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Abstract

:

The negative environmental impacts associated with the usage of Portland cement (PC) in concrete induced intensive research into finding sustainable alternative concrete mixes to obtain “green concrete”. Since the principal aim of developing such mixes is to reduce the environmental impact, it is imperative to conduct a comprehensive life cycle assessment (LCA). This paper examines three different types of sustainable concrete mixes, viz., alkali-activated concrete (AAC) with natural coarse aggregates, AAC with recycled coarse aggregates (RCA), and bacterial concrete (BC). A detailed environmental impact assessment of AAC with natural coarse aggregates, AAC with RCA, and BC is performed through a cradle-to-gate LCA using openLCA v.1.10.3 and compared versus PC concrete (PCC) of equivalent strength. The results show that transportation and sodium silicate in AAC mixes and PC in BC mixes contribute the most to the environmental impact. The global warming potential (GWP) of PCC is 1.4–2 times higher than other mixes. Bacterial concrete without nutrients had the lowest environmental impact of all the evaluated mixes on all damage categories, both at the midpoint (except GWP) and endpoint assessment levels. AAC and BC mixes are more expensive than PCC by 98.8–159.1% and 21.8–54.3%, respectively.
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1. Introduction


To mitigate the worst health impacts of climate change, global annual greenhouse gas (GHG) emissions must be halved by 2030 and attain net-zero by 2050 [1] or incur the marginal expense of negative emissions. This expense could be in the range of USD 100–300/t CO2-Eq. depending on the cost of biomass or direct CO2 capture through carbon capture and storage [2]. The global energy-associated CO2 emissions from the building sector alone accounted for 38% of the total emissions in 2019 [3]. The Paris Agreement, an international legal treaty adopted by 196 states, aims to limit global warming to 1.5 °C compared to pre-industrial levels [4]. The International Energy Agency (IEA) estimates that to achieve net-zero emissions by 2050, the direct and indirect CO2 emissions from the building sector should decline by 50% and 60%, respectively, by 2030 [3]. Portland cement (PC) is the primary contributor of emissions in the building sector, accounting for approximately 14% of non-energy use CO2 emissions, owing to its significant use and innate characteristics of its manufacturing process [5]. Energy conservation, carbon extraction, and the use of alternative materials are some of the strategies for reducing CO2 pollution associated with the use of PC, which were lately introduced [6].



Recent research reports the use of materials such as calcined clay, marble dust, and granite dust as PC replacements for improving the sustainability of concrete production [7,8]. Utilizing industrial wastes, bio-wastes, and agro-wastes with alternative activations such as alkali-activation and carbonation has been performed in various applications [9,10,11]. Alkali-activated binders (AABs) have shown significant potential in replacing PC in concrete mixes [12,13,14]. AAB concrete, viz., alkali-activated concrete (AAC), produced by the activation of aluminosilicate-rich industrial wastes with an alkaline activator, exhibits superior mechanical and durability performance and a lower carbon footprint than PC concrete (PCC) [15]. The commonly used precursors in AAC are fly ash and ground granulated blast furnace slag (GGBFS, further referred to as slag). There is extensive literature available on fly ash-based AAC compared to slag-based AAC [16]. Furthermore, previous research shows that slag can be effectively used as a precursor when used in combination with other alternative binders such as fly ash or glass powder [11]. However, the latest tendency of the application of alternative binders has to also be investigated in depth in regard to the environmental impact.



In addition to the emissions associated with binders used in concrete, the use of natural aggregates (NA) (usually limestone or granite) results in resource scarcity, deterring its sustainable development. NA can be replaced with recycled aggregates, resulting in the twofold advantage of minimizing the extraction of non-renewable sources and environmental impact from disposed of resources. Construction and demolition waste (CDW) generated in India is estimated to be about 100 million tonnes yearly. The utilization of CDW in India constitutes only 10–30% of the generation. In the European Union (EU), for example, 850 million tonnes are generated per year and 70% are set to be recycled by 2020 according to the Waste Framework Directive [17]. Usually, CDW is primarily used for land-leveling and backfilling projects, while the remaining is disposed of in landfills [18]. CDW from building-derived materials (BDM) can be a potential partial replacement of NA in PC and AAC [19,20]. The effect of incorporating recycled coarse aggregates (RCA) on the mechanical properties and durability of PCC has been extensively reported in the literature [21,22,23]. The lower replacement levels of about 20% of NA with RCA did not alter the mechanical performance of PCC [22]. However, a further increase in the replacement percentage reduced the mechanical strength. This reduction in strength is attributed to increased porosity and a weak interfacial transition zone (ITZ) between aggregates and the matrix [24]. AAB concrete exhibited a higher potential for the replacement of NA with RCA. The change in compressive strength is reported in the range of 20% when 50% of NA is replaced with RCA [25]. Due to the increased porosity, the addition of RA has a negative impact on the durability of PCC. However, because of the higher alkaline environment of the alkali-activated systems, recycled aggregates could be more suitable for use [25]. It is evident from the existing literature that alternative binders and RCA could be used as a complete or partial substitute for their conventional counterparts.



