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Abstract

Toilet paper has been reported as one of the major insoluble pollutant components in the influent of wastewater treatment
plants. Toilet paper fibers contribute to a large production of sewage sludge, resulting in a high treatment cost and high
energy consumption. To find energy-efficient, cost-effective, and environment-friendly technologies for fiber removal and
resource recovery from wastewater, a life-cycle assessment (LCA) was performed to analyze the wastewater treatment pro-
cesses, including a sieving process for removing and recovering suspended solids before the biodegradation units. Based
on the LCA results, it was estimated that the sieve screening process saved 8.57% of energy consumption. The construction
phase of sieving consumed 1.31% energy cost compared with the operation phase. Environmental impact analysis showed
that sieving reduced the impacts of climate change, human toxicity, fossil depletion, and particulate matter formation, which
reduced the total normalized environmental impacts by 9.46%. The life-cycle analysis of the removal of toilet paper fibers
from wastewater revealed the need to use more efficient methods to enhance the recovery of cellulose fibers.
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Introduction

The aim of treating wastewater is to effectively control and
discharge safe and harmless wastewater into waterbod-
< Pin Gao ies. When treating wastewater, it is important to prioritize
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environmental sustainability by ensuring the removal of
contaminants to prevent environmental pollution. Waste-
water contains approximately 72% of the total suspended
solids (Gupta et al. 2018). The main organic contaminants
in residential wastewater are protein, carbohydrate, and
lipids (Gupta et al. 2018; Huang et al. 2022). An appropri-
ate wastewater treatment process is required to eliminate
contaminants from wastewater. Typical wastewater treatment
processes mainly include grit screening, primary and sec-
ondary treatment processes, and advanced process if nec-
essary. Wastewater microbial communities are affected by
environmental parameters, such as pH (Gao et al. 2016; Li
et al. 2021), TOC (Sun et al. 2022), and BOD, which affect
microbial activities in the secondary treatment process (Xu
et al. 2020; Li et al. 2022a; Li et al. 2022b).

Toilet paper has been reported as one of the major
insoluble pollutant components of residential wastewa-
ter in wastewater treatment plants (Gupta 2018; Liu et al.
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2022; Ruiken et al. 2013). A total of 83 million rolls of
toilet paper are produced annually worldwide (MRS 2017).
Toilet paper is produced from fibrous materials containing
cellulose, hemicellulose, and lignin. The cellulose fibers in
toilet paper are more resistant to microbial hydrolysis than
proteins and lipids in residential wastewater treatment (Li
et al. 2019). Due to the slow degradation, the cellulose com-
ponents should be hydrolyzed first before being metabolized
(Verstraete et al. 2009; Weimer 2022), thus increasing the
oxygen demand and sludge production. Degradation of toilet
paper fibers could affect oxygen demand, biogas produc-
tion, and sludge production during anaerobic digestion (Li
et al. 2019). Thus, biological approaches might not be the
best choice for removing toilet paper fibers from wastewa-
ter. The recovery of toilet paper fibers from wastewater can
substantially decrease oxygen demand, sludge disposal, and
energy consumption for biodegradation (Faust et al. 2014;
Gupta et al. 2018). Li et al. (2019) found that the cellulose
hydrolysis coefficient of toilet paper fibers linearly increased
with solid retention time. Moreover, the fiber degradation
performance was proportional to the quantity of active
functional bacteria responsible for fiber degradation. A
significant amount of sludge is produced as a result of the
majority of toilet paper fibers being deposited in the sludge
during secondary treatment processes. which contributed to
a large production of sludge and subsequently needed to be
treated and disposed in the sludge treatment, resulting in a
high treatment cost and energy consumption. Therefore, it is
important to understand the treatment technology to remove
toilet paper fibers from wastewater efficiently.

