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With increasing population and urbanization, the amount of municipal sewage
sludge generated is huge and growing rapidly. In order to minimize resource
inputs and pollutant emissions in the sludge disposal process, it is crucial to carry
out an environmental impact analysis and sustainability assessment of different
strategies based on life cycle assessment (LCA). LCA provides a flexible framework
for quantifying the consumption and emissions of different processes to
determine the energy consumption and environmental impact of sewage
sludge treatment and disposal. The aim of this review is to compare the
energy consumption and GHG emissions of existing sludge management
options for energy and nutrient recovery. At the same time, the characteristics
of sewage sludge and the potential to convert sludge from waste to valuable
products were assessed. While the excessive moisture content and ash content
make sludge unsuitable for use as fuel, and the potential risk of contamination with
heavy metals makes it less suitable for use as organic fertilizer, energy and material
recovery during disposal can reduce disposal costs and environmental impacts. In
the context of the current limitations reviewed, the level of potential GHG
emissions of existing sludge treatment and disposal routes is: composting >
anaerobic digestion > pyrolysis > incineration. With suitable sludge treatment
routes, negative GHG emissions could potentially be achieved by substituting
fossil fuels for heat and electricity generation, or as a fertilizer substitute. The
development and application of future sludge management strategies should aim
at reduction and harmless disposal, thereby reducing the operating costs and
environmental burdens through resources.
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1 Introduction

Wastewater treatment plants (WWTPs) are facilities used to treat domestic and
industrial wastewater. Various processes (e.g., physical, chemical, and biological) are
combined to remove pollutants from industrial or human activities to minimize
environmental and human health damage caused by wastewater from WWTPs (Hreiz
etal, 2015). Sewage sludge is the waste residue from primary/secondary sedimentation tanks
and other linked equipment in the wastewater treatment process (Bolobajev et al., 2014),
which has potential ecological hazards due to the residual organic matter and heavy metals
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from treated wastewater. Without proper management, it can lead to
serious environmental issues, such as odors, disease transmission,
heavy metal bioaccumulation and greenhouse gas (GHG) emissions
(Singh et al.,, 2011). Consequently, it is imperative to follow a series
of treatment and disposal procedures, e.g., thickening, anaerobic
(AD), drying,
agricultural use, landfill, etc. Dewatering is the primary step in

digestion dewatering, thermal incineration,
minimizing the water content and volume of sludge (Wu et al., 2020;
Yu et al., 2023a). The essential requirements for stable and harmless
treatment are the decomposition of perishable organic pollutants
and the removal of microorganisms such as pathogenic bacteria and
viruses. Meanwhile, sludge, which is part of organic waste
containing renewable organic matter, can be considered a
sustainable resource in terms of nutrients or energy recovery
(Pradel et al, 2016), thereby achieving the ultimate goal of
resource utilization.

In addition, urbanization and

population  growth,

industrialization, coupled with mismanagement, have
heightened the urgent need and concern for effective sludge
disposal. According to Eurostat statistics, sewage sludge
production in the European Union amounts to about
15 million tons of dry solids (DS) in 2020 (Eurostat, 2022).
Statistics from “Report on the State of the Ecology and
Environment in China 2022”showed that the total capacity of
China’s urban WWTPs was 58.46 billion cubic meters in 2021.
The annual production of urban sewage sludge in China was
approximately 13.6 million tons (DS). Currently, agriculture use
and incineration are the main disposal methods in European
countries, accounting for 32.96% and 32.56% of total disposal,
respectively (Eurostat, 2022). Incineration, land application,
landfills, and building materials production are the most
widely used sludge disposal methods in China, with 26.7%,
29.3%, 20.1% and 15.9%, respectively (Lu, 2019).

The priority objectives of sludge disposal are to reduce, optimize
management costs and/or produce a clean material that can be safely
used to recover energy and valuable materials. Sewage sludge,
defined as urban biomass, can be converted into energy, enabling
the resourceful use of sludge as an alternative fuel (Guo et al., 2022)
(Zhang et al., 2021), potentially reducing fossil fuel consumption
and CO, emissions (Nakatsuka et al., 2020; Zhao et al., 2022). It can
also recover effective elements to replace chemical fertilizers. It
should be noted that the carbon in sewage sludge is regarded as
100% biogenic based on the Intergovernmental Panel on Climate
Change (IPCC) guidelines (IPCC, 2000). Thus, sludge can be
considered as a carbon-neutral biomass fuel in the energy
recovery process via combustion. Meanwhile, sludge is a potential
phosphorus resource, with relevant studies showing that P accounts
for 2%-10% of dried sludge (Lee et al., 2020). Thermal processing of
sewage sludge, i.e., incineration, pyrolysis and hydrothermal
treatment, can convert phosphorus to various species to improve
its bioavailability (Kosacka et al., 2021). Crystallization, bio-leaching
and acid/base leaching are applied for P recovery from sludge (Li
et al., 2019), (Biswas et al., 2009; Mehta et al., 2015; Lee et al., 2018).

