashraf et al., 2017) extended the
curing to 96 hours in atmospheric pressure arfi€ @®nstant temperature. Since different
materials are involved, the corresponding curingditions and energy input are also
required when comparing the environmental impatte@CQ-cured products.

Overall, establishing whether there is sufficiemivieonmental rationality when

developing C@-cured concrete blocks is a necessary step betoteef focusing on the
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technological and economic factors. This paper donsvaluate the environmental impacts
and influencing factors of seven promising £fred concrete blocks from GMC curing
manufacturing pathways, offering detailed resultd GA and life cycle inventory (LCI).
Global warming potential (GWP) (measured in £Qquivalency) and nine other major
indicators in the well-known CML-IA (Centre of Emgnmental Science in Leiden
University (Guinée et al., 2002)), as well as twdicators in Cumulative Energy Demand,
are selected as impact assessment methods fomW®renental comparison of concrete
mixes and scenarios. GWP evaluation includes th@®uws contributions subdivided into
different raw materials and manufacturing stepseference calculation (as a base case)
using the baseline mix design of Ordinary Portl@@ement Block with steaming curing
process compares the GWP difference between MQ@Qg@wamd conventional steam curing.
The impact of blending ratios in binary binders ahd comparison between standard and
lightweight products are also explored, followed thg sensitivity evaluation of the GO
uptake, energy consumption, and transportatioramitst Finally, optimized mix design and
solutions for mitigating environmental impacts ofO&£cured concrete blocks are also

discussed.

2. Methods

The LCA methodology used in this study is basedhenwidely accepted International
Standards Organisation (ISO) 14040 and 14044 (BX06). A global inventory database,
ecoinvent v3.4 (Ecoinvent, 2017) (current versidn&s of August 2018) was useld to obtain
inventory data. As MC curing technology is in itgancy, detailed data of the manufacture
processes cannot be derived from established yiftecinventories. The CML-IA (10
indicators) and the Cumulative Energy Demand (Zcatdrs) are applied (Braga et al., 2017).
An original Excel-based software is used for thieudations for all scenarios. One can repeat

the calculations based on the equations in thidystu

2.1 Goal

The goal of this study was focused on the envirartalempacts of different C&cured
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concrete blocks to better understand the poteatiehntage of MC curing technology and to
compare different types of mix designs. This studyestigated and identified the
contributions of subdivided raw materials and mantufring processes, as well as the energy
consumption, transportation, and upstream procdsseal the materials. The LCA results
are also used to ascertain opportunities to imprthes environmental performance of
CO»-cured products at different stages of their lijele and minimize total GHG emissions
and other impact indicators per unit product.

2.2 Functional unit and scope definition

In accordance with the goal of this study, the walion of the cradle-to-gate LCA is
conducted and the system boundary is presentedigin 1F Only the block product is
considered, the paste or mortar samples (studiedabyexperiments) are not involved
because they are not ready-to-use. The use stag@afured concrete blocks (including the
transportation of distribution-to-site) is excludduae to the expected similar conditions for all
kinds of mixes. End-of-life stage is assumed tctmparable (most wastes are disposed of
in landfills) and thus is omitted as well. To qufnthe impact assessment indicators of
products within the defined system boundary, theemtory values of the indicators are
estimated in the form of inputs of resources ad aglthe outputs of emissions (to air, land
and water) associated with the energy use, resotreresportation and conversion of
resourcesin the base scenario, the €0@ylinders are considered as the only gas source
(existing research mostly use high-pressure 100%),&@d the energy consumption for gas
compression and purification are not included basethe adopted processes and boundary
setting. The impact of CQOcapture and transportation would be discussedheénstenario
discussion.

The functional unit of this study is 1*mon-hollow concrete block with MC curing, and
is set to correspond to the mechanical power afllddad operation. Seven types of the
material mixes (depending on the types of bindemggregates) for MC curing are included
for comparison. Based on the boundary settingghallmixes for MC curing consist of the
binder, fine aggregates, coarse aggregates and wategaw materials. Apart from the

Ordinary Portland Cement block (OPC), substituteabi binders with the potential benefit
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of environmental or mechanical performance are atsmsidered, including the

Wollastonite-Portland Cement Block (WPC), MgO-Pamd Cement Block (MPC),
Limestone-Portland Cement Block (LPC) and SlagiBod Cement Block (SPC). The
Calcium Silicate Cement Block (CSC) using calciuhtate cement as the binder and Waste
Concrete Aggregate block (WCA) using the recyclexst@ concrete as the coarse aggregate
are also involved. Among these types, some of thaue been studied or developed by the
authors experimentally (OPC, WPC, LPC and SPChalab and the others are referred

from the present researches.

e e e e -

e System boundary TN
/’ - S [ ] Solid materials
‘ / Raw materlalﬁ Manufacture\ \ [ Manufacture steps
Ordinary Portland . ! Products
e Transportation i
Magnesium oxide ‘1' :
Mixing, :
Naturally occurring molding and !
wollastonite cutting !
1
|
. o |
Calcium silicate cement v ! | CO,-cured concrete block
. |
Limestone Compacting : OPC CSC
I
Blast furnace slag v :
i | WPC LPC
» : Pre-curing :
Gravel (coarse aggregate |
! MPC SPC
Waste concrete (coarse 4 :
aggregate) CO, curing WCA

|Water || co, || Electricity | | Natural gas | | Diesel

Fig. 1 Life cycle of C@-cured concrete blocks and system boundary

The mix designs of the above @@ured concrete blocks in the base scenario are
presented in Table 1. The design density of eamtkhbs 2000 kg/min the base scenario. The

determination of aggregate-to-binder ratio, coaosBre aggregate ratio and water-to-binder
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ratio can be referred to in the supplementary data.

