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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci Proper management of hazardous materials arouses widespread environmental concerns due to its enormous
ecological and health impacts. The development of green stabilization/solidification (S/S) technology for
resourceful utilization of hazardous materials, as well as the immobilization of potentially toxic elements is of
great scientific interests. Cement-based S/S is often considered a low-cost and highly efficient technology, but the
environmental sustainability of a broad spectrum of S/S technologies has yet to be evaluated. Therefore, this
study assessed the environmental sustainability of S/S technologies for managing two common types of haz-
ardous wastes, i.e., contaminated marine sediment and municipal solid waste incineration fly ash (MIFA) by
using life cycle assessment (LCA). A total of 17 scenarios under three strategies for sediment and two strategies
for MIFA S/S technologies were comprehensively evaluated. The LCA results identified the most preferable S/S
technology in each strategy. In particular, Scenario 1 (mixture of sediment with a small percentage of ordinary
Portland cement and incinerated sewage sludge ash) of Strategy 1 (use as fill materials) would be the preferred
option, as it reduces about 54% and 70% global warming potential compared to those of Scenarios 2 and 3,
respectively. This is the first initiative for evaluating the environmental impacts of a wide range of recently
developed S/S technologies using green/alternative binders for diverting hazardous wastes from disposal. The
results can serve as a decision support for the practical application of the environmentally friendly S/S tech-
nology for sustainable remediation.
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potentially toxic elements (As, Cd, Cr, Hg, Pb, etc.) and exogenous
organic matter (polychlorinated biphenyls, polycyclic aromatic hydro-

1. Introduction

Contaminants often deposit and accumulate in the sediment via
surface runoff, sewage discharge, and atmospheric deposition. Globally,
a considerable amount of contaminated sediment from dredging activ-
ities is generated annually, for example, about 0.9 million m® in Taranto
(southern coast of Italy) (Barjoveanu et al., 2018), over 150 million m?
in the USA (Bates et al., 2015), and about 300 million m®in Europe each
year (Snellings et al., 2018). As a harbour city, approximately 3.89
million m® marine sediment should be dredged annually to maintain a
sufficient depth of shipping channels in Hong Kong (HK CEDD, 2016).
Approximately one-third of dredged sediment was contaminated by

carbon, etc.) (HK EPD, 2017). The off-site disposal at the landfills or
offshore contaminated mud pits was a non-sustainable option for
contaminated sediment, which occupies precious land resources or
easily cause secondary pollution (Wang et al., 2019a). Thus, the sus-
tainable management of contaminated dredged sediment is a huge
challenge in Hong Kong. Besides, a new municipal solid waste inciner-
ator is expected to be commissioned in 2024 in Hong Kong (HK EPD,
2018). The daily treatment capacity of the incinerator is 3000 tonnes of
municipal solid waste, however, it will also generate >900 tonnes of
incineration bottom ash and fly ash. The incineration fly ash is
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hazardous wastes as it contains a high concentrations of potentially toxic
elements and even dioxin (Bogush et al., 2015; Tong et al., 2020).
Disposal at landfill consumes limited capacity and needs continuous
environmental monitoring. Thus, there is an urgent demand for the
sustainable treatment of municipal solid waste incineration fly ash
(MIFA).

Cement-based stabilization/solidification (S/S) is a low-cost and
time-efficient treatment method for hazardous materials (Shi and
Fernandez-Jiménez, 2006; Roy and Stegemann, 2017). It is one of the
commonly used treatment methods for hazardous wastes including
MIFA and contaminated sediment (Barjoveanu et al., 2018; Huber et al.,
2018; Huber and Fellner, 2018; Margallo et al., 2019). Contaminants
can be chemically fixed and physically encapsuled in the cement-based
matrix, and the S/S products can be used as value-added construction
materials (Wang et al., 2018a). Although ordinary Portland cement
(OPQ) is a mature and versatile binder, the OPC is a high carbon foot-
print material (Wang et al., 2020a). Approximately 1 tonne of CO5 is
generated for one tonne of locally produced OPC in Hong Kong (Dam-
ineli et al., 2010; Hossain et al., 2017). Besides, the compatibility be-
tween OPC and potentially toxic elements are questionable (Senneca
et al., 2020; Wang et al., 2018c; Wang et al., 2020b,c). For instance, low
content of Zn (0.1 wt%) would seriously delay cement hydration and
influence S/S performance (Garg and White, 2017); OPC is not effective
for immobilization of As and even increase its leachability due to the
elevated pH (Wang et al., 2019b).

The application of alternative cements can enhance the compatibility
with contaminants and reduce the dosage of binder, thus alleviating the
carbon footprint. For example, reactive magnesia cement (MC) shows
high compatibility with different metals/metalloids and even organic
matter (Jin and Al-Tabbaa, 2014; Wang et al., 2017; Yi et al., 2015).
Calcium aluminate cement (CAC) is a rapid-hardening cement, which
can rapidly gain early strength even in extreme condition (Engbert et al.,
2020; Nowacka and Pacewska, 2020). Moreover, some industrial waste
and by-products can be recycled as supplementary cementitious mate-
rials (SCMs) to reduce CO5 emission. Pulverized fuel ash (PFA), a Si-rich
by-product from thermal power plants, is one of the most commonly
used SCMs, which can partially replace OPC and improve the mechan-
ical properties of cement-based composites via pozzolanic reaction (Jia
and Richardson, 2018). Ground-granulated blast-furnace slag (GGBS) is
a type of Si- and Ca-rich SCMs that is a by-product from a blast furnace,
which has high hydration and pozzolanic reactivity and can be
employed to improve the strength and durability of concrete (Ganesh
and Murthy, 2019). Incinerated sewage sludge ash (ISSA) is Si- and Fe-
rich waste from sewage sludge incinerator, which also can be recycled as
a sustainable pozzolanic material in concrete (Zhou et al., 2020).
Therefore, it is a low-carbon and sustainable strategy that recycles
contaminated sediment and MIFA as alternative cement or SCMs-
blended cement in the S/S treatment. The technical feasibility of
different types of green cement-based sediment S/S composites and
MIFA S/S composites was validated in many previous studies (e.g. Chen
et al., 2019, 2020; De Gisi et al., 2020; Todaro et al., 2020; Wang et al.,
2017, 2018a, 2018b, 2019a, 2019b; Zhang et al., 2020). Nevertheless,
the environmental merits of these novel products should be quantified.