However, the main rationale for their use is to improve sustainable development, which necessitates a rigorous environmental assessment to determine their efficacy. A few studies reported that replacing PCC with AAC can reduce the emissions associated with climate change by 9–80% compared to PCC [26,27]. This significant disparity in emissions’ mitigation by AAC is due to differences in the types of precursors and activators, mix proportions, transit distances, and the type of production and sources of raw materials. There have been relatively few investigations on the environmental effects of RCA inclusion in AAC. The treatment procedures used to improve the quality of RCA can result in additional environmental burdens. Since the adhered matrix is the phase increasing porosity, treatment approaches are commonly used to extract it from the surface of RCA. The treatment approaches include either dissolving RCA in a solvent or imposing internal tension at their ITZ to isolate them from the adhered hardened binder. The treatment processes used in previous studies on AAC are ultrasonic cleaning [28], pre-saturation [29], carbon dioxide sequestration (CS) [30], nitric acid dissolution [29], thermal expansion [31], the freeze–thaw method [32], microwave heating [33], mechanical grinding [34], and the heating and rubbing method [35]. Most of the above-mentioned treatment processes are energy and/or resource-intensive. Using RCA treated through CS improved the compressive strength by approximately nine times due to more stable polymorphs. Furthermore, CS-treated RCA can reduce GHG emissions by 50% compared to NA cured under ambient conditions [30]; however, they increased the cost/m3 of concrete owing to the higher cost of RCA. Furthermore, to promote in situ applications of AAC with RCA, a detailed environmental analysis is necessary. As a preliminary step, the present study aims to evaluate the environmental and economic impact of untreated (virgin) BDM used as coarse aggregates in AAC.



The other aspect of concrete structures that can incur high cost is their repair and maintenance. The proclivity of concrete for cracking is the primary factor compromising its structural integrity, serviceability, and durability. Conventional rehabilitation and maintenance are effective strategies for prolonging the service life of concrete structures. However, the repair and maintenance cost of concrete cracking can be 84% to 125% higher than the actual construction cost/m3 [36]. The USA spends USD 266.5 billion on infrastructure maintenance and repair, accounting for 65% of all public infrastructure expenditures [37]. Infrastructure assessment, repair, and maintenance account for nearly 33% and 45% of the annual civil engineering budgets in The Netherlands and the United Kingdom, respectively [38,39]. According to recent estimates, India spends about 1.08% of its annual GDP on infrastructure repair and maintenance [40]. Furthermore, depending on the location of the crack, its extent, and the service needs for infrastructures such as highways, there might be situations where repair is impractical. Self-healing concrete can be very beneficial in these circumstances by automatically healing fractures without the need for external intervention [41].



Self-healing can be achieved through two different mechanisms, viz., autogenous and autonomous healing. Autogenous healing refers to reactions and/or processes originating from the cementitious system, such as calcium hydroxide carbonation, crack blockage caused by impurities in water and loose concrete particles, and ongoing hydration of cement [42], whereas autonomous healing comprises the utilization of additions/methods such as bacteria, shape memory alloy capsules, and electrodeposition technology. Autonomous healing via the addition of mineral-depositing bacteria is one of the most efficient and potentially sustainable methodologies [43].



The bacteria added along with the nutrients to the concrete mix is activated when it encounters the moisture through the newly formed cracks and begins the precipitation of calcium carbonate through metabolism. There are three major metabolic pathways to precipitate calcium carbonate, viz., the hydrolysis of urea, the oxidation of organic compounds, and denitrification depending on the type of bacteria [43,44,45]. Different ureolytic bacteria such as Sporosarcina ureae, Bacillus sphaericus, Bacillus megaterium, Proteus vulgaris, Proteus mirabilis, Bacillus subtilis, and Sporosarcina pasteurii have been used in self-healing concrete [46]. Denitrifying bacteria such as Pseudomonas aeruginosa and Diaphorobacter nitroreducens and aerobic heterotrophic bacteria (which produces calcium carbonate by the oxidation of organic compounds) such as Bacillus pseudoformus and Bacillus cohnii are also used in successfully developing self-healing behavior in concrete [45,46].



Bacterial concrete is reported to enhance compressive strength by approximately 40% under simulated cracks by healing them [47]. There is an optimum concentration of bacteria that shows a positive effect on the compressive strength of bacterial concrete with fly ash, and it is reported to be 105 cells/mL for Sporoscarcina pasteurii bacteria [48]. Studies show that the direct inclusion of bacteria, that is, without immobilization or encapsulation, improved compressive strength in the range of 15–32% [49,50], flexural strength by 11% [49], and split tensile strength by 14–16% [49,50]. The immobilization and encapsulation of bacteria are known to improve the self-healing efficiency of concrete [51]. Limestone powder [52], iron oxide nano-sized particles [53], crushed brick aggregate [54], graphite nanoplatelets [55], expanded perlite [56], and porous ceramsite particles [57] are used for the immobilization of bacteria in concrete. Though efficient, the shortcoming of protective materials is their varying efficiencies depending on the type. Encapsulation resulted in a healing rate of 70 to 100% for cracks in the range of 0.3 mm [58]. Typically used Ca-precursors for aerobic respiration in bacterial concrete are calcium acetate, calcium lactate, calcium nitrate, and calcium formate [59]. Calcium nitrate acts as an accelerator when added to concrete, reducing the setting times, accelerating hydration, and decreasing compressive strength [59,60]. It is reported that calcium lactate used in the range of 1–2% by mass of cement improved its compressive strength; however, there are contradictory studies on its effect on setting times [59,61]. Calcium formate and calcium acetate are also found to be suitable Ca-precursors based on compressive strength investigations [59]. It is evident that there is extensive literature reported on the mechanical performance of bacterial concrete. However, to the best of the authors’ knowledge, there are no studies on the environmental assessment of bacterial concrete.