The objective of recovery materials is to extract valuable
materials from wastewater, to reduce the depletion of natural
resources, and to produce a minimum amount of waste, which
is environmentally important and cost-effective (Cipolletta
et al. 2019). Similarly, the recovery of cellulose fibers from
residential wastewater can reduce non-renewable raw materials
and promote the sustainability of circular economy approaches
for materials. Toilet paper fibers can be recovered as possible
resources during the preliminary or primary wastewater treat-
ment units instead of focusing on the sewage sludge produced
in biological processes during the secondary treatment. How-
ever, studies have shown that less than 60% of the cellulose fib-
ers were degraded after secondary wastewater treatment, while
the rest would gradually form as sludge in anaerobic digesters
(Chen et al. 2017; Ghasimi et al. 2016). The sieving process
for residential wastewater treatment has been reported for fiber
recovery and can increase the sustainability of wastewater
treatment processes (Ghasimi et al. 2016; Ruiken et al. 2013).
Efficient removal of cellulose fibers from wastewater with
sieves of 0.35 mm meshes has been reported (Ruiken et al.
2013). The removal capacity of sieves can be an alternative
for enhancing wastewater clarity during primary treatment.
Studies have shown that at least 40% of the overall energy

consumption could be saved by applying sieves as pretreat-
ment for conventional activated sludge processes (Ruiken et al.
2013). Although the sieving process may increase construction
expense and maintenance cost, the energy consumption in the
secondary treatment and sludge disposal stages can be saved.
Therefore, the balance between different technologies needs to
be quantitatively determined. Furthermore, the use of energy-
efficient, cost-effective, and environment-friendly technologies
is beneficial to contaminant removal and resource recovery
from wastewaters, i.e., reduce, reuse, and recycle (Cipolletta
et al. 2019). Recently, there has been a trend to reduce the
costs and increase sustainability by minimizing energy con-
sumption and maximizing material recovery (Cipolletta et al.
2019; Hofman et al. 2011; Liu et al. 2022; Sutton et al. 2011).
Toilet paper fibers can be separated from suspended solids and
recovered as resources by sieve screening instead of landfill-
ing or incinerating the sludge generated from biodegradation
treatment, which has economic benefits.

The separation and recycling of toilet paper fibers from
wastewater have been previously studied (Ruiken et al. 2013;
Liet al. 2019; Cipolletta et al. 2019; Li et al. 2020). However,
there is no evaluation study on the process and energy cost of
sieving with systematic tools to understand what would hap-
pen in a real-life wastewater treatment plant. Therefore, it is
innovative and important to quantitatively determine residen-
tial wastewater treatment with and without sieving process
to figure out if the expenses are reduced and sustainability
improved with sieving process using LCA. LCA is a system-
atic method for evaluating the process environmental impact
and energy consumption, which can be used to compare the
environmental impacts of a new process with existing pro-
cesses (ISO 14040 1997). LCA has been used to compare dif-
ferent treatment processes for economic efficiency analysis.
For example, Shanmugam et al. (2022) present a five-layered
assessment framework for quantitatively evaluating the sus-
tainable value of residential WWTPs by using LCA. In this
study, we hypothesized that sieving toilet paper fibers from
wastewater can possibly save energy costs and reduce environ-
mental impacts in a residential wastewater treatment plant. The
energy consumption and environmental impacts of the sieving
process were presented. LCA was used to analyze the results
of the residential wastewater treatment with sieve screening
as a primary treatment for removing toilet paper fibers and to
determine its efficiency in energy and environmental impacts
and compared with processes without sieving.

Methodology and data
Sieve screening in the activated sludge processes

The general treatment processes schematic diagram for resi-
dential wastewater is shown in Fig. 1a, and the added sieving

@ Springer



84256

Environmental Science and Pollution Research (2023) 30:84254-84266

screening process as a pretreatment process in wastewater
treatment is in Fig. 1b with sieve screening module in Fig. 1c.
This study compared the processes with and without sieving
as primary treatment during residential wastewater treatment.

The studied wastewater treatment plant had a treatment
capacity of 76,000 m*/day, producing 37,000 kg/day dried
sludge. The annual average population equivalents were
441,141 (Blanco et al. 2016). According to laboratory
results (Li et al. 2020), the simulated mixture of toilet
paper wastewater was screened through bar screening
of 2.0-mm diameter stainless-steel rods with 1.0-
mm mesh openings under a laboratory scale. The bar
screening has fine sieves with 0.10-mm mesh openings
at recovery efficiencies of 72.2% and 94.5%. The analysis
was based on the treatment plant parameters combined
with laboratory results. It is assumed that the treatment
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recovering the toilet paper fibers can lead to substantial
cost reduction for wastewater treatment. Furthermore, the
sieving process could remove about 50-80% of suspended
solids (Rusten 2006). In this study, it was assumed that
the fine sieves with 6.0-mm mesh openings were applied.
The average removal efficiencies of the influent solids
using the sieving process were approximately 70% of
suspended solids, 35% of COD, 1% of nitrogen, and
0.5% of phosphorus (Ruiken et al. 2013). Cellulose fibers
from toilet paper were made up 35% of the suspended