Life cycle assessment (LCA) is a commonly used method to assess the
environmental viability of treatment/manufacturing technologies in a
holistic manner. Several studies evaluated the environmental impacts of
sediment placement strategies, such as open water placement and up-
land placement (Bates et al., 2015; Sharaan and Negm, 2017), physi-
cochemical decontamination methods (Falciglia et al., 2018), and S/S
treatment (Barjoveanu et al., 2018). Based on LCA, Bates et al. (2015)
found that upland placement of uncontaminated dredged sediment was
associated with greater environmental impacts due largely to the use of
fuel, compared to open water placement in New York, USA. Falciglia
et al. (2018) comparatively evaluated the environmental sustainability
of remediation techniques of marine sediments such as electrokinetic
and citric acid-enhanced microwave heating remediation for
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decontamination of hydrocarbons using LCA. The study reported the
latter approach was most sustainable with rapid and effective decon-
tamination. Moreover, Barjoveanu et al. (2018) studied the environ-
mental impacts of S/S of marine sediment for potential reuse or landfill
disposal using LCA. The study found that ex-situ treatment can induce
higher impacts with increasing dosage of additives in the S/S mixture
(activated carbon, chemical reagents, etc.), but could reduce the po-
tential risk of leaching.

Besides, the treatment and disposal of MIFA were also assessed in
previous research. For example, the environmental impacts of different
scenarios were evaluated, including underground deposition, cement-
based stabilization, thermal treatment, etc. (Huber et al., 2018),
whereas the potential use in the production of cement, metal and de-
icing salts were assessed by Huber and Fellner (2018). Similar studies
were conducted in Spain by Margallo et al. (2019) and in Taiwan by
Huang and Chuieh (2015). The environmental impacts of different
treatment technologies for MIFA were evaluated by Pei et al. (2020).
The study concluded that plasma vitrification technology could signifi-
cantly reduce the toxicity impacts, whereas water-washing treatment
resulted in the highest impacts. In addition, Tang et al. (2020) proposed
an integrated approach for metal recovery and decontamination of
hazardous wastes, including the associated carbon reduction compared
to landfilling. However, Billen et al. (2015) demonstrated that cement-
based S/S mixtures for fly ash and municipal solid waste incineration
residue might induce higher environmental impacts, in terms of climate
change and acidification compared to alternative S/S mixtures.

Although OPC-based S/S of sediment composites or MIFA compos-
ites has been evaluated (e.g. Barjoveanu et al., 2018; Billen et al., 2015),
there is a lack of comprehensive LCA for examining the sediment and
MIFA-derived S/S products treated by low-carbon alternative cement
and SCMs-blended cement. Environmental sustainability is an important
indicator of newly developed technology in addition to technical feasi-
bility. However, it is impractical to adopt the LCA results of S/S tech-
nologies from different studies due to the different technologies
developed, system boundaries, experimental data, geographic locations,
etc. Thus, the environmental sustainability of the developed technolo-
gies should be evaluated in accordance with the local characteristics and
existing systems. This study aims to (i) evaluate the environmental im-
pacts of three types of sediment-derived S/S products (with eleven
scenarios) using different alternative cementitious materials in the
context of Hong Kong, which represents a typical harbour city; and (ii)
assess the environmental impacts of two types of MIFA derived S/S
products (with six scenarios) in the context of Hong Kong, which rep-
resents a typical densely populated metropolis. By validating the envi-
ronmental feasibility, the current study can assist the establishment of a
sustainable treatment method for sediment- and MIFA-derived con-
struction materials. The LCA results of the studied S/S technology can
also serve as a reference for other regions globally.

2. Methodology
2.1. Materials, mixtures, and strategies

The materials and mixtures for the developed S/S technologies for
managing contaminated sediment and MIFA are shown in Table 1. To
ensure the closed-loop resource utilization, different recycled materials
were used as aggregates (recycled concrete aggregates and waste glass),
alternative cements (reactive magnesia cement and calcium aluminate
cement), supplementary cementitious materials (PFA, GGBS, ISSA, glass
powder), along with conventional materials (OPC and natural aggre-
gates). To comparatively analyze the studied materials, 11 scenarios
were developed under three strategies for sediment S/S technologies,
whereas 6 scenarios under two strategies for MIFA S/S technologies.

The production methods of different sediment- and MIFA-derived S/
S blocks were described and proved effective in our previous research
(Chen et al., 2019, 2020, Wang et al., 2017, 2018a, 2018b, 2019a,
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Table 1
Considered strategies and scenarios of S/S for the studied materials.

