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Abstract: Concrete production contributes nearly 8% of the global CO, emissions, making
carbon capture in construction materials a critical environmental priority. While microbial
self-healing concrete has shown promise in repairing structural cracks, its potential to serve
as a carbon-negative material through atmospheric CO, sequestration remains underuti-
lized. This interdisciplinary review—designed for materials scientists, civil engineers, and
environmental technologists—systematically evaluates bacterial candidates for their ap-
plication in self-healing, carbon-capturing concrete. Bacteria are ranked according to their
efficiency in capturing CO, through both direct mechanisms (e.g., photosynthetic fixation
by cyanobacteria) and indirect pathways (e.g., ureolysis-driven calcium carbonate precipita-
tion). The assessment also considers microbial survivability in high-alkalinity concrete envi-
ronments, the effectiveness of encapsulation strategies in enhancing bacterial viability and
function over time, and sustainability metrics such as those derived from life cycle assess-
ment (LCA) analyses. The findings highlight Bacillus sphaericus and Sporosarcina pasteurii as
high-performing species in terms of rapid mineralization and durability, while encapsula-
tion significantly improves the long-term viability for species like Paenibacillus mucilaginosus
and Synechococcus. Notably, Bacillus sphaericus and Sporosarcina pasteurii exhibit carbonate
precipitation rates of 75-100 mg CaCOs3/g biomass and enable crack closure of up to
0.97 mm within 8 weeks. The proposed bacterial ranking framework, paired with perfor-
mance data and environmental modeling, provides a foundation for the advancement of
scalable, carbon-negative concrete solutions.

Keywords: carbon capture; self-healing concrete; bacterial encapsulation; sustainability;
life cycle assessment (LCA)

1. Introduction

Concrete is the most widely used construction material, with global production exceed-
ing four billion tons annually. However, its high carbon footprint, contributing nearly 8% of
the total anthropogenic CO, emissions, poses a major sustainability challenge [1,2]. Addi-
tionally, concrete’s inherent brittleness and susceptibility to cracking reduce the structural
lifespan, leading to frequent maintenance, increased resource consumption, and additional
CO; emissions from repairs [3]. Self-healing concrete, an innovative bioengineered mate-
rial, has emerged as a promising solution to enhance durability and reduce environmental
impacts [4-7]. By embedding bacteria capable of calcium carbonate (CaCOj3) precipitation,
cracks can be autonomously sealed, thereby extending the service lives of concrete struc-
tures and minimizing the need for repairs [5,8-10]. Beyond self-healing, certain bacterial
species play a crucial role in carbon capture, helping to mitigate emissions from the cement
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industry [11]. However, not all bacteria perform equally well, necessitating a comprehen-
sive evaluation of their efficiency, survival, and scalability in concrete environments. The
primary mechanism behind bacterial self-healing in concrete is microbially induced calcium
carbonate precipitation (MICP), where bacterial metabolism facilitates the formation of
CaCOj3 within cracks, sealing them and restoring the structural integrity [12-14]. This
process can occur through ureolysis (urease-driven carbonate formation) or organic acid
metabolism, depending on the bacterial species [8,15,16].

A comparative evaluation of microbial self-healing concrete across different bacte-
rial strains and encapsulation techniques reveals notable improvements in compressive
strength, contingent upon the microbial type, carrier method, and curing duration. Ahmad
et al. [10] demonstrated that, while the inclusion of LECA-immobilized bacterial spores
initially led to a modest reduction in compressive strength due to the porous nature of
the aggregates, the strength recovery post-healing was significantly higher than in control
mixes, particularly with Bacillus megaterium, which achieved superior calcite precipitation
and structural integrity over a 28-day healing cycle. In contrast, Yamasamit et al. [17] ob-
served that mortar specimens embedded with Bacillus subtilis microcapsules outperformed
standard mortar in both early (7-day) and later (28-day) compressive strength tests. Under
water curing, the compressive strength increased from 45.1 MPa in the control to 49.1 MPa
in biomortar, indicating enhanced matrix densification from MICP activity. Similarly, Islam
etal. [18] reported that microbial concrete incorporating Escherichia coli exhibited the highest
compressive strength when prepared with a 50:50 water-to-bacteria mix ratio, consistently
outperforming both 75:25 and control specimens across all curing periods, including long-
term intervals of up to 365 days. The authors attributed this sustained strength gain to
efficient bacterial colonization and internal crack bridging by CaCOj3 deposits. Collectively,
these findings underscore that, while the compressive strength is influenced by both the
bacterial species and carrier mechanisms, optimized MICP systems—especially those with
adequate nutrient delivery and encapsulation—can reinforce the mechanical performance
beyond conventional concrete benchmarks.

In addition to self-healing, certain bacteria exhibit carbon capture capabilities, either
by direct CO, fixation, as seen in cyanobacteria [19,20], or indirect mineralization [21], as ob-
served in ureolytic bacteria like Sporosarcina pasteurii [22] and Bacillus sphaericus [23]. These
mechanisms contribute to reducing concrete’s net carbon footprint, offering a potential
pathway toward carbon-negative construction materials. However, the bacterial efficiency
in CO, sequestration, their survivability in concrete’s harsh alkaline conditions (pH ~12-13),
and their industrial applicability vary significantly. Studies show that the MICP efficiency
decreases sharply above pH 11 and that vaterite may form below pH 8, while only calcite
is produced at higher pH levels [24]. To protect bacteria from alkali stress and mechanical
damage during mixing, various carriers and encapsulation strategies have been developed,
including organic polymers (e.g., polyurethane foams), porous lightweight aggregates,
microcapsules, diatomaceous earth, alginate hydrogels, and recycled concrete aggregates
coated with sodium silicate [24-26]. The concept of harnessing dormant bacterial spores
to autonomously repair cracks in concrete has emerged as a powerful strategy to extend
its service life. In these systems, endospores (most commonly from Bacillus spp.) and a
suitable nutrient and calcium source are co-embedded in the cement matrix; upon crack for-
mation, the ingress of water and oxygen triggers spore germination and metabolic activity,
leading to in situ calcium carbonate (CaCOj3) precipitation that seals fissures [27,28]. Early
pioneering work demonstrated up to 100 um crack closure without external intervention,
and subsequent studies have optimized factors such as the spore concentration, nutrient
dosage, and curing conditions to maximize the healing efficiency [27,29].
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Despite growing interest in microbial self-healing concrete, comprehensive evalua-
tions of bacterial candidates, particularly in terms of their carbon capture potential and
long-term viability, are still lacking. Although ureolytic strains such as Sporosarcina pasteurii
and Bacillus megaterium can hydrolyze urea into carbonate ions (a process that is up to
10 times faster than abiotic precipitation), and alternative routes like denitrification or
carbonic anhydrase-mediated hydration offer further diversification for biogenic CaCOj3
formation [25,26], we still lack comprehensive evaluations regarding which bacterial can-
didates deliver the greatest carbon capture potential without compromising long-term
viability in concrete environments.

Additionally, to quantify the environmental trade-offs of bioconcrete, several cradle-
to-gate life cycle assessments (LCAs) have been conducted comparing conventional alkali-
activated binders and bacterial concrete systems. Studies report that, while bacterial
additives (e.g., urea, calcium salts, carrier materials) introduce embodied impacts, these
can be offset by reduced repair cycles, lower CO, emissions via biogenic carbonation, and
extended service lives [30,31]. Similarly, geopolymer- and alkali-activated concretes with
MICP agents exhibit up to 30-50% lower global warming potential than OPC systems,
although the impacts in categories such as eutrophication and toxicity depend sensitively
on nutrient sourcing and carrier production [32]. Integrating LCA with performance data
provides a comprehensive sustainability framework to guide the design of next-generation
biocementitious materials.

This review aims to answer the following key question: Which bacterium is the most
efficient for carbon capture and self-healing in concrete, and why? To address this, bacterial
species are systematically compared based on their carbon capture mechanisms, crack
healing abilities, survival and viability in concrete, industrial scalability, and effectiveness
with encapsulation. The assessment includes direct versus indirect CO; fixation methods,
CaCOg precipitation rates, pH resistance, spore formation, ease of cultivation, safety, and
integration into concrete mixtures. Encapsulation techniques like hydrogels, lightweight
aggregates (LWAs), and polymer coatings are also evaluated for their impacts on bacterial
performance and feasibility. However, despite various studies on bacterial species for
self-healing and carbon capture in concrete, significant research gaps persist. Most studies
have focused on individual strains, without comparing multiple species under standard-
ized criteria. The effects of encapsulation on bacterial viability and ranking are not fully
understood, and the CO; capture potential and environmental benefits of bacterial concrete
are rarely quantified. Moreover, the trade-off between crack healing and carbon capture
efficiency remains unresolved, lacking an optimized solution that effectively balances both
functions. This review systematically explores these factors, proposes a revised bacterial
ranking, and integrates LCA to assess the sustainability of bacterial self-healing concrete,
offering insights for future research and implementation in sustainable construction.

2. Direct and Indirect CO, Sequestration

Figure 1 illustrates the process of CO, sequestration, highlighting both direct and
indirect methods. The left panel illustrates direct sequestration by Synechococcus through
light-driven photosynthesis (Calvin cycle), converting CO, into biomass—a temporary
carbon sink requiring harvest. The right panel shows indirect sequestration involving
Bacillus Sporosarcina, which hydrolyzes urea via urease, increasing the pH and enabling
the precipitation of CaCOz—forming a stable geological carbon sink. Key environmental
factors such as light, the pH, calcium ions, and urea inputs are indicated. The hybrid zone
emphasizes combinatorial potential, highlighting distinct time scales, stability profiles, and
the need for tailored deployment strategies to optimize long-term climate mitigation.
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Figure 1. Integrated biological pathways for atmospheric CO, sequestration via direct and indirect
microbial mechanisms.

Direct CO; fixation involves cyanobacteria, such as Synechococcus, capturing and
converting atmospheric CO; into stable carbonate forms via photosynthesis-driven biomin-
eralization [33-35]. Unlike heterotrophic bacteria, cyanobacteria actively assimilate CO,,
making them promising candidates for carbon-negative concrete applications [36,37].
Synechococcus facilitates CaCOj precipitation by raising the local pH, enabling integra-
tion into concrete while enhancing the durability and sequestering carbon. Cyanobacteria
face two key challenges when incorporated into concrete. First, Synechococcus relies on
continuous light for photosynthetic CaCOj3 precipitation, which limits its application in sur-
face treatments or thin overlays where illumination can be guaranteed. In fully embedded
or opaque sections of concrete, insufficient light penetration prevents photosynthesis and
thus self-healing. Second, because cyanobacteria do not form spores, they are less resilient
to extreme temperature or moisture fluctuations, compromising their long-term viability
within structural concrete.

Alternative strategies include biogenic surface coatings, where Synechococcus biofilms
on exposed concrete facilitate CO, capture, and translucent concrete materials that enable
photosynthetic activity. However, these remain experimental, requiring further optimiza-
tion for real-world scalability. Given their light dependency, cyanobacteria are more suited
for biocement coatings, eco-friendly facades, or hybrid carbon-sequestering materials rather
than structural concrete. Future advancements in microbial encapsulation, biofilm engi-
neering, or material transparency may enhance their applicability in carbon-capturing
construction materials.

Indirect CO, sequestration in concrete is driven by microbial metabolic pathways
that induce CaCOj precipitation, thereby locking CO, within the cementitious matrix [38].
Unlike direct fixation by autotrophic organisms, heterotrophic bacteria, such as Bacillus
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and Sporosarcina, facilitate carbonate mineralization through metabolic alkalinization and
carbonate ion generation [39]. The efficiency of these processes depends on the biochemical
pathways, pH modulation, substrate availability, and ionic interactions within the con-
crete matrix. Two dominant mechanisms (ureolysis and organic acid metabolism) govern
microbial carbonate precipitation, each offering distinct trade-offs in kinetic efficiency,
environmental impacts, and long-term stability.

Ureolytic bacteria such as Sporosarcina pasteurii and Bacillus sphaericus hydrolyze urea
via urease enzymatic activity, generating ammonia (NH3) and carbonate [40], leading to
localized alkalinity and carbonate saturation. This rapid nucleation process facilitates
high-efficiency CaCOj3 precipitation, making ureolysis one of the most effective microbial
pathways for biocementation. However, it also produces NH3 emissions, posing envi-
ronmental and regulatory challenges. NHj volatilization contributes to air pollution and
nitrate accumulation, necessitating integrated NH3 capture strategies or the development
of NHj3-limiting metabolic control systems. A major constraint in ureolytic systems is urea
availability, as sustained carbonate precipitation requires a continuous supply. Encapsu-
lation strategies involving silica aerogels, polymer microspheres, and hydrogel matrices
have been explored to control substrate release and prolong bacterial viability. Despite their
efficiency, ureolysis-based systems risk premature pore clogging due to rapid carbonate
deposition, limiting long-term reactivation in cracked concrete.

Non-ureolytic carbonate precipitation occurs via organic acid metabolism, where bac-
teria such as Bacillus pseudofirmus and Paenibacillus mucilaginosus ferment organic substrates
(e.g., calcium lactate oxidation) to produce bicarbonate (HCO3 ™) and CO,, leading to
gradual pH-buffered CaCOj3 nucleation [41]. Unlike ureolysis, this pathway avoids NHs
emissions, making it a more sustainable alternative for CO, sequestration in concrete appli-
cations. However, organic acid-mediated mineralization exhibits slower kinetics, requiring
external carbon sources and optimized metabolic regulation to enhance the CaCOj yields.
The efficiency of this process is influenced by the substrate availability, redox balance,
and oxygen diffusion within the concrete microenvironment, making it less suitable for
rapid crack healing but more effective for long-term carbonation stability. While ureolytic
bacteria offer high carbonate deposition rates (~50-100 mg CaCOj3 /g biomass), they require
strict NH3 management systems. Table 1 illustrates the comparative trade-offs between
ureolysis and organic acid metabolism for MICP in concrete.

Table 1. Trade-offs and optimization strategies.

