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Abstract: The existing recycling chain of construction and demolition waste generally considers soil
inert solid waste to be sent to landfills. As the most significant component of C&D (construction and
demolition) waste, excavated soil occupies approximately half of landfills. Currently, excavated soil
is a big issue in China’s Pearl River Delta. This paper investigated the composition and quantity of ex-
cavated soil in Shenzhen, China. In particular, the potential market demand for critical recycled sand
(a key recycled material extracted from the excavated soil) was estimated. Furthermore, the technical
analysis for excavated soil recycling takes an entire excavated soil recycling process’s perspective,
delving into the process flow for the excavated soil and the recycled sand’s physicomechanical
properties. Then, two mainstream and legitimate models of excavated soil recycling were considered:
stationary plant recycling and on-site recycling. Each model’s financial and economic viability was
assessed. The financial analysis focuses on investors’ perspectives, whose primary goal is to assess
their investment profitability. The economic feasibility of the excavated soil stationary plant recycling
and on-site recycling models in Shenzhen were then compared via benefit and cost analysis during
the lifetime of the recycling equipment. A comprehensive, complete cost calculation and investment
analysis revealed that Shenzhen'’s excavated soil recycling business is profitable under the current
market conditions. This study investigates scaled and effective excavated soil recycling and gives a
technically and economically viable reference to the global excavated soil issue.

Keywords: excavated soil; stationary plant and on-site recycling; recycled sand; techno-economic
feasibility; benefit and cost analysis

1. Introduction

The rapid development of the national economy in China has greatly altered Chinese
urban infrastructure development, particularly in developed regions that face a lack of
space, such as Beijing and several coastal cities. Numerous old areas in such cities have
successively launched urban renewal campaigns, resulting in a large amount of construction
and demolition (C&D) waste. In 2014, China’s C&D waste reached approximately 1.5 billion
tons [1]. It is estimated that by 2030, China’s total annual output of C&D waste will reach
4.2 billion tons per year [2]. At present, C&D waste disposal is just 13%, with recycling
as the principal means of stacking in the open areas and landfills of China [1]. C&D
waste makes up 35% of landfill waste across the globe [3], with limited options for new
locations for the stacking and landfilling of additional C&D waste. Moreover, stacking
in open areas and lands can threaten local security and sustainable development [4]. The
harmful C&D waste can also cause soil pollution due to the leaching of high-alkaline
matter. Failing to manage the stacking of C&D waste properly can trigger landslides. For
example, a landslide in Shenzhen Guangming District on 20 December 2015, occurred due
to the ill management of C&D waste and a lack of stacking space, killing and wounding
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up to 94 people, destroying 33 buildings, and inflicting direct economic losses of RMB
88.12123 million [5].

The key components of C&D waste include soil, concrete, mortar, brick, metal, timber,
and plastic [6,7]. It has a great value of development and utilization, 95% of which can be
reused into new building materials such as recycled concrete. The recycling of C&D waste
in the construction industry is inevitable, which aids in environmental protection and also
contributes to the conservation of natural resources [8]. Wood, plastic, glass, and metal
can be recycled without further processing, while concrete and bricks are reused as recycle
aggregates [9-12]. Furthermore, the usage of recycled products obtained from C&D waste
exhibits potential economic benefits. The development of C&D waste recycling varies from
country to country; previous studies have been conducted to identify the important factors
driving the feasibility of the C&D waste recycling business. Oliveira Neto found that
assessing the economic viability of reverse logistics in building projects, that is, taking into
account the sale of solid waste and the purchase of recycled products, is critical [13]. A study
by Coelho and de Brito found that C&D waste recycling is highly profitable in Portugal,
where material-specific landfills and growing numbers of stationary recycling plants have
sophisticated C&D waste management. Tipping fees play a significant role in achieving
high profits, and landfill dumping fees are the most significant cost component [14]. Nunes
found that if sales from recycled products were the only source of income, the C&D waste
recycling model would be unsustainable [15]. According to Bao and Lu’s research, C&D
waste recycling companies in China can achieve a profit margin of at least 20%; however,
land fees are a major impediment [16]. Duran revealed that tipping fees and recycling
product prices determine the recycling business’ viability [17]. Wilburn and Tam proved the
remarkable influence of economies of scale, which make high- and medium-scale stationary
plants highly profitable, sometimes even in the absence of tipping fees, compared to small-
scale or mobile stationary plants.in the U.S. and Australia [18,19]. Comparing stationary
plant recycling and on-site recycling, Jung found transportation distance is another factor
to consider while choosing between these two models [20]. G’alvez-Martos found the
importance of considering recycling externalities in C&D waste management policies by
economic analysis [21]. Hu calculated the costs of four building waste disposal methods:
illegal dumping, controlled dumping, stationary plant recycling, and on-site recycling. The
results revealed that on-site recycling had the lowest cost, at USD1/t [22].