The present study performs a comprehensive life cycle assessment of three different sustainable concrete mixes: alkali-activated concrete (AAC) with natural coarse aggregates, (2) AAC with recycled coarse aggregates, and bacterial concrete (BC) with and without Ca-precursors. AAC with natural coarse aggregates, AAC with RCA, and BC are evaluated using a cradle-to-gate life cycle assessment (LCA) and compared to PCC of equal strength. The influence of mix proportions on the environmental impact of three distinct AAC mixes and two distinct BC mixes is investigated. The life cycle impact assessment is performed both at midpoint and endpoint damage categories using ReCiPe 2016 methodology. Simple cost analysis, including electricity, water tariffs and transportation charges in the Indian context, is presented.




2. Materials and Methods


2.1. Materials


The precursors considered in the present study are class F fly ash, slag, and Portland cement (PC). Class F fly ash utilized in this investigation is obtained from the National Thermal Power Corporation in Ramagundam, India. Slag is acquired from JSW Ltd. in Vijayanagar, India. In the current investigation, Type I Portland cement of 53 grade complying to the standards IS [62] and ASTM [63] requirements is used. The properties of the precursors are provided in Table 1.



Locally available river sand and crushed rock fines (CRF) are used as fine aggregates in the present study. Crushed granite with a nominal maximum size of 10 mm is used as coarse aggregate. River sand and crushed granite aggregates comply with standard specifications of IS 383:2016 [64]. For recycled aggregate concrete, tested concrete specimens are crushed through a jaw crusher and sieved to obtain aggregates with a nominal maximum size of 10 mm. The obtained recycled coarse aggregates are used without any treatment in their virgin form. The properties of aggregates are presented in Table 2. Figure 1 illustrates the gradation curve of river sand and CRF.



As activators, sodium silicate (29.4% SiO2, 14.7% Na2O, and 55.9% H2O) and sodium hydroxide (food-grade, 99% purity) from Hychem Laboratories are utilized in the preparation of AAC mixes.



A denitrifying bacterium Pseudomonas putida GAP P-45 purchased from the Microbial Type Culture Collection and Gene Bank (MTCC) Chandigarh is used in BC mixes. Commercially available nutrient broth with 15 g peptone, 3 g yeast extract, 1 g glucose, and 6 g NaCl acquired from Hychem Laboratories is used as the culture medium to cultivate the bacteria. Calcium formate and calcium nitrate obtained from Krishna Chemicals are used as nutrients for bacteria.



Polycarboxylic ether (PCE)-based superplasticizer supplied by BASF is used. Regular tap water free from any deleterious materials is used in concrete mix preparation.




2.2. Mix Proportions


In the present study, three different types of concrete mixes are prepared: AAC, BC, and PCC. Furthermore, by varying mix proportions, 3 AAC mixes and 2 BC mixes are investigated. The details of the mixes are provided in Table 3.



The mixes are selected in such a way that they have equivalent or comparable compressive strength. AAC mixes are denominated based on their activator modulus (ratio of SiO2/Na2O in the activating solution). AAC-0.7 has only fly ash as a precursor with an activator modulus of 0.7. In contrast, AAC-1 and AAC-1.4 have fly ash and slag as precursors with activator modulus of 1 and 1.4, respectively. AAC-R has a similar mix proportion to AAC-1.4, with 50% of natural coarse aggregates replaced with RCA. The water content is reduced to ensure sufficient strength development, and hence the workability is improved by PCE-based SP.




2.3. Methods


2.3.1. Preparation of Alkali-Activated Concrete Specimens


The activator with a combination of sodium silicate solution and sodium hydroxide pellets is prepared a day before the casting in order to allow sufficient time for heat dissipation. The mixing procedure is commenced with batching, followed by blending of dry materials, viz., coarse aggregates, fine aggregates, and precursors (fly ash and/or slag) in the order mentioned. The uniform blending of dry ingredients is followed by the gradual addition of activator with simultaneous mixing. A measured quantity of additional water is then added and mixed to obtain a homogenous mixture. Specimens are cast in three approximately equal layers, and each layer is compacted using a needle vibrator. The surface of the specimens is finished using a trowel. Molds are then sealed with a plastic sheet to minimize moisture loss. Throughout this study, all the AAC specimens are allowed to cure for at least 24 h in the molds.



The time for demolding the specimens is varied depending on the fly ash content in the mix, owing to its slow reactivity. All the specimens are demolded after gaining sufficient strength to prevent any damage. The AAC-0.7 specimens are demolded at the age of 7 days, as they exhibited the slowest final setting times. AAC-1, AAC-1.4, and AAC-R specimens are demolded at the age of 2 days. On demolding, the specimens are cured until 7-day age underwater and then under ambient laboratory conditions until the commencement of tests. The average ambient temperature was 25 °C, and the relative humidity was in the range of 60–75% in Hyderabad during the experimental activities. This curing regime is selected based on the recommendations of previous research on blended AAC [65,66].




2.3.2. Preparation of Bacterial Concrete Specimens


Bacterial Growth Conditions and Gram Staining


The culture medium and all the related equipment are sterilized in an autoclave at 121 °C for 30 min. The sterilized culture medium is then inoculated with the activated bacterial strain and then placed in an incubator operating at 170 rpm and 37 °C for 24 h. The bacterium is further sub-cultured before being inoculated into the sterilized nutrient broth solution and cultured for 24 h under optimal growth conditions. During this time, the bacterial cell concentration is ensured through the optical density/absorbance at 600 nm (OD600) of the culture broth at regular intervals.



