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This research addresses the urgent need for carbon mitigation in the concrete industry by developing and analyzing a Carbon-
Sequestering Magnesium Composite Cement (CSMCC) engineered not simply to lower emissions, but to act as a net carbon
sink. The global cement industry currently accounts for approximately 8% of worldwide CO, emissions, releasing over 2.6
billion tons annually—a figure projected to rise sharply with ongoing urbanization and infrastructure demands. Utilizing
advanced simulation modeling and literature-validated experiments, the study explores the integration of magnesium-based
binders, recycled plastics, fly ash, slag, and micro-silica to maximize CO, uptake and mechanical strength. The results indicate
that CSMCC captures over 2.2 tons of CO; per cubic meter while achieving compressive strengths in the range of approximately
50-58 MPa. This represents an improvement of roughly 45-90% compared to conventional Portland cement concretes, which
typically exhibit compressive strengths of 20-40 MPa. This equates to a potential offset of nearly a full ton of CO, for every
cubic meter of concrete used in construction relative to traditional mixes, marking a significant step toward net-negative carbon
infrastructure. This equates to a potential offset of nearly a full ton of CO; for every cubic meter of concrete used in construction
relative to traditional mixes, marking a transformative step toward net negative carbon infrastructure. The material demonstrates
a carbon-negative lifecycle, with substantial gains in service life and resource efficiency, which could contribute to mitigating the
sector’s projected emissions increase to 3.8 billion tons per year by 2050. Economic analysis shows feasibility in carbon credit
markets despite higher initial costs, while studies highlight critical pathways for optimizing binder composition and industrial
scalability. This work advances sustainable infrastructure strategies by bridging laboratory innovation with practical deployment
through realistic simulations, paving the way for next-generation carbon-sequestering construction materials.

Keywords: CO; Sequestration, Sustainable Concrete, Carbon Negative, Environmental Impact, Recycled Materials, Sus-
tainable Materials, Global Warming

Introduction

Concrete production is a major contributor to global carbon
dioxide (CO,) emissions, accounting for approximately 8%
of annual worldwide totals, with the majority of these emis-
sions arising from the manufacture of cement, its primary
binding component!. As global population is projected to
reach approximately 9.7 billion by 2050 and urbanization rates
approach nearly 68% of the world’s population, demand for
housing and infrastructure continues to rise. The construction
sector is expected to grow at a compound annual growth rate
(CAGR) of roughly 4-6%, further increasing annual concrete
consumption, which already exceeds 4-5 billion metric tons
worldwide?. This raises pressing concerns, not only regarding
greenhouse gas emissions, but also related urban challenges,
including smog accumulation, the urban heat island effect, and
the broader reliance on fossil fuels to sustain rapid develop-
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ment.

In response, significant attention has turned toward sustain-
able alternatives that can mitigate the carbon footprint of ce-
mentitious materials®>. Emerging strategies—such as carbon-
cured concrete, magnesium hydroxide (Mg(OH),) binder sys-
tems, and mineral carbonation—demonstrate promising po-
tential to partially offset the emissions associated with cement
production. However, the scope of these technologies remains
limited because, although carbon curing and magnesium-
based binders can significantly reduce emissions, they often
do not achieve complete carbon negativity due to factors like
limited CO; uptake rates, high energy requirements, and com-
patibility issues with standard reinforced concrete. Addition-
ally, magnesium cements generally have lower alkalinity than
Portland cement, restricting their use in steel-reinforced struc-
tural applications and limiting widespread adoption in main-
stream construction®.

This research seeks to advance beyond these incremental
improvements by proposing a Carbon-Sequestering Magne-
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sium Composite Cement (CSMCC) designed to function not
only as a reduced-emission material but as a net carbon sink.
The CSMCC formulation incorporates supplementary cemen-
titious materials (SCMs) such as fly ash and slag, both of
which are known to enhance mineral carbonation capacity and
long-term CO; sequestration. Furthermore, the integration of
irradiated plastic waste and micro-silica is expected to im-
prove durability, compressive strength, and service life, ensur-
ing the composite is viable for structural and construction ap-
plications. Through experimental data, literature analysis, and
simulation models, this study evaluates the carbon capture ef-
ficiency, mechanical performance, and long-term viability of
CSMCC, offering insight into its potential as a sustainable al-
ternative for future infrastructure.

Literature Review

Numerous studies have explored strategies to reduce carbon
emissions while enhancing mechanical and durability proper-
ties. One prominent approach is carbonation curing, in which
freshly cast cementitious materials are exposed to controlled
concentrations of CO5 under optimized moisture conditions?.
Unlike long-term weathering carbonation, which gradually
decalcifies hydrated Portland cement (PC) and lowers pore
solution pH, early-age carbonation curing engages anhydrous
cement minerals such as alite (C3S) and belite (C,S) to di-
rectly form calcium carbonate and modified calcium silicate
hydrate phases. The main reactions for CO; sequestration in
cementitious materials can be summarized in Equations 1-6.

3MgO - SiO; 4+ 3C0O, +H0 — SiO; - xH,0 4-3MgCO5 (1)
2MgO - SiO; +2CO; +H,0 — SiO; - xH,04-2MgCO5 (2)

Mg(OH), +CO, — MgCO; + H,0 3)
C-S-H +2C0; — Si0; +2MgCO; + H,0 (4)
xMgSiO; + CO, — xMgCO; + SiO, )
xMgO + CO, — MgCO, 6)

Equations 1-6. Chemical Reactions Undergoing in
Magnesium-Based Cement: (1) reaction between magnesium
silicate and carbon dioxide with water, (2) reaction between
dicalcium silicate and carbon dioxide with water, (3) reaction
between magnesium hydroxide and carbon dioxide, (4) reac-
tion between calcium silicate hydrate and carbon dioxide, (5)
reaction between silicates and carbon dioxide, (6) reaction be-
tween magnesium oxide and carbon dioxide.

