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Abstract: Microbially Induced Calcium Carbonate Precipitation (MICP) is a natural biocementation
that takes place in corals, stromatolites and beach rocks. In recent years, researchers have explored
the emulation of this process as a sustainable alternative of engineered cement. Although the natural
process is undoubtedly sustainable, its engineered variant deviates substantially from the natural
process. In this paper, we investigate the environmental and economic performance of the engineered
biocementation process vis-a-vis present manufacturing of calcium carbonate. SimaPro 8.0 software
and the Ecoinvent V2.2 database were used for materials inputs and AUSLCI along with Cumulative
Energy Demand 2.01 software were used for carbon footprint and eutrophication potential. Our
results show that different metabolic pathways of MICP have considerably varying environmental
impact. We observe that nature performs MICP sustainably at ambient conditions and geological time
scales utilizing naturally occurring sources of carbon and calcium at micromoles concentrations. Due
to the mandate on duration of construction projects, highly purified reactants in a high concentration
are used in the engineered process. This has a negative environmental impact. We conclude that the
sustainability of engineered MICP is directly impacted by the metabolic pathway of bacteria as well
as the purity of the input chemicals. A few biotic processes are superior to the present industrial
process for manufacturing calcium carbonate if ingredients of laboratory grade purity are replaced by
industrial grade products. A bigger dividend can be obtained by introducing industry by-products as
nutrients. The results of this study help to direct future research for developing sustainable biocement
for the construction industry.
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1. Introduction

Microbially Induced Calcium Carbonate Precipitation (MICP) is a form of minerali-
sation that is responsible for major carbonate formations in nature such as corals, stroma-
tolites and beach rocks [1]. Similar to industrial cement, the grains of sand can be bound
together through MICP. Thus, MICP is biocementation that occurs at ambient conditions
with no additional source of energy and with water as the solvent. The construction
industry, on the other hand, is heavily reliant on ordinary Portland cement (OPC) that
produces roughly the same amount of greenhouse gases as its own weight [2]. Worldwide,
nearly 3.6 billion tonnes of OPC is produced, which accounts for approximately 6% of
anthropological greenhouse gases. Researchers are exploring the emulation of the natu-
ral cementation process as a means of achieving sustainability in construction. Dejong,
et al. [3] conclude that harnessing the biological processes that occur in natural forma-
tions is the next transformative practise for geotechnical engineering. Biocementation
is envisaged to be sustainable due to several factors such as a low embodied energy, re-
versibility and recyclability and self-healing [4-7]. However, there has been little attempt
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(a)

to objectively examine the sustainability of engineered biocementation. Biocementation
has been happening in nature for millions of years, and there is no doubt that the process
is sustainable. However, it occurs over geological timeframes utilizing naturally available
reactants often at micromolar concentrations (Figure 1a). When emulating biocementation
for construction applications, it becomes necessary to enrich both the bacteria and the
nutrient media to allow the process to fit it into the speed, reliability and performance
mandates of the construction industry [8-12] (Figure 1b). Investigators have typically used
purified laboratory grade chemicals at a much higher concentration than what occurs in
nature [8-15]. The purification process of the chemicals is likely to consume considerable
energy. Thus, it is important to evaluate the input media to ascertain the environmental
impact of biocementation. Clearly, biocementation can be performed in a number of ways,
and a methodology to evaluate the processes to identify the best among several alternatives
is essential. Life cycle analysis has emerged as a great tool for evaluating sustainability [16],
particularly in the areas of sustainable housing technologies, building assessments [17-20]
and commonly used construction materials such as cement [21-23] and plastic wastes [24]
aided by the enormous amount of field data over a long time. There are few studies on
industrial-scale projects with biocement to conduct a full-scale life cycle analysis, although
the importance of such a study cannot be overestimated. An initial embodied energy
analysis on biocementation by urea hydrolysis reveals that the manufacturing processes for
urea and calcium chloride are the key contributors to embodied energy, while for ordinary
Portland cement, the key contributor to energy usage is the burning of limestone during
the calcination process [25]. The production of ordinary Portland cement is estimated to
consume approximately 6.21 MJ/kg [26] of energy while urea consumes 30.54 MJ /kg [27]
and calcium chloride 11.76 MJ/kg [28]. Field scale experiments demonstrate that 0.6 kg
urea and 1.1 kg calcium chloride is required to produce 1 kg of calcium carbonate for bioce-
ment through the ureolytic pathway [10,29]. Thus, there is an imperative of examining the
sustainability of engineered biocementation. Early indications on the likely pathways to
sustainable options based on already available extensive laboratory experiments would be
valuable to chart the research directions towards sustainable biocement technologies for
the field. This paper employs the life cycle analysis methodologies on the available data to
identify the developments that are likely to have the deepest impact on the sustainability
of biocement technology.
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Figure 1. Comparison of cementation techniques: (a) MICP in nature utilizing indigenous bacteria and naturally occurring
nutrients and (b) MICP when applied to construction materials, using both enriched bacteria and nutrients to reduce the

timeframe to suit construction applications (<15 days).

1.1. Process of Biocementation

In biocementation, the bacteria nucleate the conversion of a water-soluble source of
calcium such as calcium chloride into an insoluble one such as calcium carbonate. The
bacterial cells secure themselves in the grooves of the substrate and act as the nucleation
site for the growth of the calcium carbonate crystals (Figure 2a). Thus, the crystals grip
the grains at several places and coat it and gradually grow into mesocrystals (Figure 2b).
When the mesocrystals from different sand grains join together, they become cemented
(Figure 2c). Through quantitative scans of the substrate, the extent of cementing of the

grains can be established (Figure 2d).
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Figure 2. Mechanism of biocementation: (a) Bacterial cells secure themselves within the grooves of
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sand grains and forms the nucleation sites for the calcium carbonate crystals. (b) The crystals grow to
form mesocrystals. (c) The crystals coat the surface and continue to grow. When the crystals bridge
the neighbouring sand grains, cementation is formed. (d) Quantitative EDS scans reveal various
stages of biocementation [30].

