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Abstract

Anaerobic Digestion is the most common process used for energy generation from
sewage sludge but only one half of the sewage sludge is susceptible to
biodegradation. Hydrothermal Carbonization is considered an option for harness all
the energy embedded in sewage sludge because of its high-value products
(Hydrochar and Process waters). The integration AD followed by HTC is a recent
approach that is still under development. The challenge is to provide evidence for
coupling HTC with the existing infrastructure at wastewater treatment works. In this
work, a mass and energy integration study of the potential of coupling HTC with AD
for sewage sludge treatment was evaluated. Six proposed process configurations
were built using primary sludge, secondary sludge and a mix, in order to evaluate net
waste generation, fate of nutrients, net energy production and potential economic
benefits. The proposed scenarios showed an overall total solid and COD reduction
up to 68 and 66% respectively. The inclusion of hydrochar as a fuel source
increased the net energy production 10 times compared when only biogas is
considered as an energy source. The potential struvite production ranged from 0.02
to 0.06 kg per tonne of sludge treated. Scenarios with 250°C thermal treatment
temperature provided better economic benefits when struvite and hydrochar are

considered.

Keywords: Hydrothermal Carbonization, Anaerobic Digestion, Process waters,

Sewage sluage.
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1. Introduction

The use of sewage sludge as a feedstock for renewable energy generation is gaining
growing attention. In the UK, the estimated annual production of sewage sludge is
1.4 million tonnes (dry weight) [1] in which the water industry generates
approximately 800 GWh/yr of electrical energy [2]. The sewage sludge produced at
waste water treatment works (WWTW) has been commonly treated by anaerobic
digestion (AD) due its large organic matter content which favours biogas production
and brings multiple environmental benefits [3-5]. According to Berglund and
Bdrjesson [5], 40-80% of the energy content of the biogas produced from sewage
sludge in a WWTW corresponds to the overall energy input in a large-scale biogas
plant. Furthermore the inclusion of AD brings associate benefits as sludge mass
reduction, odour removal and pathogen reduction [6]. Nevertheless, one of the main
limiting steps of processing sewage sludge via AD is the solubilisation of
biodegradable organic compounds through hydrolysis [7, 8]. For that reason, the
resulting digested sludge (digestate) from anaerobic digestion still contains large
amounts of non-easy biodegradable organic matter that with a proper treatment can
be harnessed for additional energy production [3]. Many pre-treatment techniques
based on thermal, biological, chemical, mechanical and physical processes have
been studied individually and in combination, with the objective to enhance the
biodegradability sewage sludge and digestate by breaking down complex organic
molecules in order to increase the solubility of organic compounds and produce
more energy coming from biogas [6]. However, the main drawback has been the

economic constraints for scale-up and commercialisation [6].

Hydrothermal processing is currently being considered as an novel alternative
technology to further harness energy from sewage sludge and digestate [9-11] and
to reduce the issues related to current disposal of final solid products. Hydrothermal
processes (HTPs) involve the treatment of biomass in hot compressed water that
can produce either solid hydrochar, a biocrude or a syngas, along with process
waters, depending on process temperature and pressure. In addition, HTPs applied
to sewage sludge processing not only help to inactivate pathogens and further
bacterial activity after disposal, but also produce valuable by-products like hydrochar.
In recent years, some researchers have proposed HTC as an alternative to harness

better the properties from the sewage sludge and reducing waste generation [3, 9-
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18]. HTC main objective is to transform biomass into a carbon-rich product applying
heat (180-250°C) and pressure during a certain period of time [9, 18-21]. The main
advantage of HTC is that it is carried out in presence of water avoiding the energy-
intensive drying step required for thermal processes [3, 9, 21, 22]. Furthermore, the
resulting products from the HTC are a solid hydrochar that can be used as a soil
amender or fuel source and a process water rich in carbon and organics that can be
used for enhanced biogas production [3, 12-15, 20, 23-29].

