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Abstract: This study aimed to quantitatively assess the environmental impacts of different methods
used for treating excavated soil and rock (ESR) in Shenzhen, namely landfilling, sintering, and
non-sintering, using the life cycle assessment (LCA) method. The findings indicate that recycling ESR
through sintering or non-sintering processes offers more sustainable alternatives than landfilling. The
recycled products derived from ESR can effectively replace traditional building materials, thereby
reducing their environmental impacts. However, when comparing the environmental impacts of
sintering and non-sintering processes, the latter demonstrated more significant impacts, particularly
in terms of global warming potential (GWP), acidification potential (AP), and eutrophication potential
(EP). Furthermore, it is worth noting that the environmental impacts of the sintering processes are
influenced by fuel type and exhaust gas emissions, with natural gas combustion yielding more
substantial overall environmental benefits. Moreover, ESR landfilling poses constraints on sustainable
development and land resource occupation. This study contributes to a better understanding of
the environmental impacts associated with ESR landfilling and recycling, provides management
departments with optimal ESR management suggestions, and alleviates environmental pressure from
urban development.
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1. Introduction

The construction industry plays a crucial role in China’s economic and social develop-
ment, contributing to a total output value of 29.3 trillion yuan in 2021 [1]. Large-scale urban
construction projects also generated significant construction and demolition waste (CDW),
including urban regeneration, underground space development, and the demolition of
different buildings and infrastructures [2]. The improper management of CDW poses
significant environmental impacts [3] and urban management challenges [4]. Globally, the
annual generation of CDW exceeds 10 billion tons [5], with China, the United States, and
the European Union being the top three contributors [6]. Between 2003 and 2013, China
generated approximately 2.3 billion tons of CDW annually [7]. However, the resource
utilization rate of CDW in China is relatively low compared to other developed countries,
ranging from 70% to 95% [8]. Improper CDW treatment practices in urban areas may lead
to land occupation [4], soil contamination [9], and water body destruction [10], as well as a
series of safety issues [11].
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Excavated soil and rock (ESR) is referred to as engineering sediment or slurry. Accord-
ing to the “Technical Standard for Construction And Demolition Waste Treatment (CJJ/T
134-2019)”, engineering sediment is generated from foundation excavation works such
as various structures and pipe networks, while engineering mud is generated from the
pile construction and shield construction processes [12]. ESR accounts for over 70% of the
total volume of CDW [13]. In Shenzhen, approximately 74 million m? of ESR is generated
from various construction projects annually, posing significant challenges [14]. A landslide
occurred at an ESR landfill site in Guangming District, Shenzhen, resulting in 77 deaths and
33 houses being destroyed on 20 December 2015 [15]. An in-depth analysis of this landslide
event in Shenzhen has suggested that the volume of ESR dumped in landfills should be
reduced to minimize the risk of landslides [16,17]. Common ESR recycling technologies
in China include the conversion of ESR into building products, sediment separation, and
backfilling fillers. However, compared with developed countries, the rate of ESR recycling
or backfilling in China is relatively low [18], mainly due to the lower value and higher costs
of ESR recycling compared to other types of CDW [19].

Shenzhen, a leading “Zero waste city” in China [20], is actively working towards
improving the resource utilization of ESR. Although remarkable progress has been made
in recycling CDW in Shenzhen compared to traditional landfill practices [21], only 15% of
recycling enterprises in Shenzhen are involved in ESR recycling, with an average processing
capacity of less than 50,000 m? per year. Consequently, most of Shenzhen’s ESR (65%) is
transported to other cities for further treatment, such as land reclamation and engineering
backfilling [22]. Experiences in Europe indicate that regulatory frameworks, logistical
challenges, and material quality are the main factors for reusing ESR effectively [23]. To
address these challenges, Shenzhen is seeking new strategies to enhance ESR utilization
and reduce the environmental impacts associated with landfilling. “Shenzhen Construction
and Demolition Waste Management Measures (revised version in 2020)” emphasizes the
control and management of CDW at the source, transportation, and final disposal to pre-
vent improper disposal of CDW. The measures also mandate that ESR with a water content
of over 40% should be taken to undergo sedimentation, drying, or curing measures before
being transported to landfill sites or other factories. Shenzhen is conducting sediment
separation pilot projects to promote ESR on-site treatment [14]. The ESR sediment separa-
tion process involves sedimentation, flocculation, and pressure filtration techniques [22,24].
These methods yield coarse and fine aggregates that can be mixed with cement and other
additives for diverse applications in concrete products, including building materials, road
surface materials, and drainage pipes. However, the resulting sludge cakes still require
further disposal at landfills.

The successful application of both sintering and non-sintering techniques has been
demonstrated in ESR recycling [25], while some brick and tile plants are actively exploring
the development of high-value recycled products like large-size wall panels and lightweight
partition walls [22]. Even though sintering facilities have yet to be introduced in Shenzhen,
the feasibility of utilizing clay-rich ESR as a sintering material has been evaluated from
the perspectives of composition, sintering techniques, and environmental regulations [26].
However, is the application of sintering or non-sintering methods sufficient to reduce
the volume of ESR, and, thus, the environmental impacts in Shenzhen? The purpose of
this study is to evaluate the environmental impacts of different ESR treatment methods,
including landfilling, sintering, and non-sintering.