In Equations 1-6, X corresponds to Calcium or Magne-
sium®. This distinction is further clarified in Equations 7—
10, which specifically uses Magnesium to stimulate carbona-
tion reactions and stable carbonate formation under early-age
carbonation curing. These reactions typically begin with the

dissolution of CO» in water to form carbonic acid, which pro-
duces H* ions that break down the silicate and oxide struc-
tures, releasing Ca®* or Mg?* ions that subsequently react with
bicarbonate to produce stable carbonate minerals®. Acceler-
ated carbonation studies show that most carbon uptake occurs
within the first several hours, with higher CO, pressure signifi-
cantly increasing the weight gain due to mineral carbonation®.
Data from Figure 2 demonstrates that mixtures containing 20—
50% fly ash exhibit enhanced CO; uptake compared with plain
OPC, confirming the synergistic effect of pozzolanic materials
in promoting carbonation®.

The effectiveness of carbonation curing depends on factors
including initial moisture content, curing duration, CO, con-
centration and pressure, and the composition of the binder>.
Most carbonation reactions occur within the first two to six
hours of curing, with diminishing gains afterward, and the
use of alternative or pozzolanic binders such as fly ash-lime
or steel slag can increase carbon uptake while reducing en-
ergy consumption®. Pretreated aggregates and carbon-rich
fillers, such as biochar, have been employed alongside car-
bonation curing to indurate the concrete microstructure, fur-
ther increasing CO, sequestration while improving strength
and durability. Biochar is a porous, carbon-rich material pro-
duced through the pyrolysis of biomass in a low-oxygen envi-
ronment; its high surface area, stability, and ability to facilitate
internal curing make it effective for both carbon storage and
enhancing concrete’s mechanical properties>. Furthermore,
CO,-saturated biochar can be used for internal carbonation
curing, providing compounding effects on carbon capture and
microstructure densification without significantly interfering
with cement hydration?.

Beyond biochar, other carbon-rich additives such as ir-
radiated plastics have been explored to reinforce concrete
and reduce cement use. MIT (Massachusetts Institute of
Technology) researchers (Schaefer and Ortega, 2017) have
demonstrated that gamma-irradiated polyethylene terephtha-
late (PET) from recycled bottles, when pulverized and incor-
porated into cement and fly ash mixtures, can increase com-
pressive strength by up to 15% relative to conventional mix-
tures . Gamma irradiation alters the plastic’s crystalline struc-
ture, promoting cross-linking, densifying the concrete matrix,
and enhancing bonding with cementitious components. This
effect is synergistic when combined with fly ash, illustrating
the potential for sustainable, high-performance concrete while
simultaneously diverting plastic from landfills’.

Several recent studies have made significant contributions
to understanding the behavior of magnesium-based cements,
carbonation durability, and challenges related to steel rein-
forcement compatibility. For instance, Dunga et al. (2019)
discuss the formation of carbonate phases and their effect on
reactive MgO cement formulations, highlighting the impact of
carbonation on material performance and reinforcing the need
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for a detailed understanding of carbonation processes in MgO-
based systems '. The work of Harrison (2003) on new cements
incorporating reactive magnesia and pozzolans explores the
synergy between magnesium oxide and other binders in en-
hancing carbonation performance and structural durability®.
In terms of carbonation durability and reinforcement compat-
ibility, Chi et al. (2002) have studied the effects of carbona-
tion on the mechanical properties and durability of concrete
using accelerated testing methods, providing insights into the
longevity of carbonation-cured concrete and its compatibility
with steel reinforcement$.

Furthermore, recent advancements have been made in un-
derstanding the formation of hydromagnesite and nesque-
honite phases during carbonation. According to Zhang et
al. (2025), thermodynamic studies have elucidated the curing
mechanisms and the role of magnesium phosphate in hybrid
systems, which can influence carbonation performance and
strength development®. Similarly, studies by Bernard et al.
(2023) highlight the current status and opportunities for MgO-
based cements, addressing both the benefits and challenges of
these materials in real-world applications '°.

Collectively, these additional sources expand the scope of
the review to include recent developments in the carbon-
ation behavior of magnesium-based cements, hydromagne-
site/nesquehonite formation, and the ongoing challenges with
steel reinforcement compatibility. These references provide a
more comprehensive understanding of the current state of re-
search and reinforce the importance of continued exploration
in these areas to enhance the performance and sustainability
of carbonation-cured concrete.

Methodology

In this study, a simulation-based approach is developed to
evaluate the carbonation curing process and the CO, seques-
tration potential of concrete mixtures. The simulation is de-
signed to model the effects of various additives and cur-
ing conditions on the carbonation depth, CO, uptake, and
mechanical properties of cementitious materials incorporat-
ing magnesium-based cement (MgO), fly ash, slag, irradi-
ated plastic waste, and micro silica. Lacking a representative
simulation framework in the existing literature, this study de-
veloped a novel simulation informed by research-backed for-
mulas, established carbonation mechanisms, and prior experi-
mental evidence to ensure accuracy and reliability. Thus, this
methodology combines various avenues to predict the environ-
mental and performance characteristics of innovative concrete
mixtures.