Soil excavation is among the fundamental facets of infrastructure development. Few
infrastructure building activities can be performed without excavation, especially in the
Urban Renewal of metropolitan regions, where underground space is inevitable because
obtaining new land space is typically difficult. The excavation project produced significant
volumes of excavated excess soils. Excavated soil is the largest source of garbage created in
Europe each year, accounting for five times the amount of domestic waste, yet governments
ignore the problem. Most people connect waste with rubbish building up in the streets or
landfills. Nonetheless, excavated soils constitute the largest source of garbage in Europe,
according to Eurostat. The excavated soil sent to landfills without recycling has become
a significant issue in some European countries [23]. In 2014, 90.4 million m? of excavated
soil was sent to landfills in Japan, accounting for about three-quarters of the total amount
generated [24]. Most of the current technological and economic research on C&D waste has
focused more on waste concrete and brick slag. As the most significant component of C&D
waste [25-27], the amount of excavated soil exceeds the total amount of municipal and other
C&D waste. However, less research has been conducted on the scale and sustainability of
the reuse and recycling of excavated soil.

At present, dams and roadbeds are the largest applications of excavated soil. The
direct application of excavated soil is difficult due to its poor strength. Thus, the soil must
be treated prior to usage in dams and roadbeds [28-31]. Chemicals such as admixtures are
applied to react with the soil, altering the soil properties and increasing the corresponding
strength. However, the construction of urban dams and roadbeds does not require a large
amount of excavated soil. Hence, more approaches must be determined for the recycling of
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excavated soil. There is currently a large market demand for ceramsite and burnt brick [32],
which are made from the soil by high-temperature sintering. However, there is growing
resistance from both society and the government to these products due to the associated
environmental pollution and carbon footprint. An increasing number of cities have banned
the use of fossil fuels to produce ceramsite and burnt bricks, which have been made from
clay as a raw material since 2003 in China. Thus, recycling stationary plants must determine
an appropriate strategy to reduce the amount of soil without further burning fossil fuels. A
potential solution is the manufacturing of unburnt bricks. Research has been conducted
on the production of bricks from waste materials based on the unburnt method [33,34].
The excavated soil is mixed with cement and aggregates to produce unburnt bricks, which
are supported by patented technologies and are currently applied as paving blocks in
construction. However, the market for such bricks is small, particularly due to their poor
appearance, strength, and durability. Thus, the disposal of soil in China has become a great
issue, particularly in the Pearl River Delta.

China has recognized the importance of the circular economy in its national municipal
solid waste legislation. Moreover, a series of incentives have been introduced to ensure re-
cycled products flow in a construction industry’s closed loop [35]. Traditional construction
materials, such as river, sea, and machine-made sand, are generally used in concrete as ag-
gregates. However, their availability is decreasing rapidly. The government of Guangdong
province has restricted the number of quarries for the sake of environmental protection [36].
On the other hand, Zhang determined that the excavated soil in south China, which con-
tains large amounts of sand, is generally composed of plastic sandy clay, muddy soil, hardy
sandy clay, miscellaneous fill, medium-coarse sand in south China. However, only 13%
of the excavated soil collected from the subway construction site is reused (backfilling
and temporary storage for landscaping) [37]. Voit’s research shows that for a successful
recycling realization, comprehensive excavated byproduct characterization is needed to
identify the range of the existing excavation and their mechanical and chemical properties
in an initial step. Secondly, these experiments are followed by aggregate test production
from excavated raw material recording data of attained aggregate characteristics. Finally,
the task is to test different crusher and mill types, finding the optimal machines as well as
instrument combinations for crushing and sieving to optimize the geometric properties
of the produced aggregates [38]. Bellopede found the most suitable treatment techniques
for TBM excavation to obtain larger-sized and slightly flattened grains, that is, ones with
delicate features which are suitable for recycling as aggregates in concrete [39]. P. Priyad-
harshini explored the technological feasibility of geopolymer technology on producing
environmentally friendly waste-based mortar, which could be a sustainable replacement
for conventional mortar. The result demonstrated that polymerization helps in utilizing
even high plastic soil as fine aggregate in construction applications [40]. The excavated
soil of Shenzhen is difficult to reuse due to its high plastic content, and there is no existing
technology that is able to recycle the high-plastic soil with gravel.

