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Abstract

Calcium silicate boards, as a type of prefabricated building component, are widely used in
the construction industry. To address the severe challenges posed by global climate change
and support the low-carbon transition of the building materials sector, this study quantifies
and compares the differences in carbon emissions between traditional autoclave curing and
carbon dioxide mineralization curing during the production of calcium silicate boards, and
conducts an uncertainty analysis. Using a project-based accounting methodology and incor-
porating actual CO; sequestration measurement data obtained via the weighing method,
this study calculated carbon emissions during the calcium silicate board production process
and performed scenario analysis to account for uncertainties in emission factors. The study
found that, compared to autoclave curing production lines, CO, mineralization curing
production lines can reduce carbon emissions by approximately 1007 t CO,; when CO,
sequestration is factored in, the reduction is approximately 3097 t CO,. Even under the
most pessimistic scenario, CO, mineralization curing production lines can reduce carbon
emissions by at least 977 t CO;, demonstrating significant emission reduction benefits. This
study provides regionally representative quantitative data that supports the low-carbon
transition of calcium silicate boards and holds significant practical implications for promot-
ing the reduction in embodied carbon emissions in the building materials industry and
achieving the “dual carbon” goals.

Keywords: calcium silicate board; prefabricated building components; embodied carbon;
CO; mineralization curing; autoclave curing; building materials decarbonization; carbon
footprint accounting

1. Introduction

Calcium silicate board, a key non-structural building envelope material, is primarily
composed of siliceous and calcareous cementitious materials, reinforced with inorganic
minerals or cellulose fibers, and is traditionally manufactured using an energy-intensive
autoclave curing process [1,2]. Due to their advantages of being lightweight yet high-
strength, fire-resistant, environmentally friendly (formaldehyde-free), and highly durable,
they are widely used in interior and exterior walls of buildings as well as in key projects
such as aerospace applications [1,3]. In China alone, there are over 120 calcium silicate
board manufacturers with more than 240 production lines, and total production capacity
has exceeded 1.2 billion m? [4]. Currently, the mainstream production process for calcium
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silicate boards is the Hatschek process, which was patented by Hatschek in 1900 [5]. It
is a semi-continuous process comprising three steps: the formation of a thin slurry, the
shaping of the green body, and the curing of the green body. Among these, autoclave curing
is the critical stage for developing the board’s mechanical properties (Figure 1). Under
high-temperature, high-pressure conditions and in a saturated steam environment, the
siliceous and calcareous raw materials in the green body undergo hydration reactions to
form tobermorite, which, together with the fibers, provides the foundation for strength [3,6].
Furthermore, gas-liquid expansion within the green body can easily lead to bubbling or
structural porosity, while issues such as grain coarsening, fiber degradation, and surface
carbonization also exist [7]. Shrinkage stresses during the pressure-release phase can easily
cause edge cracking, and soluble salts in the raw materials may migrate to the surface,
resulting in salt efflorescence [8]. At the same time, the curing of the green body typically
employs an autoclave curing process. This is the primary stage in the entire production
process that consumes fossil fuels, requiring approximately 6-15 h of steam supplied
by fossil fuels [3,9]. This is one of the primary reasons for the persistently high carbon
emissions associated with conventional curing processes [10]. These limitations result in a
significant carbon footprint for building materials that could otherwise be environmentally
friendly. Therefore, integrating carbon dioxide (CO,) mineralization and solidification
technology into the production cycle—as an alternative to traditional autoclave processes—
offers a transformative solution to the inherent conflict between large-scale production in
the construction industry and stringent carbon neutrality goals. This technological shift not
only enhances the physicochemical properties of calcium silicate boards but also transforms
them into effective carbon sinks within the built environment [11].

Figure 1. Calcium Silicate Board Production Process and Appearance.

In recent years, the pace of global industrialization has accelerated further, leading
to a significant increase in greenhouse gas emissions and an increasingly severe climate
crisis [12]. As a key technology for the transition to a green, low-carbon economy, the
CO;, mineralization and sequestration process has attracted widespread attention [13]. By
leveraging the ability of CO, to rapidly undergo mineralization reactions with cementitious
materials, this technology achieves both CO, sequestration and resource utilization while
enhancing the mechanical properties and durability of the final products. It is gradually
progressing from laboratory research to industrial application [14,15]. Existing research
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has confirmed that the relationship between mineralization curing and the optimization of
carbon sequestration and mechanical properties is not a simple linear one. Meng et al. [16]
argue that appropriate mineralization curing can effectively enhance the mechanical prop-
erties of cement-based materials and improve their microstructure. However, excessive
mineralization curing reduces the alkalinity of cement-based materials, leading to corrosion
of embedded reinforcing bars. Extending this mechanism to sheet products, research by
Cabral et al. [17] has shown that mineralization curing can increase the fracture modu-
lus and elastic modulus of cement-bonded panels, significantly improving their physical,
mechanical, and durability properties. This is especially true for fiber-reinforced panels;
research by Filomeno et al. [18] shows that mineralization curing can increase the density
of fiber-reinforced cement panels, significantly improving their mechanical properties.
Compared to conventional steam curing in autoclaves, CO, mineralization curing offers
significant synergistic technical, environmental, and economic advantages in the produc-
tion of calcium silicate boards: (i) It is compatible with existing autoclaves, requiring only
the addition of gas injection and concentration-pressure monitoring modules, resulting
in low production line retrofitting costs. Furthermore, the electrical energy consumed to
maintain normal operation of this equipment is negligible, and no external water or natural
gas is required. (ii) The mineralization reaction is exothermic, providing thermal energy for
the curing of green bodies without the need for an external heat source [19,20]. (iii) The
humidity required for the mineralization reaction can be supplied by the residual moisture
remaining after the green body’s pre-curing, eliminating the need for external steam and
significantly reducing the system’s thermal and humidity loads. (iv) The rate of mineraliza-
tion is significantly higher than that of synthetic tobermorite produced via autoclave curing;
shortening the curing cycle also yields calcium silicate boards with good performance,
and single-machine production capacity has increased significantly [21]. (v) The calcium
carbonate (CaCOs3) crystals generated by the mineralization reaction can fill the pores in the
calcium silicate board matrix, significantly improving the product’s flexural and compres-
sive strengths and substantially enhancing its durability [22,23]. (vi) Mineralization curing
reduces energy consumption and sequesters CO,, simultaneously achieving carbon emis-
sion reduction and the resource utilization of carbon [23]. Replacing traditional autoclave
curing with CO, mineralization curing not only significantly reduces energy consumption
and enhances panel strength but also stabilizes and solidifies CO, within the product [23].
This approach achieves “treating waste with waste” and low-carbon emissions, providing
a new technical option for emission reduction in calcium silicate board production [24,25].

