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Abstract

With the rapid rise in global population over the past decades, there has been a corresponding surge in demand
for resources such as food and energy. As a consequence, the rate of waste generation and resultant pollution
levels have risen drastically. Currently, most organic solid wastes are either land applied or sent to landfills, with the
remaining fraction incinerated or anaerobically digested. However, with the current emphasis on the reduction of
emissions, nutrient recovery, clean energy production and circular economy, it is important to revisit some of the
conventional methods of treating these wastes and tap into their largely unrealized potential in terms of
environmental and economic benefits. Wastewater sludge, with its high organic content and fairly constant supply,
provides a great opportunity to implement some of these strategies using thermochemical conversion
technologies, which are considered as one of the alternatives for upcycling such waste streams. This paper
summarizes the results of prominent studies for valorizing wastewater sludge through thermochemical conversion
technologies while drawing inferences and identifying relationships between different technical and operating
parameters involved. This is followed by sections emphasizing the environmental and economic implications of
these technologies, and their corresponding products in context of the broader fields of waste-to-energy, nutrient
recycling and the progress towards a circular economy.
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Background

Wastewater treatment plants (WWTPs) today have be-
come an integral part of a community’s infrastructure
that are capable of handling the constantly varying quan-
tities and concentration of wastewater produced daily
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[1]. Over the years, while certain modifications and up-
grades of WWTPs have been made periodically to the
existing infrastructure, the underlying design and princi-
ples remain almost the same [2]. However, recent devel-
opments and trends, such as the rapidly growing human
population, increased consumption of resources and a
consequential rise in waste and pollutant levels, have led
certain groups to believe that the renovation of the ori-
ginal design is essential [3]. While WWTPs are predom-
inantly looked at as facilities where contaminated water
is treated to produce clean water and a semi-solid
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byproduct (sludge), they also possess high potential in
terms of resource recovery [4]. This has consequently
led to the renaming of certain WWTPs as water re-
source recovery facilities [5].

One of the key components for maximizing resource
recovery in a WWTP is the wastewater sludge that is
produced through the primary and secondary treatment
stages, as well as the anaerobic digester (AD), if present.
Not only is the sludge rich in organic contents with
valuable nutrients including nitrogen (N) and phos-
phorus (P), but it also has considerable energy embed-
ded within it (higher heating value (HHV) of 15-20 MJ/
kg dry sludge), thus becoming an optimal stream for
implementing waste-to-energy and nutrient recycling
strategies [1, 2]. However, only some of the current
wastewater sludge disposal methods are designed to re-
cover resources (and even if they are, the recovery pa-
rameters are very difficult to control). In 2015,
approximately 55% of the 7.2 million dry tons of waste-
water sludge produced in the United States was land ap-
plied, while landfilling (30%) and incineration (15%)
accounted for the majority of the remaining shares [1].
Although some of these conventional methods facilitate
partial nutrient and energy recovery, (Fig. 1), they are
unable to utilize the potential of the sludge to the fullest
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[2]. Additionally, the presence of harmful substances
such as pathogens, hormones, antibiotics, heavy metals,
and persistent organic pollutants in the sludge acts as a
further deterrent against the continued employment of
some of the current disposal methods [6-10]. The
utilization of the sludge in the construction industry is
another established pathway with specific applications
including co-combustion as a kiln fuel, in cement kilns
for mortar production as well as stabilization by combin-
ing with wet cement [11-14]. These pathways provide
an additional economic benefit while disposing the sew-
age sludge unlike some of the other conventional
methods. However, the presence of heavy metals and
additional laws prove to be a restriction to the maximum
economic value that can be obtained from the sludge
through these methods [11].

Thermochemical technologies, on the other hand, fa-
cilitate the conversion of certain feedstocks into useful
and highly-valued products at relatively high pressure
and temperature (with varying amount of oxygen re-
quirements). Recently, a growing number of studies on
thermochemical conversion of sewage sludge have been
reported [15-17]. Sludge management and treatment is
a capital-intensive process that accounts for up to 50%
of the total cost of wastewater treatment [18, 19], and
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contributes approximately 40% of total greenhouse gas
(GHG) emissions associated with the WWTP [20]. Exist-
ing review papers have looked at different aspects of
these processes, but an up-to-date review comparing all
the thermochemical technologies for treating wastewater
sludge together with insights into broader fields such as
circular economy and nutrient recycling is currently
missing [2, 17, 21, 22].

The objective of this paper is to present an overview
of thermochemical technologies including pyrolysis, gas-
ification, hydrothermal liquefaction (HTL), along with a
brief summary of other hydrothermal technologies such
as supercritical water gasification (SCWG) and supercrit-
ical water oxidation (SCWO), for wastewater sludge
treatment. The basic principles and parameters are dis-
cussed along with accompanying statistics derived from
a comprehensive literature review with an emphasis on
their potentials for resource recovery. This is followed
by an extensive discussion on the application and feasi-
bility of these processes with respect to energy and nu-
trient recovery, environmental impacts and economic
considerations.