Sludge has the dual nature of waste and potential resource,
allowing the recovery of valuable elements and carbon-neutral
energy during disposal. However, the paramount problem in
extracting usable energy from sludge is the consumption of large
amounts of fossil fuels for drying (Nakatsuka et al., 2020; Yu et al.,
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2023b), as the moisture content of sludge can only be reduced to
70%-80% by conventional mechanical dewatering technique
(Bianchini et al., 2015). Therefore, thermal drying is essential to
reduce the moisture content considerably. Moreover, biological
methods such as anaerobic digestion require supplementary heat
(35°C, mesophilic
conditions). Thus, it is necessary to clarify when sludge is waste

to maintain the reaction temperatures
(net energy consumption) and when it is product (net energy/
valuable product output) in the different disposal routes, so that
the environmental burden could be saved in a reasonable way
(Pradel et al, 2016). Achieving safe and low-carbon disposal of
sludge has become one of the most challenging topics in solid waste
disposal.

Life cycle assessment (LCA) of sludge treatment and disposal
has been broadly applied in recent years. It can quantify the
environmental impact of energy and resource consumption over
the life cycle of the waste management technology to select the
resource recovery technology with the minimum environmental
load (Lin et al,, 2016). Academics at home and abroad have applied
the LCA method to critically analyze and study the environmental
impact of sludge disposal. LCA provided a quantitative evaluation
method for environmental impacts from process selection to policy
assessment and highlights the life cycle impact assessment methods
on environmental emissions (Yoshida et al., 2013). However, no
detailed investigation of their study has been carried out. Pradel et al.
(Pradel et al,, 2016) reviewed 44 papers on wastewater treatment life
cycle assessment and determined the impact of sludge conversion
from “waste” to “product” on the GOAL and SCOPE of LCA. The
system boundaries may become unequal between “waste to product”
of sludge and nutrient/material recovery scenarios. Kacprzak et al.
(Kacprzak et al., 2017; Fang et al., 2023) outlined some basic criteria
for judging the maximization of the circular economy “waste to
resource” concept. Tech et al. (Teoh and Li, 2020) assessed and
reviewed 67 research breakthroughs (including 32 LCA-related
literature reviews) published between 2000 and 2018 using a
semi-quantitative assessment approach. The reduction of sludge
volume/weight and the environmental effects of various sludge
treatment methods (including biological, chemical, thermal and
thermochemical) were determined. Ding et al. (Ding et al., 2021)
analyzed each LCA procedure (goal, scope, inventory, impact
identify
differences in factors and evaluate sludge disposal technologies

assessment methodology and interpretation) to
based on nutrient/energy recovery-oriented sludge disposal LCA.
In past published reviews, numerous scholars have focused on LCA
models and approaches for sludge management strategies, as well as
the overall impact of different sludge disposal methods on climate
change, human health, ecosystem quality, and resources. Few works
paid attention to the detailed impacts of greenhouse gas (GHG)
emissions and energy consumption on the LCA of sludge treatment
and disposal routes.

To this end, this review is structured as follows: 1) an overview of
existing mainstream sludge treatment and disposal routes and LCA
methods; 2) summarize sewage sludge characteristics from the
published literature to evaluate the conversion potential from
waste to valuable products; 3) analysis of GHG emissions and
energy consumption of sewage sludge treatment and disposal
routes; 4) describe the main challenges and outline development
prospects.
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TABLE 1 Advantages and disadvantages of different sewage sludge treatment and disposal methods.

Methods Advantages

Composting Cheap

Disadvantages

Malodorous emission

Easy operation management

Produce organic compost, reduce chemical fertilizer use

Possible harmful substances in compost

No energy use

No need for large-scale facilities

Anaerobic degestion Produce energy, reduce fossil fuels ues

Policy restriction

Possible harmful substances in digestate

Less malodorous emisssion

Produce organic digestate, reduce chemical fertilizer use

Energy consumption to maintain deigestion condition

Limits of the season

Prolysis Production of energy

Energy consumption, Instability of product

Produce biochar for use as substitute fuel or soil conditioner

Phosphorus recovery

Less malodorous emisssion
C sequestration
Incinration

Produce energy, reduce fossil fuels ues

No malodorous

No use of valuable elements

Pollutants emissions

2 Overview of LCA on sludge treatment
and disposal routes

2.1 Main steam sludge treatment and
disposal routes

Land application, composting, incineration, anaerobic digestion,
pyrolysis and landfilling are the most commonly used sludge
management methods, to recover energy and nutrients from
sludge (Liu et al, 2017). All sludge treatment and disposal
methods have their advantages and disadvantages (Table 1).