Strategies Scenarios (mix-designs) Reference Obtained technical
requirements
Sediment S/S technologies
S1: Fill Scl: 1.7%O0PC + 3.3% Wang et al. >1 MPa and pass
materials ISSA + 47.5%Sed + 47.5%  (2018a) TCLP®
RF
Sc2: 1%0PC + 4%GGBS +  Wang et al.
47.5%Sed + 47.5%RF (2018a)
Sc3: 5%MC + 5%ISSA + Wang et al.
90%Sed (2019a)
S2: Partition Sc4: 16%0PC + 4%ISSA Wang et al. >7 MPa and pass
blocks + 16% Sed + 16%RF + (2018a) TCLP *°
48%RC
Sc5: 12%0PC + 8%GGBS Wang et al.
+ 16% Sed + 16%RF + (2018a)
48%RC
Sc6: 10%MC + 5% PFA + Wang et al.
85%8Sed (2019a)
Sc7: 13.5%MC + 1.5% GP Wang et al.
+ 85%Sed (2019a)
S3: Paving Sc8: 30%0PC + 14%Sed Wang et al. >30 MPa and pass
blocks + 14%RG + 42%NC (2018a) TCLP™¢
Sc9: 24%0PC + 6%GGBS Wang et al.
+ 14%Sed + 14%RF + (2018a)
42%NC
Sc10: 20%0PC + 5%PFA Wang et al.
+ 15%Sed + 60%NC (2018b)
Sc11: 20%0PC + 5%MC Wang et al.
+ 15%Sed + 60%NC (2017)
MIFA S/S technologies
S4: Fill Sc12: 8% OPC + 2%SF + Chen et al. >1 MPa and pass
materials 90% MIFA (2019a) TCLP?
Sc13: 6% OPC + 4%SF + Chen et al.
90% MIFA (2019a)
Scl4: 10% CAC + 90% Chen et al.
MIFA (2020)
Sc15: 6% CAC + 1%TSP + Chen et al.
93% MIFA (2020)
S5: Partition Sc16: 20% OPC + 80% Chen et al. >7 MPa and pass
blocks MIFA (2019a) TCLP *"
Sc17: 13.5% CAC + 1.5% Chen et al.
TSP + 85% MIFA (2020)

[Note: Sed: sediment; MIFA: municipal solid waste incineration fly ash; OPC:
ordinary Portland cement; MC: reactive MgO cement; CAC: Calcium aluminate
cement; GGBS: ground granulated blast-furnace slag; GP: glass powder; ISSA:
Incinerated sewage sludge ash; PFA: pulverized fly ash; SF: silica fume; RC:
recycled coarse aggregate; RF: recycled fine aggregate; RG: recycled glass; NC:
natural coarse aggregate; TSP: trisodium phosphate;]

2 HK EPD (2011).

P BS EN 6073 (1981).

¢ HK ETWB (2004).

2019b, 2019c¢, 2019d). The uniaxial compressive strength of different
sediment- and MIFA-derived fill material after 7-day and 28-d air curing
was determined by a universal strength testing machine (Testometric
CXM 500-50 KN). The compressive strength of paving blocks and
partition blocks was determined by a wide range testing machine
(SERVO-PLUS, 4000 KN) according to the standard method (BS EN
12390, 2009). Besides, the leaching concentrations of potentially toxic
elements (e.g. As, Cr, Pb, etc.) from S/S blocks were analyzed after
Toxicity Characteristic Leaching Procedure (US EPA, 1992). The
compressive strength and TCLP leachability of all the S/S blocks were
referred to previous papers as mentioned above, and all of them fulfilled
different technical requirements (HK EPD, 2011; BS EN 6073, 1981; HK
ETWRB, 2004).

2.2. Life cycle assessment of S/S technologies

2.2.1. Goal and scope of the study
The aim of the study is to comparatively evaluate the environmental
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performance of S/S technologies for managing two types of hazardous
wastes such as contaminated dredged sediment (referred to as sediment
hereafter) and MIFA using LCA technique according to ISO guidelines
(ISO, 2006a,b). Considering the comparative analysis for the scenarios,
‘cradle-to-gate’ system boundary is adopted with the functional unit of 1
tonne of final product manufacturing (e.g., fill materials, partition
blocks, and paving blocks). Three most common types of functional
units are used in LCA of concrete or construction products, viz.: (i)
environmental impacts for per 1 m® of concrete or concrete product
(Panesar et al., 2017; Visintin et al., 2020); (ii) per tonne of concrete
products (Saade et al., 2015; Hossain et al., 2016b), and (iii) environ-
mental impacts of concrete products based on its functional performance
(e.g., compressive strength) (Damineli et al., 2010; Panesar et al., 2017;
Visintin et al., 2020). Based on the mixtures shown in Table 1, the
quantity of materials was calculated for the production of 1 tonne of
products, and then LCA was conducted accordingly. It should be noted
that all of the S/S mixtures accomplished the standard technical re-
quirements, thus, the mechanical performance was also considered as
functional unit. This would reduce the complexity of volume as func-
tional unit, because the involved quantity of materials were different
under different scenarios and strategies. A cradle-to-gate system
boundary was adopted, which included the production, processing,
collection and transportation of necessary materials to the production
sites, followed by the production process of the studied products (Fig. 1).

2.2.2. Life cycle inventory analysis and impact assessment

As shown in Table 1, a number of materials along their processing are
needed for the comprehensive analysis of all scenarios. Considering the
resource-scarce city, Hong Kong mostly depends on imported con-
struction materials from different regions or countries. The imported
materials along with the respective transport distances and modes are
shown in Table 2, and the energy consumption for the processing and
production of the materials, and the manufacturing of products
(considered strategies in this study) are shown in Table 3. For all stra-
tegies, the transport distances were calculated from materials generation
sites to the block manufacturing site in Hong Kong.

