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Abstract

Different strategies for sewage sludge management have been implemented to minimize the environmental impacts and
benefit from the resources embedded in this waste stream. In that regard, Hydrothermal treatments (HTTs) of biomass can
contribute generating high-value products (hydrochar) and enhancing biogas generation. In this work, different strategies
were analysed for implementing HTTs at WWTPs considering the effect of 2 different process temperatures (160 and 250 °C)
on different sewage sludge samples (primary, secondary and digestate sludge). Determination of carbon, nitrogen and phos-
phorus fate and mass and energy balances in hydrochar and process waters were carried out. HTT promoted solubilization
of nitrogen, phosphorus and organic carbon up to 89%, 13% and 124% respectively. Moreover, biomethane yield increased
up to 168% reaching methane concentrations up to 79% in the biogas. High heating values of hydrochars ranged from 12.0
to 18.2 MJ kg~!. The integration of HTT as an intermediate step between two-step anaerobic digestion process showed an
increase in the net energy balance of up to 124% in comparison with the conventional anaerobic digestion process.
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Statement of Novelty

The current waste water treatment systems only rely in the
production of biogas as the only source of energy result-
ing in the energy production that can cover up to 30% of
the whole system. After the anaerobic digestion of the sew-
age sludge, the sludge is disposed either in land or is com-
posted. However, still a lot of potential energy is content in
the remaining treated sludge that is not used. This research
evaluated sewage sludge from different points of a wastewa-
ter treatment plant were at lab scale. As a result, this paper
provides strategies to harness better the properties of the
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sewage sludge by evaluating the integration of hydrothermal
treatments in different key points of a conventional waste-
water treatment plants.

Introduction

Biomass is considered an important renewable resource for
energy production and has gained interest in recent years. In
the European Union area, in 2015, the energy produced from
biomass conversion to biogas reached 61 TWh of electricity
and 127 TJ of heat, which 9% of the total energy belonged to
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the biogas produced from sewage sludge [1]. Sewage sludge
is one of the main biomass waste streams with more impact
to the environment if not properly handled due to the high
amount of organic matter and contaminants. This means that
sewage sludge represents an important biomass stream for
energy production. As a consequence, different strategies for
sewage sludge management have been applied to minimize
the environmental impact and harness its properties [2—4].
The most common strategy for sewage sludge management
at wastewater treatment plants (WWTPs) includes anaero-
bic digestion (AD) [1, 3, 5-7]. AD brings benefits such as
the reduction of the final volume of waste to be disposed
of, odour control, the reduction of some pathogens and the
production of biogas [1, 8, 9]. Furthermore, biogas produc-
tion has the potential to cover between 40 and 80% of the
overall energy requirement of a typical WWTP [7, 10]. In
Europe, in 2015, from the total amount of biogas produced,
9% came from sewage sludge [1]. This means that sewage
sludge represents an important biomass stream for energy
production. However, conventional AD of sewage sludge is
limited by the solubilisation step of the organic compounds
during the hydrolysis, withdrawing only half of its potential
for energy production [5, 11, 12].

In recent years, hydrothermal processing has gained
attention as an alternative co-treatment of AD to increase the
energy production from sewage sludge and reduce the energy
demand from WWTPs [3, 13—16]. Hydrothermal treatments
(HTTs) are based on the application of high pressures and
temperatures conditions to the biomass in a closed system
producing (depending on the process conditions) solid, lig-
uid and gas by-products [3, 17, 18]. HTTs brings benefits
such as final volume waste reduction, complete pathogen
inactivation, enhance of hydrolysis [6, 19] (solubilization of
organics), and production of bio-oils, hydrochars and syn-
gas [18]. HHTs promote also the reduction of the viscosity
of the sewage sludge and lead to the production of hydro-
phobic solids (hydrochar) helping to reduce the high energy
demand of the dewatering step [9, 20, 21]. Moreover, one of
the HTTs main products, the process water, has been demon-
strated to be suitable for methane production, representing
an extra energy production for the system [9, 14, 18, 22].

HHT applied to sewage sludge and its feasibility of inte-
gration before the AD process has been well studied, and
large scale technology has successfully been developed such
as CAMBI® and BIOTHELYS® processes [4, 12, 21, 23,
24]. This configuration was found to improve energy produc-
tion by up to 43% [5]. Nonetheless, the concept of integrat-
ing HTT after the AD process has gained more interest in
the past years because potentially can increase the energy
production up to 179%, the possibility to use it as a strategy
to recover nitrogen and phosphorus and the contribution
to better digestate management considering future restric-
tion on current land disposal route [3, 9, 13-15, 18, 25-27].

Another recent approach is the valorisation of biomass
through integrating double HTT or double AD step to obtain
more complex by-products like hydrogen, proteins, sugars
or organic acids [28-33]. However, those studies focused
on feedstocks such as lignocellulosic biomass, algae or ani-
mal manures. As a consequence of the potential benefits
that bring this recent approach, companies and the research
community are aiming to design portable and flexibles HTT
units to ease the integration into WWTPs [18]. Companies
such as CarboRem and Terranova Energy have developed
technology that follows this new trend but these commercial
applications are still under development [18].

Indeed, the inclusion of HTTs into a WWTP boost the
energy production and valorisation from sewage sludge
leading to economic and environmental benefits [3, 9, 13].
Nevertheless, there are few studies related to the strategies
that should be taken to couple AD with an HTT to maximize
the energy production from sewage sludge within a WWTP
[3, 9, 13, 34]. The main challenge is to bring a seamless
integration for coupling HTTSs to the current infrastructure at
the WWTPs for better sewage sludge management to comply
with the environmental and operational requirements related
to waste reduction, resource recovery, and the reduction of
the treatment costs. The principal objective of this particular
research work was to analyse the strategies for the integra-
tion of HTTs into a conventional WWTP with sewage sludge
management. Also, it was investigated the fate of key con-
stituents in sewage sludge as a result of anaerobic digestion
treatment and hydrothermal process conditions. Research
findings of this work can be applied to develop novel process
configurations for WWTPs by incorporating HTTs as part of
an integral strategy for sewage sludge management.

Methods

The methodology followed for this research is as shown in
Fig. 1.

Sewage Sludge and Inoculum Samples

The primary sludge (PS) and secondary sludge (SS) were
collected from Esholt WWTP (Yorkshire Water) located in
Bradford, UK. A third sample was prepared with the blend
of primary and secondary sludge (total solids ratio 1:1) and
named MIX. After collection and prior characterisation the
samples were conserved and stored at 4 °C.