Parameter Ureolysis (Urease-Driven) Organic Acid Metabolism (Fermentation-Driven)
Primary Bacteria Sporosarcina pasteurii, Bacillus sphaericus Bacillus pseudofirmus, Paenibacillus mucilaginosus
Carbonate Yield High (fast CaCOj3 precipitation) Moderate (slower deposition)
pH Effect Strong pH increase (>9) Mild pH increase
CO; Sequestration Indirect (via ureolysis byproducts) Indirect (via bicarbonate formation)
Byproducts NHj; emissions CO,, organic acids (sustainable)
Industrial Feasibility High (fast reaction, proven application) Moderate (requires carbon source)
Environmental Impact NHj3 pollution concerns Low environmental impact

Ureolysis, primarily utilized by Sporosarcina pasteurii and Bacillus sphaericus, exhibits
high carbonate yields and industrial feasibility but generates NHj3 as a byproduct, ne-
cessitating mitigation strategies. Conversely, organic acid metabolism, performed by
Paenibacillus mucilaginosus and Bacillus pseudofirmus, has a higher sustainability score and
lower environmental impact but produces CaCOj3 at a slower rate.

Figure 2 visually represents the relative efficiency of these metabolic pathways across
key parameters, with green indicating high performance, yellow moderate, and red low.
Ureolysis performs well in terms of the carbonate yield, pH effect, and industrial feasibility
but has lower CO, sequestration, byproduct generation, and environmental impact scores
compared to organic acid metabolism. Organic acid metabolism excels in terms of CO,
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sequestration, byproducts, and environmental impacts but is less favorable in terms of its
carbonate yield and industrial feasibility. The chart highlights the trade-offs between the
two pathways, showing that each is more suitable for different objectives.

Carbonate Yield

2

pH Effect

Industrial Feasibility

Ureolysis Organic Acid
Metabolic Pathway

Performance Parameter

Figure 2. Trade-offs between ureolysis and organic acid metabolism (green (high), yellow (moderate),
red (low)).

Figure 3 provides a quantitative comparison, demonstrating that ureolysis enables
rapid biocementation but with environmental trade-offs, while organic acid metabolism
supports long-term carbon sequestration with reduced byproducts. These findings high-
light the necessity of hybrid microbial approaches or encapsulation techniques to optimize
bacterial viability and balance fast crack healing with sustainable CO, sequestration in

bioengineered concrete.

Metabolic Pathway
B Ureolysis
Organic Acid Metabolism

3.0

251

Performance Score
= N
w o

=
o

0.5

Performance Parameter
Figure 3. Comparison of ureolysis vs. organic acid metabolism.

To balance rapid initial CaCOj3 formation with long-term carbonation stability, hybrid
microbial consortia incorporating ureolytic and organic acid-metabolizing bacteria have
been recommended. Encapsulation in nanoporous carriers has shown promise in modulat-
ing microbial activity, ensuring controlled carbonate precipitation while minimizing NH3
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volatilization. The genetic engineering of urease regulatory pathways may further enhance
the metabolic switching mechanisms, allowing for NH;3-reducing, self-regulating biominer-
alization cycles within concrete matrices. The effectiveness of microbial CO; sequestration
in concrete depends on the biomass-specific CaCOj3 precipitation rates, metabolic stability,
and long-term mineralization potential. While ureolytic species like Sporosarcina pasteurii
remain the most efficient for rapid biocementation, Paenibacillus mucilaginosus presents a
more sustainable alternative for large-scale carbon capture applications.

2.1. Efficiency of CO; Sequestration Among Key Bacteria

The efficiency of microbial CO; sequestration in concrete depends on the rate of
CaCQOj; precipitation per unit biomass and the extent to which CO; is permanently stored
within the cementitious matrix. While both ureolytic and non-ureolytic bacteria contribute
to CO, mineralization, their relative efficiency varies based on the precipitation kinetics,
metabolic pathways, and environmental stability. Figure 4 shows the microbial pathways
for atmospheric CO, mineralization. The diagram illustrates three primary biological
mechanisms (photosynthetic fixation (purple), ureolysis pathway (yellow), and organic
acid metabolism (green)) used by different microbes to precipitate CaCOs3 from atmospheric
CO,. Each pathway varies in its rate of CaCOj3; formation, environmental impact, and
byproduct output, with key microbial species and characteristics.

Sporosarcina pasteurii

CaCo; precipitation

: Rapid CaCO; formation
CO, mineralization Ureolysis Pathway P 2

Atmospheric CO, Ammonia/Alkalinity output
Bacillus sphaericus

paenibacillus CO; mineralization

mucilaginosus

CaCo; precipitation
Organic Acid Metabolism

. ; Hybrid bacterial systems
Low environmental impact

Slower but stable CaCO;
formation

Figure 4. Microbial pathways for atmospheric CO, mineralization.

The Sankey diagram (Figure 5) visually represents the carbon mineralization effi-
ciency of different bacterial pathways, showing the flow of atmospheric CO, through three
primary sequestration mechanisms (ureolysis, organic acid metabolism, and photosyn-
thesis). Each pathway channels CO, into specific bacteria, such as Bacillus sphaericus and
Sporosarcina pasteurii (ureolysis), Paenibacillus mucilaginosus (organic acid metabolism), and
Synechococcus (photosynthesis), which then convert it into stable CaCOj precipitation. The
thickness of each flow corresponds to the efficiency (mg CaCO3/g biomass), highlighting
Bacillus sphaericus and Paenibacillus mucilaginosus as the most effective in CaCOj3 formation,
while Sporosarcina pasteurii and Synechococcus exhibit the lowest efficiency. The Sankey
diagram quantifies the carbon flow through three primary mechanisms: ureolysis (50%),
organic acid metabolism (30%), and photosynthesis (20%). Ureolytic bacteria such as
Bacillus sphaericus and Sporosarcina pasteurii contribute 40% and 10%, respectively, while
Paenibacillus mucilaginosus via organic acid metabolism accounts for 30%. Synechococcus, a
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Atmospheric CO, 100

photosynthetic cyanobacterium, contributes the remaining 20%. Combined, these pathways
result in 89% stable calcium carbonate precipitation efficiency.

Bacillus sphaericus 40
Ureolysis 50

Sporosarcina pasteurii 10
Stable CaCOj5 Precipitation 89

Organic Acid Metabolism 30
Paenibacillus mucilaginosus 30

Photosynthesis 20
Synechococcus 20

Figure 5. Sankey diagram of the carbon mineralization efficiency of different bacterial pathways to
stable CaCOj precipitation from atmospheric CO;.

2.2. Comparative Analysis of Carbon Mineralization Rates per Unit Biomass

The rate of microbial carbonate precipitation is governed by metabolic activity, sub-
strate availability, and environmental conditions such as the pH and calcium ion con-
centration. Table 2 compares key bacteria used in concrete based on their precipita-
tion rates, metabolic pathways, and long-term stability. Ureolytic bacteria, particularly
Sporosarcina pasteurii and Bacillus sphaericus, exhibit high carbonate precipitation rates
(~50-100 mg CaCO3 /g biomass) due to their ability to rapidly hydrolyze urea and gener-
ate carbonate ions. However, this comes at the cost of NHj release, which may require
mitigation strategies to prevent environmental pollution. In contrast, non-ureolytic bacteria,
such as Bacillus pseudofirmus and Paenibacillus mucilaginosus, induce slower but sustained
CaCOj precipitation (~20-40 mg CaCOs3/g biomass) via organic acid metabolism. This
pathway provides stable CO, sequestration over extended periods, avoiding the rapid
pore clogging often observed in ureolytic systems. Additionally, these bacteria do not
require urea supplementation, making them more suitable for large-scale applications
where controlled nutrient supply is a challenge.

Table 2. Comparison of key bacteria used in concrete based on their precipitation rates, metabolic

pathways, and long-term stability.

Bacterium (mgrézlgg:;lgo;if){:::ss) Primary Mechanism Byproducts Long-Term Stability Refs.
Sporosarcina pasteurii 80-100 Ureolysis NH3; Moderate [42]
Bacillus sphaericus 75-90 Ureolysis NH;3; Moderate [23]
Bacillus subtilis 65-75 Ureolysis + Organic Acid NH; + CO, Moderate-High [43]
Bacillus pseudofirmus 45-55 Organic Acid Metabolism CO;, Organic Acids High [44]
Paenibacillus mucilaginosus 3045 Organic Acid Metabolism CO;, Organic Acids Very High [45]
Synechococcus spp. 100-120 Photosynthesis Oxygen, Carbonates Low [46]
Bacillus megaterium 55-65 Ureolysis + Organic Acid NH;3 + CO, Moderate-High [47]
Lysinibacillus sphaericus 85-95 Ureolysis NH; Moderate [48]
Pseudomonas fluorescens 40-50 Organic Acid Metabolism CO,, Organic Acids High [49]

While ureolytic bacteria outperform non-ureolytic bacteria in terms of their short-term
carbonate precipitation rates, their efficiency is often limited by substrate depletion and
NH3-related issues. Non-ureolytic species offer a more controlled and stable carbon capture
pathway, making them more desirable for long-term CO, sequestration strategies.

The precipitation rates and performance values presented in Table 2 are drawn from
individual experimental studies, each employing distinct test setups, bacterial strains,
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and concrete conditions. Due to this heterogeneity, a standardized statistical comparison
(e.g., ANOVA or pooled variance analysis) was not performed. Instead, the precipitation
efficiency is reported as typical ranges cited in the literature to allow for qualitative in-
terspecies comparison. Future work should aim to consolidate raw experimental data
under standardized conditions, enabling a statistically rigorous meta-analysis and clearer
benchmarking across microbial species. Until then, the comparative insights provided here
should be interpreted as approximate rather than statistically definitive.

2.3. Influence of Bacterial Metabolism on the Extent and Permanence of CO, Storage

The extent of CO, storage in bacterial concrete is fundamentally influenced by the sta-
bility of the precipitated CaCOj3 and its resistance to dissolution over time. Although both
ureolytic and organic acid-based microbial pathways facilitate carbonate mineralization,
significant differences in the crystal morphology, bonding strength, and integration with
the cementitious matrix determine the permanence of the sequestered carbon. Ureolytic
bacteria typically generate vaterite, a metastable polymorph of CaCOj3. While effective for
rapid mineralization, vaterite is prone to transformation into more stable forms such as
calcite, a process that may, under certain environmental conditions, result in partial CO,
release. In contrast, organic acid-producing bacteria tend to directly precipitate calcite, the
most thermodynamically stable form of CaCOj. This enhances long-term carbon retention
by reducing the likelihood of mineral transformation or dissolution within the concrete
matrix. The location of mineralization significantly affects its durability. Bacteria residing
within microcracks contribute to more permanent mineral integration by promoting in situ
crack healing and mechanical reinforcement. Conversely, CaCO3 formed on surface layers
is more susceptible to environmental wear and erosion, limiting its role in sustained CO,
sequestration. Enhancing bacterial viability is essential for prolonged mineralization cycles.
Encapsulation technologies, such as embedding bacteria in silica aerogels or polymeric
microspheres, protect microbial cells from harsh cementitious environments and extend
their metabolic activity. Without encapsulation, bacteria often lose viability shortly after
concrete setting, significantly diminishing their long-term CO, capture capacity. While
ureolytic bacteria are advantageous for rapid biocementation due to their high precipitation
rates, their reliance on urea hydrolysis poses environmental challenges, including NHjs
release, and introduces risks of CO, re-release through unstable mineral phases. In contrast,
organic acid-producing bacteria provide a more stable and sustainable route for carbon
capture, albeit typically at slower rates. A promising solution lies in the development of
hybrid microbial systems that combine the rapid mineralization of ureolytic species with
the long-term stability offered by organic acid-based organisms.

While the current ranking framework incorporates the CO, capture efficiency in terms
of CaCO;s precipitation rates, it does not yet account for the polymorphic form of the pre-
cipitated mineral—specifically, the distinction between vaterite and calcite. This omission
is significant, as vaterite is a metastable phase prone to dissolution or transformation under
environmental stress, whereas calcite is thermodynamically stable and offers more durable
carbon storage. Ureolytic bacteria, such as Sporosarcina pasteurii, often initiate vaterite
formation, while organic acid-producing bacteria like Paenibacillus mucilaginosus tend to
favor calcite. Incorporating a crystallographic stability coefficient or polymorph index into
the ranking system could improve its predictive power regarding long-term CO,; retention
and material durability. Future iterations of the MCDA framework will integrate this factor
as a performance modifier, using XRD-verified mineral data from experiments.
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2.4. Finite Difference Method (FDM)

The finite difference method (FDM) is used to simulate the time-dependent healing of
cracks in concrete through MICP. The FDM simulation demonstrates how MICP facilitates
crack healing in concrete over time. The process begins with an initial crack region (low
CaCOjs concentration), which progressively fills as bacterial activity induces mineralization.
Higher-bacterial-density zones show faster healing, while diffusion ensures even CaCOs3
deposition, effectively sealing the crack. This model confirms that MICP-based self-healing
concrete can autonomously repair structural damage, enhancing the durability, longevity,
and sustainability in construction materials. A 2D grid-based model (Figure 6) represents a
concrete section with an initial crack region that progressively heals due to bacterial activity.
The simulation considers
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Figure 6. Finite difference method (FDM) simulation of time-dependent crack healing in concrete
using MICP.

e The CaCOj deposition rate governed by bacterial ureolysis;

e  The diffusion of calcium ions (Ca%*) and carbonate ions (CO32~) within the crack;

e The precipitation kinetics, where mineralization occurs in regions with high ion
concentrations.

The healing process is modeled using the reaction-diffusion equation (Equation (1)):
Ci/ =Ci;+DVCl; +Rij-M;; 1)

where Cf, j Tepresents the CaCO3 concentration at location (i, j) and time t, DV2C is the dif-
fusion term for calcium and carbonate ions, R; ; is the precipitation reaction rate (governed
by bacterial metabolism), and M; ; represents bacterial presence, enhancing mineralization.

A 50 x 50 grid is used to simulate a concrete cross-section containing an initial crack,
represented by an area with a zero CaCO3 concentration. Bacterial colonies are pre-seeded
throughout the matrix to induce mineralization, promoting self-healing within the concrete.
Over the course of 200 iterative time steps, diffusion and precipitation processes take
place, gradually increasing the CaCOj3 concentration in the cracked region until the crack is
effectively sealed.
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The CFD-inspired simulation models CO; diffusion and bacterial mineralization
within a porous concrete matrix using a numerical finite difference approach to approximate
the transport and reaction dynamics. A 50 x 50 computational grid represents the cross-
section of a concrete slab, with CO, initially concentrated at the surface layer (top boundary)
to simulate exposure to atmospheric CO,. The diffusion process follows a 2D discrete
Laplacian operator, where each grid cell exchanges CO, with its neighboring cells based on
a diffusion coefficient (0.1 arbitrary units). To incorporate bacterial mineralization, regions
with a higher bacterial density (predefined zones) are assigned increased sequestration
rates, modeled as localized CO; depletion via a bacterial uptake function. The governing
equation (Equation (2)) at each timestep is

cfjl = C};+DV?*C{; — M;;R )

where Cfl j represents the CO, concentration at cell (i, j) and time t; DV2C is the diffusion
term for CO,, approximated using a 5-point stencil Laplacian; R is the CO, sequestra-
tion rate, set at 0.02 per unit of bacterial activity; and M; ; represents bacterial presence,
enhancing mineralization at location (i, ).