Locally produced OPC and PFA were considered in this study though
more than half of the OPC and PFA was imported in Hong Kong, whereas
GGBS sourced from Mainland China was considered, as >65% of the
GGBS were imported from Mainland China. Almost the entire amount of
aggregates used in Hong Kong were sourced from Mainland China in
2017 (Hossain et al., 2019). The life cycle inventory data for aggregates
production was based on Hossain et al. (2016a). The data for cement
production in Hong Kong were referenced to Hossain et al. (2017) and
the Chinese Life Cycle Database (CLCD, 2010a). In this study, economic
allocation was adopted for upstream impacts of the commonly used
industrial by-products as supplementary cementitious materials (SCMs),
such as GGBS, PFA and silica fume (SF). The life cycle inventory for the
economic allocation with the case-specific SCMs in Hong Kong con-
ducted by Hossain et al. (2018) was adopted in this study. The case-
specific life cycle inventory data for recycled aggregates production
from construction and demolition (C&D) waste and waste glass in Hong
Kong was collected from Hossain et al. (2016a), whereas the data for the
glass powder production from the waste glass bottles was based on the
case-specific local study conducted by Hossain et al. (2017). Considering
both of waste materials disposals of at landfills or public fills, the
avoided impacts were taken into account in this study.

The upstream data for electricity and fuel consumption for most of
the processes and transportation were based on the local and regional
databases and references, such as CLCD and the China Light and Power
(CLP) in Hong Kong. Due to the technological, temporal and spatial
representation, the local and regional data/databases provide more
reliable results in the LCA study (Hossain and Ng, 2020). In Hong Kong,
some of the data related to materials and processes was not available in
CLCD or even in case specific studies. Therefore, the European Reference
Life Cycle Database (ELCD), Ecoinvent and other scientific literature
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Fig. 1. System boundary of the studied S/S technologies.

were also used.

The upstream data for reactive magnesia cement were collected from
Ruan and Unluer (2016). The transport distance of reactive magnesia
cement from Liaoning province to the manufacturing site were calcu-
lated (about 2750 km). Similarly, the transport distances for other ma-
terials such as MIFA, calcium aluminate cement, and trisodium
phosphate were calculated (Table 2), whereas incinerated sewage
sludge ash from the local sewage sludge incineration plant in Hong Kong
to the manufacturing sites was modelled in this study. The upstream
data for the production of calcium aluminate cement and trisodium
phosphate production were collected from the IBU (2015) and Ecoinvent
(2016b), respectively. Contaminated sediment was collected from the
top 0.5 m of the Victoria Harbor in Hong Kong as dredging sludge, and
several processes including oven-dry, crush and sieve (2.36 mm) and
then and re-saturate to a moisture content of 60% (dry basis) for optimal
water-binder ratio (Wang et al., 2015a). The avoided impacts due to the
transportation and landfill disposal for incinerated sewage sludge ash
and MIFA were included with Ecoinvent database (treatment of average
incineration residue, residual material landfill) (Ecoinvent, 2016c).
Finally, the energy consumption for the block production process was
collected from the Hossain et al. (2016b). All materials including their
processes and transportation in each scenario were modeled using
SimaPro 9.1.5 software, and the three environmental impact indicators
(mid-point) such as acidification potential as SO, eq, global warming
potential as CO; eq, and non-renewable energy consumption as MJ were
comparatively evaluated by the IMPACT 2002 + impact method (Jolliet
et al., 2003). The results were then comprehensively analyzed to select
the best options from the available S/S technologies for the studied
hazardous wastes.

2.3. Assumptions

For conducting comprehensive LCA study for such materials under

different scenarios, some assumptions are inevitable. Some of them are
highlighted as:

e For most of the cases, the shortest transport distance was considered
in this study. For example, Guangdong was taken as a sourced
location if imported from Mainland China.

No impacts were considered for both ISSA and MIFA generation
(rather than associated with transportation), as it is assumed that
these materials should be produced whether these can be valorized
or not. Moreover, this applies to all scenarios and does not affect the
comparative analysis.

Due to unavailability of industrial processing data for contaminated
sediment, the impacts for the sediment dredging/processing were
not considered in this study. This material should go through a series
of treatment (biological and chemical) before disposal if not recy-
cled. Thus, it is assumed that the energy consumption for both pro-
cessing options (recycling and disposal) would be balanced.
Similarly, this applies to all scenarios and does not affect the
comparative analysis.

For trisodium phosphate, the data for the sodium phosphate pro-
duction were used due to unavailability of trisodium phosphate data.
As the main ingredients and/or the major production processes are
accountable for most of the impacts of a product, thus, such
assumption can be adopted in LCA study to fill the data gap (Huij-
bregts et al., 2001).

The production process for the fill materials (strategies 1 and 4) was
not considered due to the unavailability of data. Similarly, it does not
affect the comparative analysis as it applies to all scenarios.

The use phase and end-of-life phase of the designed products were
not considered in this study due to model complexity for such 17
scenarios considering the unavailability of data. Similar phenomena
are assumed for all scenarios in each strategy.
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Table 2 (continued)

Materials Source locations Distance Sources of  Upstream
(km) and data data/
transport database
type

MSWI fly ash Guangdong to 128 km by CLCD
(MIFA) Hong Kong Port inland (2010c¢)

barge
To manufacturing 30 km by Estimated CLCD
site (averaged) 30 t trucks (2010b)

Calcium Guangdong to 180 km 30 Estimated CLCD
aluminate Hong Kong t trucks (2010¢)
cement (CAC)  (manufacturing

site)

Trisodium Guangdong to 180 km 30 Estimated CLCD
phosphate Hong Kong t trucks (2010¢)
(TSP) (manufacturing

site)
Table 3

Sources of energy for different materials/processes.