The inoculum used for BMP tests and digestate samples
preparation was obtained from the anaerobic reactor at Esh-
olt’s WWTP. To keep the anaerobic microorganisms of the
inoculum active until its use, the digestate was conserved in
sealed bottles at 37 °C and fed every week with untreated
sewage sludge until its use.
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Fig. 1 Diagram of the methodology followed in the present research

Digestate Samples and BMP Test

Digestate samples preparation was carried out as described
in Aragdén-Bricefio, et al. [3]. The resulted treated samples
were labelled as follows: AD primary sludge (ADPS); AD
secondary sludge (ADSS); and AD mix (ADMIX).

BMP tests for the samples followed the methodology as
reported in Aragén-Bricefio, et al. [15].

Hydrothermal Experiments

Hydrothermal experiments are described in Aragén-Bricefio,
et al. [3]. Samples were treated in a 500 mL stainless steel
batch Parr reactor (non-stirred) with a working volume
of 220 mL. Sewage sludge samples were adjusted to the
concentration of 2.5% of dry solids before treatments. The
supercritical process conditions selected for this study
were 160 °C—30 min and 250 °C—30 min and heating
rates of 5.3 and 4.2 °C/min respectively. The process
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temperature and time conditions were selected based on
previous studies [5, 15].

Solid Samples Analyses

The solid samples characterization followed the methodol-
ogy from previous studies [15]. The treated and non-treated
samples were dried in an oven at 40 °C until constant weight
(7 days). To perform the ultimate and proximate analyses
of the dry samples, an Elemental analyser (CE Instruments
Flash EA 1112 Series) and a Thermogravimetric analyser
(Shimadzu, TGA-50) were used.

Liquid Products Characterization

The characterisation of process waters (PW) were based on
the standard methods for the characterization of wastewa-
ter [35]. Total Solids (TS), Suspended Solids (SS), Total
Kjeldahl Nitrogen (TKN), Ammonium, Total Phosphorus,
Reactive Phosphorus, Chemical Oxygen Demand (COD),
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Volatile Fatty Acids (VFAs) and pH were determined for
all liquid samples. To perform the ultimate analyses of
PW’s, liquid samples were evaporated and dried for 7 days
at 40 °C prior analysis in the CHNS analyser. A TOC ana-
lyser (HACH Lange IL550 TOC/TIC Analyser) was used to
determine the Total organic carbon (TOC).

Data Processing and Analysis

The following equations reported by Aragdn-Bricefio, et al.
[5] were used for the data processing of hydrochar and PWs
analyses:

Hydrochar Yield

Hydrochar yield (Y), energy densification (E,) and energy
yield (E,) were determined as follows:

mass of dry hydrochar

Y(%) = 100
(%) mass of dry Substrate feedstock M
HH Vhydrochar
L= v, — @
feedstock
E(%)=E,; XY, (3)

where HHV is High Heating Value.

High Heating Value (HHV)

The Dulong equation reported by Aragén-Bricefio, et al. [5]
was used to determine the theoretical HHV.

HHV(MJ x Kg™") = 0.336(%Carbon)

%0
+1.433 (%Hydrogen - <%ygen))

+0.0942(%Sulphur)
(€]

Biochemical Methane Production (BMP)

The following BMP formula as reported by Aragdn-Bricefio,
et al. [5], was used to evaluate the performance of methane
production per gram of chemical oxygen demand (COD)
added:

VCH4 - VCH4, blank

BMP = — ,
(Mass of COD fed in biodigester)

®

where BMP =Biochemical Methane Potential (mL of CH,/ g
of COD added); Vpy, = Volume of methane produced in the
bottle (mL); Ve, prank = Yolume of methane produced in the
blanks (mL); Mass of COD =Mass of COD of the substrate
(g of COD substrate).

Theoretical BMIP (BMP,,)

BMP theoretical values were calculated using Boyle’s for-
mula as reported in Aragén-Bricefio, et al. [15].
Boyle’s equation:
22400(5 +e_b_ 3—)
12n+a+ 16b + 14c

BMPthBO = ©

where n, a, b and c represent the molar fraction of C, H, O
and N, respectively.

Anaerobic Biodegradability (BD)

The experimental (BMP ) and the theoretical (BMP5)
BMPs were used to calculate the anaerobic biodegradabil-
ity following the formula:

BMP,,
P %100 (7)

BD ¢y (%) = BMP
thBO

Kinetics: Modified Gompertz Equation

The modified Gompertz model is commonly used to report
the kinetics of methane production in relation to bacte-
rial growth during the anaerobic process [29, 36, 37]. The
obtained parameters from the equation ease the compari-
son between samples regarding anaerobic digestion per-
formance [29, 36, 38].

R, .cexp(1)

(/l—t)+1> ., (8)

Vera(t) = P exp [—exp(
where Vy, is the cumulative methane production at fer-
mentation time (day) expressed in mL /g of COD, P_,, is the
maximum cumulative methane production (mL /g of COD),
R« 18 the maximum methane production rate (mL / g COD
/ DAY) and the A is the lag phase (day). To fit the parameters
of the modified Gompertz equation, the solver tool from
Microsoft excel was used.
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Results and Discussions

Fate of Solids from Raw and Digested Sewage
Sludge After HTT

Figure 2a presents the mass distribution before and after
different HTT conditions from the raw and processed
sludge/digestate samples. To observe the maximum sol-
ubilization rate of organics and nutrients into the liquid
fraction during the HTTs, 2.5% of solid concentration
was selected for loading the reactor [15]. The solid frac-
tion in the original samples, after thermal treatment, was
reduced up to 70% either solubilized or converted into a
gas (See Fig. 2b. The hydrolysis reactions that organic and
inorganic compounds suffer during thermal treatment lead
to an increase in the concentration of the water-soluble
products or volatilization and at the same time a reduc-
tion of the solid fraction [5, 39-42]. Between 8 to 50% of
the solid fraction suffered volatilization and from 13 to
34% suffered solubilization. According to Zabaleta, et al.
[39], most of the produced gas fraction are principally
composed of CO,. The severity of the reaction showed
that higher temperatures favoured the volatilization-sol-
ubilization of the solid fraction. Process temperature at
250 °C showed higher volatilization of the liquid and solid
fractions than treatments at 160 °C (See Fig. 1a, b). This
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is the case of PS and ADPS samples that presented a solid
fraction transformation of 31% after the 160 °C treatment
and 61% after the 250 °C treatment. SS sludge after 160
and 250 °C thermal treatments showed the highest solid
transformation with 62 and 70% respectively. MIX and
Digestates also presented the same trend favouring the
volatilization-solubilization of the solid fraction during
250 °C treatment.