So far, no research has been discovered that provides a technological and economic
perspective on excavated soil recycling. This paper fills the gap by offering a feasibility
analysis of excavated soil recycling in Shenzhen, as well as an assessment of the market’s
prospective demand. This research designed an equipment to extract recycled sand from
the soil according to the composition and quantity of excavated soil within Shenzhen.
The physical and mechanical properties of the recycled sand were determined to meet
the construction standards. A quantification of the excavated soil recycling’s costs and
benefits was also calculated. In addition, the costs and benefits of excavated soil recycling
were assessed. This study concentrated on Shenzhen, China, due to the extensive subway
construction that has occurred there in the previous 15 years [41]. This study aims to
demonstrate the recycling process and experimental result of excavated soil material as a
substitute for conventional aggregate by the example of Shenzhen. Moreover, the study
assesses the economic feasibility of recycling for the excavated soil to C&D waste recycling
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companies. This research explores scaled and efficient recycling for excavated soil and
provides a viable reference to worldwide excavated soil issues.

2. Materials and Methodologies

Two mainstream and legitimate models of excavated soil recycling were considered:
stationary plant recycling and on-site recycling (Table 1).

Table 1. Specifications adopted for the calculation of the recycling unit cost of a recycling
stationary plant.

Specifications
Item 3 3 3 5
Stationary Plant Recycling Model On-Site Recycling Model
Background Capacity: 200 t/h Capacity: 200 t/h
Working life of equipment: 10 years; Working life of equipment: 10 years;
Workday: 300 days per year Workday: 180 days per year
Work time: 10 h/day Work time: 10 h/day
Operating costs increase at 3% per two years Operating costs increase at 3% per
two years
F‘Xi‘isisssets Equipment USD 3,140,157; USD 3,140,157;
Equipment including one piece of excavated Equipment including one piece of
soil separation equipment, two forklifts, one  excavated soil separation equipment, two
excavator forklifts, one excavator
Construction USD 629,921; USD 314,961
Startup cost Startup cost USD 314,961; USD 157,480;
. . 2 .
Operating Land & stationary Land area of 50,000 m~, sta;aonary plant area Land area of 2000 m2
costs plant cost of 5000 m
Nominal rent of USD 157,480 UsSDO0

Labor & office
expenses

Energy

Water

Flocculant

Disposal

Tax

Other

5 qualified workers; 10 unqualified workers;
2 accountants; 1 manager;
monthly wage (Shenzhen Price Information
Center 2017-2018)

Total electricity consumption: 3,000,000 kwh.

Electricity rate: USD 0.19/kwh;

Total water consumption: 50,000 tons per
year. Running water rate: USD 0.79/1;

Total flocculant consumption: 3 tons per year.

Flocculant rate: USD 315/t;

Landfill and transportation of filter cake
average tipping fee: USD 7.9/t. Total annual
disposal cost: USD 2,031,496.

Tax rate: 3%

Other including maintenance with
equipment (6% of equipment investment),
insurance (1% of equipment investment)

3 qualified workers; 5 unqualified
workers; 2 accountant; 1 manager;
monthly wage (Shenzhen Price
Information Center 2017-2018)
Total electricity consumption:
1,800,000 kwh. Electricity rate:

USD 0.19/kwh;

Total water consumption: 30,000 tons per
year. Running water rate: USD 0.79/1;
Total flocculant consumption: 1.8 tons
per year. Flocculant rate: USD 315/t;
Landfill and transportation of filter cake
average tipping fee: USD 7.9/t. Total
annual disposal cost: USD 1,218,898.
Tax rate: 3%

Other including maintenance with
equipment (6% of equipment
investment), insurance (1% of equipment
investment)

2.1. Data Collection

The data of the excavated soil from nine districts were collected in Shenzhen. This city
was chosen as it is the third-largest metropolis in China and is also considered a boomtown.
It holds numerous metro constructions that satisfy the increasing demand for an improved
public transport service. The data collection comprised the following four activities:

(a) Data on the composition of excavated soil was obtained from 108 field studies and
literature-based in Shenzhen, with priority given to recent work;

(b) Data on the quantity and potential demand for excavated soil in Shenzhen were
collected from the Local Bureau of Housing and Construction, the Shenzhen Statistical
Yearbook, and the Guangdong Province Construction Statistical Yearbook. These
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Statistical Yearbooks are significant annual statistical publications compiled by the
Shenzhen and Guangdong Province Departments of Statistics, covering comprehen-
sive data on Shenzhen’s social and economic development and construction;

(c) Data on the fixed costs (stationary plant construction, production equipment costs,
unit labor, digger cost, service fee of ‘excavated soil treatment’) were obtained from
an interview with the manager of a recycling company that owns an excavated soil
recycling stationary plant and runs several on-site excavated soil recycling facilities in
Shenzhen;

(d) Data relating to the benefits of stationary plant recycling (e.g., the sale price of recycled
sand) were obtained based on the information prices from January to December 2019
compiled by the Shenzhen Price Information Center, an authorized publication written
by the local government. Recycled sand prices were factory-gate, close to Shenzhen’s
existing virgin material prices, and did not include transportation costs.

