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Abstract

This research aims to evaluate the sustainability of alkali-activated binders for the
stabilization/solidification (S/S) of municipal solid waste incineration fly ash (MSWI FA). A
detailed environmental assessment of different alkali-activated mixtures was conducted using
life cycle assessment (LCA) to identify the factors affecting their environmental burden.
Ground granulated blast-furnace slag (GGBS) and metakaolin (MK) were used as the
precursors. Results showed that all the alkali-activated blocks fulfilled the requirements for
landfill and reuse as fill materials. Adopting alkali activation for S/S of MSWI FA instead of
OPC allowed up to 70% reduction of global warming potential. However, in other impact
categories such as human toxicity and land use, the alkali mixtures recorded higher values than
the mix with OPC (+60-70%), primarily because of the impacts related to the production of

chemical activators. The sensitivity analysis demonstrated that alternative production methods
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for sodium silicate and sodium hydroxide could enormously reduce the impacts related to the
alkali solution. When the hydrothermal method for sodium silicate and the ODC method for
sodium hydroxide were adopted, a reduction of 71%, 22%, and 24% was recorded in global
warming potential, fossil resourse scarcity, and human toxicity categories, respectively,
compared with the mix with OPC. Therefore, this study sheds light on alkali-activated materials

as sustainable S/S alternative to OPC to promote carbon neutrality.

Keywords: clinker-free treatment; Low carbon binder; Supplementary cementitious materials;

Hazardous waste management; Sustainable remediation; Incineration ash.

List of abbreviations

AAMs = Alkali-activated materials

APC = Air pollution control

BA = Bottom ash

DP =Diaphragm

FE = Freshwater eutrophication

FEcotox = Freshwater ecotoxicity

FPMF = Fine particulate matter formation
FRS = Fossil resource scarcity

FU = Functional unit

GC = GEOPOLYMER CONCRETE
GGBS = Ground granulated blast-furnace slag
GWP = Global warming potential

IR = lonizing radiation
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HT = Human toxicity

IWMF = Integrated waste management facilities
LCA = Life cycle assessment

LCI = Life cycle inventory

LCIA= Life cycle impact assessment
LU = Land use

MC = Mercury

MEcotox = Marine ecotoxicity

ME = Marine eutrophication

MK = Metakaolin

MM = Membrane

MRS = Mineral resource scarcity

MSW = Municipal solid waste

MSWI FA = Municipal solid waste incineration fly ash

ODC = Oxygen depolarized cathode

OPC = Ordinary Portland cement

PCDD/Fs = dibenzo-p-dioxins and dibenzofurans
POF = Photochemical oxidant formation

PTES = Potentially toxic elements

SOD = Stratospheric ozone depletion

S/S = Stabilization and solidification

TA = Terrestrial acidification

TCLP = Toxicity characteristic leaching procedure
TEcotox = Terrestrial ecotoxicity

WU = Water use
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1. Introduction

Urbanization has led to a rapid growth of municipal solid waste (MSW) production. In China,
235.1 million tonnes of MSW were generated in 2020, with approximately 62% of which were
incinerated (China’s Statistic Yearbook, 2020). Due to the forthcoming depletion of landfill
sites, incineration is considered as a preferred waste-to-energy approach that reduces the MSW
volume by 90% and improves the sustainability of waste management (Qiang et al., 2015; HK
EPD, 2018). MSW incineration (MSWI) commonly produces two main by-products, namely
MSWI bottom ash (BA) and MSWI fly ash (FA) (Zhang et al., 2021). In particular, MSWI FA
contains a high level of potentially toxic elements (PTEs) (lead, cadmium, chromium, mercury,
nickel, zinc etc.) and polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) (Fan et
al., 2018), which leads it to be a hazardous waste. MSWI FA is collected before and after the
air pollution control (APC) system, and it accounts for about 3—-15 wt.% of the original waste
total mass (Fan et al., 2018; Zhang et al., 2021). It is estimated that millions of tonnes of MSWI
FA are piled up in open landfills in China as a result of a lack of disposal companies, with
subsequent risks to the ecosystem (Xue and Liu, 2021). Therefore, there has been growing
concern regarding the adverse effects on human health and the environment resulting from the
disposal of MSWI FA (Li et al., 2019a). In addition, MSWI FA chemical composition can
extremely vary according not only to the type of incineration treatment, but also to geographical
and seasonal information.

China has launched the first technical specification about the management of MSWI FA (HJ
1134, 2020) pollution control in August 2020. If well-treated, MSWI FA can be considered as
one type of general waste and disposed in sanitary landfill, or even be used for other purposes
(GB 34330, 2017). Although the recycling of this material has not yet been globally regulated,

it is necessary to investigate sustainable alternatives for the MSWI FA disposal (GB 34330,
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2017). Over the last few years, increasing attention has been paid to properly stabilize MSWI
FA for significantly lowering associated environmental risks at the final disposal site. So far,
the most widely accepted solution involves stabilization and solidification (S/S) with a variety
of hydraulic binders, such as cement, lime, blast furnace slag, etc. (Chen et al., 2019a; De Gisi
et al., 2020).