Previous ESR-relevant studies employed various assessment methods. Ma et al. [27]
qualitatively analyzed the environmental impacts of ESR in the transportation stage and
the classification methods of ESR. Zhu et al. [28] and Guo et al. [29] explored the possible
environmental impacts of ESR related to shield construction during transportation and
landfill processes. These studies revealed the generation of ESR in different countries or
regions, indicating that the transportation and landfill processes have negative impacts
on the environment. However, the existing qualitative studies only focus on the environ-
mental impact of individual stages or some specific recycled technologies. In contrast,
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the quantitative analysis focuses on several aspects, such as production estimation [18],
disposal methods [22,23], and recycling potential [30].

To address these limitations, further quantitative research is required to assess the
environmental impacts of specific ESR treatment techniques throughout their life cycles.
Life cycle assessment (LCA) can be utilized to assess the environmental impacts of CDW
treatment technologies [31] and different recycling scenarios [32] during demolition, trans-
portation, and recycling stages. Therefore, this study employs the LCA approach to evaluate
the environmental impacts of three ESR disposal methods and supplement the results with
sensitivity and scenario analysis. Subsequently, based on the generation and disposal sce-
narios of ESR in Shenzhen, the potential for reducing the environmental impacts of future
ESR disposal is predicted, and recommendations for optimizing disposal are proposed. To
realize the low-carbon development in Shenzhen’s construction industry and “Zero waste
city” pilot, it is necessary to fully understand the environmental impacts and the critical
factors for ESR treatment. Such an assessment can effectively inform future management
strategies to reduce the environmental impacts of ESR treatment and support the large-scale
implementation of ESR recycling technologies.

2. Methodology

The LCA research in this study is conducted according to the framework of ISO 14040
and 14044. LCA should include the following four parts: (1) goal and scope, (2) life cycle
inventory analysis, (3) life cycle assessment, (4) interpretation [33,34].

2.1. Goal and Scope

The first step in conducting an LCA study is to define the goal and scope, focusing on
the goal definition, system boundaries, and functional units [31,34]. The goal of this study
is to assess and compare the whole life cycle environmental impacts of three ESR disposal
methods, landfilling, sintering, and non-sintering, complement existing ESR resource
utilization practices in Shenzhen, and finally provide insights into improving resource
utilization technologies for the CDW treatment industry.

This assessment considers different raw materials, energy sources, and disposal pro-
cesses, evaluating them under three scenarios derived from ESR disposal field case studies.
The system boundary of this study (Figure 1) illustrates the process of ESR collection and
subsequent transportation by dump trucks to either a landfill or a resource utilization
plant for further treatment. The landfilling process encompasses both the transportation
process and the landfilling process. At the same time, ESR resource utilization focuses on
the transportation and manufacturing process of recycled products, excluding the use and
disposal processes of these products. It is worth noting that, according to various studies
on recycled construction materials, including ESR, the recycled products exhibit nearly
identical physical and mechanical properties to traditional building materials, indicating
the potential for substituting traditional materials and achieving significant environmental
benefits [35]. Therefore, the scope of research on ESR resource utilization also includes the
environmental benefits of replacing traditional building materials with recycled products.
In addition, due to limited research work, on-site ESR turnover or stockpiling, storage, em-
ployee transportation, fixed equipment installation, maintenance, and operation processes
are outside of the system boundaries of this study. The LCA study is based on average
survey data from 2019 and 2021. Similarly to previous CDW research, the functional unit is
defined as “1 ton of ESR” [36], allowing for the quantification of material and energy inputs
and outputs for all three ESR treatment processes, including raw material inputs, energy
consumption, transportation, solid waste, exhaust emissions, and wastewater discharge
per functional unit.
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Figure 1. The system boundary of life cycle assessment of three ESR treatment methods.

2.2. Life Cycle Inventory Analysis

Life cycle inventory (LCI) analysis is a crucial tool for quantifying the environmental
inputs (such as materials and energies) and outputs (such as gas emission, wastewater,
and solid waste) associated with a specific process or product, which helps to assess the
environmental impacts within the system boundary [37].

In the case of ESR disposal in Shenzhen, it is essential to use as much local data as
possible to ensure the accuracy and representativeness of the LCI analysis. These primary
data, including materials and energy consumption, are mainly obtained through field
surveys and relevant environmental impact assessment (EIA) reports. However, due to the
absence of sintering facilities for large-scale production in Shenzhen, process information
from sintered brick plants in other provinces and cities in China, such as Dongguan City
and Huzhou City, where advanced technologies and mature processes are available, has
been collected to supplement the local data. Table 1 displays the original inventory data of
1 ton of sintered and non-sintered ESR, respectively. Meanwhile, secondary data, mainly
from commercial databases, such as GaBi 9.2 and Balance 3.0, have also been utilized
(detailed data sources in Table 1). Furthermore, based on the distribution of ongoing
construction projects and ESR resource utilization facilities in Shenzhen, the estimated
average transportation distances of ESR landfilling, sintering, and non-sintering are 16 km,
37 km, and 32 km, respectively.
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Table 1. Summary of the inventory data for ESR sintering and non-sintering treatment. All quantities
are based on 1 ton of ESR.