Influent

//

Screen

1
1

) 1
Grit 1
removal .
1

Sieves

Influent
wastewater

C—).
- Primary Secondary 3
; treatment treatment [ Effluent
@
Sludge
1
)
: Secondary 3
' treatment =~ Effluent
1
1
: Primary
! Clarifier
'

Shudge

Effluent
wastewater

(c)

W
Solids

Fig. 1 Schematic diagram of a general treatment processes for residential wastewater, b wastewater treatment processes with sieving process,
and c sieve screening module as a pretreatment process for toilet paper fiber removal
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solids (Ruiken et al. 2013). This fiber fraction of sieving
was higher than that of secondary treatment sludge. The
application of sieving may affect the sludge treatment and
biodegradation processes.

Goal, assumptions, and scope of the research

The aim of this study was to determine whether the energy
consumption and environmental impacts for the treatment of
wastewater and sludge management, landfill, and recycling
could be reduced with the process of sieve screening. The
study also compared the environmental impacts of a full-
scale wastewater treatment plant with and without the sieve
screening process.
The following assumptions were made in this study:

e The lifetime of the wastewater treatment plants was 20 years.

e The inflow was residential wastewater, and the character-
istics of wastewater were the same for both scenarios. The
characteristics included pH, TOC, and BOD, which would
affect microbial activities in the secondary treatment.

Fig.2 System boundaries of the
residential wastewater treatment
processes and with sieving
process

e The outflow of the treated wastewater met regulatory
requirements. The addition of the sieving process would
not affect the quality of outlet-treated water.

e The sieve screening process was added before the pri-
mary treatment, and the sieve screen with a 6-mm bar
opening for suspended solids efficiency was assumed to
be 50.0% (Li et al. 2020; Ruiken et al. 2013).

e Thirty-eight percent of the recovered suspended solids
were cellulose fibers (Cipolletta et al. 2019), and 50% of
these fibers could be recovered as pure cellulose.

The system boundary is shown in Fig. 2. The focused stages
were secondary and tertiary processes with sludge treatment
and landfill, and the affected steps by adding the sieve screen-
ing process. Pretreatment and disinfection were not considered
in the system boundary as the sieving process had little effect
on these two processes. Pretreatment was before the sieving
process (as Fig. 1 shows), and the design of disinfection was
based on flow rate, flow characteristics, plus size and shape
of disinfection tank. The construction of the sieving module
was also considered to evaluate the comprehensive impacts of
adding the sieving process. The impacts of constructing other
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processes and disposal phases were negligible, which were not
included in the system. Maintenance, labor, and transportation
of materials were not considered as it was assumed that the
sieve screening process was added at the same time.

The functional unit (FU) correlated with the reference flow
of the entire related flows for the calculations. The objective of
treating wastewater in a treatment plant is to meet its discharge
requirements. In this study, influent wastewater on a yearly
basis was selected as the FU considering its volume, associ-
ated load, and suspended solids (Lundin et al. 2000; Renou
et al. 2008; Foley et al. 2010; Gallego et al. 2008).

Life-cycle inventory (LCI) analysis

The LCA was consistent with ISO 14040 and ISO 14044
guidelines (ISO 1999). The LCA model was based on
the aim and scope of this research. Most of the data used
were calculated based on the laboratory results for siev-
ing toilet paper fibers (Li et al. 2020) and real residential

wastewater treatment plants (Blanco et al. 2016; Cipolletta
et al. 2019; Gallego et al. 2008; Zhang et al. 2010). The
data used were obtained from the Ecoinvent database. The
average electricity grid was presumed to produce the elec-
tricity used in on-site operations, using the unit electricity
medium voltage at the grid. The process data used were
almost closed to the global average values. The sewage
sludge was dewatered and disposed in a landfill. The sludge
contained nitrogen and phosphorous, which can be used
as fertilizers. However, heavy metals in the sludge could
contaminate the environment (Gallego et al. 2008). Meth-
ane and nitrogen compounds (such as N,, NO,, and NH;)
were emitted: data from various sources were used to cal-
culate emissions generated during agricultural application
of the sludge (Hobson 2000; Lundin et al. 2000; Mossier
1993). The inventory data for wastewater treatment with-
out sieving process are shown in Table 1. The energy and
material consumption data for sieve screening during the
construction stage are shown in Table 2. Inventory data of