In the last 60 years, OPC-based S/S has been proven to be an economically efficient approach
to immobilize toxic and harmful pollutants in MSWI FA, through encapsulation, fixation, or
adsorption in hydration products resulting from chemical reactions between cement and water,
such as calcium silicate hydrates (C-S-H) gel and ettringite (AFt), (Contessi et al., 2020).
However, the durability of OPC-based S/S is significantly weakened by the poor compressive
strength of matrix encaptulating large proportions of MSWI FA. It is known that the high
chloride and sulfate contents in MSWI FA can adversely affect the strength and durability of
the final blocks (Xu et al., 2019). Guo et al. (2021) demonstrated a low compatibility of OPC
with oxyanions (e.g., AsOs>) or amphoteric metal ions (e.g., Zn?*, Zn0,%), due to a significant
inhibition of the cement hydration caused by complexation reactions of calcium ions. Although
this weakness may be improved by increasing the proportion of OPC in the mix, it will lead to
the use of large amounts of cements and associated high costs. In addition, the production of
OPC creates tremendously high carbon footprint (0.66-0.82t CO2 per t OPC) (Dung and
Unluer, 2017), leading to a growing interest in alternative low-carbon binders. For each tonne
of Portland cement produced, approximately 1 kg of SO, 2 kg of NOx, and 10 kg of dust are
emitted (Singh et al., 2020). Among alternative binders, alkali-activated materials (AAMS)
have received increasing attention in recent years, especially for the possibility of recycling by-
product or waste materials from agricultural and industrial processes, but also for their
considerable chemo-mechanical performances. Jin et al. (2016) found that MSWI FA S/S based

on the use of metakaolin (MK) displayed excellent stability in acid and alkaline environments
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and good performance as a building material with no secondary pollution. By entrapping
several components, such activation creates a cement-like matrix that drastically reduces
pollutant mobility. Furthermore, AAMs can guarantee a higher mechanical resistance than
traditional concrete (Chindaprasirt and Rattanasak, 2018). It has been suggested that the
properties of MK-based AAMs can be improved using other thermally activated clays with
higher Si/Al ratios or by combining with slag acting as a Ca-rich precursor (Davidovits, 2009).
Precursors derived from industrial and agricultural wastes may be used to lower the costs and
assist the waste disposal for sourcing process, such as ground granulated blast furnace slag
(GGBS), pulverized fuel ash, glass powder, palm oil fuel ash, rice husk ash, silica fume, and
marble powder rich in aluminate-silicate content. These wastes have been found to have a big
potential in S/S application via alkali-activation (Jeremiah et al., 2021). However, the relative
abundance of different waste varies, such as the limited availability if GGBS as a by-product
of the manufacture of pig iron from iron ore (Davidovits, 2009; Juenger et al., 2019). Other
industrial wastes and by-products (such as rice husk ash, silica fume, sodium aluminate slurry)
have great potential as sustainable activators in AAMs (Billong et al., 2021). Therefore, the
development of alternative materials or optimized binary mix designs must consider the
availability of wastes and their sources.

Evidence suggests that AAMs yield the best CO> reduction as of 26—45% compared to normal
OPC (Krivenko, 2017). McLellan et al. (2011) demonstrated that AAMs could significantly
reduce CO. emissions by up to 64% over OPC-based concrete. In a more recent study, the
global warming potential (100-years) of AAMs was 5-35% lower than PC concrete (Patrisia
et al., 2022). Nonetheless, there is some concern about the impacts related to the activator
solution used in the geopolymerization process, which are usually made as a combination of
silicates, hydroxides, and carbonates (Krivenko, 2017). Salas et al. (2018) identified sodium

hydroxide as the most relevant life cycle process in terms of carbon emissions, being used also
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for sodium silicate production. In the studies by Robayo-Salazar et al. (2018) and Bajpai et al.
(2020) sodium silicate and sodium hydroxide contributed for 85% and 60% as total,
respectively, of the total emissions despite representing less than 9% in volume of the alkali-
activated concrete mixture. Sodium hydroxide and sodium silicate are the main constituents
responsible for 60% of total environmental impacts of geopolymer concrete (GC).