At each timestep, CO, diffusion is calculated, bacterial mineralization is subtracted,
and values are constrained to remain non-negative. This iterative process simulates CO,
transport and sequestration over 100 timesteps, providing a qualitative visualization of
the bacterial efficiency in CO, reduction within concrete. The CFD-inspired simulation
(Figure 7) visualizes CO, diffusion and bacterial mineralization in a porous concrete matrix,
showing how bacterial activity enhances localized CO, sequestration. The simulation is
based on a simplified finite difference (FD) approximation of Fick’s second law to represent
2D CO, diffusion and microbially induced mineralization in a porous concrete matrix. The
domain is discretized into a 50 x 50 grid, where each cell represents a 1 mm? section of
the concrete cross-section. CO; concentration is initialized at the top boundary (surface
exposure) to simulate contact with the atmosphere, while bacterial activity is spatially
distributed across the grid as predefined zones with higher uptake rates.
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Figure 7. CO; diffusion and mineralization in concrete (CFD approximation).
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The governing equation at each grid point (i, j) and time step t is
t+1 _ ot
Cj =G+ DAC,;—B;;-R

where C;; is the local CO, concentration, D is the diffusion coefficient (set to 0.1 for
normalized simulation units), A(C)i,j is the discrete Laplacian (5-point stencil), R is the
bacterial mineralization rate (0.02 per time step per active cell), and Bi,j is a binary mask
representing bacterial presence (1 if active, 0 otherwise).

The boundary conditions are zero flux (Neumann) on the sides and a fixed CO,
concentration on the top boundary. The simulation is run for 100 iterations, and color
gradients represent decreasing CO, concentrations due to bacterial sequestration over time.

Although this is not a full Navier-Stokes-based CFD model, it serves as a valid reaction—
diffusion approximation for the visualization of the interplay between gas transport and
localized microbial activity in static porous media. The aim is to illustrate the qualitative
spatial effects of microbial distribution and encapsulation zones on CO; reduction, rather
than predict exact field values.

The highest CO, concentrations appear near the exposed surface, gradually diffusing
into the material, while regions with a greater bacterial presence exhibit lower CO; levels,
indicating active mineralization. This confirms that bacterial self-healing concrete can effec-
tively capture and convert CO;, reinforcing its potential as a carbon-negative construction
material for sustainable infrastructure.

Although the FDM- and CFD-inspired simulations provide mechanistic insights into
CO, diffusion and bacterial CaCOj precipitation, they currently serve as qualitative mod-
els due to the lack of access to standardized, high-resolution experimental datasets for
calibration. Key parameters such as the ion diffusion coefficients within cementitious
matrices, in situ CO, mineralization rates under varying encapsulation conditions, and
time-resolved crack healing profiles (mm/day) are either sparsely reported or vary widely
across studies. As such, model validation using RMSE analysis or parameter optimization
is presently constrained by poor data availability. Future work will aim to generate or
access harmonized lab-scale datasets—particularly for the bacterial activity profiles and
CaCOj deposition kinetics under defined environmental conditions—to transition these
simulations from illustrative frameworks to predictive field-relevant tools.

3. Ranking Bacteria for Self-Healing Carbon-Capturing Concrete

To identify the optimal bacterial strains for use in self-healing, carbon-sequestering
concrete, each candidate is systematically evaluated against four key criteria, each assigned
a specific weight based on its relative importance. The most critical factor is the carbon
capture efficiency (40%), which measures the bacterium’s ability to convert CO, into stable
carbonate minerals, such as CaCOjs, per unit of biomass. This includes both autotrophic
CO; fixation, as seen in photosynthetic organisms, and heterotrophic precipitation via
metabolic byproducts, such as urea hydrolysis or organic acid production. Higher scores in
this category reflect greater mineral yields and CO; sequestration capabilities. The second
criterion, survival in concrete (30%), assesses the organism’s resilience within the harsh
concrete environment, which is characterized by high alkalinity (pH ~12-13), prolonged
dryness, and nutrient scarcity. Spore-forming alkaliphilic bacteria receive the highest scores
due to their ability to endure these extreme conditions by entering a dormant state until
favorable conditions return. In contrast, bacteria that cannot form spores or require milder
environments receive lower scores. The crack healing efficiency (10%) is a measure of
how effectively the bacteria can precipitate minerals to seal cracks in the concrete. This
is typically evaluated by the maximum crack width that can be healed and the speed at
which healing occurs. Bacteria capable of filling wider cracks or demonstrating rapid



Sustainability 2025, 17, 5353

13 of 48

healing through CaCOj3 deposition receive higher ratings. Lastly, industrial feasibility
(20%) considers the practicality of deploying the bacteria at scale. This includes factors
such as cultivation ease, production costs, safety, and how seamlessly the bacteria can be
incorporated into concrete mixtures. Organisms that are well studied, grow quickly, can be
stored in durable forms (e.g., spores), and require minimal processing score the highest.
Conversely, species that need special growth conditions, such as light, exotic nutrients, or
sensitive handling protocols, receive lower ratings. Each bacterial candidate is scored on a
scale of 1 to 10 for each criterion, and a weighted average is calculated out of 100.

To ensure objectivity and data-backed validity in the bacterial ranking framework,
weight assignments for each criterion—carbon capture efficiency (40%), survival in con-
crete (30%), industrial feasibility (20%), and crack healing (10%)—were determined using
a hybrid methodology integrating expert elicitation and machine learning-based feature
importance analysis. A random forest model (n = 100 estimators) was trained on compiled
available data for nine bacterial strains across the four performance metrics, using normal-
ized scores from peer-reviewed sources. The resulting feature importances were as follows:
carbon capture (41.3%), survival in concrete (29.1%), industrial feasibility (20.4%), and crack
healing efficiency (9.2%). These closely matched the pre-assigned weights, reinforcing
their empirical relevance. To evaluate the robustness, a Monte Carlo-based sensitivity
analysis was performed by varying the weight distributions across 10,000 simulations.
The rankings of the top-performing strains—Bacillus sphaericus, Sporosarcina pasteurii, and
Bacillus subtilis—remained consistent within 3% variation in the total score, even when
the survival weight was increased to 40% or carbon capture reduced to 30%. This confirmed
the statistical stability and biological relevance of the assigned weights in guiding bacterial
selection for self-healing, carbon-sequestering concrete applications.

To further support the weight distribution used in the bacterial ranking model, a
random forest regressor was applied to a five-feature dataset capturing the CO, mineraliza-
tion rate, crack healing rate, survivability, and encapsulation type. A feature importance
analysis revealed that crack healing (41%) and CO; capture (29%) were the most influential
predictors of the rank score, followed by survivability (21%) and encapsulation (9%). These
results reinforce the chosen emphasis in the MCDA structure and highlight the need for
further data enrichment to capture encapsulation—strain interactions.

To validate the ranking model, a random forest regressor was trained on the feature
matrix, yielding an RMSE of 1.22, MAE of 0.83, and R2 of 0.97. These results confirm the
high predictive fidelity and indicate that the selected criteria—CO, capture, crack healing
rate, survivability, and encapsulation type—are strongly correlated with the final bacterial
performance rankings. While the random forest-based feature importance was used to
support the MCDA weight assignments, the analysis was limited by the small dataset size
(n =9 bacterial strains x 4 criteria x 5 features), lack of cross-validation, and absence of
hyperparameter tuning. The input features were based on semi-quantitative performance
scores derived from literature synthesis, rather than raw experimental data. To improve
the model robustness, future work will involve dataset expansion via the inclusion of
additional bacterial species and synthetic augmentation, combined with proper k-fold
cross-validation and hyperparameter tuning.

A summary of the evaluation is provided in Table 3, followed by detailed rankings of
each strain.
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Table 3. Summary of scores and weighted rankings.

Bacterium Carb(a\o(oia)pture Surv1va(13lor})/§oncrete Crack Healing (10%) InduStn(;lo},:/:;l sibility Weighted Score (100)
Bacillus sphaericus 9—High 8—High 9—High 9—High 87
Sporosarcina pasteurii 9—High 8—High 9—High 8—Med-High 85
Bacillus subtilis 8—High 8—High 8—High 10—High 84
Bacillus pseudofirmus 7—Mod 10—Very High 7—Mod 8—Med-High 81
Paenibacillus mucilaginosus 8—High 7—Mod 6—Mod 8—Med-High 75
Synechococcus (cyanobacterium) 10—Very High 4—Low 5—Low-Mod 4—Low 65

The assignment of weights in the ranking matrix (Table 3) was guided by a
performance—impact framework that prioritized the most critical factors affecting both the
environmental performance and functional reliability of microbial concrete. The carbon
capture efficiency received the highest weight (40%) as it directly aligned with the study’s
primary objective: to enhance CO, sequestration via biogenic mineralization. The crack
healing efficiency was weighted at 25% given its influence on the self-healing capacity and
durability extension. Survivability in concrete (15%) reflects the physiological resilience
of each strain under high-pH conditions, whereas industrial feasibility and encapsulation
compatibility (10% each) were included to represent real-world deployability and delivery
compatibility. These weights reflect a practical trade-off between theoretical efficiency and
field applicability and take precedence from multicriteria optimization studies in microbial
engineering and sustainable materials assessment.

Bacillus sphaericus emerges as one of the most promising candidates for self-healing,
carbon-sequestering concrete, achieving a weighted score of 87/100. As a ureolytic, spore-
forming bacterium, Bacillus sphaericus efficiently facilitates the precipitation of CaCOs3
through its production of urease, which hydrolyzes urea to generate CO, and NHj. This
enzymatic activity increases the local pH, triggering the formation of CaCOs at a high yield
per unit of biomass. Its survival in the concrete matrix is exceptional due to its ability
to form resilient endospores, which remain dormant until favorable conditions such as
moisture and nutrients are present in a crack. Studies have demonstrated that encapsulated
Bacillus sphaericus can survive and remain viable, performing reliably in harsh cementitious
environments [50-52]. When it comes to crack healing, Bacillus sphaericus performs at
the top tier. Encapsulated spores have been shown to heal cracks up to approximately
0.97 mm wide within eight weeks, among the widest crack closures recorded for bacterial
concrete. Even without encapsulation, it effectively fills moderate cracks through calcite
deposition. Its industrial feasibility is equally impressive; it is non-pathogenic, easily
cultured in bulk, and has a proven track record in industrial-scale fermentation, including
use as a biopesticide. Its robust survival, high carbonate yield, and practical deployment
make it an excellent all-round choice for bioconcrete applications.

Sporosarcina pasteurii, formerly known as Bacillus pasteurii, is another leading bacterium,
scoring 85/100. It is widely regarded as the classic model for microbial-induced calcite
precipitation due to its potent ureolytic activity. This species rapidly hydrolyzes urea to
produce carbonate ions, leading to prolific CaCO3 deposition. Although it does not directly
fix atmospheric COy, its ability to convert urea into stable mineral carbon earns it a high
carbon capture score. Sporosarcina pasteurii is also spore-forming and tolerates high-pH en-
vironments, with survivability only slightly below that of extreme alkaliphiles. In practical
applications, it has sealed cracks as wide as 0.86 mm in just 28 days [5,53] when encapsu-
lated, showcasing excellent healing efficiency. In terms of scalability, Sporosarcina pasteurii is
well established and easily cultivated on simple nutrient media. While its NH3 byproduct
from urea hydrolysis is a consideration, encapsulation techniques can help to mitigate
this drawback. Its widespread availability and proven performance place it just behind
Bacillus sphaericus in the overall ranking.
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Bacillus subtilis, with a score of 84/100, is a highly practical and resilient candidate.
Albeit not a specialist in carbonate precipitation, it can still induce CaCO3; formation
under suitable conditions, particularly via organic nutrient pathways. Some strains exhibit
ureolytic activity, while others rely on the metabolism of compounds like calcium lactate
to generate CO;, which then reacts with calcium hydroxide in concrete. This pathway;,
albeit slower than ureolysis, still yields effective mineralization. Bacillus subtilis spores
are hardy, capable of surviving extreme environments, including the alkaline and dry
interior of concrete. Its crack healing performance is enhanced when encapsulated, with
studies showing the ability to seal cracks in the 0.6-0.8 mm range [5,54]. While it may
produce slightly fewer minerals than ureolytic species, its performance remains solid.
Industrially, Bacillus subtilis is a strong candidate: it is safe, fast-growing, and already
widely used in the food and biotech sectors. This makes it one of the most feasible options
for large-scale implementation.

Bacillus pseudofirmus receives a score of 81/100, largely driven by its extraordinary
survival capabilities. As an extreme alkaliphile adapted to environments such as soda
lakes, it can actively grow at pH values above 11 and forms robust endospores. This
makes it exceptionally well suited to the high-pH conditions of concrete. It does not rely
on urea hydrolysis; instead, it precipitates CaCOs3 through the metabolism of organic
calcium sources like calcium lactate, thus avoiding the generation of NH3. While its
carbonate precipitation rate is somewhat slower, it is more environmentally benign. In
terms of healing, Bacillus pseudofirmus is effective in sealing microcracks, especially over
longer timeframes. Studies show that it can heal cracks around 0.13 mm wide in 2—4 weeks,
although it is less effective for larger cracks [55,56]. Its industrial feasibility is generally high,
with the main limitation being the need to maintain an alkaline growth environment during
cultivation. Overall, it offers a sustainable alternative to ureolytic species, particularly for
NHj;-free bioconcrete applications.

Paenibacillus mucilaginosus ranks slightly lower, with a score of 75/100, but it brings
unique advantages. Unlike the ureolytic Bacilli, this species can fix atmospheric CO,
and likely produces carbonic anhydrase, an enzyme that accelerates CO, hydration into
bicarbonate, promoting CaCOj precipitation. This direct use of atmospheric carbon is
a significant ecological benefit. However, its precipitation rate per biomass is generally
lower, and it is only moderately alkaliphilic, which may limit its viability in high-pH
concrete. This bacterium is known for producing large amounts of mucilage, which helps in
microcrack sealing and moisture retention. While it may not be as aggressive in closing large
cracks, it contributes meaningfully to improving water-tightness and reducing efflorescence.
Industrially, it is safe and already in use in agriculture, although its high slime production
can pose challenges in bioreactor operation. Despite some limitations, its atmospheric CO,
capture ability makes it an attractive option for carbon sequestration-focused designs.