During MICP, naturally occurring microbes act as a biocatalyst for the precipitation
of calcium carbonate [3] (Figure 2). MICP can occur via autotrophic or heterotrophic
pathways (Table 1), although presently, MICP via urea hydrolysis is the most investigated
route for construction applications due to its simplicity [31]. In the case of heterotrophs,
mineralization takes place as a by-product of the metabolic activity of the bacteria. In
these cases, heterotrophic bacteria utilize organic compounds, such as urea, for energy
and cellular material [31,32]. The metabolic activity of the bacteria causes a rise in the pH
of the surrounding pore water, resulting in supersaturated conditions and allowing for
the precipitation of carbonates when in the presence of an inorganic calcium source. In
the cases of autotrophs, bacteria obtain energy from the sun and reduce the atmospheric
carbon (in the form of carbon dioxide) for energy and cellular material [1]. Heterotrophic
pathways include urea hydrolysis, denitrification, ammonification and methane reduc-
tion, while autotrophic pathways include photosynthesis and MICP through carbonic
anhydrase-producing bacteria. In both heterotrophic and autotrophic pathways, the rate
of MICP is controlled by factors such as the metabolic activity of the bacteria, the avail-
ability of calcium, the dissolved inorganic carbon source and the pH of the surrounding
environment [3,12,13,33]. Due to differing levels of nutrients and waste products produced
during the reaction, different pathways to MICP are likely to have varying impacts on the
environment. Their efficacy in terms of sustainability is an important question to answer,
particularly when developing MICP as a construction technique for industrial applications.

Table 1. Microbial pathways to precipitation of calcium carbonate.

Metabolic Type Pathway Bacteria Type Chemical Reactions
(a) Urea + H,O — 2NHj3 + CO,
Urea hydrolysis Ureolytic bacteria (b) NH3 + H,O — NHy* + OH™
[3,10,29,31,34] (Bacillus pasteurii) (c) OH™ + CO, — HCO3™
(d) Ca?* + HCO3~ — CaCOs + H,O
Denitrification Denitrifying bacteria () NO5™ + 1‘2057(52328 +_>OOH5_N 2+1.25C0; +
Heterotrophic [8,14] (Pseudomonas denitrificans) (b) Ca2* + CO, + 20H~ — CaCO3 + H,O
(a) Amino acid + O, —+ NHj3 + CO, + H,O
Ammonification Myxobacteria (b) NH3 + H,O — NHy* + OH™
[35-37] (Myxococcus xanthus) (c) OH™ + CO, — HCO3™
(d) Ca%* + HCO3~ — CaCOj3 + H,0
Methane Methanogens (a) Methang +5042~ — HS™ + HCO3;~ + H,O
+ =
Oxidation [38,39] (Methylocystis parvus) (b) Ca™ + HSOS 7 CaCOs + H,0
(c) H* + HS™ — H,S
Carbonic Anhydrase . . Ca%t + 2HCO;~ — CaCO3 + HCO;~ + HY —
Autotrophic [40,41] (Bacillus Megaterium) CaCO; + CO, + HyO
Photosynthesis Cyanobacteria CO, + H,0 + 2HCO; + CaZt — CH,0 +
[33,42] (Synechocuccus) CaCOj3 + O, + H,O

1.2. Cost of Biocementation

The economic cost of biocement has been estimated by a few researchers. De Muznck,
et al. [43] conducted an economic assessment of biocement as a surface treatment for
building materials. The urea/calcium chloride cementation media was found to be the
highest contributor to costs, responsible for approximately 47% of the overall cost of the
treatment. The cost of application and added value of the product accounted for 41% of
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the overall cost while the bacterial growth media was approximately 12% or the total cost.
The overall cost of biocement as a surface treatment was 23-28 EUR/sqm, (AUD 34-42).

One way of controlling the cost and embodied energy of biocement is to use unpro-
cessed natural materials or industry by-products. Our prior studies have demonstrated the
potential of corn steep liquor or lactose mother liquor as an alternative, growth medium for
the ureolytic bacterial strain Sporosarcina pasteurii [44,45]. Research has also demonstrated
the potential of using acetic acid and limestone as an alternative calcium source for ureolytic
bacteria [46]. However, acetic acid typically has a higher environmental carbon footprint
(1.556 kg CO, /kg) and embodied energy (53.35 MJ/kg) when compared to the laboratory
grade calcium chloride (0.854 kg CO, /kg and 10.96 M] /kg), making this option unlikely
to have a lower overall environmental footprint than the traditional alternatives [28,47].
Eggshells as an alternative calcium source has also been explored [46,48]. Whilst the study
demonstrated that laboratory grade calcium chloride can be replaced with eggshells, the
overall sustainability of this method cannot be assessed as the resources required to collect
and reuse eggshell waste is unknown.

With this background, we will investigate the environmental and economic per-
formance of engineered biocementation (limestone) via a range of bacterial metabolic
processes and compare its performance with the present manufacturing process of calcium
carbonate, which has not been done before. We will also analyse the impact of different
nutrient sources and industrial grade and lab grade chemicals on the LCA of biocement
for the first time. SimaPro 8.0 software and the Ecoinvent V2.2 database will be used for
materials inputs and AUSLCI along with Cumulative Energy Demand 2.01 software will
be used for carbon footprint and eutrophication potential.