Materials/processes Energy consumption Upstream data/

databases

Natural aggregates
(crushed stone)

Recycled fine aggregates
(C&D waste)

Recycled coarse
aggregates (C&D
waste)

Cement production

PFA
GGBS

SF
Glass powder

6.07 kWh/t (electricity) &
1.37 L/t (diesel) *
3.06 kWh/t (electricity) &
1.89 L/t (diesel) *
1.11 kWh/t (electricity) &
1.89 L/t (diesel) *

R
9.3 kWh/t ©
72.15 kWh/t ¢

10 kWh/t
25 kWh/t glass powder ¢

CLCD (2010d, 2010e)
CLCD (2010d, 2010e)

CLCD (2010d, 2010e)

Hossain et al. (2017);
CLCD (2010a)

CLP (2014); CLCD
(20104d)

CLP (2014); CLCD
(2010d)

CLP (2014); CLCD

Table 2
Raw materials including the associated transport distances used in this study.
Materials Source locations Distance Sources of  Upstream
(km) and data data/
transport database
type

Ordinary Local (average 28 km by Estimated CLCD
Portland distance from local 30 t trucks (2010b)
cement (OPC)  cement

manufacturer to
manufacturing
site)

Crushed stone Dongguan in 50 km by Hossain CLCD
(both fine and Guangdong 30 t trucks, et al., (2010b);
coarse Province (China) and 128 (2016a) CLCD
aggregates) to Hong Kong Port km by (2010c)

inland

barge
To manufacturing 30 km by CLCD
sites (averaged) 30 t trucks (2010b)

Recycled fine Production and 45 km by Hossain CLCD
concrete block 30 t trucks et al., (2010b)
aggregate manufacturing site (2016a)

(from C&D (variables;

waste) averaged)
Generation to fill 35 km by CLCD
sites (variables; 30 t trucks (2010b)
averaged)

Recycled glass Waste glass bottles 50 km by Hossain CLCD
aggregate (locally generated) 18 t trucks et al., (2010b)
(from waste to aggregates (2016a)
glass bottle) production site

Generation to fill 6kmby6t CLCD
sites (variables; truck, and (2010b)
averaged) 35 km by

30 t tucks

Glass powder Waste glass bottles 55 km by Hossain CLCD
from waste (locally generated) 18 t trucks et al., (2010b)
glass bottles to glass powder (2017)

production and
manufacturing site
Waste glass bottles 6 km by 6 t CLCD
(locally generated)  truck, and (2010b)
to landfill site 35 km by
30 t tucks

Fly ash (FA) Local coal-fired 28 km by Hossain CLCD
power plant to 30 t trucks et al. (2010b)
manufacturing site (2018)
(averaged)

Ground Guangdong to 128 km by Hossain CLCD
granulated Hong Kong Port inland et al. (2010¢)
blast-furnace barge (2018)
slag (GGBS) To manufacturing 30 km by CLCD

site (averaged) 30 t trucks (2010b)

Silica fume (SF) ~ Guangdong to 128 km by Hossain CLCD

Hong Kong Port inland et al. (2010c)
barge (2018)

To manufacturing 30 km by CLCD

site (averaged) 30 t trucks (2010b)

Reactive MgO From Liaoning 2750 km Estimated Ecoinvent
cement (MC) province to by rail (2016a);

Guangdong and freight and CLCD
then to 180 km 30 (2010b)
manufacturing site t trucks

Incinerated From T-Park 10 km by Estimated CLCD
sewage (Sewage sludge 15 t trucks (2010b)
sludge ash inclination plant)

(ISSA) to manufacturing
site
From T-Park 5km by 15  Estimated CLCD
(Sewage sludge t trucks (2010b)
inclination plant)
to landfill site

Contaminated Kai Tak Approach 42 km by Estimated CLCD
sediment Channel to 30 t trucks (2010b)

manufacturing site
Estimated

(2010d)
ELCD (2013)
Ecoinvent (2016c¢)

Glass/C&D waste landfill R*
ISSA and MIFA disposal R*
into landfill

Reactive magnesia R* Ruan and Unluer
cement (2016)

Calcium aluminate R* IBU (2015)
cement

Trisodium phosphate R* Ecoinvent (2016b)

30.28 kWh/t blocks
(electricity) ©

Block production process CLP (2014); CLCD

(2010d)

" Referred to the database/references in the right column.
# Hossain et al. (2016a).

° MPA (2009).

¢ Dunlap (2003).

4 Hossain et al. (2017).;

¢ Hossain et al. (2016Db).

3. Results and discussion

Based on the considered system boundary and assumptions, the
selected environmental impact indicators for managing contaminated
sediment through the studied S/S technologies are shown in Table 4. For
utilizing the sediment as fill materials (Strategy 1), Scenario 1 (e.g.
mixture with recycled fine aggregates and a small percentage of OPC
and ISSA) would be the preferred option. Because Scl is associated with
about 54% and 70% lower CO» eq emission global warming potential
(GWP) compared to that of Sc2 and Sc3, respectively. From the
comparative analysis presented in Fig. 2, it can be seen that Sc2 has
higher non-renewable energy (NRE) consumption compared to Sc3
(about 11%), but Scl is associated with 40-46% lower NRE consump-
tion compared to Sc2 and Sc3 (Fig. 2). Similarly, Sc2 is associated with
higher acidification potential (AP) compared to Scl and Sc3. For the per
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Table 4
Selected impact indicators for the sediment S/S technologies.