The raw materials as input and associated manuiagtprocesses are also shown in
Fig. 1. The manufacturing processes follow a simskquence before the MC curing stage.
The compaction process is necessary due to theybimiaders lack of early strength.
Therefore at this stage, the processes differ dbpgron the mix design in the existing
literature. A pre-curing process before MC curiagused to control the water-to-binder ratio
in order to promote the gaseous diffusion of,Ct® establish the life cycle inventory of MC
curing, detailed curing conditions (holding pregsutemperature and duration) and the
amount of CQ required which vary with different types of raw texdals are derived from
experimental data as listed in Table S1. Only #mda@nation conversion ratios of binders are
involved. To conduct the MC curing, both the tenapere and pressure control are calculated.
Heat quantities for reaction temperature are dividgo two parts: C@gas and concrete
block (as presented in the following section). Eyerequirements for pressure control and
gas circulation are calculated by considering aeggdmmachine operating time (<18.64 KW
per nt, including light commercial pumps and compressovdjile these machines are
powered by diesel.

To compare the emission difference betweer, M@ curing and conventional steam
curing, a reference calculation was also conduttgdising the baseline mix design of
Ordinary Portland Cement Block for steaming cumngcess. The detailed data for steaming
curing was collected from published work (Marceduak, 2007), which were converted
according to the functional unit in this study. Tdéreergy input of the steam curing process in
manufacture were adjusted to 248.32 MJ energy frataral gas and 97.55 MJ energy from
diesel. The emission of using natural gas and dieses also involved to equivalently
compare with previous calculations. The data o&rmstecuring is only applicable to the

manufacture of Ordinary Portland Cement block.



1 Table 1 Mix design in base scenario (unit: kg)

2
e Foland Comsesgesae Comscapemc Fnoaggene | Molesonie | Cabumolewe o Umesone bR waer COeUnidedintre Tommss
OPC 370 890 - 592 - - - - - 148 60.3 (Wang et2417) 2000
WPC 296 890 - 592 74 - - - - 148 68.5 (Huang e4l19) 2000
MPC 296 890 - 592 - - 74 - - 148 44.4 (Mo et 01 @) 2000
LPC 296 890 - 592 - - - 74 - 148 40.9 (Tu et D1 2000
SPC 296 890 - 592 - - - - 74 148 42.0 (Liu et2016) 2000
CSC 890 592 370 148 44.4 (Ashraf et al., 2017 2000
WCA 370 890 592 148 66.6 (Zhan et al., 2016) 2000

3
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2.3 Description of life-cycle inventory and caldidas

Data from ecoinvent v3.4 was used to calculatelifeecycle inventory data. Different
indicators of input energy for manufacturing praassare carefully considered: electricity is
used for compacting, mixing and other plant opereti(Dahmen et al., 2017), diesel is used
for mineral quarrying, grinding, machine operationcuring and material transportation;
natural gas is used for reactor heating (boileBs)th the upstream production and the
conversion of energy indicators are involved. Thession data for electricity was obtained
from ecoinvent database using an average emissgitaninl China, while the global-average
emission data for natural gas and diesel were eghphi this study. To calculate the LCI for
CO, MC curing, the required energy is considered as parts: (i) the energy input for
reactor sealing, pressure control and gas ciraulati CQ MC curing (CQ curing-Pressure,
abbreviated as CCP) and (ii) the energy input &actor and gas heating, maintaining the
temperature constant, namely £€ring-Temperature and abbreviated as CCT.

The calculations of different impact indicators kkbihe summarized as:

I = IR+IM +IT, (1)

|R:§) W’ IR,), )
=1

||v|i:g°i5 (M) =IM i FIM i + (M oy HIM o )HM o, 3)
et

Meyo=@ (M, )~ C, @

|Ti:§l(vvj' D, IT,,), (5)
-

wherel; is the inventory value of the impact assessmaticatori (i is equal to 1-12; 1-
global warming potential (GWP), 2- acidificationtpotial, 3- eutrophication potential, 4-
human toxic potential, 5- photochemical ozone ergatential, 6- abiotic depletion, 7- ozone
layer depletion, 8- freshwater aquatic ecotoxi@tymarine aquatic ecotoxicity, 10- terrestrial
ecotoxicity, 11- cumulative energy demand of namergable energy resources (CED-NRe)
and 12- cumulative energy demand of renewable gmexgpurces (CED-Re))R, IM; and
IT; are the impact assessment data for raw materiahufaeturing processed and
transportation of materiaj, andk indicate the different raw material types and piciabn
steps, respectively (ten types of raw materialkiohe nine solid raw materials and watéy;
andIR;; are the volume weight (kgfnand inventory value of indicatorof raw materiaj;

IMmix,i, IMcompi, IMccpi, IMcctj and IM1p; are the inventory value of indicatorfor mixing,

10
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compaction, energy input for GOcuring-Pressure (CCP) and energy input for,CO
curing-Temperature (CCT) and material transpontatiespecially, for the indicator of GWP,
the IMgwp should be calculated as Eq. (4) @bdepresents the mass of €@ptake of unit
product (kg/m); in Eq. (5) theD; is the transportation distance (equals to 50 kihénbase
scenario) of raw materiglandIT;;is the impact assessment indicator for lorry transpion
(16-32 ton) (tort-km™).

IM¢er; = QCCTi, (NGPj +NG )=Q rtQ G,), (NG n NG u,)’ (6)
273+T 273H
Q. =C O C,dT=C" () (44.14+9.04 16T- 854 U *dy, (7)
298 298
298+T
Q=W ) C,dT, (8)
298
lMCCPi: I MO,i, t :I MO,i, (tc+ts) ! (9)

where Qccr is the total heat needed for temperature maintanam CQ MC curing
(kJ/nt); Qr andQg are the heat needed to heat the, @& and unit concrete block (kJjm
NGp; andNGy, represent the inventory value of indicatdrom the production process and
utilization (turbine) process of natural gas respety to supply the corresponding heat; in
Eqg. (7) and (8) th€, candC, rare the weight heat capacity of £€énd the concrete block,
Cpris set to be 0.75 kJ/(KE) (Neville, 2000) and unchanged within range ohperature
(25-60C), the total heat from 1 fnatural gas is set to be 31.7 MD;is the stable
temperature for MC curing (K) and/ is the total weight of unit concrete product (kg)m
Ivoiis the inventory value of indicatoof unit general machine operation time i) andt
is the batch duration (h) which consisted of theadan of MC curing {c) and the silence
time (s) between different batche; (vhich equals 2 hours for atmospheric pressurenguri
and 3 hours for high-pressure curing).