Therefore, the identification of the optimal mix design has a key role for the evaluation of the
life cycle assessment (LCA) of AAMs. The main strategy for a sustainable mix should focus
on minimizing the consumption of energy or raw materials and the generation of waste.The
objective of this study is to develop and identify the most sustainable alkali-activated mixture
design to stabilize MSWI FA, alternatively to OPC. Firstly, an experimental phase allowed
investigating the effectiveness and the compliance with the regulations of the S/S mix designs
under study. Then, a LCA-based evaluation explored the main impacts and identified the most
environmentally sustainable design. Through the sensitivity analysis, a focus on alternative and
more sustainable production methods for alkalis was essential. It is expected that the data
presented in this paper will assist industry stakeholders and researchers in getting a
comprehensive idea of the potential of using AAMs for MSWI FA S/S and spur environmental

responsibility actions.

2. Method

This research contains three main phases, as shown in Fig. 1. Phase 1 includes the preparation
and technical evaluation of different mixtures of alkali-activated S/S blocks, where the
combination of two different precursors (GGBS and MK) is considered. In Phase 2, the
environmental impacts of the S/S mix designs are evaluated and interpreted by employing
LCA. Lastly, Phase 3 aims to identify the best mix design for sustainability and technical

requirements.
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Figure 1. Flowchart of the methodology used in this study.

2.1 Materials and mix designs

The MSWI FA used in this study was collected from the incinerator in Shenzhen, China.
GGBS and MK were used as the precursors, and sodium silicate and sodium hydroxide-based
solutions were chosen as the activators. All the chemicals and binders used were purchased
from Mainland China; instead, OPC was supplied by Green Island Cement Limited, Hong
Kong. The chemical compositions of raw materials are reported in Table S1 (Supplementary
Materials). Four different alkali mixtures were designed to investigate the efficiency and
sustainability of alkali-activated S/S treatment, as shown in Table 1. A conventional case

scenario with OPC was also considered as a comparison.

The alkali content and type are crucial for achieving satisfactory performance of AAMs, which
depends significantly on the selection of the precursor (Wang et al., 2015). Normally, the
aluminosilicate precursor with higher CaO content requires lower alkali content. For example,
GGBS is a typical high-Ca precursor for preparing AAMs, which requires only 4-7 wt.% alkali

content (R20 eq.%) for strong alkalis (R stands for alkali metals) (Wang et al., 2015). However,



195 MK needs more alkalis (> 10 (R20 eq.) wt.% alkali content (Sun et al., 2020)) due to the lack
196 of CaO (Rashad, 2013). If the water glass (i.e., sodium silicate, R20-(n)SiO) is used for
197  producing AAMs, a modulus (n) of 1.0-2.0 is normally chosen for the optimised properties (Li
198 et al., 2019b; Provis et al., 2019). The suitable concentration of water glass (Ms = 1.0) is the
199 alkali activator that we used in this study. Therefore, the alkali content in this study is
200  proportionally designed based on those existing studies, i.e., 5~8 wt.% for GGBS and 10~13
201  wt.% for MK. In addition, a small amount of alkali (0 ~ 1 wt.%) was assigned to MSWI FA to
202 activate the aluminosilicates contained in it to enhance the S/S efficiency. The MSWI FA
203  content was fixed as 75 wt.% of the total solid binder in the mixtures, and the remaining 25
204  wt.% was either MK, GGBS, and OPC or the mixture of them (Table 1). Two binary systems
205  were also considered with the GGBS:MK ratio equal to 9:1 and 7:3. The conventional S/S with
206 OPC (M5) was designed according to Eq. 1 (Chen et al., 2022) for achieving a suitable

207  workability of paste:

208
Water (wt.%) = OPC (wt.%) x 0.4 + MSWI FA (wt.%) x 0.45 Eqg.1
209
210 Table 1. Mix design for S/S of MSWI FA (wt.%).
Mix design MSWI GGBS MK Sodium  Sodium OPC Water
FA silicate  hydroxide
M1 MSWI FA + GGBS 51.55 17.18 - 1.22 0.77 - 27.49
M2 MSWI FA + MK 49.68 - 16.56 1.49 5.79 - 26.49
M3 MSWI FA + GGBS + 51.36 1541 171 3.29 0.84 - 27.39
MK (9:1)
M4 MSWI FA + GGBS + 50.97 11.89 5.10 3.86 0.99 - 27.18

MK (7:3)
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M5 MSWI FA + OPC 52.17 - - - - 17.39

30.43

2.2 Samples preparation and characterization

The block production process involved solution preparation, dry and wet mixing of powders,
casting, and curing phases. In the mixing phase, binders and MSWI FA were dry-mixed for 2
min, and then the activator solutions were added for another 3-min mixing to obtain a
homogeneous paste. In the casting phase, fresh alkali-activated pastes were poured into 20 x
20 x 20 mm steel molds. All samples were demolded after 2 days, wrapped in a waterproof
membrane, and kept at 23 + 2 °C in a curing chamber for up to 28 days and 60 days. All the
experiments on S/S blocks were in triplicates for quality assurance. The 28-d and 60-d uniaxial
compressive strength of the S/S blocks was tested using a universal testing machine
(Testometric CXM 500-50 KN) and the loading rate was 0.5 mm s* according to BS EN
12390-3 (2019). The leachability of PTEs together with the pH was tested according to the
Toxicity Characteristic Leaching Procedure (TCLP) (US EPA, 2019). The leaching
concentrations of PTEs were detected by inductively coupled plasma atomic emission
spectrometry (ICP-AES, Spectro Arcos). Further details of the procedure can be found in Wang

etal. (2019).