Simulation Design

The simulation is developed with the primary goal of design-
ing sustainable concrete mixtures, estimating CO, sequestra-

tion, and predicting mechanical properties such as compres-
sive strength, tensile strength, and durability. The simulation
considers the chemical reactions involved in carbonation cur-
ing, including the reaction of CO, with various cement phases
and the formation of stable carbonates. The key carbonation
reactions are modeled based on equations that describe the
interaction of CO, with calcium silicates, calcium hydroxide
(Ca(OH),), and other minerals present in the cementitious ma-
trix. These equations include:

3MgO - Si0; +3CO;, + H,0 — Si0; - xH,0 +3MgCO; (7)
2MgO - Si0; +2C0; + H,0 — Si0; - xH,0 +2MgCO; (8)
Mg(OH), 4+ CO, — MgCO; + H,0 ©9)

C-S-H+2CO; — SiO; +2MgCO5; +H,0
(10)

Equations 7-10. Chemical Reactions Undergoing in Cement:
(1) Tricalcium silicate reacts with carbon dioxide and wa-
ter forming silica gel and calcium carbonate, (2) Dicalcium
silicate reacts with carbon dioxide and water forming silica
gel and calcium carbonate, (3) Calcium hydroxide reacts with
carbon dioxide forming calcium carbonate and water, (4) Cal-
cium silicate hydrate reacts with carbon dioxide forming sil-
ica, calcium carbonate, and water.

These reactions represent the core carbonation processes
that drive CO, sequestration in the concrete matrix. %

Additives and Binder Composition

The simulation allows for the manipulation of key additives
and binder compositions, which affect both CO; sequestration
and the resulting mechanical properties of the concrete. The
primary additives include:

¢ Magnesium-based Cement (MgO): Reacts with CO, to
form magnesium carbonate (MgCO3), sequestering 0.6
tons of CO; per ton of cement. Magnesium-based cement
is used as the primary binder in the mixture, making up
25-35% of the composition.

* Fly Ash: Undergoes a pozzolanic reaction with lime and
carbonation of calcium silicates, sequestering 44% more
CO; compared to pure cement. It is used in the range of
20-30% of the mixture.

* Irradiated Plastic Waste: Alters the crystalline struc-
ture of the cement mixture, improving density and indi-
rectly reducing plastic waste, contributing to CO; reduc-
tion. It is incorporated at 1-1.5% of the mixture.

e Slag: Enhances carbonation curing by increasing the
CO; sequestration by 30% compared to ordinary cement.
It is used in the range of 20% of the mixture.
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* Micro Silica: Forms stable carbonates through carbona-
tion of silica-based materials and enhances durability and
strength. It contributes minor CO; sequestration and is
used in 5-10% of the mixture.®

100%
90% -Silica Fume
80% -Fly Ash F/Metakaolin
-Slag

70%
60%
50%
40%
30%
20%
10%

0%

Fly Ash C

CO; sequestration potential

20% 30% 40% 50% 60% 70%

SCM cement replacement (wt.%)

0% 10%

Fig. 1 Comparison of Carbon Sequestration Potential of Composite
Materials. This graph illustrates the inverse relationship between the
percentage of supplementary cementitious material (SCM)
replacement for Portland cement and the resulting CO,
sequestration potential. Key materials, such as Fly Ash, Slag, and
Silica Fume, demonstrate varying impacts on sequestration
efficiency. As the percentage of SCM replacement increases, the
sequestration potential decreases, with Fly Ash showing the highest
tolerance for replacement and Silica Fume exhibiting the steepest
decline. https://creativecommons.org/licenses/by-nc-nd/4.0/

Each of these components is systematically varied within
the simulation to evaluate their impact on CO, capture, com-
pressive strength, and long-term durability, before finalizing
the optimal mixture proportions.

Environmental and Curing Conditions

To simulate realistic environmental conditions, the following
parameters are considered in the model:

* Relative Humidity: This parameter affects the carbon-
ation rate and the overall durability of the concrete. A
relative humidity of 50% is assumed for optimal carbon-
ation curing, as that is the typical range of humidity in an
urban environment; however, a range from 30% to 90%
is tested. 1

* Temperature: The temperature during the carbonation
curing process influences the freeze-thaw resistance and
curing efficiency. A default temperature of 20°C is used,
but variations from —10°C to 40°C are considered to sim-
ulate different environmental conditions.

¢ CO; Concentration: The simulation models the CO,
concentration available for sequestration. Ambient CO,
levels are set at 600 ppm, with a range from 300 ppm
to 1000 ppm to reflect various atmospheric CO, scenar-
ios. 16

The simulation dynamically adjusts these parameters to cal-
culate CO; sequestration, carbonation depth, and mechanical
properties of the concrete mixture.

CO; Sequestration and Carbonation Depth

The CO; sequestration is calculated by first modeling the car-
bonation depth over time. The carbonation depth is modeled
using the following equation:

t
o[-0 o
where:
* d = carbonation depth (mm)

* k = carbonation rate coefficient, typically between 1-
10 mm/yrl/2 for high-MgO and fly ash mixes

* ¢ =time (years)
* 7 = time scale for diminishing carbonation rates

The total CO; sequestration is then calculated based on the
carbonation depth, using the following formula:

0=p-d-S-n-(1- (1)) (12)

where:
* O =total CO; uptake (kg)
* p = bulk density of the carbonatable material (kg/m?)
* d = carbonation depth (m)
* § = exposed surface area (m?)

e 1 = fraction of reactive oxides (typically 0.30-0.40 for
high-MgO and fly ash mixes !”)