Strategy Scenario  Selected impact categories
Global Non-renewable Acidification
warming energy potential (kg
potential (kg  consumption (MJ ~ SO; eq/t)
CO, eq/t) eq/t)
S1: Fill Scl 15.90 211 0.82
materials Sc2 34.50 392 1.18
Sc3 53.70 354 0.92
S2: Partition Sc4 176.57 1372 3.12
block Sc5 178.05 1524 3.38
production ~ Sc6 179.26 1398 3.43
Sc7 196.21 1381 2.89
S3: Paving Sc8 340.63 2369 5.13
blocks Sc9 300.97 2251 4.84
production  Sc10 270.27 2105 5.08
Scl1 305.93 2179 4.74

tonne production of fill materials containing contaminated sediment,
about 0.82 kg SO, eq AP is associated with Sc1, whereas it is 1.18 kg SO5
eq for Sc2 and 0.92 kg SO, eq for Sc3, indicating that about 31% and
11% lower AP is observed for Sc1 than Sc2 and Sc3, respectively (Fig. 2).
Although 90% sediment is used in Sc3 along with 5% ISSA, the impacts
are higher because of the high dosage of reactive MgO cement. The re-
sults (Sc2) are also consistent with Barjoveanu et al. (2018), where
higher impacts were associated due to the use of OPC.

This study considered four scenarios for sediment S/S technologies
under Strategy 2 (reutilization through partition block production),
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3 120 - 111
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g. 40 | § r1Se3
o}
20 - R
: N
NRE AP
S§3: Paving block
100 195 ¢0 92
100[- 89
- N
S 80 S
] 3 \\ 1Sc8
g 60 R 9Sc¢9
‘02 - \ =1Scl0
§ 40 =Scll
< g §
%" 20 i A
@]
: \
NRE
180 4 S5: Partition block
—~ 160 172| -
S kX
= 140
Q
B 1207 22100
o 100 4
2 0Scl6
g 80 - §
£ 60 | :-:\ HSel7
S 40 :-:§
20 Z:Zk
0 . £\
NRE AP

Environment International 145 (2020) 106139

where 84-90% of the total materials were recycled materials. The LCA
results demonstrated that compared to Sc7 (partition blocks containing
sediment, glass powder and reactive magnesia cement), about 9-10%
lower GWP is observed for partition block production through Sc4-Sc6
(Table 4). However, Sc5 is associated with 8-10% higher energy con-
sumption than those of Sc4, Sc6 and Sc7, as the total NRE is 1372, 1524,
1398, and 1381 MJ eq for per tonne of partition block production
through Sc4-Sc7, respectively. In the category of AP, Sc6 is associated
with 9% and 16% higher than Sc4 and Sc7, but similar to Sc5 (Fig. 2). It
is noted that a relatively low percentage of sediment (only 16%) is used
in Sc4 and Sc5, whereas this is about 85% in Sc6 and Sc7. Considering
the environmental impacts (lower GWP and NRE) and the percentage of
sediment used, Sc6 would be the preferred sustainable option among the
other scenarios (Sc4, Sc5, and Sc7).

The LCA results for sediment S/S technology for paving blocks pro-
duction with different scenarios (Strategy 3) are presented in Table 4
and Fig. 2. The results show that about 340, 301, 270 and 306 kg CO; eq
GWP is associated with Sc8, Sc9, Sc10, and Sc11, respectively, per tonne
of paving blocks production. About 12%, 21%, and 10% higher GWP is
associated with Sc8 compared to Sc9, Scl10 and Scll, respectively.
Similarly, about 5%, 11% and 8% higher NRE as well as 6%, 1% and 8%
higher AP are associated with Sc8 compared to Sc9, Sc10 and Scll,
respectively. For Strategy 3, comparatively higher environmental im-
pacts are observed due to the requirement of higher percentage of nat-
ural materials and OPC. As a higher percentage of OPC is used in Sc8
(compared to other scenarios for paving block production), relatively
high impacts are observed (Table 4). Considering the corresponding
environmental impacts, the use of sediment for the paving block pro-
duction through Sc10 would be the preferred option among the four
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_ 'Y 100
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2 80 & ;
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GWP: Global warming potential

NRE: Non-renewable energy consumption
AP: Acidification potential

S: Strategy (1.....5)

Sec: Scenario (1-17)

Fig. 2. Comparative impacts for different strategies and scenarios for S/S technologies.
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scenarios.

Considering the life cycle inventory data, necessary assumptions and
system boundary, the LCA results for MIFA S/S technologies through
different strategies with different scenarios are presented in Table 5 and
Fig. 2. In the studies scenarios, MIFA consists of >90% of the total
materials used. For the per tonne production of fill materials through
valorizing MIFA, about 133, 154, 124 and 116 kg CO2 eq GWP is asso-
ciated with Sc12, Sc13, Sc14 and Sc15, respectively. The results indicate
that Sc13 (90% MIFA, 4% SF and 6% OPC) is associated with 13%, 20%
and 25% higher GWP compared to Sc12, Sc14 and Scl5, respectively.
The corresponding NRE consumption is 25%, 5% and 16% higher in
Sc13. Similarly, Sc13 is associated with 2.56 kg SO eq AP which is 18%
higher than that of Sc12 (2.09 kg SO, eq). The value is significantly
higher than Sc14 (about 64%) and Sc15 (66%), of which the emission is
only 0.93 and 0.87 kg SO, eq, respectively (Fig. 2). This is mainly due to
the required high dosage of OPC, as AP for OPC production is consid-
erably higher than the calcium aluminate cement production (with the
life cycle inventory data for OPC and calcium aluminate cement used in
this study). Another reason is attributed to the use of SF, and its corre-
sponding upstream emission from the main product production
(considering the economic allocation). In view of the overall environ-
mental impacts, Sc15 would be the preferred option for using MIFA as
fill materials, as it can reduce 25% GWP, 16% NRE, and 66% AP,
respectively, compared to Scl4, and these impacts are considerably
lower than those of the other scenarios (Table 5). The results are
consistent with Margallo et al. (2019), as the use of OPC incurs high
impacts.