Table 1 Life-cycle inventories of wastewater treatment without sieving, presenting in per FU

Description Unit Value Reference
Input
Electricity Energy consumption for aeration, sludge treatment, kWh 886693.41 Blanco et al. 2016; Gallego et al.
and pumping 2008; Zhang et al. 2010
Carbon source Acetate as a carbon source for biodegradation kg 269 Osaka et al. 2008
Output
Carbon dioxide Greenhouse gas emission during biodegradation kg 8249.34 Blanco et al. 2016; Hobson 2000;
Methane ke 441.14 Lundin et al. 2000; Mossier
1993
Cadmium Heavy metal emission from sludge landfill kg 2.17 Blanco et al. 2016; Xu et al. 2014
Mercury kg 1.05
Lead kg 51.17
Copper kg 289.39
Nickel kg 2545
Zinc kg 697
Chromium kg 71.02

Table 2 Sieving process construction energy and material consumption
in 20 years life span

Input Unit Value Description

Stainless steel kg 4240 Based on sieve product data

Metal pipe kg 150 (Zarnoianu et al. 2014; Ruiken et al.
. 2013), stainless steel density, sizes,

Electricity kWh 8104

and metal pipe sizes; five sieving
modules would be used during
operation and the sieving modules
would be replaced every 5 years

@ Springer

wastewater treatment with the sieving process are shown
in Tables 3 and 4.

Impact assessment

LCA was analyzed using OpenLCA (1.9, GreenDelta GmbH,
Germany). The cumulative energy demand (CED) method
was used to calculate energy consumption. Energy consump-
tion analysis of the wastewater treatment was performed using
the LCI analysis results. The CED method has been used for
evaluating energy and environmental impacts of processes
since the early 1970s and for developing more multifaceted
single-score LCA methodologies (Huijbregts et al. 2010).
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Table 3 Life-cycle inventories of wastewater treatment with the sieving
process, wastewater line, presenting in per FU

Unit Value Description
Input

Electricity kWh 805794.92 Thirty percent of aeration
energy consumption
was reduced, about
7770 kWh extra
pumping energy
required sieving screen,
20% less energy in
sludge treatment (Xu
etal. 2014)

Carbon kg 174.85 Suspend solids and

source COD reduced from
sieving, less carbon
needed during
biodegradation

Output

Carbon kg 565079.56 Greenhouse gas

dioxide emissions were

Methane ke 302.18 reduced due to less SS
and COD

Cadmium kg 0.65

Mercury kg 0.31

Lead kg 15.35

Copper kg 86.82

Nickel kg 7.64

Zinc kg 209.10

Chromium kg 21.31

Table 4 Life-cycle inventories of wastewater treatment with the sieving
process, sludge treatment, landfill, and recycle line, presented in per FU

Unit Value Description

Input

Energy consumption kWh 12601.39  Energy consumption
during sludge drying

and thickening

Clean water ton  231.60 Suspended solids wash
(Cipolletta et al. 2019)

Polyelectrolyte kg 1825 Chemicals for fiber
separation

Output

Cellulose kg 7030

Carbon dioxide kg 210481.80

Methane kg 112.56

Cadmium kg 1.23

Mercury kg 0.59

Lead kg 29.01

Copper kg 164.08

Nickel kg 14.43

Zinc kg 395.20

Chromium kg 40.27

The ReCiPe Midpoint (I) was used as an impact assessment
method for life-cycle impact assessment (LCIA). These meth-
ods have been widely used in LCA (Audenaert et al. 2012;
Frischknecht et al. 2015; Goedkoop et al. 2009; Huijbregts
et al. 2010). Ozone depletion, climate change, smog, acidifi-
cation, eutrophication, carcinogenic, non-carcinogenic, res-
piratory effects, ecotoxicity, and fossil fuel depletion were
the environmental impacts for both clarification and sieving
processes normalization evaluation. The normalized and
characterized environmental impact results were compared
between the two systems. Input data are shown in Tables 1-4.