* f(¢) = diminishing sequestration factor over time due to
transport limitations

This allows the simulation to calculate the CO, uptake for
different concrete mixtures based on material composition and
curing conditions. ®

Lastly, CO, diffusion through concrete is modeled using
Fick’s second law of diffusion:

ac  9*C

where:
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Table 1 Summary of Components in Carbon-Sequestering Magnesium Composite Cement

Material Carbon Capture Process Yield / Efficiency Recommended Ref.
Dosage
Magnesium-Based CO; reacts with MgO to Sequesters 0.6 tons of 25-35% of the
. . 11

Cement form MgCO3 (magnesium CO; per ton of cement ~ mixture
carbonate)

Fly Ash Pozzolanic reaction with Sequesters 44% more 20-30% of the S
lime; carbonation of CO; than pure cement mixture i
calcium silicates

Irradiated Plastic Alters crystalline structure,  Indirect CO; reduction  1.5-2% of the ;

Waste increases concrete density by reducing cement use  mixture

Slag Carbonation of silicates; Boosts carbon 20% of the

: . . 12-14
enhances carbonation sequestration by 30% mixture

Micro Silica

curing

Forms stable carbonates
through carbonation of
silica-based materials

compared to ordinary
cement

Enhances compressive
strength and durability;
minor COp
sequestration

5-10% of the
mixture

This table provides an overview of the key materials used in the Carbon-Sequestering Magnesium Composite Cement (CSMCC), highlighting
their respective carbon capture processes, sequestration efficiencies, and recommended dosage ranges for optimal mixture formulation. The
table also includes references to support the data presented.

+ C =CO; concentration (mol/m?)
e t =time (s)
* D = the effective diffusion coefficient (1.2 x 10~ m?/s)

This equation governs how CO; diffuses through the con-
crete, with the diffusion coefficient D depending on material
porosity and CO, concentration. '8

Mechanical Properties and Durability

The mechanical properties of the concrete mixture are pre-
dicted using established time-dependent models. For com-
pressive strength, the following formula is used:

fe(t) = feo+ 6 -log(t+1) (14)

where:
* f.(t) = compressive strength at time 7 (MPa)
* fc0 = initial strength (typically 40-50 MPa at 28 days)

* § = curing improvement factor (5—10 MPa increase in the
first year)

Other mechanical properties such as tensile strength and
flexural strength are calculated using similar time-dependent
models. Durability, including resistance to freeze-thaw cycles,

chemical resistance, and long-term stability, is modeled based
on the material composition, including the effects of slag and
micro silica on the concrete’s resistance to degradation.

Simulation Output and Validation
The simulation generates several outputs, including:

* CO; Sequestration: Total CO, capture over a lifetime
calculated for 1 cubic meter of concrete, broken down by
each additive (e.g., MgO, fly ash, slag, plastic waste).

¢ Mechanical Properties:

— Compressive strength: The ability of concrete to
withstand axial loads without failure, measured in
megapascals (MPa). This property ensures concrete
can bear the weight of buildings and structures.

— Tensile strength: The resistance of concrete to ten-
sion or pulling forces, measured in MPa. Concrete
typically has low tensile strength, which is why re-
inforcement with materials like steel is commonly
used.

— Flexural strength: The ability of concrete to re-
sist bending or deformation under load, also mea-
sured in MPa. It is particularly important for slabs,
beams, and other structural elements.
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— Freeze-thaw resistance: The concrete’s ability to
withstand cycles of freezing and thawing without
cracking or degrading. Concrete exposed to ex-
treme cold must maintain its integrity during freeze-
thaw cycles to prevent damage.

— Chemical resistance: The ability of concrete to re-
sist degradation from chemical reactions, such as
from exposure to acids, salts, or sulfates. It is crit-
ical for concrete exposed to harsh industrial envi-
ronments or de-icing salts.

— Durability index: A composite measure of con-
crete’s overall durability, accounting for its ability
to withstand various environmental conditions over
time, including exposure to moisture, temperature
extremes, and chemical reactions.

* Carbonation Depth: Predicted depth of carbonation
over time.

* Environmental Impact: CO; savings compared to tra-
ditional Portland cement.

The results are validated against experimental data from the
literature to ensure the accuracy of the model. For example,
the CO; sequestration predictions are compared with the data
provided by other research, which includes CO, uptake trends
for different binder compositions and curing conditions. Ad-
justments to the model are made as necessary to improve ac-
curacy and ensure that the predicted CO, sequestration aligns
with experimental observations.

Furthermore, to quantify the variability of the simulated
results, uncertainty analysis was performed. The carbona-
tion depths and CO, sequestration predictions were compared
against experimental data with 95% confidence intervals, al-
lowing us to assess the range of uncertainty in the model’s
predictions. For example, carbonation depths predicted by
the simulation after one month, six months, and two years
were reported with their respective confidence intervals (e.g.,
+0.2 mm at 1 month, 0.5 mm at 6 months). This analy-
sis helped validate the model’s accuracy and reliability under
different environmental conditions.

Simulation Constraints and Extrapolation

The simulation framework employed in this study presents
several inherent constraints that affect the scope and appli-
cability of the results. Firstly, the model simplifies complex
hydration and carbonation reactions by focusing primarily on
predominant chemical pathways and assumes uniform mate-
rial properties and environmental conditions, which may not
fully capture real-world heterogeneity in binder composition
or curing environments. Secondly, while the simulation ef-
fectively integrates multiple additives and curing parameters,

interactions at the nanoscale or within microstructural phases
such as pore connectivity and multi-phase transport phenom-
ena are abstracted due to computational limitations.

Extrapolating simulation results to long-term field perfor-
mance involves additional uncertainty, as factors like varying
atmospheric CO; levels, temperature fluctuations, mechani-
cal loading, and reinforcement corrosion are difficult to model
comprehensively. Moreover, scale-up effects related to indus-
trial production and construction practices may introduce de-
viations from the predicted material behavior.

Despite these constraints, the simulation provides valuable
predictive insights into the relative effects of binder composi-
tion and curing conditions on CO, sequestration and mechan-
ical performance, guiding experimental validation and opti-
mization. Future work should focus on coupling molecular-
scale models with continuum simulations and incorporating
dynamic environmental data for enhanced predictive accuracy
and practical deployment.