2.3 LCA study

2.3.1 Goal and scope

The goal of the study was to comparatively evaluate the environmental life cycle impacts
associated with the different S/S mix designs for MSWI FA treatment defined in Section 2.1
to identify the most environmentally sustainable alternative. Following the guidelines provided
by ISO 14040 (1SO, 2006), the LCA was performed according to a cradle-to-gate approach.

The new Integrated Waste Management Facilities (IWMF) constructed in Hong Kong on an
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artificial island near Shek Kwu Chau were considered as the case study (HK EPD, 2022). The
boundaries for the system included the raw materials extraction, processing, transport, and the
S/S block production (Fig. 2) for all the scenarios considered. The end-of-life was not included
in this study being similar for all the scenarios. In agreement with other LCA studies on the
topic, the functional unit of the study was defined as 1 m® of final product containing MSWI
FA (Colangelo et al., 2021; Hossain et al., 2021) as it is more representative. An averaged
density (Table S2) was considered to facilitate data management and application as all the
mixes had similar density values (Colangelo et al., 2021). Furthermore, it should be noted that
the different types of S/S mixtures had comparable mechanical properties, workability, and
durability performance and they all accomplished the standard technical requirements for on-

site landfill use as fill materials (HK EPD, 2011).

Raw materials extraction Transport Production of
and production S/S blocks

|
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GGBS casting and

curing
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Figure 2. System boundaries of the studied S/S blocks.
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2.3.2 Life cycle inventory

For this LCA step, all relevant aspects of energy and mass flow, as well as emissions to air,
water and land were collected for each unit process and normalized to the functional unit of the
study. The modeling of the proposed AAMs- and conventional cement-based S/S treatments
was performed using the SimaPro® software v. 9.0049 to model products and processes
comprehensively and analyze the results interactively (PRé Consultants, 2019). All the data
considered for the material and energy flows were obtained from both laboratory analyses
(primary data) and Ecoinvent v. 3.3 database or scientific literature (secondary data). In
particular, secondary data were considered for the upstream flows, from the extraction of raw
materials to their processing phase, and primary data were used for the production of S/S blocks.

To ensure regionally specific results, local data were used to the maximum extent possible.

The weight values of all components contained in each MSWI FA S/S block can be obtained
from the data reported in Table 1, considering the total weight of the blocks (Table S2). A
variety of materials along with their processing and transport are required for the
comprehensive assessment of all scenarios. Considering Hong Kong's limited resources,
construction materials are mainly imported from Mainland China or other countries (Hossain
et al., 2019). For all the scenarios, the transport distances were calculated from each material
production site to the block manufacturing location in Hong Kong. A preliminary screening of
possible suppliers showed several available options in the Guangdong province from where all
the required materials can be shipped by barge to the artificial island where the new IWMF in
Hong Kong is located. Table 2 lists the imported materials as well as their distances and modes
of transport. Table 3 shows the amount of energy consumed during S/S block production.

GGBS is a by-product of iron making; however, in Ecoinvent database v. 3.3 the entire



274  production process of GGBS is available with all emissions and resources included. For MK,
275  the database Ecoinvent was used jointly with literature data (Habert and Ouellet-Plamondon,
276  2016). MSWI FA was considered to be burden-free since the objective of the study was to
277  identify the best mix design to stabilize MSWI FA and no avoided impacts of landfill disposal

278  were considered.

279
280 Table 2. Distances and modes of transport used in this study.
Materials Imported from Transport type (t) Distance
GGBS Zhanjiang, Guangdong Province, Inland waterways barge 240 NM
Maoming port, China
MK Maoming port, Guangdong Province, Inland waterways barge 180 NM
China
OPC Local supplier in Hong Kong - Lorry (16-32 1) 27 km
- Inland waterways barge 13 NM
Sodium Canton, Guangdong Province, China Inland waterways barge with reefer 75 NM
hydroxide machine
Sodium Sanshui Foshan, Guangdong Province, Inland waterways barge with reefer 100 NM
silicate China machine
281
282 Table 3. Materials and energy requirements used in this study.
Material Upstream data source
MSWI FA Burden-free
GGBS Ecoinvent
MK Ecoinvent + Literature