Given this context, this research takes a calcium silicate board production line in
southwest China with an annual output of 5 million m? (based on 6 mm boards) as its
research subject. The study systematically quantifies carbon emissions across the entire
production process of calcium silicate boards, establishing the traditional autoclave curing
method as the baseline scenario and the CO; mineralization curing method as the project
scenario. The study focuses on comparing and analyzing the differences between the
baseline scenario and the project scenario in terms of carbon emission intensity and carbon
reduction capacity, and establishes a refined carbon emission accounting model for the
mineralization curing process of calcium silicate boards. This study aims to provide a
reliable scientific basis for advancing technological upgrades in the calcium silicate board
industry, thereby directly accelerating the decarbonization of the construction industry’s
supply chain. By transforming traditional building components into active carbon sinks,
this study offers actionable data and strategic insights to relevant construction companies,
helping them develop low-carbon development roadmaps aligned with global net-zero
emissions targets for the building sector.
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2. Materials and Methods
2.1. Goal and Scope Definition

This study aims to quantify and compare the differences in net carbon emissions
between traditional autoclave curing and CO, mineralization curing in the production
of calcium silicate boards. A production line in Southwest China with an annual output
of 5 million m? (based on 6 mm boards) serves as the case study. A functional unit is
defined as a calcium silicate board measuring 1 m3, 6 mm thick, and with a bulk density of
1.35t/m’.

The primary objective of this study is to assess the emission reduction potential of
alternative production processes. The accounting methodology for carbon capture and
utilization projects, CO, Utilization in Concrete Production [26], defines the accounting
boundary as the carbon footprint (embodied carbon, A1-A3) of the production stage of
building materials [27]. Therefore, this study establishes the project boundary centered on
the calcium silicate board production facility, encompassing raw material extraction, raw
material transportation, and on-site energy consumption (Figure 2). The baseline scenario
employs the conventional autoclave curing process, while the project scenario utilizes the
COy mineralization curing process. For the CO; required for mineralization curing, this
study treats it as an externally input raw material and includes the carbon emissions gener-
ated from its upstream capture, compression, and transportation processes in the project’s
emissions, without tracing them back to their upstream sources (such as power plants or
cement plants). Wastewater generated during the production process can be recycled after
sedimentation, and 100% of the waste raw material is recycled (blend ratio < 10 wt%). As
both are internal to the system, their carbon emissions are not calculated separately.

Wastewater

Cement .
Tl;:splslr;:lct:?;:f Pre-treatment of raw s . X
Quartz Sand pi 1 materials Shape Trimming
Paper Fiber Waste Batching and Mixing Autoclave curing —
Wollastonite Briguettes Green body forming Pre-curing Heat
CO, feedstock Diesel Electricity I -

Production of Raw Materials Energy consumption

Indirect carbon emissions Direct carbon emissions

From Cradle to Gate: Carbon Emissions Calculation of Calcium Silicate Boards
Scope of carbon emissions accounting

Figure 2. Carbon Emission Accounting Boundaries for the Entire Production Process of Calcium
Silicate Board.

2.2. Production Process Description
2.2.1. Raw Materials and Energy Consumption

The raw materials used in this production line are cement, quartz sand, paper fibers,
wollastonite, and water. In addition, various pieces of equipment consume electrical and
thermal energy to maintain the normal operation of the production line. The annual
consumption of raw materials and energy during the production process is derived from
an actual calcium silicate board production line; specific data are shown in Table 1.

https:/ /doi.org/10.3390/buildings16132566


https://doi.org/10.3390/buildings16132566

Buildings 2026, 16, 2566

50f 20

Table 1. Annual Consumption of Various Raw Materials and Energy in the Production Line.

Raw Material/Energy Annual Consumption Unit
Cement 14,550 tons
Quartz Sand 22,415 tons
Paper Fiber 2835 tons
Wollastonite 700 tons
Water/Steam 1.5 x 10* tons
Natural Gas 6 x 10° Nm?3
Electricity 5.5 x 10° kWh

2.2.2. Conventional Autoclave Curing Process

The traditional autoclave curing process involves forming the panels using the Hatschek
method, followed by autoclave curing for 6-15 h at 180-220 °C and 0.8-1.2 MPa [6]. In
industrial-scale production, the autoclave curing process relies on the injection of saturated
steam to simultaneously regulate the temperature, pressure and internal humidity of the
reactor. Based on actual factory measurements, this process accounts for approximately
20% of the production line’s total water consumption, all of the natural gas used, and a
small amount of electricity consumed by the monitoring and control systems.

2.2.3. CO, Mineralization Curing Process

The carbon dioxide mineralization and solidification process takes place in a modified
autoclave. Compared to autoclave solidification, this process requires no external heat
source (since the mineralization reaction is exothermic) and no external steam (as the resid-
ual moisture in the green body provides the necessary steam) [28]. Its energy consumption
consists solely of the electricity required for gas injection, pressure control, circulation,
safety systems, and monitoring, as well as the energy used to compress the carbon dioxide.