Main text

Current treatment methods

This section provides a brief overview of the current
handling and disposal methods used for wastewater
sludge, such as land application, landfilling, incineration
and anaerobic digestion (AD) (Fig. 1). While AD has
been included in the comparison here, it is important to
note that ADs already exist within many of the larger
WWTPs as a sludge stabilization step [23]. The residual
biosolids (or digested sludge) produced from the ADs
can also be a potential feed to any of the other technolo-
gies as portrayed in Fig. 1. However, some of the
thermochemical technologies (especially hydrothermal
technologies) have the potential to treat dewatered, un-
digested sludge too and they would then act as alterna-
tives to ADs especially for sludge from smaller WWTPs
without an existing AD [24]. A detailed review and ana-
lysis of the prominent thermochemical technologies, in-
cluding pyrolysis, gasification and HTL, is presented
later. Figure 1 summarizes all of the technologies consid-
ered along with their main products and environmental
and economic benefits.

Land application

Land application has been one of the most prominent
methods of disposing wastewater sludge over the years
with over 40 and 55% of the total municipal wastewater
sludge generated in the European Union and United
States being applied on agricultural land, respectively
[11, 25]. This has been a popular choice as it is inexpen-
sive, does not require any specialized equipment (only
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vehicles to first transport and then spread the sludge on
the fields) and has the potential to recycle valuable nu-
trients back to the soil. However, the ratio of the nutri-
ents cannot always be maintained, thus leading to
eutrophication and over-fertilization. Additionally, over
the past few decades there have been rising concerns re-
garding the presence of harmful substances such as
pathogens, heavy metals and polycyclic aromatic hydro-
carbons (PAH) at different concentrations in the land-
applied sludge (7, 8, 26, 27]. This has led to some strin-
gent environmental laws, with the most prominent being
the Environmental Protection Agency’s (EPA) Part 503
rule to require treatment of wastewater sludge (that is to
be land applied) and subsequent categorization into class
A and B biosolids depending on certain criteria, such as
pathogen levels, heavy metal concentration and attrac-
tion to vectors [28, 29]. Furthermore, the possibility of
the bioaccumulation of certain antibiotics and endocrine
disruptors followed by their introduction into the food
chain through land applied biosolids has led to society
looking for different options to safely tackle the wastes
[30]. Zhang et al. [31] suggest that one way in which
sludge could still be land applied would be to fertilize
energy crops instead of the traditional food crops. How-
ever, it is uncertain if all problems with the method
could be avoided through this move.

Landfilling

Landfilling is another method that has commonly been
used for wastewater sludge disposal. The advantage that
it provides is that the sludge (or biosolids) remains cov-
ered and hence the spread of pathogens and correspond-
ing attraction of vectors can be controlled to an extent
[2]. However, leaching through the landfill is not entirely
avoidable, and this poses a threat of contamination to
the groundwater below [31]. Fugitive methane emissions
to the atmosphere from the landfills are also a cause for
concern due to the high global warming potential of me-
thane [32]. Furthermore, by landfilling rich organic
streams such as wastewater sludge, the opportunity to
recover valuable nutrients, which are otherwise only
available through energy intensive fertilizers, is lost.
Lastly, with the decreasing availability and increasing
prices of land globally, landfills are becoming more ex-
pensive to manage in a world where the concept of cir-
cular economy is rapidly gaining attention [30].

Incineration

Incineration of wastewater sludge is a conventionally
used method with its biggest advantage being the reduc-
tion in the volume by up to 70% as well as the destruc-
tion of pathogens and toxic organic compounds owing
to the high operating temperatures [33]. Furthermore, it
leads to odor reduction and minimal utilization of land
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as compared to some of the other conventional methods
such as landfilling [11]. However, the remaining ash
often contains toxic elements and has to be disposed in
a landfill subsequently. Additionally, stringent regula-
tions regarding the concentration of air pollutants re-
leased into the environment make incineration an
expensive choice owing to the extensive gas cleaning
equipment required [19, 30]. Some other deterrents to
the installation of incinerators are the negative public
perception surrounding it, as well as the energy require-
ments for drying the sewage sludge before incineration
[33].

Anaerobic digestion

AD is a biological method that consists of multiple con-
secutive steps (hydrolysis, acidogenesis, acetogenesis and
methanogenesis) to break down the organic feed into an
energy rich gas stream (biogas) and a nutrient rich slurry
termed as digestate or residual biosolids [31]. The biogas
is often used for energy production (heat and/or electri-
city) to utilize within the WWTP itself [19]. Addition-
ally, the AD is also used to stabilize the sludge.
However, the process is comparatively slow as the sludge
needs to be retained for a number of days (approxi-
mately 10-20) [34]. Moreover, the process and its prod-
ucts are dependent and sometimes sensitive to the
properties of the feed as well as the operating conditions,
because the microorganisms need optimal temperatures
and pHs to function efficiently. Even at optimal condi-
tions though, only a fraction of the organic matter is
converted into biogas, while the rest finds its way into
the digestate along with other nutrients and toxic sub-
stances which are not destroyed at the bioreactor
temperature [2]. While AD has been included as a tech-
nology to compare the thermochemical technologies
with, there is a high likelihood of coupled systems in the
future such as the treatment of the residual biosolids
produced from existing ADs through thermochemical
technologies. This is supported by the fact that the
coupling could improve energy recovery and also be-
cause a large fraction of the wastewater sludge (based on
mass) produced in countries such as the United States is
already digested in existing WWTPs [23, 35].