Among the raw materials, the production data oftlBed cement, magnesium oxide
(MgO), limestone, gravel, sand, waste concrete ndice were directly derived from the
ecoinvent database following the principle of cfithy classification. The data of Portland
cement is based on the American data (the datartaRd cement varies considerably based
on region) while the other materials are basechergtobal data in the database. The GWP of
1 kg Portland cement is 0.895 kg &£€X. The pumice as a lightweight aggregate was only
used for scenario modelling. Due to lack of datéhm ecoinvent, the inventory value I&
related to the acquisition of naturally occurringllastonite (NW), commercial calcium

silicate cement (CCSC), mainly consisting of syhthewollastonite, were calculated

11
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separately in the supplementary data. Using th&t hlanace slag (BFS) in binary binder also
required the energy consumption to reduce parsizle by grinding, which was estimated to
be 36.7 kwh/ton BFS (from diesel) according toitisustrial data. To consider the potential
avoided benefit of BFS utilization, this study atiofhe No-Allocation principle (BFS is used
as merely waste), with no calculation of the massconomic allocation.

The utilization of waste concrete aggregate in stigly was considered as an open-loop
process (Yuan et al., 2011): the blocks contaimuagte concrete aggregate after MC curing
would not be recycled as waste concrete. Meanwthite avoided burden of waste concrete
aggregate was not included, which means that thseref waste concrete aggregate produces
no extra benefit on the reduced use of energy asdurce for the traditional landfill
treatment. Last but not least, some assumptionglatadfor Eq. (3) to (9) regarding the raw
materials and manufacturing processes have alsoibeleded as supplementary data.

2.4 Scenarios

As mentioned above, the variation in data withia thventories of raw materials and
process parameters would significantly affect tkcome of analyzed indicators. For the
base scenario, only one density of unit producO@2g/n?) is adopted, as well as the certain
blending ratio of substitute minerals in binary ders (20%). The use of lightweight
aggregate may reduce the strength of block, buifgigntly increases the economics per unit
volume of product from the reduction of raw matsriand transportation costs. To
investigate the possible impacts of product densiggociated with the product market and
application scenario) and the blending ratio ofabjnbinders, sensitivity analysis would be
required. The variations in the amount of 4{take and energy for manufacturing processes
are also taken into account with the introductioh adlditional scenarios (3-4). The
transportation distance of raw materials, whichspngs significant impacts on the impact
assessment indicators of traditional concrete ldd€laleschini et al., 2016) strongly affects
the availability and use of precast architecturaddpcts, and therefore, it is also included. In
addition, cost-effective capture and transportattdnCO, from industrial processes have
proven to be technically challenging in the pasid a major limitation of MC processes
currently in use. Thus the impact of €€apture and transportation from industrial proesss
would be examined by the scenario analysis. Theuoawf CQ is based on the European
data of the production of 1 kg of liquid carbondde out of waste gases from different

production processes with the 15-20% monoethanofMEA) solution. The process also

12
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included the purification and liquefaction stepacle using electricity as the energy source.
The transportation of gas cylinder is carried owyttte lorry (7.5-16 ton, EURO3 emission

standard) with the refrigeration machine, the globata was used. The transportation
distance of CQis set to be 100 km. The amounts of @@ each type of block are based on
the data in Table 1.

A sensitivity analysis is carried out in the forfaolditional scenarios:

(1) Scenario 1: The blending ratios of additive in \&stbnite-Portland Cement Block,
MgO-Portland Cement Block, Limestone-Portland Ceniédack and Slag-Portland
Cement Block are decreased to 10% (1A) or incretsé% (1B);

(2) Scenario 2: The mix design of seven concrete blacksset to fit the standard of the
lightweight concrete block (volume density of 1890%°, non-hollow), detailed of
the lightweight mix designs are shown in Table S3.

(3) Scenario 3: The energy used in the manufacturiogpses increased (3A)/decreased
(3B) by 50%.

(4) Scenario 4: The CQuptake of the unit product is increased (4A) /dased (4B) by
20%.

(5) Scenario 5: The transportation distance of all raaterials is increased by 100%
(5A), or only the distance of binder (5B) or aggreg(5C) is increased by 100%.

(6) Scenario 6: The C{capture and cylinder transportation processesaheded.

3. Reaults

3.1 Life cycle inventory results and impact assesgm

Fig. 2(a) presents the calculated GWP values fo€@}-cured concrete blocks and the
reference group (OPC concrete block after steanmgurThe allocations of GWP for
CO,-cured concrete blocks by ingredients and manufiagfyrocesses are shown in Fig. 2(b)
and Fig. 2(c), respectively. All the results aratesi as raw material inputs, manufacture
inputs (energy inputs) and impact assessment itwE@er m block. Fig. 2(a) shows that
Wollastonite-Portland Cement Block presents theeletWGWP of 292 kg C£eq and Waste
Concrete Aggregate Block shows the highest GWP5df Iy CQ-eq. Using the substitute
binary binders, the Wollastonite-Portland CemermicBland Slag-Portland Cement Block has
lower GWP compared to the Ordinary Portland CemBluck, while the values of
MgO-Portland Cement Block and Limestone-Portlandm@at Block increase. When

compared to the conventional steam curing, the KO curing could help to reduce 13.1%

13



10
11
12
13
14
15
16

17

18

total GWP for the production of Ordinary Portlanden@ent block, while the
Wollastonite-Portland Cement Block using £®IC curing realizes 30.3% total GWP
avoidance when compared to Ordinary Portland Cefienk using steam curing.