2.2. Excavated Soil Composition and Quantity

Data on the average composition of excavated soil in Shenzhen are unavailable. In or-
der to obtain comprehensive information on the excavated soil composition, we conducted
108 drilling hole samplings in nine districts of Shenzhen (Figure 1). Figure 2 presents the
average data of the corresponding excavated soil based on laboratory screening tests.

Figure 1. Drilling and sampling test.

In general, the soil is composed of solid (minerals, organic matter), liquid (soil water
and solution), and gaseous (soil air) phases. The compounds SiO;, Al,O3, and Fe;Os
account for more than 75% of the chemical composition of the minerals in the soil [42]. The
excavated soil of Shenzhen is generally composed of clay, gravel, and sand. The principal
components of gravel and sand include volcanic, metamorphic, and sedimentary rock. The
clay is distinct due to the differences in geology and climate. The quantity of Shenzhen’s
excavated soil was attained from the local bureau of housing and construction. In 2019,
almost 70 million cubic meters of soil were generated in Shenzhen [37]. This number will
continue to grow until Shenzhen’s subway construction is completed in 2035 [41].
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Figure 2. Excavated soil composition in each district of Shenzhen.

2.3. Demand for Recycled Materials

Figure 3 indicates that the river sand price jumped by almost 227% over 11 months
from 2017 to 2018 in Shenzhen. This rise in construction sand price is attributed to the
imbalance between the supply and demand of sand. It is estimated that the amount of sand
required for the concrete mixing station in Guangdong Province in 2018 was 68.4 million
cubic meters, while the planned mining volume of river sand was only 3.933 million cubic
meters (Statistical yearbook of Guangdong, 2018). Although the continued increase in
infrastructure investment in Guangdong Province will simultaneously increase the demand
for sand in the construction industry, there still remains a large gap between the supply
and demand of sand, resulting in a sharp rise in the sand price.

350
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Figure 3. Price trend of river sand for construction from 2017 to 2018 in Shenzhen.

2.4. Recycled Excavated Soil Process Description

The data described in Section 2.2 reveal the large amount of sand contained in Shen-
zhen’s excavated soil, making up approximately 57%. However, due to the solid plastic
property of clay, existing sand extraction equipment cannot completely separate the clay
from the sand [43,44]. In order to overcome this problem, we designed a new technological
process and manufactured the related equipment to extract recycled sand from high-plastic
clay. Figure 4 depicts the process flow of the designed equipment. The soil was excavated
in the construction site and recycled on-site or transported to the stationary recycling plant.
The excavated soil was sieved to ensure that the adequately sized soil (50 mm-100 mm)
could be separated, retained, and subsequently sent to be evenly separated using the
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designed equipment. An iron remover collected any scrap steel that could cause damage
to the separation equipment, and the soil was transferred into the separation equipment
by the conveyor belt. The separation equipment extracted the recycled sand from the soil,
and the recycled sand was sent to the spiral washer for further cleaning. Moreover, the
coarse aggregates were placed into a pressure blasting machine, ground into sand, and
transferred to the spiral washer. The flocculating agents were added into the slurry tank to
attract clay to form precipitation in the slurry. The clay precipitation was then piped into
the filter press to make the filter clay cakes. Finally, the recycled sand was transported to
the construction site. The filter clay cakes and waste in the excavated soil were taken to the
landfill or stationary plant and further recycled into filter clay cakes.

3% waste

Landfill

Soegle  100%Input - 0795  ialamm
Excavated

soil transportation

Excavated Tron removal
soil screening

Sand 4% Coarse aggregate 4%
Pressure
[ blasting machine
mll Cernﬁed sand 57% Sand 53% D’ —
% —

Construction site Sediment separation

Excavated
soil

Slurry 40%¢ Flocculating

agents
& —_ e
} v R . Water
=N '_r' P — Sharry tank
SEEHa Clay precipitation l
Other recycle 40%

plants
Filter cake “ j IE Ei
2 40%
Filter press
=t R e D ——

Landfill

Figure 4. Diagram of process flow for the recycled excavated soil.