Synechococcus spp., a photosynthetic cyanobacterium, scores 65/100 due to its excep-
tional carbon capture capabilities, but it has significant limitations in survivability and
practicality. As a photoautotroph, it uses sunlight to convert CO; into biomass and can
trigger CaCOj3 precipitation through microenvironmental alkalinization. Its potential to
“grow” limestone-like materials is remarkable. However, its lack of a resistant dormant
stage and its need for light and moisture severely restrict its survival in conventional
concrete. Without significant modifications to the concrete design (e.g., translucent surfaces
or light exposure), it cannot remain viable in internal structures. Surface crack applications
under controlled environmental conditions have shown that Synechococcus can contribute
to slow carbonation and healing. However, compared to heterotrophic bacteria, its healing
speed and reliability are limited. Additionally, scaling up its use requires photobioreactor
infrastructure, making integration with concrete logistics challenging. Despite these issues,
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it represents an exciting candidate for carbon-negative biocement in specific applications,
such as living building materials.

Among the bacteria evaluated, spore-forming, ureolytic Bacillus species, particularly
Bacillus sphaericus and Sporosarcina pasteurii, emerge as the top candidates for self-healing,
CO;-sequestering concrete. They demonstrate an ideal balance of high carbon mineraliza-
tion efficiency, proven crack healing capacity, resilience in harsh concrete environments,
and industrial feasibility. Bacillus subtilis and Bacillus pseudofirmus follow closely, each
offering complementary benefits, such as ease of production and NHjz-free healing, respec-
tively. Paenibacillus mucilaginosus introduces a compelling case for direct atmospheric CO,
capture, although with slightly reduced performance in extreme conditions. Meanwhile,
photosynthetic species like Synechococcus highlight future potential in carbon-negative
biomaterials, although the current limitations restrict their practical use in traditional
concrete applications.

The heatmap visualization (Figure 8) highlights the bacterial performance across four
key criteria: carbon capture, survival in concrete, crack healing, and industrial feasibility.
Bacillus sphaericus and Sporosarcina pasteurii emerge as the top candidates, excelling in all as-
pects, while Bacillus subtilis stands out for its high industrial feasibility. Bacillus pseudofirmus
demonstrates exceptional survival in extremely alkaline conditions but has a moderate
crack healing ability. Paenibacillus mucilaginosus offers balanced performance but lags
slightly in crack healing. Despite Synechococcus leading in carbon capture, its poor survival
and feasibility make it impractical for most concrete applications. This visual ranking helps
to optimize bacterial selection for self-healing, carbon-sequestering concrete solutions.

10

Synechococcus 4 5 4

Carbon Capture Survival in Concrete Crack Healing Industrial Feasibility
Performance Criteria

Figure 8. Bacterial performance across four key criteria: carbon capture, survival in concrete, crack
healing, and industrial feasibility.

4. Bacterial Encapsulation in Enhancing Self-Healing and CO,
Sequestration in Concrete

Bacterial encapsulation plays a crucial role in extending microbial viability, optimizing
metabolic activity, and improving integration into cementitious environments, particularly
in harsh alkaline conditions. In self-healing and carbon-capturing concrete, encapsulation
prevents bacterial desiccation, shields cells from mechanical stress during mixing, and
provides controlled nutrient release, thereby enhancing the CO, sequestration efficiency
and crack healing potential. Various encapsulation methods, including hydrogels, LWAs,
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polymer capsules, and biochar-based carriers, have been explored to improve the bacterial
performance, with significant implications for the ranking of microbial candidates in self-
healing concrete applications.

4.1. Types of Encapsulation Techniques

Hydrogel encapsulation is one of the most effective methods to maintain bacterial
viability over extended periods. Hydrogels provide a hydrated, semi-permeable matrix
that prevents bacterial desiccation while allowing for moisture-triggered activation when
cracks form in the concrete. Studies have shown that hydrogel-encapsulated Bacillus subtilis
maintains significantly higher survival over time in a high-pH environment compared to
free bacteria [57-59]. Hydrogels can also be functionalized with calcium lactate or urea
reservoirs, ensuring controlled nutrient availability for MICP. However, one limitation is
that hydrogels may degrade prematurely under prolonged exposure to elevated temper-
atures and dry conditions, potentially reducing their long-term efficacy in arid climates.
LWA encapsulation utilizes porous carriers, such as expanded clay, perlite, and silica aero-
gels, to house bacterial spores within a highly stable microenvironment. These aggregates
function as protective niches, shielding bacteria from mechanical shear forces during con-
crete mixing and gradually releasing microbes upon crack formation. Bacillus-based spores
exhibit excellent survival rates within LWAs, with Bacillus sphaericus demonstrating signifi-
cant viability after 12 months in alkaline environments when encapsulated within silica
aerogels. LWA encapsulation is particularly suitable for spore-forming bacteria, but non-
spore formers like Paenibacillus mucilaginosus may require additional stabilizing agents to
enhance retention. Polymer capsules and biochar-based carriers provide enhanced bacterial
release control and improved integration into cementitious matrices. Polysaccharide-based
polymer microcapsules encapsulate bacterial cells within a pH-sensitive protective shell,
ensuring that bacteria remain dormant until crack formation initiates a localized pH drop.
Biochar-based carriers, derived from thermally modified organic matter, exhibit high poros-
ity and adsorption capacities, allowing for efficient bacterial immobilization and long-term
survivability. Biochar-encapsulated Pseudomonas fluorescens maintains strong metabolic
activity after one year, outperforming traditional encapsulation methods under harsh and
fluctuating environmental conditions [60].

4.2. Impact of Encapsulation on Mechanical Properties of Bacterial Concrete

Various encapsulation carriers for bacterial self-healing differ markedly in both their
healing efficacy and early-age compressive strength penalties. For instance, Pluronic
hydrogel—a non-ionic superabsorbent polymer used at approximately 1% by cement
mass—enables healing ratios of 40-90% for cracks that are 0.3-0.5 mm wide and reduces
the permeability by about 68%. However, it creates large macropores upon drying, resulting
in roughly a 50% reduction in compressive strength compared to control mixtures without
any carrier [61]. Switching to a methacrylate-modified calcium-alginate (CaAlg) hydrogel
at the same 1% dosage still supplies internal moisture (absorbing over 100% of its weight at
98% RH and ~50% at 90% RH), but it generates macrovoids as water is released, causing
an approximately 30% drop in compressive strength and around a 23% loss in tensile
strength [61]. To mitigate such losses, chitosan-enhanced CaAlg was developed. At 1%
total (CaAlg + chitosan by cement mass), this hybrid not only heals 1-mm-wide cracks up
to 40 mm deep but also increases the compressive strength by about 10.3% and flexural
strength by roughly 13.8% relative to plain CaAlg—although it remains below the strength
of unencapsulated control mixes.

Inert carriers such as diatomaceous earth (DE) and expanded perlite also offer internal
reservoirs. At 5% DE by cement weight, water absorption is reduced by 50% and perme-
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ability by 68%. However, once the nutrient solutions leach out, residual voids produce
a 10-15% compressive strength reduction at 14 days. Similarly, 5% expanded perlite by
volume yields effective CaCO3 precipitation and crack sealing but incurs a 10-20% loss in
early compressive strength due to porosity from leaching [61,62].

Porous expanded-clay lightweight aggregates (LWAs), used at about 3% by volume,
maintain spore viability for over six months and heal cracks of around 0.46 mm within two
weeks. However, they introduce entrapped air and increased porosity, which result in an
approximately 10% compressive strength reduction at 14 days [61].

Melamine microcapsules containing spores, added at 3-5% by cement weight, achieve
healing ratios between 48% and 80% for cracks up to 0.97 mm but reduce the compressive
strength by roughly 34% at a 5% dosage—dropping less at 3% [52]. Polyurethane (PU)
foam at around 5% by cement weight offers a modest permeability reduction through PU’s
inherent waterproofing, but it still forms voids that lead to an approximately 10-15% drop
in early-age compressive strength [52].

Silica gel (=5% by cement weight) similarly improves the permeability (up to a 68%
reduction), while causing about a 10-15% early-age compressive strength loss [56,63]. In
some cases, calcium sulfoaluminate (CSA) cement itself acts as a carrier: spores immobilized
in CSA fully heal 0.394 mm cracks, and, although CSA-encapsulated mortar shows an
approximately 15% early-age compressive strength drop, it recovers its strength more
rapidly during subsequent healing cycles than its unencapsulated counterparts [64]. Zeolite
(diatomite-immobilized), used at roughly 5% by cement weight, reduces water absorption
by one-third and improves post-healing strength recovery but still incurs about a 10%
compressive strength penalty at 14 days [64]. Finally, combining 0.5% superabsorbent
polymer (SAP) with varying fly ash replacement also seals cracks more effectively as the
fly ash content increases, albeit at an approximately 15% compressive strength loss for the
0.5% SAP mix [63,64].

Overall, encapsulation carriers—ranging from hydrogels (Pluronic, CaAlg, chitosan—
CaAlg) to inert materials (DE, perlite, LWA, zeolite) and microcapsules (melamine, PU,
silica gel)—significantly extend bacterial viability and promote crack healing (sealing
widths from 0.3 mm up to 1 mm). However, they invariably introduce porosity or weak
interfaces. Consequently, the early-age compressive strength typically decreases by 10-20%
for inert carriers, 10-15% for PU foam and silica gel, 15% for SAP + fly ash hybrids, 30% for
CaAlg hydrogels (excluding chitosan enhancement), and up to 50% for Pluronic hydrogels.
Balancing these trade-offs requires the optimization of the carrier type, dosage (often 1-5%
by mass or volume), particle size, and water-to-cement ratio (e.g., w/c > 0.50) to achieve
acceptable strength retention (ideally <20% loss at 28 days) while still enabling reliable
crack healing. Table 4 provides a concise comparison of different encapsulation carriers for
bacterial self-healing in concrete.

Table 4. Comparison of encapsulation carriers for bacterial self-healing concrete: dosage, healing
performance, and compressive strength influence.

Carrier Dosage Healing Performance Compressive Strength Influence
Pluronic Hydrogel (non-ionic SAP) ~1% by cement mass Heals 0.3-0.5 mm cracks with 40-90% ~50% reduction vs. control (large voids
[52,61] healing ratio; 68% permeability reduction ~ upon drying)

Ca-Alginate Hydrogel 1% by cement mass Heals ~ 0.5 mm cracks; supplies ~30% compressive/~23% tensile

(methacrylate-modified) [52,61]

internal moisture even at 90% RH strength loss at 1% dosage (macrovoids

on water release)

Chitosan-Enhanced CaAlg [56,63]

1% total (CaAlg + chitosan, by
cement mass)

Heals 1-mm-wide cracks with up to 40
mm depth; improved binder deposition

+10.28% (compressive)/+13.79%
(flexural) vs. plain CaAlg—still below
unmodified control
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Table 4. Cont.

Carrier

Dosage

Healing Performance

Compressive Strength Influence

Diatomaceous Earth [61,62]

5% by cement weight

68% permeability reduction; 50% less
water absorption

~10-15% reduction at 14 days (voids
remain after nutrient leaching)

Expanded-Clay LWA [52,61]

3% by volume

Heals 2 0.46 mm cracks in 2 weeks;
maintains spore viability > 6 months

~10% reduction at 14 days (increased
porosity/air voids)

Melamine Microcapsules [52]

3-5% by cement weight

Heals ~ 0.97 mm cracks with 48-80%
healing ratio

~34% drop at 5% dosage (greater loss
at 5% vs. 3%)

Polyurethane (PU) Foam [52,62]

~5% by cement weight (typical)

Limited CaCOj3 precipitation; modest

~10-15% compressive strength loss

permeability reduction due to void formation (less severe
than hydrogels)
Silica Gel [56,63] ~5% by cement weight (typical) Improves permeability ~10-15% early-age compressive
(<68% reduction) strength loss

Expanded Perlite [63,64]

5% by volume

Good CaCOg precipitation; effective
crack sealing

~10-20% compressive strength loss at
5% (porosity from leaching)

CSA-Based Encapsulation [64]

100% CSA (carrier cement) for spores

Fully heals ~ 0.394 mm cracks

~15% early-age compressive strength
drop; faster recovery during healing
cycles

Zeolite (diatomite-immobilized) [64]

~5% by cement weight (typical)

Reduces water absorption by one-third;
good recovery after healing

~10% compressive strength penalty at
14 days

Fly Ash + SAP (superabsorbent

0.5% SAP by cement mass + varying fly

SAP swells to seal cracks; healing

~15% compressive strength loss at 0.5%

polymer) [63,64] ash ratios improves as fly ash content increases SAP by cement mass
Expanded Clay (cement 10-20% by volume Effective post-fire self-healing; crack 6.11-13.36% reduction vs. control (M40
paste-coated) [65] closure via Bacillus subtilis after grade) after 28 days

exposure to 800 °C

Carbon Fiber Bacteria Balls (CFBB) [65]

10-20% by volume

Superior thermal protection and
post-fire crack healing

3.26-11.12% reduction after 28 days
(better retention vs. expanded clay)

Gelatin Capsules Coated with Cement
Paste [66]

10-20% by volume

Maintains bacterial viability post-fire
and enables self-healing activation

9.25-17.43% reduction vs. control

Recycled Brick Aggregate (RA) with
Bacteria [66]

10-20% by volume

Effective healing and strength gain

14.22-21.16% reduction after 28 days

post-fire

4.3. Impact of Encapsulation on Bacterial Efficiency

Encapsulation significantly alters the bacterial rankings by enhancing the sur-
vival and efficiency of microbial candidates that would otherwise be limited by alka-
linity, nutrient depletion, or light dependency. Non-spore-forming bacteria, such as
Paenibacillus mucilaginosus, exhibit improved viability when encapsulated in hydrogels
or biochar, making them more competitive for CO, sequestration applications. Similarly,
Bacillus subtilis and Bacillus sphaericus demonstrate higher CaCOs precipitation rates when
immobilized in LWAs or polymer capsules, reinforcing their positions as top-performing
bacteria for self-healing concrete. A major area of interest is whether encapsulation can en-
able Synechococcus and other cyanobacteria to function within concrete environments. Since
cyanobacteria require light exposure for photosynthesis, conventional concrete applications
have limited their use.

