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a b s t r a c t
Baiyangdian Lake is the most important natural water body in North China and is having a dredging project to
remediate serious endogenous pollution from sediments. How to reduce the secondary environmental impact
in the process of dredged-sludge treatment and disposal is of great signiﬁcance. Four typical dredged-sludge
treatment technologies were evaluated based on comprehensive life cycle environmental and economic analysis
in this paper, and recommendations are put forward to selecting suitable treatment technology for dredgedsludge with heterogeneous pollution. The LCA results indicated that land use process is a preferable approach
for less polluted dredged-sludge due to simple steps and low cost. However, the environmental burden derived
from land use will obviously increase with the extent of the dredged-sludge pollution, especially depends on the
content of heavy metals. Comparatively, organochlorine pesticides in dredged-sludge generate a negligible environmental impact because of their trace concentration. Besides, the manufacture of non-ﬁred brick or water
storage clay is an effective treatment technology for dredged-sludge with high pollution to reduce toxic environmental impacts owing to the immobilization and stabilization of heavy metals, although it has high economic
costs and consumes a large amount of energy and materials. Moreover, it is worth noting that polyacrylamide
may be not an excellent conditioner for dredged-sludge dewatering because of the apparent contribution to
human toxicity and freshwater aquatic ecotoxicity impact. Overall, this study highlighted and concluded how
to select and optimize the adoption of suitable technologies to reduce environmental risks generated from the
treatment and disposal of dredged-sludge.
© 2021 Elsevier B.V. All rights reserved.
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treatment, resource utilization, and residual water treatment were
discussed. Moreover, the detailed source substances contributing to
each environmental impact were analyzed. The present work was also
compared the sensitivity and uncertainty of the environmental impact
results caused by the same technology to treat dredged-sludge from different water function. The methods and results of this study not only reveal the environmental risks of whole dredged-sludge treatment and
disposal process, but also provide insights on improvement and development of technologies and integrated management of recovered
resources.

1. Introduction
Baiyangdian Lake is the largest freshwater lake in North China and
serves many ecological functions, such as storing irrigation water, regulating ﬂood and stagnant water, supplementing groundwater, controlling local microclimate, and providing biological habitat; hence, it is
called “the kidney of North China.” In 2017, the State Council approved
the plan for building Xiongan New Area to facilitate the noncapital functions of Beijing and explore a new model of optimizing development in
densely populated areas. Baiyangdian Lake plays a key role in these future constructions because of its impacts on the regional ecological environment. However, the rapid development in industry and agriculture
and the continuous growth in population inevitably caused a deterioration to the water quality of Baiyangdian Lake, and different pollutants in
the water accumulated in the sediment via adsorption, sedimentation,
and biological uptake, causing serious sediment pollution (Yang et al.,
2021). Furthermore, the accumulated pollutants could be released back
into the water causing secondary pollution when the sediment is disturbed by hydraulic and biological actions (Wei, 2012; Nian et al., 2006).
Therefore, considering the current pollution situations of Baiyangdian
Lake and the construction of Xiongan New Area, it is urgent to control
the endogenous pollution of lake sediments.
Currently, environmental dredging is commonly used to reduce the
load of internal pollution in rivers and lakes and improve the water qualities (Jing et al., 2013). Environmental dredging projects were carried out
successively in Dianchi, Chaohu, and West lakes as well as other lakes in
China (Chen et al., 2019). However, large quantities of sludge with high
moisture content are generated from the dredging process. The dredgedsludge will cause seriously secondary pollution if dumped to the environment without effective treatment (Manap and Voulvoulis, 2015).
The existing technologies of dredged-sludge treatment include ﬂocculation and dewatering, solidiﬁcation, composting, ceramsite manufacturing and land use, etc. To provide useful information for policy makers
on selecting the optimal technology for each project, a comprehensive
method for evaluating both environmental and economic burdens of
dredged-sludge treatment and disposal is urgently required.
Life cycle assessment (LCA) can quantitatively analyze environmental impacts of treatment technologies and providing a basis for process
selection and improvement (Rugani and Benetto, 2012). Not only that,
it estimates potential impacts in diverse impact categories by aggregating emissions from all processes from the cradle to the grave, and reports
these impacts relative to the function or service provided (Linkov et al.,
2017). LCA has already been the most popular and extensive accepted
evaluation method all over the world. For example, Hao et al. (2019),
Ortiz et al. (2007) and Pan et al. (2019) applied LCA to compare the traditional sewage treatment method with energy recovery, puriﬁed water,
and water resource recovery technologies, respectively. Xu et al. (2014)
and Xiao et al. (2018) reported that the environmental and economic
performance of current sludge treatment technologies in China and
sought a suitable alternative adapting to nation-speciﬁc conditions.
Furthermore, Barjoveanu et al. (2018) analyzed the environmental
impacts of whole treatment processes remediating contaminated
marine sediments through LCA, and concluded that stabilization/solidiﬁcation operation is the most critical treatment phase. Choi et al.
(2016) used LCA to evaluate various remedial alternatives for contaminated dredged-sediment and proposed the optimization strategy to reduce the secondary environmental impacts. However, it
must be mentioned that the application object of LCA is too centralized, and most of the established life cycle databases are focused on
sewage and sludge treatment technologies, thereby the research on
LCA of dredged-sludge treatment technology is still lacking.
In this paper, a series of environmental impacts and economic performances attributed to four dredged-sludge treatment and disposal
technologies in Baiyangdian Lake were systematically evaluated by
using the LCA methodology. Therein, the contribution to environmental
burdens of each unit process such as conditioning, dewatering, harmless