2.5. Physical and Mechanical Properties of Recycled Sand

The physical and mechanical properties of the recycled sand samples (e.g., fineness
module, apparent density, bulk density, clay content, gradation, void content, crush index,
water absorptivity, and water demand of recycled mortar) were determined according
to the Recycled fine aggregate for concrete and mortar (GB/T 25176-2010) and Sand for
concrete (GB/T 14684-2011) standards.

2.6. Economic Evaluation
2.6.1. Total Investment and Operation Estimation

The total capital investment includes direct fixed capital and the startup cost (Shenzhen
bureau of planning and nature resources, 2016). The fixed capital includes the stationary
plant rental (there are no land and stationary plant costs in the on-site recycling model) and
the expenses of purchasing and installing the separation equipment (e.g., water piping,
electricity, cable, temporary buildings, land hardening, weighbridge, yard improvement,
cleaning equipment, and auxiliary facilities). Table 1 reports the estimation details. The
equipment costs were obtained from market inquiries, which refer to the manufactured
equipment price in China. The processing power of the separation equipment used here
was 200 t/h. The installation cost was equipment-specific (hoisting, welded steel pipe). The
land cost was the average rental price of stationary plants in Shenzhen, while the startup
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cost was used to cover the stationary plant usage expenses in the startup phase (e.g., office
supplies, insurance, and equipment testing). Furthermore, we assumed that no further
capital cost or revenue was generated from the resale of stationary plant facilities after the
stationary plant’s lifetime.

2.6.2. Revenue

Revenue is obtained from the sale of recycled sand and a service fee associated with
the ‘excavated soil treatment’” paid by the construction enterprise. The current information
price of recycled sand is USD 17.3/t, and the service fee of ‘excavated soil treatment’ is
approximately USD 7.9/t (data from field research).

2.6.3. Profitability Analysis

The profitability of the two recycling models was researched by evaluating the net
present value (NPV), internal rate of return (IRR), return on investment (ROI), payback
period, production cost, minimum selling price, gross profit, and net profit. The gross
profit is derived by deducting the annual operational cost from the annual revenue. It is an
indicator of profitability. Added-value tax (3%) is also factored into the net profit. By dis-
counting future cash flows to the present value, the net present value (NPV) (Equation (1))
establishes the model’s profitability over the lifespan of the complete recycling equipment
(10 years). The procedure is profitable if the NPV is positive and vice versa.

NPV =Y] Trar itd) ;= Co @

where f is the lifetime (years); Cy is the initial investment; C; is the net cash flow during
period t; and d is the discount rate.

The IRR is also an important indicator of investment efficiency and is equal to the
discount rate at NPV = 0 (from Equation (1)). The payback period is the time it takes to
recover the investment cost. At the same time, the cash return rate (without considering
the residual value in the recycling equipment’s lifetime) is represented by the return on
investment (ROI). Moreover, the ROI is defined as follows:

Annual net profit

ROI =
© Capital cost

@

The cash flow trends over the stationary plant’s lifetime were evaluated using the
cumulative cash flow for each year. In the discounted cash flow analysis, the IRR is a
discount rate that makes the NPV of cash flows equal to zero. When the final cash value
reached zero, the IRR’s numerical value was confirmed.

2.6.4. Sensitivity Analysis

Sensitivity analysis was performed to evaluate the impact of different variables on
economic performance. The total sales revenue and production cost were independently
evaluated and set at 5% to £50% variation at the beginning of the excavated soil recycling
equipment’s lifetime. At an 8% discount rate, NPV was employed as the indicator.

3. Results
3.1. Mass Balance

The separation equipment has a maximum treatment capacity of 200 tons per hour
and a total treatment of excavated soil of approximately 2000 tons per day (TPD). The
working period was 10 h per shift, and the initial operation applied just one shift per day.
Figure 4 illustrates the mass balance information throughout the soil separation process.
On average, approximately 0.57 tons of recycled sand can be recycled when processing
1 ton of excavated soil. The disposal of other residual waste and clay must be processed by
an additional landfill.
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3.2. Separation Equipment and Production Tests

The separation equipment was set in a steel box to avoid noise and dust pollution.
Figure 5 presents the ultimate configuration of the soil separation equipment. The excavated
soil was shoveled into the feeding and separation system (Figure 5b), which not only
removes the scrap steel that could cause damage to the separation equipment in the
excavated soil and scrubs the excavated soil to produce fine aggregates, but also grinds the
recycled sand to remove the sharp edges and angular elements on the particles to improve
the shape. After scrubbing and grinding, the fine aggregates were fed into a screen to
remove the big-size stones (>4.75 mm) and control the grading of the fine aggregates. At
last, the above materials were sent into the spiral washer to remove the fine silt remaining
in the fine aggregates. After separating the recycled sand, the slurry was pumped into the
concentrate and filter system to recycle water (Figure 5c). Finally, the recycled sand and
filter cake were piled up via the collecting system (Figure 5d). Most of the filter cakes were
transported to landfills following the aforementioned treatment. However, a small amount
of sand remained in the filter cakes because of the fine sand recycling machine. Hence, the
filter cakes were suitable for the manufacturing of ceramics. A new environment-friendly
calcination craft that can reduce carbon emissions should thus be designed for the efficient
manufacturing of filter cakes.