Uncertainty analysis

Data interpretation assessment may improve understanding
of the data, work limitations, and results, thus decreasing
uncertainty (Rebello et al. 2021). In this study, a Monte
Carlo simulation was performed with 100 iterations for
uncertainty analysis in accordance with variability in inven-
tory data. Uncertainty analysis was assessed using Open-
LCA software for the scenarios with and without sieving.
For wastewater treatment evaluation, a normal distribution
was commonly applied for parameter assessment (Oliveira
et al. 2012); and the mean value in normal distribution rep-
resents the best guess value, and standard deviation repre-
sents 95% confidence interval (Alyaseri and Zhou 2019). A
normal distribution was assumed for energy and material
consumption data, and for calculating the arithmetic mean
and standard deviation.

Results and discussion
Comparison of energy consumption

Figure 3 compares the energy consumption with and without
the sieving process for wastewater treatment. The results
proved that the addition of the sieving process could save
energy despite its construction. The sieve screening process
saved 8.57% of energy in contrast to the regular wastewater
treatment process. The energy consumption of the construc-
tion stage was 1.31% of the total assessment cycle.
According to laboratory results, small opening sieves had
a better fiber recovery rate (94.5% for 0.1-mm mesh open-
ings compared to 72.2% for 1 mm). There was extra energy
during pressurization and backwash with sieves, and clean
water and energy were consumed during the recycling of
cellulose fibers from the sludge treatment. However, more
significant energy was consumed during the process. Thus,
energy consumption should be considered when choosing
the opening sizes of screening. More energy was saved in
biodegradation due to the degradation of suspended solids
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than screening. The operation phase could save 10.01%
energy with sieving. Therefore, adopting sieves for the fiber
reuse option could be a benefit in terms of energy saving.

Comparison of environmental impacts

In order to analyze the environmental impacts of both pro-
cesses, the ReCiPe method was adopted to provide infor-
mation in terms of climate change, fossil depletion, metal
depletion, terrestrial ecotoxicity, human toxicity, and par-
ticulate matter formation.

Figure 4 shows the environmental impacts of the waste-
water treatment processes with sieving comparisons. The
impacts of climate change, fossil depletion, human toxic-
ity, and particulate matter formation showed similar impact
reduction with sieving compared to no sieving wastewater
treatment process, with a reduction of 7.81-8.65%. However,
the sieving process increased metal depletion and terrestrial
ecotoxicity impacts.

Climate change causes several environmental mecha-
nisms that affect both human endpoint and ecosystem
health (Goedkoop et al. 2009). This environmental impact is
referred to as the accumulated discharge of greenhouse gases
trapped heat from radiation, contributing to climate change
and global warming (Naz et al. 2022). The ReCiPe method
focused on the marginal effects of a relatively small amount
of greenhouse gases instead of all emissions impacts. As
shown in Fig. 4a, the sieving process reduced the climate
change impacts. This reduction was due to lower energy
consumption (8.62%) during the sieving operation process,
higher fiber removal efficiency, and less sludge production.

Fossil fuel impacts are usually linked to climate change
as a large number of greenhouse gases are produced during
combustion (Goedkoop et al. 2009). As shown in Fig. 4b,
fossil fuel depletion data corresponded to the results of

1.05E+07 - ™ Operation

7 Construction
1.00E+07
9.50E+06
9.00E+06

8.50E+06

8.00E+06

Energy consumption (MJ)

7.50E+06

7.00E+06

No sieving

With sieving

Fig.3 Energy consumption of wastewater treatment process with/
without sieving process (sieving with 1.0 mm mesh openings)
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energy consumption. Screening with 0.10-mm openings had
8.65% fewer impacts than screening with 1-mm openings,
similar to climate change impacts.