2. LCA methodology
2.1. Goal and scope deﬁnition
The function unit used in this study is one ton (1 t) dry dredgedsludge. All input of energy and materials, the emissions of pollutants,
and transportation distance are deﬁned based on this function unit. The
LCA method of this study is carried out in strict accordance with the requirement in International Standards Organisation (ISO)-14040 and
14044 (ISO, 2006a, ISO, 2006b). The targeted area of the ecological dredging demonstration project, which consists of dredging, dewatering, residual water treatment, and landﬁlling areas, is located in Anxin County,
Baoding City, Hebei Province (Supporting Information, Fig. S1). The demonstration project was established on an area of 0.13 km2 to treat a total
dredged-sludge of 183,800 m3. Table S1 shows the average characteristics of the dredged-sludge.
2.2. Dredged-sludge treatment and disposal technologies
Four dredged-sludge treatments and disposal technologies from the
Baiyangdian dredging project were considered in this study. The speciﬁc
processes and system boundaries of each technology are illustrated in
Fig. 1, scenario 1 (S1): conditioning, geotextile tubes dewatering, and residual water treatment (sodium hypochlorite (NaClO) oxidation)/in situ
land use; scenario 2 (S2): conditioning, geotextile tubes dewatering,
and residual water treatment (NaClO oxidation)/land use after aerobic
composting; scenario 3 (S3): conditioning, ﬁlter pressing dewatering,
and residual water treatment (NaClO oxidation)/use as a raw material
for non-ﬁred bricks; scenario 4 (S4): batching and mixing followed by
manufacturing of water storage clay. Therein, dewatering process is essential before land use (S1 and S2) since high water content is the key factor to inﬂuence the efﬁciency of the subsequent treatment and the cost.
Differing from S1 and S2, S3 applies ﬁlter pressing for dewatering owing
to the water content must be reduced to less than 60% before manufacturing non-ﬁred bricks. Meanwhile, cationic polyacrylamide (PAM) is the
added ﬂocculant during the conditioning process. Furthermore, the average chemical indicators of residual water generated from dewatering process are found to be chemical oxygen demand (COD) = 10.53 mg/L, total
nitrogen (TN) = 4.45 mg/L, ammonia nitrogen (NH3−N) = 2.17 mg/L,
and total phosphorus (TP) = 0.082 mg/L. According to the national surface water class II standard (GB 3838–2002), only the TN and NH3-N
exceeded the standard level. Thus, residual water needs to be treated before discharging into the lake, and NaClO oxidation process is chosen as a
treatment for the residual water in this project. Finally, the treated
dredged-sludge in S1 and S2 will be transported to different land types
nearby for application. The dredged-sludge can also be applied as an alternative raw material to the manufacture of non-ﬁred brick (S3) and water
storage clay (S4). (Wang et al., 2018; Hao, 2015; Lan, 2007). The detailed
manufacturing procedures are also shown in Fig. 1.
2.3. Input and output in the processes of dredged-sludge treatment
This study is an attributional LCA, thereby all the data used in inventory is the actual average value (Corominas et al., 2020). The speciﬁc
values of input materials and electricity during treatment processes in
2
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Fig. 1. Boundaries of the assessed dredged-sludge treatment and disposal scenarios.