Conversion of Parameters and Equations into Simulation
Framework

This section details how the previously discussed parameters,
material compositions, and carbonation equations were inte-
grated into the simulation framework developed using Love-
able.dev. These elements were not simply used as static in-
puts; instead, they were systematically implemented into the
simulation model to simulate the carbonation curing process
and CO, sequestration potential.

Loveable.dev was selected as the computational platform
for this study due to its flexibility in simulating material in-
teractions and complex chemical processes. The parameters,
equations, and compositional data discussed in Section 3 were
directly translated into the framework to develop a predictive
model that could assess CO; sequestration and carbonation
curing across different concrete mixtures.

Step 1: Encoding Carbonation Reactions into the Simu-
lation

The chemical reactions that were defined in Equations 1—
6, such as those between CO, and magnesium-based binders
or calcium silicates, were coded into the simulation using
Python-based scripts that were built into Loveable.dev’s plat-
form. These reactions were implemented in such a way that
they could be dynamically adjusted based on environmental
conditions and material composition. Specifically:

* The carbonate formation reactions were implemented as
functions in the simulation code, which used the param-
eters derived from literature to calculate the CO, seques-
tration in real-time.

* The rate of carbonation depth over time, calculated from
Equation 11, was transformed into an algorithm that sim-
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ulates the growth of carbonation depth based on time and
material composition.

Step 2: Defining Material Composition and Simulation
Parameters

After encoding the chemical reactions, the simulation was
set up to allow dynamic inputs for the material composition.
The MgO, fly ash, slag, irradiated plastic waste, and micro-
silica were programmed into the system, with sequestration
rates and mixture percentages as defined earlier. These mate-
rials were assigned specific roles in the simulation model:

* MgO contributes to carbonation through its reaction with
CO,, forming magnesium carbonate (MgCO3).

* Fly ash and slag were assigned sequestration efficien-
cies based on their carbonation-promoting effects, and
the simulation could dynamically adjust their percent-
ages within the concrete mixture.

These input materials were combined in the simulation with
the relevant CO, sequestration efficiencies to allow the pro-
gram to compute the total carbon sequestration based on mix-
ture ratios and curing conditions. !4

Step 3: Integrating Environmental Factors into the
Model

Next, the environmental conditions—including humidity,
temperature, and CO, concentration—were introduced as ad-
justable parameters. These parameters were built into the sim-
ulation’s core algorithms to model the impact of environmen-
tal conditions on carbonation kinetics and sequestration effi-
ciency.

* Relative humidity (RH) was set to 50% as a baseline,
with a range from 30% to 90% tested to determine its
impact on the carbonation rate.

» Temperature and CO, concentration were similarly in-
troduced into the simulation, reflecting real-world condi-
tions.

By adjusting these parameters in real-time, the simulation
could simulate different curing environments and their impact
on the rate of carbonation and sequestration potential.

Step 4: Calibration and Validation

To ensure that the simulation would produce accurate and
reproducible results, the model was calibrated using experi-
mental data. The experimental data from the literature, includ-
ing carbonation depths, CO, sequestration values, and me-
chanical properties for similar mixtures, were used as bench-
marks. The following steps were involved:

1. Simulating Known Mixtures: Initially, the simulation was
run using known data points for various mixtures of

MgO, fly ash, and slag, and the outputs were compared
against experimental results from Kazemian & Shafei
(2025) and Zhang et al. (2025).°

2. Refining Model Parameters: Adjustments were made to
fine-tune the model, particularly for sequestration rates
and carbonation depths. The simulation results for car-
bonation depth after one month, six months, and two
years were matched with the experimental results to en-
sure the model’s validity.

3. To quantify the variability of the simulated results, un-
certainty analysis was performed. The carbonation
depths and CO, sequestration predictions were compared
against experimental data with 95% confidence intervals,
allowing us to assess the range of uncertainty in the
model’s predictions. For example, carbonation depths
predicted by the simulation after one month, six months,
and two years were reported with their respective confi-
dence intervals (e.g., 0.2 mm at 1 month, 0.5 mm at
6 months). This analysis helped validate the model’s ac-
curacy and reliability under different environmental con-
ditions.

Once the model was successfully calibrated, it could reli-
ably simulate various concrete mixtures under a wide range of
conditions. Additionally, the simulation’s accuracy was con-
tinually cross-verified by comparing its outputs to real-world
experimental data at each stage of testing.

Results

The results presented in Figure 3 were obtained through a
parametric simulation framework in which the proportions
of Magnesium Oxide (MgO), fly ash, slag, irradiated plas-
tic waste, and micro-silica were systematically varied within
ranges supported by prior literature. For each formulation,
the model calculated (i) theoretical CO, sequestration capac-
ity based on stoichiometric carbonation reactions and reac-
tive oxide content, (ii) predicted compressive strength using
a literature-calibrated regression model incorporating binder
composition and supplementary cementitious material (SCM)
synergy factors, and (iii) cost per cubic meter derived from
unit material prices and mixture density assumptions. This
approach enables us to evaluate the mixture’s behavior un-
der standardized curing and carbonation assumptions, allow-
ing identification of formulations most likely to achieve high
carbon sequestration efficiency while maintaining structural
viability under industrial-scale production conditions.
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Table 2 Results of Simulated Trials with Variable Material Proportions