2.3. Carbon Emission Factors

This study employs the emission factor method, which is currently the most widely
applicable and commonly used method for calculating carbon emissions [29]. The carbon
emission factors used in this paper are derived from authoritative sources such as Ap-
pendix D of GB/T 51366-2019, Standard for Calculation of Carbon Emissions in Buildings [30],
and the National Greenhouse Gas Emission Factor Database [31]. The production stage of raw
materials covers not only the carbon emissions from primary raw materials such as cement,
quartz sand, and wollastonite, but also the carbon emissions from paper fibers derived
from waste paper through secondary processing, as well as the carbon emissions from
carbon sources consumed during CO, mineralization curing. Among these, the produc-
tion processes for cement, quartz sand, and wollastonite are well-defined, and standard
carbon emission factors are available in authoritative databases; specific values are shown
in Table 2. The paper fibers used in the actual production of calcium silicate boards are
typically pulpboard made from waste paper. Since waste paper is used as a raw material,
its inherent carbon emissions—which are generally treated as those of virgin paper—are
not included in the carbon emissions of pulpboard. Since paper mills use various types
of pulp, and different pulps have different production processes, this results in varying
energy consumption. According to GB 31825-2024 Energy Consumption Limits for Pulp and
Paper Production per Unit of Product [32], the energy consumption of waste paper pulp is
approximately 70 kg CO,/Adt (here, Adt refers to air-dried pulp weighing 1 ton after
drying, with 10% moisture content, the same applies below). The energy consumption for
drying is approximately 120 kg CO,/Adt. Therefore, the energy consumption for pulp-
board is 190 kg CO, /Adt, and the carbon emission factor for pulpboard can be expressed
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as 190 kg CO, /t. The carbon source consumed in CO; mineralization and curing must
undergo capture, compression, and transportation. Capturing and storing 1 kg of CO,
requires 0.802 MJ of energy, which means that capturing and storing 1 t of CO, consumes
approximately 223 kWh of electricity [33]. Both the transportation of liquid CO; and the
transportation of raw materials are carried out using heavy-duty diesel trucks; the specific
carbon emission factors are shown in Table 2.

Table 2. Carbon Emission Factors of Various Raw Materials and Energy Sources.

No. Raw Material/Energy Carbon Emission Factors
1 Cement 527.4 kg CO,/t [31]
2 Quartz Sand 2.51 kg CO,/t [30]
3 Wollastonite 40.7 kg CO, /t [30]
4 Paper Fiber 190 kg CO, /t
5 Transportation of Raw Materials 0.23 kg CO,/(t-km) [26]
6 Water 0.452 kg CO, /t [30]
7 Natural Gas 5.61 x 10* kg CO,/TJ [31]
8 Electricity 0.2472 kg CO, /kWh [31]

Raw material procurement follows the principle of “sourcing locally,” relying on a
regional supply chain layout to prioritize suppliers located nearby with long-term supply
capabilities. Transportation is uniformly carried out using large diesel trucks, with an
average transport distance of approximately 200 km [15].

2.4. Carbon Emission Accounting Methodology

The total carbon emissions from a production line with an annual output of
5 million m? of calcium silicate board are equal to the sum of emissions from raw ma-
terial extraction and transportation, fossil fuel combustion, purchased electricity, purchased
water, and the entire supply chain of purchased carbon sources for all production systems,
calculated in accordance with Announcement (1).

E=En+Ef+Ey+ Ew+ Eco, 1

In the formula, E represents the total carbon emissions from the production line, in
units of t CO,. E,, represents the total emissions from raw material extraction and trans-
portation, in units of t CO,. E ¢ represents the total emissions from fossil fuel combustion in
the production line, in units of t CO,. Ej, represents the emissions from purchased electricity,
in units of t CO,. Ey represents the emissions from purchased water, in units of t CO5.
And Eco, represents the total emissions from the entire supply chain of purchased carbon
sources, in units of t CO,.

Calculate the carbon emissions for each of the above stages using the follow-
ing formulas.

1.  Emissions from raw material extraction and transportation

En =Y (Me;) +e x Y (M; x d;) )

In the equation, E,; represents the total emissions from raw material extraction and
transportation, in units of t CO,. M; represents the annual consumption of raw material i,
in units of t. ¢; represents the carbon emission factor for raw material i, in units of t CO, /t.
es represents the transportation carbon emission factor, in units of t CO,/(t-km); and d;
represents the transportation distance of raw material i, in units of km.
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2. Emissions from fossil fuel combustion

Ef:Fxnxef (3)

In the formula, Ef represents the total emissions from the combustion of fossil fuels on
the production line, in units of t CO,. F represents the annual consumption of fossil fuels,
in units of Nm?>. 1 represents the average lower heating value of fossil fuels; the lower
heating value of natural gas in China is 3561.1 TJ/(10® Nm?) [31]. And e ¢ represents the
carbon emission factor for fossil fuels, in units of t CO, /T7J.

3. Emissions from purchased electricity and water
Eh = H X ey (4)

In the equation, Ej; and E, represent the total emissions from purchased electricity
and water, respectively, in units of t CO,. H represents annual electricity consumption
in kWh, W represents annual water consumption in t. e, represents the carbon emission
factor for electricity in units of t CO, /kWh. And e, represents the carbon emission factor
for water in units of t CO, /t.

4. Emissions across the entire supply chain of purchased carbon sources

Eco, = Eco,c&c + Eco, i (6)
ECOQ'C&C = QCOz,consumption x 223 kWh/t x en (7)
ECOz,t =et X QCOz,consumption X dCOg (8)

In the equation, Eco, & represents the total emissions from carbon capture and com-
pression, in units of t CO,. Eco, ; represents the total emissions from carbon transportation,
in units of t CO2. Qco, consumption represents the annual CO, consumption of the production
line, in units of t. And dco, represents the distance of CO, transportation, in units of km.