Treatment

Methods Type Project Unit Amount Data Sources
ESR t 1
Slag kg 220
Fly ash kg 110
Input Sodium hydroxide kg 0.8
Calcium hydroxide kg 0.64
Water kg 150 Field investigation
Sintering Electricity kWh 17.07 and EIA re}%orts
Recycled bricks * Pcs. 400 outside Shenzhen city
PM kg 0.003
50, kg 0.06
Output NOx kg 0.07
Unqualified products kg 2
Waste brick kg 5
ESR t 1
Cement kg 93.75
Granulating agent K 5
Input (Polyacrylamide mixtures) &
Additive (lime) kg 6.25
Water kg 104 Field investigation
Non-sintering Diesel kg 0.35 and EIA reports in
Electricity kWh 9 Shenzhen city
Non-sintered bricks t 1.19
Dust k 0.04
Output Ungqualified products kg 3
Waste brick kg 22

Note: * convert to standard size brick count (240 mm x 115 mm X 53 mm); unit pieces.

2.3. Life Cycle Impact Assessment

This study quantitatively assesses the environmental impacts of various options in
ESR treatment methods following ISO 14040 and ISO 14044. GaBi software (version 9.2)
and CML 2001 (January 2016 version) are utilized to calculate the midpoint indicators in the
environmental impact assessment. Three key evaluation metrics were selected: 100-year
global warming potential (GWP), acidification potential (AP), and eutrophication potential
(EP). GWP is a widely used indicator to measure the impact of environmental emissions
on climate change, making it particularly important in studies related to CDW. Within the
current global warming context, a study has found that recycling may release higher levels
of NOy and SO, compared to landfilling [38]. AP and EP indicators provide a method
to evaluate the environmental burdens associated with regulated emissions such as NOx
and SO;. These indicators are of significant concern to Shenzhen’s ecological environment
supervision department.

To calculate the environmental impact of landfilling, Equation (1) is employed, incor-
porating the impacts of both transportation and landfilling processes:

Er;=Erri+Epi 1)

Here, i represents the three environmental impact indicators (GWP, AP, and EP),
E; ; represents the environmental impact of landfilling, E; 1 ; signifies the environmental
impact specifically associated with transportation for landfilling, and E;; ; represents the
environmental impact resulting from the landfilling process.

In terms of recycling, this study focuses on two types of recycled products: sintered
brick (produced by firing in a kiln) and non-sintered brick (produced by mechanical press-
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ing). These recycled products serve as substitutes for traditional materials, providing
comparable functionalities. Recycled sintered bricks have a wide range of uses, whereas
recycled non-sintered brick has more limited applications due to its lower strength and
heavier weight, making it suitable primarily for non-load-bearing walls in low-rise build-
ings and pavement structures [39].

The recycling of CDW not only provides significant environmental benefits but also
reduces the consumption of natural resources [40]. Therefore, the life cycle environmental
impact assessment for ESR recycling incorporates the evaluation of process impacts, includ-
ing transportation, as well as the credit assigned to recycled construction materials, which
eliminates the environmental burden associated with the production of similar products.
Equations (2) and (3) express the calculation methodology for the total environmental
impact of sintered and non-sintered brick production, respectively:

Es, i =Est,i + Esm,i + Esa, i ()

Ens,i = Enst, i + Ensm,i + Ensa, i 3)

In these equations, E; ; and Ey; ; represent the total environmental impact of sintered
and non-sintered brick production, respectively. Egsr ; and Eygr, ; denote the impacts
associated with transportation for sintered and non-sintered brick production. Egyy;, ;
and Engy, i capture the environmental impact of the respective manufacturing stages.
Lastly Es4 ; and Enga, ; represent the environmental impact that is avoided through the
utilization of recycled materials, encompassing transportation and manufacturing stages,
as compared to the production of traditional brick alternatives.

2.4. Sensitivity Analysis

Sensitivity analysis in the LCA is a method used to assess the robustness of LCA
results by evaluating how variation in input parameters influences the total outcomes [41].
In this study, each key parameter varies positively by 10%, and then the corresponding
variations in the three life cycle impact indicators are evaluated. That is, the sensitivity of
these contributing parameter variations to the results is identified. Specifically, the variable
parameters of sintering include electricity consumption and exhaust gas emissions. For
non-sintering, the variable parameters include materials and energy consumption, such as
cement, granulating agents, admixture, and electricity. By conducting sensitivity analysis,
decision-makers can gain insights into the reliability and validity of LCA findings and
make more informed choices in terms of ESR management.