2015). The environmental burden (EB) index method (Zhou, 2006;
Hu, 1999), selecting one substance as the standard in each environmental category and normalizing the equivalent value of the standard substance to 1, was used here for characterization. The standard substance
for each impact category is shown in the above descriptions of the
assessed indicators. In addition, the characteristic value for each environmental category was calculated as the sum of the ratios of all other
substances to the standard substances. Next, normalization of environmental impacts can be calculated from the environmental impact values
compared to the local benchmark values. The Chinese benchmark values
were adopted for the benchmarks of all environmental categories in this
study (Hao et al., 2019; Li et al., 2017a; Li and Feng, 2018). Finally, the
weight of each environmental indicator is not involved in this study
due to assignment of the weight factor is subjective and there is no universal standard to uniformly assign the weight (Zhao, 2013). The whole
procedures of LCA methodology in this study was shown in Fig. 2.

life cycle inventory (LCI) were obtained from the project internal data.
The pollutant concentration in dredged-sludge, i.e., TOC, TN, TP, heavy
metals and organochlorine pesticides (OCPs), as well as the water quality parameters of residual water, were both measured by experimental
test. The LCI data in the process of aerobic composting, manufacturing
non-ﬁred brick, and water storage clay (i.e., electricity consumption,
raw materials consumption, and direct gas emissions) were collected
from the literature or the Chinese standard (GB 14554-1993; GB
18485-2014). Table 1 presents the main inventory results for the
dredged-sludge treatment and disposal processes. In addition, carbon
and nitrogen emitted from dredged-sludge treatment would also affect
the subsequent results of environmental impact evaluation. To make
clearly the transformation of carbon and nitrogen during dredgedsludge treatment and disposal, mass balance of carbon and nitrogen in
each scenario was shown in Tables S2–S5. Background inventory data
(Table S6), including electricity, chemicals, materials and transportation, were also important to the results and obtained them through
the Ecoinvent 3.5 Database in SimaPro 9.0. Notably, in this paper, nonﬁred brick and water storage clay as the avoided products are not considered in the environmental impact analysis due to the lack of background inventory data about them. Lastly, there are less information
on the infrastructures for dredged-sludge and residual water treatment,
and the fact that infrastructure slightly contributes to the overall potential environmental impact (Hong et al., 2009), hence the process of constructing the infrastructure was also not involved.

2.5. Life cycle cost (LCC) analyses
Economic performance is also a vital factor determining the feasibility of dredged-sludge treatment, which is similar to LCA but considers
cost instead of environmental impacts (Hong et al., 2013; Xu et al.,
2014; Saber et al., 2020). The price of raw materials, chemicals, and electricity based on the current Chinese market is used to conduct LCC. The
costs on labor, transport stages, equipment, and maintenance are also
included in this study, which were collected through an onsite survey
and listed in Table S7. However, it is a pity for this study that the difﬁculty of collecting the valid data about the cost on upon a third party
or the public, such as pollution, health, etc. Thus, the calculation of LCC
is probably simple and not comprehensive.

2.4. Environmental impact assessment method
The Life cycle impact assessment (LCIA) is the most critical part in
the LCA process. Due to the speciﬁcity and complexity of each LCA,
there is no universally acknowledged standard assessment method
(Dreyer et al., 2003; Nabavi-Pelesaraei et al., 2018). CML-IA baseline
3.06 as one of the most common LCIA midpoint methods all over the
world was used in this study (Guinée et al., 2001; Kaab et al., 2019; Li
et al., 2017b). The indicators considered in this study to assess environmental impacts were selected based on the currently available data and
CML-IA baseline model, including human toxicity potential (HTP: kg dichlorobenzene (1,4-DB) eq), freshwater aquatic ecotoxicity potential
(FEP: kg 1,4-DB eq), terrestrial ecotoxicity potential (TEP: kg 1,4-DB
eq), eutrophication potential (EP: kg PO3−
4 eq), abiotic depletion potential (ADP: kg Sb eq), global warming potential (GWP: kg CO2 eq), ozone
layer depletion (OD: kg CFC-11 eq), photochemical oxidation (PO: kg
C2H4 eq), and acidiﬁcation potential (AP: kg SO2 eq) (Wang et al.,