The net carbon emissions of the project scenario are calculated using Equation (9).
Here, PE,.; represents the net carbon emissions of the project scenario, in tons. And PEco,
represents the total carbon emissions of the project scenario, in tons.

PEpet = PEC02 - QCOz,sequestrated )

2.5. Measurement of CO, Sequestration Rate
2.5.1. CO, Mineralization Curing of Calcium Silicate Boards

To clarify the CO, sequestration rate of calcium silicate boards and estimate the CO,
consumption during mineralization curing, this study conducted mineralization curing
experiments under laboratory conditions. Due to confidentiality agreements regarding
the production line, destructive microscopic characterization of the mineralization prod-
ucts was not possible; therefore, the mass change in the test specimens before and after
mineralization was directly measured using the weighing method to calculate the CO,
sequestration amount. This method has been widely applied in published literature. In
this study, three wet green bodies measuring 100 mm x 100 mm x 6 mm, provided by the
production line and cut from material that had not undergone a pre-curing process after
molding, were used for testing. First, the green bodies were dried at 105 °C for 10 min
to simulate the production line’s pre-curing process, then the dried green bodies were
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weighed, and the data were recorded as m;. The dried green bodies were placed in a
mineralization reactor and cured for 24 h under conditions of 99.9% CO, concentration
and atmospheric pressure, then the CO,-sequestered green bodies were weighed after
curing, and the data were recorded as m;. Additionally, the moisture evaporated due to
the exothermic nature of the mineralization reaction was collected using absorbent paper
and weighed; this data is denoted as my,. The CO; sequestration rate of the calcium silicate
board was calculated using Equation (10) [34,35].

The CO, consumption of a calcium silicate board production line with an annual
output of 5 million m? is calculated using Equations (11) and (12). Qco, sequestrated T€pTEsents
the annual CO, sequestration capacity of the production line, measured in tons. p is the
bulk density of calcium silicate board, in tons per cubic meter. Qco, consumption T€Presents
the annual CO; consumption of the production line, in tons. ¢ represents the mineralization
efficiency, and in this study, a default value of 60% is used to calculate the annual CO,
consumption [26].

w— Yomy gy — Y my;

o x 100% (10)

0i

QCOy sequestrated = X 500 x 10* m* x 6 x 1073 m x w (11)
QCOZ,consumption = QCOz,sequestrated/(P (12)

2.5.2. CO, Mineralization Curing of Cement Paste

Subject to the confidentiality agreement, this study conducted mineralization and
solidification tests on cement paste specimens to verify the feasibility of the car-
bon mineralization and solidification process. Cement paste specimens measuring
30 mm x 30 mm x 30 mm were prepared with a water—cement ratio of 0.45. After stan-
dard curing for 24 h, the specimens were dried at 60 °C for 8 h as a pretreatment (at this
point, the residual water—cement ratio was approximately 0.214, simulating the precuring
process). Subsequently, the pretreated specimens were placed in an environment with a
CO; concentration of 99.9% and subjected to CO, mineralization curing at CO, pressures
of 0.1, 0.2, 0.3, and 0.4 MPa. The CO, mineralization curing times were setat 1, 2, 4, 6, 8,
and 16 h. The specimens were named according to the “C—pressure-time format”. The
CO; sequestration rate was calculated using Equation (10). Specimens that had undergone
pretreatment but were not carbonized served as the control group (R). For specimen C-0.3-8,
microscopic examinations were conducted on the different regions. All samples were taken
from the interior of the test blocks to ensure the representativeness of the test results. (As
shown in Figure 3, the image on the right shows a test specimen after the inner layer
was sprayed with a 1% phenolphthalein-ethanol solution. The colorless outer region is
defined as the fully carbonated zone, the red inner region as the uncarbonated zone, and
the transitional region just inside the outer layer as the half-carbonated zone.)

: Un-C
' ; outer |
’ Fully-C
E 1 y
: finner |
| outer Half-C

Figure 3. Schematic Diagram of Different Areas of a Cement Test Specimen.
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XRD analysis was performed using a Bruker D8 Advance (Bruker, Karlsruhe, Ger-
many) with a scan range of 5-70° and a scan rate of 10 °/min. Thermal analysis of the
samples was conducted using a TA Q600 thermal gravimetric analyzer (TA Instruments,
New Castle, DE, USA) with a temperature range of 20-1000 °C and a heating rate of
10 °C/min. Functional group analysis was performed using a Thermo Fisher Nicolet IS5
Fourier transform infrared (FTIR) spectrometer (manufactured by Thermo Fisher Scien-
tific, Waltham, MA, USA), employing the potassium bromide (KBr) pellet method, with a

measurement range of 400-4000 cm ™! and a resolution of 4 cm .

2.6. Scenario and Uncertainty Analysis

To address uncertainties in key parameters such as power generation emission factors,
transportation distances for raw materials and carbon sources, mineralization efficiency [36],
and CO, sequestration rate, this study employs a scenario analysis approach, establishing
three scenarios—Backward, Conservative, and Progressive production levels—to systemat-
ically assess the potential impact of these parameters on net carbon emissions [37]. Table 3
shows the values of each factor under different production levels.

Table 3. Values of Various Factors under Different Production Levels.

Production Electricity Transport Mineralization €O, .
Level Factor Distance (km)  Efficiency (%) Sequestration
(kg CO2/kWh) Rate (%)
Conservative 0.2472 200 60 Wactual
Backward 0.3500 300 40 Whinheoretical mini
Progressive 0.1500 100 80 Wiheoretical max

3. Results and Discussion

3.1. CO;, Sequestration Experiment
3.1.1. CO, Sequestration of Calcium Silicate Boards

The results of the CO, mineralization curing test on calcium silicate boards are shown
in Table 4.

Table 4. Mass Variation in the Sample Throughout the Testing Process (Unit: g).