Gram staining is a technique used to distinguish between Gram-positive and Gram-negative bacteria based on the physical and chemical characteristics of their cell walls. The current study utilizes a Gram-negative bacterial strain, and this test is performed to ensure that the culture did not include any Gram-positive or other microorganisms. Gram staining is dependent on the bacteria’s ability to preserve their original color, which is dependent on the cell wall structure. Gram-positive bacteria are characterized by periwinkle color, whereas Gram-negative are characterized through amaranth color [67]. The test procedure commenced by placing the bacteria from the prepared culture on a clean glass slide with a sterile loop. Following this, the slide is heat-fixed by running it over the flame multiple times while ensuring maintenance of the appropriate temperature range. Care is taken to avoid excessive heating as it can result in staining abnormalities and disrupt the morphology of cells. This is followed by four steps of staining. In the first step, the slide is flooded with crystal violet (C25N3H30Cl) for 60 s and then washed with tap water. Step 2 entails exposing the slide to Gram’s iodine for 90 s to bind and encapsulate the crystal violet in the cell, followed by washing the slide with tap water. The third step is to destain the smear with 95% ethanol until the thinnest sections of the smear become colorless before rinsing it with water. The fourth step includes flooding the slide with safranin (pink color) for 60 s and rinsing with tap water. Then, the slide is allowed to air-dry. The recorded micrograph of Gram-negative bacteria is presented in Figure 2.




Casting


The coarse aggregates, CRF, PC, and fly ash are dry mixed, followed by addition of nutrients (calcium nitrate and calcium formate). The required quantities of nutrients are added in case of BC-N mix, while a part of the water is replaced by bacterial solution with the proviso that the water-to-cement ratio is maintained. The specimens are cast following a similar procedure as AAC mixes and cured in water for 28 days until testing.



The preparation of PCC specimens is similar to BC mixes, except for the mixing water free from bacteria and nutrients.





2.3.3. Compressive Strength


The test procedure complies with ASTM standard [68] regulations and is performed on a HEICO compression testing machine (CTM) with a capacity of 2000 kN. The specimens are ensured to surface dry before testing. The specimens are tested in a load control set-up at a loading rate of 0.25 ± 0.05 MPa/s.




2.3.4. Life Cycle Assessment (LCA)


Goal and Scope


The primary aim of this study is to evaluate and compare the environmental impact of preparing different sustainable concrete mixes. The environmental impacts are evaluated for a functional unit of 1 m3 of concrete with equivalent 28-day compressive strengths in the range of 40–57 MPa. The mix selection also entails an equivalent curing regime, viz., curing under ambient conditions (20–27 °C) and relative humidity of 60–100%. Seven concrete mixes are evaluated for their environmental impact using cradle-to-gate life cycle assessment (LCA). These seven mixes are: (i) AAC with fly ash as a precursor, activator modulus of 0.7 and a water–solids ratio of 0.2; (ii) AAC with fly ash and slag as precursors, activator modulus of 1 and a water-to-solids ratio of 0.3; (iii) AAC with fly ash and slag as precursors, activator modulus of 1.4 and a water-to-solids ratio of 0.3; (iv) AAC-1.4 with equal proportions of natural and recycled coarse aggregates; (v) BC with nutrients, calcium nitrate and calcium formate; (vi) BC without nutrients, calcium nitrate and calcium formate; (vii) PCC.



In this study, the cradle-to-gate LCA technique is used, including estimations of all emissions and energy consumption from raw material acquisition through concrete preparation. As the major goal of this study is to compare different sustainable concrete mixes, the consumption and disposal phases are not studied, and the environmental effect from these phases is presumed to be similar. The analysis is performed using openLCA v.1.10.3. The system boundary for the mixes investigated in this study from cradle-to-gate is presented in Figure 3.




Life Cycle Inventory Analysis


The required data to perform LCA are categorized into two groups: the data associated with emissions and energy consumptions of materials and transportation specified in the system boundary, and those related to electricity consumption associated with RCA and sterilization and incubation associated with preparing the bacterial solution. The emission and energy consumption data for the materials available in the Ecoinvent database (v. 3.7.1) are used [69]. The electricity consumption is calculated based on the specification of the equipment used and the duration or quantity of material processed depending on its energy consumption. The calculated electricity consumption for the services used in the present study is listed in Table 4. The energy consumption per unit quantity (jaw crusher) or time (autoclave and incubator) provided by the manufacturer in the datasheet is used.



The data for yeast extract are not available in the Ecoinvent database; hence, an alternative for yeast extract production is used in the present study. Previous studies using yeast extract as one of the ingredients show that soybean meal is a potential alternative compared to other alternatives such as fish-powder waste, white gluten waste, perilla meal, sesame meal, and wheat bran [70,71]. Furthermore, the energy consumption per unit (kg) production of soybean meal and yeast extract are approximately equivalent [72,73]. Therefore, soybean meal is used to simulate the energy consumption by yeast extract production in the present study. The environmental burden associated with peptone production is not considered in this study as per the recommendations in the existing literature [74]. Table 5 presents the freight distances and unit cost of raw materials used in the current study in INR. The transportation distances are calculated from the source of their manufacturing to the laboratory where specimens are prepared.



The cost of electricity and water is obtained by the guidelines issued by Telangana State Electricity Regulatory Commission, an Indian government regulatory body. The tariff charge per unit of energy consumption (kWh) for industries or commercial use is INR 6.70 [75].