The production of partition blocks with MIFA (Strategy 5), the LCA
results of two different scenarios are shown in Table 5. In the category of
GWP, the emission of CO2 eq for both scenarios (Sc16 and Scl7) is
almost similar, as the emission is 232 kg CO» eq for Sc16 and 238 kg CO,
eq for Sc17 (only 2% higher in Sc17 compared to Sc16), although higher
amount of OPC is used in Sc16. The results also show that total NRE
consumption is considerably higher in Sc17, as about 2.68 GJ of NRE is
needed for the production of one tonne of partition block for Sc17,
which is 38% lower in Sc16 (1.67 GJ/t). However, about 42% higher AP
is associated with Sc16 than that of Sc17, as the SO, eq emission is 3.38
kg/t for Sc16 compared to 1.96 kg SO, eq/t for Sc17 (Table 5), due to
significantly higher SO, eq emission for OPC production than the cal-
cium aluminate cement production. Comparing the two scenarios, Sc17
would be the preferred option for partition block production utilizing
MIFA. The results are also consistent with other studies (Huber et al.
2018), particularly for higher impacts of OPC-based MIFA stabilization
(Sc12 and Scl3). Thus, the reduced consumption of OPC and the
increased use of alternative cement (e.g., calcium aluminate cement)
would give better LCA results (Sc14 and Sc15).

As an example, the contribution of total CO2 eq emission for different
materials and processes is given in Fig. 3. For Sc1, OPC is responsible for
about 63% of the total emission, whereas 17% is for sediment collection
and 20% is for recycled fine aggregates. The avoided emission for ISSA

Table 5
Selected impact indicators for the MIFA S/S technologies.

Strategy Scenario  Selected impact categories
Global Non-renewable Acidification
warming energy potential (kg
potential (kg consumption (MJ  SO- eq/t)
COz eq/t) eq/t)
S4: Fill Sc12 133.19 1092 2.09
materials Scl3 153.85 1450 2.56
Scl4 123.74 1381 0.93
Sc15 115.57 1218 0.87
S5: Partition Scl6 232.18 1666 3.38
block Scl7 238.00 2680 1.96
production
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(transport and landfilling) is higher than its transport to the valorization
site, and thus about 11.72 kg CO, eq emission is subtracted from the
total emission for Scl (Fig. 2). Compared to Scl, considerably higher
emission is associated with Sc2 (Table 4), because GGBS induces about
14 kg eq CO, emission (about 41%) to the total emission (considering
the upstream impacts for GGBS due to economic allocation), whereas
29%, 13% and 17% are from OPC, sediment and recycled fine aggregate,
respectively. For Sc3, OPC is responsible for about 88% of the total
emission, whereas 12% is from sediment. Even though 17.78 kg CO5 eq
is avoided due to ISSA in Sc3, the total emission is still significantly
higher than the values in the other two scenarios. This is mainly due to
the use of higher percentage of reactive magnesia cement, as environ-
mental impacts are considerable due to high CO, emission during
reactive magnesia cement production (Ruan and Unluer, 2016).
Although reactive magnesia cement has very high carbon capture po-
tential (COy uptake by the product during its use phase), it is not
considered in this study (as cradle-to-gate system boundary).

For partition blocks production through Sc4, >85% of the total
emission is attributed to OPC, 1% by sediment, 1% by recycled fine
aggregate, 3% by recycled coarse aggregate, and 10% by the production
process (Fig. 3). The emission is similar to Sc5 due to the high use of
OPC, although some are replaced by the use of ISSA in Sc4. About 68%,
16%, 1%, 1%, 3% and 11% of the total emission is contributed by OPC,
GGBS, sediment, recycled fine aggregate, recycled coarse aggregate, and
production process, respectively. Even though lower amount of reactive
magnesia cement is used in Sc6, its contribution is relatively high (70%),
whereas 15% is from PFA (higher due economic allocation), 4% is from
sediment, and 11% is from the production process. For Sc7, reactive
magnesia cement is responsible for 86% of the total emission, although
glass powder contributes to negligible emission (due to avoided impacts
for waste glass landfilling).

For Sc8, the total GHGs emission is considerably higher than the
other scenarios for paving blocks production due to the use of higher
amount of OPC (contribute about 90% of the total emission). For Sc9,
the contribution is 81%, 7%, 1%, 5% and 6% by OPC, GGBS, sediment
and recycled fine aggregate, natural coarse aggregate and production
process, respectively. Similarly, about 75%, 10%, 1%, 7% and 7% of the
total emission was contributed by the OPC, PFA, sediment, natural
coarse aggregate and production process, respectively. Due to the use of
5% reactive magnesia cement in Scl1, total carbon emission is consid-
erably higher in Scll (even though lower amount of OPC is used)
compared to the other scenarios (e.g., Sc 9 and Sc10). The total contri-
bution is 66%, 20%, 1%, 6% and 6% by OPC, reactive magnesia cement,
sediment, natural coarse aggregate and production process, respec-
tively. The contribution analysis shows that the use of SCMs is often the
better option to reduce the carbon emission compared to use of reactive
magnesia cement.