There are several studies of HTC applied to sewage sludge at lab-scale focused in
the process-conditions and their influence on the by-products [3, 12, 18, 23-25, 27,
30-36]. Nevertheless, only few studies have focused in the potential technical
performance of industrial-scale of the HTC plants [9, 12, 19, 37-39]. Companies as
SunCoal Industries, AVA-CO2 and Ingelia [40-44] have developed commercial
applications for HTC, but this technology is still under development. CarboRem and
Terranova Energy have developed modular HTC units that makes easier the HTC
integration within a waste water system [42, 44]. According to the study carried out
by Child [45] and Lucian and Fiori [19], a HTC plant can cost from €1.7 up to
€10million depending on treatment capacity (8,000 to 50,000 tonnes of feedstock).
Nevertheless, both studies focused on hydrochar production using mostly
lignocellulocic biomass as main feedstock.

Other studies have found that the biogas production at AD plants using thermal
hydrolysis as pre-treatment is better than using hydrothermal treatments as post-
treatment, but the use of hydrochars despite of being considered a low-grade fuel
gives an added value boosting up the energy production up to 179% compared with
the 43% of the thermal hydrolysis [3]. This makes the integration of hydrothermal
treatment as post-treatment a promising option to harness the energy from sewage
digestate [3]. Nonetheless, those studies just mention the energetic benefits of
integrating hydrothermal processes with AD, but did not consider other implications
as energy consumption, potential economic benefits and mass and energy balances
[3, 12].

The integration of HTC as a post-step after the AD is a recent approach and some
authors suggest that the integration of a hydrothermal treatment step into waste
water systems are energy positive [3, 9, 12, 14, 15, 17, 23-25, 27, 46-49]. The use
of hydrochars as a source of energy, despite being considered a low-grade fuel, can

boost up the energy production up to 179% compared with the 43% of the thermal
3
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hydrolysis used as a pre-treatment [3]. This makes the integration of hydrothermal
treatment as post-treatment a promising option to harness the energy from sewage
digestate. Medina-Martos et al., [9] made a techno-economic and life cycle
assessment of an integrated HTC system for sewage sludge. They found that the
integration of the HTC system helps to reduce environmental impact compared with
the conventional WWT configutarion with AD integrated. The energy efficiency can
increase up to 14% but the costs of integrating the HTC+AD system increases up to
42% compared with the conventional WWT with AD.

Considering this novel approach of integrating HTC+AD, the current state of the art
and in order to meet sustainable environmental targets in sewage sludge
management such as waste minimisation, resource recovery and the overall
reduction of treatment costs, it is imperative to provide evidence from integration
studies coupling HTC with the existing infrastructure and treatment units at WWTWs.
Therefore, the main objective of this study is to assess the integration of HTC with
AD through robust mass and energy balances from several proposed process
configurations using different sewage sludge streams and supported by results
obtained from experimental work. Results were used to evaluate and compare
products yields, waste generation, net energy implications and potential economic
benefits, in order to integrate HTC as part of a comprehensive sewage sludge
management strategy.

2. Material and methods
2.1. Process description

The overall proposed process of hydrothermal carbonization integration to anaerobic
digestion of sewage sludge is divided in four main processing areas (See Figure 1).
Firstly, the feed undergoes mesophilic anaerobic digestion processing (37 °C)
producing digestate and biogas. The next process comprises a thickener which
concentrate the digestate to 15% of solids. Next, the thickened digestate is
submitted to thermal processing (160 or 250 °C) converting it into process water and
hydrochar — i.e., for the energy balance, the thermal recovery efficiency from the
heat exchanger is considered in this stage. The treatment temperatures were
selected based on previous studies to emulate and compare the conditions of
hydrothermal hydrolysis (160 °C) and HTC of sewage sludge in different scenarios

[3, 12]. Then, a centrifuge is used to separate the hydrochar (solid fraction) from the

4



137 process water (liquid fraction). The hydrochar is considered as a potential fuel
138 source based on their higher heating values (HHV), but non-energy recovery
139 process is considered at this step. On the other hand, the process water is
140 anaerobically treated at mesophilic conditions in a second reactor producing biogas.
141  The biogas produced at the first and second AD reactors are mixed combusted in a
142  combine heat power (CHP) unit to produce the energy for the system. The energy
143 produced from the biogas is used to cover the energy requirements of the

144  hydrothermal system and the exceeding energy is used for other equipment.