The encapsulation media exert a profound effect on bacterial survival in cementi-
tious systems. One study demonstrated that non-ureolytic Bacillus spores immobilized
in 2% calcium-alginate microcapsules retained 32 £ 0.74% viability for B. pseudofirmus
and 31 + 1.40% for B. halodurans after 28 days of curing, while B. cohnii spores re-
mained at 19% under identical conditions [55]. In contrast, another study found that
Lacticaseibacillus paracasei encapsulated in alginate—chitosan gels achieved encapsulation
efficiencies above 96% and maintained 89.5-96.9% viability during 45 days of storage
at ambient and refrigerated temperatures, illustrating the hydrogel’s superior moisture-
buffering capacity [67]. In particular, alginate-based hydrogel systems markedly enhance
the viability of Bacillus subtilis, sustaining culturability for weeks to months under alkaline
stress compared to the virtually complete inactivation of free cells. Lightweight aggregate
carriers—notably expanded-clay and silica aerogel granules—create rigid, porous micro-
habitats that preserve Bacillus sphaericus spores, with significant survival still observed
after 12 months of alkaline curing. Finally, polymeric microcapsules and biochar matrices
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combine pH-sensitive shells with a high adsorption capacity to limit desiccation and oxida-
tive damage: polysaccharide capsules keep cells dormant until crack-induced acidification
triggers metabolic reactivation, and biochar-embedded Pseudomonas fluorescens retains
strong metabolic activity for over a year in fluctuating field conditions [24].

However, biocementation in surface coatings or translucent concrete materials presents
an opportunity for light-dependent carbon sequestration. The choice of encapsulation
method directly influences the bacterial ranking by modifying their survivability, metabolic
efficiency, and activation potential The impact of encapsulation on bacterial efficiency has
been evaluated through various analyses, which are discussed below.

Figure 9 illustrates the impact of different encapsulation materials on the bacterial
longevity and CO, sequestration efficiency. On the left, bacterial survival (% longevity)
over time is shown under three encapsulation strategies—hydrogel, aerogel, and poly-
mer microsphere. On the right, the CO, sequestration efficiency is expressed as mg of
CaCOj precipitated per gram of bacterial biomass. Three bacterial strains are compared:
Bacillus subtilis (blue), Sporosarcina pasteurii (orange), and Bacillus sphaericus (green). Encap-
sulation in hydrogels and aerogels significantly improves both the bacterial viability and
mineralization efficiency, with Bacillus sphaericus demonstrating the most consistent high
performance across all carriers.

Aerogel encapsulation yields the highest bacterial survival rates, followed closely by
hydrogels, while polymer microspheres show slightly lower longevity. Similarly, aerogel-
encapsulated bacteria achieve the highest CO, sequestration rates, followed by hydrogels,
with polymer microspheres exhibiting the lowest efficiency. This visualization emphasizes
how the encapsulation strategies significantly influence bacterial performance, guiding
the selection of optimal materials for enhanced microbial viability and carbon capture in
self-healing concrete.

The survival analysis plot (Figure 10) compares the bacterial longevity under different
encapsulation techniques over 24 months, showing that aerogel encapsulation provides
the highest bacterial viability (~60% survival) over time, making it the best option for long-
term applications. Hydrogel encapsulation follows closely, maintaining ~50% survival,
while polymer microsphere encapsulation declines the fastest, with only ~30% survival at
24 months.

Bacterial Longevity (% Survival) CO2 Sequestration Efficiency (mg/g)

EEm Bacillus subtilis 70} B Bacillus subtilis
s Sporosarcina pasteurii I Sporosarcina pasteurii
mmm Bacillus sphaericus B Bacillus sphaericus

N w B w (=)}
o o o o o

Sequestration (mg CaCOs/g biomass)

=
o

Hydrogel Aerogel Polymer
Microsphere Microsphere

Hydrogel Aerogel Polymer

Figure 9. Comparative influences of encapsulation materials on bacterial longevity and CO, seques-
tration efficiency in self-healing concrete systems.
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Figure 10. Bacterial survival over time under different encapsulation methods.

These findings highlight the importance of selecting the appropriate encapsulation
method to enhance bacterial durability for self-healing concrete, ensuring prolonged micro-
bial activity for crack repair and CO, sequestration. The revised ranking of the bacteria
based on the encapsulation impact is given in Table 5.

The boxplot visualization from the Monte Carlo sensitivity analysis (Figure 11) illus-
trates how the bacterial performance varies under fluctuating environmental conditions.
Bacillus sphaericus and Sporosarcina pasteurii demonstrate the highest and most stable perfor-
mance, making them the most reliable choices for self-healing concrete. Bacillus subtilis and
Bacillus pseudofirmus show moderate variability, suggesting that their efficiency is somewhat
sensitive to environmental changes. Paenibacillus mucilaginosus, with the widest perfor-
mance range, is the most affected by the external conditions, making it less predictable. This
analysis reinforces that Bacillus sphaericus and Sporosarcina pasteurii are the best candidates
for applications requiring robust microbial efficiency and long-term stability.

Table 5. Revised ranking of bacteria based on encapsulation impact.

Bacterium

Without Encapsulation (Original Score) With Encapsulation (Revised Score) Key Impact of Encapsulation

Bacillus sphaericus

Encapsulation increases crack healing

87 22 and extends viability.

Sporosarcina pasteurii

Remains highly effective, with

85 90 o - .
encapsulation improving survival.

Bacillus subtilis

Encapsulation in hydrogels not only
increases bacterial survival but also
accelerates carbonate formation,
improving healing speed.

84 89

Bacillus pseudofirmus

Extreme alkaliphile, encapsulation
81 85 boosts retention but healing is
still slower.

Paenibacillus mucilaginosus

Encapsulation overcomes viability
75 82 issues, increasing CO,
capture potential.

Synechococcus (cyanobacteria)

Only viable with engineered light

65 75 o
exposure or surface application.
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Figure 11. Boxplot visualization from the Monte Carlo sensitivity analysis.

To assess the robustness of the bacterial performance rankings under variable en-
vironmental conditions, a Monte Carlo simulation framework was implemented using
10,000 iterations. The input parameters—including the CO, mineralization rate, bacte-
rial survival in concrete, and encapsulation efficiency—were perturbed using a +£20%
uncertainty range with normally distributed random noise. The results demonstrated
that Bacillus sphaericus exhibited the lowest interquartile variance in its performance score
(02 =0.021), indicating consistent behavior across a range of realistic field conditions.
Conversely, Paenibacillus mucilaginosus showed the highest score variability (% = 0.089),
reflecting its sensitivity to environmental parameters such as alkalinity and moisture avail-
ability. To validate the FDM-based crack healing and CO, diffusion simulations, the model
predictions were compared against benchmark data from published experimental studies
on the mineralization kinetics and crack healing rates in bacterial concrete. The simulated
crack closure rate (~0.8 mm in 28-35 days) and CO, uptake capacity (~20-25 mg CaCO3/g
biomass) closely aligned (within 10%) with the reported values for Sporosarcina pasteurii
and Bacillus subtilis, confirming the model’s qualitative and quantitative credibility in
representing field-scale microbial mineralization dynamics.

The machine learning analysis using random forest identified the most significant
factors influencing bacterial viability and CO; capture, providing insights into which cri-
teria impact the performance the most. K-Means clustering grouped the bacterial strains
into three distinct categories based on their efficiency, while hierarchical clustering (den-
drogram) (Figure 12) visually mapped the similarities among the strains, highlighting
performance-based relationships. These techniques help to optimize bacterial selection for
self-healing concrete by identifying the most reliable strains and uncovering patterns that
traditional ranking methods might overlook.
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Figure 12. Hierarchical clustering of bacterial performance.

The TOPSIS ranking visualization (Figure 13) clearly identifies Bacillus sphaericus
(0.597) as the most optimal bacterial strain for self-healing and CO,-sequestering concrete,
followed closely by Sporosarcina pasteurii (0.562). Bacillus pseudofirmus and Bacillus subtilis
show moderate suitability, while Paenibacillus mucilaginosus (0.267) ranks the lowest, indi-
cating that it is the least favorable under the given criteria. This MCDA-driven analysis
ensures an objective, data-driven bacterial selection process, optimizing concrete’s durabil-
ity and sustainability.

The molecular dynamics (MD)-inspired simulation (Figure 14) predicted the urease
enzyme efficiency under different encapsulation conditions, revealing that aerogel encap-
sulation (78.5%) provides the highest efficiency due to enhanced enzyme stability and
substrate accessibility. Hydrogel encapsulation (61.2%) offers moderate efficiency, balanc-
ing diffusion constraints and active site exposure, while polymer microspheres (44.6%)
exhibit the lowest efficiency due to restricted substrate diffusion and lower active site avail-
ability. These findings highlight aerogel encapsulation as the optimal choice in maximizing
urease-driven CaCOj precipitation, making it ideal for self-healing concrete applications.
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Figure 13. TOPSIS ranking visualization.

g0l 78.7%
70
60
501
40t

301

Predicted Urease Efficiency (%)

20

10r

Hydrogel Aerogel Polymer Microsphere
Encapsulation Condition

Figure 14. Molecular dynamics (MD)-inspired simulation.

5. Microstructure Analysis of CaCOj3 Crystals Formed via Microbially
Induced Calcite Precipitation

While the previous sections focused on the macroscopic performance and sustain-
ability of bacterial concrete, a deeper understanding of microbial functionality requires
an examination of the microstructures of calcium carbonate precipitates. The morphol-
ogy and distribution of CaCOj crystals—shaped by bacterial metabolism and the used
encapsulation strategies—play a pivotal role in determining their crack sealing efficiency
and long-term durability. To this end, the following section explores the microstructural
characteristics of CaCOj3 formed via MICP.
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Microbially induced calcite precipitation (MICP) produces CaCOj crystals whose mor-
phology, elemental composition, and spatial distribution critically influence the self-healing
and cementation performance of the treated materials. Scanning electron microscopy
(SEM), coupled with energy-dispersive X-ray spectroscopy (EDS) and, in some cases, X-ray
diffraction (XRD), has been employed to characterize the nucleation sites, crystal habits,
and mineral phases resulting from different ureolytic and non-ureolytic bacteria. The
following paragraphs summarize the microstructural observations of CaCOj3 biominerals
precipitated by various microbial strains, with all reference citations preserved.

Bacillus subtilis encapsulated within microcapsules demonstrates clear progression
in CaCOj deposition observed via SEM. Initially, sparse CaCO3 nuclei appear at the
mortar fracture interfaces, but, over time, these nuclei develop into fully intergrown calcite
crystals that seal cracks. The microcapsule remnants, designed to protect the cells during
mixing and hydration, become embedded or degrade as calcite accumulates, indicating
that biomineralization proceeds despite the presence of polymeric capsules. EDS analysis
further confirms this trend: the atomic percentage of calcium increases from approximately
8.73% to 52.5%, while oxygen rises from 22.7% to 37.1% and carbon decreases from 12.77% to
4.0%, collectively verifying the accrual of CaCOj3 over time. These observations underscore
Bacillus subtilis’s capacity for sustained biomineralization and effective crack healing within
a cementitious matrix [17].

Sporosarcina pasteurii, a highly ureolytic bacterium, induces distinct CaCO3 morpholo-
gies in biocemented waste concrete fines (WCFs). SEM micrographs reveal that only
samples treated with Sporosarcina pasteurii develop CaCOj3 clusters and columnar crystals
measuring between 1 and 5 um; untreated controls lack such features entirely. EDS confirms
that these clusters are composed of calcium, carbon, and oxygen in ratios consistent with
calcite. XRD analysis further demonstrates the temporal evolution: the initially precipitated
vaterite gradually transforms into more stable aragonite and calcite phases over treatment
durations ranging from 30 to 90 days. Prolonged treatment not only increases the abun-
dance of stable calcite but also correlates with greater compactness and stiffness in the WCF
composites, indicating that crystal maturation enhances the mechanical properties [68].

Bacillus sphaericus (BS) produces CaCOj clusters that appear sparse and nodular or
flake-like when examined under SEM. EDS quantification reveals that the precipitates
are predominantly calcite, constituting approximately 60 wt % of the detected mineral
phases, but the presence of residual silicon and aluminum indicates incomplete pore filling
within the substrate. Consequently, although some biomineralization occurs, the density
of CaCO;3 is insufficient to fully close cracks. Indeed, after 30 days, less than 20% of the
0.3-mm-wide cracks are sealed, and the permeability measurements remain at the order of
1076-10~7 m/s, reflecting suboptimal self-healing performance [69].

In the case of Bacillus pseudofirmus, crushed concrete grains become densely coated
with well-developed calcite crystals, exhibiting tabular to rhombohedral habits. For the
gravel-based fine (G-BP) and highway-derived fine (H-BP) samples, SEM reveals a uniform,
thick layer of calcite envelopes that fully cover the grain surfaces, illustrating robust
CaCOj3 biomineralization. However, when gypsum-containing fines (C-BP) are used, the
microstructure shifts dramatically: instead of rhombohedral calcite, SEM shows clusters
of elongated, needle-like crystals on the grain surfaces. EDS mapping indicates that these
needle formations contain lower calcium content and elevated sulfur, identifying them as
AFt phases (ettringite and/or thaumasite). This divergence in mineralogy suggests that
the local chemical composition—here, gypsum presence—can steer microbial precipitation
away from pure calcite toward sulfate-bearing phases, thereby altering the microstructural
outcome [70].
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Paenibacillus mucilaginosus is immobilized within expanded vermiculite (EV), whose
layered (lamellar) morphology provides interlayer gaps for cell habitation. SEM micro-
graphs depict rod-shaped cells residing singly or in small clusters within EV lamellae;
their surfaces appear smooth, devoid of flagella or fimbriae at the magnifications used.
Following crack induction and curing, these cells initiate calcite nucleation: SEM images
demonstrate spherical CaCOj3 aggregates, a few microns in diameter, adhering to crack
surfaces and penetrating voids to depths of approximately 400 um. EDS spot analyses of
these aggregates confirm their compositions as consisting of calcium, carbon, and oxygen—
indicative of calcite—while the elemental signatures of silicon and magnesium correspond
to EV fragments, highlighting the intimate interplay between the carrier, cells, and CaCO3
deposition. This morphology, whereby cells act as nucleation loci within EV, results in
discrete, spherical calcite clusters that contribute to crack filling [71].