2. Materials and Methods

From the above discussion, it is clear that a comprehensive assessment of alternative
processes is essential to evaluate the sustainability of biocementation and direct future
research in the area. However, lack of industrial scale data inhibits a full life cycle analysis.
This paper applies the life cycle analysis methodologies on the available experimental
results to compare the environmental and economic costs of different routes to biocementa-
tion to facilitate an informed future research with a view to sustainability. An assessment
has been conducted on calcium carbonate precipitated through different MICP metabolic
pathways as compared to an equal mass of manufactured calcium carbonate.

The functional unit (FU) for the assessment was defined as 1 kg of precipitated calcium
carbonate. The scope of the assessment for microbially precipitated calcium carbonate
included the extraction and processing of raw materials, as well as the environmental im-
pact of any by-products produced during the MICP (Table 1). It may be remembered that
the scale of allocation of MICP is relatively small. Therefore, certain factors could not be
estimated. Transportation of raw materials to the plant and the energy required to operate
the fermenter were excluded from the analysis. The analysis was conducted using SimaPro
8.0 software, which is the most widely used LCA software to analyse and model complex
life cycles in the building sector [49,50]. The software provides the user interface, the envi-
ronmental information database and the options for the impact assessment method for the
LCA practitioner [50]. This software comes with numerous advantages including flexibility,
ease of use, transparent results and accuracy with large amounts of data. This software
includes a large amount of background data and carbon dioxide equivalence factors for
greenhouse gas emissions. There are several databases available in SimaPro, but the most
widely used one in the construction sector is Ecoinvent V2.2 database [26,50,51], which
was utilised in the current study. This database provided material inputs with adaptations
to an Australasian context where available. In the study of (Martiney-Rocamora, et al. [52],
wherein they compared different LCA databases, Ecoinvent was reported to stand out for
its integrity, usability and dedicated resources. The carbon footprint and eutrophication
potential were calculated using Australian Life Cycle Inventory Database (AUSLCI) Ver-
sion 3.0 (http:/ /www.auslci.com.au, accessed on 10 December 2020) containing datasets
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gathered from Australian-specific sources [53]. The embodied energy for each scenario
was calculated using the Cumulative Energy Demand 2.01 methodology (Available from
http:/ /www.ecoinvent.org accessed on 10 December 2020). This is a high-level assessment
for the purpose of comparing major impacts generated by different metabolic pathways,
based on laboratory scale data for the purpose of directing future research. A full life cycle
analysis, including other impact factors (such as water and land use, mineral and fossil fuel
depletion, etc.) is outside the scope of this study and is a subject of future investigation.
The following assumptions have been made in this analysis:

e  All the reaction efficiencies are 100% and all of the provided calcium source is con-
verted into calcium carbonate.
The effect of the metabolic rate of different pathways of MICP has not been considered.
Waste products generated by the MICP process have been included in the analysis.
However, treatment and recycling of these products is not considered.

e  Production of laboratory grade calcium carbonate through the carbonation process
were based on the cradle-to-gate assessment conducted by Mattila, et al. [54].

e Costs (AUD) for laboratory grade materials were based on published rates from
suppliers [55-57], whilst costs for commercial grade chemicals (in bulk) were based
on data published by ICIS [58].

Methods, including statements of data availability, assumptions and scope of the
assessment are available in the online version of the paper and in Supplementary Material.

3. Results and Discussions

The overall environmental impact of calcium carbonate produced through MICP using
laboratory grade chemicals is shown in Figure 3. The environmental impacts of 1 kg of
calcium carbonate produced using carbonic anhydrase producing bacteria, methanogens,
cyanobacteria, denitrifying bacteria, ureolytic bacteria and myxobacteria are compared
to the environmental impact of 1 kg of calcium carbonate produced using the traditional
carbonation process.

With the exception of MICP through denitrification, calcium carbonate produced
through MICP has a lower carbon footprint than an equal quantity of calcium carbon-
ate produced through the traditional carbonation process. This is due to the fact that
MICP occurs under ambient conditions and does not have the energy requirements of
the calcination process. Autotrophic pathways to MICP (carbonic anhydrase bacteria and
photosynthesis) utilized carbon dioxide from the atmosphere, reducing the overall carbon
footprint by 0.44 kg /kg CaCOj3. Calcium carbonate produced using the carbonic anhydrase
enzyme and had the lowest carbon footprint (0.681 kg CO, /kg CaCOs), 70% lower than
the carbon footprint of the traditional carbonation process.

The eutrophication potential for the production of 1 kg of CaCOj using laboratory
grade chemicals is also shown in Figure 3. MICP via ureolytic bacteria has the highest
eutrophication potential (0.24 kg SO4/kg CaCO3), followed by myxobacteria (0.065 kg
SO4/kg CaCOj3) and denitrifying bacteria (0.02 kg SO4/kg CaCOj3). All three scenarios
have a higher eutrophication potential than the production of 1 kg of CaCOj3 through the
carbonation process. In the case of urea hydrolysis and denitrification, the eutrophication
potential can be attributed to the ammonium gas produced during the reaction. In the
case of denitrifying bacteria, the eutrophication potential is largely due to the nitrogen gas
produced during MICP. The eutrophication potential of all other MICP pathways is minimal.
These results demonstrate that the gaseous by-products of MICP undertaken by the more
commonly investigated routes (ureolytic bacteria, denitrification and ammonification) have
the potential to cause significant environmental damage. If MICP is to become a truly
sustainable construction technology, consideration must be given to treating or reusing
the by-products of MICP in a way that does not adversely impact other environmental
factors such as carbon footprint, embodied energy, etc. One example of the reuse of
ammonia produced by the ureolytic pathway would be as an ammonia fertilizer product
for plants [3].
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MICP undertaken using laboratory grade chemicals has a significantly higher em-
bodied energy than the traditional carbonation process. MICP via ureolytic bacteria had
the highest embodied energy (28.4 MJ), whilst MICP using carbonic anhydrase-producing
bacteria had the lowest embodied energy (12.9 M]). The embodied energy requirements for
MICP pathways are predominantly due to the laboratory grade calcium chloride, which
contributes between 44 and 98% of the total embodied energy.