Thermochemical treatment methods

A wide range of thermochemical conversion technolo-
gies, such as pyrolysis, gasification, HTL, SCWG, and
SCWO, have been reported for wastewater sludge treat-
ment [2, 21, 31]. For pyrolysis and gasification processes,
sludge has to be dewatered or dried in advance; whereas
it can be treated directly with the hydrothermal
methods, such as HTL, SCWG and SCWO [24, 36].
While some studies also specify whether the sludge is
digested (residual biosolids), this practice is not followed
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in all papers and the feed is often simply referred to as
wastewater sludge. Thus, it is important to note that the
wastewater sludge in some of the experiments could rep-
resent primary and secondary sludges (with or without
dewatering), whereas others consider digested sludge
from an existing AD in a WWTP. In terms of energy re-
covery, pyrolysis and HTL are able to convert organic
compounds into liquid bio-oil, while gasification and
SCWG focus on the production of syngas. By contrast,
SCWO is not able to produce any forms of biofuels. The
downstream processing of the products from these tech-
nologies plays a key role in determining the feasibility of
these technologies, too. As seen from Fig. 2, there are
multiple steps involved in the production, separation
and processing of the products before they can be uti-
lized or sold as sources of revenue.

Overview of existing studies

Multiple studies for each thermochemical technology to
specifically treat and valorize wastewater sludge were
reviewed. While most of the selected studies were dedi-
cated experiments with different goals, locations, param-
eters, technologies and performance metrics, a few of
them also involved a review of multiple experiments that
had been performed in the past in order to provide a
comparison. All the studies with available basic data, in-
cluding feed type, technology type and product distribu-
tion, were analyzed; only those which lacked more than
one of these details were excluded from the literature
analysis, though some of them are mentioned in the
later discussions.

Input wastewater sludge characteristics

The limit on input moisture content for the thermo-
chemical conversion technologies varies considerably
and that can have an effect on the overall environmental
and economic feasibility of the technology. Sludge drying
and pre-treatment of sludge are very energy intensive
[16]. While certain hydrothermal technologies are cap-
able of handling input sludge with moisture concentra-
tion of over 80% (w/w) as shown in Fig. 3, other
technologies such as pyrolysis and gasification require
considerable drying of the feed sludge down to concen-
trations of 0-20% (w/w) most commonly. When analyz-
ing various papers for the input moisture content, it was
found that most authors reported either the moisture
content of the initial sludge obtained (mi) or the mois-
ture content of the sludge that was fed into the reactor
(mf). Only a handful of studies provided both values to
enable the calculation of the energy for the drying re-
quired [37, 38]. Additionally, while we have provided the
moisture content of the different feeds, the proximate
(Table 1, Fig. 4) and ultimate analysis (Table 2, Fig. 5)
provide values of the feed composition on a dry basis
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Fig. 2 Representative process flow diagram for the fast pyrolysis of wastewater sludge including the downstream processing of the produced
bio-oil. Major products include the bio-oil along with smaller fractions of off-gas and biochar

and dry ash free basis (dab), respectively. Hence, these
values can be used to determine the dry basis compos-
ition of the feed.

Based on the proximate analysis (Table 1, Fig. 4) and
ultimate analysis (Table 2, Fig. 5), it can be observed that
the composition of the wastewater sludge across differ-
ent studies was fairly uniform with some variations in
the volatile matter and C concentration. This is

important to note as the feed composition has a direct
impact on the quality as well as distribution of products.
The volatile matter is eventually converted into the gas-
eous and liquid fuels whereas the C concentration and
distribution determines the energy content of the prod-
ucts. Higher ash content is generally unfavorable as it
leads to a lower energy conversion efficiency, and could
lead to problems in the equipment too. The elemental
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Fig. 3 Moisture content of feed in the reactor for various experimental papers reviewed. While technologies such as pyrolysis and gasification
require considerable drying of the feed before the reactions, the hydrothermal technologies can work with moisture contents in the range
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Table 1 Proximate analysis of WW sludges reported in the experimental papers reviewed in this study. The values are converted
into wt% on a dry basis

Study No. Study Feed moisture input (mf) % Ash Fixed Carbon Volatile Matter
1 Trinh et al. [39] 7.30 5049 8.52 40.99
2 Fonts et al. [40] 6.60 44.22 6.42 49.36
3 Shen et al. [41] 3.00 2260 16.10 61.30
4 Alvarez et al. [42] 560 37.20 8.60 54.20
5 Chen et al. [43] 6.58 43.44 5.84 50.72
6 Chen et al. [44] 84.00 2896 941 61.63
7 Freda et al. [45] 353 30.73 267 66.59
8 Lee et al. [46] 6.33 27.94 8.32 63.75
9a Fonts et al. [47] 6.70 42.77 6.86 50.38
Sle} 5.30 5491 4.65 4044
9c 7.10 44.13 571 50.16
10 Huang et al. [48] 11.79 27.89 10.00 62.11
1" Xie et al. [49] 453 15.01 1642 68.57
12 Zhou et al. [50] - 17.50 0.30 82.20
13 Calvo et al. [51] 7.90 37.90 7.10 55.10
14 Qian et al. [52] 87.00 27.00 2190 51.12
15 Pedroza et al. [53] 6.00 40.53 2.13 57.34

concentration of N (Table 2) is considerably high as
compared to other organic waste streams such as woody
biomass and food waste and this stresses the need for
nutrient recycling applied to the sludge.