Metal depletion represents the decrease in the availability
of metal resources as a result of the unsustainable use of abi-
otic resource consumption value to measure the scarcity. The
metal depletion depends on the number of resources con-
sumed and the extraction rate of the metal (Goedkoop et al.
2009). According to Table 2, during sieving construction
phase, extra stainless steel and metal pipes were consumed
(Zarnoianu et al. 2014; Ruiken et al. 2013), which would
contribute to metal depletion impacts. Terrestrial ecotoxic-
ity is affected by pesticide emissions and the use of sulfuric
acid and steam (Borrion et al. 2012). In ReCipe assessment,
results showed that the sieving process increased the impacts
on metal depletion and terrestrial toxicity by 19.64% and
69.02%, respectively, during the wastewater treatment.

Human toxicity potential was related to the environmental
persistence and accumulation in the food chain. The toxicity
index of a chemical was derived from toxicity data on human
beings and laboratory animals and based on the inherent tox-
icity of a compound and its potential dose. The human toxicity
potentials were characterized according to the unit (Fenton
et al. 2021; Huijbregts et al. 2000). The sieving process was
observed to reduce the human toxicity impacts by 7.82%.
Fine particulate matter with a diameter of lower than 10-pm
sizes represents a complex mixture of organic and inorganic
substances. These substances can reach the upper part of the
airways and lungs when inhaled, resulting in health problems
(Goedkoop et al. 2009; World Health Organization 2003). As
displayed in Fig. 4, without sieving process, high operation
energy cost, low fiber removal rate, and high sludge produc-
tion rate led to the formation of particulate matter with higher
impacts (8.35%) than that of the 1-mm sieving process.

The environmental impacts are shown in Table 5. In most
cases, the sieving process reduced environmental impacts
in wastewater treatment. As Table 5 shows, freshwater eco-
toxicity, freshwater eutrophication, photochemical oxidant
formation, terrestrial acidification, and urban land occupa-
tion impacts were reduced with sieving process. Ionizing
radiation impacts were slightly increased. Freshwater eco-
toxicity, freshwater eutrophication, and terrestrial acidifica-
tion environmental impacts were reduced due to the higher
removal efficiency of toilet paper fibers and less energy cost.
Metal mining and smelting, coal mining, and power pro-
duction are enhanced sources of ionizing radiation impacts
(Farjana et al. 2019). While sieving process consumed extra
metal pipes and stainless steels during construction, metal
mining and smelting would increase during this process as
well, which contributed to the elevated ionizing radiation
environmental impacts. Urban land occupation decreased
because the sludge from wastewater treatment was reduced
by sieving process.
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Fig. 4 Environmental impacts of a climate change, b fossil depletion, ¢ metal depletion, d terrestrial ecotoxicity, e human toxicity, and f particu-
late matter formation for wastewater treatment with/without sieving processes

Normalization environmental impacts
of clarification and sieving

The Eco-indicator approach was used to calculate the nor-
malized results of environmental impacts. Eco-indicator

99 is the assessment method for identifying environmental
damage categories and determining the causes of dam-
age (Dreyer et al. 2003). A normalized score for a certain
impact category is obtained by determining the ratio of
the category indicator result of the product and that of

Table 5 Characterized
environmental impacts with/

without sieving processes in the
wastewater treatment process

Category Unit Without sieving With sieving
Freshwater ecotoxicity kg 1,4-DCB-Eq 6801.14 6364.91
Freshwater eutrophication kg P-Eq 362.144 333.227
Ionizing radiation kg U235-Eq 1819.08 1825.87
Photochemical oxidant formation kg NMVOC 2175.61 2004.62
Terrestrial acidification kg SO,-Eq 3910.92 3596.59
Urban land occupation m%a 3583.27 3304.72
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a reference system. The results of the assessment were
presented from each impact value with a toxicity weight
provided by the Eco-indicator in normalized data (Hei-
jungs et al. 2007).

As shown in Fig. 5, the normalizing effects of each pro-
cess were calculated. The calculation results provide infor-
mation for nine categories of environmental impacts. The
horizontal axe presents the categories of environmental
impacts, and the vertical axe presents the normalized scores
of each category. Total normalized effects in the systems
were also calculated. The sieving process has a lower total
normalized environmental impact (9.46%) than the regular
wastewater treatment process. The total normalized results
showed that carcinogenic, climate change, respirator effect,
and mineral extraction had relatively higher environmental
impacts than other categories.