2.1.1 Composting

Composting of organic waste has long been considered an
attractive method of sludge management for nutrient recovery
(Nguyen and Shima, 2019). Sewage sludge and its compost
contain valuable nutrients and humus substances that can be
used as organic fertilizers. Compost is used as a fertilizer
substitute, offsetting the equivalent amount of chemical fertilizer
based on the phosphorus content (Sablayrolles et al., 2010). Apart
from providing plant nutrition (phosphorus, nitrogen and
potassium), the organic substance contained in compost stabilizes
and/or improves soil humus content (Shaddel et al., 2019). To
increase the carbon content of sludge compost, thickened sludge
is normally mixed with wood chips or sawdust (Tarpani et al., 2020).

2.1.2 Anaerobic digestion

Anaerobic digestion (AD) is a biochemical process that converts
organic matter from waste (sludge, agro-industrial wastes) into
biogas, biochar, and liquid that can be used for methane-rich
bioenergy, soil conditioners, and liquid fertilizer, respectively
(Bernard et al., 2020). AD is commonly used to stabilize sludge,
a natural process of microbial decomposition of organic matter
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under anaerobic conditions (Linyi et al., 2020; Sheng et al., 2022), at
mesophilic (around 30°C-37°C) or thermophilic (around
50°C-55°C) conditions (Hidaka et al., 2016) in sealed vessel
reactors of various shapes and sizes specific to the site and
feedstock conditions.

2.1.3 Pyrolysis

Pyrolysis refers to the decomposition of organic matter under
medium and high temperatures (between 300°C and 1,300°C), in the
absence of oxygen and under substantially dry conditions. Pyrolysis
process generally operates under atmospheric pressure (Ghodke et al,,
2021), 0.1-0.2 bar pressure (vacuum pyrolysis) (Murwanashyaka et al,,
2001) or 50-200 bar pressures (hydro-pyrolysis) (Fristik et al., 2018).
Syngas and bio-oil, the basic products of the sludge pyrolysis process,
can be used as bioenergy, replacing fossil fuels, while biochar can be
used as a carbon-rich product for soil amendment or fertilizer to
increase carbon sequestration in the soil (Akhter et al., 2015; Karer
et al,, 2015; Rajec et al., 2016).

2.1.4 Incineration

The organic compounds of sludge are entirely oxidized by
incineration at high temperatures (Tyagi and Lo, 2016). In this
process, sludge is burned in the combustion chamber supplied with
excess air (oxygen) to convert the organic carbon, nitrogen, sulfur,
nitrogen and phosphorus into gas and mineral solid products (Cui
et al., 2006). Models of sludge incineration include mono- and co-
incineration. Wet or dried sludge is incinerated in fluidized bed
combustors (FBCs) at 850°C, with the addition of auxiliary fuels to
maintain combustion (Hospido et al., 2005). Alternatively, sludge is
co-combusted in coal-fired boilers and cement kilns as an additional
fuel. The process of wet sludge drying has elevated energy
consumption in terms of water removal, the dewatered sludge
(80-85 wt% moisture content) needs to be further dried up to
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10-30 wt% in the traditional energy-consuming thermal drying
methods to meet combustion requirements (Ma et al., 2016; Raja
and Alphin, 2020). Due to the low calorific value of sludge, mono-
incineration and  co-incineration  process is
supplemented by additional fuels (coal, oil or natural gas)

(Cieslik et al., 2015; Liang et al., 2021; Zamparas, 2021).

commonly

2.2 Life cycle assessment method

Life cycle assessment (LCA) is a globally recognized analysis
method for assessing the environmental impacts of systems and is
standardized by the International Standardization Organization
(ISO). LCA is typically conducted through four phases: goal and
scope definition, inventory analysis, impact assessment, and
interpretation (Godlee, 2006).

The goal of LCA indicates the intended application and the reason
for conducting the study, as well as the audience and comparison
assertions. The scope definition is sufficient to ensure the breadth, depth
and detail of the research to meet the stated goals. The functional unit
(FU), as a measure of the output function of the product system, is to
supply a reference benchmark for related inputs and outputs. FU is a
crucial basis for the simultaneous comparison and analysis of optional
scenarios (Hertwich et al., 2001; Teoh and Li, 2020). In previous LCA
studies of sewage sludge treatment units, the specified amounts of
sewage or sludge mass is a common FU (Hospido et al., 2004; Yoshida
et al, 2013; Ding et al., 2021).

System boundary defines the boundary of the basic flow unit
process of inputs and outputs, which have a significant impact on
LCA (Finnveden et al,, 2009; Pradel et al,, 2016). Life cycle inventory
analysis covers energy and material requirements, pollutant emissions
and environmental hazards resulting from raw materials mining,
refining, product manufacturing, transportation, sales, consumption
and disposal, and is referred to as foreground data, followed by raw
material data form processing technologies (Pradel et al., 2016). Data for
treatment techniques are commonly sourced from literature, field test
data and LCI database, such as Econinvent (Yoshida et al,, 2013; Ding
etal,, 2021). The construction and decommissioning of treatment plants
are generally excluded, previous studies have shown their contribution
to the impact to be negligible (Fransson et al., 2008; Yoshida et al., 2013).
In general, LCI plays an essential role in LCA analysis, and LCI data can
affect the quality and uncertainty of LCA results.