Pyrolysis

Pyrolysis involves the thermal decomposition of the feed
in anaerobic or very limited oxygen environments [55].
The products of the pyrolysis process include a liquid-

phase bio-oil, a solid product termed “biochar”, and a gas-
eous stream [56, 57]. One of the advantages of pyrolysis is
that the product distribution can be optimized based on
the operating conditions, such as temperature and resi-
dence time. Thus, while moderate temperatures (around
500 °C) and very short reaction times (in the order of mil-
liseconds to seconds) favor bio-oil production through fast
pyrolysis, lower heating rates (with a temperature of 400—
600 °C and a residence time of minutes to hours) support
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Fig. 4 Proximate analysis for experimental papers reviewed in this study. All the values were converted into a wt% on a dry basis

92 9b 9¢ 10 11 12 13 14 15

ash fixed carbon (FC)




Bora et al. BMC Chemical Engineering (2020) 2:8

Table 2 Ultimate analysis of experimental papers reviewed in
this study. The values are converted into wt% on a dry ash free
(daf) basis

Study No.  Study C 0] N S H

1 Trinh et al. [39] 6009 2210 858 193 730
2 Fonts et al. [40] 4719 3731 6.64 136 750
3 Shen et al. [41] 4178 4738 430 114 540
4 Alvarez et al. [42] 4064 4124 771 330 7.1
5 Chen et al. [43] 5229 2913 765 250 844
6 Chen et al. [44] 5374 3342 657 148 479
7 Freda et al. [45] 5856 2945 456 000 742
8 Lee et al. [46] 4843 3402 859 070 826
9a Fonts et al. [47] 4742 3727 682 133 715
9b 4813 3688 667 188 646
9c 4719 3731 6.64 136 750
10 Huang etal. [48] 5158 3141 878 000 822
11 Xie et al. [49] 5321 3328 612 000 739
12 Zhou et al. [50] 5261 3206 686 000 847
13 Calvo et al. [51] 5829 2367 902 177 725
14 Qian et al. [52] 51.51 3348 784 115 603
15 Xu et al. [54] 5248 2558 901 496 797

the optimized production of the solid biochar through
slow pyrolysis [22, 58].

The role of the operating temperature in the pyrolysis
processes has always been vital as that ultimately deter-
mines the distribution and potential for energy recovery
from the products. Thus, many of the reviewed studies
investigated the optimal temperature range for pyrolyz-
ing wastewater sludge (Table 3). Trinh et al. [39] looked
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at the effects of reaction temperature (increasing from
475 °C to 625°C) on the fast pyrolysis product distribu-
tion, and specifically the bio-oil properties. They identi-
fied 575°C as the optimum temperature for bio-oil
production (yield of 41 wt% daf) and found that increas-
ing temperatures led to a decrease in biochar yield and
an increase in gas yield. Shen et al. [41] studied the ef-
fects of changing temperature (300 °C to 600 °C) and gas
residence time (1.5 to 3.5s) on the product distribution
and obtained a maximum oil yield (30 wt% daf of feed)
at 525°C and a residence time of 1.5s. Certain studies
were conducted in the presence of catalysts to further
enhance the recovery of products. Xie et al. [49] con-
ducted catalytic pyrolysis (zeolite catalyst) of wastewater
sludge in a microwave oven. An optimum temperature
for bio-oil production (24.4 daf wt%) was determined at
550 °C. The biochar yield decreased while the gas yield
increased with the increase in the temperature of the re-
actor. Most of the studies had a similar explanation for
the trends in the bio-oil yield with respect to
temperature. On moving higher than the optimum yield
temperature, it is found that secondary decomposition
reactions are initialized which break the oil down into
lighter gaseous compounds [39, 41].

Since the drying stage for pyrolysis is extremely energy
intensive, certain groups experimented with the
utilization of microwave reactors to improve the net en-
ergy balances. Huang et al. [48] carried out the micro-
wave assisted pyrolysis of wastewater sludge in
combination with rice straw to tackle the high moisture
content and to improve the efficiency of microwave
heating. Zhou et al. [50] utilized a continuous fast
microwave pyrolysis system and obtained optimal bio-oil
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Fig. 5 Ultimate analysis for experimental papers reviewed in this study. All the values were converted into a wt% on a dry ash free basis (daf)
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Table 3 Operating parameters and product distribution of pyrolysis papers that were reviewed. Only experimental papers which

provided at least two of the table's parameters are presented here

Study Feed moisture Reactor type Operating Gas yield Bio-oil yield Solid yield
content (Wt%) temp (°Q) (Wt%) (Wt%) (Wt%)
Trinh et al. [39] 73 Centrifuge 425-625 13-19 26-54 22-55
Fonts et al. [59] 6.6 Fluidized bed 250-500 317 492 19.7
Alvarez et al. [42] 56 Conical spouted bed 450-600 454-485
Shen et al. [41] 3 Fluidized bed 300-600 30
Huang et al. [48] 11.79 Microwave - 255
Xie et al. [49] 453 Microwave oven 450-600 209
Zhou et al. [50] - Continuous fast microwave 450-600 11-25 1647-39 32.98-62.26
Pedroza et al. [53] 6 Rotating cylinder 500-600 16-23.3 8-10.5 52.7-619
Fonts et al. [47] 6.7 Fluidized bed 530 25 50 25
53 530 37 46 17
7.1 530 27 51 22
Park et al. [60] - Fluidized bed 450-470 6.5-10.3 43.5-52.1 39.7-48.7

yield (41.39 wt%) at 550 °C. However, they observed that
the highest overall energy was obtained at 500 °C as the
gas had energy content of 22.5 MJ/Nm?® which the au-
thors attributed to the absence of a carrier gas as a result
of using a microwave based system. Pedroza et al. [53]
utilized a rotating cylinder reactor to conduct the fast
pyrolysis of dried wastewater sludge and observed a very
high solid product concentration (> 50 wt%).