25000
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15000
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I

The results also showed that sieving could be beneficial
to residential wastewater treatment. Ruiken et al. (2013)
reported that the sieving process removed 50% of sus-
pended solids and 35% of the total COD. The sieving pro-
cess gives a lower load, leading to a lower aeration demand
and energy efficiency. Seven years was the estimated pay-
back period for capital invested in the construction, includ-
ing sieves, pipes, and automation, and the operation of
wastewater treatment plant using only the sieving process
(Ruiken et al. 2013). A lower load in secondary treatment
plants resulting from sieving saves significant energy dur-
ing sludge treatment.

Ruiken et al. (2013) showed that energy consumption
during the treatment of wastewater with sieving process
would save at least 40% compared with that without siev-
ing in sludge treatment and incineration, which was much
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higher than this analysis. Sieving has significant advantages  different kinds of stainless steel and metal pipes, and how
such as a faster separation rate, less footprint, and effective =~ much energy was consumed during materials transportation.

dewatering of materials, showing a promising application. Among the impacts of the addition of the sieving process in
wastewater treatment, particulate matter formation showed
Uncertainty analysis results the highest standard deviation from the mean, which could

be explained by the uncertainty of the estimated energy con-
The Monte Carlo simulation provided the distribution  sumption and construction cost.
intervals with the results of each impact category based on
its probability, as shown in Fig. 6. Terrestrial ecotoxicity
impacts had a relatively large uncertainty. Moreover, the ~ Conclusions
addition of sieving process resulted in a comparably higher
deviation from the mean. This might be because there was  In this study, LCA was used to evaluate the energy con-
uncertainty associated with the construction phase which ~ sumption and environmental impacts of adding sieving on
increased the inventory flocculation. The construction  the removal and recovery of toilet paper fiber in the waste-
of sieving depended on many factors, such as the energy = water treatment process. The results suggested that the addi-
consumption efficiency during construction, the choice of  tion of the sieving process reduces the energy consumed

Climate Change Fossile Depletion

With sieving

With sieving

7

0 100000 200000 300000 400000 500000 600000 700000 §00000 900000 0 50000 100000 150000 200000 250000
kg CO2-Eq kg oil-Eq
Metal Depletion Terrestrial Ecotoxicity

With sieving With sieving

kg 1.4-DCB-Eq

Fig. 6 Uncertainty analysis for wastewater treatment with and without the sieving process. Results show the mean value (gray bars), and 95%
confidence interval (error bars) from Monte Carlo simulation. 1 and 2 stand for treatment without and with the sieving process, respectively
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and normalized environmental impacts by 8.57% and
9.46%, respectively. The construction of sieving consumed
only 1.31% cost compared to operation phase energy cost.
Climate change, fossil depletion, and particulate matter for-
mation were associated with the non-renewable fossil fuel
used during the sieving process. With sieving process, a
comparably higher deviation was observed; this is because
there was uncertainty associated with the construction
phase which increased the inventory flocculation. The life-
cycle analysis of the primary treatment revealed the need
for using more efficient methods to enhance the cellulose
fiber recovery rate.

Limitations, improvement, and outlook

Site-specific LCA must be considered when applying the
impact assessment model. Laboratory results were used
to calculate the energy and environmental impacts of the
processes. Modifications were made when the results were
applied to other sites and situations. Uncertainty analysis for
all scenarios and the impact assessment approach was con-
sidered beyond the scope of this research. Energy consumed
during the wastewater treatment process was a great concern
in fossil fuel cost, economic cost, environmental impacts,
and human health. About 82% of electricity is derived from
coal-fired power plants in China (Yu et al. 2014), depleting
the non-renewable fossil fuel resources, such as coal and
gasoline, and causing health problems. In the real-world
application, the energy cost of sieving could be lower by
adopting different improved models.

The results showed that the addition of the sieving pro-
cess reduces energy consumption and normalized environ-
mental impacts by 8.57% and 9.46%, respectively. These
results were lower than the former prediction of Ruiken
et al. (2013). The suspended solids used in this study, which
might increase the energy consumption and environmental
impacts, were washed and treated. The application of siev-
ing did not reduce energy cost and environmental impacts
as expected. However, the application of recycled cellulose
fibers was not set. More research should focus on separating
cellulose fibers from suspended solids during the sieving
process. The recycled fiber could be used as raw materials
for the paper industry, house isolation materials, bioplastic
lactic acid, or even paving fibers in road construction.
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