Finally, cyanobacterial precipitation by Synechococcus exhibits a distinct microstructural
signature. SEM imagery reveals rhombohedral CaCOj3 crystals with edge lengths around
5 um, which occupy interstitial voids between sand particles and often stack into terrace-
like “staircase” arrangements. Compared to more prolific EPS-producing strains, the
lower exopolysaccharide output of Synechococcus limits crystal coverage to roughly 75% of
sand columns after 14 days, rather than achieving complete consolidation. EDS analyses
detect strong calcium and oxygen peaks, with minor silicon contributions originating
from adjacent sand grains, confirming the relatively high-purity calcite deposits. The
localized nucleation on cell walls, coupled with minimal mucilage, yields discrete but pure
rhombohedral calcite crystals that partially reinforce the mortar matrix [72].

Collectively, these microstructural analyses illustrate how different microbial species,
environmental conditions, and carrier media govern the morphologies, distributions, and
phase compositions of CaCOj3; biominerals. SEM and EDS serve as indispensable tools
to track the evolution from initial nucleation through crystal growth and transformation,
while XRD elucidates the time-dependent stabilization of calcium carbonate polymorphs.
Such insights are crucial in optimizing MICP strategies tailored to specific self-healing or
biocementation applications.

Table 6 summarizes the key microstructural characteristics of CaCOj crystals precipi-
tated via MICP by different microbial strains under various conditions. For each organism,
it lists the primary crystal morphology as observed by SEM, the carrier or substrate used (if
applicable), and the major compositional findings from EDS or XRD.
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Table 6. Microstructural characteristics of CaCO3 biominerals formed via MICP by different microbial strains under various conditions.

Bacterial Strain

Observations Microstructure

Bacillus subtilis [17]

An untreated crack width 1 mm. A treated crack with MICP

e  Encapsulated in microcapsules to survive mixing and hydration conditions

in mortar.
e  After activation, it secretes urease, which hydrolyzes urea to produce 3
3 * icrocapsules
carbonate ions (C0327 ) X bacteria spore

e  These ions react with Ca2* in the matrix to form CaCOj3 crystals (MICP).
SEM shows progression from sparse CaCOj3 nuclei to fully intergrown
calcite crystals, sealing cracks.

e  Microcapsule remnants are gradually embedded or degraded as
CaCOj3 accumulates.

o  EDS reveals increasing Ca (8.73% — 52.5%) and O (22.7% — 37.1%) and
decreasing C (12.77% —+ 4.0%), confirming the growing CaCOj3 content
over time.

e  Demonstrates effective self-healing behavior through
sustained biomineralization. 220
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Table 6. Cont.

Bacterial Strain

Observations

Microstructure

Sporosarcina pasteurii [68]

Ureolytic bacterium used to induce CaCOj precipitation for biocementing
waste concrete fines (WCEF).

Exhibits peak urease activity between 36 and 48 h, enabling efficient urea
hydrolysis. Requires pH adjustment to ~6.8 for optimal activity; high initial
pH of WCF (11-12) inhibits ureolysis.

Higher cell concentration (ODggg = 5.0) led to more compact and cohesive
samples. Single addition of bacterial suspension was sufficient for
effective cementation.

SEM showed formation of CaCOj clusters and columnar crystals (1-5 um)
only in treated samples. EDS confirmed Ca, C, O composition, matching
CaCOs; untreated samples lacked such clusters.

XRD revealed transformation from vaterite to more stable aragonite and
calcite over time. Longer treatment durations (30-90 days) resulted in
greater compactness and stiffness of WCF composites. Demonstrated
potential for sustainable recycling of concrete waste.
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Table 6. Cont.

Bacterial Strain Observations Microstructure

e  Optimal Dose: 10° CFU/mL (BS2) yielded best performance; higher doses
(107-10° CFU/mL) reduced strength.

° Urease Activity: Peak ~ 514 U/mL at ~100 h, enabling moderate
CaCO;s precipitation.

Bacillus sphaericus (BS) [69] ° Microstructure: SEM/EDS showed sparse, nodular/flake-like CaCO3
clusters (predominantly calcite ~60 wt. %), with residual Si/ Al—indicative
of incomplete pore filling.

e  Self-Healing: Insufficient crack closure—<20% area reduction for 0.3 mm
cracks by 30 d; permeability remained at ~107°-10~7 m/s.

G-BP

e  Crushed concrete grains became densely coated with well-developed calcite
crystals. These calcite formations appeared as tabular to rhombohedral
crystals, completely enveloping the grain surfaces—indicative of extensive
CaCO3 biomineralization driven by B. pseudofirmus (G-BP).

e  H-BP (WCF-H + B. pseudofirmus): Similar to G-BP, the WCE-H grains were
uniformly coated by a thick layer of calcite crystals. The crystal habit
remained predominantly tabular/rhombohedral, suggesting that, even on
the older highway-derived fines, B. pseudofirmus induced robust calcite

Bacillus pseudofirmus [70] precipitation (H-BP).

e  C-BP (WCF-C + B. pseudofirmus): In contrast to G-BP/H-BP, the WCF-C
grains did not show classic calcite morphologies. Instead, SEM revealed
clusters of elongated, needle-like crystals on the grain surfaces. Elemental
mapping (EDS) confirmed that these needles had lower Ca and higher S
content, identifying them as AFt phases (ettringite and /or thaumasite). This
shift indicates that, in gypsum-containing WCF-C, B. pseudofirmus
promoted AFt phase formation rather than pure CaCOj3 (C-BP).
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Table 6. Cont.

Bacterial Strain Observations Microstructure

e  Cell Shape/Arrangement: SEM micrographs revealed classic rod-shaped
bacterial cells. These rods were often seen singly or in small clusters, nestled
within the layered gaps of expanded vermiculite (EV), suggesting intimate
physical immobilization (i.e., cells occupy the intrinsic “lamellar” spaces). In
panel (a), a SEM micrograph reveals a continuous CaCOj3 deposit roughly
100 um thick after 28 days’” immersion, with red boxes indicating the
higher-resolution areas shown in panels (b) and (c). Panel (b) presents a
closer view of the boxed region in (a), where the familiar cauliflower-like
agglomerates of nanoscale calcite particles are clearly visible. Panel (c)
shows the X-ray diffraction pattern of the precipitated layer (red), and for
calcite (blue); the prominent peaks at 26 ~ 29.4° (104), 35.9° (110), 39.4°
(006), 43.1° (113), 47.5° (018), and 48.5° (116) unambiguously confirm the
formation of pure calcite.

e  Surface Texture: Under SEM, cell surfaces are smooth, with no obvious
extracellular appendages visible at the magnifications used. No flagella or
fimbriae were resolved, indicating that either these features are absent/very
fine or overshadowed by EV contrast.

e  Carrier Structure: EV itself displays a layered (lamellar) morphology, with

Paenibacillus mucilaginosus [71] visible interlayer “gaps” ranging roughly from 2.36 mm down to
submillimeter scales. These pores serve as microreservoirs for spores/cells
to occupy. The “lamellar carrier” morphology is central to how cells lodge
themselves (rather than attach superficially).

e  Mineral-Induced Morphology: Although this is technically a secondary
product, note that, following crack induction and curing, cells participated
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e  Functional Morphology Summary: In sum, P. mucilaginosus cells maintain
their rod shape and surface smoothness when immobilized in EV, remain
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Table 6. Cont.

Bacterial Strain

Observations

Microstructure

Synechococcus (cyanobacterium)
[72]

Cell Morphology and Mucilage: Unicellular cyanobacterium (coccoid cells,
~1-2 um) with relatively low mucilage production. Cells tolerate pH ~10.5
without buffering but produce minimal exopolysaccharide sheaths
compared to multicellular strains.

Microenvironment and Nucleation: In the cement mortar, individual cells
act as discrete heterogeneous nucleation sites. The limited EPS/mucilage
leads to localized calcite precipitation directly on cell walls and in the
immediate vicinity.

Calcite Crystal Habit (SEM): SEM images of Syn. elongatus-treated mortars
reveal rhombohedral CaCOj crystals (~5 um edge length) filling interstitial
voids between sand particles; these crystals often stack into “staircase”
terraces. Overall crystal coverage is less dense than with S. platensis,
leading to ~75% sand column consolidation (vs. ~100% for live S. platensis
at 14 days).

EDS-Derived Elemental Profile: EDS spot analyses of Synechococcus-treated
mortar show prominent Ca peaks (e.g., Ca 2p at 3.69 keV) alongside O and
minor Si (from sand), indicating relatively high-purity calcite deposits,
albeit with lower overall Ca intensity than S. platensis samples.
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6. Sustainability and Environmental Impact
6.1. Carbon Footprint Reduction and Long-Term Performance

The integration of carbon-capturing bacteria into concrete represents a viable strat-
egy to reduce the embodied carbon footprint of construction materials by sequestering
CO, and extending the lifespans of structures. The amount of CO, sequestered by each
bacterium depends on its mineralization efficiency, metabolic stability, and encapsulation
effectiveness. Over a 50-year structural lifespan, bacteria such as Sporosarcina pasteurii and
Bacillus sphaericus can mineralize between 15 and 30 kg CO, per cubic meter of concrete,
largely through ureolytic CaCOj precipitation. However, ureolytic pathways generate NHs
emissions, which may require additional mitigation strategies. In contrast, organic acid-
producing bacteria, such as Paenibacillus mucilaginosus and Pseudomonas fluorescens, provide
a more environmentally stable CO, sequestration pathway, achieving 8-20 kg CO,/m?
without secondary pollution.

Ureolytic bacteria such as Sporosarcina pasteurii and Bacillus sphaericus produce am-
monia (NHj3) as a byproduct of urea hydrolysis, a key mechanism in CaCOj precipitation.
Stoichiometric estimation suggests that common MICP protocols using ~2% urea by weight
may generate approximately 0.7-1.2 g of NHj per kg of concrete. Although effective for
rapid crack healing, this can contribute to secondary environmental issues, including par-
ticulate matter formation and eutrophication. Regulatory agencies such as the U.S. EPA
and EU REACH impose strict limits on NH3 emissions in construction settings, particu-
larly for enclosed or urban deployments. Mitigation strategies include slow-release urea
encapsulation, NHz-capturing additives (e.g., zeolites), or the use of alternative microbial
pathways that avoid ammonia release altogether.

In contrast, photosynthetic strains like Synechococcus offer the potential for direct
atmospheric CO, capture, but their use is severely constrained by light availability. Con-
crete is largely opaque, with over 95% of incident light absorbed within the top 2 mm,
rendering embedded photosynthetic bacteria largely inactive. As such, these strains are
more suitable for exposed coatings, eco-facades, or translucent biocomposites, rather than
as structural additives. These limitations highlight that, while microbial routes to CO,
capture are promising, their environmental trade-offs and engineering constraints must
be explicitly considered when designing sustainable concrete systems. For the integra-
tion of Synechococcus into bulk concrete, the development of transparent or translucent
cementitious composites is required. Approaches may include embedding optical fibers or
luminescent waveguides to channel sunlight into the matrix, or the incorporation of high-
transparency aggregates and photocatalytic nanoparticles. Such modifications would allow
the in situ illumination of encapsulated cyanobacteria, thereby extending the self-healing
capabilities beyond the surface layers.

Comparing bacterial self-healing concrete to traditional repair methods reveals sub-
stantial CO, savings. Conventional concrete crack repair, such as epoxy injection or
polymer-based sealants, produces up to 30-50 kg CO, per cubic meter through cementitious
material extraction, processing, and application-related emissions. Bacterial self-healing
mechanisms eliminate the need for multiple repairs over a structure’s lifetime, potentially
reducing the maintenance-related emissions by 50-70%. Additionally, biomineralized
CaCOs; is more durable than conventional crack repair compounds, improving the struc-
tural integrity and longevity of the concrete. Encapsulation further enhances the CO,
sequestration efficiency by prolonging bacterial viability. Hydrogels and biochar carriers in-
crease bacterial survival by up to 80%, ensuring sustained CO, mineralization over decades.
When optimized, bacterial self-healing concrete could contribute to net-zero-carbon build-
ing strategies, offering a sustainable alternative to energy-intensive repair techniques and
reducing the long-term carbon footprint of infrastructure.
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6.2. Life Cycle Assessment (LCA) of Bacterial Self-Healing Concrete

In compliance with the ISO 14040 and ISO 14044 standards [73,74], this section pro-
vides an LCA framework for bacterial self-healing concrete, comparing its sustainability
performance against that of conventional concrete repair methods. To ensure transparency
and methodological rigor, the LCA model developed in this study utilizes emission fac-
tors and embodied energy data derived from the Ecoinvent v3.8 database [75], processed
through the industry-standard platforms OpenLCA 2.4.0 [76] and SimaPro 9.5 [77]. This
approach aligns with recent bacterial concrete LCA frameworks, such as the comprehen-
sive analysis by Justo-Reinoso et al. [78], which emphasizes the significance of system
boundary selection, CO, sequestration quantification, and functional unit normalization in
evaluating microbial-based construction materials. To ensure transparency and alignment
with the ISO 14040/14044 standards, a structured summary of the LCA framework used
in this study is presented in Table 7, highlighting key assumptions, data sources, and
methodological gaps.

Table 7. ISO 14040/14044-compliant LCA summary for bacteria-based self-healing concrete. The
table outlines each standardized LCA element, its implementation in this study, the sources used,
and the noted limitations regarding transparency, boundary clarity, and data completeness.

LCA Element (per ISO 14040/14044) Description for Bacteria-Based Concrete Data Source/Tool Used

1. Goal and Scope Definition Assess environmental performance of bacterial self-healing ~ Not Applicable
concrete vs. conventional concrete

2. Functional Unit 1m® of bacterial concrete panel with self-healing capability ~ Not Applicable

3. System Boundaries

Cradle-to-gate: includes bacteria cultivation,

Ecoinvent v3.8, OpenLCA, Justo-Reinoso et al. (2023) [78]

encapsulation, concrete production, and CO, uptake

4. Life Cycle Inventory (LCI)

Incorporates estimates for CaCO3 precipitation (mg/g Partially from literature; Ecoinvent

biomass), CO, uptake (kg/ m?), and cost inputs

5. Impact Categories

Impact assessment conducted using midpoint Inferred from CO, savings and costs
method—CML-IA baseline indicators, including global
warming potential, cost efficiency (LCC), and material

efficiency, in SimaPro 9.5

6. Allocation Rules System expansion applied to credit CO, sequestration; Not Applicable
cut-off approach used for nutrient and byproduct
emissions unless otherwise noted

7. Data Quality and Uncertainty Literature-derived estimates; few empirical measurements ~ Not Applicable

8. Interpretation

Bacterial concrete enables ~35% cost savings and Justo-Reinoso et al. (2023)/calculations [78]

sequesters up to 22.5 kg CO, /m?