Liquid Products Characteristics

pH

The changes in the pH of process waters from thermal
treatment are related to the feedstock composition and the
formation-hydrolysis reactions during the thermal treat-
ment. The formation of ammonium (through decomposition
of proteins) and alkaline compounds can contribute to an
increase in the pH, while organic acids resulting from ther-
mal hydrolysis can contribute to pH reduction [5, 18, 26].
Although, the buffering capacity of the sample is another
factor that might limit the effects of the initial hydrolysis
reactions [43]. The pH of the process waters from all sewage
sludge samples can be observed in Fig. 3a. Results showed
that prior thermal treatment, the samples that come from
biological treatments (SS and digestates), promoted the pro-
duction of alkaline compounds propitiating in an increase
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Fig. 2 Distribution of solid, liquid and gas fractions before and after hydrothermal treatment
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of the pH (7.49-8.74). On the other hand, the PS and MIX
samples suffered a slight reduction in the pH after thermal
treatment (5.28-6.81), which suggests the net accumulation
of acid compounds. It has been reported a wide range of pH
values in PWs from thermally treated sewage sludge, which
supports the argument that the pH is feedstock dependent.
For instance, our previous studies reported pH values from
7.04 to 9.15 for PWs from AD treated sewage sludge at dif-
ferent treatment temperatures (160-250 °C) [5] while other
works reported pH values from 3.8 to 7.8 for hydrothermally
treated synthetic faecal sludge (140-200 °C) [44].

Total Solids and Total Volatile Solids

The change in the concentration of TS and TVS between
raw liquors and PWs from sewage sludge samples before
and after thermal treatments are shown in Fig. 3b. It is clear
that the thermal treatments favoured the solubilisation of the
solid fraction (organics and inorganics) into the liquid frac-
tion due to the hydrolysis reactions [5, 15, 19, 25, 44, 45].
Therefore, an increase in the concentration of the TS and
TVS is observed in all the samples after HTT.

The highest concentration was obtained with the PS sam-
ples with an increase of TS after HTT at 160 °C and 250 °C
of 307 and 321% respectively. This could be attributed to
the presence of organics and inorganics compounds highly
hydrolysable presented in PS unlike the biological treated
sludge samples (SS and Digestates) where those compounds
have been already hydrolysed. The increase in the TVS con-
centration can be also related to the solubilization of the
organic compounds. The amount of TVS in process waters
showed a two to six-fold increase when compared with the
raw liquor after thermal treatment. In the raw liquors, TVS
accounted for 20-49% of the TS but in process waters, they
contributed to up to 95% of TS. That means that TVS consti-
tutes the larger fraction of solids in process waters. Process
waters from SS samples achieved the highest increment of
TVS at 160 °C, which might be due to the higher content
of biological biomass present in the sludge purged from the
activated sludge process.

Sludge samples from anaerobic pre-treatment produced
process waters with lower content of TS and TVS. This
might be during the AD process most of the high hydrolys-
able organics are consumed and transformed mainly into
biogas. Nonetheless, a considerable amount of organic mat-
ter still remains in AD sludges that could be harnessed even
further following thermal treatments.

Chemical Oxygen Demand and Total Organic Carbon
Figures 3c and d show changes in TOC and COD concentra-

tions in liquid fractions of sewage sludge samples before and
after thermal treatment. In agreement with previous studies,

the TOC and COD concentrations increased as the process
temperature increased [15, 26, 29, 45]. This is due to the
severity of the reaction that favours the hydrolysis of poly-
saccharides and proteins that lead to the solubilisation of
organic and inorganic compounds and hence, it is reflected
in the increase of the COD and TOC concentrations in the
PWs [5, 26, 40, 41].

The COD concentration in PWs from PS, SS and MIX
samples increased up to 3, 16 and fivefold, respectively in
comparison with raw liquors. Process waters of ADPS,
ADSS and ADMIX samples reported an even higher relative
increment of COD concentrations of 5.0, 7.0- and 7.3-fold,
respectively. Previous studies reported a seven-fold increase
of COD concentration in process waters from sewage diges-
tate after thermal treatments at 160 and 250 °C [5].

Process waters from SS samples achieved the highest
soluble COD conversion rates with 357 and 522 mg of COD
per gram of feedstock at 160 and 250 °C thermal treatments
respectively. These COD conversion rate values are followed
by PS samples with 288 and 501 mg of COD per gram of
feedstock, and MIX sludge samples with 277 and 464 mg
of COD per gram of feedstock. On the other hand, sludge
samples undertaking anaerobic pre-treatment reported much
lower net solubilisation of organic compounds in the PWs
showing COD solubilisation rates between 158 and 316 mg
of COD per gram of feedstock. This might be attributed to
the higher concentration of hydrolysable organic compounds
contented in non-anaerobically treated sludge samples.

TOC concentrations followed a similar pattern as
described for COD concentrations in PWs (see Fig. 3c),
in which there was an increase of the TOC concentration
due to the solubilisation of organic compounds in the liquid
fraction. All sample’s concentrations in the liquid fraction
showed an increase of 3.0 to 14.5 after thermal treatment.
Some studies have reported similar trends on the increase of
the TOC concentration after thermal treatment of biomass
ranging from 43.9 up to 68% [5, 15, 46]. TOC conversion
rates from PS, SS and MIX samples ranged from 167 and
240 mg of TOC per gram of feedstock, while correspond-
ing figures from ADPS, ADSS and ADMIX samples ranged
from 92 to 151 mg of TOC per gram of feedstock.

The proximate analyses in the PWs support that there
was a carbon solubilisation during the thermal treatments
(See Table 1). SS showed higher carbon solubilisation with
the thermal treatment increasing from 11.8% of carbon in
the liquid fraction of original feedstock to 35.9 and 39.8%
after 160 and 250 °C treatments respectively. The majority
of the carbon material of the SS comes from the activated
sludge bacteria which is released as organic and inorganic
compounds into the liquid fraction during thermal treatment.
In the case of PS, the carbon material in the liquid fraction
was already high in comparison with the other sludge sam-
ples and the carbon solubilized came mainly from the settled

@ Springer
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«Fig. 3 Average concentration of key parameters in process waters
from tested sewage sludge and digestate samples after thermal treat-
ment. a pH, b Total solids (TS) and Total volatile solids (TVS), ¢
Total organic carbon (TOC), d Chemical oxygen demand (COD) and
e Volatile fatty acids (VFAs)

solids presented as suspended solids. For that reason, PS
showed a lower increase in the carbon percentage after ther-
mal treatment from 27.6 up to 33.3%. The elemental carbon
in the MIX sample increased from 19 to 38% after thermal
treatment. The effect of the thermal treatment on the sludge
digestates showed a significant increase of the elemental
carbon in the liquid fraction (1.4 to 2 times) reflecting that
still some organic matter can be hydrolysed to be used for
further biogas production. The results for elemental carbon
reported in this study for PWs derived from digestates were
similar to the values reported by Aragdn-Bricefio, et al. [5]
who reported 46-68% elemental carbon in PWs from sewage
sludge. Nonetheless, despite the digestates presented a sig-
nificative carbon solubilisation during the thermal treatment;
the majority of that carbon compounds are less suitable for
biogas production.