Sample Ma§s Bf:fore After Drying After . Mass of
Placing in the Carbonation .
Number (my;) Moisture (1)
Oven (m;)
1 101.6 944 96.1
2 113.7 109.0 111.3 9.1
3 93.6 89.2 91.2

The calculation yielded a CO; sequestration rate w of 5.16% for this board blank.
This result is significantly lower than the range reported in the literature [35]. Possible
reasons include: (i) The dimensions of the test board blank did not match the scaled-
down version of the production line product, resulting in a significant reduction in the
reactive calcium content per unit area [23]. (ii) The experimental mineralization conditions
could not achieve the pressure required for industrial-scale curing, leading to a significant
reduction in CO, penetration into the board blank [38]. (iii) The test slabs did not utilize
mineralization activators containing high calcium and magnesium components, resulting in
a significant reduction in the components participating in the mineralization reaction within
the slabs [39]. Due to production line confidentiality agreements and the limitations of
single-test conditions, this study could only obtain valid data from a single group and was
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unable to perform statistical error analysis. Therefore, these results should be interpreted
with caution, and their reliability should be verified.

3.1.2. CO; Sequestration of Cement Paste

The primary material responsible for sequestering CO; in calcium silicate boards is
the cementitious material [40], which accounts for approximately 35.9% of the total weight
of all raw materials. To quantify the CO, sequestration capacity of the mineralization
and curing process, this study conducted CO, curing tests on cement paste specimens.
And characterized different internal regions of sample C-0.3-8 using X-ray diffraction,
thermogravimetric analysis, and Fourier-transform infrared spectroscopy. Figure 4a shows
the XRD patterns of samples from different regions of C-0.3-8 and the reference sample
R. The main phases in control sample R are portlandite (CH), dicalcium silicate (C,5),
tricalcium silicate (C3S), calcium carbonate (CaCO3), and ettringite (AFt). Since cement
hydration produces CH, and the CH content is positively correlated with the degree of
hydration, the distinct CH diffraction peak in the pattern confirms that sample R has
undergone partial hydration. Meanwhile, the trace CaCOj3 peak in the pattern indicates
that the sample has undergone natural carbonation with CO, in the air. The main phases in
sample C-0.3-8 are CaCO3, CH, C;5, and C3S. The intensities of the diffraction peaks for CH,
C5S, and C3S in different regions of sample C-0.3-8 decrease with increasing mineralization
(from the interior to the outermost layer), whereas the trend for the CaCOs diffraction
peaks is the opposite. This indicates that as the degree of mineralization increases, CH, C,S,
and C3S gradually transform into CaCOg3. The diffraction peaks in the interior of sample
C-0.3-8 (Un-C) are similar to those of R, suggesting the presence of unmineralized regions
within C-0.3-8.

4000
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5=Tricalcium silicate 6=Dicalcium silicate R
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Figure 4. Microscopic analysis of cement paste specimens: (a) XRD; (b) TG; (c) FTIR; (d) Pore volume.
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Figure 4b shows the thermal analysis curves of samples from different regions of
C-0.3-8 and the reference sample R. The mass loss observed below 200 °C is attributed
to the evaporation of free water or the loss of bound water from C-S-H and AFt. The
mass loss between 425 and 550 °C results from the decomposition of CH; as the degree of
mineralization increases, the CH weight loss peak gradually shifts to lower temperatures,
which is consistent with the conclusions of the XRD analysis. The onset temperature of
CaCOj3 decomposition in the sample was approximately 400 °C. The decomposition peak
temperatures for the outermost layer (Fully-C) and the next-outer layer (Half-C) were
741.18 °C and 718.16 °C, respectively. Since the thermal stability of CaCOj is influenced by
its crystalline form and grain size, differences in the proportion of crystal forms within the
mineralization products in different regions are likely the primary cause of this temperature
shift. Figure 4c shows the FTIR spectra of samples from different regions of C-0.3-8 and
the reference sample R. The vibrational peak at 3640 cm ™! is attributed to the O-H bond
in CH, the peak at 1660 cm ™! is attributed to the H-O-H bond in bound water, the peak
at 1470 cm~! is attributed to the symmetric stretching vibration of C-O, and the peaks
at 875 cm ! and 714 cm ™! are attributed to the stretching vibrations of CO3%~. As the
degree of mineralization increases, the intensity of the vibrational peak associated with
the mineralization product CaCOj3 gradually increases, indicating that the mineralization
reaction consumes CH and that CaCOj is the primary product of the mineralization reac-
tion. The vibrational peak at 950 cm ! is attributed to the stretching vibration of the Si-O
bond in Q% C-S-H, while the vibrational peak near 1080 cm ! is attributed to the stretching
vibration of the Si-O bond in the Q% C-S-H group. As the degree of mineralization increases,
the vibrational peak near 950 cm ! gradually shifts toward 1080 cm ™!, indicating that
C-S-H groups are continuously decalcified during the mineralization reaction, resulting
in the formation of silica gel with a higher degree of polymerization. The XRD patterns,
thermogravimetric curves, and FTIR spectra show a high degree of consistency, confirming
the reliability of the phase identification. Figure 4d shows the cumulative pore volume
curves for different regions of sample C-0.3-8 and reference sample R. Clearly, the cumula-
tive pore volume decreases as the degree of mineralization increases, indicating that the
mineralization products have filled the pores in the cementitious matrix.

The results for the CO, sequestration rate of cement test specimens under different
CO, pressures and curing times are shown in Figure 5a. The CO, sequestration rate exhibits
an upward trend as pressure increases and curing time extends. In conjunction with the
aforementioned analysis of microstructural properties, it is inferred that increased pressure
and extended curing time facilitate the transport and diffusion of CO, within the cement
paste. The results of the compressive strength of cement specimens under different CO,
pressures and curing times are shown in Figure 5b. Compressive strength also exhibits an
upward trend with increasing pressure and extended curing time. This improvement in
macroscopic performance is attributed to the filling of pores by mineralisation products,
resulting in a denser cement paste matrix. Furthermore, under different pressure conditions,
the increment in CO; sequestration during the latter 8 h was very limited compared to
the first 8 h. This trend indicates that the CO, absorption capacity of the cement paste has
approached an asymptotic limit and that the reaction kinetics have significantly declined
after 8 h of curing.