3 Characteristics of sewage sludge
3.1 Sewage sludge source

Sludge is a by-product of sewage treatment in wastewater
treatment plants (WWTPs) that receive wastewater from several
municipalities, including domestic, industrial, commercial, hospital,
road and agricultural water, human excreta, personal care products,
detergents, disinfectants, pharmaceuticals, sediments, etc (Cantinho
et al, 2016). Most conventional WWTPs normally have the
following steps: preliminary treatment, primary treatment and
secondary treatment, the layout of which is shown in Figure 1.

In preliminary processing, large objects in raw wastewater are
filtered through a grating screen. Due to the difference in gravity,
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sand and grit settle in the gravel channel for treatment. In the primary
treatment, grease and oil rise to the surface and are skimmed off in the
primary clarifier/sedimentation tank, while sludge (in the form of semi-
solids/slurry) settles at the bottom of the tank. The primary stage
removes 50%-70% of the total suspended solids from the raw
wastewater and the sludge produced in this stage is referred to as
primary sludge (Pathak et al., 2009).

Secondary treatment is a biological process that uses
microorganisms to stabilize organic constituents and remove
non-colloidal solids. Activated sludge processes and settling tanks
are commonly used for secondary treatment, producing secondary
sludge. Additional treatment (tertiary treatment for nutrient
removal) can be added to improve the sewage quality (Syed-
Hassan et al,, 2017). Sludge from WWTPs is generally treated in
a sequence of thickening, stabilization/conditioning and dewatering
to reduce the total weight and volume for transportation and
additional disposal (Yoshida et al., 2013; Zhang et al., 2014).

3.2 Proximate and ultimate analysis

Proximate analysis includes moisture content (M), volatile content
(V), fixed carbon content (FC) and ash content (A), and the moisture
content of sewage sludge is extremely variable and shows large
fluctuation. After thickening, the sludge mass is generally reduced by
70% and the moisture content of sludge is decreased to 97%-98%
(Stefanakis et al., 2014). The moisture is significantly reduced to about
80% by dewatering (belt filter press or centrifuge) (Kumar and Kumar,
2018). Figure 2 showed the results of the dry basis proximate analysis (d
in form of subscripts) obtained from previous literature (Dominguez
et al,, 2008; Zhai et al,, 2012; Xiong et al., 2013; Zhang L. et al., 2015;
Zhang Y. et al, 2015; Kan et al, 2016; Lishan et al, 2018). Sludge
possessed a relatively stable A4 content of approximately 31.2-57.2 wt
%, which is domainated by inorganic components left over from the
wastewater treatment process. The volatile content of the sludge is
extremely variable, i.e. 38.6-60 wt%. The fixed carbon content in the
sludge is roughly below 11.2%. The proximate analysis of sludge varies
widely compared to alternative fuels (biomass or coal), and sludge is
considered a solid fuel with high ash and volatility (Zhu et al., 2017;
Usman et al.,, 2020).

The ultimate analysis determines the content of C, H, O, N and
S, Figure 3 shows the ultimate analysis data for the dried ash-free
base of sludge reported in the literature (Dominguez et al., 2008;
Zhai et al., 2012; Xiong et al.,, 2013; Zhang L. et al., 2015; Zhang Y.
et al., 2015; Kan et al,, 2016; Lishan et al,, 2018). The C contents in
sludge is dominant with about 40.6-57.4 wt%. The content of H in
sludge is 3.7-10.6 wt% (average content of 7.4 wt%). The total
content of O, N and S in sludge ranged from 34.6 to 54 wt%,
with average levels of 31.3 wt%, 7.1 wt% and 2.6 wt% for O, N and S,
respectively.

3.3 Heavy metals content

Figure 4 shows several typical heavy metal concentrations for
different sewage sludge. The hollow symbols indicate the heavy
content of different sludge from previous literature (Dai et al., 2007).
And the solid symbols and error bars represent the average and
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The treatment of municipal wastewater and the production of sewage sludge (Cantinho et al., 2016).

maximum, minimum contents of heavy metals (Cheng et al., 2022).
These data were obtained from the database of sewage sludge data
containing heavy metals concentrations established by analyzing
104 data sets selected from 420 references on the China National
Knowledge Infrastructure (CNKI). The heavy metal thresholds of
sludge for agricultural use (Leval A) in “Control standards of
pollutants in sludge for agricultural use (GB 4282-2018)" are
listed as dotted line for reference. The avarage values of the eight
typical heavy metals in the #1~#6 sludge and the average content in
the above sludge database are below the threshold, while the
contents of As, Ni, Zn and Cu have the potential to exceed the
threshold based on the previous statistical data.