Among various manufacturing processes shown inXKw, MC curing (pressure control
and gas circulation), concrete mixing (mixing, motd and cutting) and raw material
transportation represent the three largest coriobsi of manufacturing GWP, and the
emissions in MC curing mainly depends on its dorgtas mentioned above. Only the £O
uptakes in the MC curing of Ordinary Portland CetmBlock and Wollastonite-Portland
Cement Block show the potential to completely dftbe carbon emissions in production. It
should also be mentioned that the estimation ofggneonsumption for MC curing process
may be overestimated due to the lack of real inguddta in this part, especially for blocks
which require long curing time. Specifically, inglstudy when the MC curing is carried out,
the functional unit is set to correspond to the Ima@ical power of a full-load operation, but
different machines may have switching and low-logération periods in actual production,
thus the actual energy consumption may be lower tha theoretical value. The adjustment
coefficients would need further investigation frdime demonstration project.
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Fig. 2 (a) Total GWP indicator of G&ured concrete blocks (b) Material GWP distribngio
(c) Manufacture GWP distributions

In a previous laboratory estimation (El-Hassanlet2913), 38.65 kWh/(hotm®) was
considered for the sample preparation and RH cbirthe pre-curing step. The authors
assumed the MC curing was carried out in a stafictor, ignoring reactor operating energy
and other auxiliary equipment. The presented valundgcated 96.6 kg CfPeq (0.5 kg
CO./kWh (Ecoinvent, 2017)) per hblock with 5-hour duration curing, which is highean
the manufacture GWP of Ordinary Portland CementBI(b4.5 kg CQeq) in this study
without CQ, uptake and transportation. Data from the furtimelustrial application of MC
curing could also help to improve the energy andssion assessment of manufacturing
processes in LCA. It should also be noted thahis study, the energy input for MC curing is
strongly associated with the curing duration ratiwn the curing pressure. This is mainly
due to the chosen G@as source from high-pressure cylinders.

For the base scenario, other impact indicators fOML-IA are shown in Fig. 3.
Generally, for different concrete types, similariggaons are observed when comparing the 6
assessment indicator results of Acidification Poéén Eutrophication Potential, Human
Toxic Potential, Photochemical Ozone Create Patkraibiotic Depletion and Ozone Layer
Depletion. Limestone-Portland Cement Block, and té&/d3oncrete Aggregate Block score
the highest values of all these six impact indicgtand the lowest value is obtained by the

Wollastonite-Portland Cement Block and Slag-Podlaement Block. Different diesel used
15
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for curing pressure maintenance should be the at#ibutor for it. The highest GWP for the
MC curing step of Limestone-Portland Cement Blook &Vaste Concrete Aggregate Block
have been mentioned previously, which are assaCiati their highest diesel consumption.
Despite various materials used as binders or agggedor CQMC curing, the energy input
for reactor sealing, pressure control and gas latiom in MC curing would remarkably
affect the total impact indicators of Acidificatidtotential, Eutrophication Potential, Human
Toxic Potential, Photochemical Ozone Create Pakrabiotic Depletion and Ozone Layer
Depletion. Meanwhile, using naturally occurring {astonite and blast furnace slag in binary
binders helps to weaken the above six impact inolisacompared to Ordinary Portland
Cement Block using pure cement (with identical Bwhbatch duration). For MgO-Portland
Cement Block, used MgO and prolonged MC curing ¢6rhMC curing) present negative
impacts, leading to higher impact assessment itwi€ahan those of Ordinary Portland
Cement Block. Comparatively, although CSC requiBdtl hours as batch duration, it still

presents slight superiority over the Ordinary Rodl Cement Block for above six indicators.
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Fig. 3 Results of impact indicators for differer®£cured concrete blocks

Considering the Freshwater Aquatic Ecotoxicity &arine Aquatic Ecotoxicity in Fig.
3(g) and Fig. 3(h), the major contribution for thighest value of MgO-Portland Cement
Block should be given by the production of MgO. pits the similar manufacture GWP in
MC curing when comparing the Ordinary Portland Ceniédock and MgO-Portland Cement
Block in Fig. 2(c), using MgO instead of Portlandntent does not present significant
environmental impact benefits. Lastly, for impaaticators of Terrestrial Ecotoxicity, the
MgO-Portland Cement Block and Waste Concrete Aggeedlock reached the highest
values, which should be associated with the usgD and waste concrete aggregate.
Previous study (Ruan and Unluer, 2016) has indictitat the coal used for the production of
MgO might be the main reason for the high valu&odtoxicity. When 30% of the coal was
replaced by gasoline, the value of Ecotoxicity tfee production of MgO would reduce over
90%.

The results of the Cumulative Energy Demand of-C@ed concrete blocks are shown
in Fig. 4. The required amounts of primary renewadsiergy are significantly less than that
of non-renewable energy. Both the CED-NRe valuekiwfestone-Portland Cement Block
and Waste Concrete Aggregate Block exceed 4000gyidaestly because of the diesel used
to maintain the C@ pressure during curing. Among these, Slag-Portl&@ednent Block
requires the least non-renewable energy for thewotume of concrete block, followed by

Calcium Silicate Cement Block and Wollastonite-kRaontl Cement Block.
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3.2 Scenario modelling

Table 2 presents the variations of impact indica{oompared to the base case scenario)
for the five scenarios analysed in this study.
3.2.1 Impact of blending ratio of binary binder

The use of the alternative binary binder, especidile replacement ratio of Portland
cement in the binary binder, would significantlyeat the impact indicators of raw materials
and unit product. Thus, previous researchers haw&ed on replacing as much cement as
possible by supplementing cement-based materiabptimize the environmental benefit of
the product and avoid much loss of mechanical gthefiyang et al., 2015). In this study, four
binary binders have been analysed. For the base smnario, 20% of the blending ratio
(alternative mineral substituting Portland cemeésityised, because the binary binders (20%)
offer similar or even higher compressive strengtipare cement after MC curing (Mo et al.,
2015; Wang et al.,, 2017). For Scenario-1, the omptents of alternative materials for
Portland cement are adjusted to between 10% and(#8%Wollastonite-Portland Cement
Block-10%Wollastonite (WPC-10) or Wollastonite-Rantd Cement Block-40%Wollastonite
(WPC-40) to explore the potential changes of GW& @ammulative energy demand (CED,
sum of CED-NRe and CED-Re). The amount of,@Ptake for specific binder was derived
from literature (as presented in Table 1), while turing conditions remained unchanged.
Meanwhile, the weight ratio of CQuptake was assumed constant when changing thiedtud
products from paste/mortar to the concrete block.