2.6. Sensitivity analysis
The characteristics of dredged-sludge are often a fundamental factor
that affecting the environmental impact results in LCA of treatment and
disposal technologies. Therein, the main results in this study were carried out with the characteristics of the dredged-sludge from demonstration area which is a residential area with serious pollution. By inputting
the diverse characteristics of dredged-sludge from different water function areas into the LCA, the environmental impact generated from each
treatment technology would be altered. Therefore, the LCA results need
to be recalculated with the ﬂuctuations in these values caused by different pollution degree of the dredged-sludge.
3
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Table 1
Life cycle inventories of dredged-sludge treatment processesa.
Process

Input/output

Value

Reference

Conditioning

Material consumption

0.70 kWh
6.3 kg
1.35 kWh

Project internal data
Project internal data

7.5 t
3.22 kWh

Calculation
Project internal data

8t
0.03 kWh
0.0375 kg/0.04 kg
78.975 g/84.24 g
33. 375 g/35.6 g
0.615 g
26.46 kg
1.575 kg
0.76 kg
250 g
3.4 g
25 g
170 g
0.6 g
100 g
190 g
300 g
23.35 g
0.6 g
1.25 g
4.75 g
5 km
4.19 kWh
0.51 t
0.8 kg
0.024 mg
0.8 mg
32 kg
1613.72 g
760.5 g
200 g
1.2 g
25 g
170 g
0.6 g
100 g
80 g
300 g
23.35 g
0.6 g
1.25 g
4.75 g
5 km
1.46 kWh

Calculation
Project internal data

Electricity consumption (22 kW Dosing machine)
PAM
Geotextile tubes
Material consumption Electricity consumption (5 kW Pump, 22 kW Dosing machine, 15 kW Batching
dewatering
machine)
Residual water
Filter pressing
Material consumption Electricity consumption (5 kW Pump, 5.5 kW Conveyor, 35 kW Mixer, 5 kW
dewatering
Steep's drug machine, 50 kW Plate and frame pressure ﬁltration machine)
Residual water
NaClO oxidation
Material consumption Electricity consumption (10 kW Dosing machine)
NaClO
Direct water emissions COD
TN
TP
Situ land use
Direct soil emissions
TOC
TN
TP
T-Cr
T-Hg
T-As
T-Pb
T-Cd
T-Cu
T-Ni
T-Zn
Dicofol
Endrin
DDTs
HCHs
Transportation distance
Aerobic composting
Material consumption Electricity consumption (5 kWh/m3 Windrow type)
Reed (adjust C/N to 25/1)
Microbial inoculum
Direct gas emissions
H2S
NH3
Land use (after
Direct soil emissions
TOC
aerobic composting)
TN
TP
T-Cr
T-Hg
T-As
T-Pb
T-Cd
T-Cu
T-Ni
T-Zn
Dicofol
Endrin
DDTs
HCHs
Transportation distance
Manufacturing
Material consumption Electricity consumption (3.5 kW Dosing machine, 5.5 kW Conveyor,44 kW
non-ﬁred brick
Brick press machine)
Cement
Lime
Sand
Transportation distance
Manufacturing water
Material consumption Electricity consumption (3.5 kW Dosing machine, 35 kW Conveyor, 30 kW
storage clay
Mixer, 11 kW Granulator, 11 kW Mesh belt kiln, 7.5 kW Cooling machine)
Straw
Lime
CaCO3
Electricity consumption of ﬂue gas treatment system
Direct gas emissions
H2O
CO2
SO2
NOX
Dust particles
Transportation distance

Experimental test

Experimental test

Assumption
Project internal data
Xu et al., 2015
GB 14554-1993
Experimental test

Assumption
Project internal data

0.08 t
0.08 t
0.32 t
5 km
3.14 kWh

Li, 2010

0.12 t
0.5 t
0.25 t
0.16 kWh
1t
97 kg
9.61 g
28.82 g
4.80 g
5 km

Lan, 2007; Zhang, 2014

Assumption
Project internal data

Project internal data
GB 18485-2014

Assumption

Note: DDTs and HCHs are abbreviations of Dichlorodiphenyltrichloroethane and Hexachlorocyclohexane, respectively.
a
Values are presented per functional unit.