145 The aim of the process configuration is to integrate the hydrothermal treatment as a
146  post-treatment to the anaerobic digestion of sewage sludge. The use of different
147 sewage digestate is to compare the energy production between them since the
148 primary sludge seems to have high organic content. As stated by Pérez-Elvira and
149  Fdz-Polanco [50], it is expected that the best option would be to segregate primary
150 and secondary sludge in order to produce more energy in the overall system and

151  that is the overall hypothesis of the work conducted

152 The assumptions adopted as a basis for the mass and energy balance of the

153  different scenarios built in this study are presented in Table 1.

Hydrochar —_— Potential E.nergy
A production
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Hydro Thermal

Sewage Sludge | =——————>

=3 | AD Process water

l
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A 4
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155 Figure 1.- General process diagram for the proposed scenarios.
156
157  2.2. Mass and energy balances

158 This study is based on the experimental results obtained from laboratory

159  experiments carried out at University of Leeds (UK). Six scenarios were tested using
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three different sewage sludges (Primary, Secondary and Primary-Secondary Mix)
following the proposed process description and undertaking hydrothermal processing
at two different temperatures (160 and 250 °C).

2.2.1. Sludge samples

Sludge samples of primary sludge (PS) and secondary sludge (SS) were collected at
Yorkshire Water’'s Esholt WWTW in Bradford, UK. All sludge samples were stored at
4 °C after collection and then used for the hydrothermal treatments prior
characterisation. The analytical methods for the characterisation of the raw biomass
followed the methodology described in Aragén-Bricefio, Grasham, Ross, Dupont and

Camargo-Valero [12].

2.2.2. Anaerobic treatments

Primary (PS), secondary (SS) and 1:1 mix of primary-secondary (MIX) sludge were
processed by anaerobic treatment for 30 days in the lab, before further hydrothermal
processing. Resulting samples were named as follows: digested primary sludge —
ADPS; digested secondary sludge — ADSS; and digested mix of PS and SS —
ADMIX.

AD tests were carried out following the method described by Aragdn-Bricefio, Ross
and Camargo-Valero [3], [12] using sewage sludge samples and process waters
separated from HTC experiments. The inoculum concentration used in each batch
for the BMP tests was 1:1 volume inoculum to substrate ratio (=10 g/L VS of
inoculum and = 2 g/L of COD of process waters). The batch experiments were
performed in multiple series of 120-mL bottles sealed with a rubber stopper and
aluminium cap at 37 °C for 21 days. All the AD tests were conducted in duplicate.
Distilled water was used for diluting samples to help them to reach the set COD
concentration and volume (60 ml for each reactor). Each bottle was purged with
nitrogen to keep anaerobic conditions and avoid the presence of oxygen inside the
bottle. Test bottles were kept undisturbed at all time, apart when mixing by hand
during biogas production measurements. Methane production was monitored by
using a volumetric method with a solution of 1 M NaOH. Volumetric methane

production is corrected for temperature and pressure and reported at standard
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conditions (0 °C and 1 atm). For every measurement, a bottle was taken out and

sacrificed for conducting lab analyses. All the analyses were carried out in duplicate.

2.2.3. Hydrothermal experiments

Thermal experiments were conducted in a non-stirred 500 mL stainless steel batch
Parr reactor. In each batch experiment 220 mL of sludge sample (2.5% w/w) were
loaded in the reactor and sealed. Hydrothermal treatments were performed at 160 °C
for 30 min at 5 bar and at 250 °C for 30 min at 40 bar with heating rates of = 5.3 and
4.2 °C/min respectively. After treatment, the reactor was cooled down to 25 °C. The
hydrochars and process waters were processed and analysed according to the
methodology described by Aragon-Bricefio, Ross and Camargo-Valero [3], [12].
Solids samples (Hydrochar and sewage solid fraction) were dried for 7 days at 40 °C

in an oven and weighted afterwards.

2.2.4. Solid and liquid samples characterization

The solid and liquid characterization was used to calculate the mass and energy
balances of the different scenarios. Raw sludge and different hydrochar were
analysed in a CHNS analyser (Elemental Analyser, CE Instruments Flash EA 1112

Series) to perform ultimate analyses of dry hydrochars (See Table 1).