The unit costs for MICP using laboratory grade chemicals generally exceed that of
calcium carbonate produced through the carbonation process. The key contributors to
the overall costs are shown in Figure 3. Calcium chloride is a key cost across all MICP
routes. Other significant costs include the cost of urea (for urea hydrolysis) and sodium
nitrate (for denitrification). The most expensive route was MICP via ammonification or
methane oxidation (138 USD/kg CaCQO3), while the most economic route was MICP via
cyanobacteria (62 USD/kg CaCO3).

The overall environmental impact of calcium carbonate produced through MICP using
commercial grade chemicals is shown in Figure 4. The environmental impacts of 1 kg of
calcium carbonate produced using carbonic anhydrase producing bacteria, methanogens,
cyanobacteria, denitrifying bacteria, ureolytic bacteria and myxobacteria are compared to
those of 1 kg of calcium carbonate produced using the traditional carbonation process.

For the laboratory grade scenarios it was assumed that the calcium source (CaCly) was
produced using the traditional Solvay process [28]. However, for the commercial grade
scenarios, it was assumed that the calcium source was less pure, and calcium chloride
produced through the hypochlorination of allyl chloride [59] was adopted for the analysis.
In the case of denitrification, sodium nitrate was also replaced with a nitrate fertilizer [27].

The substitution of a commercial grade calcium chloride dramatically decreased the
carbon footprint across all MICP routes. A decrease between 18% and 49.62% was recorded
across all MICP pathways. Key contributors to the carbon footprint are also shown for each
metabolic pathway. A key component for all processes is the provided calcium chloride.
Clearly, future research should investigate alternatives to laboratory grade calcium sources
to further enhance the sustainability of carbonates produced through MICP. In the case of
MICP via urea hydrolysis, or denitrification, the provided organic carbon source (urea or
nitrate) results in a greater contribution to the carbon footprint than the provided calcium
chloride. In the case of MICP via cyanobacteria or myxobacteria, the provided bicarbonate
or glucose also results in a significant contribution to the overall carbon footprint.

A significant decrease in embodied energy (between 43 and 95%) was achieved in all
pathways, with the exception of denitrification. This decrease is largely attributed to the
replacement of the laboratory grade calcium chloride with a commercial grade product.
MICP using carbonic anhydrase bacteria required the least embodied energy (0.619 MJ),
91% less than calcium carbonate produced through the traditional carbonation process.

While the cost for MICP-produced carbonates is still higher than calcium carbonate
produced through the traditional carbonation process, (0.4 USD/kg CaCOs), it may be
recalled that the MICP processes do not enjoy the economies of scale that the present
industrial process has. However, use of commercial grade inputs does improve the viability
of carbonates produced using the MICP process, bringing the costs into the same range as
calcium carbonate produced through carbonation.

The metabolic pathways to MICP were ranked according to the overall environmental
impact. When using laboratory grade input materials, MICP through carbonic anhydrase
producing bacteria, cyanobacteria or methanogens all had a lower overall environmental
impact when compared to the production of an equal amount of calcium carbonate using
the traditional carbonation process. When commercial grade materials were used for MICP,
the overall environmental impact and cost for carbonates produced during the MICP
process decreased remarkably. To date, the majority of MICP investigations have utilised
laboratory grade products, and as such, MICP may not be techno-economically competitive
when compared to other construction materials such as Portland cement. Going forward,
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research in the area of MICP must prioritize low-cost commercial alternatives or waste
products as the calcium and organic carbon source for the MICP reaction.
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In the case of MICP via urea hydrolysis, denitrification or ammonification, the pro-
vided organic carbon source (urea, nitrate or glucose) results in an equal contribution to
the the carbon footprint, embodied energy and cost as the provided calcium source. The
gaseous waste produced by these pathways (ammonium or nitrogen) also results in high
eutrophication potential, which makes carbonates produced through these pathways less
sustainable than the traditional carbonation method. For carbonates produced through urea
hydrolysis, denitrification or ammonification to be truly sustainable, recycled alternatives
such as lactose mother liquor and corn steep liquor should be investigated. By-products of
the MICP reaction must also be treated in a way that does not significantly increase the
impact in other areas (carbon footprint, embodied energy, etc.).

A key component identified in the carbon footprint, embodied energy and cost for
all MICP metabolic routes was the calcium source (calcium chloride). The substitution of
laboratory grade calcium chloride with a commercial equivalent resulted in decreases in the
carbon footprint between 26.7 and 82%. Clearly, alternatives to laboratory grade calcium
sources should be investigated and included in future experiments to further enhance the
sustainability of carbonates produced through the MICP process. Directions for future
research for the industrialisation of MICP are shown in Figure 5.
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Figure 5. Directions for future research.

A preliminary, high level cost analysis of carbonates produced through MICP revealed
that as long as laboratory grade calcium and carbon sources are used, the cost of raw
materials is significantly higher than that of traditional methods, such as carbonation, or
when compared to commonly used construction binders, such as Portland Cement. In
order for MICP to be viable economically, laboratory grade chemical inputs, typically
adopted in the laboratory must be replaced with commercial grade alternatives.