L L

Figure 5. Ultimate configuration of soil separation equipment: (a) overview; (b) feeding and separa-
tion system; (c) concentrate and filter system; and (d) recycled sand and filter cake collecting system.

3.3. Physical and Mechanical Properties

Although the excavated soil was collected from different foundation pits in construc-
tion sites across Shenzhen, the basic performances of the recycled sand exhibited minimal
differences. Table 2 reports the physical and mechanical properties of the recycled sand, and
Figure 6 depicts the corresponding grading curve. All the parameters (apparent density,
bulk density, void content, fineness module, clay content, crush index, water absorptivity)
meet the Chinese standard for technological requirements and test method, with the excep-
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tion of the sand excavated from the soil using the tunnel boring machine, which is too fine
to satisfy the standards.

Table 2. Physical and mechanical properties of recycled sand.

Property Recycled Sand River Sand
Apparent density (kg/m?3) 2600 2580
Bulk density (kg/m?) 1510 1480
Void content (%) 42 39
Fineness module 2.8 29
Clay content (%) 0.8 0.1
Crush index (%) 10.2 9.1
Water absorptivity (%) 0.8 0.65
100 — — —_—
A -
= 80 °
2 -
= °
= 60
2 A u
n @
8 40
£ « s
o
g 20 o ®— (Coarse sand
®— Recycled sand
& £ 4— Fine sand
0 -
0.1 1 10

Particle dimension (mm)

Figure 6. Grading curve of recycled sand.

3.4. Total Capital Investment and Operating Costs

The fixed asset costs include equipment and construction, while the operating costs
include land and stationary plant, labor, energy, water, flocculant, and disposal costs, as
well as taxes. Note that there are no land and stationary plant costs in the on-site recycling
model. The equipment, with a cost of USD 3,140,157, includes one excavated soil separation
instrument, two forklifts, and one excavator. The disposal cost indicates filter cake landfill
and transportation average tipping fees of USD 2,031,496 and USD 1,218,898, respectively, in
2020. The annual total operating costs were USD 6,481,732 and USD 3,068,346, respectively.
The results suggest that the greater the operating cost, the larger the disposal fee.

3.5. Revenue and Profitability Analysis

Table 3 presents the revenues obtained by the stationary recycling plant. The profit
comes from selling recycled sand and a service fee provided for the ‘excavated soil treat-
ment’. The recycling stationary plant’s mean annual revenue is USD 7,912,254. The
economic performance was evaluated by net present value (NPV), internal rate of return
(IRR), return on investment (ROI), gross profit, net profit, payback period, and cash flow
using a profitability analysis. The recycling stationary plant was profitable, as evidenced
by the annual net profit generated (USD 1,283,386) and positive NPV (USD 6,776,378). The
stationary plant is observed to be economically profitable for the excavated soil recycling
case in terms of the IRR (28.03%) and ROI (31.4%). In addition, the shortest payback period
is 3.68 years at an 8% discount rate (Figure 7a).
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Figure 7. Cash flow of two recycling modes in Shenzhen from 2019 to 2028: (a) recycling stationary
plant model; (b) on-site recycling model.
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Table 3. Revenue and profitability analysis for the recycling stationary plant in Shenzhen from 2019