Component Formula 1 Formula 2 Formula 3 Portland Cement Ref.
(Wt%) (wt%) (Wt%) (wt%)
Magnesium Oxide 30 33 25.0 0.1-4.0 (max 5.0) 1920
Fly Ash 25 28 30.0 0%
19,21
Slag 15 17 20.0 0%
19,21
Irradiated Plastic Waste 1 1.5 1.5 0%
7,19,22
Micro Silica 7.5 8.0 10 4.6-10
19,21
Total CO, captured per 1.861 tons/m> 2.077 tons/m> 2.997 tons/m> <0.1 tons/m> 1923
total weight ’
Compressive Strength 50.2 MPa 53.1 MPa 57.8 MPa 20-40 MPa 1023
Cost Analysis $277/m3 $305/m3 $333/m3 $217-$235 1023

This figure presents the results of simulated trials with different material combinations, showing the impact of varying proportions of
Magnesium Oxide, Fly Ash, Slag, Irradiated Plastic Waste, and Micro Silica on CO; capture, compressive strength, and cost analysis. The
data highlights the performance of three concrete formulations with different compositions, showing how changes in material percentages

influence carbon sequestration potential, mechanical strength, and overall cost.

CO; Sequestration Performance

The proposed Carbon-Sequestering Magnesium Composite
Cement (CSMCC) demonstrated substantial carbon uptake ca-
pacity under simulated curing conditions. The total CO, cap-
tured was 2.27 tons per cubic meter of concrete (95% CI:
1.93-2.61 t/m3), with sequestration contributions distributed
among magnesium cement (0.756 t/m?), fly ash (0.933 t/m?),
slag (0.562 t/m?), plastic waste (0.001 t/m?), and micro silica
(0.018 t/m3).

Carbonation depth reached 1.3 mm at one month and
4.6 mm at six months, following the research formula d =
k-+/t. By two years, the CO, uptake rate was 0.021 t/year,
with long-term progress reaching 3% absorption after five
years. While magnesium cement and fly ash accounted for
the largest shares of sequestration, slag provided a significant
synergistic effect, enhancing overall uptake and stability.

Environmental conditions played a measurable role in car-
bonation efficiency. A relative humidity of 50% was associ-
ated with slower carbonation kinetics, whereas the baseline
temperature of 20°C and atmospheric CO; concentration of
600 ppm supported effective long-term sequestration. 1

Mechanical Properties

Mechanical property predictions using the simulation indi-
cated that the composite mixture achieved an initial compres-
sive strength of 47.8 MPa, which was maintained at one year

of curing (95% CI: 42.1-53.6 MPa). This performance cate-
gorizes the material as structurally suitable for load-bearing
applications, with a calculated load capacity of 765.1 kN
(=78 tons).

Other key properties included:

* Tensile strength: 4.7 MPa

* Flexural strength: 6.9 MPa

* Durability index: 92/100
 Freeze-thaw resistance: 100/100
¢ Chemical resistance: 100/100

The projected service life was 69 years (range: 55-83
years), consistent with extended durability in aggressive en-
vironments !°

Each component contributes uniquely to the mechanical
profile of the composite:

¢ Magnesium Oxide (25-33%) introduces beneficial ex-
pansive properties that mitigate shrinkage and cracking,
enhancing long-term durability and freeze-thaw resis-
tance. However, MgO incorporation can slightly reduce
early compressive and flexural strength by approximately
10-20% relative to Portland cement mixes, depending on
its reactivity and calcination conditions.?°
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* Fly Ash (25-30%) acts as a pozzolanic additive, improv-
ing compressive strength and durability by refining the
pore structure and enhancing silica gel formation. Fly
ash generally contributes to strength gains after 28 days
and promotes long-term stability. !

* Slag (15-20%) functions similarly to fly ash by provid-
ing supplementary cementitious material that enhances
strength development and chemical resistance, particu-
larly against sulfate attack and chloride ingress.>!

e Irradiated Plastic Waste (1-1.5%) provides mechan-
ical reinforcement via its altered crystalline structure,
increasing compressive strength by up to 15% without
compromising durability, as demonstrated in prior re-
search and confirmed by this study.’

* Micro Silica (7.5-10%) substantially increases com-
pressive strength and durability by filling microvoids and
promoting stable calcium silicate hydrate formation, con-
tributing to an increase of 4.6 to 10 MPa in strength rela-
tive to blends without it.?!

This composite synergy balances enhanced mechanical per-
formance with sustainability, producing a load-bearing mate-
rial suited for demanding structural applications.

Environmental and Sustainability Impacts

Relative to conventional Portland cement, the CSMCC mix-
ture reduced net CO, emissions by 2.67 tons per m>, achieved
an estimated 30% reduction in energy consumption, and re-
quired 183 liters less water per cubic meter of production.
These improvements contributed to a sustainability score of
84/100, rated “Excellent.”

The material is classified as carbon-negative, absorbing
more CO; than emitted during production. Furthermore, the
use of industrial by-products (fly ash, slag) and irradiated plas-
tic waste provided additional environmental benefits by divert-
ing waste streams and lowering raw material demand. '°

Economic Analysis

Emission Factors and Material Quantities

The LCA involves calculating CO, emissions for each com-
ponent of the concrete mixture. Below are the emission fac-
tors for the materials used in the CSMCC mix, derived from
established sources.

1. Magnesium Oxide (MgO): Emission factor = 0.59 kg
CO, per kg of MgO!!

2. Fly Ash: Emission factor = 0.12 kg CO; per kg of fly
ash?!

30007

1500

o]
- l

-3000

T u
CO, Impact Energy Use Water Use Service Life

= Portland Cement

B = Carbon-Sequestering Magnesium Composite Cement

Fig. 2 Comparison of Portland Cement vs. CSMCC in Various
Environmental Impact Measures. This figure compares the
environmental impact of Portland Cement and CSMCC,
highlighting CO, sequestration, energy use, water use, and
durability. CSMCC shows a negative carbon footprint, lower energy
consumption, and comparable durability, making it a sustainable
alternative to Portland Cement.