2.5. Scenario Analysis

The production technologies of sintered bricks can be classified into two methods:
internal combustion and external combustion. The internal combustion method entails
incorporating a certain amount of finely ground fuel or combustible industrial waste, such
as coal slag and fly ash, into the clay raw material. This mixture undergoes processes such
as billet making, drying, loading, and sintering. During the heating phase inside the kiln,
the fuel within the billet body is burned to ultimately form bricks. Conversely, the external
combustion method relies on conventional thermal sources like hard coal and natural gas
for sintering in the kiln, with no fuel added to the billet body itself. However, this method
exhibits lower thermal efficiency due to the large size of brick billets and their inherently
low thermal conductivity [42]. Sintered brick production has significant environmental
implications, primarily due to the extensive consumption of high-quality clay as a raw
material, leading to ecological degradation and loss of arable land. Furthermore, the
combustion of fossil fuels in the sintering process releases particular matter and harmful
gases, such as NOy and SO, [43].

The increasingly stringent environmental regulations have necessitated the closure of
traditional brick and tile plants in several provinces and cities in China. These plants are
characterized by high resource consumption, significant pollution levels, and low energy
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efficiency. Their shutdown is partly due to the significant expenses and difficulty associated
with exhaust treatment. Therefore, the selection of appropriate sintering methods and
fuel types is crucial for the brick and tile industry to achieve cleaner production goals and
promote a circular economy.

To further minimize the potential environmental impact of utilizing ESR as a raw mate-
rial in sintered brick production, this study aims to quantify the environmental implications
associated with different fuel choices. Specifically, using 1 ton of ESR as a benchmark, three
scenarios are examined:

1. For scenario I (S1), in the sintering process, thermal energy is generated from an
internal fuel such as fly ash and slag, which is mixed with the raw materials. This
scenario serves as the baseline comparison;

2. For scenario II (52), in the sintering process, thermal energy is generated from hard
coal, which is independent of the raw material mixture;

3. For scenario III (53), in the sintering process, thermal energy is generated from
natural gas.

3. Results
3.1. Comparison of LCA Results between ESR Landfilling and Recycling
3.1.1. LCA Results of ESR Landfilling and Recycling

Figure 2 presents a comprehensive analysis of these environmental impacts of 1 ton of
ESR throughout its life cycle between landfilling and recycling, using three key indicators.
Negative values within the framework of these analyses denote environmental benefits or
credits, while positive values denote environmental burdens [44]. The findings indicate
that landfilling imposes considerable burdens across all environmental indicators, with the
total environmental impacts from landfilling 1 ton of ESR being 17 kg CO, eq, 10 g PO43~
eq, and 90 g SO, eq, as shown in Figure 2. However, recycling (including both sintering and
non-sintering methods) demonstrates significant environmental benefits, and the life cycle
results of three ESR treatment methods are shown in Table A2. Although the process of
recycling ESR itself generally results in a higher environmental burden compared to land-
filling, the total results of ESR recycling remain highly favorable due to the reduction in raw
building material consumption through resource utilization. Notably, the environmental
credits generated by replacing traditional bricks with recycled alternatives can effectively
offset the burdens associated with recycling operations. Recycling significantly reduces
the GWP impact by more than three times, highlighting its substantial advantage over
landfilling. Furthermore, recycling ESR resources reduces the impacts on AP and EP by
more than two times compared to other disposal methods.
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Figure 2. The total environmental impact results from 1 ton of ESR landfilling and recycling. (a) GWP;
(b) EP; (c) AP. Note: “Landfilling process” represents the operation in the landfill site; “Manufac-
ture” refers to the operation of recycled brick in brick and tile plants; “Brick credit” represents the
environmental burden of replacing traditional bricks (including the impact of transportation and
manufacture stage); “Total” refers to the sum of all contributions in the life cycle.

3.1.2. Comparison of LCA Results between ESR Sintering and Non-Sintering

It is crucial to recognize that the adoption of different ESR recycling approaches
introduces discernible variations in environmental burdens and benefits. Non-sintering
methods have higher environmental burdens, including transportation and manufacturing
processes, as well as lower environmental benefits compared to sintering methods. This
is consistent with the trends observed in GWP, AP, and EP. Specifically, GWP generated
from non-sintering is approximately 5.5 times higher than that of sintering, while EP is
1.5 times higher, and the difference in AP is relatively small. In terms of environmental
benefits, there is a significant difference between sintering and non-sintering methods of
ESR recycling. Sintering techniques primarily rely on ESR as the main material, with fewer
auxiliary materials.