The process waters (PW) were processed following standard methods for the
characterisation of wastewater samples, for Chemical Oxygen Demand (COD), Total
Solids (TS), Total Suspended Solids (TSS), Total Phosphorus, Total Kjeldahl
Nitrogen (TKN) and Biomethane Potential (BMP) (See results in Figures 2 and 3).

Table 1.- Results from the CHNS analysis of the different sewage sludge and
hydrochar in dry basis.

Ultimate analysis

Sample
C(%) H(%) N(%) 0°(%) S (%)

Primary Sludge 40.3 6.6 3.3 23.7 0.4
Secondary Sludge 33.5 5.5 41 28.5 0.2
Mix Sludge 35.5 5.8 3.3 28.0 0.1
AD Primary Sludge 31.1 5.1 3.0 24.0 0.5
AD Secondary Sludge 32.2 5.2 3.4 23.5 0.6
AD Mix Sludge 30.9 5.0 3.0 241 0.7



Hydrochars from 160 °C - 30 min- 5 Bar

Primary Sludge 40.3 6.3 2.1 225 0.1
Secondary Sludge 33.1 5.3 3.3 21.7 0.7
Mix Sludge 37.5 6.0 2.6 21.6 0.5
AD Primary Sludge 28.9 4.5 2.1 19.8 0.5
AD Secondary Sludge 29.4 4.6 2.4 19.1 0.6
AD Mix Sludge 29.9 4.6 25 18.9 0.6

Hydrochars from 250 °C - 30 min- 40 Bar

Primary Sludge 37.4 5.3 1.0 15.6 0.1
Secondary Sludge 36.1 4.6 1.9 11.6 0.5
Mix Sludge 35.8 5.2 1.1 15.2 0.3
AD Primary Sludge 27.3 3.8 1.1 11.4 0.3
AD Secondary Sludge 27.5 3.8 1.3 11.6 0.4
AD Mix Sludge 26.6 3.7 1.1 12.6 0.3

Calculated as difference between sum of C,H,N,S,ash.

218
219  2.2.5. Hydrochar Yield

220 Hydrochar yield (Y) was determined as reported by Aragdn-Bricefio, Ross and
221  Camargo-Valero [3], [12]:

mass of dry hydrochar

222 Y (%) = 100 (1)

mass of dry Substrate feedstock

223
224  2.2.6. High Heating Value (HHV)

225 In order to know the theoretical calorific value of the hydrochar, the Dulong equation

226  reported by Channiwala and Parikh [51] was used.

227  HHV (MjxKg~™') =

228  0.336 (%Carbon) + 1.433 (%Hydrogen - (@)) +0.0942 (% Sulphur)
229 (6)

230
231  2.2.7. Biochemical Methane Potential (BMP)

232 In order to assess the performance of methane production by gram of chemical

233 oxygen demand (COD) added, the following BMP formula was used:

234

_ VcH,— VeHy blank
235 BMP = (Mass of COD fed in biodigester) (7)
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Where:

BMP=Biochemical Methane Potential (ml of CH4/ g of COD added)
Vcus =Volume of methane produced in bottle (ml)

Vcha, blank=Volume of methane produced in the blanks (ml)

Mass of COD=Mass of COD of the substrate (g of COD substrate)

2.2.8. Thermal treatment energy calculations

The energy required for the thermal treatments was based on the energy required
calculations to heat water in a closed batch system as stated by Berge, Ro, Mao,
Flora, Chappell and Bae [16]. Assuming that the heater has 100% resistance, there
is no heating losses in the tank during the thermal treatment and the volume of the

water remain constant, the energy required was determined by the followed

equations:

Mwater total = psat.—liq * sat.—liq + psat.gas > sat.—gas (8)
Vreactor = Vsat.~liq + Vsat.—gas (9)
HT = [psat.—liq * sat.—liq * sat.—Liq + psat.gas * sat.—gas * sat.—gas] (10)
Where:

Muater total IS the mass of the water input into the reactor [g].

Psat-liq) IS the density of the saturated water at the thermal treatment temperature
[g/L].

Psat-gas) 1S the density of the saturated water vapour at the thermal treatment
temperature [g/L].

Vsat.-iq IS the Volume of the water in liquid fraction [L].
Vsat.-gas iS the Volume of the water in gas fraction [L].
Vyeactor IS the volume of the reactor [L].