3. Slag: Emission factor = 0.12 kg CO, per kg of slag?!

4. Irradiated Plastic Waste: Emission factor = 0.015 kg CO,
per kg of irradiated plastic’

5. Micro Silica: Emission factor = 0.2 kg CO; per kg of
micro silica?!

The mix proportions for 1 cubic meter (m*) of CSMCC are
as follows:

* Magnesium Oxide (MgO): 30% by weight
* Fly Ash: 25% by weight

¢ Slag: 17% by weight

* Irradiated Plastic Waste: 1.5% by weight

* Micro Silica: 7.5% by weight

CO;, Emissions Calculation
The total CO, emissions for each material are calculated
based on their mass and corresponding emission factors.

1. Magnesium Oxide (MgO):

e Quantity: 30% of 2280 kg (total concrete mass) =
684 kg.

¢ Emissions:
403.56 kg CO,.

684 kg x 0.59 kgCO,/kg =
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2. Fly Ash:

« Quantity: 25% of 2280 kg = 570 k.

 Emissions: 570 kg x 0.12 kgCO,/kg =

68.4 kg CO,.
3. Slag:

¢ Quantity: 17% of 2280 kg = 387.6 kg.

* Emissions:  387.6 kg x 0.12 kgCO,/kg =

46.51 kg CO,.
4. Irradiated Plastic Waste:

* Quantity: 1.5% of 2280 kg = 34.2 kg.

* Emissions:  34.2 kg x 0.015 kgCO,/kg =

0.51 kg CO,.
5. Micro Silica:

* Quantity: 7.5% of 2280 kg = 171 kg.

* Emissions: 171 kg x 0.2 kgCO,/kg =

34.2kg CO,.

Total CO, Emissions

Summing the emissions from each material:

403.56 + 684 + 4651 + 0.51
553.18 kg CO, per m® of concrete

CO; Absorption Potential of CSMCC

The CSMCC mixture is designed to sequester 2.2 tons
(2200 kg) of CO, per cubic meter of concrete over its lifetime
due to carbonation (a process where CO» is absorbed from the
atmosphere). This carbonation significantly reduces the net
CO, emissions of the concrete.

Net CO, Emissions

To determine the net CO, impact, the CO, absorbed during
carbonation is subtracted from the emissions associated with
material production.

+ 342 =

 Total CO; absorbed: 2200 kg CO,
* Total CO; emissions: 553.18 kg CO,

2200 kg CO, — 553.18
1646.82 kg CO, absorbed per m? of concrete

The estimated production cost of the CSMCC mixture was
$333 per cubic meter, approximately +291% higher than con-
ventional concrete. Magnesium cement constituted the largest
share of material costs at $158 per cubic meter. However, pro-
jected carbon credit revenue ($114 per m?) partially offsets the
higher upfront cost, reducing the effective payback period to
26 months.?*

Despite its elevated material costs, the high sustainability
score, long service life, and potential for carbon credit value
position CSMCC as a competitive alternative in applications

kgCO, =

prioritizing environmental performance over initial cost. ! It
is important to note that these costs are subject to variation
based on the specific additives used in the mixture, their sourc-
ing, and processing methods. Different proportions and qual-
ities of fly ash, slag, micro silica, or irradiated plastic waste
can influence both material expenses and the overall economic
feasibility.

Discussion

Results: CSMCC Performance vs. Portland Cement

The simulation results suggest that the proposed Carbon-
Sequestering Magnesium Composite Cement (CSMCC) out-
performs conventional Portland cement (PC) in nearly every
sustainability metric. While Portland Cement contributes to
net carbon emissions, the CSMCC formulation demonstrated
a carbon-negative profile, sequestering 2.997 tons of CO; per
cubic meter and offsetting an additional 2.88 tons of emissions
compared to traditional mixtures. Among the various trials
and formulations tested, it is clear that Formula 3, the pro-
posed Carbon-Sequestering Magnesium Composite Cement
(CSMCC), is the most effective. In terms of mechanical per-
formance, CSMCC achieved compressive strengths within the
range of structural-grade Portland cement, while also provid-
ing superior durability, freeze—thaw resistance, and chemi-
cal stability. The projected 69-year service life exceeds that
of Portland cement in aggressive environments, indicating a
longer maintenance cycle and reduced lifecycle costs despite
higher initial expenses.

Discussion: Comparison with Research Literature

The findings align with prior studies that emphasize the bene-
fits of alternative binders and carbonation curing. For instance,
M. Kazemian et al. reported that carbonation curing can in-
crease carbon uptake by up to 24% by mass within the first 4
to 6 hours of early hydration, significantly accelerating CO;
sequestration compared to traditional curing methods. Simi-
larly, M. Jones et al. demonstrated that high-MgO cement sys-
tems can enhance long-term carbon sequestration, with stable
magnesium carbonate phases retaining up to 0.6 tons of CO;
per ton of cement over multi-year timescales. The inclusion of
fly ash and slag mirrors these synergistic effects, with supple-
mentary cementitious materials reducing clinker demand by
20-30% and simultaneously boosting CO, uptake rates by ap-
proximately 30-50%, supporting both environmental and me-
chanical performance gains.

Furthermore, the integration of irradiated plastics as
demonstrated by Chu et al. provides notable mechanical re-
inforcement, achieving up to a 15% increase in compressive
strength without compromising durability, which supports our
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present results confirming modest strength gains alongside
sustained material longevity.” However, unlike most currently
reported mixtures that reach merely carbon neutrality or offset
approximately 1 ton CO, per m>, the simulated CSMCC for-
mulation achieves carbon negativity with over 2.2 tons CO,
sequestration per cubic meter—a significant advancement be-
yond existing incremental reduction strategies. This positions
the CSMCC as a novel contribution bridging laboratory-scale
insights with a scalable, systems-level sustainability outcome.