Volatile Fatty Acids (VFAs)

The total VFAs concentration of the liquid fraction of the
sewage sludge samples before to and after HTT are pre-
sented in Fig. 3e. Based on the reported by Aragén-Bricefio,
et al. [5], the severity of the reaction increases the produc-
tion and solubilization of VFAs. The research works from
Nyktari, et al. [44] and Aragdén-Bricefio, et al. [5] found that
the acetic acid is the major product of the VFAs during the
HTTs.

The VFAs concentration of the treated PS were simi-
lar regardless reaction temperature (4083 and 4155 mg of
CODI/L for 160 and 250 °C respectively). This means that
160 °C and 30 min treatment was enough to hydrolyse the
long-chain fatty acids to volatile fatty acids. A similar trend
was observed for the MIX sample in which the 160 and
250 °C treatments did not have significant influence on the
VFAs solubilization. The concentrations obtained were
2875 and 2672 mg of COD/L for 160 and 250 °C treat-
ments respectively. Although the low concentration VFAs
presented in the SS and digestate samples, the severity of
the reaction temperature had a clear influence on the VFAs
solubilisation.

Phosphorus (P)

Generally, during the hydrothermal process, it can be solubi-
lized up to 20% of the P contained within the solid fraction
of the feedstock [27]. Phosphorus fate during hydrother-
mal treatment is strongly related to the source of biomass,

phosphorus speciation, heavy metals present, reaction tem-
perature, time solid loading and pH [18, 27, 40, 47]. During
thermal treatment, most of the P species are transformed
mainly into orthophosphates [48]. The solubilisation is car-
ried on due to the hydrolysis of species such as phosphate
diesters, phytic acids, pyrophosphates, polyphosphates dur-
ing the thermal [40, 47—49]. On the other hand, the precipi-
tation of phosphorus (phosphate salts) during thermal treat-
ments is closely related to the species and levels of metals
present in the feedstock [5, 18, 40, 47, 48].

Figure 4a shows the liquid fraction phosphorus con-
centration of the different samples before and after ther-
mal treatment. The reaction temperature exhibited a clear
influence on P solubilisation in most of the samples with
exception of the SS and MIX samples. Higher temperatures
promoted higher P solubilisation, especially for the digestate
samples. Nonetheless, the raw liquors still presented low P
concentrations hence, it can be concluded that majority of
the phosphorus remains in the solid fraction. There was a P
transfer up to 10 to12% from the solid to the liquid fraction
during the thermal treatments (See Fig. 3d). For SS samples,
the P concentration and solubilization in process waters sug-
gested that 160 °C treatment favoured P solubilisation and
250 °C treatment promoted the phosphorus fixation within
the hydrochar.

These results are in agreement with previous studies
reported by Aragén-Bricefio, et al. [5] in which it was found
that the extraction of organic P species in sewage digestate is
higher at low process temperatures. However, this study does
not present a clear trend about the production of inorganic
and organic P species production during the HTT.

Nitrogen (N)

During HTT the N can take different transformation path-
ways. Organic N species (proteins and pyridine N com-
pounds) and inorganic N species (i.e. NO;~, NH,*, NO, ™ and
CN") suffer hydrolysis to mainly form NO;™-N and NH,"-N
compounds [18, 50, 51]. Previous studies reported that
majority of the N transferred into the liquid fraction is in
ammonia form, especially from sewage sludge samples [5,
15, 40, 51-55]. According to Marin-Batista, et al. [27], dur-
ing the thermal treatment, up to 60% of the nitrogen can be
transferred from the solid into the liquid fraction.

Figure 4b presents the concentrations of the organic
and inorganic N (as ammonia) from the different sewage
sludge samples before and after HTTs. Results show a clear
influence between the severity of the reaction temperature
and the solubilisation of N, in which the N concentration
increase as the treatment temperature increase. The N con-
centration in the liquid fraction increased up to 340% in the
non-AD treated sludge samples at 160 °C and up to 540% at
250 °C. For the digestate samples, there was an increment
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Table 1 Proximate analyses of the PWs samples

Sample Ultimate analysis
C(%) H(%) N(@%) 0% S(%)
Primary sludge 27.59 440 379 64.03 0.18
Secondary sludge 11.81 1.26 1492 7192  0.09
Mix sludge 19.37 237 4.85 7341 0.00
AD primary sludge 31.07 4.03 3.64 6051 0.75
AD secondary sludge 19.68 2.49 230 7457  0.96
AD mix sludge 2445 3.03 264 6895 093
Process waters from 160 °C to 30 min-5 Bar
Primary sludge 31.60 4.93 634 5629 0.83
Secondary sludge 3592 528 879 48.84 1.17
Mix sludge 38.39  5.68 6.95 48.02 0.96
AD primary sludge 39.01 546 9.50 4446 1.56
AD secondary sludge 38.82  5.59 9.79 44.02 1.78
AD mix sludge 38.38 541 9.66 4482 1.73
Process waters from 250 °C to 30 min-40 Bar
Primary sludge 3335 522 6.76  53.77  0.90
Secondary sludge 39.82 579 8.58 4443 1.38
Mix sludge 3836 5.71 8.18 46.75 1.01
AD primary sludge 4349 6.56 1028 37.65 2.03
AD secondary sludge 37.98 6.02 9.83  44.30 1.86
AD mix sludge 40.69 6.18 9.63 4139 211

2Calculated as difference between sum of C,H,N,S

of up to 36% at 160 °C and up to 70% at 250 °C. The same
trend (increase) was found for the inorganic N concentra-
tion (ammonia) in the liquid fraction from different sewage
sludge samples. The inorganic N solubilisation reached up
to 204 and 431% for the non-AD treated sludge samples and
up to 109 and 136% for digestate samples at 160 and 250 °C
respectively. However, it seems that the thermal treatment
favoured the solubilisation of organic nitrogen, especially
in those sludge samples that had been biologically treated
(secondary and digestates sludge) prior to thermal treatment.
These findings match with the previous study reported by
Aragon-Bricefio, et al. [5] whereas the N concentration in
the PWs from HTT sewage sludge digestate increased up to
45% and 50% at 160 °C and 250 °C treatments.