to 2028.
Year
Item
2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 Summary
Revenue $1K 0 8617 8617 8617 8617 8617 8876 8876 9142 9142 79,123
Fixed assets costs $1K 1880 1890 0 0 0 0 0 0 0 0 3770
Startup cost $1K 315 0 0 0 0 0 0 0 0 0 315
Operating costs $1K 1763 6482 6482 6482 6514 6547 6606 6641 6702 6738 60,957
Tax and insurance $1K 0 141 1046 1046 1039 1032 1080 1072 1122 1114 8692
Net cash flow $1K  —3770 503 1944 1944 1919 1894 2045 2018 2173 2146 12815
Net profit $1K —2078 2014 1546 1546 1521 1496 1646 1620 1775 1748 12,834
Cumulative NCF $1K —-3770 —3267 —1323 621 2540 4434 6479 8496 10,670 12,815 0
NPV (Discount 8%) $1K —3491 431 1543 1429 1306 1193 1193 1090 1087 994 6776
FNPV $1K —3491 -3059 -—1516 —87 1219 2412 3605 4695 5783 6776 0
Table 4 reports the revenues generated from the on-site recycling model. The profit
is obtained from selling recycled sand and a service fee provided for the excavated soil
treatment, as well as transportation charges that were translated into profit for the recycling
of the excavated soil. The annual revenue of the on-site recycling model is USD 47,473,543.
This model is observed to be more profitable than the stationary plant recycling case
(USD 1,400,079) and positive NPV (USD 8,305,197), IRR (60.12%), and ROI (37.1%). In
addition, the shortest payback period is 2.71 years at an 8% discount rate (Figure 7b). The
economic performance was analyzed by estimating the capital investment, operation cost,
and revenue generation. Profitability analysis, cumulative net cash flow, and sensitivity
analysis were then conducted.
Table 4. Revenue and profitability analysis of on-site excavated soil recycling in Shenzhen from 2019
to 2028.
Year
Item
2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 Summary
Revenue $1K 0 5170 5170 5170 5170 5170 5326 5326 5485 5485 47,474
Fixed assets costs $1K 1880 1575 0 0 0 0 0 0 0 0 3455
Startup cost $1K 157 0 0 0 0 0 0 0 0 0 157
Operating costs $1K 188 3068 3068 3068 3088 3108 3143 3164 3201 3222 28,319
Tax and insurance $1K 0 84 538 538 534 529 558 554 583 579 4498
Net cash flow $1K —2195 806 1927 1927 1912 1896 1987 1971 2064 2048 14,342
Net profit $1K —=503 1677 1564 1564 1549 1533 1624 1608 1701 1685 14,001
Cumulative NCF $1K —2195 —-1389 537 2464 4376 6272 8259 10,230 12,294 14,342 0
NPV (Discount8%) $1K —2033 691 1529 1416 1301 1195 1159 1065 1033 948 8305
FNPV $1K —2033 -—1342 188 1604 2905 4100 5259 6324 7357 8305 0

3.6. Sensitivity Analysis

The recycling equipment had a planned operation period of 10 years, and thus fluctu-
ations in the economic environment were anticipated, with the possibility of causing a risk
of deficit to the business. We employed sensitivity analysis to determine which variable
exerted the greatest economic impact on the recycling business. This was achieved by
changing the most influential parameters (e.g., the service fee of excavated soil treatment,
equipment costs, recycled sand sales, labor costs, disposal costs, and land and station-
ary plant costs). Parameters varied from £5% to £50% at the beginning of the recycling
equipment’s lifetime. Figure 8a,b present the results.
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Figure 8. Sensitivity analysis for the NPV: (a) the stationary plant recycling model; (b)the on-site
recycling model.

The stationary plant recycling model is less sensitive to the equipment and labor costs.
In particular, an increase in 50% of the equipment cost reduces the net profit rate, NPV, and
IRR by 18.7%, 21.2%, and 49.6%, with a payback period of 4.6 years. Moreover, the recycled
sand sale was identified to exert the greatest influence on the whole project. A decline of
the recycled sand price by 5% will reduce the net profit rate, NPV and IRR by 14.5%, 18.3%,
23.1%, with a payback period of 4.0 years.

4. Discussion

The whole recycling process extracts more than 50% of the aggregate from the exca-
vated soil, but there is still about 40% of the filter cake that has been landfilled, and this
part of the material needs to be studied and resourcefully utilized in the future, to realize
the complete comprehensive utilization of the excavated soil. With the elimination of
technological impediments and increased quality control, demand will be expanded even
further, which will allow the recycled products of excavated soil to be used not only for
dam and road construction, but also for the production of cement, mortar, and structural
concrete in buildings [45].

Based on the analysis described in 3, the cash flow of two models for excavated soil
recycling was plotted and displayed in Figure 4. The shortest payback period is shown
in the graph, which is around 3.68 years for stationary plant recycling and 2.71 years
for on-site recycling. By contrast, several national legislative documents use an 8-year
payback period to reference economic feasibility [14]. The shortest payback period for the
on-site recycling model is one year less than the shortest payback period for the stationary
plant recycling approach. At the same time, the IRR of the on-site recycling model is
approximately twice as high as the IRR of the stationary plant recycling. However, the
limitation of on-site recycling must be considered. Due to the schedule and process of
the excavation project, on-site recycling cannot guarantee continuous operation, and its
operation time is usually in a cycle of 3 to 5 months. When a process is completed, it is
transported to another construction site to start a new recycling action.