(10,000 trials) from the underlying probability distributions obtained
from public databases and/or previous work. All ranges and parameter
values are given, where appropriate, in the supporting information, presenting the main assumptions and variations in embodied energy,

2.7. Uncertainty analysis
The statistical uncertainties are captured via Monte Carlo (MC) analysis which is provided by SimaPro 9.0 through random sampling
4
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Fig. 2. Life cycle assessment methodology in this study.

sludge, which will be discharged into the soil during land use process.
It is generally known that heavy metals and organochlorine pesticides
(OCPs) are still remained in the dredged-sludge after conditioning and
dewatering, hence this will lead to soil pollution due to inﬁltration or
absorption by plants in the process of land application. Notably, aerobic
composting is carried out in S2, whereas this biological treatment only
degraded and stabilized organic carbon and nitrogen in the dredgedsludge, which is ineffective to remove OCPs and heavy metals. In
contrast, heavy metals are assumed to completely immobilized and stabilized in the process of manufacturing non-ﬁred bricks and water storage clay, thereby S3 and S4 showed the extremely low TEP.

chemical use, the gas/soil/water emission parameters of pollutants. The
environmental impact values of each scenario are all resulting from
10,000 MC simulations, whereas the error bars in Figs. 3, 4, 9 represent
the respective 2.5th and 97.5th percentiles.
3. Results and discussion
3.1. Environmental impact of dredged-sludge treatment and disposal
processes
3.1.1. Environmental toxic impact of dredged-sludge treatment and
disposal processes
The environmental toxic impact results of each dredged-sludge
treatment and disposal route are shown in Fig. 3 (Table S8). As shown
in Fig. 3(a), (b), although the HTP and FEP have a certain difference in
each scenario, they are at similar level. And owing to the complexity
of the substances contributing to HTP and FEP, an in-depth analysis
will be given in the Section 3.1.3. Furthermore, the values of TEP
(Fig. 3(c)) in S1 and S2 are signiﬁcantly higher compared to those in
S3 and S4, and they are more than one order of magnitude. The high
TEP in S1 and S2 are mainly determined by the pollutants in dredged-

3.1.2. Other environmental impacts of dredged-sludge treatment and
disposal processes
Similar to TEP, the values of EP (Fig. 4(a)) in S1 and S2 are obviously
higher compared to those in S3 and S4. The high EP in S1 and S2 are
mainly dependent on the nutrients (TN and TP) in dredged-sludge
which will also be discharged into the soil during land use process.
Therein, although organic carbon and nitrogen in the dredged-sludge
can be decomposed during aerobic composting, EP in S2 was slightly
higher than S1. This is because the C/N ratio of the reaction substrate

Fig. 3. Environmental toxic impacts in each scenario, the error bars represent the respective 2.5th and 97.5th percentiles.
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Fig. 4. Other Environmental impacts in each scenario, the error bars represent the respective 2.5th and 97.5th percentiles.

is generally adjusted to 25/1–35/1 before fermentation for effective
composting (Ministry of Environmental Protection, 2010). Therefore,
local reeds are added prior to composting to supplement the carbon
source, and the detailed mass balance of carbon and nitrogen in S1
and S2 are shown in Tables S2–S3. Fig. 4(b) indicates abiotic depletion
on mineral resource during the dredged-sludge treatment and disposal.
Compared with S1 and S2, S3 and S4 need to consume a mass of resources. However, it must be mentioned that the traditional technology
of manufacturing non-ﬁred brick or water storage clay also consume
much resources or even more. GWP as a broader environmental impact
is also considered in the process of treating dredged-sludge. As reﬂected
in Fig. 4(c), GWP in S4 is the highest than others due to the massive
emission of CO2 during the mesh belt kiln baking. Meanwhile, GWP in
S1-3 are mainly generating from the indirect greenhouse gas emissions
of electricity consumption. Besides, OD, PO, and AP (Fig. 4(d)–(f)) in S3
and S4 are higher than those in S1 and S2. These impacts are particularly
depended on the indirectly release of nitrogen oxides and sulfur oxides
from consumption of electricity and materials. The more materials and
energy consumption, the more above environmental impact. To this
end, it is not surprising that the implementation of high input of energy
and materials processes in S3 and S4 resulted in elevated OD, PO and AP.