Fig. 5 shows that GWP of the Wollastonite-Portl&ement Block, Limestone-Portland

Cement Block and Slag-Portland cement block deer@asexpected with the increment of
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blending ratio from 10% to 40%. Among these, GWP Lohestone-Portland Cement
Block-40%Limestone (LPC-40) reaches 365 kg.€Q, close to the GWP of Ordinary
Portland Cement Block (364 kg G@q), while the GWP of WPC-40 and Slag-Portland
cement block-40%Slag (SPC-40) decrease GWP of @nglirortland Cement Block by 37.1%
and 29.6% respectively. Meanwhile it was obsertad YWPC-40 produces much lower GHG
than that of Calcium Silicate Cement Block (303 ®@,-eq), despite the considerable
amount of Portland cement used in mix type of WRC-#hus, when using NW, BFS and
limestone in the binary binder for MC curing, timerement of blending ratio is beneficial to
the reduction of total GWP, as well as other impadicators (as shown in Table 2). As an
exception, the GWP of MgO-Portland Cement Blockhly increases from MgO-Portland
Cement Block-10%MgO (MPC-10) to MgO-Portland CemBidck-40%MgO (MPC-40),
mainly because of the higher GWP for MgO producfionecoinvent database (Ecoinvent,
2017)) compared to traditional Portland cement.sTiki similar to the results previously
reported (Mo et al., 2016). As suggested in Sec®dn replacing Portland cement by MgO
fails to achieve a superior performance of impawtidators, and hence, the effort of
increasing the blending ratio in MgO-Portland CemBlock would be a negative result.
Further process optimization of MgO production &h@ curing may be essential. Similarly,
the CED values of Wollastonite-Portland Cement BJddmestone-Portland Cement Block
and Slag-Portland cement block including CED-Nrel &ZED-Re also decrease with the
increasing blending ratio, while the values for MBOrtland Cement Block are almost

identical.
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1 Table 2 Changes of GWP and CED in scenarios cormparthe base case scenario

2
Scenario-1 Scenario-2 Scenario-3 Scenario-4 Saebari
Type CQ; uptake CQ; uptake Distance Binder Aggregate
0, i 0, i i 1 0, - 0,
1? ;;ig'a”:)'”g 4?£ig"(91”g)'”9 L'g?ﬁv\}\’f)'gh‘ +20% ~20% Ene;%; 50% E”e(r%) 50% +100% distance +100% distance +100%
(3A) (3B) (5A) (5B) (5C)
GWP -33.80% -3.31% -3.31% 7.48% -7.48% 4.21% %.84 3.37%
Ordinary Portland
Cement Block
CED -27.02% 12.79% -12.79%
GWP 9.90% -21.54% -32.64% -4.69% -4.69% 9.35% %.35 5.26% 1.05% 4.21%
Wollastonite-Portland
Cement Block
CED 2.92% -10.16% -27.08% 14.10% -14.10%
GWP -4.51% 7.22% -33.83% -2.16% -2.16% 7.57% -7.57% 3.74% 0.75% 2.99%
MgO-Portland Cement
Block
CED 0.21% -0.42% -25.92% 13.97% -13.97%
GWP 6.63% -13.26% -24.55% -1.94% -1.94% 18.70% Qe8.7 3.65% 0.73% 2.92%
Limestone-Portland
Cement Block
CED 3.68% -7.36% -15.62% 27.71% -27.71%
GWP 8.54% -18.96% -34.70% -2.65% -2.65% 8.39% 28.39 4.85% 0.97% 3.89%
Slag-Portland cement
Block
CED 5.25% -11.21% -28.63% 13.46% -13.46%
GWP -28.87% -2.93% -2.93% 12.94% 12.94% 5.07% 1%.0 4.06%
Calcium Silicate Cement
Block
CED -19.62% 21.02% -21.02%

20



GWP -24.58% -2.93% -2.93% 17.33% 17.33% 3.38% 8%.6 2.71%
Waste Concrete
Aggregate Block

CED -15.13% 26.15% -26.15%
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Fig. 5 Sensitivity analysis on blending ratios ofdry binders in terms of (a) GWP (b) CED
3.2.2 Impact of changing the mix design towarddititgweight block

As a promising alternative to the normal-weight @ete block in the construction
sector and off-shore structures, lightweight cotecrelocks possess several advantages,
including  acoustic and thermal insulations, ligkélf-weight which allows easier
transportation and higher seismic resistance cgpaci building structures (Mehta and
Monteiro, 1993). To enable the comparison based aniform calculation, the non-hollow
structure for one cubic meter concrete block isduge Scenario-2, the mix designs of
lightweight CQ-cured blocks (for example, Ordinary Portland Cetr®liock-Lightweight)
are presented in Table S3. In the lightweight desigavels as coarse aggregate (in the base
scenario) are replaced by pumices (except for tlast®/Concrete Aggregate Block). The
aggregate-to-binder ratio and coarse-to-fine agdgesgatio are redesigned as 7:1 and 1:1
respectively, reducing 10% volume density (from @@@/nT to 1800 kg/m for all seven
types of blocks).