A majority of the studies reviewed here concentrated
on maximizing the recovery of bio-oil owing to its po-
tential economic value. Furthermore, the bio-oils pro-
duced from thermochemical technologies such as fast
pyrolysis and hydrothermal liquefaction are expected to
play a key role in the transition away from fossil-based
fuels, especially in the transportation sector as the bio-
oils provide one of the few carbon neutral alternatives
for this purpose [61]. However, there are certain limita-
tions associated with the physical and chemical proper-
ties of these oils, which prevent them in most cases from
being used as drop-in fuels (or a direct substitute for
conventional fossil fuels without pretreatment). Fast pyr-
olysis liquids, in particular, are found to be very viscous
and acidic along with the presence of some solids and
considerably high water content which affects their
utilization as a fuel [62]. These unfavorable properties of
the produced oils demonstrate the importance of down-
stream processing options for various products, as
merely obtaining a product would not always guarantee
an instant source of energy or revenue.

Gasification

Gasification involves the partial oxidation of the feed at
much higher temperatures than pyrolysis (over 700 °C)
to produce a gas (termed as syngas) that is rich in car-
bon monoxide (CO) and hydrogen (H,) along with some

methane (CH,) and carbon dioxide (CO,) [63-65]. It is
often classified based on the type of gasifying agent, such
as air, steam and steam-oxygen [66]. The commonly
used reactor types for this technology include fixed bed
gasifiers, fluidized bed gasifiers and entrained flow gas-
ifiers [63]. The produced syngas has the potential to be
used in multiple applications, such as a combined heat
and power (CHP) generation, production of hydrogen
gas (through water-gas shift reaction followed by pres-
sure swing adsorption) and conversion into liquid fuels
through the Fischer-Tropsch (FT) synthesis [67-69].
There have been some prominent studies by government
labs such as National Renewable Energy Laboratory
(NREL) which include extensive experimentation as well
as the development of detailed process structures for
gasification of biomass to obtain useful products such as
bioethanol [70-72]. Studies like these form the basis for
further investigation of the gasification of different types
of organic feeds such as wastewater sludge.

The observed number of studies for the gasification of
wastewater sludge were comparatively fewer than the
corresponding pyrolysis studies, and the primary object-
ive of most of those studies was to improve the recovery
of hydrogen in the syngas using various gasifying media.
Lee et al. [46] utilized steam to gasify wastewater sludge
with an emphasis on the kinetics as well as improving
hydrogen yield. Hydrogen-rich (43-46 vol%) gas was
successfully obtained through the corresponding experi-
ments at 1000°C. A few other studies involving steam
gasification conducted by Hu et al. [73] and Li et al. [74]
led to syngas with slightly lower hydrogen concentra-
tions (26 vol% and 38 vol%, respectively at 800 °C). How-
ever, in both cases, it was found that the yield could be
improved by increasing the reaction temperature to
1000 °C or higher. Chen et al. [43] also carried out the
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steam gasification of sewage sludge with the utilization
of CaO as an absorber of the CO, from the product
stream in order to increase the hydrogen concentration
and obtained concentrations of 72.8vol% to 82.9 at
650 °C.

Freda et al. [45] conducted air-gasification experiments
in a continuous bench scale rotary kiln and observed the
effects of varying the temperature and equivalence ratio
(ER) on the gas yield. They also analyzed the char and
found its composition to be dominated by ash (70 wt%).
Commonly reported problems in the gasification experi-
ments included tar formation and high N, concentra-
tions in the syngas [75, 76]. Though air gasification is
significantly cheaper than using a pure oxygen stream,
the syngas produced in the former has high concentra-
tions of nitrogen, as Calvo et al. [51] observed through
their experiments (N concentration of 34.1-36vol%).
Thus, the gasification of wastewater sludge can lead to
high gas vyields, but its composition has to be carefully
controlled to optimize energy recovery through down-
stream processing options, such as combined heat and
power recovery and Fischer Tropsch (FT) synthesis to
produce liquid fuels.