bricks in S3, mixing and baking in S4 are the major contributing processes that produce each environmental impact. Therein, the land use
process in S1 and S2 dominantly contributed to TEP and EP, accounting
for 99.97% of TEP and 99.05% of EP in S1 and 99.95% of TEP and 98.98% of
EP in S2. This is due to the fact that a certain amount of nitrogen, phosphorus, heavy metals, and OCPs remained in the dredged-sludge after
dewatering and aerobic composting (Teoh and Li, 2020). The conditioning process in S1and S2 contributes the most to ADP, GWP, OD, PO and
AP because of the added PAM. Although conditioning process in S3 has
the same environmental impact value as S1and S2, it contributes to all
environmental impacts, which is ascribed to the values of HTP, FEP,
TEP and EP in S3 is low and Fig. 6(c) shows that the contribution of conditioning process to each environmental impact is reﬂected in the form
of percentage. Additionally, the process of manufacturing non-ﬁred
bricks in S3, batching and mixing in S4 signiﬁcantly contributed to all
environmental impacts, which is attributed to the addition of chemicals
such as curing and foaming agents.

3.1.3. Contributions of materials, energy or pollutants to the HTP and FEP
Due to the similar levels of HTP and FEP in each scenario, the dominant substances affecting HTP and FEP are investigated by analyzing the
contributions of materials, energy or pollutants. Fig. 5 shows that the
heavy metals in dredged-sludge during the land use process in S1 and
S2 as well as added curing agents, such as lime, cement, and sand, in
S3 and S4 play a principal role to the HTP and FEP. Furthermore, the
electricity uses in all treatment processes, the PAM used in dewatering
process (S1, S2, S3) are also vital parts of HTP and FEP. Despite OCPs,
such as dicofol, endrin, DDTs, and HCHs, may contaminate the groundwater by inﬁltration during dredged-sludge land use (S1, S2), they contributed poorly to the HTP and FEP because of their trace concentrations.

Hotspot analysis (Fig. 7) is based on the normalized results
(Table S9) of each environmental impact, which can visualize and isolate the key impact category of each dredged-sludge treatment technologies and discuss how to minimize the unwanted impacts generated in
above scenarios. Therein, in S1 and S2, TEP, FEP, and EP were found to be
the vital impact (2.305 × 10−9, 2.310 × 10−9, and 1.71 × 10−9, respectively, in S1, and 1.78 × 10−9, 1.579 × 10−9, and 1.583 × 10−9, respectively, in S2), whereas the most key environmental impact in S3 and
S4 was found to be FEP (4.05 × 10−10 and 4.17 × 10−10, respectively).
The TEP is the indicator with the largest effect in S1and S2. This means
that failure to immobilize and stabilize heavy metals in the dredgedsludge can have a serious impact on the environment. EP in S1and S2
was also relatively high, which was due to the inevitable discharge of
nutrients in dredged-sludge into soil during land use process. Furthermore, it is worthwhile that HTP and FEP were also the serious impact
categories in all scenarios, especially FEP. Heavy metals in dredgedsludge also contribute the most to HTP and FEP than other pollutants

3.2. The signiﬁcance of each environmental impact in dredged-sludge
treatment and disposal processes

3.1.4. Contributions of various unit processes to each environmental impact
in all treatment and disposal technologies
As shown in Fig. 6, it is clearly found that the process of conditioning
and land use in S1 and S2, conditioning and manufacturing non-ﬁred
6
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Fig. 5. Contributions of input materials, energy or output pollutants to the HTP and FEP in each scenario (The percentage of each substances' contribution degree to the characterization
results of HTP and FEP is used to prepare the respective Sankey diagram).

in the process of S1and S2, whereas the addition of curing agents plays
the most critical role in S3 and S4.

S1–3. Nevertheless, the cost of maintenance in scenario 4 is the highest
among others because of the complexity of manufacturing procedures.