Life Cycle Impact Assessment


The environmental impact of a product is quantified through life cycle impact assessment (LCIA) [76]. ReCiPe 2016, following a hierarchist perspective, is used in the present study. Eleven midpoint indicators are evaluated in this study, which includes global warming potential (GWP), fossil depletion potential (FDP), freshwater ecotoxicity (FETP), freshwater eutrophication (FEP), human toxicity potential (HTP), marine ecotoxicity potential (METP), marine eutrophication potential (MEP), ozone depletion potential (ODP), photochemical oxidant formation potential (POFP), terrestrial acidification potential (TAP), and terrestrial ecotoxicity potential. The endpoint assessment includes three areas of protection, viz., quality of ecosystem, human health, and resource depletion. The openLCA v 1.10.3, an open-source software developed by Hildenbrand et al. [77], is used to evaluate the impacts for each product within the system boundary.







3. Results


3.1. Compressive Strength


The compressive strength of different mixes used in the present study is illustrated in Figure 4. The overall standard deviation in the compressive strength of different mixes is 5.50. Hence, the selected mixes are categorized as having equivalent or comparable compressive strength.




3.2. Life Cycle Assessment


3.2.1. Midpoint Assessment


Figure 5 presents the results from midpoint impact assessment using ReCiPe 2016 v1.13. It is observed that of all the materials and services considered for four AAC mixes in the present study, transportation followed by sodium silicate contributed the most to climate change. The contributions from transportation and sodium silicate for different AAC mixes vary in the range of 46–53% and 33–21%, respectively. A lower contribution from sodium silicate is identified in AAC-0.7, owing to a lower quantity of sodium silicate compared to the other three AAC (AAC-1, AAC-1.4, and AAC-R) mixes. Transportation entails the combustion of fossil fuels, which results in the release of GHG emissions to the environment. The primary pollutants released due to the combustion of fuels are GHG emissions (CO2, CH4, N2O), ozone precursors (CO, NOx, non-methane volatile organic compounds (NMVOCs)), particulate matter, and toxic materials (furans and dioxins) [78].



In addition to climate change, transportation is the primary contributor to fossil depletion (51–57%), marine eutrophication (46–52%), photochemical oxidant formation (61–67%), terrestrial acidification (47–53%), and terrestrial ecotoxicity (66–73%) in AAC mixes. Fossil depletion due to transportation is attributed to the use of fuels. In the case of marine eutrophication, excess availability of nitrogen and/or phosphorus can increase phytoplankton production, disrupt the energy balance of the marine ecosystem, and result in the acidification of the ocean [79]. Fossil fuel combustion during transportation releases NOx in addition to other pollutants. If released in higher quantities, NOx can contribute to the formation of smog and acid rain, subsequently redepositing to the land and/or aquatic ecosystems [80]. The higher contribution of transportation to photochemical oxidant formation is due to the release of NMVOCs. These pollutants, released due to the partial combustion of fuel, react with nitrogen oxide in the presence of light, resulting in the formation of photochemical ozone [81]. Acidification is caused by air pollutants such as SO2, NH3, and NOx acidifying rivers/streams and soil. These pollutants are also released during the combustion of fossil fuels during transportation. Acidification aggravates trace metal mobilization and leaching in soil, causing harm to aquatic and terrestrial animals and plants by disrupting their energy balance [82]. Terrestrial ecotoxicity is ascribed to the release of heavy metals by road transportation. It is reported in the literature that one of the significant sources of heavy metal emissions to the environment is road transportation. The major sources of heavy metal emissions from road transportation include three sources of tailpipe emissions: (i) the attrition of engines or after-treatment systems, (ii) lubricants, and (iii) fuel, and non-tailpipe emissions from the attrition of tires or brakes, and road abrasion. In the present investigation, it is identified that petrol (petrol, low sulfur: ecoinvent 3.7.1) is the primary source of these trace metal emissions to the environment. The primary trace metals due to road transportation include arsenic (As), lead (Pb), selenium (Se), chromium, copper (Cu), cadmium (Cd), zinc (Zn), and mercury (Hg) [83].



The other significant contributor to the environmental impact of AAC mixes is sodium silicate, as identified from Figure 5. The contribution of sodium silicate varies in the range of 49–59% for freshwater ecotoxicity, 39–56% for freshwater eutrophication, 30–44% for human toxicity, 46–57% for marine ecotoxicity, and 36–57% for ozone depletion. The hydrothermal dissolution of silica sand in sodium hydroxide solution used to produce sodium silicate is considered in the present study. The procedure is carried out in an autoclave, followed by filtration. The production process of sodium silicate entails substantial energy consumption, which is reported as approximately 1.5 kWh/kg for the hydrothermal process [84]. The principal cause of the aforementioned environmental impacts by sodium silicate is electricity consumption during the manufacturing process of sodium silicate and sodium hydroxide (utilized as one of the raw materials for sodium silicate manufacture). In the present study, electricity generated by coal combustion is selected. Coal-fired electricity generation plants release trace metals, SO2, NO2, and particulate matter (PM2.5) [85]. The principal source for ecotoxicity (freshwater and marine) is trace metals comprising Hg, As, Se, Pb, Cd, and Cr, of which Hg is of critical concern. Coal-fired power plants account for more than one-third of all mercury emissions attributed to human activities [86]. The release of SO2, NO2, and PM2.5, in addition to trace metals, affects human health. The ozone depletion contributed by sodium silicate is also due to electricity consumption. Mining, plant operation, and the emission of halons 1211, 1301 used as fire suppressants and coolants in gas pipeline distribution all contribute to ozone depletion from coal-fired power plants [87].