Table 5 shows the CO, sequestration rates of cement paste under different conditions.
The CO, absorption capacity of pure cement paste ranges from 7.84 to 23.24%. Normalising
this value according to the composition of calcium silicate boards (containing 35.9% cement),
the calculated theoretical sequestration rate range for these boards is 2.81-8.34%. The
actual CO, sequestration capacity of calcium silicate boards exceeds the lower limit of
the aforementioned theoretical range, primarily due to the following reasons: (i) the time
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compensation effect, whereby extending the curing time alleviates the constraints imposed
by gas pressure [28]; (ii) the gaps and pores in the interface transition zone between the
fibres and the paste, which enhance gas permeability and thereby promote the transport
and diffusion of CO; [25]; (iii) the geometric dimension effect: the board’s large surface
area and small thickness significantly reduce mass transfer resistance and accelerate the
inward diffusion of CO; [41]. However, the actual CO, sequestration capacity of the
calcium silicate board is lower than the upper limit of the aforementioned theoretical range,
primarily due to the following reasons: (i) the ‘dilution effect’ caused by the dispersed
distribution of the cementitious material within the inert aggregate matrix [42], which
reduces the content of active calcium sources per unit volume of the board; (ii) the pore
structure of pressure-moulded calcium silicate boards is predominantly closed-cell, which
limits the accessibility of CO, to the interior of the boards under ambient pressure [43];
(iii) mineralisation products preferentially precipitate in the open pores of the surface layer,
forming a dense surface crust that acts as a barrier hindering the further diffusion of CO,

into the interior of the boards [44].

I 0.1 MPaf 70

0.2 MPa - 65
0.3 MPaf g4
0.4 MPa

I 0.1 MPa
0.2 MPa
0.3MPa
0.4 MPa

T
N
o

T
N
o

CO, Sequestration Rate (%)

Figure 5. Carbon Sequestration Performance and Mechanical Properties of Cement Paste Specimens:
(a) CO, Sequestration Rate; (b) Compressive Strength.

Table 5. CO, Sequestration Efficiency of Cement Paste Specimens Under Different Conditions.

Time (Hours)

Pressure (MPa) 1 2 4 6 8 16
0.1 7.84 10.61 14.45 16.01 17.50 19.31
0.2 9.63 12.34 16.80 17.98 19.00 21.77
0.3 10.94 13.74 17.74 19.25 20.32 22.63
04 11.64 14.29 18.14 19.59 20.59 23.24

The CO; sequestration rate of calcium silicate boards in the small-dataset experiment
was 5.16%, which falls within the theoretical range of 2.81-8.34% derived from cement
paste substitution experiments, confirming the internal consistency and reliability of the
data. The measured value for the boards exceeded the lower limit of the theoretical range
due to time compensation, interfacial porosity, and favorable geometric structure; however,
it remained below the upper limit primarily due to dilution effects, closed pores, and
the formation of surface crusts. It is worth noting that the primary factors limiting the
board’s CO, sequestration rate can be overcome in actual production through the use of a
pressurized mineralization curing process, thereby increasing the CO, sequestration rate.
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In accordance with the principle of conservatism in carbon accounting, this study adopts
the measured value as the CO, sequestration rate parameter for subsequent plant-wide
carbon emissions calculations, rather than the upper limit reported in the literature.

3.2. Carbon Emissions of Baseline and Project Scenarios
3.2.1. Carbon Emissions Calculation

Based on the CO; sequestration rate and mineralisation efficiency of the calcium
silicate boards described above, and using Equations (10)-(12), the production line’s annual
CO, sequestration capacity is approximately 2090 t, and its annual CO, consumption is
approximately 3483 t.

Based on the formula presented earlier and the consumption rates of energy and raw
materials mentioned, the total carbon emissions for the baseline scenario (autoclave curing)
and the project scenario (CO, mineralization curing) were calculated separately. The results
are shown in Table 6.

Table 6. Total Carbon Emission Accounting.

Baseline Scenario Project Scenario
Sources of Carbon
No. Emissions Annual Carbon Annual Carbon
Consumption Emissions Consumption Emissions
1 Cement 14,550 t 7682.40 14,550 t 7682.40
2 Quartz Sand 22,415t 56.26 22415t 56.26
3 Wollastonite 700 t 28.49 700 t 28.49
4 Paper Fiber 2835t 538.65 2835t 538.65
5 Transportation 40,500 t x 200 km 1863.00 40,500 t x 200 km 1863.00
6 Water 1.5 x 10* 6.78 1.2 x 10* t 5.424
7 Natural Gas 6 x 10° Nm? 1198.63 0 0
8 Electricity 5.5 x 10° kWh 1359.60 5.5 x 10° kWh 1359.60
9 CO, 0 0 3483 192.80
TOTAL 12,733.81t CO, 11,726.63 t CO,

As shown in Table 6, the total carbon emissions in the baseline scenario are 12,734 t CO5;
therefore, the carbon emissions per square meter of calcium silicate board produced in
the baseline scenario are approximately 2.54 kg CO,. The total carbon emissions under
the project scenario are 11,723 t CO,, so the carbon emissions per square meter of calcium
silicate board produced under the project scenario are approximately 2.34 kg CO,. Com-
pared to the baseline scenario, the total carbon emissions in the project scenario decrease
by 1007 t CO,, and the carbon emissions per square meter of product decrease by approx-
imately 0.20 kg CO,, accounting for about 7.91% of the baseline scenario. Furthermore,
CO; mineralization curing not only reduces energy consumption and achieves carbon
emissions reductions in the production process but also enables CO, sequestration through
the product itself. The net carbon emissions of the project scenario are calculated using
Equation (9). Based on the previous analysis, the net carbon emissions for the project
scenario are approximately 9637 t CO,. Therefore, the net carbon emissions per square
meter of calcium silicate board produced in the project scenario are 1.93 kg CO,. Compared
to the baseline scenario, this represents a reduction of approximately 3097 t CO; in annual
net carbon emissions, with a 24.32% decrease in carbon emissions per unit area of product.
Figure 6 illustrates the difference in carbon emissions between the baseline scenario and
the project scenario.
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Figure 6. Comparison of Carbon Emissions Between Baseline Scenario and Project Scenario.