Hydrothermal technologies

Hydrothermal technologies are broadly defined as chem-
ical and physical transformations in high-temperature
(200-600 °C), high-pressure (5-40 MPa) liquid or super-
critical water [77]. Their main advantage is that they can
operate efficiently at low solid concentrations of 5-30%
[78]. Very few studies based on HTL have been consid-
ered for treating wastewater sludge presumably due to
the technology maturity compared to other thermo-
chemical technologies [79]. A comprehensive analysis by
Xu et al. [54] studied the effects of increasing tempera-
tures on the product distribution and characteristics for
the hydrothermal liquefaction of sewage sludge. They
identified a reaction temperature of 340°C as optimal
for maximizing bio-oil yield, and also discovered that the
overall rise in temperature improved the bio-oil quality,
while decreasing solid yield simultaneously. The gas
composition was largely dominated by CO, (90%), thus
rendering it inappropriate for further energy recovery.
Certain studies recognized the potential of the HTL to
be able to treat very dilute streams and thus performed
experiments for not only digested sludge but also pri-
mary and secondary sludge to compare the correspond-
ing product yields [36]. A report published by Snowden
Swan et al. [24] evaluated the techno-economic feasibil-
ity of replacing current sludge treatment and
stabilization methods (specifically ADs) with hydrother-
mal liquefaction and found promising results as long as
the bio-oil could be upgraded and sold profitably.
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Other thermochemical technologies

Apart from the three prominent thermochemical tech-
nologies discussed in the preceding sections, there are
some others, such as SCWG and SCWO, which are also
gaining popularity for the treatment of wastewater
sludge. One of the primary reasons behind this is that
they can eliminate the energy intensive step of drying
the feedstock, similar to HTL [80]. In SCWG, the prod-
ucts are similar to those from regular gasification, with
the produced syngas capable of being used as a gaseous
fuel or undergoing further processing (such as FT syn-
thesis) to be converted into liquid fuels [81]. There are
three predominant categories in which SCWG can be di-
vided according to Peterson et al [77] The first one takes
place at high temperatures (greater than 500 °C) to pro-
duce a hydrogen-rich gas; the second one utilizes cata-
lysts at temperatures between the critical temperature of
water (374°C, 22.1MPa) and 500°C to produce
methane-rich gas; the third category operates at subcrit-
ical temperatures with the aid of catalysts to produce a
mixed gaseous product [77, 81]. Chen et al. [44] worked
on the SCWG system in a fluidized bed reactor and
identified factors affecting the gas yield and distribution
of components. It was found that increasing temperature
as well as decreasing feedstock concentration improved
the system’s performance. They also showed that adding
catalysts such as K,COj3 enhanced the hydrogen forma-
tion. Qian et al. [52] investigated the combined effects of
supercritical water gasification (SCWG) and supercritical
water oxidation (SCWO) for treating wastewater sludge.
As the popularity of hydrothermal technologies in-
creases, it is expected that many more studies investigat-
ing their application with respect to wastewater sludge
will soon be conducted, and this could lead to better re-
source recovery and improved economic performance
through their utilization.

Feasibility of thermochemical treatment methods
for wastewater sludge

In addition to reviewing the technical parameters and
product distribution of the thermochemical technolo-
gies, it is also important to study them from the perspec-
tive of their applications in broader fields, such as waste-
to-energy, water-energy-food nexus, nutrient recycling
and circular economy [82-84]. These applications help
in differentiating thermochemical technologies from
some of the conventional treatment methods and could
play a key role in determining the scale at which these
technologies are ultimately implemented.

Applications in the waste-to-energy context

Wastewater sludge has considerable amount of energy
embedded within it. As observed from the preceding
section, a large fraction of that energy can be recovered
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through the multiple product streams [85]. The energy
requirement in the drying phase of a wet feedstock such
as wastewater sludge (Fig. 3) is recognized to be a key
step in the ultimate energy balances for thermochemical
conversion technologies, and emphasizes the need for
heat recovery both through output streams and the re-
actor itself. With hydrothermal technologies, on the
other hand, this step is avoided, although the energy re-
quirements for operating the reactor and the additional
product separation steps are comparatively higher. Thus,
the feed composition from different sources can have an
impact on which technology is appropriate for that par-
ticular case. Additionally, as discussed in the previous
sections, certain feed characteristics such as high ash
content could limit the energy recovery through the
thermochemical technologies. If that is the case, then
other alternative methods such as utilization of the
sludge as construction materials could be viable options
[11]. The downstream processing of the products also
plays an important role, because some methods such as
hydrotreating and gas cleaning require considerable
amounts of energy along with catalysts or other mate-
rials which may be energy intensive to produce [86, 87].
On the other hand, the avoided use of conventionally
produced fertilizers, petroleum products, electricity and
heat through the substitution with the products derived
from thermochemical technologies could help save a
massive amount of energy and help water resource re-
covery facilities achieve their sustainability goals by mak-
ing them self-sufficient, or even net-exporters of energy
[88]. Hence, it is very important to determine the system
boundaries for analyzing the net energy through these
thermochemical processes, as different boundaries could
provide completely different answers [89]. A cradle-to-
grave life cycle assessment (LCA) would provide a good
estimate of the total net energy and is further discussed
in the later sections.