OPC Ecoinvent
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Sodium hydroxide

Sodium silicate

Deionised Water

Lorry (16-321)

Lorry with refrigerator machine (7.5-16 t)
Inland barge

Inland barge with refrigerator machine
Electricity country mix

Heat

Processes
AAMs Block making process
Solution preparation

OPC Block making process

Ecoinvent (Sodium hydroxide in 50% solution state, membrane

cell)

Ecoinvent (Sodium silicate in 37% solution state)
Ecoinvent

Ecoinvent

Ecoinvent

Ecoinvent

Ecoinvent

Ecoinvent (Electricity, medium voltage CN)

Ecoinvent

Energy requirement
7 kWh (8 min mixing)
6 kWh (4 h mixing)

5.5 kWh (6 min mixing)

2.3.3 Life Cycle Impact Assessment

The LCA analysis was performed using ReCiPe 2016 (H), in which the key issues were
assessed from a hierarchical perspective based on midpoint (problem oriented) and endpoint
(damage oriented) indicators (Huijbregts et al., 2017). There are 22 categories in the endpoint
approach, which are classified into three macro-areas: Human health (measured in terms of
disability adjusted life years, DALYS), Ecosystems (measured in terms of species x year), and
Resources (measured in terms of USD 2013) (Huijbregts et al., 2017). Both levels of the
method were used to assess the impacts, and the results describe both midpoint and endpoint

indicators. However, the most representative midpoint categories were considered for further
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discussion. In such cases, only the categories that contributed the most to the endpoint level
were chosen, as defined by Cleary (Cleary, 2013). In particular:

- Global warming potential (GWP, kg COeq) that evaluates the integrated infrared radiative
forcing increase of greenhouse gas (GHG).

- Particulate matter formation (PMF, kg PM2.5eq) that considers the air pollution that causes
primary and secondary aerosols in the atmosphere.

- Fossil resource scarcity (FRS, kg oileq) that considers the fossil fuel potential, defined as the
ratio between the higher heating value of a fossil resource and the energy content of crude oil.
- Land use (LU, m?a) that focuses on the relative species loss due to local land transformation,
land occupation, and land relaxation.

- Human toxicity (HT, kg 1,4-DBeq) that accounts for the environmental persistence (fate),
accumulation in the human food chain (exposure), and toxicity (effect) of a chemical.

- Water use (WU, m®) that calculates the water consumed and not available anymore in the

watershed for humans nor for ecosystems.

3. Results and discussion

3.1 Compressive strength and leachability

The density (Table S2) and compressive strength of the investigated pasteswere experimentally
measured. A barely perceptible difference can be observed in the density of S/S blocks because
MSWI FA accounts for 75 wt.% in the final matrix. Regarding the compressive strength of
AAMs, all the blocks complied by far with the strength requirement (1 MPa) for on-Site use as
fill materials (HK EPD, 2011) (Fig. 3a). Compared to the mix with MK, the mix with GGBS
performed better with an increase of 20% and 31% of the final compressive strength at 28 and
60 days, respectively. This can be allocated to the fact that in the calcium-containing binder,

calcium silicate hydrate/calcium aluminosilicate hydrate (C-S-H/C-A-S-H) seeds can serve as
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nucleation sites to promote the formation of geopolymer gel (Yip and Van Deventer, 2003;
Puligilla et al., 2019).

However, the combination of GGBS with MK in a 7:3 weight ratio developed final mechanical
strength higher than single-binder mixes, in particular an increase of 21%, 45%, 20% than mix
M1, M2, and M3 was recorded, respectively. Yet the compressive strength was higher than 10
MPa in all scenarios with peaks of 22.18 MPa and 17.46 MPa for M4 and M1, respectively.
The mix M5 with 25% OPC showed a compressive strength at 28-d lower than the AAM
blocks, particularly 61%, 51%, 66%, and 70% lower than M1, M2, M3, and M4, respectively.
At 60-d this difference was even stronger, as it is shown in Fig. 3. This outcome was in line
with the studies by Chen et al. (2019b; 2022) on OPC-based S/S and it underlines the great
potential of geopolymerization technology for diverting hazardous wastes from disposal to
reuse in engineering applications where a much higher mechanical strength can be reached

(Hossain et al., 2020).