Compared to traditional autoclave curing, CO, mineralization curing not only offers

significant advantages in terms of carbon reduction and emissions cuts but also enhances

environmental benefits through the synergistic utilization of CO, resources and mineralized

sequestration. Furthermore, it effectively optimizes the mechanical properties and durabil-

ity of products, while shortening the curing cycle to further increase production capacity

and significantly reduce energy consumption and overall economic costs, demonstrating ex-

cellent technical and economic viability as well as potential for large-scale application [45].

3.2.2. Uncertainty Analysis

Figure 7 and Table 7 present the calculated carbon emissions under different produc-

tion levels. Clearly, the total carbon emissions under the baseline scenario and the project

scenario will vary with fluctuations in key influencing factors; the more advanced the

production level, the lower the total carbon emissions. Therefore, the carbon reduction at
different production levels is quite robust, amounting to approximately 1000 (+5%) t CO,.
However, net carbon reductions are relatively sensitive to production levels. This variabil-

ity is primarily attributed to significant differences in CO, sequestration volumes across

different production efficiencies, which directly impact the net climate benefits. Under

the three production level scenarios—Backward, Conservative, and Progressive—the net
carbon emission reduction benefits are 2115, 3097, and 4435 t CO,, respectively. Even under
the most pessimistic conditions, the project scenario still achieves significant net emission

reduction benefits; therefore, the project scenario is considered to be highly robust.

Table 7. Net Carbon Emission Calculation Results Under Different Scenarios (Unit: t CO5).

Production Baseline €O, Project Emission l?Iet.
. Storage . . Emission
Level Scenario : Scenario Reduction .
Capacity Reduction
Backward 14,230.71 1138.05 13,253.44 977.27 2115.32
Conservative  12,733.81 2089.80 11,726.63 1007.28 3097.08
Progressive 11,267.71 3377.70 10,209.93 1057.79 4435.49

The results of the uncertainty analysis further confirm that CO, mineralization and

storage technology offer robust emission reduction benefits. However, translating this

potential into tangible results depends on a variety of operational variables. These variables

include production scrap rates, energy consumption per unit of curing equipment, carbon
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source characteristics (purity and origin), fugitive CO, emissions, logistics methods, the
allocation of captured carbon, and baseline cement emission factors. Future research should
prioritize the quantification of these parameters. Once full-scale industrial production lines
for calcium silicate boards are operational, field data should be collected to optimize the
carbon accounting model and verify the expected emission reduction effects.

Baseline scenario

Il CO, storage capacity
Project scenario
Emissions reduction
Net emissions reduction

5000 16000

0
450 14000

4000
1200
3500 4
10000

800g

(tco,)

6009
1500
400,

2000

Figure 7. Carbon Emission Reduction Benefit of CO, Mineralization Curing Under Various Produc-

tion Levels.

3.2.3. Carbon Reduction Benefits of Replacing Cement with Industrial Solid Waste
Combined with CO, Mineralization Curing

In the full-cycle carbon emissions inventory for calcium silicate board production,
cement, the core cementitious material, accounts for approximately 60.33-65.51% of carbon
emissions (Figure 8). Its carbon emission intensity directly determines the carbon emission
levels of calcium silicate boards; therefore, reducing cement consumption has become a
key target for achieving low-carbon improvements in the production process.

Cement

Cement
I Quartz Sand I Quartz Sand
Paper Fiber Paper Fibgr
I Wollastonite [ | Wollastonutg
Transportation Transportation
B Water I Water
164 Natural Gas
Natural Gas 11.59% Al
Electricity o | Electricity
o5 Carbon

15.89%

60.33%
485y, 65.51%

(a) (b)
Figure 8. Carbon Emission Share of Raw Materials and Energy: (a) Baseline Scenario; (b) Project Scenario.

Current research indicates that industrial solid waste can be used to produce high-
quality calcium silicate boards [46—48]. Xie et al. [49] used magnesium slag as a binder
and carbonated it with paper fibers to produce a novel CO;-cured calcium silicate board.
This product achieves a strength of over 10 MPa even after a short curing time (2-6 h)
and exhibits significantly enhanced durability. Building on this, further integration with
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CO; mineralization curing not only simultaneously achieves carbon reduction and the
co-disposal of bulk solid waste but also significantly increases the CO, sequestration
capacity of calcium silicate boards, thereby establishing a closed-loop system of “carbon
reduction-waste utilization-CO, sequestration.”

Assuming that industrial solid waste can replace 20% of the cement (wt) and is used
in conjunction with a carbon dioxide mineralization and solidification process, the energy
consumption for solid waste treatment is 63.34 kWh/t [50]. Excluding carbon dioxide
sequestration and carbon emissions, the total carbon emissions generated by the combined
use of industrial solid waste and the carbon dioxide mineralization and solidification
process amount to 10,236 t CO,. This represents a reduction of 2497 t CO, compared to
the baseline scenario and a reduction of 1490 t CO, compared to the project scenario. The
results of carbon emission calculations for the production of calcium silicate boards using
industrial solid waste in conjunction with CO, mineralization curing to achieve different
levels of carbon sequestration are shown in Table 8.

Table 8. Carbon Emission Accounting under Different CO, Sequestration Levels (Unit: t CO;).