In Sc12, about 61%, 31% and 8% of the total emission are attributed
to OPC, SF and MIFA, respectively. The use of SF induces considerably
higher emission due to the upstream impacts (considered economic
allocation). Consequently, about 25% higher carbon emission is
observed even with 35% lower binder is used in S13 (Fig. 3 and Table 1).
The total contributions are 40%, 53% and 7% by OPC, SF and MIFA,
respectively, for Sc13. The use of calcium aluminate cement as a sub-
stitute of OPC and SF significantly reduces the carbon emission
(Table 5). Calcium aluminate cement and MIFA contribute to 91% and
9% of the total emission for Sc14, whereas it is 61%, 30% and 9% by
calcium aluminate cement, trisodium phosphate and MIFA, respectively,
for Sc15. Although trisodium phosphate has a higher emission, the use of
less amount of calcium aluminate cement helps to decrease the total
emission for Sc15 (Fig. 3). For Sc16, about 88%, 4% and 8% of the total
emission are attributed to OPC, MIFA and production process, respec-
tively. Although alternative binder is used in C17, the total emission
remains largely similar. The contributions are 66%, 22%, 4% and 8% by
calcium aluminate cement, trisodium phosphate, MIFA and production
process, respectively (Fig. 3).
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Fig. 3. Contribution analysis for different S/S technologies of the studied materials.

In view of the similar ratio of sediment and MIFA used in Sc6, Sc7,
Scl6 and Scl7 for partition blocks production, the comparison of the
selected impact indicators is given in Fig. 4. It can be seen that
comparatively higher GWP (18-25%) is observed for Sc16 and Scl7
than Sc6 and Sc7, due to longer transport distance of MIFA materials
(compared to sediment) and the use of different binders (particularly for

OPC in Sc16). Similarly, about 16-48% higher NRE is found for Sc16 and
Sc17 compared to Sc7 and Sc8 due to higher amount of OPC (Sc16) and
higher NRE associated with trisodium phosphate (Sc17). However, Sc17
has 43% and 32% lower AP than the Sc6 and Sc7, because lower SO, eq
is associated with calcium aluminate cement compared to reactive
magnesia cement (based on the collected life cycle inventory data).
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Fig. 4. Comparison of strategies for S/S technologies of the studied materials.

In this study, there are some unavoidable limitations that should be
addressed in the future. Currently, the processing of sediment is not
considered due to the unavailability of energy data, and MIFA is not
locally generated in Hong Kong but collected from the neighbouring
city. The production process for the fill materials is also not considered
in this study due to the unavailability of data. This study considered
cradle-to-gate system boundary for scenarios, because the required data
were unavailable for the use phase and end-of-life of the designed
products. It would be practical to consider these aspects, for example,
the difference in carbon uptake by reactive magnesia cement and OPC
during the use phase, and the potential ecological and health impacts
due to contaminant leaching at the end-of-life phase (Barjoveanu et al.,
2018). It should be noted that the results of LCA studies are heavily
dependent on the specific location, technology considered, trans-
portation of different materials, etc. Thus, this LCA study is more
applicable to the selection of specific technology for the studied haz-
ardous wastes based on their environmental performance in Hong Kong.
Future studies could evaluate the specific S/S technologies for managing
different hazardous wastes in various locations or regions for repre-
sentativeness. In addition, LCA results are often sensitive to different
considerations and factors including the upstream data, transportation
distance, etc. Therefore, sensitivity analysis of the key factors would be
helpful for decision-makers to understand the reliability and possible
deviation of the final recommendations.

Moreover, the current environmental legislations are available for
managing and disposing of dredged sediment and MIFA in Hong Kong
(Wang et al., 2015b), and it is possible to use S/S-treated sediment as fill
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materials (S1) (HK EPD, 2020). However, there are currently no
guidelines and regulations on how to use such materials as partition
blocks (S2) and paving blocks (S3). Similarly, there is a lack of regula-
tion for the potential recycling of MIFA as construction materials in
Hong Kong. Thus, the relevant environmental regulations and material
specifications for treating and recycling these waste materials under
different strategies shall be developed and enacted in the near future for
promoting sustainable development and circular economy.

4. Conclusions

This study evaluated the environmental sustainability of S/S tech-
nologies for contaminated marine sediment and MIFA for resourceful
utilization through 17 scenarios under five strategies. Key conclusions
can be drawn on the basis of collected life cycle inventory data, system
boundary considered, assumptions made, and the selected impact in-
dicators. In Strategy 1 (recycling sediment as fill materials), Sc1 would
be the preferred option, as it is associated with about 54-70%, 40-46%,
and 11-31% lower GWP, NRE and AP impacts compared to other op-
tions. In Strategy 2 (recycling sediment for partition block production),
considering the lower GWP and NRE impacts (despite 1-16% high AP)
and the high utilization percentage of sediment (85%), Sc6 would be the
preferred option over Sc4, Sc5 and Sc7. In Strategy 3 (recycling sediment
for paving block production), Sc10 would be the preferred option among
the four scenarios, for its 12-21% and 3-11% lower GWP and NRE
impacts than other options. Strategy 4 (recycling MIFA as fill materials),
Sc15 would be the preferred option for as it uses 93% MIFA and reduces
7-25% GWP, 12-16% NRE, and 6-66% AP compared to Sc12-Sc14. In
Strategy 5 (recycling MIFA for partition block production), Sc17 would
be the preferred option for its 42% lower AP compared to Scl6. The
overall results indicate that the use of calcium aluminate cement and
SCMs as binders instead of OPC and reactive magnesia cement can
significantly reduce the environmental impacts. These results can
facilitate the selection of sustainable technologies for S/S treatment of
hazardous wastes, while the identified limitations need to be addressed
by future studies.
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