3.3. Economic performance of dredged-sludge treatment and disposal
processes

3.4. Sensitivity and uncertainty of the environmental impacts derived from
various dredged-sludge in different water function areas

As is known to all, it is impractical to only consider the environment
impact of the treatment and disposal in a project and ignore the impact
of other factors such as land occupation, economic aspects and etc.
Therefore, LCC is applied to comprehensively analyze the economic performance of the study project. Fig. 8 illustrates the LCC results of each
scenario in this study. The total costs of S1–4 are 329.68, 395.71,
506.30, and 414.77 ¥/t dry dredged-sludge, respectively. For all scenarios, the cost of equipment investment accounts for 54.90%, 49.78%,
39.50%, and 46.77% of the total cost for 181, 197, 200 and 194 ¥/t dry
dredged-sludge. Notably, the dredged-sludge used in the manufacture
of non-ﬁred brick should meet certain requirements on the moisture
content. The dewatering using geotextile tubes can only reduce the
water content to about 60%, which does not fulﬁll the process requirements. Thus, plate and frame pressure ﬁltrations were used for
dredged-sludge deep dewatering, which led to a slight increase in the
equipment cost in S3 compared to that in the ﬁrst two scenarios.
Besides, the high dosage and unit cost of PAM in process of conditioning
also accounts for a high proportion of the total cost, whereas the addition of NaClO for ammonia nitrogen removal in the residual water treatment process used a low dosage, and hence its cost was negligible. As for
water storage clay, a new type of ecological water storage material, does
not require dewatering, hence it largely reduces the cost compared to

This section considers how the environmental impacts and the ranking of the treatment options may change, if the characteristics of
dredged-sludge from different water function areas are varied, especially the concentrations of heavy metals. Table S10 indicates that Hg,
Cd, Cu, and Zn concentrations in dredged-sludge from different water
function areas all exceed the local soil standards, thereby the dredgedsludge will lead to a certain environmental risk during local land use
process. The varieties of different heavy metal concentrations in
dredged-sludge on the results of total normalized environmental impacts are illustrated in Fig. 9, which is shown that the dredged-sludge
in different water function areas has a certain inﬂuence the environmental impacts. Therein, it is clearly that the environmental impact generated from S1 and S2 decreased with the reduction of heavy metal
concentrations in dredged-sludge, whereas the heavy metals exhibit a
negligible effect on the environmental impact due to they are all
immobilized and stabilized in the process of S3 and S4. Thus, it is necessary to consider the pollution level of the dredged-sludge as an important factor that can enable policy makers to adopt a treatment process
suitable for various local conditions.
Also, the uncertainty of the environmental impact results is also
derived from the variation in process parameters. When all the input
and output items (electricity consumption, materials use, pollutant
7
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Fig. 6. Contributions of various unit process to each environmental impact category in all scenarios.

emission, and transportation) ﬂuctuated in the range of ±2.5%, the corresponding deviation of the total normalized environmental impacts
are calculated using the Monte Carlo method with 10,000 simulation
times. The uncertainty degrees are expressed as error bars in Fig. 9.
The results show that the total normalized environmental impacts ﬂuctuation is limited in a small range. Even if the uncertainty is taken into
account, the total normalized environmental impacts order of four scenarios are not change (S1 and S2 are much higher than S3 and S4), and
the inﬂuence of the heavy metals content in dredged-sludge is still clear
for land use process in S1and S2.

most effective method for decreasing TEP is solidifying or stabilizing the
heavy metals in dredged-sludge. Next, EP in S1 and S2 is also relatively
high, which was due to the inevitable discharge nutrients into soil
during land use process. Although nutrients in dredged-sludge can
bring a certain environmental risk of EP, it also could be regard as substitute soil fertilizers by recovery steps of nitrogen and phosphorus
(Sablayrolles et al., 2010). Besides, it is worthwhile that HTP and FEP
are also the serious impact categories in all scenarios, especially FEP.
Therein, heavy metals in dredged-sludge also contribute the most to
HTP and FEP than other pollutants in the process of S1and S2, whereas
the added curing agents play the most critical role in S3 and S4.
Meanwhile, the consumption of electricity in all processes also increases
the value of FEP. Additionally, PAM used in the conditioning process has
a negative impact on the environment to a certain extent. This mainly
depends on two aspects: one is the high dosage in the process of conditioning; the other is the toxicity derived from the decomposition of PAM
by microorganisms or light during the process of land use, which results
in acrylamide monomers (Sojka et al., 2007). Thus, it is necessary to select a more efﬁcient and environmentally friendly conditioners for
dredged-sludge. Lastly, in essence, the impacts such as ADP, GWP, OD,
PO, and AP are all depended on the consumption of electricity and materials, which can hardly be avoided in above processes of treatment
and are negligible by comparing with TEP, EP, HTP and FEP.