On the other hand, non-sintering uses additional natural materials like cement, granu-
lating agents, and admixtures, in addition to ESR. Moreover, most materials used in non-
sintering have high emission levels, resulting in a higher environmental burden compared
to sintering. The difference in the emission factors of the traditional building materials
being replaced also contributes to the disparity in environmental benefits between the two
methods. The emission factor of ordinary sintered bricks replaced by ESR bricks is generally
lower than that of concrete bricks replaced by non-sintered bricks, leading to a substantial
difference in the benefits of recycled bricks between the two methods (Figure 2). In order to
mitigate the uncertainties arising from various factors, the Monte Carlo simulation was
carried out using Oracle Crystal Ball software (version 11.3). The number of iterations is an
important factor in obtaining reliable results using the Monte Carlo simulation [45]. The
materials and energy consumption during the ESR disposal process are influenced by the
production levels of the selected cases. The maximum and minimum values of material
consumption were determined based on field surveys conducted in different cities, and the
simulation was performed 10,000 times, with a confidence level of 95%. The uncertainty of
the results is depicted through error bars in Figure 2.

In summary, it is unequivocally evident that both sintering and non-sintering methods
offer significant advantages over landfilling from the life cycle perspective. Non-sintering
methods demonstrate higher environmental impacts compared to sintering for 1 ton ESR
of in the manufacturing process. However, the selection and implementation of recycling
methods should also comprehensively consider the mechanical properties and market
potential of the recycled products.
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3.1.3. Contributing Factors Analysis in Environmental Impacts of ESR Recycling

In Figure 3a, the analysis of the environmental impact attributed to sintering reveals
that electricity consumption (75.1%), transportation (16.8%), and auxiliary material con-
sumption (8.1%) are the main contributors to GWP. The sintering plant’s high electricity
consumption, as well as China relying heavily on thermal power generation, results in a
higher GWP factor. Exhaust emissions and electricity are the major contributors to AP and
EP. Transportation and auxiliary material consumption have relatively minor effects on AP
and EP. Notably, exhaust emissions, mainly from SO, and NOy, have a significant influence
on AP and EP during the sintered brick manufacturing process. Despite the introduction of
desulfurization devices, the combustion of fly ash and slag still releases high levels of SO,,
contributing to AP. Moreover, the absence of a denitrification device at the time of data
collection led to higher NOx emissions.

EP EP |
AP AP |
GWP
GWP
, '0 'O '0 '0 ) 0% 20% 40% 60% 80% 100%
0% 20% 40% 60% 80% 100% ® Transportation Cement Granulating agent
B Transportation Auxiliary materials Electricity Exhausted gas Additive ® Diesel Electricity
(a) (b)

Figure 3. Contribution analysis of process environmental impacts for ESR recycling (avoided burden
not included). (a) Sintering method; (b) non-sintering method.

In Figure 3b, for GWP generated from ESR non-sintering treatment, the environmental
burden mainly arises from cement (72.8%), granulator agent (9.0%), and electricity con-
sumption (7.4%). Cement, as a high-emission construction material, represents the largest
proportion of raw material consumption in non-sintered brick production (excluding ESR).
Consequently, it contributes substantially to the environmental burden during the recycling
process. Lime, the main component of the admixture, has minimal effects on AP and EP
but accounts for 8.1% of GWP. Compared to other factors, emissions from transportation
and diesel consumption during non-sintered brick production contribute relatively less to
the environmental burden.

3.2. Contributing Parameters Analysis of ESR Recycling Environmental Impacts in Shenzhen

Based on the sensitivity analysis results presented in Figures 4 and 5, it can be observed
that specific parameters have a significant influence on the environmental indicators for
both the sintering and non-sintering methods of ESR treatment. Understanding these key
contributing parameters and their degree of contribution is essential for optimizing the
environmental impacts of both processes.

In the case of sintering, electricity consumption emerges as a crucial factor that strongly
influences all environmental indicators, particularly GWP. It is important to note that nega-
tive values indicate an opposite effect on the results. Conversely, variations in transporta-
tion distance have an insignificant effect on the three indicators. Thus, reducing electricity
consumption and exploring alternative energy sources could be effective strategies for
minimizing the environmental impact of sintering. Moreover, the emission of SO, exhibits
strong sensitivity for AP, while NOy greatly influences AP and EP, with the highest sensi-
tivity observed for EP. These findings emphasize the importance of exhaust gas generation
and control technology in reducing the emissions of SO, and NOy, which are critical air
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pollutants in the sintering process. Implementing measures to control these emissions can
significantly mitigate the environmental footprint of ESR sintering. It should be noted that
if the emissions of SO, and NOx exceed 317% and 244%, respectively, compared to the
current state, sintering may no longer be an environmentally desirable treatment method
compared to landfilling.

Electricity ——GWP
0.0%

AP
——EP

NOx SO2

Figure 4. Sensitivity analysis of the environmental impacts of sintering.

= GWP
Cement
0.0% ——AP
—3.0% ——EP

Electricity » Granulating agent

Additive

Figure 5. Sensitivity analysis of the environmental impacts of non-sintering.