The immobilization efficiency must fulfill the leachability limits. At this regard, all the mixes
complied not only with the "Landfill Disposal Criteria” (HK EPD, 2011) but also with the
"Universal treatment standards for on-site reuse of cement stabilization/solidification treated
soil" in Hong Kong (HK EPD, 2011) (Fig. 3b-c). The TCLP leachability results of untreated
MSWI FA is shown in Table S3. The pH ranges from 8 to 11 for alkali-activated mixes, falling
within the optimum 5-11 range proposed by Yakubu et al. (2018), as most PTEs can be
effectively solidified/stabilized within this range. The mix with GGBS reached more alkaline
pH values compared with MK, following the same trend also in the binary systems where mix

M3 scored a higher value than mix M4 both at 28-d and 60-d.
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Figure 3. (a) Compressive strength of MSWI FA S/S blocks at 28 and 60 days and TCLP
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leachability of MSWI FA S/S blocks at (b) 28 and (c) 60 days (Leachability limits of trace

345

of Cr, 0.2 mg * of Cu, 0.75 mg L of Pb, 4.3 mg * Zn)

elements: 5 mg ! of As, 0.6 mg L*
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(HK EPD, 2011).
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As a result of the presence of aluminosilicate hydrates, AAMs reached a higher compressive
strength compared to the conventional scenario with OPC. This outcome demonstrates the great
potential of recycling MSWI FA into construction materials. However, field applications of

waste-derived AAMs are rare due to insufficient standards and guidelines.

3.2 LCA results

The life cycle impacts of the considered MSWI FA S/S blocks are shown in Figs. 4a-b and
Table S4. The values are reported in percentage terms, normalized to the highest impact value
obtained for each category. In all the three endpoint categories (Fig. 4a), the mix M2 with MK
showed the highest impacts. The mix M1 with GGBS reached approximately comparable
values of the binary system M3, while the binary scenario M4 recorded higher impacts due to
a larger quantity of MK in the mix design. The conventional mix with OPC recorded the highest
impacts on human health and ecosystems categories but lower impacts on resources scarcity,

where instead mix M2 with MK scored the maximum.

From Fig. 4b, it is interesting to highlight that mix M1 with GGBS used as the precursor
reached the lowest impact values in various categories among all mixes. However, the mix with
OPC recorded comparable or even lower values in most categories, except for the impacts on
climate change, which were extremely high and equal to 292 kg CO2eq (Table S4). Compared
to the traditional cement binder, a reduction of 60% in CO> emissions was obtained with mix
ML1. This is in line with other LCA studies that estimated a reduction in GHGs between 40%
and 75% for AAMs (Bianco et al., 2021; Colangelo et al., 2021). Instead, mix M2 represented
the worst scenario in almost all the midpoint categories. This is ascribed to the energy-intensive
calcination process for metakaolin production (Habert and Ouellet-Plamondon, 2016) usually

in a temperature range of 500-950°C (Cheng et al., 2019). This agrees with the output by
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Colangelo et al. (2021), where the scenario with MK produced three times the impacts related
to the mix with GGBS in terms of GWP. It is noteworthy that the impacts on the category FRS
at the midpoint level and Resources at the endpoint one are much lower for the conventional
scenario with OPC, highlighting a non-correlation with climate change, despite the
consumption of fossil resources accounted in the GWP. In fact, among all the emissions to air
related to the clinker production process, which is included in the cement production, 0.84 kg
of fossil carbon dioxide and 0.015 kg of biogenic carbon dioxide are emitted from every kg of
produced clinker (Ecoinvent, 2016). Carbon dioxide released from cement manufacturing is
mainly caused by the calcining process (removing CO2 from limestone to form clinker)
accounted for the 90% of the total CO2eq, while the remaining is released during the burning
of fuel in the kilns and other manufacturing processes (Huntzinger and Eatmon, 2009), as
shown in the tree structure exported from SimaPro and presented in Figs. S3 and S6 in the

Supplementary Materials.
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Figure 4. Comparison of the environmental impacts in percentage of MSWI FA S/S blocks

estimated with the (a) endpoint and (b) midpoint categories of ReCiPe 2016.
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Figure 5 shows a contribution analysis with the most relevant midpoint categories with the
scope to identify each design's components responsible for the highest impacts. For all the
considered midpoint categories, the chemicals (sodium hydroxide and sodium silicate)
provided the highest contributions (always greater than 50%) to the total impacts of all mixes,
except for mix M5. It is evident that the tremendously high impact is related to the alkali
solution used in the AAMs, but particularly to water glass (Figs. S1, S2, S4, and S5). MK
recorded the highest contribution in GWP and FRS categories, underlining the footprint of the
calcination process (Figs. S2 and S5). GGBS contribution falls within the range 15—-35%, with
the highest value in the HT category. Regarding mix M5, OPC production is the critical factor
responsible for the highest contributions to the total impacts. The electricity related to the
solution and paste mixing provided low contributions to the total impacts of all mixes, but the
highest percentage value was found for the category GWP, where mix M1 accounts for 10%
of the total. Also transport recorded low impacts for all categories, with the highest contribution
of 8% of the FRS in scenario M1. Using barges as the primary means of transport is highly
recommended, mainly because the average cargo capacity of a barge is generally 15 times
greater than one rail car and 60 times greater than one semi-trailer (Dry Cargo International,
2022). Size is the key to water transportation's efficiency, and it represents a real green
alternative to trucking. Lastly, the water consumption was higher in mix M5 where a higher
amount of water was used for mixing the paste, compared to scenarios M1, M2, M3, and M4

where an alkaline solution was required.