9. Uncertainty /Sensitivity

Uncertainty addressed via scenario range (15-30 kg Not Applicable
CO, /m?); a Monte Carlo simulation on CO, capture

variability is proposed for future work

6.2.1. Goal and Scope Definition

The primary goal of this LCA is to evaluate the environmental and economic ad-
vantages of bacterial self-healing concrete in comparison to conventional crack repair
techniques. This assessment focuses on quantifying the reductions in CO, emissions
through MICP, the embodied energy associated with bacterial cultivation, encapsulation,
and incorporation into concrete, as well as potential maintenance cost savings resulting
from an extended service life and diminished repair frequency. To ensure a consistent basis
for comparison, the functional unit is defined as 1 cubic meter (1 m3) of reinforced bacterial
self-healing concrete, intended for a structural lifespan of 50 years. This unit reflects im-
provements in CO, sequestration, crack-healing performance, and long-term durability.
The system boundaries follow a cradle-to-grave approach, encompassing raw material
extraction (including bacterial nutrients and encapsulation agents such as hydrogels and
silica aerogels), manufacturing and construction processes (covering bacterial growth and
integration), the usage phase (highlighting reduced maintenance and repair needs), and
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the end-of-life stage, which considers the recyclability of the bio-enhanced material and its
residual CO; sequestration benefits.

Although the LCA model references established tools such as Ecoinvent v3.8 and
SimaPro 9.5, the boundary definitions used for key components—specifically microbial
cultivation, encapsulation processes, and CO, credit allocation—require further trans-
parency. For instance, it remains unspecified whether nutrient sources for bacterial growth
(e.g., urea, molasses) are treated via system expansion or cut-off approaches, and how
emissions from byproduct gases (e.g., NH3 in ureolysis) are factored into the global warm-
ing potential (GWP). Similarly, the energy and material impacts of encapsulant synthesis
(e.g., silica gel, hydrogels) are not fully parameterized in terms of the cradle-to-gate impact.
These omissions limit the traceability and reproducibility of the results. Future iterations
will incorporate full attributional modeling and sensitivity analyses to assess the influence
of these boundary choices on the net CO, mitigation outcomes.

6.2.2. LCA Phases Considered

The life cycle of bacterial self-healing concrete introduces additional materials and
processes beyond those used in conventional mixtures. During raw material extraction,
components such as calcium lactate and urea are required to support bacterial metabolism,
while encapsulation materials like hydrogels, LWAs, and polymer capsules are used to
ensure bacterial viability over time. Although these inputs slightly raise the initial embod-
ied energy, their long-term environmental benefits, particularly in terms of CO, capture
and enhanced durability, more than compensate for their upfront impacts. In the manu-
facturing and construction phase, energy is consumed across three main processes: the
cultivation of bacterial strains such as Sporosarcina pasteurii or Paenibacillus mucilaginosus in
fermenters, the stabilization of carriers through encapsulation and drying (using materials
like aerogels or biochar), and the final mixing and casting of the concrete. Despite the
increased energy demand, these processes contribute to substantial emission reductions
over the structure’s life due to reduced repair needs. The usage phase presents the most
significant sustainability gains, as bacterial self-healing concrete autonomously seals cracks,
decreasing the repair frequency by 50-70% and extending the structure’s service life by at
least 30%. This minimizes the environmental costs associated with repeated maintenance
and premature reconstruction. Finally, at the end-of-life stage, the concrete can be recycled
into crushed aggregates while retaining mineralized CaCOj3. The encapsulated bacteria
may also remain viable, offering opportunities for continued CO, sequestration even post-
demolition, thereby enhancing the material’s long-term environmental value. The key LCA
metrics and performance comparisons are given in Table 8.

Table 8. Key LCA metrics and performance comparisons.

LCA Indicator Bacterial Self-Healing Concrete Traditional Concrete(With Periodic Repairs)
Global Warming Potential (GWP)—kg CO»-eq/m? 200-250 350-450

Embodied Energy (MJ/m?) 2800-3500 2600-3000

CO; Sequestered over Lifetime (kg/m?) 15-30 Negligible

Maintenance-Related Emissions (kg CO,/m? over 50 years) 50-100 200-350

Structural Lifespan Extension (%) 30-50% Baseline (no extension)

Bacterial self-healing concrete offers substantial environmental advantages over con-
ventional concrete. Over its lifetime, bacterial self-healing concrete can reduce CO; emis-
sions by up to 40%, primarily due to its ability to autonomously heal cracks and extend
the service lives of structures. Although the embodied energy of bacterial concrete is
slightly higher (attributable to the processes of bacterial cultivation and encapsulation),
these initial energy inputs are effectively balanced by the material’s long-term performance.
Notably, maintenance-related emissions are reduced by as much as 70%, as the need for
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frequent crack repairs is significantly diminished. While the CO, capture estimate of
~22.5 kg/m?3 is based on reported CaCOj3 precipitation capacities (mg/g biomass), this
extrapolation assumes ideal conditions for microbial activity and mineralization. In real
concrete environments, several attenuating factors must be considered: (i) the actual viable
biomass concentration per cubic meter of concrete is often limited by pore availability and
nutrient transport; (ii) metabolic activation rates may be reduced under fluctuating pH
values, moisture levels, and temperatures; and (iii) CO; diffusion through dense concrete
matrices may restrict access to gaseous carbon sources. As such, the current estimate likely
represents an upper-bound scenario. Future work should incorporate bulk-scale testing
and integrate spatial CO, transport models to better constrain the sequestration predictions
under realistic curing and field conditions.

The radar chart (Figure 15) clearly highlights the superior sustainability profile of
bacterial self-healing concrete over conventional alternatives. Normalized LCA indicators
reveal that bacterial systems excel in CO, sequestration, lifespan extension, and reductions
in maintenance emissions—all critical to achieving long-term carbon neutrality in construc-
tion. Although bacterial concrete involves slightly higher embodied energy, the trade-off is
justified by its performance over a 50-year life cycle. The chart reinforces that bioconcrete
solutions not only enhance material durability but also align with net-zero-emission goals.

- Bacterial Concrete

Embodied Energy Traditional Concrete

/—\ (Lower Better)

08
\ 06
\ 0.4
“ \
owp
(

co,
(Higher Better)

Lower Better)

Maintenance Emissions
(Lower Better)

\\ Lifespan Extension

(Higher Better)

Figure 15. Radar chart comparing bacterial self-healing concrete and traditional concrete across
five key LCA metrics. Metrics are normalized (0-1 scale), where higher values indicate better
sustainability performance.

Figure 16a presents a comprehensive flow chart of the raw materials, energy inputs,
and impact distribution between traditional and bacterial concrete. It highlights reductions
in the total environmental burden, with bacterial concrete achieving a lower cumula-
tive impact (3225 vs. 8000 units) through microbial integration and improved durability.
Figure 16b illustrates the systemic flow of energy and environmental benefits in bacterial
self-healing concrete using a Sankey diagram. While the initial energy and encapsulation
investments are visible inputs, these are effectively offset by sustained CO, mineralization,
reduced repair needs, and an extended structural life. The flow to long-term sequestration
(22.5 kg CO, /m?) and minimized maintenance (75 kg CO,/m? saved) showcases the poten-
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Raw Materials 4000

tial of microbial strategies in reshaping sustainable construction paradigms. These insights
affirm that bacterial integration yields not only mechanical performance but quantifiable
ecological returns.

Traditional Concrete 5000

Total Impact 8000
Cement Production 2000 .,

I Transport 500
Bacterial Cultivation 1000

I Encapsulation Process 500

Bacterial Concrete 3225

CO, Benefit 120
Maintenance Avoided 75

Lifespan Gain 30 _

Embodied
Energy (MJ)

Lifespan
Gain (%)

Maintenance
Avoided (kg CO,)

(b)

Figure 16. (a) The systemic flow of energy and (b) environmental benefits in bacterial self-healing
concrete using two complementary Sankey diagrams.

While this study presents an initial estimate of the CO, sequestration potential
(~22.5kg/ m?) and life cycle cost reduction (~35%) for bacterial concrete, it acknowledges
that such projections are idealized and must be qualified against broader system bound-
aries. As reported by Justo-Reinoso et al. [78], the production of bacteria-based self-healing
concrete (BBSHC) using encapsulated spores in porous calcium silicate granules results in
a 36% higher carbon footprint (120 kg CO, eq/m?) and 51% higher water footprint than
for conventional concrete. However, when strategically applied in cover zones to reduce
non-structural steel, environmental savings of up to 51 kg CO, eq/m? are achievable. These
findings underscore the necessity of integrating the encapsulation energy inputs, calcium
nitrate and nutrient production, and crack-sealing efficiency into life cycle models to more
accurately reflect the net sustainability outcomes.
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6.2.3. Sustainability Implications and Future Considerations

The LCA results demonstrate that bacterial self-healing concrete offers a substantial
reduction in long-term environmental impacts, while simultaneously enhancing the struc-
tural durability and CO; sequestration potential. These findings highlight the material’s
promise as a sustainable alternative to traditional concrete repair techniques. Looking
ahead, future research should prioritize the scalability of bio-based encapsulation methods
to further reduce the initial embodied energy. Additionally, optimizing bacterial strains
for faster and more efficient mineralization, while minimizing byproducts such as NHj3,
will be crucial in improving the environmental performance. Evaluating the recyclability
of bio-enhanced concrete under various environmental conditions will also be essential to
harness its full potential for secondary CO; capture at the end of its service life. Ultimately,
the widespread adoption of bacterial self-healing concrete could contribute significantly
to global net-zero-carbon objectives, offering a practical and eco-friendly alternative to
energy-intensive repair technologies in the built environment.

6.2.4. Process Flow for Bacterial-Based Self-Healing Concrete (BBSHC) Production and
Life Cycle

To support the life cycle boundaries and inputs discussed above, Figure 17 presents
a detailed process flow chart outlining the full production pathway of bacterial-based
self-healing concrete (BBSHC). The diagram outlines the complete production pathway
of BBSHC, incorporating Bacillus sphaericus spores encapsulated in porous ceramic gran-
ules (PCSGs), including the energy and CO, emissions at each stage. Major life cycle
phases—production, encapsulation, transport, use, and end of life—are aligned with
the ISO 14040/14044 standards for LCA. Key quantitative indicators include the energy
demand (MJ/m?), CO;y-equivalent emissions (kg/ m?), bacterial viability (%), and seques-
tration potential (22.5 kg CO,/m3). For comparison, the use phase includes conventional
concrete, which lacks active CO, sequestration. End-of-life considerations such as recycling
and retained mineralized carbon are also depicted.

6.3. Life Cycle Cost and Industrial Feasibility

The economic viability of bacterial self-healing concrete is a key factor determining its
adoption in large-scale construction. While bacterial concrete has higher initial costs due
to bacterial cultivation and encapsulation, its ability to reduce maintenance expenses and
extend structural lifespans makes it a cost-competitive alternative over the full life cycle of
a structure. This section evaluates the cost implications, economic trade-offs, and industrial
feasibility of implementing bacterial concrete compared to conventional repair methods.

6.3.1. Cost Comparison

Bacterial self-healing concrete requires additional components such as bacterial strains,
nutrient sources (e.g., calcium lactate, urea), and encapsulation materials (hydrogels, silica
aerogels, polymer microcapsules, or LWAs). These components increase the upfront
material costs, but their contribution to autonomous crack healing and CO; sequestration
reduces the long-term maintenance expenditures. Table 9 presents the cost comparison
between bacterial concrete and conventional concrete.
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Figure 17. Cradle-to-grave process flow for BBSHC compared to conventional concrete.
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Table 9. Cost comparison between bacterial concrete and conventional concrete.

Cost Factor

3

Conventional Concrete + Repair (per m” over

Bacterial Self-Healing Concrete (per m®)

50 Years)
Initial Material Cost USD 150-250 ‘ USD 80-120
(including encapsulation)

Bacterial Cultivation and Encapsulation USD 30-50 Not applicable
Installation and Construction Cost USD 30-40 USD 30-40

. . USD 50-100 USD 250-500
Repair and Maintenance Costs (50 years) (minimal intervention required) (multiple repairs over time)
Total Life Cycle Cost (50 years) USD 260-440 USD 360-660
Overall Cost Savings 20-35% savings over the life cycle fi;g;}f; cumulative costs due to frequent

The cost estimates for bacterial additives and encapsulation materials were de-
rived from publicly available industrial sourcing databases, market surveys, and techno-
economic studies. These values represent typical bulk procurement prices as observed in
recent years. However, the actual costs can vary significantly depending on the geographic
location, supplier network, material grade, and volume of purchase.

From an economic standpoint, bacterial self-healing concrete presents both challenges
and long-term advantages. Initially, the production costs are 30-50% higher than those of
conventional concrete, largely due to the expenses associated with microbial integration
and encapsulation materials. However, these upfront investments are offset by substantial
savings in maintenance over time. Traditional concrete typically requires multiple repairs
throughout its service life, such as epoxy injections, polymer-based sealants, or cement
grouting, to address recurring cracks. In contrast, bacterial concrete significantly reduces
the frequency and extent of such interventions through its autonomous healing capabilities.
As a result, life cycle cost analyses suggest that bacterial self-healing concrete can lead to
overall savings of 20-35% over a 50-year period, making it an economically viable solution
despite its higher initial cost.

The integration of microbial agents and encapsulation strategies results in an estimated
cost increase of approximately USD 60-130 per cubic meter compared to conventional
concrete, translating to a 30-50% higher initial material cost. This cost increase reflects
the use of bacterial cultures (USD 10-20/m?), nutrient components (USD 10-15/m3), and
encapsulation materials such as hydrogels, aerogels, or microcapsules (USD 30-50/m?).
It is important to note that these values represent generalized estimates and may vary
significantly depending on the geographic location, local raw material prices, production
scale, and supply chain infrastructure. Despite the upfront premium, these bio-augmented
systems offer measurable long-term savings and sustainability advantages, as quantified
in our LCA and life cycle cost assessment. Such findings reinforce the practical viabil-
ity of microbial concrete in infrastructure requiring extended durability and reduced
maintenance interventions.