Overall, after the variation of lightweight desigsignificant reductions of GWP and
CED for all CQ-cured blocks are observed (as shown in Fig. &),ainthe reducing ratios
exceed 10%, as presented in Table 2. Fig. 6(a) shinat the MgO-Portland Cement
Block-Lightweight and Ordinary Portland Cement Bdddghtweight reduce the highest
amount of GWP (-139 and -123 kg &€€g) compared to those in the base case scenario.
Slag-Portland  cement  Block-Lightweight and  Wollaste-Portland  Cement
Block-Lightweight are the most preponderant typessadering GWP reductions (up to
-34.7%) and the lowest GWP values after weighteedun. It could be speculated that on the
one hand, the Wollastonite-Portland Cement Bloat 8fag-Portland Cement Block, with
low emissions from manufacture processes (in teo$oth value and proportion, as
supported by Fig. 2), could realize better Gfission controls by improving the material
design of the unit product. For the CED indicatthe Waste Concrete Aggregate
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Block-Lightweight and Limestone-Portland Cement dd.ightweight present the smallest
values of CED reduction after material changes, timodecause of their high
energy-consumption in manufacturing processes sussed in Section 3.1. Thus, effective
optimization of CED should be focused on the martufang processes. In terms of other
block types, Slag-Portland Cement Block-Lightweigbpresents the lowest CED of 1765
MJ-eq, while Ordinary Portland Cement Block-Lightgtg reaches similar CED as Calcium
Silicate Cement Block-Lightweight. This means tttee CED of Ordinary Portland Cement
Block is easier to improve by optimizing the mixsag as compared with CSC (using
non-hydraulic binder).

GWP of traditional lightweight concrete blocks caning pumice (air-curing) is found
to be 0.2514 kg C&eqg/kg in ecoinvent v3.4 (Ecoinvent, 2017), whisdb2 kg CQ-eq if
applying the density of 1800 kg#rin Scenario-2In comparison, 1 hCO,-cured lightweight
concrete block generally produces 196-342,€Q as presented in Fig. 6, indicating the
avoidance benefit within 24.3-56.6%.

OPC —e— Lightweight CED

I b
@) OPC =— Lightweight GWP ® (M3-eq) —v—Base CED

500, (kg CO,-eq) —e— Base GWP 5000

spc 400 WPC sPC 001 ~ wpC

> MPC WCA <7 "7 MPC

CsC LPC CsC LPC

Fig. 6 Comparison of C£cured concrete blocks in scenario-2 (lightweigioidoicts) and
base scenario in terms of (a) GWP (b) CED

3.2.3 Impact of CQuptake and energy consumption in manufacturinggsses

Scenario-3 and Scenario-4 present the influencaltefing CQ uptake and energy
consumption in the manufacturing processes, Gfiake is strongly associated with raw
materials and curing conditions, as researcheradfdhat prolonging the duration of MC
curing and elevating the G@ressure helps to increase the,@Ptake of a specific product.
But the kinetic study also showed that after aasertiuration (2 hour for OPC (Wang et al.,
2017)), the impact of duration time on ¢€Qptake would be neglected. Considering the

limitation of theoretical conversion rates (cal¢athby the amount of alkali metal oxide, ~50
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wt. % for Portland cement (Wang et al., 2017)) earbonation kinetics (reaction rate reduce
to near zero after reaching the plateau (Wang.ef@l7)), only 10-20% variations on the
CO;, uptake are investigated in this section. Fig. filais the variation of GWP without
changing other parameters (material or manufactureg Wollastonite-Portland Cement
Block and Ordinary Portland Cement Block corresptmdhe highest GWP decline ratios,
-4.7% and -3.3% when increasing 20% LQdptake. A 20% C@increase in uptake only
causes 1.9-2.2% difference in overall GWP for Mg®tand Cement Block and
Limestone-Portland Cement Block as shown in Tabks2a whole the impact of GQiptake

on overall GWP of C@cured blocks is limited.

(@)

GWP change (%)

OPC WPC MPC LPC CcsC WCA SPC --

I CO2 uptake +10% GWP [l CO2 uptake +20% GWP
I CO2 uptake -10% GWP [ CO2 uptake -20% GWP

oPC —e— Energy+50% GWP OPC —e— Energy+50% CED
(b) —v— Energy-50% GWP (c) —v— Energy-50% CED
600,(kg COe0)  —a—pBase GWP 6000 (MJ-eq) —a—Base CED

SPC WPC SPC ~ h WPC

> MPC

WCA * ' MPC WCA <=

CscC LPC

Fig. 7 Comparison of C£&cured concrete blocks when changing (a) Qftake and (b)(c)
energy consumption

In Fig. 7(b)-(c) the sensitivities of energy congiion in manufacturing processes are
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presented. Thet50% variation range set for energy consumption @&nip based on the
consideration of curing duration. For example, éasing the duration time from 5 hours to 7
hours would increase over 30% total energy consiompaccording to the experimental
observations. Thus the variation range was inctees®0% in the Scenario-3. Increasing 50%
energy consumption would not affect the rankings®¥P for different types of blocks, while
decreasing half the energy required for manufaeguresults in Calcium Silicate Cement
Block possessing the lowest GHG emissions and greengsumption in the study (263.7 kg
CO,-eq and 2023 MJ-eq vs. 264.4 kg £€9 and 2244 MJ-eq from Wollastonite-Portland
Cement Block). This means that there is a higherggndependency when using calcium
silicate cement rather than wollastonite-Portlaethent. It is also clear that MgO-Portland
Cement Block produces the largest amount of GHGsionis (379.1 kg C£eq) with 50%
energy saved, implying its limited GWP benefit frggrocess improvement compared to
others. Among these, the Ordinary Portland CemeluickB shows the least energy
dependency of GWP and CED as shown in Table 2 (TGY increment and 12.8% CED
increment for 50% extra energy consumption). Theéla§tonite-Portland Cement Block and
Slag-Portland Cement Block show similar low valoé€ED based on their shortest curing
duration time, while the large amounts of energye ubbr MC curing make
Limestone-Portland Cement Block and Waste Concfgjgregate Block the two largest

energy users.