For the non-sintering method, the results demonstrate that the three environmental
indicators are most sensitive to variations in cement consumption, especially in terms of
GWP. On the other hand, the dosage of granulating agent and admixture has a minimal
effect on AP and EP. Similar to sintering, variations in transportation distance do not signif-
icantly affect the three indicators. Therefore, reducing cement consumption or mitigating
the environmental impact of cement production is critical to decrease the environmental
footprint of non-sintering. To ensure that non-sintering is more environmentally beneficial
than landfilling, cement consumption should remain below 173%, based on the sensitivity
analysis results presented in Figures 4 and 5. In the case of sintering, electricity consump-
tion is a crucial factor that strongly influences all environmental indicators, especially
GWP. Conversely, changes in transportation distance have an insignificant effect on the
three indicators.

3.3. Further Environmental Impacts Reduction Potential of ESR in Shenzhen

Based on the above results in Section 3.2, three scenarios were formulated to reduce
the environmental impacts of ESR sintering in the sintered brick industry. These scenarios
mainly focus on the selection of primary fuel type and combustion technology. The scenario
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analysis results indicate that all three scenarios lead to environmental benefits, as reflected
by negative values for all indicators, as shown in Figure 6. In comparison with Scenario
I (internal fuel) and Scenario III (natural gas), Scenario II (hard coal) demonstrates the
least life cycle environmental benefits, and similar conclusions are observed for GWP, AP,
and EP.

0 0
o -0} -5t
o) b
@)
en —20 2 —10r —10
§ @ —12
= A —18
O 30t 2 Ho_1st
—38 —34
_ap Si(Internal fuel) S2 (Hard coal) S3 (Natural gas) —20 Sl(Internal fuel) = S2 (Hard coal) = S3 (Natural gas)
(a) (b)
0
- 50 b

—139
—154

AP(g SO, eq)
| | |
8 & 5
<o (=) =1

|
N
W
S

T

—251
S1(Internal fuel) S2 (Hard coal) S3 (Natural gas)

~300
(c)

Figure 6. Analysis results of sintering total impact in the whole life cycle stage (— benefit/credit,
+ burden) (a) GWP; (b) EP; (c) AP.

In terms of GWP, Scenario I (—38 kg CO, eq) which uses internal fuel shows a slightly
higher benefit than Scenario III (—34 kg CO; eq) using natural gas. However, this differ-
ence is not statistically significant. When considering AP and EP benefits, Scenario III
outperforms Scenarios I and II.

Internal fuel, used in Scenario I, primarily consists of industrial wastes generated
during or after coal production, such as fly ash, slag, and coal gangue. Unlike hard coal
and natural gas, internal fuel does not cause additional environmental burden associated
with its production. Hence, Scenario I showed better GWP reduction compared to the other
two scenarios. Other things being equal, the use of coal as a sintering heat source incurs a
higher environmental burden during the production stage. Combustion of coal generates
significantly higher levels of SO, and NOy, thereby intensifying the impact of AP and EP.
The key distinguishing factors among different fuels lie in their sulfur content and nitrogen
oxide production, with coal exhibiting higher levels of both. Internal fuel primarily consists
of residues from high-temperature combustion in boilers, which typically contain fewer
volatile compounds.

Natural gas, on the other hand, as a clean energy source, has lower sulfur content com-
pared to internal fuel and hard coal. Furthermore, natural gas supplied by municipalities
undergoes comprehensive desulfurization and denitrification treatments before utilization.
Consequently, both internal fuel and natural gas offer more evident environmental benefits
compared to hard coal. Additionally, in terms of AP and EP benefits, natural gas surpasses
internal fuel. Thus, it is crucial to consider the sulfur content of internal fuel during sintered
brick production.
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3.4. Estimation of Environmental Impact Based on the Total Volume of ESR in Shenzhen

Figure Al in the Appendix A illustrates the projected generation volume of ESR
in Shenzhen from 2020 to 2035, as provided by the Shenzhen Municipal Housing and
Construction Bureau (SMHCB). Analysis of SMHCB statistics reveals that about 74% of
the ESR generated within Shenzhen yearly was transported to other cities for further
disposal between 2016 and 2019. On the other hand, the recycling rate of ESR during
the timeframe stood at a mere 5%. Considering the composition of ESR in Shenzhen
(Figure A2) and the CDW disposal plans outlined by regulatory authorities, predictions
about the environmental impacts and benefits of both landfilling and recycling scenarios
were formulated.

The current study analyzed the potential environmental impacts and land occupation
resulting from the practice of landfilling 74% of ESR in Shenzhen from 2020 to 2035.
Additionally, two recycling assumptions were considered, including sintering and non-
sintering methods: (1) the business-as-usual (BAU) scenario, where the current recycling
rate remains at 5%; (2) the high scenario, where the future recycling rate of ESR increases
to 38%.

Considering the composition of ESR in Shenzhen, clay-rich soil assumes a prominent
role as the primary raw material employed in both sintering and non-sintering processes.
The environmental impacts and land occupation associated with ESR landfilling in Shen-
zhen are summarized in Figures 7 and A3 (Appendix A). The emissions with GWP, AP, and
EP resulting from ESR landfilling are expected to be the highest in 2020 and cumulatively
reach 22.45 million tons of CO, eq between 2020 and 2035.
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Figure 7. GWP and land occupation potential of ESR landfilling in Shenzhen.