PC is the principal contribution from the mixes BC-N, BC, and PC to climate change (68–75%), fossil depletion (39–47%), freshwater ecotoxicity (46–54%), freshwater eutrophication (62–65%), human toxicity (47–54%), marine ecotoxicity (46–52%), marine eutrophication (48–56%), photochemical oxidant formation (41–51%), and terrestrial acidification (47–56%). The calcination phase of PC production results in about 0.525 kg/kg of CO2 emissions. However, depending on the clinker/PC ratio, the emissions ratio can vary between 0.5 and 0.95, and the remainder is attributed to fuel and electricity consumption [88]. The fossil depletion by PC production can be attributed to the utilization of natural resources as raw materials and fuel consumption. The emissions contributing to ecotoxicity (freshwater and marine) and human toxicity are trace metals, volatile organic compounds (VOCs), dioxins, and particulate matter. Raw materials and fuel are sources for trace metals, and an incomplete combustion of fuel results in the emission of VOCs. The sources of particulate matter include raw material crushing, grinding and drying facilities, clinker combustion process, PC grinding, and the dispatch of PC [89]. Marine eutrophication is primarily caused by NOx emitted during the production of PC.



However, transportation is responsible for most of the ozone depletion (61–65%) and terrestrial ecotoxicity (63–70%) resulting from the preparation of BC-N, BC, and PC mixes. The reasoning behind the contribution of transportation to ozone depletion and terrestrial ecotoxicity is similar to that of AAC mixes. Fuel combustion also releases ozone precursors, NOx, CO, and hydrocarbons. The following series of reaction equations elucidate the conversion of ozone precursors to ozone.


    NO  2  +  h ν  → NO + O  










  O +  O 2  →  O 3   










  NO +   HO  2  →   NO  2  + OH  











The availability of H2O is from the oxidation of CO or hydrocarbons.


  CO + OH →   CO  2  + H  










  H +  O 2  →   HO  2   











Figure 6 presents the normalized midpoint impact indicators for all the mixes. The ReCiPe normalization factors are provided in Table 6.



The overall contribution of individual blends to the impact categories can be effectively interpreted using Figure 6. The GWP of PC is approximately twice that of AAC-0.7 and 1.4 times that of BC-N. AAC-0.7 has lower environmental impacts among the AAC mixes across all the impact categories. This is attributed to a lower content of alkaline activators, viz., sodium silicate and sodium hydroxide used in AAC-0.7 compared to other AAC mixes. AAC-1, AAC-1.4, and AAC-R show the highest environmental impacts for all the damage categories, excluding POFP and TAP. This is ascribed to the manufacturing process of sodium silicate and sodium hydroxide. Furthermore, there is negligible variance in the impacts exhibited by these three mixes due to the usage of an equivalent number of activators. BC-N and BC have lower environmental impacts for all the damage categories, excluding GWP. The higher GWP of BC-N and BC is attributed to the use of PC as the binder. The lower impacts for all the other damage categories are attributed to two factors: the usage of a lower PC content (335 kg/m3) compared to PCC (450 kg/m3) and the complete replacement of silica sand with CRF as fine aggregates. The CRF are not allotted any environmental burden in the present study and are considered as waste generated from the stone grinding. Furthermore, the usage of CRF eliminates the environmental impacts associated with the mining of sand from natural reserves.



PCC has the highest POFP and TAP in addition to GWP. The calcination phase in the production of PC is the primary supplier of CO2 emissions and consequently to climate change. A reported quantity of 0.525 kg CO2/kg of clinker is produced during the decarbonization of limestone in the kiln. The fuel and electricity consumption result in 0.335 kg CO2 and 0.05 kg CO2 emissions per kg of cement [91]. The VOCs emitted during incomplete combustion contribute to photochemical oxidant formation, whereas NOx, SOx and their associated compounds contribute to terrestrial acidification. Approximately 0.0023–0.138 kg VOCs/tonne of clinker are emitted due to the incomplete combustion of fuel during PC production [89]. NOx and other nitrogen compounds are released when a fuel nitrogen combines with oxygen in the flame, or due to a combination of ambient nitrogen and oxygen in the combustion air. The nitrogen-related emissions are in the range of 0.33–4.67 kg/tonne of clinker. The source of SOx and other sulfur compounds is fuel and raw materials with a high volatile sulfur content, and their emissions are in the range of 11.12 kg/tonne of clinker.




3.2.2. Endpoint Assessment


Figure 7 presents the endpoint assessment of different AAC, BC and PCC mixes used in the present study.



The production of all the AAC and BC mixes has a lower negative impact on the quality of the ecosystem than PCC. The ecosystem quality value of AAC mixes ranges between 10.12 (AAC-0.7) and 13.09 (AAC-1). In contrast, PCC has a value of 13.59, which is 25.6% and 3.6% higher than AAC-0.7 and AAC-1, respectively. The emissions from the production process of PC have a detrimental effect on ecosystem quality, whereas in AAC mixes, sodium silicate followed by transportation (service) contribute adversely to the ecosystem quality. Of all the mixes, BC exhibited a lower impact on the quality of the ecosystem, with an endpoint value of 8.91, which is 34.4% lower than PC. The raw materials and/or services contributing to the GWP, FEP, FETP, TETP, TAP, and METP are associated with ecosystem quality.



PCC has the highest impact on human health with an endpoint value of 20.69, followed by AAC-1 with an endpoint value of 14.96. As evident from Figure 7, about 62.5% of the total impact on human health is caused by the use of PC and 29.7% by transportation in the PCC mix. In AAC-1, 29.2% of the overall impact on human health is contributed by sodium silicate and about 43.8% by transportation. BC has the lowest impact on human health of all the mixes, with an endpoint value of 13.7, which is 33.8% lower than the PCC mix. The raw materials and/or services considered in the present study and discussed in the midpoint assessment contributing to particulate matter, HTP, and GWP are associated with adverse effects on human health.