3.2.4 Impact of transportation distance of raw mal®

Scenario-5 (increasing the transportatioradise from 50 km in the base case scenario
to 100 km) was designed to investigate the impdctransportation distance for the
environmental impacts of G&ured blocks. As presented in Fig. 8 and TablavRen
comparing Scenario-5A and base case scenario ttreniient of transportation distance
results in insignificant changes (mostly within 586) GWP for all types of blocks. Partially
increasing the transportation distance of bindetermads (5B) and aggregate materials (5C)
result in similar trends of GWP change, while tmerement in Scenario-5B shows a
negligible impact when compared to Scenario-5C.oAdingly, the transportation distance of

aggregate materials should be given the priorith&b of binder materials.

3.2.5 Impact of C@capture and cylinder transportation
Fig. 9 (a) shows that the increment of GWP for*1Gf,-cured concrete block is mostly
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within the range of 30-50 kg G&&q with the inclusion of COcapture and transportation
processes, which is related to the amount of, @ed in curing. And changing the
transportation distance of cylinders from 100 t6K# would not cause significant increment.
When adding this part of GWP to the total GWP,aih see fronfigure 9 (b) that the total
GWP of CQ-Cured block increases. Among them, the total GWERC is still lower than

that of steam-cured OPC (compared with Fig. 2) wdwrsidering the impact of G@apture

and transportation. But the environmental benefitMC curing has been significantly
weakened. Low GWP values are obtained by WPC, GRICS#C in Scenario-6, similar to
that of base scenario. It is thus clear that the&t-efiective CQ capture and transportation
from industrial processes are essential if thesegases are not regarded as external steps out

of the boundary of C@utilization.

OPC
500, (kg CO,-eq)
/ ~~
" 45 ~
/
SPC \\\\ WPC
’ " 5A GWP
\ —v— 5B GWP
—A—5C GWP
\ - v- Base GWP
WCA * MPC

CSC LPC

Fig. 8 Comparison of C£cured concrete blocks when changing transportatistance of

raw materials
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Fig. 9 (a) GWP increment for the GCapture and cylinder transportation
(b) Total GWP in Scenario-6

4. Discussion and future per spectives

In terms of the different stages of material quagyand manufacturing processes for
CO,-cured concrete blocks, the reduced use of Porttantent should be regarded as a key
step considering the primary GWP proportion accedifity Portland cement in cement-based
binders (for Ordinary Portland Cement Block andeothinary binders). Either the partial
replacement of Portland cement or the use of Galgilicate cement binder is beneficial to
the avoidance of material GWP. Also using Portlaseiment leads to lower energy
dependency than other binary binders, making & &fective to realize lower total emission
and energy demand by saving energy consumption anufacturing steps. When using
binary binders, some carbonation-active mineralstunally occurring wollastonite for
instance, could help to achieve high Qptake by improving C@internal diffusion (Wang
et al., 2017).

Among these manufacturing processes, the energwuogotion for maintaining
high-pressure reaction accounts for the majoritiotdl CED, leading to high values in terms
of impact indicators. Its impact would become msigmificant with reduced curing duration.
Thus, shortening the curing duration without compiging CQ uptake and compressive
strength is of critical importance for effective vennmental and energy consumption
reduction.

Among the seven types of GOured concrete blocks, the results presented detnade
that the Wollastonite-Portland Cement Block andgStartland Cement Block using natural

wollastonite or BFS in binary binders are arguatilg most sustainable. They not only
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present the most favorably scores in all impacesssent indicators compared to the base
case scenario, but also benefit significantly fittva blending ratio increment and lightweight
design. Using recycled waste aggregate in Wastecrt@€tin Aggregate Block reduces the
material GWP compared to Ordinary Portland Ceméotk8 but the energy consumption in
the manufacturing process when applying long-timé during leads to high values of all
impact indicators. Consider the construction wassee around the world, the use of waste
concrete aggregate for MC curing could show moreebeif its utilization is designed as a
closed-loop process and the avoided burden of westherete aggregate is included.
Similarly, high GWP from MC curing process also msk.imestone-Portland Cement Block
less environmentally competitive, even though litoes reduces the GWP of
Limestone-Portland Cement Block. The Calcium Sikc&ement Block corresponds to the
least amount of material GWP, mostly because ofdhecalcination and reduced limestone
use for producing calcium silicate cement (Sahal.e013 ). Up to 16.8% reduction in total
GWP could be realized when comparing Calcium Sgic&ement Block to Ordinary
Portland Cement Block in the base scenario, and abi@er impact indicators are quite close.
But the significant longer batch duration for MCriag of Calcium Silicate Cement Block
should not be ignored, which may limit the manuiacty efficiency and increase investment.
Further application of the cement-free Calciumcaieé Cement Block with MC curing would
require a better understanding of the process gion matching with rheological and
hardening properties. Using the binary binder Mg@tHBnd Cement Block fails to realize
effective GWP reduction in the base scenario. dusthbe mentioned that these results do not
involve the consideration of mechanical improvemeriter MC curing. Until now,
normalizing the impact indicators with respect tampressive strength or other mechanical
indicators is unachievable, without the comprehaensixperimental or industrial data among
various CQ-cured products. Further investigation about theetation of environmental
impact indicators and strength performance is tbegeequired in the future.