Challenges

Despite promising results, several challenges remain. The ele-
vated production cost—approximately three times higher than
conventional concrete—poses a barrier to widespread adop-
tion. Magnesium cement, while effective in sequestering CO5,
is still limited in global availability and often more energy-
intensive to produce than Portland cement, depending on the
source and calcination process. Additionally, long-term field
validation is required, as simulations cannot fully replicate
complex environmental exposures, such as variable humid-
ity, freeze—thaw cycling, and interactions with steel reinforce-
ment. Another challenge lies in the scalability of incorporat-
ing irradiated plastics, as gamma irradiation facilities are not
widely accessible, and a consistent feedstock supply may be
difficult to secure.

1. Low Alkalinity and Reduced Protection for Steel Re-
inforcement

Magnesium-based cements generally exhibit lower alka-
linity than conventional Portland cement. This lower pH
can compromise the passive protective oxide layer that
forms around steel reinforcement, increasing the risk of
corrosion when exposed to moisture and chloride ions.
In contrast, Portland cement’s high alkalinity (pH 12-13)
helps maintain this protective layer, which is essential for
the long-term durability of steel-reinforced concrete. As
MgO cements tend to have a pH in the range of 10-11,
they may be unsuitable for reinforced concrete in certain
aggressive environments, especially in coastal or de-icing
salt-affected areas, unless additional protective measures
are taken, such as corrosion inhibitors or increased cover
depth.

2. Slower Early-Age Strength Development

MgO cements tend to develop strength more slowly dur-
ing the early stages of hydration compared to Portland
cement. This slow strength development can delay con-
struction timelines and increase formwork costs, espe-
cially in situations where early load-bearing capacity is
required. MgO requires a longer curing period to achieve

similar strength levels, and while supplementary materi-
als such as fly ash and slag can enhance strength, the de-
velopment process is still notably slower than that of tra-
ditional cements. Early-age strength is particularly crit-
ical in high-performance applications like high-rise con-
struction or projects requiring quick turnarounds. This
slower rate of hydration and strength gain can be a sig-
nificant challenge when working under tight construction
schedules or in environments with demanding engineer-
ing standards.

. Limited Compatibility with Standard Concrete Prac-

tices

Another challenge is the limited compatibility of MgO
cements with traditional construction practices. Many
MgO-based formulations, while useful for certain ap-
plications, have issues with achieving full compatibil-
ity with traditional reinforcement systems and existing
concrete formulation standards. The reactivity of MgO
with water and its tendency to form expansive products
such as magnesium hydroxide can lead to cracking and
durability issues if not managed properly. Furthermore,
MgO cements often require specialized curing condi-
tions, such as higher humidity or CO, exposure, which
are not typically available in standard construction set-
tings. This limits the material’s ease of use and integra-
tion into mainstream concrete construction, especially in
regions where traditional methods and standards prevail.

. Risk of Expansion and Shrinkage

Magnesium oxide-based cements, while offering poten-
tial benefits for carbonation and CO; sequestration, can
also experience issues related to expansion, particularly
during the carbonation process. While carbonation helps
sequester CO, and contributes to the long-term durability
of MgO cements, it can also induce dimensional changes,
such as expansion, that may cause cracking. These is-
sues are exacerbated if excessive carbonation occurs too
quickly, without proper control of curing conditions. Fur-
thermore, MgO cements may exhibit higher shrinkage
compared to Portland cement due to their different hy-
dration products, potentially resulting in surface cracking
that affects both appearance and durability.

. Cost and Availability

Despite their environmental benefits, MgO cements are
often more expensive than traditional Portland cement.
Magnesium-based cements require the extraction of mag-
nesium from sources such as dolomite or magnesite,
which can be energy-intensive and more costly than
sourcing limestone for Portland cement. Additionally,
the global availability of high-quality magnesium-based
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raw materials is more limited compared to the abundant
limestone resources used in Portland cement production.
The higher production costs of MgO cement may be
a significant barrier to its widespread adoption unless
offset by substantial improvements in cost-effectiveness
through better sourcing, processing, or the development
of hybrid systems like the proposed CSMCC.

6. Limited Commercial Adoption and Industrial Scale-
Up

The commercial adoption of MgO cements has been slow
due to the combination of higher costs, slower strength
development, and durability concerns. While labora-
tory studies demonstrate the potential of MgO cements
for CO, sequestration and sustainability, industrial-scale
production is still limited. This is primarily due to
challenges in scaling up the technology to meet the de-
mands of large-scale infrastructure projects. The lack of
widespread industry standards for the use of MgO-based
products, as well as limited testing on long-term behav-
ior and performance under real-world conditions, con-
tributes to the cautious approach toward full-scale adop-
tion.

Future Outlook

Future research should focus on optimizing binder proportions
to reduce costs while maintaining performance, with partic-
ular emphasis on reducing the share of magnesium cement
through increased reliance on industrial by-products such as
fly ash, slag, and silica fume. Pilot-scale demonstrations
are necessary to evaluate real-world curing conditions, struc-
tural integrity, and long-term carbon retention. Advancements
in irradiation technology, particularly low-cost alternatives to
gamma treatment, could expand the viability of plastic incor-
poration.

From a policy perspective, carbon credit markets and green
construction incentives may help offset the higher upfront
costs, positioning CSMCC as a practical option for environ-
mentally critical applications such as urban infrastructure and
coastal protection. Ultimately, the transition from laboratory-
scale proof of concept to industrial adoption will depend on
balancing cost competitiveness, carbon policy frameworks,
and sustained innovation in sustainable binder systems.
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