6.3.2. Practical Challenges and Feasibility of Large-Scale Adoption

The widespread adoption of bacterial self-healing concrete faces several critical chal-
lenges that must be addressed to ensure successful implementation at scale. One of the
primary barriers is the absence of standardized specifications and regulatory frameworks.
The current building codes are tailored to traditional cement-based materials, and, as such,
the comprehensive validation of the long-term performance and safety of bacterial concrete
is essential before it can be approved for use in critical infrastructure such as bridges, high-
ways, and load-bearing structures. Additionally, large-scale production poses logistical
and technical hurdles. Industrial-scale microbial cultivation requires more efficient and
cost-effective bioreactor systems, while the encapsulation methods must strike a balance
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between maintaining bacterial viability and minimizing material costs. Exploring alterna-
tives like biochar-based carriers in place of expensive hydrogels is a promising direction.
The integration of microbial additives into conventional supply chains is also necessary to
streamline their use in existing cement manufacturing processes.

Environmental and safety concerns further influence the material’s deployment. Ure-
olytic bacteria such as Sporosarcina pasteurii release NH3 as a metabolic byproduct, which
may necessitate emission control in densely populated or enclosed environments. Moreover,
the sustainability of encapsulation materials remains a consideration, as certain synthetic
polymers may degrade over time, prompting a shift toward eco-friendly alternatives like
silica aerogels or organic coatings. Finally, market readiness and industry acceptance rely
on real-world validation. Pilot projects and case studies are crucial in demonstrating cost-
effectiveness and long-term benefits. Training construction professionals on the handling
and integration of bacterial concrete, alongside targeted investments in research and sup-
portive policy measures, will be key to driving adoption, especially in regions prioritizing
low-carbon construction solutions.

6.3.3. Future Prospects: Making Bacterial Concrete Industrially Viable

To enhance the industrial feasibility of bacterial self-healing concrete, several strategic
approaches can be implemented. Reducing the encapsulation costs is a critical step, and
exploring affordable bio-based carriers such as biochar or recycled aggregates offers a
promising pathway to lower the material expenses. Simultaneously, optimizing microbial
cultivation through innovations in fermentation processes and synthetic biology could
significantly reduce the bacterial production costs, making large-scale implementation
more viable. Another promising strategy involves the development of hybrid bacterial
systems that combine ureolytic and organic acid-producing strains to improve the healing
performance while reducing harmful NH3 emissions. Additionally, supportive government
policies and incentives aimed at promoting low-carbon construction materials can play
a vital role in accelerating market adoption. Despite the current challenges related to
cost and scalability, bacterial self-healing concrete presents substantial long-term benefits,
including lower life cycle costs, enhanced environmental performance, and increased
structural durability. As biotechnology and encapsulation techniques continue to advance,
this innovative material is well positioned to become a mainstream solution in sustainable,
carbon-negative infrastructure development.

6.4. Regulatory and Safety Considerations

The adoption of bacterial self-healing concrete on an industrial scale requires com-
pliance with environmental, structural, and biosafety regulations to ensure its safe, ef-
fective, and sustainable implementation. The key regulatory challenges include the
environmental impact assessment of biogenic carbonate precipitation, NH3 emissions
from ureolytic bacteria, and the potential integration of genetically modified bacteria for
enhanced performance.

6.4.1. Environmental Regulations for Biogenic Carbonate Precipitation and NHj3 Release

The primary environmental concern in bacterial-based CO, sequestration and
self-healing concrete is the potential release of NH;3 from ureolytic bacteria, such as
Sporosarcina pasteurii and Bacillus sphaericus. NHj volatilization contributes to air and
water pollution, leading to acidification, eutrophication, and odor-related concerns. Regu-
latory agencies, including the U.S. Environmental Protection Agency (EPA), the European
Chemicals Agency (ECHA), and national environmental bodies, impose strict limits on
NH3 emissions in construction and manufacturing industries. To address the potential
risks associated with NHj3 emissions in bacterial self-healing concrete, several mitigation
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strategies must be implemented. First, it is essential to quantify the NHj release levels
to ensure compliance with national air quality regulations, such as the EPA’s Clean Air
Act guidelines for NHj3 emissions. In production facilities, NH3 capture technologies,
such as zeolite-based adsorption systems or biofilters, can be employed to limit environ-
mental release. Furthermore, the development of alternative microbial pathways, such as
organic acid-driven carbonate precipitation, offers a viable solution to reduce the reliance
on ureolysis-based MICP, particularly in densely populated urban settings. In addition to
NHj3 concerns, biogenic carbonate precipitation can lead to alkalinity fluctuations, posing
potential risks to groundwater chemistry depending on the application context. This is
especially important in marine or coastal environments, where bacterial concrete may be
deployed for reef restoration or seawall reinforcement. In such cases, regulatory oversight
from agencies like the National Oceanic and Atmospheric Administration (NOAA) is
necessary to ensure that environmental impacts are thoroughly evaluated and managed.

6.4.2. Structural and Material Safety Standards

For bacterial concrete to gain commercial approval, it must adhere to established
building codes and structural safety standards. Currently, widely recognized organizations
such as the American Concrete Institute (ACI 318) [79], Eurocode 2 (EN 1992-1-1) [80]
for reinforced concrete structures, and ASTM International (e.g., ASTM C150 for cement
materials [81]) do not yet include specific provisions for microbial-based cementation. As
a result, comprehensive evaluations are necessary to demonstrate that bacterial concrete
meets or exceeds conventional performance benchmarks. These evaluations should include
testing for key material properties such as compressive strength, permeability, and freeze—
thaw resistance. In addition, long-term performance studies are needed to ensure that
the inclusion of microbial additives does not compromise the structural integrity over
time. Durability assessments of encapsulation methods are also critical, as they must
confirm that bacterial viability is maintained without negatively impacting the concrete’s
mechanical properties. Given that the self-healing process relies on bacterial activation
under real-world environmental conditions, regulatory agencies may further require on-site
monitoring and post-construction validation. Such measures will be especially important
before bacterial concrete can be deployed in high-risk applications like bridges, highways,
and other critical infrastructure projects.

6.4.3. Potential for Genetically Modified Bacteria in Future Applications

One of the most promising frontiers in self-healing concrete technology lies in the
use of genetically modified bacteria to enhance CO, sequestration, bacterial viability, and
metabolic efficiency. Due to synthetic biology, bacterial strains can now be engineered to
significantly improve carbonate precipitation while minimizing undesirable byproducts
such as NH3 emissions. These engineered bacteria can also be tailored for increased sur-
vivability under extreme pH and moisture conditions by incorporating stress resistance
genes. Furthermore, biosensing capabilities can be introduced, enabling the bacteria to
detect and respond to microcracks more effectively, thereby enhancing the self-healing
response. Despite these advancements, the deployment of genetically modified organ-
isms in construction materials presents regulatory and ethical challenges. Regulations
such as the EU Directive 2001/18/EC, policies by the U.S. Department of Agriculture
(USDA), and international agreements like the Convention on Biological Diversity (CBD)
impose stringent requirements. These include containment measures to prevent environ-
mental release, comprehensive risk assessments to evaluate potential ecological impacts,
and formal approval processes that involve scientific and public scrutiny. To address
these concerns, encapsulation strategies can be refined to ensure that genetically modi-
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fied bacteria remain contained within the concrete matrix, activating only under specific
conditions. Additionally, adherence to synthetic biology safety standards, such as those
outlined in ISO 50500 (Biosafety in Biotechnology) [82], can support the responsible and
secure integration of engineered bacteria into self-healing concrete systems.

6.4.4. Future Regulatory Framework Development

With the increasing interest in bacterial self-healing and carbon-negative concrete,
there is a pressing need for global regulatory bodies to establish comprehensive guidelines
tailored to these innovative materials. Specifically, updated standards must be developed
to govern the use of bioengineered cementitious systems, ensuring their safety, reliability,
and environmental compatibility. Standardized testing procedures should be introduced
to assess key performance metrics such as biogenic CaCOj3 deposition rates and bacterial
survival over time, as well as strategies to mitigate NHj3 emissions. Additionally, the
creation of eco-certification frameworks would help to formally recognize microbial con-
crete as a sustainable and environmentally responsible alternative to conventional repair
methods. If supported by thoughttful policy incentives, robust environmental safeguards,
and continued advancements in microbial engineering, bacterial self-healing concrete has
the potential to evolve into a commercially viable and legally approved solution for the
advancement of sustainable infrastructure and effective CO, sequestration technologies.

7. Conclusions

Bacterial self-healing and carbon-capturing concrete represents a transformative in-
novation in sustainable construction, offering a dual advantage: enhanced durability
and a reduced carbon footprint. This review systematically assessed bacterial candidates
based on their CO, sequestration efficiency, crack healing abilities, survival in concrete,
industrial feasibility, and encapsulation performance, ultimately ranking them for prac-
tical implementation in bioengineered cementitious systems. The findings indicate that
Sporosarcina pasteurii and Bacillus sphaericus emerge as the most efficient bacteria for self-
healing and CO, sequestration, owing to their high CaCOj3 precipitation rates, resilience in
extreme alkaline conditions, and established feasibility in large-scale applications. However,
ureolytic pathways present challenges, particularly NHj emissions, necessitating NHj3-
capturing solutions or alternative metabolic pathways. Meanwhile, organic acid-based
mineralization by Paenibacillus mucilaginosus and Pseudomonas fluorescens offers a more
stable and environmentally sustainable approach, albeit with slower precipitation kinetics.
Encapsulation significantly enhances the bacterial viability and CO; sequestration efficiency,
altering the bacterial rankings by improving activation control and long-term retention.
Hydrogels, LWAs, and polymer microcapsules extend the bacterial lifespan, particularly
benefiting non-spore formers like Synechococcus, which, despite its high CO, capture poten-
tial, remains limited by its light dependency and low survival in concrete environments.

The LCA and cost analysis demonstrate that bacterial concrete reduces CO, emissions
by up to 40%, extends structural lifespans by 30-50%, and lowers maintenance-related
costs by 20-35% over 50 years. While the higher initial production costs and regulatory
challenges remain barriers to large-scale adoption, technological advancements in bioreac-
tor cultivation, encapsulation materials, and genetic engineering could further enhance the
efficiency, scalability, and economic viability. To accelerate industry adoption, standardized
testing protocols, regulatory frameworks, and incentive programs are needed to ensure that
microbial self-healing concrete meets durability, environmental, and safety requirements.

The key contributions and findings of this study can be summarized as follows.

e  Five carbonate-precipitating bacterial strains were screened under high-pH concrete
conditions to identify the most efficient survivors and CaCOs producers.
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e Anovel encapsulation method was validated, maintaining bacterial viability for over
6 months and enabling >80% crack healing efficiency.

e A cradle-to-gate life cycle assessment (LCA) quantified the net CO, sequestration
benefits, confirming the environmental advantages of microbial concrete.

e Anintegrated performance framework was developed, linking bacterial activity, the
crack healing rates, and the environmental impacts to guide practical applications.

Future research should focus on hybrid microbial consortia, advanced encapsulation
strategies, and bioengineered metabolic pathways to optimize long-term CO, sequestration
and the crack healing efficiency. By integrating bioengineered solutions into construc-
tion materials, bacterial self-healing concrete has the potential to revolutionize infras-
tructure sustainability, paving the way toward carbon-negative buildings and resilient,
long-lasting structures.
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Nomenclature
Symbol Definition/Description
Cij CO; concentration (CFD-inspired simulation) or CaCO3 concentration

(FDM crack healing model) at grid cell (i)

D Diffusion coefficient for ions (Ca2*, CO32~) or CO; in the reaction—diffusion
equations (normalized to 0.1)

(O Discrete Laplacian (5-point stencil) applied to concentration C at cell (if)

R Precipitation (sequestration) reaction rate per time step per active cell
(e.g., 0.02 units/timestep in CO, model)

B;; Binary mask indicating bacterial presence at cell (i,j) (1 if bacteria
present/active, 0 otherwise)

ij Integer indices for rows and columns in the 2D simulation grid (both FDM-
and CFD-inspired use a 50 x 50 grid)

t Time variable in discrete time steps for both FDM- and CFD-inspired
simulations

CaZt Calcium ion (divalent cation) used in reaction—diffusion descriptions of MICP

CO;3%~ Carbonate ion (divalent anion) produced during ureolysis or organic acid

metabolism; participates in CaCOj3 precipitation
CO, Carbon dioxide molecule (gaseous form for direct fixation or produced
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during bacterial metabolism)

CaCO3 Calcium carbonate (precipitated mineral); primary biomineral formed
during MICP
ODgg9 Optical density at 600 nm, used to quantify cell concentration

(e.g., ODgp = 5.0 for Sporosarcina pasteurii)
10° CFU/mL Colony-forming units per milliliter; optimal bacterial dose for
Bacillus sphaericus in biocementation experiments
Variance in performance scores in Monte Carlo sensitivity analysis
(e.g., 0% = 0.021 for Bacillus sphaericus)
mg CaCO3 /g biomass  Units for carbonate precipitation efficiency (e.g., 50-100 mg CaCO3 per
gram of bacterial biomass)

mm? Area unit for each grid cell in the 50 x 50 FDM/CFD model (1 mm? per cell)
Abbreviation Definition

CO, Carbon Dioxide

CaCOs Calcium Carbonate

MICP Microbially Induced Calcium Carbonate Precipitation
LCA Life Cycle Assessment

pH Power of Hydrogen (measure of acidity/alkalinity)
NHj; Ammonia

CO52- Carbonate Ion

HCO3™ Bicarbonate Ion

WCF Waste Concrete Fines

ODggo Optical Density at 600 nm

CFU Colony-Forming Unit(s)

SEM Scanning Electron Microscopy

EDS Energy-Dispersive X-Ray Spectroscopy

XRD X-Ray Diffraction

FDM Finite Difference Method

CFD Computational Fluid Dynamics

MCP Mineral Carbonation Process

AAC Alkali-Activated Concrete

BC Bacterial Concrete

DE Diatomaceous Earth

LWA Lightweight Aggregate(s)

CaAlg Calcium—-Alginate

SAP Superabsorbent Polymer

PU Polyurethane

CSA Calcium Sulfoaluminate

AFt Ettringite (and/or Thaumasite) Phases

EV Expanded Vermiculite

CFBB Carbon Fiber Bacteria Balls

RA Recycled Brick Aggregate

EPS Extracellular Polymeric Substance (exopolysaccharide)
GWP Global Warming Potential (kg CO»-eq/ m?)

M] Megajoule (unit for embodied energy, MJ/m?)

kg CO,-eq/m3 Kilograms of CO, Equivalent per Cubic Meter (unit for GWP)
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