Applications in the field of nutrient recycling

Thermochemical technologies possess the dual advan-
tage of recovering not only energy, but also valuable nu-
trients such as N and P from organic feedstocks with
high nutrient concentration (such as wastewater sludge).
While the direct application of the sludge to soil also
contributes to nutrient recycling, the leaching and re-
lease of nutrients to the soil is often uncontrolled thus
leading to some detrimental effects if not spread prop-
erly [90]. Additionally, with the presence of rules regard-
ing land application of biosolids and the potential soil
contamination and bioaccumulation of antibiotics, path-
ogens and endocrine disruptors, the land application
route is no longer preferred or feasible in many regions
[6, 91]. Technologies such as pyrolysis can preserve a
large fraction of the input N and P amounts into the
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solid biochar produced [92]. The biochar has proven to
be a useful soil amendment through multiple studies by
enabling a controlled release of nutrients while providing
additional benefits, such as improved water retention
capacity, fertilizer efficiency and crop yield, subject to
soil type, crop type and application rate among others
[93-95]. The aqueous phase of the hydrothermal tech-
nologies on the other hand is the stream where these
nutrients are present [96]. There have been multiple ef-
forts at optimizing the recovery of these nutrients by
utilizing technologies, including anaerobic digesters,
struvite precipitation reactors and different types of
membrane reactors, among others. However, the rela-
tively low concentration of the nutrients within this
stream makes many of these methods currently infeas-
ible in terms of either energy or economics and further
investigations are required to improve the recovery effi-
ciency [97-101].

Effect on heavy metals in the wastewater sludge

There have been numerous studies dedicated to investi-
gating the concentration of heavy metals in the various
solid and liquid streams produced from the wastewater
sludge after thermochemical treatment [78, 102]. If the
heavy metals can be immobilized within the solid char,
and their concentration can be kept below required
limits in the oil and gas phases, then this could prove to
be another big advantage that the thermochemical tech-
nologies would possess over some of the conventional
methods. For pyrolysis, specific studies were performed
to evaluate the leachability of heavy metals in the bio-
char and the effects of operating conditions. Similar ex-
periments  were  performed for  hydrothermal
technologies, though the results were not as uniform as
for the pyrolysis studies. For HTL, owing to the lower
operating temperatures as compared to gasification,
most of the heavy metals are either present in the solid
or liquid phase. Hence, most studies worked on deter-
mining the distribution among the two phases and the
effects of changing parameters, such as operating
temperature, solvent type and catalyst type [9]. Leng
et al. [102] investigated the distribution of heavy metals
(Pb, Zn, Cu and Ni) in bio-oils and bio-chars obtained
from the liquefaction of sewage sludge in different sol-
vents (acetone and ethanol). As for the different lique-
faction solvents, there was no obvious difference. Huang
et al. [103] too found that the type of liquefaction sol-
vents did not have much influence on the redistribution
of heavy metals during the liquefaction process. Yuan
et al. [104] found through quantitative risk assessment
that zinc (Zn) and cadmium (Cd) were present at haz-
ardous levels in liquefied oils as well as at a lower con-
centration in fast pyrolysis oils. Huang et al. [105] on the
other hand found that the leachability of heavy metals
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was largely suppressed by liquefaction processes and
thus we can see some contrasting results here. A few ex-
periments looked at the fate of heavy metals in super-
critical and subcritical water technologies too. Shi et al.
[106] observed that for the subcritical technologies, most
of the heavy metals migrated towards the solid phase
but their bioavailability and leachable toxicity was much
lesser after treatment (at 280 °C) than before. Li et al.
[107] analyzed the solid residues from SCWG using a
more quantitative approach, and they also found that
the bioavailability and toxicity of the heavy metals was
reduced, though further attention was requested on ele-
ments, such as cadmium (Cd) and zinc (Zn), which still
posed certain risks to the environment. Thus, through
most studies reviewed, the general consensus was that
the thermochemical technologies are capable of reducing
the release of heavy metals into the environment and the
phase in which heavy metals are concentrated can be
controlled.

Life cycle assessment of thermochemical technologies for
treating wastewater sludge

LCA is a systematic tool to quantify the environmental
impacts associated with a product, service or process
from a cradle-to-grave perspective [108]. Thus, while in-
vestigating the environmental impacts of the design and
operations of a WWTP, especially its organic waste-
related energy systems, methods such as LCA could
prove to be extremely useful [109]. However, most stud-
ies that have been conducted so far focus on the entire
WWTP operations with little attention to the sludge
treatment and ultimate disposal stages [110]. Even
within studies on wastewater sludge disposal methods,
the focus so far has largely been on conventional
methods such as incineration, landfilling, composting
and direct land application [111]. Both Xu et al. [112]
and Suh et al. [111] found that the AD of sludge outper-
formed the landfilling and incineration methods through
a comparative LCA. Cao et al. [113] also performed an
LCA involving combinations of fast pyrolysis and ADs.
The quantitative results have not been provided here as
each study had different assumptions and system bound-
aries as well as different metrics to evaluate the systems.
Additionally, most studies noted in their conclusion that
there is currently too much uncertainty and variability in
the data to correctly quantify the environmental impacts
of these technologies, and thus many more such studies
are required to improve our understanding of these pro-
cesses, especially taking into account local factors and
conditions [112, 113]. These results are consistent with
the LCA conducted for different feeds such as poultry
litter and swine manure where the thermochemical tech-
nologies have proven to traditional land application in
terms of environmental performance [114]. With further
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analysis, methodologies such as LCA could help in pro-
viding quantitative estimates regarding the extent of im-
provement in environmental performance of these
technologies over the conventional methods.