4. Conclusions

Nature has been performing MICP for millions of years utilising different classes
of microbes. As engineered MICP follows the same metabolic pathways, it is claimed
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by several researchers that they are sustainable. This paper notes that engineered MICP
deviates substantially from the natural one to suit the timeframe of construction projects.
Thus, sustainability of the cementation process via different microbial metabolic routes has
been examined. The major conclusions of our study are:

e  Microbially induced calcium carbonate produced using carbonic anhydrase produc-
ing bacteria is the most environmentally sustainable route for engineered MICP
applications followed by methanogens (methane oxidation) and then cyanobacteria
(photosynthesis).

e  The most widely used metabolic route for engineered MICP via ureolytic pathway has
poor sustainability due to high carbon footprint and embodied energy of the supplied
urea, as well as the eutrophication potential of ammonium waste produced during
the MICP reaction.

e  The sustainability of engineered MICP via ureolytic and other routes can improve
significantly via utilisation of naturally found nutrient sources, recycled wastes for the
source of microbial nutrients and cementation reagents as well as by the utilisation of
commercial grade chemicals compared to lab grade chemicals.

The outcome of this study is highly valuable for designing the course of further
research, as well as for tailor-made applications of biocement in different construction
applications. Having a holistic view of the overall performance based upon the economic
and environmental dividends biocement can provide, engineers and scientists can work
together on bringing this novel technology out of labs and into real field scenarios.
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included in analysis, Figure S2: Boundaries of Environmental Assessment (a) Biologically precipitated
calcium carbonate (b) Laboratory grade calcium carbonate, Table S1. Summary of inputs/outputs
for production of 1 kg of CaCO3 through microbial route, Table S2. Unit Rates for Laboratory Grade
Chemicals, Table S3. Unit Rates for Commercial Grade Chemical Replacements.

Author Contributions: H.P. designed and performed analysis, analysed data, prepared figures
and helped write the manuscript; N.K.D. provided key advice on the MICP microbial pathways
and helped revise the manuscript; A.M. provided key advice on the analysis and direction of the
investigation and helped revise the manuscript; R.T. provided key advice on LCA methodologies and
assumptions and helped revise the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Curtin University.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Sources to all the data included in this study have been provided in
the methodology and supplementary section files.

Acknowledgments: The authors would like to acknowledge the contribution of an Australian
Government Research Training Program Scholarship in supporting this research. The authors would
also like to acknowledge the contribution of James Cook University, who provided access to the
license for SIMAPRO software and databases.

Conflicts of Interest: The authors declare no conflict of interest.

1. Mitchell, ] K.; Santamarina, J.C. Biological Considerations in Geotechnical Engineering. J. Geotech. Geoenviron. Eng 2005, 131,

1222-1233. [CrossRef]

2. Imbabi, M.S,; Carrigan, C.; McKenna, S. Trends and developments in green cement and concrete technology. Int. J. Sustain. Built
Environ. 2012, 1, 194-216. [CrossRef]


https://www.mdpi.com/article/10.3390/su132413878/s1
http://doi.org/10.1061/(ASCE)1090-0241(2005)131:10(1222)
http://doi.org/10.1016/j.ijsbe.2013.05.001

Sustainability 2021, 13, 13878 12 of 14

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Dejong, ].T.; Soga, K.; Kavazanjian, E.; Burns, S.; van Paassen, L.A.; Qabany, A.A.; Aydilek, A.; Bang, S.S.; Burbank, M.; Caslake,
L.F; et al. Biogeochemical processes and geotechnical applications: Progress, opportunities and challenges. Géotechnique 2013, 63,
287-301. [CrossRef]

Mukherjee, A.; Achal, V.; Reddy, M.S. In search of a sustainable binder in Building Materials. Ann. Proc. Ind. Natl. Acad. Eng.
2010, VII, 41-51.

Jongvivatsakul, P; Janprasit, K.; Nuaklong, P.; Pungrasmi, W.; Likitlersuang, S. Investigation of the crack healing performance
in mortar using microbially induced calcium carbonate precipitation (MICP) method. Constr. Build. Mater. 2019, 212, 737-744.
[CrossRef]

Li, L.; Zheng, Q.; Li, Z.; Ashour, A.; Han, B. Bacterial technology-enabled cementitious composites: A review. Compos. Struct.
2019, 225, 111170. [CrossRef]

Mondal, S.; Ghosh, A. Review on microbial induced calcite precipitation mechanisms leading to bacterial selection for microbial
concrete. Constr. Build. Mater. 2019, 225, 67-75. [CrossRef]

Van Paassen, L.A.; Daza, C.M,; Staal, M.; Sorokin, D.Y.; van der Zon, W.; van Loosdrecht, M.C.M. Potential soil reinforcement by
biological denitrification. Ecol. Eng. 2010, 36, 168-175. [CrossRef]

Whiffin, V.S.; van Paassen, L.A.; Harkes, M.P. Microbial Carbonate Precipitation as a Soil Improvement Technique. Geomicrobiol. ].
2007, 24, 417-423. [CrossRef]

Van Paassen, L.A.; Ghose, R.; van der Linden, T.].M.; van der Star, W.R.L.; van Loosdrecht, M.C.M. Quantifying Biomediated
Ground Improvement by Ureolysis: Large-Scale Biogrout Experiment. ]. Geotech. Geoenviron. Eng. 2010, 136, 1721-1728.
[CrossRef]

De Jong, ].T.; Martinez, B.C.; Ginn, T.R.; Hunt, C.; Major, D.; Tanyu, B.F. Development of a Scaled Repeated Five-Spot Treatment
Model for Examining Microbial Induced Calcite Precipitation Feasibility in Field Applications. Geotech. Test. |. 2014, 37, 424-435.
Dhami, N.K.; Mukherjee, A.; Reddy, M.S. Applicability of bacterial biocementation in sustainable construction materials. Asia-Pac.
J. Chem. Eng. 2016, 11, 795-802. [CrossRef]