Previous literature indicated that about 50%-80% of heavy
metals (i.e., Cd, Hg, Pb, Cr, As, Ni, Zn and Cu) in wastewater
enter suspended solids through physicochemical and biological
interactions (passive cellular adsorption, i.e., complex and
inorganic microprecipitation reactions, and active cellular uptake,
i.e., bioaccumulation of heavy metals by biochemical reactions with
intracellular compounds) (Pagnanelli et al., 2009; Choinska-Pulit
et al., 2018; Huang et al,, 2018; Qin et al., 2019; Wang et al., 2020;
Yang et al., 2020). In particular, suspended sediments containing
large amounts of organic matter, such as proteins, polysaccharides
and humic substances, readily interact with heavy metals
(Chojnacka, 2010; Qin et al., 2019). Cr, Cd and Cu originate
mainly from pipeline sediments, Zn and As are mainly from
agriculture and domestic sources, Ni is mainly industry and Pb
originates from fuel combustion and traffic (Cheng et al., 2022).

4 Energy consumption and GHG
emission

Due to the elevated moisture content of sludge, its reduction and
harmless treatment processes require energy consumption such as
electricity and fuel, which is relevant for the economic operation of
sludge disposal. According to IPCC guidelines, the carbon in sewage
sludge is considered to be biogenic, but the consumption of fossil fuels
in sludge disposal leads to GHG emissions. Given the potential for
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FIGURE 2

Ash, volatile and fixed carbon contents of sewage sludge.

global warming, a more accurate calculation of direct GHG emissions
over the lifetime of the disposal is essential. GHG emissions from the
sewage-treatment industry account for 1%-2% of total emissions in
China (Xu et al,, 2021). Life cycle inventory broadly plays an influential
role in LCA analysis of energy consumption and GHG emissions. For
example, the energy conversion capacity of sludge is extremely
dependent on its organic matter content, presenting a state of
fluctuating between 30%-80% (Li et al, 2017). In the case of
incineration, the self-sustaining combustibility and calorific value of
sludge are inversely proportional to the moisture content but directly
proportional to organic matter content (Komilis et al.,, 2014), which
causes the distinction in energy recovery efficiency and GHG emissions
of different disposal methods under different inventory data.
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Ultimate analysis of sewage sludge.

4.1 Composting

Composting is an aerobic process in which most of the
degradable organic carbon in waste is converted into CO,. CH,
is formed in the anaerobic processes, and is mostly oxidized in
aerobic. CH, released into the atmosphere accounts for between one
and several percent of the initial carbon content of the sludge. N,O is
also emitted during composting, ranging from 0.5% to 5% of the
initial nitrogen content. Operating electricity for auxiliary
machinery such as mixers and conveyors is the main energy
composting process. The electricity

consumption of the compost mixing process was 33.2 kW h/t DS

consumption in the

and that of the fermentation and maturation process was 501 kW h/t
DS (Tarpani et al., 2020).

The environmental impact of the agricultural application of
composted sludge was investigated and the net GHG emissions were
197 kg CO,-eq/t DS. The main contribution of different life cycle
stages to GHG emissions is sludge treatment (according to 75.25% of
the total emissions), that is, CH, emissions from sludge composting
and CO, emissions corresponding to electricity consumption. The
credits for avoiding CO, emissions accounted for —19.54%, mainly
due to compost being used as a fertilizer substitute. Piippo et al.
(Piippo et al,, 2017) assessed the GHG emissions from composting
in the form of “with CO,” and “without CO,” which depends on
whether the biological CO, is considered. The net GHG emission
from composting is 2047.1 kg CO,-eq/t DS, or 1113.8 kg CO,-eq/t
DS excluding biological CO,. Biological CO, is mainly expelled
during composting, and CH, and N,O are mainly produced during
the composting process. The avoided CO, emission is 288 kg CO,-
eq/t DS. By using compost as fertilizer, it can replace some chemical
fertilizers and reduce the emissions in their production. Lishan et al.
(Lishan et al., 2018) assessed the CO,-eq emissions of composting.
The amount of CO,-eq produced in the composting process is
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Heavy metals concentration of sewage sludge.

1097.9 kgCO2-eq/t DS, and the disposal process is a major
contributor to CO, emissions compared to transport and
dewatering.

The GHG emission during composting is about 180-1100 kg
CO,-eq/t DS (Hong et al., 2009; Sablayrolles et al., 2010; Lombardi
et al, 2017), which is mainly affected by different profiles of grid
electricity and alternative schemes of compost.

4.2 Anaerobic digestion

Anaerobic digestion, a low-energy biochemical process, is
recognized as a cost-effective method for solid waste disposal and
resource recovery. During anaerobic digestion of sludge,
biodegradable waste is decomposed into biogas, which is a
mixture of CO,, CH,4 and a slight amount of addition gases (Yan
et al., 2021).