In Fig. 10 the possible methods for the optimizatxd CO, mineral carbonation curing
are presented. From the results of the scenaricehimagl increasing the blending ratios in
binary binders (except for MgO-Portland Cement Bjagnd the lightweight redesign prove
to be strongly beneficial for reducing impact assent indicators (GWP and CED) of
CO,-cured concrete blocks, while the Wollastonite-Rod Cement Block and Slag-Portland
Cement Block benefit the most. This suggests thenpal benefit from material selection

and optimization, especially the use of the lowboarbinder with less energy consumption
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1 for manufacture. Moreover, from a product densitynp of view, MC curing technology
2 shows a better potential for emission reduction emergy saving when it is applied to the
3 lightweight block product rather than the convemgibblock product. It was found that £m
4  CO,-cured lightweight concrete block could generateaaip6% avoidance benefit of carbon
5 emission when compared to the conventional aimgublock with similar density. Also, the
6 Iimpacts of CQ uptake and energy consumption in manufacturingcgsees vary from
7  different types of blocks. Wollastonite-Portlandn@mt Block and Ordinary Portland Cement
8 Block show higher sensitivity to the variation ofO€ uptake, while Limestone-Portland
9 Cement Block, Waste Concrete Aggregate Block, asdi@m Silicate Cement Block present
10 more significant variations in impact assessmedicators when changing the energy input
11 of its manufacturing. Transportation of raw materibas limited impacts on indicators of
12 GWP and CED within the studied distance (100 knmg &esults also indicated that the
13  transportation distance of aggregate materials|dho@ given the priority to that of binder
14  materials. According to the results in Scenaridk® current cost-ineffective capture and
15  transportation of C®would weaken the environmental competitive of &0red concrete

16  block if their impacts are included.

Mix design of

CO,-activated binder material Manufacture
concrete block
cwe e a e
[ 1 i
CED i —_— i —_— i
Base Optimized B® i i i
] Volume Density | Shorter ]
I 1 . 1
Natural** i i carbonation i Optimized
Green Portland : d : duration = envi‘r)onmental
\mineral ‘Qement k) : o H impacts
b i - i Enhanced |
o | Lightweight | . COzuptake |
g Binary binder : design ! |
17
18 Fig. 10 Perspectives on the development of Giheral carbonation curing
19
20 5. Conclusions
21 This study conducted a comprehensive environmehtaA and evaluated the

22 environmental impacts and influencing factors afesepromising C@cured concrete blocks
23 from CO, MC curing processes. It was shown that 292~454CKy-eq global warming
24 potential (GWP) of 1 thCO,-cured non-hollow concrete blocks were obtainedichvlis
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10
11
12

lower than the 419kg C&eq GWP from the conventional steam-cured OrdirRogtand
cement block. From the point of view of materiatgl ananufacturing, the reduced use of
Portland cement is a key step for environmentaingpation, while reducing the energy
consumption for maintaining high-pressure carbamatielps to cut down the cumulative
energy demand. Increasing the blending ratio imdyifbinders and the lightweight redesign
also proved to be beneficial solutions for mitiggtienvironmental impacts of G@ured
concrete blocks. Transportation of raw materials lmaited impacts on indicators of GWP
and CED within the studied distance. Without theowab optimization, the Cg£cured
concrete block would show limited environmental abage compared with steam cured
products if the energy consumption and emissiormfrine current C@ capture and

transportation processes are included.
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Nomenclature

IM;

I'T;

II\/Imix,i

II\/Icompi

Inventory value of the impactiMccr;

assessment indicator

Serial  number of impactiMrp;
assessment indicator, equal to
1-12

Impact assessment data for ra@
material
Impact assessment data fdD,
manufacturing processed

Impact assessment data fdilj;
transportation of material

Serial number of different rawQccr
material types

Serial number of differentQr
production steps

Volume weight (kg/m) of raw Qg

material]
Inventory value of indicator for NGp;
mixing

NGy;

Inventory value of indicator for

compaction

Inventory value of indicatori for
input for Co
curing-Temperature (CCT)

energy

Inventory value of indicatori for

material transportation

Mass of CQ uptake of unit produdt
(kg/m®)
Transportation distance (equals to |50
km in the base scenario) of raw
material]
Impact assessment indicator for lofry
transportation (16-32 ton) (tdrkm™)
Total heat needed for temperatyre

maintenance in MC curing (kJfn

Heat needed to heat the &0
gas(kJ/kg)

Heat needed to heat the unit concrete
block (kJ/n?)

Inventory value of indicatar from the
production process to supply the
corresponding heat

Inventory value of indicator from the
utilization (turbine) process of natural

gas
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t

ck

IMccpi,  Inventory value of indicator for t batch duration (h) which consisted
energy input for Co the duration of MC curingtf) and the
curing-Pressure (CCP) silence time tg) between differen

batches

T Stable temperature for MC curin@, ¢ Weight heat capacity of GO
(K)

w Total weight of unit concreteCyr Weight heat capacity of concrete blg
product (kg/m)

Imo,i Inventory value of indicator of
unit general machine operation
time (m*h™)

Acronyms

GHG Greenhouse gas MC Mineral carbonation

LCA Life-cycle Assessment LCI Life cycle inventory

GWP Global warming potential CML-IA  Method for characterization develop

by the Centre of Environment
Science in Leiden University

ISO International Standards OrganisatiotOPC Ordinary Portland Cement block

WPC Wollastonite-Portland Cement BlockMPC MgO-Portland Cement Block

LPC Limestone-Portland Cement Block SPC Slag-Portland Cement Block

CSC  Calcium Silicate Cement Block WCA Waste Corechgggregate block

CCP  Reactor sealing, pressure control aGCT Reactor and gas heating, maintain

gas circulation in MC curing the temperature constant

CED- Cumulative energy demand ofED-Re Cumulative energy demand

NRe non-renewable energy resources renewable energy resources

Naturally occurring wollastonite CCsC Commercialctum silicate cement

BFS Blast furnace slag AP Acidification potential

EP Eutrophication potential HTP Human toxic potainti

POCP Photochemical ozone create potential FAETP shirater aquatic ecotoxicity

ODP  Ozone layer depletion MAETP  Marine aquatic exiaity

ADP  Abiotic depletion TETP Terrestrial ecotoxicity

ng

of
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CED

Cumulative energy demand
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