Castro-Alonso, M.].; Montafiez-Hernandez, L.E.; Sanchez-Muiioz, M.A.; Macias Franco, M.R.; Narayanasamy, R.; Balagurusamy,
N. Microbially Induced Calcium Carbonate Precipitation (MICP) and Its Potential in Bioconcrete: Microbiological and Molecular
Concepts. Front. Mater. 2019, 6, 126. [CrossRef]

Hamdan, N.; Kavazanjian, E.; Rittmann, B.E.; Karatas, I. Carbonate Mineral Precipitation for Soil Improvement Through Microbial
Denitrification. Geomicrobiol. ]. 2017, 34, 139-146. [CrossRef]

Vijay, K.; Murmu, M. Self-repairing of concrete cracks by using bacteria and basalt fiber. SN Appl. Sci. 2019, 1, 1344. [CrossRef]
Guinée, ].B.; Heijungs, R.; Huppes, G.; Zamagni, A.; Masoni, P.; Buonamici, R.; Ekvall, T.; Rydberg, T. Life Cycle Assessment:
Past, Present, and Future. Environ. Sci. Technol. 2011, 45, 90-96. [CrossRef]

Buyle, M.; Braet, J.; Audenaert, A. Life cycle assessment in the construction sector: A review. Renew. Sustain. Energy Rev. 2013, 26,
379-388. [CrossRef]

Takano, A.; Winter, S.; Hughes, M.; Linkosalmi, L. Comparison of life cycle assessment databases: A case study on building
assessment. Build. Environ. 2014, 79, 20-30. [CrossRef]

Cabeza, L.F; Rincon, L; Vilarifio, V,; Pérez, G.; Castell, A. Life cycle assessment (LCA) and life cycle energy analysis (LCEA) of
buildings and the building sector: A review. Renew. Sustain. Energy Rev. 2014, 29, 394-416. [CrossRef]

Iribarren, D.; Marvuglia, A.; Hild, P.; Guiton, M.; Popovici, E.; Benetto, E. Life cycle assessment and data envelopment analysis
approach for the selection of building components according to their environmental impact efficiency: A case study for external
walls. J. Clean. Prod. 2015, 87,707-716. [CrossRef]

Feiz, R.; Ammenberg, J.; Baas, L.; Eklund, M.; Helgstrand, A.; Marshall, R. Improving the CO2 performance of cement, part I:
Utilizing life-cycle assessment and key performance indicators to assess development within the cement industry. J. Clean. Prod.
2015, 98, 272-281. [CrossRef]

Vieira, D.R.; Calmon, J.L.; Coelho, F.Z. Life cycle assessment (LCA) applied to the manufacturing of common and ecological
concrete: A review. Constr. Build. Mater. 2016, 124, 656—-666. [CrossRef]

Gabel, K.; Forsberg, P.; Tillman, A.-M. The design and building of a lifecycle-based process model for simulating environmental
performance, product performance and cost in cement manufacturing. J. Clean. Prod. 2004, 12, 77-93. [CrossRef]

da Silva, T.R.; de Azevedo, A.R.G.; Cecchin, D.; Marvila, M.T.; Amran, M.; Fediuk, R.; Vatin, N.; Karelina, M.; Klyuev, S.; Szelag,
M. Application of Plastic Wastes in Construction Materials: A Review Using the Concept of Life-Cycle Assessment in the Context
of Recent Research for Future Perspectives. Materials 2021, 14, 3549. [CrossRef]

Suer, P.; Hallberg, N.; Carlsson, C.; Bendz, D.; Holm, G. Biogrouting compared to jet grouting: Environmental (LCA) and
economical assessment. J. Environ. Sci. Heal. Part A 2009, 44, 346-353. [CrossRef]

Frischknecht, R.; Jungbluth, N.; Althaus, H.-J.; Dokat, G.; Dones, R.; Heck, T.; Hellweg, S.; Hischier, R.; Nemecek, T.; Rebitzer, G.;
et al. The ecoinvent database: Overview and methodological framework. Int. J. Life Cycle Assess. 2005, 10, 3-9. [CrossRef]
Nemecek, N.; Kagi, T.; Althaus, H.J.; Hischier, R.; Osses, M. Urea Ammonium Nitrate, at Regional Storehouse. Ecoinvent
Database Version 2.2. 2007. Available online: https:/ /ecoinvent.org/the-ecoinvent-database/data-releases/ecoinvent-version-2/
(accessed on 9 October 2021).


http://doi.org/10.1680/geot.SIP13.P.017
http://doi.org/10.1016/j.conbuildmat.2019.04.035
http://doi.org/10.1016/j.compstruct.2019.111170
http://doi.org/10.1016/j.conbuildmat.2019.07.122
http://doi.org/10.1016/j.ecoleng.2009.03.026
http://doi.org/10.1080/01490450701436505
http://doi.org/10.1061/(ASCE)GT.1943-5606.0000382
http://doi.org/10.1002/apj.2014
http://doi.org/10.3389/fmats.2019.00126
http://doi.org/10.1080/01490451.2016.1154117
http://doi.org/10.1007/s42452-019-1404-5
http://doi.org/10.1021/es101316v
http://doi.org/10.1016/j.rser.2013.05.001
http://doi.org/10.1016/j.buildenv.2014.04.025
http://doi.org/10.1016/j.rser.2013.08.037
http://doi.org/10.1016/j.jclepro.2014.10.073
http://doi.org/10.1016/j.jclepro.2014.01.083
http://doi.org/10.1016/j.conbuildmat.2016.07.125
http://doi.org/10.1016/S0959-6526(02)00196-8
http://doi.org/10.3390/ma14133549
http://doi.org/10.1080/10934520802659679
http://doi.org/10.1065/lca2004.10.181.1
https://ecoinvent.org/the-ecoinvent-database/data-releases/ecoinvent-version-2/