Biomethane Potential of PWs (BMP)

Figure 5 presents the BMP values of the untreated sewage
sludge samples and their PWs derived from the HTTs. It can
be observed that all the sample’s BMP values increased after
HTT. The process temperature influenced the BMP of the
samples resulting in higher BMP values for the PWs coming
from 250 °C treatment in comparison to 160 °C treatment,
with exception of the PW from the ADSS where there was
no significant difference on the BMP values regardless of
the treatment temperature.
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The non-AD treated sludge samples showed higher BMP
than digestates samples. The PWs coming from SS presented
higher BMP values (276 mL of CH, per g of COD) in com-
parison to the PWs coming from PS sample (208 mL of CH,
per g of COD). At 250 °C treatment, PWs coming from PS
and SS did not show significant differences where the BMP
values were 325 and 312 mL of CH, per g of COD respec-
tively. In general, the HTT favoured the increase of the BMP
in PWs from SS and PS up to 168% and 151% respectively
in comparison to their untreated samples. The HTTs also
enhanced the BMP values of the liquid fraction of the MIX
sample after 160 and 250 °C treatments, reaching values of
252 and 351 mL of CH, per g of COD respectively, repre-
senting an increase between 11 and 55% in comparison to
the untreated sample.

BMP values of the digestate samples were considered
zero due to previous anaerobic treatment received before
HTTs. The thermal treatment had a positive impact on the
digestate samples propitiating an increase in the BMP. How-
ever, the BMP values from PWs coming from ADSS and
ADMIX were similar showing that the treatment tempera-
ture has not significant effect on the BMP value of those
digestate samples. Only the BMP values of process waters
from ADPS presented a trend in which the process tempera-
ture had a clear influence whereas the BMP value increases
as the treatment temperature increases. Previous studies have
reported BMP values PW coming from PS treated at 200 °C
of 335 mL of CH, per g of COD [56], 256.6 mL of CH,
per g of COD PW from municipal sewage sludge treated at
170 °C [42] and 178-277 mL of CH, per g of COD for PW
from sewage sludge digestate (160-250 °C) [5, 57].

COD degradation in the process waters ranged from
37 to 97% and 59-75% for 160 °C and 250 °C treatments
respectively (see Table 2). During the HTT, the hydrolysis
led to a reduction in the concentration of complex organic
compounds that consequently enhance the COD degradation
during the anaerobic digestion [58]. Process waters treated at
160 °C showed higher COD degradation during the anaero-
bic digestion process than process waters treated at 250 °C.
Diminution of the COD removal can be attributed to the
recalcitrant products such as furans, pyrazines, and phenols,
formed during higher temperatures that directly affect the
performance of anaerobic bacteria [9, 59]. The present find-
ings are similar to the values reported for COD degradation
during the anaerobic digestion for PWs from sewage sludge
(56-88%) [5, 9, 44, 57].

The biodegradability factor (BD) is a variable that pro-
vides an idea about the amount of organic matter suscep-
tible to biodegradation by comparing the theoretical BMP
values against the experimental results [S]. The biodegra-
dability of sewage sludge samples increases according to
the increase in the treatment temperature (see Table 2).
The biodegradability values ranged from 28 to 57% and
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Table2 BMP, biogas

. Sample BMP (mL BMP Boyle’seq.  BD Biogas composi- COD
composition and COD removal CH,/g of (mL CH,/ g COD) Boyle'seq tion REMOVAL
of the sewage sludge and COoD) (%) — (@
process waters %CH,  %CO,

Primary sludge 129* 181 71 72 28 38
Secondary sludge 116* 350 33 66 34 48*
Mix sludge 226* 419 54 72 28 442
AD primary sludge 0 359 0 0 0 0
AD secondary Sludge 0 353 0 0 0 0
AD mix sludge 0 347 0 0 0 0
Process waters from 160 °C to 30 min-5 Bar
Primary sludge 208 460 45 66 34 97
Secondary sludge 276 485 57 69 31 83
Mix sludge 252 492 51 68 32 86
AD primary sludge 130* 467 28 61 39 47%
AD secondary sludge 207* 554 37 70 70 42¢
AD mix sludge 204% 517 39 79 79 37
Process waters from 250 °C to 30 min-40 Bar
Primary sludge 325 294 110 60 40 53
Secondary sludge 312 373 84 73 27 68
Mix sludge 351 306 115 77 23 75
AD primary sludge 218 378 58 70 30 59°
AD secondary sludge  212% 363 58 72 28 59¢
AD mix sludge 232¢ 345 67 74 26 60?

“Experimental Values reported by Aragén-Bricefio, et al. [3]

from 58 to 115% for PWs from 160 to 250 °C treatments
respectively. However, the limitation of Boyle’s formula,
as the majority of the other prediction formulas (and mod-
els), only assumes that the kinetics are first order and also
do not account for the interaction of the microbial com-
munities with other chemical compounds [60]. As a conse-
quence, process waters from MIX and PS samples treated
at 250 °C presented biodegradability values above 100%
(115% and 110% respectively).

Table 2 shows the biogas composition from the anaero-
bic digestion tests of the different samples. Raw PS, SS
and MIX samples showed a methane concentration of 72,
66 and 72% respectively. Although the 160 °C treatment
increased the BMP values in process waters, the methane
concentration in the biogas was reduced (66-70%) with
exception of the ADMIX sample (79%) in comparison to
the untreated samples. On the other hand, 250 °C treat-
ment promoted the production of biogas with a higher con-
centration of methane (70-77%) with exception of the PS
sample (60%). In general, all samples presented methane
concentration values above 60% representing good qual-
ity biogas. Wirth and Mumme [61] and Arag6n-Bricefio,
et al. [15] obtained similar results for HTC PWs from corn
silage (70% of methane) and sewage digestate (63-80% of
methane).
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Kinetic Analysis

The modified Gompertz model was applied to the experi-
mental results to simulate the methane production of anaero-
bic digestion of the PWs. The parameters of the model can
be observed in Table 3. The correlation factors (R?) showed
a good fitting of the modified Gompertz model ranging from
0.944 to 0.997. The maximum accumulative values (P, )
obtained from the model were more accurate in compari-
son to the calculated theoretical values. That means that the
Gompertz model could adequately simulate the maximum
cumulative methane yield. The experimental results with
the model fitting curve plots of all the samples can be seen
in Fig. 6.