Techno-economic viability of thermochemical
technologies for wastewater sludge treatment

There have been very few studies looking at the techno-
economic analysis of thermochemical technologies, par-
ticularly for the processing and treatment of wastewater
sludge [115-117]. Most work has been concentrated on
the economics of the upstream processes of a WWTP.
Certain studies that looked at the fast pyrolysis and
hydrothermal liquefaction of sewage sludge found the
respective processes to be economically feasible, subject
to policy as well as product and utilities pricing. Kim
et al. [116] determined that the bio-oil produced from
the fast pyrolysis of sewage sludge could have a value of
nearly $0.1/kg. Lumley et al. [118] investigated the gasifi-
cation of wastewater sludge and predicted a benefit of as
much as $3.5 million as compared to landfilling. Studies
presenting the techno-economic results for similar
thermochemical systems, but with slightly different feed-
stocks could also provide a reasonable estimate of the
performance of these technologies when applied to
wastewater sludge [119-122]. Zhu et al. [119] portrayed
that a minimum price of $2.52/gal gasoline-equivalent
(GGE) could make the hydrothermal liquefaction of
woody biomass feasible when the technology matures. In
multiple studies involving the techno-economic analysis
and spatial optimization of thermochemical technologies
for poultry litter treatment, it was found that these tech-
nologies could easily achieve a positive net present value
(NPV) with a value of over $100 million for large cen-
tralized plants processing more than 20 tons/hour [123,
124]. Swanson et al. evaluated the gasification of biomass
to produce biofuels and found that an n™ plant could
provide a product value in the range of $4.3/GGE to
$4.8/GGE [121]. As mentioned earlier, sludge manage-
ment and treatment is a capital-intensive process that
accounts for up to 50% of the total cost of wastewater
treatment [18, 19]. Thus, it is necessary to analyze the
techno-economic feasibility of thermochemical technolo-
gies for treating wastewater sludge in the long run with
their potential applications in concepts such as circular
economy and waste-to-energy.

The concept of the circular economy is considerably
different from the traditionally followed linear economic
model, and stresses on the reutilization or shifting of
end-of-life products (wastes) into inputs for other pro-
cesses. It also encourages the sustainable utilization of
natural resources within systems [125, 126]. In the con-
text of circular economy, thermochemical technologies,
when applied to organic wastes, serve as an excellent
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demonstration of closing the loop. Recycling of materials
is incorporated and the levels of waste generation are
brought down substantially. The recycling of nutrients
also plays a key role in this transition [127]. Further-
more, the intermediate and final products through these
processes have shown to possess a large potential in
terms of monetary value [121]. For instance, having bio-
char valued at anywhere between $20/ton to $2000/ton
demonstrates just how much scope these technologies
have if implemented widely and with some supporting
policies [128, 129]. A lot of this value of the biochar is
based on the predicted soil benefits through its applica-
tion and its potential for long-term carbon sequestration
[130]. There are many factors that go into this value. Al-
though all of them have not been extensively proven or
agreed upon, even having a carbon price as low as $20/
ton CO,-eq would make a substantial difference in the
economic feasibility of the pyrolysis systems.

With fossil fuels on the decline and oil prices fre-
quently fluctuating based on various technical, political
and geographical factors, bio-oils through fast pyrolysis
and HTL could provide some of the much-needed sta-
bility in certain regions, though the currently expected
bio-oil production is much less in magnitude than con-
ventional crude oil. As reviewed in the preceding sec-
tion, the composition and energy content of the bio-oils
produced is variable and strongly dependent on the
composition of the feedstock, type of thermochemical
conversion process and the chosen reactor type and op-
erating conditions. It is currently clear that most bio-oils
produced from these technologies (with the exception of
certain cases of catalyzed fast pyrolysis) need to undergo
further treatment and downstream processing before
they can be used as conventional fuel substitutes, and
these methods are considerably expensive to invest in,
especially at a small scale [119, 120]. However, an alter-
native to this would be the transportation and subse-
quent upgrading of these bio-oils in a conventional
petroleum refinery. As certain studies suggest, it would
save a lot of capital investment and be economically
feasible if the price of the bio-oil sold is comparable to
crude petroleum prices [131].

Conclusions

There have been a number of significant studies investi-
gating the thermochemical treatment of wastewater
sludge with different focuses on various parts of the pro-
cesses. It is important to be able to compare the prod-
ucts of the technologies in an unbiased manner as that
is what would eventually dictate a particular technology’s
performance. However, only looking at the product dis-
tribution is not sufficient as most of the products require
some sort of downstream processing before they can be
utilized. This is something that is often overlooked and

Page 12 of 16

hence an effort was made to incorporate those details
along with the applications of these technologies in the
fields of waste-to-energy, nutrient recycling and circular
economy. Additionally, the fate of certain compounds
(originally present in the sludge) during utilization of the
products is also necessary to analyze, especially when we
are dealing with a feed, such as wastewater sludge, which
could have varying concentrations of heavy metals,
harmful chemicals, pathogens and antibiotics. Based on
the studies performed so far, it seems that the environ-
mental impacts of these compounds are diminished or
can be controlled through the thermochemical pro-
cesses, and that is an important factor to consider for
decision makers. The widespread adoption and imple-
mentation of these technologies ultimately depends on
how their environmental and economic performance
compared with the conventional methods, as well as pol-
icy changes, such as the restriction on emitting pollut-
ants, higher carbon prices and other green taxes in the
future.
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