The extensive landfilling of ESR in Shenzhen has detrimental environmental impacts
and leads to the inefficient use of land resources. The need for land allocation for ESR
disposal is projected to reach its peak in 2020 and continue to rise until 2035, resulting in a
total land area requirement of 179 million m?, equivalent to the entire Longhua District of
Shenzhen. Moreover, as neighboring cities like Zhongshan and Zhuhai undergo develop-
ment, their capacity to accommodate ESR will diminish, posing significant challenges to
the region’s land resources, urban planning, and construction.

In contrast, recycling ESR presents a promising solution with the potential for substantial
emission reductions and positive environmental outcomes, as seen in Figures 8, A4 and A5.
Even with the current recycling rate of only 5% (business-as-usual scenario), there are
considerable environmental benefits that can be achieved. For instance, between 2020 and
2035, recycling ESR could result in a saving of approximately 3.3—4.5 million tons of CO,
eq. In the high scenario, with a recycling rate of 38%, non-sintering techniques demonstrate
even greater environmental benefits compared to sintering methods. Over the same time
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frame, sintering is projected to save around 25.5 million tons of CO, eq, 105 thousand tons
of SO, eq, and 8.4 thousand tons of PO43’ eq. Meanwhile, non-sintering is expected to
achieve savings of approximately 34.1 million tons of CO, eq, 120 thousand tons of SO,
eq, and 18.6 thousand tons of PO,>~ eq. These findings indicate that a recycling rate of
38% can significantly reduce environmental emissions. Whether employing sintering or
non-sintering approaches, the cumulative environmental benefits are nearly equivalent to
or exceed those resulting from ESR landfilling between 2020 and 2035.
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Figure 8. GWP saving of ESR recycling in Shenzhen. Note: S = sintering; NS = non-sintering;
BAU = business-as-usual scenario (5% of ESR for recycling); high = high scenario (38% of ESR
for recycling).

4. Discussion
4.1. Management Implications

Despite the advanced ESR disposal regulations established in Shenzhen, the utilization
rate of ESR resources still needs to improve, with landfilling persisting as the primary
disposal method. Therefore, there is a pressing need for management authorities to improve
the current ESR disposal methods and enhance the efficient utilization of ESR resources.
The following management implications are proposed:

1.  ESRreduction at the source: During the engineering design stage, designers should
consider the site’s topography and implement appropriate solutions, such as vertical
elevation adjustments and foundation pit support solutions, to minimize the volume
of excavation required. To effectively utilize ESR generated at the construction site,
it should be prioritized to backfill low-lying plots or areas where the ground eleva-
tion does not meet usage requirements. Furthermore, surplus materials generated
from earthworks can be utilized to increase the thickness of green covering soil and
incorporate rock landscapes into the construction project, thus reducing the need for
transporting ESR off site;

2. Classification: ESR should be classified and treated according to resource utilization

requirements and composition, with dedicated classification facilities established
at suitable construction sites. ESR conforming to performance technical standards
for filling purposes, such as plain fill or miscellaneous fill on the surface, should be
prioritized for use as filler for backfilling. ESR rich in clay content can be used as
raw materials for sintered or non-sintered bricks, which can replace traditional brick
products. ESR with a high sand content can be used to produce aggregates through
sedimentation separation, with these aggregates being sold to the public or used in
cement mortars, while filter cakes generated from pressure filtration can serve as raw
materials for sintering or non-sintering treatment and produce recycled products. For
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ESR with complex compositions that are difficult to treat, harmless treatment followed
by landfilling is recommended;

Recycle process improvements: Compared to landfilling, ESR sintering and non-
sintering present significant potential to reduce carbon emissions. Particularly, ESR
rich in clay content can be effectively recycled into high-quality building materials,
including common sintered bricks, perforated bricks, thermal-insulation blocks, etc.,
which find important applications in newly constructed buildings. However, it is
important to note that the manufacturing process of ESR-recycled building materi-
als involves considerable energy and material consumption, such as the electricity
consumption of the brick-making machinery, the natural gas consumption in the
brick kilns, and the use of cementing materials. Therefore, further improvements can
be made in key aspects during the production process. During sintering, effective
control of the generation and emission of exhaust gases from the production process
is necessary. Brick and tile plants can consider cleaner energy sources, such as natural
gas, as external fuel for kilns. Additionally, tunnel kilns equipped with automatic
temperature control systems, efficient desulfurization (limestone-gypsum wet pro-
cess), and denitrification facilities may prove beneficial. Moreover, in non-sintering
processes, future work will focus on process improvement to enhance the durability
of products and reduce the consumption of additional materials such as cement.

4.2. Limitations and Future Work

To extend the research’s impact and address the limitations of this study, future studies

could delve into the following points:

1.