Sustainability 2021, 13, 13878 13 of 14

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Hischier, R.; Ossés, M.; Primas, A.; Kunst, H. Calcium Chloride, CaCl, at Regional Storage. Ecoinvent Database Version 2.2.
2007. Available online: https://ecoinvent.org/the-ecoinvent-database/data-releases/ecoinvent-version-2/ (accessed on 9
October 2021).

van Paassen, L.A.; Harkes, M.P,; van Zwieten, G.A.; can der Zon, W.H.; van der Star, W.R.L.; van Loosdrecht, M.C.M. Scale up of
BioGrout: A biological ground reinforcement method. In Proceedings of the 17th International Conference on Soil Mechanics and
Geotehcnial Engineering, Alecandrina, Egypt, 5-9 October 2009; Hamza, M., Shahien, M., El-Mossallamy, Y., Eds.; IOS Press:
Alecandrina, Egypt, 2009; pp. 2328-2333.

Porter, H.; Dhami, N.K.; Mukherjee, A. Synergistic chemical and microbial cementation for stabilization of aggregates. Cem.
Concr. Compos. 2017, 83, 160-170. [CrossRef]

DeJong, J.T.; Mortensen, B.M.; Martinez, B.C.; Nelson, D.C. Bio-mediated soil improvement. Ecol. Eng. 2010, 36, 197-210.
[CrossRef]

Dhami, N.K.; Reddy, M.S.; Mukherjee, A. Biomineralization of calcium carbonates and their engineered applications: A review.
Front. Microbiol 2013, 4, 314. [CrossRef]

Zhu, T.; Dittrich, M. Carbonate Precipitation through Microbial Activities in Natural Environment, and Their Potential in
Biotechnology: A Review. Front. Bioeng. Biotechnol. 2016, 4, 4. [CrossRef]

van Paassen, L.A. Bio-Mediated Ground Improvement: From Laboratory Experiment to Pilot Applications. In Proceedings of the
Geo-Frontiers 2011: Advances in Geotechnical Engineering, Dallas, TX, USA, 13-16 March 2011; Han J., A.D.E., Ed.; American
Society of Civil Engineers: Dallas, TX, USA, 2011; pp. 4099-4108.

Rodriguez-Navarro, C.; Rodriguez-Gallego, M.; Ben Chekroun, K.; Gonzalez-Mufoz, M.T. Conservation of Ornamental Stone by
Myxococcus xanthus-Induced Carbonate Biomineralization. Appl. Environ. Microbiol. 2003, 69, 2182-2193. [CrossRef] [PubMed]
Gonzalez-Muiioz, M.T.; Rodriguez-Navarro, C.; Martinez-Ruiz, F.; Arias, ].M.; Merroun, M.L.; Rodriguez-Gallego, M. Bacterial
biomineralization: New insights from Myxococcus-induced mineral precipitation. Geol. Soc. Lond. Spéc. Publ. 2010, 336, 31-50.
[CrossRef]

Chekroun, K.B.; Rodriguez-Navarro, C.; Gonzalez-Munoz, M.T.; Arias, ].M.; Cultrone, G.; Rodriguez-Gallego, M. Precipitation
and Growth Morphology of Calcium Carbonate Induced by Myxococcus Xanthus: Implications for Recognition of Bacterial
Carbonates. J. Sediment. Res. 2004, 74, 868—876. [CrossRef]

Ganendra, G.; De Muynck, W.; Ho, A.; Arvaniti, E.C.; Hosseinkhani, B.; Ramos, J.A.; Rahier, H.; Boon, N. Formate Oxidation-
Driven Calcium Carbonate Precipitation by Methylocystis parvus OBBP. Appl. Environ. Microbiol. 2014, 80, 4659-4667. [CrossRef]
Whittenbury, R.; Phillips, K.C.; Wilkinson, J.F. Enrichment, Isolation and Some Properties of Methane-utilizing Bacteria.
Microbiology 1970, 61, 205-218. [CrossRef] [PubMed]

Kaur, G.; Dhami, N.K,; Goyal, S.; Mukherjee, A.; Reddy, M.S. Utilization of carbon dioxide as an alternative to urea in biocementa-
tion. Constr. Build. Mater. 2016, 123, 527-533. [CrossRef]

Dhami, N.K.; Mukherjee, A.; Reddy, M.S. Micrographical, minerological and nano-mechanical characterisation of microbial
carbonates from urease and carbonic anhydrase producing bacteria. Ecol. Eng. 2016, 94, 443-454. [CrossRef]

Dittrich, M.; Miiller, B.; Mavrocordatos, D.; Wehrli, B. Induced Calcite Precipitation by Cyanobacterium Synechococcus. Acta
Hydrochim. Hydrobiol. 2003, 31, 162-169. [CrossRef]

De Muynck, W.; De Belie, N.; Verstraete, W. Microbial carbonate precipitation in construction materials: A review. Ecol. Eng. 2010,
36, 118-136. [CrossRef]

Achal, V.; Mukherjee, A.; Reddy, M.S. ORIGINAL RESEARCH: Biocalcification by Sporosarcina pasteurii using corn steep liquor
as the nutrient source. Ind. Biotechnol. 2010, 6, 170-174. [CrossRef]

Achal, V.; Mukherjee, A.; Basu, P.C.; Reddy, M.S. Lactose mother liquor as an alternative nutrient source for microbial concrete
production by Sporosarcina pasteurii. . Ind. Microbiol. Biotechnol. 2009, 36, 433—438. [CrossRef] [PubMed]

Choi, S.G.; Chu, J.; Brown, R.C.; Wang, K.; Wen, Z. Sustainable Biocement Production via Microbially Induced Calcium Carbonate
Precipitation: Use of Limestone and Acetic Acid Derived from Pyrolysis of Lignocellulosic Biomass. ACS Sustain. Chem. Eng.
2017, 5, 5183-5190. [CrossRef]

Althaus, H.J.; Kunst, H. Acetic Acid, at Plant. Ecoinvent Database Version 2.2. 2007. Available online: https:/ /ecoinvent.org/the-
ecoinvent-database/data-releases/ecoinvent-version-2/ (accessed on 9 October 2021).