Anaerobic digestion process, belt filter dewatering after
anaerobic digestion, storage and agricultural application consume
88.6kWh, 49.1kWh and 585kWh electricity respectively
(Tarpani et al, 2020). Digestion can replace 50-100kg of
equivalent synthetic NPK 15-15-15 fertilizer, depending on the
phosphorus content. Biogas is used to maintain the digester at
35°C (mesophilic conditions), and the excess is used for
electricity generation of 397-794kW h. Li and Feng (Li and
Feng, 2018) compared the integrated approach with anaerobic
digestion and pyrolysis in terms of life cycle environmental
impact and energy efficiency. The energy consumption of the
anaerobic digestion process is 2.8 GJ/t DS of heat and 50 kW h/t
DS of electricity. The energy consumption of thermal drying is
2940 MJ/t H,O of heat and 40 kW h/t H,O of electricity.

Tarpani et al. (Tarpani et al., 2020) assessed the GHG emissions
from anaerobic digestion, and the results showed that the main
contributors were CH, emissions from agricultural application
(80 kg CO,-eq/t DS) and fossil CO, from emissions from grid
electricity generation (59 kg CO,-eq/t DS). The credits GHG
emissions substitute fertilizer

mainly include digestion as
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(=127 kg CO,-eq/t DS) and biogas for electricity generation
(239 kg CO,-eq/t DS). Piippo et al. (Piippo et al., 2017) assessed
the GHG emissions from anaerobic digestion. The net GHG
emission is 141.15 kg CO,-eq/t DS, which is —341.3 kg CO,-eq/t
DS without accounting for biological CO,. Biolohical CO, is mainly
expelled during the utilization process of biogas in the CHP process
and abiotic CO, is mainly produced during the utilization process of
digestion. The avoided CO, emission is —565.7 kg CO,-eq/t DS by
replacing some chemical fertilizers with compost as fertilizer and
reducing CO, emissions. The GHG emission of the anaerobic
digestion and agricultural application route is -280-650 kg
COzeq/t DS (Murray et al, 2008; Peters and Rowley, 2009;
Gourdet et al., 2016). Variation is mainly due to different sludge
treatment conditions and the amount of electricity generated and
fertilizer avoided.

4.3 Pyrolysis

Pyrolysis of dried sludge produces syngas, tar and/or biochar,
and the drying process and pyrolysis require energy consumption.
The syngas generated is used to aid the pyrolytic process and the
excess can be exported. The production of tar and char is also
credited with producing comparable amounts of fossil fuels such as
heavy fuel oil and coal.

The filter press process, the thermal drying process and the
pyrolysis process of the pyrolysis route consume 40, 118 and
244KkW h of electricity, respectively. During the thermal drying
process, 1638 kW h of heat is supplied from a natural gas
industrial furnace. In the pyrolysis process, 115-230kg of
biochar and 20-40kg of bio-oil can be recovered, and
2.1-42kWh of heat can also be recovered by pyrolysis gas
(Tarpani et al, 2020). In the pyrolysis pathway, electricity of
77.78 kW h/t DS is used for the operation of reactors, conveyors
and accessory devices and natural gas is used as the complementary
energy of 800-1,320 MJ/t DS for dewatered sludge (60%wt moisture
content) pyrolysis, which is depended on the organic content and
pyrolysis condition, e.g., 1,180 MJ/t DS at 550°C (Hossain et al.,
2010), 1,147 MJ/t DS at 500°C (Agarwal et al., 2015) and 950 MJ/t
DS at 450°C (Tomasi Morgano et al,, 2018).

The GHG emission from the pyrolysis route is 315 kg CO,-eq/t
DS, of which 422 kg CO,-eq/t DS can be produced from the gas
consumed in the thermal drying process. The utilization of
pyrolysis gas, biochar and bio-oil can reduce GHG emissions
(=251kg CO,-eq/t DS) by the avoidance of heat and fuels.
Barry et al. (Barry et al, 2019) assessed the GHG emissions in
different application scenarios of biochar from sludge pyrolysis.
The GHG emissions from incineration without energy recovery
and incineration with organic Rankine cycle energy recovery ash
were 646.98 and 238.28 kg CO2-eq/t DS, respectively. Agricultural
applications and fuel utilization of biochar showed reduced global
warming  potential,  with  credit GHG
of -87.14 and -49546kg CO2-eq/t DS respectively.
Agricultural land applications of biochar show a reduced

emissions

potential for global warming. This is accomplished by recycling
the energy from the pyrolysis process, reducing the need for fossil
fuels, displacing mineral fertilizers, and carbon sequestration in the
biochar. The use of biochar in cement kilns shows a significant
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reduction in global warming potential. This is partly due to the re-
use of energy from the pyrolysis process, but primarily due to the
replacement of lignite coal as a fuel. The GHG emission is
about -495-500kg CO,-eq/t DS (Hospido et al, 2005;
Houdkova et al,, 2008). This is achieved by recovering energy
during pyrolysis, reducing the need for fossil fuels, replacing
mineral fertilizers and sequestering carbon in biochar.