In line with Habert et al. (2011), this study highlights that the production of alkali-activated
blocks has more significant impacts on the midpoint categories than OPC-based blocks, except

for the GWP category. Other studies have reported similar concerns about the effects related
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to sodium silicate production (Dal Pozzo et al., 2019). Although the highest impacts in most of
the categories are related to the chemicals used in the alkali solution, a properly-planned mix
design can help reduce the quantity of sodium silicate and sodium hydroxide necessary to
activate the precursors in the alkali-activated S/S treatment. In fact, according to the type of
aluminosilicate precursor, the higher the CaO content in the raw material, the less alkali-
activating solution is required. Therefore, GGBS is more sustainable compared to MK being
richer in CaO content (Wang et al., 2015). The low Si/Al ratio in MK-based AAMs means a
higher quantity of sodium silicate and water are required, leading to higher environmental
impacts (Juenger et al., 2019). Another research approach could be to use particle technology
more effectively, as proposed in the cement industry (Habert et al., 2011). Increasing particle
packing in the AAM mix would result in greater packing, requiring less active binder and alkali

solution (Provis et al., 2010).



429
430

431

432

433

434

435

436

437

a) GWP b) FRS

M5

Mé

M3

M2 P77, A v M2

M1 M1 [

ok

40 60 80 100 0 20 40 60 80 100
[%] [%]

HT FPMF

M5

Mi O

e Mk

M3

i in M3

M2 7 A M2 Wz E

R
R
7z

M1

V| M1

0 20 40 60 80 100 0 20 40 60 80 100

[%] [%]
e) W f) wu
M5 M...
M | i i
M3 Vi v i
M2 7 A N M. b7 7 i
M1 e e V77 i

0 20 40 60 80 100 0 20 40 60 80 100
[%]
[%]
74 MK GGBS Sodium hydroxide Sodium silicate Dl water 3 Electricity OPC [ Transport

Figure 5. Contribution analysis that all components provided to the total impacts of each
mix, estimated with the midpoint impact categories: (a) Global warming potential, (b) Fossil
resource scarcity, (¢c) Human toxicity, (d) Fine particulate matter formation, (¢) Land use, and

(F) Water use.

4. Sensitivity analysis
Chemicals significantly influenced the results of alkali-activated blocks, as shown in Section
3.2. About 64-68% of the total GHGs emissions for block production are associated with

sodium silicate and sodium hydroxide (Fig. 5a). A sensitivity analysis thus plays an essential
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role in estimating uncertainty and strengthening the reliability of the obtained results when

using different LCI input data for chemicals.

A sensitivity analysis following a one-at-a-time approach was carried out by varying chemical
production processes. A two-at-a-time approach was also included to identify the best
combination of production methods. Sodium silicate can be manufactured via furnace or
hydrothermal routes (Trabzuni et al., 2011). Regarding sodium hydroxide, three main different
production methods have been usually adopted worldwide: (i) membrane (MM), (ii) diaphragm
(DP), and (iii) mercury (MC) -based technologies. The membrane process is the most used and
has undoubtedly replaced MC and DP methods. An innovative version of the MM technology
is Oxygen Depolarized Cathode (ODC), and it represents a promising approach for reducing
the electricity demand (Jung et al., 2014). Further details about the above-mentioned

production systems can be found in Section 5.

In this sensitivity analysis, alternative production scenarios were considered for both sodium
silicate ((i) 37% as base scenario, (ii) 48% as alternative route) and sodium hydroxide ((i) MM
as base scenario, (ii) DP as an alternative, (iii) ODC as an alternative). Mix M1 was used as
the base scenario since it represents the best alternative from the LCA study. It included sodium
silicate at a solution of 37% solid and sodium hydroxide produced via the MM production route.
In all the above-mentioned scenarios, Ecoinvent was used as the database for LCI-data except
for ODC chlor-alkali electrolysis, which is not globally available at a large scale yet. In this
last case, the study by Jung et al. (2014) was considered as reference, and a mass allocation
was used to define the environmental impacts associated with NaOH production. Table S5
shows the sensitivity analysis outcomes where the percentage difference for each midpoint