AAC mixes show the highest resource depletion compared to other mixes. AAC-1 has the highest resource depletion value of 18.66, of which 45.8% is contributed by transportation and 21.8% by sodium silicate. The endpoint values of AAC-1 and AAC-1.4 differ only by 1.5%; however, this difference is attributed to sodium hydroxide. The electrolytic phase of the chloralkali process using diaphragm technology to produce sodium hydroxide is reported to consume 2.97 kWh/kg of electricity [92]. This electricity consumption by the manufacturing process of sodium hydroxide is approximately thrice as high as PC and twice as high as sodium silicate production. When individually considered, the environmental impact due to the production of sodium hydroxide is higher than sodium silicate. However, due to its usage in lower quantities in the present study, the effect of sodium hydroxide on different damage categories is minimal. BC has the lowest resource depletion score of 9.14, which is approximately half of ACC-1.



When an individual type of concrete mix is considered, AAC-0.7 has the lowest environmental impact on all three areas of protection: ecosystem quality, human health, and resource depletion of all the AAC mixes. This is attributed to the lower quantity of sodium silicate used in AAC-0.7 compared to other AAC mixes. In the case of BC mixes, due to eliminating environmental impacts associated with the use of calcium nitrate and calcium formate, BC exhibited lower environmental impacts on all three areas of protection. When all the mixes in the present study are considered, BC exhibits the lowest environmental impact. Despite the similar binder used in BC and PCC mixes, the lower environmental impacts by BC are attributed to the lower PC content, the complete replacement of sand with CRF, and the transportation effect. Though in the case of BC the number of raw materials is higher compared to PCC, the overall quantity multiplied by a distance given as input to transportation is approximately half (45.8% lower) of the PCC mix.





3.3. Economic Assessment


A sustainable concrete mix should also be economically viable to promote its in situ applications and commercial use. Therefore, a cost analysis is performed for the mixes investigated in the present study and the results are presented in Figure 8.



The cost of AAC mixes ranging between INR 13172 and INR 17168 is 98.8–159.1% higher than PCC. BC mixes have an overall cost of INR 8074–10226, which is approximately 21.8–54.3% higher than PCC. Sodium silicate used in AAC contributes to 42.7–62.7%, lowest in AAC-0.7 and highest for AAC-1.4. Though the unit cost of sodium hydroxide is high, the higher contribution from sodium silicate is attributed to its higher proportion in these mixes. Analogously, owing to higher quantities of sodium hydroxide in AAC-0.7 and AAC-1, its contribution to the total cost is 20.2% and 15.4%, respectively. The contribution from PC ranging between 27.2% and 34.4% is highest in BC-N and BC mixes. The coarse aggregates and nutrient broth result in 17.9–22.7% and 18.3–23.2%, respectively. Since the overall cost of BC mix is lower than BC-N (by 21.0%) owing to the omission of nutrients, the contribution from coarse aggregates and nutrient broth is higher in the BC mix. Calcium nitrate and calcium formate together account for 21.0% of the overall cost of the combination, with approximately equal individual contributions. The cost of water and electricity is negligible compared to raw materials and transportation.





4. Conclusions


This study performs a comprehensive life cycle assessment of three different sustainable concrete mixes: (1) alkali-activated concrete (AAC) with natural coarse aggregates, (2) AAC with recycled coarse aggregates, and (3) bacterial concrete (BC). All the selected mixes are compared for their environmental impact versus Portland cement concrete (PCC) of equivalent strength. The environmental implications of three different AAC mixes with natural coarse aggregates and two different BC mixes (with and without nutrients) are evaluated as a function of mix proportions. A simplified cost analysis is performed in the Indian context. The findings are summarized as follows:




	
For different AAC mixtures, contributions from transportation and sodium silicate are the highest for different midpoint damage categories.



	
Portland cement is the principal contributor from the BC and PCC mixes to various midpoint damage categories.



	
PCC has a GWP that is almost twice that of AAC with an activator modulus of 0.7 (AAC-0.7) and 1.4 times that of BC with nutrients.



	
Owing to lower quantities of alkaline activators and only fly ash as a precursor, AAC-0.7 has the lowest environmental impact of all AAC mixes. The electricity consumption by recycled coarse aggregates (RCA) increased the environmental impact caused by AAC with RCA.



	
PCC and AAC with an activator modulus of 1 (AAC-1) have the most detrimental effect on the quality of ecosystems and human health. AAC-1 has the highest resource depletion value (18.66) of all the mixes.



	
BC (bacterial concrete without nutrients) has the lowest environmental effect of the evaluated mixes for all midpoint damage categories except GWP and endpoint damage categories. BC has the lowest resource depletion value (9.14), which is almost half of ACC-1.



	
The cost of AAC mixes is 98.8–159.1%, and the cost of BC mixes is 21.8–54.3% higher than PCC.



	
Sodium silicate in AAC mixes, PC, coarse aggregates, and nutrient broth in BC mixes have the highest contribution to the total cost.








The present study provides a detailed LCA of bacterial concrete, which is not reported in the existing literature. A comprehensive comparison of the environmental impact of different concrete mixes at midpoint and endpoint damage levels and a cost analysis would assist the industry and policymakers in identifying a viable, sustainable alternative.
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Figure 1. Grading curves of fine aggregates. 
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Figure 2. Gram staining of Pseudomonas putida. 
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Figure 3. System boundary for cradle-to-gate LCA. 