3.5. Discussion
3.5.1. Optimizing the dredged-sludge treatment and disposal processes to
minimize unwanted effects
As mentioned above, the TEP generated from land use in S1and S2 is
the core problem for the treatment and disposal of dredged-sludge. The

3.5.2. Implications of dredged-sludge treatment and disposal processes
By summing up the above results of LCA, LCC, contributions of unit
process analysis, sensitivity and uncertainty analysis, some in-depth implications are put forward. It is explicit that the pollution levels of
diverse dredged-sludge are signiﬁcant factors resulting in various environmental impacts, thereby the selection of treatment technology is
necessary to rely on the pollution levels of dredged-sludge. Cherubini

Fig. 7. The hotspots of all impact categories (normalized results of all scenarios), the color
scale ranks the magnitude of the impacts (with orange denoting an important impact
hotspot).
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water storage clay is lower compared to that of manufacturing nonﬁred brick. Therefore, it can be considered as the best method to dispose
of the heavy metals contaminated sediment.
4. Conclusions
On the basis of the comprehensive evaluation on the environmental
impacts and economic performance of the four dredged-sludge treatment and disposal technologies in the study, the following conclusions
are obtained:
(1) Taking land use as the ﬁnal method dredged-sludge treatment
and disposal has the simplest procedures and lowest cost,
whereas generates the most serious environmental risk, which
is speciﬁcally reﬂected in the high TEP, EP, HTP and FEP.
(2) The manufacture of non-ﬁred brick and water storage clay has
relatively low the environmental impacts, which are stemmed
from the inevitable emission of pollutants in the process of the
high dosage of added curing agents and electricity consumption.
(3) Heavy metals are the dominate pollutants in dredged-sludge,
which lead to the technologies with land use process have relatively high environmental risks. In comparison, the effect of
OCPs is negligible due to the low concentration.
(4) It is essential to select suitable dredged-sludge treatment technologies according to the pollution levels of dredged-sludge.
The dredged-sludge with high content of pollutants must have
been treated harmlessly, whereas low polluted dredged-sludge
could be treated by simple and low-cost technologies under the
condition of meeting the local standards.

Fig. 8. The total economic cost of all scenarios.

et al. have indicated that the landﬁll system is the least effective process
for solid waste disposal, because it releases heavy metals into soil and
water (Cherubini et al., 2009). Considering the dredged-sludge as a special type of solid waste, the results of the current study are in accordance
with the conclusions of Cherubini et al. However, the concentrations of
C, N, P, and heavy metals in the dredged-sludge from channel, ﬁshpond,
and lotus pond are relatively low, which cause the environmental impacts of land use (in situ or after aerobic composting) is obviously less
than that of the demonstration area. Consequently, according to the
viewpoint of this paper, if the concentration of pollutants is similar to
the local soil background value, the land use process is more reasonable.
Otherwise, it is recommended to apply the non-ﬁred brick or water
storage clay technology. Despite the high cost of non-ﬁred brick
manufacturing, the process exhibits the lowest impact on the environment. This process can also enable the replacement of some skeleton
materials, such as sand and stone, with solid waste to increase the
strength of the bricks (Miqueleiz et al., 2013; Chindaprasirt and
Pimraksa, 2008). Similarly, in the process of manufacturing water storage clay, using dredged-sludge and straw as raw materials combines the
resource utilization of dredged-sludge with the treatment of the solid
wastes from agriculture and forestry. The products of this process
have several advantages such as rapid water absorption, large water
storage capacity, water ﬁltration, and uniform water release (Devant
et al., 2011; Nakouzi et al., 1998). Moreover, the cost of manufacturing

Last but not least, this study inevitably has some limitations. For
example, due to the lack of Chinese background inventory database,
the used inventory data of chemicals, materials and transportation is
modelled for global or “Rest-of-World” (which means the rest of word
except for European). Moreover, as avoided products, non-ﬁred brick
and water storage clay should have environmental and economic beneﬁts, but they are not involved in this study because acquiring valid data
of them is difﬁcult. All of above mentioned may lead to the change of
environmental impacts results. Overall, although this study has limitations, it also provides essential information to a broad audience to create
an impetus for the development and implementation of dredged-sludge
treatment and disposal technologies.
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