€O, S?- CO; Con- Carbon Net Carbon Emission Net'
questration . .. - . Emission
Rate sumption Emissions Emissions Reduction Reduction
5.16% 3483.00 10,236.49 8146.69 2497.33 4587.13
8.00% 5400.00 10,343.03 7103.03 2390.79 5630.79
10.00% 6750.00 10,418.06 6368.06 2315.76 6365.76
15.00% 10,125.00 10,605.63 4530.63 2128.18 8203.18
20.00% 13,500.00 10,793.21 2693.21 1940.61 10,040.61

As shown in Figure 9, the total carbon emissions from using industrial solid waste
to replace cement exhibit a slight upward trend as the sequestration rate increases; this is
attributed to the dominant influence of the sequestration volume on CO; consumption.
However, the amount of CO; sequestered plays a decisive role in net carbon reduction, off-
setting the negative effects of total emissions. Therefore, increasing the CO, sequestration
rate is of significant importance for the emission reduction benefits of the synergistic miner-
alization and curing of industrial solid waste to produce calcium silicate boards. It is worth
noting that whether calcium silicate boards produced using solid waste at a 20 wt% content
can sequester 20% of their own weight in CO, remains to be seen [51]. Therefore, given
the limited CO; sequestration capacity, excessive use of CO, gas sources also constitutes
a waste of energy. To further improve the sequestration efficiency of CO, mineralization
and curing using industrial solid waste, there is an urgent need to address the issue of
insufficient carbonation through various physical, chemical, or microbial methods.

In summary, partially substituting cement with industrial solid waste and utilizing
CO; mineralization curing technology to produce calcium silicate boards offers significant
environmental and economic benefits, providing the calcium silicate board industry with
a low-carbon technical pathway that combines deep emission reductions with resource
recycling value. From an environmental perspective, substituting cement with industrial
solid waste reduces the high energy consumption and carbon emissions associated with
clinker production at the source [50]. Simultaneously, the abundant mineralization-active
components in the solid waste enhance the reactivity of the mineralization reaction and
the CO, absorption capacity [47], thereby synergistically improving CO, sequestration
efficiency. From an economic perspective, using industrial solid waste as a low-cost
raw material can significantly reduce raw material costs and optimize cost structures,
achieving synergies between the resource utilization of solid waste and carbon emission
reductions. Future research could further investigate the differences in mineralization
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activity among various types of solid waste, optimize the blending ratios of solid waste
and mineralization process parameters, and maximize the carbon reduction potential of
this synergistic approach.

Baseline scenario

Il CO, storage capacity
Project scenario
Emissions reduction
Net emissions reduction

Figure 9. Carbon Emissions and Mitigation Benefits at Various CO, Sequestration Rates.

4. Conclusions

This study quantifies the emissions reduction benefits of CO, mineralization curing
over the entire life cycle and establishes a viable decarbonization pathway for calcium
silicate boards—a widely used precast building component. The results indicate that this
novel curing process significantly reduces embodied carbon compared to the traditional
autoclave method. These findings provide manufacturers and practitioners with critical
empirical data and actionable insights, offering a practical strategy for advancing decar-
bonization efforts in the construction industry. The main conclusions of this paper are
as follows.

(1) The results of the mineralization curing tests on pure cement mortar test specimens
validated the reliability of the small dataset on CO, sequestration rates for calcium
silicate boards. Nevertheless, the CO, sequestration rates measured in experiments
with calcium silicate boards still need to be further validated through large-scale or
repeated experimental testing.

(2) Replacing autoclave curing with mineralization curing can reduce carbon emissions
by 1007 t CO,. When CO; sequestration is factored in, carbon emissions can be
reduced by approximately 3097 t CO,.

(3) The results of the uncertainty analysis indicate that mineralization and curing offer
robust emission reduction benefits of at least 977 t CO,, which could reach approxi-
mately 2115 t CO, when CO, sequestration is factored in.

(4) If 20 wt% of cement is replaced with industrial solid waste to produce calcium silicate
boards that meet physical and mechanical performance standards under mineraliza-
tion and curing conditions, carbon emission reductions could reach 2497 t CO,.

Although CO, mineralization and storage have demonstrated exceptional sustain-
ability and performance, their net climate benefits require more rigorous validation before
industrial deployment. Current estimates are highly sensitive to process-specific variables,
and there is an urgent need to transition to precise carbon accounting. Furthermore, a major
limitation of this study is that functional equivalence between autoclave-cured calcium
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silicate boards and mineral-cured calcium silicate boards has not been established; com-
parative data regarding strength, durability, and service life are based solely on literature
reviews rather than experimental results. Therefore, future research should mitigate the
risks associated with the industrialization of this technology by addressing the following
key areas.

(1) Empirical Calibration: More accurate data on CO, sequestration rates and consump-
tion should be obtained through large-scale production line operations. Actual mea-
surement data regarding energy consumption for gas injection, pressure control,
circulation systems, safety systems, humidity control, and monitoring systems used
in mineralization treatment should be obtained from the production line.

(2) Boundary refinement: Key factors that may affect emissions—such as product scrap
rates, equipment energy consumption, gas sources and purity, gas leaks, transporta-
tion methods and distances, energy consumption for carbon dioxide capture, and ce-
ment emission factors—should be dynamically adjusted within the calculation model.

(3) Unlocking Potential: Conduct in-depth research into the mechanisms of synergistic
mineralization of industrial solid waste to maximize the emission reduction benefits of
calcium silicate boards, with the aim of achieving the construction industry’s “net-zero
emissions” goal.

(4) Engineering Validation: The primary focus should be on verifying that the mineral-
ized panels are equivalent to traditional autoclave-cured panels in terms of mechanical
properties and durability. Through industrial trials, strict control must be exercised
over product pass rates and long-term service life to establish the safety and reliability
of their engineering applications, thereby providing a key technological framework
and empirical support for the low-carbon transformation and upgrading of the build-
ing materials industry.
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