Figure 3. System boundary for cradle-to-gate LCA.



[image: Infrastructures 06 00104 g003]







[image: Infrastructures 06 00104 g004 550] 





Figure 4. Compressive strength test results. 
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Figure 5. Environmental impacts (%) of different concrete mixes on midpoint damage categories: (a) Climate change, (b) Fossil depletion, (c) Freshwater ecotoxicity, (d) Freshwater eutrophication, (e) Human toxicity, (f) Marine ecotoxicity, (g) Marine eutrophication, (h) Ozone depletion, (i) Photochemical oxidant formation, (j) Terrestrial acidification, and (k) Terrestrial ecotoxicity. 
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Figure 6. Normalized impacts of different concrete mixes on midpoint damage categories. 
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Figure 7. Endpoint environmental impact assessment of different concrete mixes. 
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Figure 8. Cost estimate of different concrete mixes. 
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Table 1. Specifications of precursors.






Table 1. Specifications of precursors.





	Specification
	Fly Ash
	Slag
	PC





	CaO (%)
	3.80
	37.63
	65.23



	SiO2 (%)
	48.81
	34.81
	18.64



	Al2O3 (%)
	31.40
	17.92
	5.72



	MgO (%)
	0.70
	7.80
	0.85



	SO3 (%)
	0.91
	0.20
	2.34



	Fe2O3 (%)
	7.85
	0.66
	4.54



	TiO2 (%)
	2.93
	-
	0.5



	K2O (%)
	1.52
	-
	0.59



	Na2O (%)
	1.04
	-
	-



	MnO (%)
	-
	0.21
	-



	LOI (%)
	3.00
	1.41
	1.69



	Strength activity index (%)
	96.46
	114.46
	-



	d50 (µm)
	51.90
	13.93
	-



	Blaine fineness (m2/kg) *
	327.00
	386.00
	285.00



	Specific gravity
	2.06
	2.71
	-







* Supplied by manufacturer.
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Table 2. Physical properties of aggregates.
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	Aggregate
	Specific Gravity
	Water Absorption (%)
	Fineness Modulus





	Natural coarse aggregate
	2.72
	0.10
	-



	River sand
	2.65
	0.50
	3.62



	Crushed rock fines
	2.65
	0.36
	2.89
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Table 3. Mix proportions of AAC, BC and PCC, in [kg/m3].
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	Mix
	AAC-0.7
	AAC-1
	AAC-1.4
	AAC-R
	BC-N
	BC
	PCC





	Fly ash
	425.00
	280.00
	280.00
	280.00
	115.00
	115.00
	-



	Slag
	-
	120.00
	120.00
	120.00
	-
	-
	-



	PC
	-
	-
	-
	-
	335.00
	335.00
	450.00



	Sodium silicate
	70.13
	115.07
	129.43
	129.00
	-
	-
	-



	Sodium hydroxide
	25.08
	24.93
	10.57
	10.60
	-
	-
	-



	CRF
	-
	-
	-
	-
	750.00
	750.00
	-



	River sand
	676.49
	651.00
	651.00
	653.00
	-
	-
	623.00



	Calcium nitrate
	-
	-
	-
	-
	4.78
	-
	-



	Calcium formate
	-
	-
	-
	-
	11.96
	-
	-



	Coarse aggregate
	1014.74
	1209.00
	1209.00
	645.00
	1020.00
	1020.00
	1084.00



	RCA
	-
	-
	-
	645.00
	-
	-
	-



	Nutrient broth
	-
	-
	-
	-
	0.67
	0.67
	-



	Water
	68.06
	85.37
	77.38
	67.60
	157.00
	157.00
	150.00



	SP
	-
	-
	-
	3.14
	2.00
	2.00
	-



	Density
	2280
	2485
	2477
	2553
	2396
	2380
	2307







PC—Portland cement; CRF—Crushed rock fines; RCA—Recycled coarse aggregate; SP—Superplasticizer.
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Table 4. Energy consumption data of services.
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	Service
	Electricity Consumption (kWh)





	Jaw crusher
	1.61



	Autoclave
	1.00



	Incubator
	4.08
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Table 5. Freight distances and unit cost of raw materials and services.
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	Raw Material
	Distance (km)
	Cost/kg (Including Freight, INR)





	Fly ash
	202.0
	4.8



	Slag
	438.0
	6.6



	PC
	231.0
	8.3



	Sodium silicate
	22.8
	80.2



	Sodium hydroxide
	28.4
	106.2



	CRF
	24.2
	0.7



	River sand
	217.0
	1.5



	Calcium nitrate
	22.8
	210.0



	Calcium formate
	22.8
	96.0



	Coarse aggregate
	24.2
	1.8



	RCA
	-
	-



	Nutrient broth
	29.2
	2800.0



	Water
	-
	0.035



	SP
	39.7
	232.5



	Electricity
	-
	6.7
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Table 6. Normalization scores for ReCiPe 2016 methodology [90].
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	Indicator
	ReCiPe Midpoint (H)





	GWP
	5.51 × 1013



	FDP
	3.93 × 1012



	FETP
	1.74 × 1011



	FEP
	4.48 × 109



	HTP-cancer
	7.10 × 1010



	HTP-no cancer
	2.16 × 1014



	METP
	3.00 × 1011



	MEP
	3.18 × 1010



	ODP
	4.14 × 108



	POFP
	1.42 × 1011



	TAP
	2.83 × 1011



	TETP
	1.05 × 1014
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