The lag phase (A) time of the AD of the process waters
varied from 1.4 to 9.6 days. The lowest value corresponded
to the 160 °C PS process water. In contrast, according to
the applied model, the PS sample treated at 250 °C takes a
longer time for starting the AD in comparison with the other
samples. Despite that, the value is lower in comparison with
the untreated sample. The maximum methane production
for the thermally treated samples (R,,,) reached 35.9 mL of
CH, *g of COD™! * day™! and was accounted for the MIX
process water coming from the 250 °C treatment. These
results are similar to those reported by Villamil, et al. [14]
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Table 3 Results of the parameters of Gompertz modified equation fit-
ting experimental data

R*> P, (mLof R, (mLof ) (day)
CH,/ g of CH,/ g of COD
COD) * day)
Primary sludge  0.964 129.0 40.8 13.0
Secondary sludge 0.951 110.4 8.3 0.0
Mix sludge 0.994 248.7 14.6 0.8
AD primary NA NA NA NA
sludge
AD secondary NA NA NA NA
sludge
AD mix sludge @ NA NA NA NA
Process waters from 160 °C to 30 min-5 Bar
Primary sludge 0.980 241.1 14.7 1.4
Secondary 0.992 300.9 22.8 2.6
sludge
Mix sludge 0.967 323.3 18.0 4.1
AD primary 0.978 153.6 10.4 39
sludge
AD secondary  0.944 204.7 16.1 2.0
sludge
AD mix sludge 0.977 216.9 15.4 2.6
Process waters from 250 °C to 30 min-40 Bar
Primary sludge 0.982 1050.8 28.7 9.6
Secondary 0.991 299.9 31.8 1.9
sludge
Mix sludge 0.993 368.2 359 32
AD primary 0.980 197.4 34.8 33
sludge
AD secondary  0.989 213.2 24.3 2.2
sludge
AD mix sludge 0.997 228.3 247 2.7

for the modified Gompertz model applied to HTC process
waters co-digested with PS samples where the R? reported
ranged between 0.835 and 0.968, the A ranged 2.9-8.9 days,
P 111-204 mL of CH, / g of COD and R, from 50 to

max

71 mL of CH, *g of COD™! * day~".
Hydrochar Characteristics
Physical Characteristics

Hydrochar’s proximate analysis and yields are shown in
Table 4. According to Ekpo, et al. [40] and Danso-Boateng,
et al. [19], the reaction temperature and the severity of the
process affects the hydrochar yields. Results showed that
hydrochar yield decreases as the reaction temperature
increased. Hydrochar yields varied from 38 to 69% and
30—40% for sludge samples treated at 160 °C and 250 °C
respectively. These values are lower in comparison with
other studies that have reported yields between 40.3 and

81.1% for hydrochar coming from sewage sludge [5, 13, 15,
19, 40].

Ash content has a strong relationship with the energy
that we can harness from the hydrochar. The energy den-
sification is lower if the ash content of a hydrochar is high.
Results obtained for ash content showed a direct relationship
between the process temperature and the concentration of
ash in the hydrochar. The ash content increases in conjunc-
tion with the process temperature. The ash content of PS, SS
and MIX samples ranged from 25.7 to 36.4%. After 160 °C
treatment, the ash content increased between 3 and 7.7% and
between 14.9 and 20.31% after the 250 °C treatment. Similar
values for ash content in the hydrochars from digestate have
been reported by Aragdén-Briceilo, et al. [5] (36.9%) and
Berge, et al. [43] (55.8%).

It was observed, after thermal treatment, the volatile mat-
ter content of the different sludge samples decreased as the
severity of the reaction increased. In addition, the thermally
treated digestate samples presented a higher decrease in the
volatile matter than the non-AD treated sludge. That means
that the 250 °C treatment presented lower volatile matter
percentage than the 160 °C treatment. The percentage of
the volatile matter varied from 0.5 to 4% when the sludge
samples were treated at 160 °C and from 8 to 14% after the
250 °C treatment.

Elemental Composition

The Table 5 shows the ultimate analyses of the different
solid samples analysed in this work (sewage sludge and
hydrochars). The carbon content of the non-treated sam-
ples are strongly linked to the source of sewage sludge and
ranged from 31.1 to 40.3%. After the 250 °C treatment
the PS sludge suffered a reduction of to 37.4% but after
the 160 °C treatment did not show any significant change
(40.3%). A different trend was found for the SS sample
(33.5%) which the carbon content after 160 °C treatment
showed a similar concentration (33.1%) in comparison to
the untreated sample, but after the 250 °C treatment the
carbon content increased (36.1%) showing carbon densi-
fication during the thermal process. MIX sludge carbon
content (35.5%) was the only sample that suffered carbon
densification at both thermal treatments with 37.5 and
35.8% at 160 and 250 °C respectively. Digestate sam-
ples (ADPS, ADSS and ADMIX) presented lower carbon
content than the non-AD treated samples due to the prior
biological treatment received. Moreover, all digestate
samples presented a similar tendency in which the con-
centration of carbon in the solid fraction decreased regard-
less of the process temperature of the thermal treatment.
ADPS, ADSS and ADMIX carbon content (31.1, 32.2 and
30.9% respectively) were reduced to 28.9,29.4 and 29.9
after 160 °C treatment and to 27.3, 27.5 and 26.6% after
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Fig.6 (continued)

250 °C treatment respectively. In general, for these sew-
age sludge samples, the severity of the reaction promoted
solubilization of the carbon compounds from the solid to
the liquid fraction rather than the carbon densification. A
reduction up to 8% of carbon content in the solid fraction
after thermal treatment of sewage sludge has been reported
by Ekpo, et al. [40] or Marin-Batista, et al. [27]. On the
other hand, the values obtained in this study are similar
to those reported by Berge, et al. [43] (32.6%), Danso-
Boateng, et al. [19] (36.6-39.2%) and Aragén-Bricefio,
et al. [5] (33-38%).

It was observed a reduction in the nitrogen in the solid
fraction after hydrothermal treatment. During the thermal
treatment the nitrogen released into the process waters which
is reflected in the increase of the nitrogen concentration in
the process waters and the reduction in the solid fraction
[5]. Furthermore, during the hydrothermal process, decar-
boxylation reactions are carried out propitiatin the oxygen
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reduction resulting in lower oxygen content in hydrochars
compared to the original feedstock [19].

Energy Characteristics

In this study, the combustion analyses through calorimeter
bomb for the solid samples was not performed. For that
reason, to obtain an estimation of the high heating value
(HHV) of the hydrochars, the Dulong equation as reported
by Aragén-Bricefio, et al. [15] was used. Results showed
that higher HHV for the hydrochars coming from SS and
MIX sludge than their untreated samples reaching values
up to 16.5 and 17.5 MJ kg~! respectively (See Table 5). In
contrast, the different digestates and the PS showed a HHV
reduction after the thermal treatment. This is linked to the
fact that there was no carbon densification and thus, it was
reflected in lower HHV. Therefore, the energy from the
original feedstock is accumulated in the PW rather than the
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Table 4 Proximate analyses of the sewage sludge samples and hydrochar

Sample Proximate analyses Yield (%)
Moisture (%) Ash (%db) Volatile matter Fixed carbon®
(%db) (% db)