The two recycling models both have a 200 tons/h installed capacity for excavated soil
input and be able to dispose of 0.6 million tons (stationary plant recycling) and 0.36 million
tons (on-site recycling) of excavated soil, respectively. The stationary plant recycling collects
around USD 8.62 million in the first year of operation alone. With an overall annual cost over
the plateau of operation of about USD 6.48 million, and even considering annual running
costs of USD 7.53 million, revenue from recycled sand’s sales quickly supersedes total
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accumulated costs. On the other hand, on-site recycling collects around USD 5.17 million
with less annual operating cost and working hours in the plateau. At today’s prices, this
economic model presents overall benefits for the entire ten-year period of almost USD
79.12 million (stationary plant recycling) and USD 47.47 million (on-site recycling), solely
from service fee for excavated soil treatment and recycled sand sales; only USD 69.64 million
(stationary plant recycling) and USD 32.82 million (on-site recycling) are attributed to costs
in the same period, which offers the owner USD9.47 million (stationary plant recycling)
and USD 14.66 million (on-site recycling) surplus. respectively. The comparison reveals
that stationary plant recycling disposed of more excavated soil, while on-site recycling is
more efficient and profitable.

It assumes ideal operating conditions, such as a service fee for excavated soil treatment,
a sale price for recycled sand, equipment costs, labor costs, production costs, disposal costs,
and site rental costs that are as high as those estimated. As these conditions can and will
likely change when the facility is installed, a sensitivity analysis of their influence on NPV
was conducted. Similar to the stationary plant recycling model, the on-site recycling model
is not very sensitive to equipment and labor costs. Although both models are sensitive
to the recycled sand price, the fluctuation range of the on-site recycling model is smaller
than that of the stationary plant recycling model. A 5% reduction of the recycled sand
price will reduce the net profit rate, NPV, and IRR by 8.0%, 8.9%, and 10%, respectively,
with a payback period of 4.0 years. It should be observed that the sale of recycled sand
accounts for more than 80 percent of all benefits, making this a potentially revenue-critical
issue. As costs are more evenly divided among equipment, labor, production, disposal,
and site rental, fluctuations in disposal fees can alter the profitability of excavated soil
recycling business. In general, a high recycled sand price is the most critical factor in
ensuring the smooth running of the recycling business. However, the market constantly
changes, with recycled sand prices commonly fluctuating. The recycling company should
thus develop additional products to avoid dependency on a single product and the risk of
its fluctuating price.

This paper was conducted in Shenzhen, China, and the composition of the excavated
soil, the prices of recycled sand, land rent, and disposal fees used in the paper are regional.
Therefore, the generalization of this analysis to other geographical regions should take this
factor into account. The sediment separation technology for the excavated soil recycling
were reduced by about 30-70% of the total amount of excavated soil, but the filter cake still
needs to be landfilled. Thus, it is necessary to improve the technological processes for the
excavated soil’s recycling to achieve the goal of total recycling for excavated soil.

5. Conclusions

Comprehensive information on excavated soil composition was obtained by sampling
108 in situ drilling holes in nine districts of Shenzhen. The average soil composition data
show that there are giant sand and gravel resources in the excavated soil. Nevertheless, the
high plastic property of the excavated soil prevented the feasibility of recycling.

The designed excavated soil recycling process offers the feasibility of recycling highly
plastic excavated soils. Moreover, the sediment separation equipment extracts the recycled
sand from the excavated soil successfully. Although the excavated soil was collected from
different construction sites across Shenzhen, the physical and mechanical properties of the
recycled sand exhibited minor differences. Therefore, it is feasible to supply recycled sand
to the construction material market as a commodity of consistent quality.

As a result of the research and development of the recycling technology for excavated
soil following the marketing requirements, the shortcomings of the mainstream recycled
products, which are unprofitable, have been overcome. Both the stationary plant and
on-site recycling models for the excavated soil exhibit good economic performance. The
stationary plant recycling model costs USD 314,961 more in fixed asset investments than
the on-site recycling model and USD 3.42 million more in operating costs in 2020. The
ROIs of the stationary plant and on-site recycling models are 31.4% and 37.1%, respectively.
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Since on-site recycling does not have stationary plant and land costs, recycled products
have a higher net profit. Whereas, the annual production capacity of the on-site recycling
model is smaller than that of the stationary plant recycling model.

The parameter that was found to have the greatest impact on stationary plant and
on-site recycling models through the use of sensitivity analysis is the recycled sand sale
price, followed by the service fee provided for the ‘excavated soil treatment’. The highest
operating cost for both recycling models is determined as the filter cakes disposal fee.
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