Choi, S.-G.; Wu, S.; Chu, J. Biocementation for Sand Using an Eggshell as Calcium Source. . Geotech. Geoenviron. Eng. 2016, 142.
[CrossRef]

Morini, A.A.; Ribeiro, M.]J.; Hotza, D. Early-stage materials selection based on embodied energy and carbon footprint. Mater. Des.
2019, 178, 107861. [CrossRef]

Emami, N.; Heinonen, J.; Marteinsson, B.; Siynéjoki, A.; Junnonen, J.-M.; Laine, J.; Junnila, S. A Life Cycle Assessment of Two
Residential Buildings Using Two Different LCA Database-Software Combinations: Recognizing Uniformities and Inconsistencies.
Buildings 2019, 9, 20. [CrossRef]

Sayndjoki, A.; Heinonen, J.; Junnila, S.; Horvath, A. Can life-cycle assessment produce reliable policy guidelines in the building
sector? Environ. Res. Lett. 2017, 12, 013001. [CrossRef]

Martinez-Rocamora, A.; Solis-Guzman, J.; Marrero, M. LCA databases focused on construction materials: A review. Renew.
Sustain. Energy Rev. 2016, 58, 565-573. [CrossRef]


https://ecoinvent.org/the-ecoinvent-database/data-releases/ecoinvent-version-2/
http://doi.org/10.1016/j.cemconcomp.2017.07.015
http://doi.org/10.1016/j.ecoleng.2008.12.029
http://doi.org/10.3389/fmicb.2013.00314
http://doi.org/10.3389/fbioe.2016.00004
http://doi.org/10.1128/AEM.69.4.2182-2193.2003
http://www.ncbi.nlm.nih.gov/pubmed/12676699
http://doi.org/10.1144/SP336.3
http://doi.org/10.1306/050504740868
http://doi.org/10.1128/AEM.01349-14
http://doi.org/10.1099/00221287-61-2-205
http://www.ncbi.nlm.nih.gov/pubmed/5476891
http://doi.org/10.1016/j.conbuildmat.2016.07.036
http://doi.org/10.1016/j.ecoleng.2016.06.013
http://doi.org/10.1002/aheh.200300486
http://doi.org/10.1016/j.ecoleng.2009.02.006
http://doi.org/10.1089/ind.2010.6.170
http://doi.org/10.1007/s10295-008-0514-7
http://www.ncbi.nlm.nih.gov/pubmed/19107535
http://doi.org/10.1021/acssuschemeng.7b00521
https://ecoinvent.org/the-ecoinvent-database/data-releases/ecoinvent-version-2/
https://ecoinvent.org/the-ecoinvent-database/data-releases/ecoinvent-version-2/
http://doi.org/10.1061/(ASCE)GT.1943-5606.0001534
http://doi.org/10.1016/j.matdes.2019.107861
http://doi.org/10.3390/buildings9010020
http://doi.org/10.1088/1748-9326/aa54ee
http://doi.org/10.1016/j.rser.2015.12.243

Sustainability 2021, 13, 13878 14 of 14

53.
54.
55.
56.
57.
58.

59.

Yu, M.; Wiedmann, T. Implementing hybrid LCA routines in an input-output virtual laboratory. J. Econ. Struct. 2018, 7, 33.
[CrossRef]

Mattila, H.-P.; Hudd, H.; Zevenhoven, R. Cradle-to-gate life cycle assessment of precipitated calcium carbonate production from
steel converter slag. J. Clean. Prod. 2014, 84, 611-618. [CrossRef]

Chemsupply Chemsupply Online Catlogue. Available online: https:/ /www.chemsupply.com.au/ (accessed on 9 October 2021).
MERCK Sigma-Aldrich Australia. Available online: http:/ /www.sigmaaldrich.com/australia.html (accessed on 9 October 2021).
Southern-Biological Chemicals. Available online: https://www.southernbiological.com/ (accessed on 9 October 2021).

ICIS Indicative Chemical Prices A—Z. Available online: https:/ /www.icis.com/chemicals/channel-info-chemicals-a-z/ (accessed
on 20 June 2021).

Hischier, R.; Chudacoff, M.; Jungbluth, N. Calcium Chloride Produced through the Hypochlorination of Allyl Chloride. Ecoinvent
Database Version 2.2. 2007. Available online: https://ecoinvent.org/the-ecoinvent-database/data-releases/ecoinvent-version-2/
(accessed on 9 October 2021).


http://doi.org/10.1186/s40008-018-0131-1
http://doi.org/10.1016/j.jclepro.2014.05.064
https://www.chemsupply.com.au/
http://www.sigmaaldrich.com/australia.html
https://www.southernbiological.com/
https://www.icis.com/chemicals/channel-info-chemicals-a-z/
https://ecoinvent.org/the-ecoinvent-database/data-releases/ecoinvent-version-2/

	Introduction 
	Process of Biocementation 
	Cost of Biocementation 

	Materials and Methods 
	Results and Discussions 
	Conclusions 
	References