Hsat-iiq iS the enthalpy of the saturated water at the thermal treatment temperature
[J/g].
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Hsat-gas iS the enthalpy of the saturated water vapour at the thermal treatment

temperature [J/g].

Hr is the energy required to heat up the water [J],

However in order to get the results into kWh, the following relation was taken into

account: 1 J =2.777 *107 kWh.

Table 2.- Process assumptions and calculation basis considered for the mass and

energy balances of the different scenarios.

Description Sc1 Sc2 Sc3 Sc4 Sc5 Scé References
Sludge to be treated (Kg) 1000 1000 1000 1000 1000 1000 Assumed
Feeding sludge PS SS Mix PS SS Mix Considered
Solids concentration (%DS) 15 15 15 15 15 15 Assumed
Anaerobic Digestion temperature (°C) 37 37 37 37 37 37 Considered
Anaerobic Digestion retention time (Day) 21 21 21 21 21 21 Considered
Thermal treatment temperature (°C) 160 160 160 250 250 250 Considered
Thermal treatment retention time (H) 0.5 0.5 0.5 0.5 0.5 0.5 Considered
?)z;:overy of heat energy from thermal treatment 85 85 85 85 85 85 Sahriimé?iaﬁzra;}ﬁi,R; gr?;r\‘(a::f;_[%?]

Tyagi and R. Y. Surampalli [54]

Raw sludge COD removal during AD(%) 38 48 44 38 48 44 Experimental Values
Process Water COD removal during AD(%) 47 42 37 59 59 60 Experimental Values
m::ﬂ:ﬂ:ﬁgdgfgog&f raw sludge (m° of 129 116 226 129 116 226 Experimental Values
m::ﬂ:ﬂ: /ﬁ’.:;dgfcgoo”&f Process Water (m’ of 130 207 204 218 212 232 Experimental Values
Efngr'ﬁefg;i;is)f‘" thermal treatmgpt (Md'Kg-1 33 33 33 59 59 5.9 Experimental Values
Hydrochar yield (%) 50 55 56 37 40 40 Experimental Values
tso‘;"ndes) S_egzﬁ‘rﬁ[]ggergy consumption (KW/Dry 108 108 108 108 108 108 Smith and Liu [55]
Energy required for Mixing in the AD (kW/Dry 7 7 7 7 7 7 Oggg?hqf’F\(,;e?”““’/':e;isrg;}ﬁgoza::gu’

tonne)

Theodorou [56]

10



274
275

276
277
278
279
280
281
282
283
284

285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301

302
303
304
305
306

3. Results and discussions

3.1. Mass balance

The experimental data obtained from lab experiments and overall considerations
made (Table 2) were used for assessing mass and energy balances of the different
thermal treatments integrated to anaerobic digestion and to assess the scenarios
shown in Figure 2 and Figure 3. Six scenarios were built, compared and assessed,
considering three different sewage sludge streams (PS, SS and Mix) at two different
thermal treatment temperatures (160 and 250 °C). In this study 1,000Kg as initial
mass of sewage sludge was considered with 15% w/w of initial solid concentration.
The initial solids concentration considered for the scenarios was based on the

minimum solid concentration that shows positive energy balance.

Table 3 shows COD and Solids reduction efficiencies (%) of the proposed scenarios.
The percentage of solids removed comes from the sum of solids volatilized during
the thermal treatment and solids converted to biogas during the AD treatment.
Results showed that higher thermal treatments trends to reduce more solids (See
Table 3). During thermal treatment, the solids in sludge samples are hydrolysed
leading to the increase on water soluble products due the solubilisation of organic
and inorganic compounds into the liquid phase [3, 36, 57-59]. Scenarios with the 160
°C hydrothermal treatment integrated showed a solids removal between 47 and 56%
and the scenarios with the 250 °C hydrothermal treatment integrated reported 62 to
68% solid removal. Scenarios built with PS and Mix sludge did not show significant
differences in terms of solids reduction at the same HTP temperature. However,
scenarios with the secondary sludge, regardless the temperature treatment,
presented the lowest percentage of solids removal with 47% and 62% at 160 °C and
250 °C thermal treatment, respectively. This might be due the biomass from the SS
comes from a biological treatment (aerobic) that makes the organic compounds less

1St

biodegradable for the AD stage and affecting the overall performance of the

scenarios.