ESR composition variations: This study focuses only on clay-rich ESR that can be
used as raw materials for sintering or non-sintering processes, but not all types of ESR
can directly replace original clay materials due to variations in geological conditions
and sources. Therefore, future ESR management strategies should prioritize graded
disposal methods and explore the potential reuse of non-clay-rich ESR;
Environmental impact assessment indicators: This study discusses three normal-
ization indicators (GWP, AP, EP) under the LCI, while other indicators, such as EC
(energy consumption) and HTP (human health potential), were not included. These
additional indicators should be considered in future assessments to provide a more
comprehensive evaluation. Additionally, it is important to acknowledge that due to
the unavailability of specific Chinese local background data (emission factors), the
study relies on the adoption of the best alternative background data from existing
databases. Efforts should be paid to improve the availability and accuracy of local
data, enhancing the accuracy of future assessments;

Low-carbon transportation: Although the environmental impacts of the ESR trans-
portation process in this study are relatively small compared to the overall life cycle
impacts of the three ESR treatment methods, it is important to consider the potential in-
troduction of electric heavy goods vehicles (HGVs) as an alternative to diesel HGVs in
future research, due to the large-scale promotion of electric vehicles in Shenzhen city;
The economic evaluation and recycling process improvements: Since large-scale sin-
tering facilities have not been introduced in Shenzhen, this study does not address the
economic evaluation and market potential of ESR recycled products. Considering the
potential high economic costs associated with implementing these disposal schemes,
it is necessary to explore strategies that can promote ESR recycling technologies and
the use of recycled building materials in new construction projects in China while
ensuring economic feasibility. In addition, future studies could focus on recycling
process improvements, such as optimizing sintering processes by exploring variations
in natural gas combustion and exhaust gas treatment methods within the sintering
process and reducing additives in non-sintering processes.
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5. Conclusions

This study aims to conduct a quantitative assessment of the environmental impacts
associated with ESR recycling (sintering and non-sintering) or landfilling under the guid-
ance of LCA methodology. These findings can provide valuable insights for policymakers
to better understand the environmental benefits of ESR recycling, as well as support the
development of CDW management policies and the implementation of Zero Waste Cities
initiatives, particularly in cities like Shenzhen.

The key findings found that recycling ESR through sintering or non-sintering processes
seems to be a more sustainable option than landfilling in terms of environmental impacts
and land resource occupation. The recycled products derived from ESR can be effectively
utilized to replace traditional building materials, further offsetting the environ-mental
impacts associated with their production processes.

When comparing the environmental impacts of sintering and non-sintering processes
for 1 ton of ESR disposal, the latter demonstrated greater impacts (specifically in terms of
GWP, AP, and EP) based on the LCA approach. This result is primarily due to the large
amounts of cement as a cementitious material required in the non-sintering process. There-
fore, reducing cement consumption becomes a crucial area for future process improvement.

Consequently, it may be concluded that the sintering method is a more suitable option
for large-scale ESR disposal compared to non-sintering. In addition, the environmental
impact arising from ESR sintering process is profoundly influenced by energy consumption
and exhaust gas emissions. Results from scenario analysis reveal that fuel type significantly
affects the total assessment results, regardless of other factors. Specifically, using natural
gas as the combustion fuel yields more substantial environmental benefits.
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Appendix A

Table Al. Summary of nomenclature used in this research.

Terms Acronyms

Construction and demolition waste CDW
Excavated soil and rock ESR

Life cycle assessment LCA

Global warming potential GWP
Acidification potential AP
Eutrophication potential EP

Life cycle inventory LCI

Environmental impact assessment EIA
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Table A2. Life cycle results of three ESR treatment methods.
Environmental Treatment Landfilling . . .
Indicators Methods Process Transportation Manufacture Brick Credit Total
GWP La.ndfﬂ.lmg 15.7 1.248 17
(kg CO; eq) Sintering 2.886 14.3 —55 —38
Non-sintering 2.496 91.8 —144 —50
AP Landfilling 89 1.239 90
(g SO, eq) Sintering 2.865 145 —302 —154
522 €9 Non-sintering 2478 158 —337 —177
EP Landfilling 10 0.164 10
(g PO eq) Sintering 0.380 13 -25 -12
g4 e Non-sintering 0.329 20 —47 —27
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Figure A1. Projection of ESR generation volume in Shenzhen (2020-2035). Note: the data sources
are from statistical reports of Shenzhen Municipal Ecological Environment Bureau (SMEEB) and
Shenzhen Municipal Housing and Construction Bureau (SMHCB).
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Figure A2. Composition of ESR in Shenzhen. Note: the data are available from filed engineering
geological prospective reports.
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Figure A3. Projection of environmental impact (AP and EP) of ESR landfilling in Shenzhen.
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Figure A4. Projection of AP saving potential of ESR recycling in Shenzhen. Note: S = sintering;
NS = non-sintering; BAU = business-as-usual scenario (5% of ESR recycling); high = high scenario
(38% of ESR recycling).
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Figure A5. Projection of EP saving potential of ESR recycling in Shenzhen. Note: S = sintering;
NS = non-sintering; BAU = business-as-usual scenario (5% of ESR recycling); high = high scenario
(38% of ESR recycling).
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