category was calculated in reference to the base scenario mix ML1.
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It is noteworthy that when sodium silicate is produced via the hydrothermal liquor route, almost
all the midpoint impacts decrease, with a reduction equal to -17%, -6.5%, -52%, -7% for GWP,
FRS, LU, HT, respectively (Fig. 6). However, WU recorded an increase of 16% compared to
the base scenario with the furnace liquor route. Regarding sodium hydroxide, the DP method
recorded slightly higher values than the base scenario, in a range of 0-2%, with a unique peak
of around +17% for WU category. The new innovative production route ODC-based recorded
the best results with a reduction of all the impacts, particularly -40%, -27%, -23%, respectively
for GWP, FRS, and HT of the base scenario with GGBS. In a direct comparison with mix M5
with OPC from Section 3.2, the scenario M1 48% - ODC, where two parameters have been
varied at the same time, can reduce the total GWP, FRS, and HT of -71%, -22%, and -24%,
respectively. These outcomes are novel and for the first time AAMSs recorded better results not
only in GWP category but also in FRS and HT. This sheds light on the great value of AAMs
for the MSWI FA S/S treatment and underlines the importance of the production cycles of raw

materials.
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Figure 6. Sensitivity analysis for alternative production scenarios for sodium silicate and

sodium hydroxide for GWP, HT, and FRS midpoint categories.

5. Alternative production methods for alkalis

In order to achieve net-zero emissions by 2060 (Shi et al., 2021), the global goal is to create a
decarbonized society as soon as possible, so that anthropogenic emissions (sources) and
removals (sinks) of GHG can be balanced out (global carbon neutrality). Therefore, the choice

of the best mix design and materials is a crucial step when evaluating a S/S treatment.

As described in Section 4, sodium silicate can be manufactured via furnace or hydrothermal
route (Figs. 7a-b). In the furnace process, silicon sand and soda are melted at a temperature
range of 1100-1200 °C to produce water glass directly, resulting in a high SiO2/Na,O molar
ratio, and usually made available as an aqueous solution at ~37 wt.% (Passuello et al., 2017).
Instead, in the hydrothermal process, an autoclave is used to dissolve sand in sodium hydroxide
solution at 180-300°C resulting in sodium silicate with a lower SiO2/Na,O molar ratio and
made available as a ~48 wt.% solution (Trabzuni et al., 2011). The energy consumption for

furnace lumps dissolving and filtering in Ecoinvent is estimated to be 0.996 MJ/kg and 0.007
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kWh/kg. This is slightly higher than the range 0.345-0.920 MJ/kg suggested by Fawer et al.
(1999). The second route involves hydrothermally dissolving silica sand in sodium hydroxide
solution. Reactions are conducted inside autoclaves, which are especially designed to handle
aggressive conditions. Upon filtering, a sodium silicate solution with a solid content of 48% is
obtained. In this case, 0.732 MJ/kg and 0.019 kWh/kg of output product are associated to this
production route in the database, falling in the range 0.350-0.680 MJ/kg suggested by Fawer
et al. (1999). The hydrothermal liquor production process appears to be more environmentally
friendly, especially in terms of global warming, land use, and human toxicity, but with higher

water consumption than the furnace liquor route.

Regarding sodium hydroxide, the membrane process is the most used (see Note S1) and it
allows operation at a lower clamping voltage, lower consumption of electrical energy and
steam, the possibility to change the current load on a daily basis, and minimization of
environmental contamination risk. ODC represents an innovative version of the MM
technology and a promising approach for reducing the electricity demand of chlor-alkali
electrolysis (Fig. 8). As a result of oxygen being introduced into the cathode, hydrogen
formation is suppressed and only chlorine and caustic soda are produced (Jung et al., 2014)
(Fig. 8c). However, future LCA studies should focus on developing a full-scale and globally
recognized database for ODC. This process has started to be used in the last decade, and it
represents the future for the production of chlorine and sodium hydroxide because it requires a
ten times reduced energy consumption, becoming more environmentally friendly and cost-

effective (Covestro Global Corporate, 2022; Jung et al., 2014).
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Conclusions

This paper aims to explore and develop alkali-activated mix designs for the S/S of MSWI FA,
alternatively to OPC. With 75% of MSWI FA, the blocks fulfilled the requirements for landfill
and reuse as fill materials. Overall, all the AAMs reached a higher strength than OPC.

The LCA revealed that the GGBS-based S/S treatment reduced by 60% GHG emissions
compared to the OPC treatment. However, since the production of both alkali-activators was
deemed the most critical unit process of the AAMs life, a focus on their production methods
was developed. The hydrothermal production route for sodium silicate showed lower impacts
than the furnace-based alternative, especially for land use and global warming. The membrane
production method was confirmed as the best option for sodium hydroxide. The ODC-based
membrane technology, revealed a substantial reduction of the impacts in every midpoint
category, mainly thanks to a reduced electricity demand for chlor-alkali electrolysis. Future
developments should focus on using alternative waste material as binders with suitable Si/Al
molar ratios in order to minimize the use of chemicals, but also on increasing the environmental

friendliness of chemicals production methods.
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