Primary sludge 6.80 25.67 57.87 9.66

Secondary sludge 7.29 28.20 54.81 9.70

Mix sludge 7.35 27.31 56.01 9.33

AD primary sludge 7.48 36.26 48.02 8.25

AD secondary sludge 6.60 35.12 49.85 8.43

AD mix sludge 7.11 36.36 48.46 8.07

Hydrochars from 160 °C to 30 min-5 Bar
Primary sludge 4.87 28.75 57.30 9.09 69
Secondary sludge 5.51 35.88 53.36 5.25 38
Mix sludge 5.69 31.84 55.22 7.25 47
AD primary sludge 5.47 44.18 43.95 6.40 50°
AD secondary sludge 5.40 43.87 44.97 5.76 55P
AD mix sludge 5.43 43.56 44.50 6.52 56°

Hydrochars from 250 °C to 30 min-40 Bar
Primary sludge 2.94 40.53 47.50 9.03 39
Secondary sludge 2.86 45.26 42.28 9.59 30
Mix sludge 2.82 42.47 48.22 6.49 35
AD primary sludge 2.76 56.08 35.49 5.68 37°
AD secondary sludge 3.19 55.43 35.60 5.78 40°
AD mix sludge 2.96 55.73 35.84 5.47 40P

2100—(moisture + ash + volatile matter)

®Experimental Values reported by Aragén-Bricefio, et al. [3]

solid fraction. HHVs determined in this study are close to
reported by Aragén-Bricefio, et al. [5] (14.3—-17.8 MJ Kg 1),
Aragén-Bricefio, et al. [15] (15.4-16.5 MJ Kg~!), Danso-
Boateng, et al. [19] (17.2-18.4 MJ Kg_l), Berge, et al. [43]
(13.7M] Kg‘l), and Marin-Batista, et al. [27] (14.9-15.1 MJ
Kg™!) for thermally treated sewage sludge.

Hydrothermal Treatment Integration Strategies

It has been proved that the thermal treatments coupled before
or after the AD can bring benefits to the entire wastewater
treatment system such as the improvement of the sludge
dewaterability properties and on the overall energy pro-
duction as long as the solid fraction is considered as a fuel
source [3, 5, 13, 15, 27, 62].

Table 6 shows the energy balance of different scenarios
constructed based on the experimental results of the different
sewage sludge samples. To harness better the energy prop-
erties of the system as suggested by Aragén-Bricefio, et al.
[15], a 15% solids loading was considered for all scenarios.
The scenarios considered only energy production from the
potential combustion of the solid fraction (HHV) and the
anaerobic digestion of the sewage sludge samples (BMP)
expressed as energy produced/consumed per kg of feedstock
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treated. Table 6 also presents the overall net energy bal-
ance (hydrochar and biogas production considered as energy
sources) and the energy balance when biogas is the only
energy source (hydrochar is not considered). Furthermore,
proposed scenarios were based on when only conventional
AD is included, when the thermal process is applied as
pre-treatment and when the thermal process is integrated
as an intermediate step in a 2-step AD process. The energy
required for the hydrothermal treatment was calculated
based on the principle to heat water in a closed system which
is lower in comparison to the energy required to evaporate
water in an open system [5, 63].

In agreement to previous studies, when the hydrochar
and biogas are considered as fuel sources, the present
results showed a positive overall net energy production
(See Table 5) [3, 5, 13, 15, 27, 62]. However, consider-
ing the current technology that do not reach the 100%
energy conversion efficiency, not all the energy contained
in the hydrochar and biogas can be used. Liao, et al. [64]
reported for a combined heat power unit (CHP) of the coal
fired cogeneration process of 28% electrical and 43% of
thermal efficiencies while Mayer, et al. [65] reported up
to 38% and 60% for electrical and thermal efficiencies for
an incineration unit of co-combustion of hydrochar with
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Table 5 Ultimate analyses of sewage sludge samples and hydrochars

Sample Ultimate analysis® HHV (MJ kg™}) Energy densifica- Energy
; tion (MJ Kg™") Yield
C (%) H (%) N (%) O° (%) S (%) (%)
Primary sludge 40.3 6.6 33 23.7 0.4 18.9 - -
Secondary sludge 335 5.5 4.1 28.5 0.2 14.2 - -
Mix sludge 355 5.8 33 28.0 0.1 154 - -
AD primary sludge 31.1 5.1 3.0 24.0 0.5 13.5 - -
AD secondary sludge 322 52 34 23.5 0.6 14.2 - -
AD mix sludge 30.9 5.0 3.0 24.1 0.7 133 - -
Hydrochars from 160 °C to 30 min-5 Bar
Primary sludge 40.3 6.3 2.1 22.5 0.1 18.2 0.99 67.8
Secondary sludge 33.1 53 33 21.7 0.7 14.6 1.06 40.2
Mix sludge 375 6.0 2.6 21.6 0.5 17.5 1.14 535
AD primary sludge 28.9 4.5 2.1 19.8 0.5 12.8 0.94 47.6
AD secondary sludge 29.4 4.6 2.4 19.1 0.6 13.2 0.93 51.1
AD mix sludge 29.9 4.6 25 18.9 0.6 13.5 1.01 56.3
Hydrochars from 250 °C to 30 min-40 Bar
Primary sludge 37.4 53 1.0 15.6 0.1 16.8 0.93 36.4
Secondary sludge 36.1 4.6 1.9 11.6 0.5 16.5 1.19 35.5
Mix sludge 35.8 52 1.1 15.2 0.3 16.9 1.10 38.1
AD primary sludge 27.3 3.8 1.1 11.4 0.3 12.3 0.93 342
AD secondary sludge 27.5 3.8 1.3 11.6 0.4 12.2 0.90 35.8
AD mix sludge 26.6 3.7 1.1 12.6 0.3 12.0 0.90 36.5

*Experimental values reported by Aragén-Bricefio et al. [3]

bCalculated as difference between sum of C,H,N,S,ash

wood-waste. For the CHP units for biogas combustion, it
has been reported electrical efficiencies of 33.3-37% and
thermal efficiencies of 47.6-53% [15, 65]. For this study,
only the high heating value of the hydrochar and biogas
was considered and the performance of the equipment was
neglected since the aim is to provide information of the
maximum energy that can be obtained from hydrochar and
process water for further process modelling and system’s
optimization.

For the proposed scenarios (see Table 6), the overall
net energy balance was calculated as the energy consumed
by the HTC unit and the potential energy that can be pro-
duced by the produced biogas and hydrochar. The energy
consumed by the AD unit is not considered because it is
assumed that already exist in the WWTP and its energy con-
sumption is already accounted in the energy balance of the
whole WWTP. According to the concentration of carbon and
available hydrolysable organic matter, as expected, PS sce-
narios showed the highest net energy balance, followed by
MIX scenarios and SS scenarios respectively. On the other
hand, when only biogas is considered as the only potential
fuel source, the net energy balance decreases significantly
to the point that extra energy supply is needed to cover ther-
mal treatment energy requirements. That means that the

inclusion of hydrochar as a fuel source plays a fundamental
role in the integration of thermal treatments into WWTPs.