4.4 Incineration

In the sludge incineration process, the organic compounds of
sludge are oxidated at elevated temperatures, and biomass energy is
converted into heat and can be further converted into electricity,
biosolids are burned to form mainly biological CO, and water,
leaving only inert material (ash). The calorific value of dried sewage
sludge is the same as that of lignite, and it can be used for sludge
drying, heat generation and power generation through energy
recovery.

In the sludge incineration route, 52.5kW h of electricity is
consumed during the centrifuge dewatering of the sludge to 75%
moisture content, and 31 kg/t DS diesel heavy oil is burned in the
furnace to be used as an auxiliary fuel. 227-454 kW h of electricity
and 12-24 kW h of heat can be recovered by sludge incineration
(Tarpani et al., 2020).

The dewatered sludge is incinerated in fluidized bed boiler at
850°C, with the addition of fuel and lime to improve the combustion
efficiency and to control acid gases, respectively. The main
contributors of GHG emissions (39.8kg CO,-eq/t DS) from
sludge incineration are the CO, emissions of heavy oil (108 kg
CO,-eq/t DS) and credit emission from energy recovery (94%
electricity and 6% heat) reduce the emissions (—147 kg CO,-eq/t
DS) (Tarpani et al., 2020).

The GHG emission from thermal drying-incineration is 103 kg
CO2-eq/t DS. Most of the heat generated by dried sludge
and the
contribution of CO, emission is transportation, as the moisture

incineration is used for thermal drying, main
content of sludge after the belt filter press is 81.8%, the sludge
reduction is not sufficient (Zhang et al, 2019). Compared to
thermal, electro-dewatering consumes 223 kg CO2-eq/t DS, with
a credit emission of —312 kg CO,-eq by displacing the fossil fuel.
Therefore, the GHG emission from electro-dewatering-incineration
is =32 kg CO2-eq/t DS.

Piippo et al. (Piippo et al., 2017) assessed the GHG emissions
from incineration with mechanical drying and with thermal drying.
The net GHG emission from incineration with mechanical drying is
1002.7 kg CO,-eq/t DS, and that from incineration with thermal
drying is 924.01 kg CO,-eq/t DS. Regardless of biogenic CO,, the net
GHG emissions from incineration with mechanical drying and
thermal drying are —617.7 kg CO,-eq/t DS and -874.7 kg CO,-
eq/t DS, respectively. Biological CO, is mainly expelled during the
combustion of sludge. Electricity consumption in the drying process
and supplement fuel consumption are major contributors to abiotic
CO, GHG emissions from incineration with mechanical drying,
while electricity and steam consumption are major contributors to
abiotic CO, GHG emissions from thermal drying. The avoided CO,
emissions from mechanical drying and thermal drying are —942.5 kg
COs-eq/t DS and -1,047 kg CO,-eq/t DS respectively. CO,
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emissions from fossil fuels can be reduced by using dry sludge as fuel
in power plants.

The GHG emission of sludge incineration is -617-670 kg CO,-
eq/t DS (Houdkova et al., 2008; Hong et al., 2009; Lombardi et al.,
2017), which is mainly affected by the sludge drying method and/or
the addition amount of auxiliary fuel and energy recovery.

5 Future challenges of sludge diaposal

Energy and/or valuable elements in sludge can be recovered
through composting, anaerobic digestion, pyrolysis, and
incineration (Table 2). However, due to the fluctuating nature of
sludge, the energy consumption and GHG emissions of the disposal
routes vary widely. For example, the amount of energy recovered
depends on the organic matter content, which directly affects the

TABLE 2 Comparative table on LCA for different treatment routes.

Functional
unit (FU)

References Processing

condition

Resource
recovery

10.3389/fenrg.2023.1123972

energy consumption and directly contributes to the GHG emissions
throughout the disposal process.

When sludge is considered as a useful product, it denotes that
sludge disposal needs to be integrated with water treatment strategy,
i.e., the water treatment process produces two by-products, namely,
sludge and “clean water.” In the context of carbon neutrality, future
sludge treatment and disposal should be aimed at energy
consercation and energy resource recovery. In large municipal
WTTPs with large sludge production, the primary objective is to
reduce the amount of sludge and maximize energy conversion
efficiency. The focus should be on improving the efficiency of
energy recovery and the output of high-quality products in
medium and small-sized WTTPs.

With respect to the future challenges of sludge disposal, the
current review summarizes the main points that emerge from the
analysis.