In the proposed scenarios can be observed that the net
energy production increased when thermal treatment is
placed as pre-treatment. However, two things should be
pointed out, firstly is the potential energy obtained from
biogas is drastically reduced (up to 85%) in comparison
with the conventional AD scenarios, and secondly is that
hydrochars turned in the main potential energy source to
cover the energy needs of the system. The scenarios pro-
posed for 160 °C treatment showed an increase in the net
energy production of 19% for PS, 107% for SS and 44% for
MIX. Scenarios that considered 250 °C as pre-treatment,
presented similar net energy production as the 160 °C pre-
treatment scenarios with an increase of 141% for SS and
48% for MIX and a decrease of 4% for PS. As aresult, HTT
as pre-treatment does not seem to be a good option since the
overall net energy balance is reduced up to 53% in compari-
son to the conventional AD. Only the scenario of SS with
160 °C as pre-treatment presented an increment of 27% in
the net energy balance.

The scenarios that considered the integration of thermal
treatments as an intermediate step in a 2-step AD process
presented the highest net energy production and overall net
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Table 6 Energy production and consumption per kg of feedstock treated, considering 15% of solids loading

bEnergy *Energy Overall energy ~ “Energy con- Overall net Net energy
produced from  produced from  produced (MJ/  sumed in HTT energy balance balance without
CH, (MJ/kg) hydrochar (MJ/  kg) MJ/kg) MJ/kg) hydrochar (MJ/
kg) kg)
Primary Conventional AD 12.0 - 12.0 - 12.0 12.0
sludge
160TT+ AD P.W 1.8 12.5 14.3 33 11.0 - 1.5
250TT+ AD P.W 5.0 6.6 11.5 5.9 5.7 -0.9
AD 12.6 6.4 19.1 33 15.8 9.3
sludge+160 T+ AD
PW
AD 13.6 4.5 18.1 5.9 12.3 7.8
sludge +250 T+ AD
PW
Secondary Conventional AD 4.1 - 4.1 - 4.1 4.1
sludge
160TT +AD P.W 3.0 5.5 8.5 33 5.2 -0.3
250TT+AD P.W 5.0 4.9 9.9 5.9 4.0 -0.9
AD 5.2 7.3 12.5 33 9.2 1.9
sludge+160 T+ AD
PW
AD 6.1 4.9 11.0 5.9 5.1 0.3
sludge +250 T+ AD
PW
Mix Conventional AD 7.2 - 7.2 - 7.2 7.2
sludge
160TT+AD P.W 2.1 8.2 10.4 33 7.1 -1.2
250TT+AD P.W 5.0 5.9 10.8 5.9 5.0 -0.9
AD 8.4 7.5 15.9 33 12.6 5.1
sludge+ 160 T+ AD
PW
AD 9.2 4.9 14.1 5.9 8.2 34
sludge +250 T+ AD
PW

aValues were determined according to the HHV of the hydrochars. ®Values were obtained from the experimental BMP potential of the process
waters and the relationship 1m>=35.8Mj [66]. “Energy consumed were determined based in energy required to heat water from 25 °C to 250 °C

in 500 mL reactor

energy balance. Some studies have found the feasibility
of applying this configuration resulting in an increase in
the biomethane production and hence the net energy bal-
ance [3, 5, 13, 15, 38]. It can be observed that for PS, SS
and MIX scenarios, when 160 °C thermal treatment was
considered, the net energy production increased up to 59,
205 and 118% respectively, and up to 51, 168 and 96% for
250 °C treatment. As a result, the overall net energy bal-
ance in the different scenarios showed an increase ranging
from 2.5 to 124%. Another important point is that this con-
figuration showed that it not only relies on the hydrochars
as the main energy source, resulting in a better-balanced
energy distribution between the liquid and solid fractions.
The energy distribution in the PS scenarios showed higher
potential energy production in the liquid fraction (66—-75%)
than in the solid fraction (25-34%). SS and MIX scenarios

@ Springer

showed an energy distribution of 42-56% and 53-66% in
the liquid fractions and in the solid fractions of 44-58%
and 34-47% respectively. Hence, the energy production
from biogas is sufficient to satisfy the energy demand of
the thermal treatment from PS and MIX scenarios with
this proposed configuration. Figure 7 shows a conclusive
process diagram of the 2-step AD process with intermedi-
ate 160 °C HTT of the MIX sludge. Nevertheless, the main
disadvantage of this configuration is the potential high cost
of the installation and maintenance of the thermal treat-
ment and the second AD unit that can arise up to 42%
extra on the operation costs and up to 37% in the capital
investment in comparison to the conventional AD system
[13]. Recirculation and co-digestion of the PW with the
raw sewage sludge in the AD unit can be a suitable option.
It was found that the co-digestion of HTC process water
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Fig.7 Conclusive process diagram of Total Nitrogen (TN), Total COD (TC
sludge scenario “AD sludge+ 160 T+ AD P.W.”

with sewage sludge can reach 1.15 time higher methane o
yield [9]. Furthermore, in the diagram can be seen that
the nitrogen can be recovered either in the solid and liquid
fraction, while phosphorus tends to remain in the solid e
fraction. That means, HTT shows to be a very promising
process to enhance the water treatment facilities because
of the potential to recover nutrients either from the hydro-
char and/or the process water.

[ ]
Conclusions

[ ]

This study showed the promising potential of the HTT inte-
gration into a wastewater treatment facility as a strategy to
enhance the sewage sludge treatment and at the same time
recovering valuable products. The conclusions are listed
below:

1

Final Thermally treated
Process Water

TN =0.6 kg
TP =0.01kg

OD), Total phosphorus (TP) and Dry solids (DS) fate in the MIX

Potential N and P
recovery process

HTT promoted the solubilization of organic carbon
increasing the TOC concentration up to 14.5 times in
the liquid fraction.

HTT promoted the solubilization of nitrogen and phos-
phorus reaching values of 89% for N and 13% for P solu-
bilization.

The BMP of the sewage sludge samples improved up
to 168% after thermal treatment with an increase on the
methane concentration in the biogas from 66 to 72%
(untreated samples) up to 79%.

HTT enhanced the COD removal achieving a maximum
value of 97%.

The scenario built in this study showed that the integra-
tion of HTT for the treatment of mix primary and sec-
ondary sewage sludge as an intermediate step between a
two-stage AD process was found to be the most suitable
option due to an increase in the net energy balance up to
124% in comparison with the conventional AD and the
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potential enhancement of nitrogen recovery in the liquid
fraction.

Still further research is required to understand and deter-
mine other key factors that can lead to an improvement on
the HTT process as a strategy for sewage sludge manage-
ment in a WWTP.
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