Energy input

Energy output

Tarpani et al. 1t thickened composting 50 kg NPK Electricity: compost mixing 33.2 kW h, —
(2020) sludge (DS) fermentation 501 kW h

Hong et al. (2009) | 1t sludge (DS) composting 100 kg compost Electricity 70 kWh —
Sablayrolles et al. 1t dry solids (DS) | composting 7.5 kg P fertiliser, Electricity 533.92 kW h —
(2010) 22.5 kg N fertiliser

Lombardi et al. 1t sludge (DS) composting 322 kg compost Electricity 58.5 kW h, machanical dewatering = —

(2017)

Tarpani et al.
(2020)

Li and Feng (2018)
Peters and Rowley
(2009)

Gourdet et al.
(2016)

1t thickened
sludge (DS)

1t sludge (DS)

2t sludge (DS)

1t sludge (DS)

Anaerobic digestion

High-pressure dewatering,
Anaerobic digestion

Anaerobic digestion

Anaerobic digestion

50-100 kg synthetic
fertilizer

500 kg dewatered
sludge

52 kg P fertiliser,
16 kg N fertiliser

670 kg digested sludge

130 kW h

Electricity: digetion 88.6 kW h, belt filter
dewatering 49.1 kW h, storage and
agricultural application 58.5 kWh

Electricity 55 kW h, heat 2.8 GJ

Electricity 544 MJ

Electricity 180 kW h, heat 750 kW h

397-794 kW h
electricity

Heat 832 kW h

Electricity 180 kW h,
heat 750 kW h

Hospido et al.
(2005)

1t sludge (DS)

Anaerobic digestion, filter
belt dewatering

14.32 kg P fertiliser,
17.87 kg N fertiliser

Electricity 137.65 kW h

Tarpani et al.
(2020)

1t sludge (DS)

Pyrolysis

115-230 kg Charcoal

Electricity: filter press 40 kW h, thermal
drying 118 kW h, pyrolysis 244 kW h

20-40 kg heavy
fuel oil

Heat: 1,638 kWh

2.1-4.2 kW h heat

Li and Feng (2018)

1t sludge (DS)

High-pressure dewatering,
thermal drying, pyrolysis

180 kg char and oil

Electricity 122.78 kW h, heat 3,152-3,672 MJ

2638 M]J energy

Houdkova et al.
(2008)

Tarpani et al.
(2020)

1t sludge (DS)

1t sludge (DS)

Filter press dewatering,
thermal drying, pyrolysis

Incineration

460 kg char

273 kg bottom ash
19 kg fly ash

Electricity 402 kW h, heat 1,638 kW h

Electricity: centrifuge 52.5 kWh, Heavy fuel

31 kg

Heat 4.15 kW h

227-454 kW h
electricity, 12-24 kW h
heat

Hospido et al.
(2005)

Hong et al. (2009)

Lombardi et al.
(2017)

1t sludge (DS)

1t sludge (DS)

1t sludge (DS)
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Centrifuge dewatering,
incineration

Incineration

Incineration

273 kg combustion
waste

402.8 kg ash

08

Electricity 62 kW h, heavy fuel oil 31 kg

Electricity 1,233.3 kW h, gas 46.5 m®

Electricity 230.8 kW h, natural gas 128.7 Nm3

Heat 1,747 kW h

Electricity 230.8 kWh
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1) In terms of the environment, reduce secondary waste generation
and achieve environmentally sustainable operation of the
disposal process based on ensuring harmless and efficient
disposal. In the context of controlling carbon emissions,
consideration of GHG emissions during disposal is also an
essential aspect to reduce pollutant emissions during sludge
disposal. While CO, emissions from the sludge oxidation
process are not counted in the inventory of GHG emissions,
they need to be counted in the information reports of the energy
sector and the waste disposal sector.

2) In terms of economics, a favorable compromise should be found
between the resource recovery and material consumption to
reduce the resource consumption (including electric energy,
thermal energy, auxiliary fuel, etc.). Reduce the operational
cost of the disposal process while achieving the disposal
target. Local constraints from policies, geographic factors,
economics, climate, etc. should be assessed, as well as the
balance between the local applicability and cost of traditional
and emerging treatment technologies.

3) At the societal level, sewage sludge used to grow food crops has
strict systemic controls given the potential threat of pathogens
and contaminant migration. This is essential for the protection of
public health and safety. Timely development (revision) of
standards for land use, drying and incineration, anaerobic
digestion and co-processing of sludge. In addition to the
formulation of a number of local sludge treatment and
disposal standards, price subsidies and alternative mechanisms
for sludge disposal and resource utilization will also be improved.

6 Conclusion

This study provides an overview of existing mainstream sludge
treatment and disposal strategies, summarizes the characteristics of
sewage sludge, and assesses the potential of converting sludge from
waste to valuable products. The energy consumption and GHG
emissions of sewage sludge treatment and disposal are analyzed
through LCA practices, depending on the physicochemical
properties, the specific process selection, and the associated cost
to the environmental measures of most sludge management
strategies. Variability in the LCA results reported by different
studies weakens the comparability of results across studies, so
most studies focus on comparing scenarios.

As a carbon-neutral biomass-based fuel, sludge has
properties that distinguish it from other biomass fuels and
fossil fuels, namely, excess ash, elevated volatile and low fixed
carbon content. Moreover, its extreme moisture content in raw
sludge makes it necessary to consume electrical or thermal energy
for drying before it can be used as fuel. At the same time, due to its
richness in N, P, and K, sludge can be applied as a raw material for
the production of agricultural fertilizers. As a result, energy or
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