The overall COD removal reported comes from the sum of COD volatilized during
the thermal treatment and COD converted to biogas during the AD treatment. During
the thermal treatment, most of the COD volatilized is normally converted into CO»
[57]. The COD removal results showed a similar trend as the solids removal where

higher temperatures presented higher COD removals. Scenarios built with Mix

11
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sludge presented the highest overall COD removal for both thermal treatments with
58% at 160°C and 66% at 250°C. This is followed by the scenarios built with PS and
SS where the COD removals were 56 and 46% at 160 °C and 61 and 51% at 250
°C, respectively. In addition, if it is considered that after the 2" AD stage the COD
concentration corresponded to 4-8% of the total initial concentration for all the
scenarios (See Figures 2 and 3), that means that most of the COD has the potential
to be degraded through energy generation either from biogas or hydrochar
combustion. The remaining liquid waste also can be used for irrigation due its high
amount of nutrients (see Table 4) or reused into the thermal treatment if more liquid

is required for co-processing the sewage sludge with other biomass.

Table 3 also shows methane and hydrochar production of the different scenarios.
The methane production did not show a clear correlation with the overall COD and
solids removed. Scenarios 1 and 4 that used PS as initial feedstock and thermal
treatments temperatures of 160 and 250 °C, showed the highest overall methane
production with 57 and 67.5 m>/tonne of sludge, respectively. This might be due the
high organic content in the feedstock that has no receive any previous treatment. On
the other hand, the SS sample presented the lowest methane production for both
thermal treatments at 160 and 250 °C with 20.3 and 22.7 m°ftonne of sludge,
respectively. This might be due the previous biological treatment received which

makes the remaining COD less suitable for methane conversion.

Hydrochars produced during hydrothermal treatments varied in all tested scenarios
because they heavily depend on feedstock characteristics and process conditions [3,
18, 36]. Scenarios with 160 °C treatment temperature (1 to 3) presented higher
hydrochar production than 250 °C treatment temperature scenarios (4 to 6).
Reaction temperature condition played a key role in the total hydrochar production
for the scenarios. This is because as the reaction temperature increases, the
hydrochar yield hydrochar decreases [3, 12]. Moreover, scenarios that used PS as
an initial feedstock (1 and 4), showed the lowest hydrochar production with 75.6 and
54.8 Kg/tonne of sludge. Scenarios built with Mix and SS, presented similar
hydrochar production at the same treatment temperature — i.e., scenarios 2 and 3
(HTT 160 °C) showed a hydrochar production of 82.5 and 83.6 Kg/tonne respectively
and scenarios 5 and 6 (HTT 250 °C) a production of 59.7 and 60.6 Kg/tonne of

sludge respectively.

12
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Table 3.- Results from mass balances in each proposed scenario.

. Total methane Total Hydrochar
rzzt:‘l:t?grl:d; r-:;(r’;zlvglo 20 production (m*tonne Productiox (Kg/tonne

’ ’ of sludge) of sludge)
Scenario 1 56% 56% 57.0 75.6
Scenario 2 47% 46% 20.3 82.5
Scenario 3 56% 58% 34.0 83.6
Scenario 4 68% 61% 67.5 54.8
Scenario 5 62% 51% 22.7 59.7
Scenario 6 68% 66% 37.5 60.6

Scenarios built with PS (1 and 4) showed the highest biogas and hydrochar
production and can be considered as suitable alternatives for WWTWs without a
secondary treatment. On the other hand, scenarios 2 and 5 are not convenient due
their low overall biogas and hydrochar production and quality. However, considering
the potential costs due the necessary modifications to integrate HTC-AD at a current
WWTWs, scenarios that involve MIX sludge (3 and 6) are more suitable compared
with the rest of the scenarios. This is due less modifications would be needed to
adapt the HTC at the WWTWs, compared with the rest of the scenarios that would

need separated treatments for PS and SS.

One of the most promising process for simultaneous nitrogen and phosphorus
recovery in the waste water sector is through formation and precipitation of
ammonium magnesium phosphate (NH4MgPO4:6(H20)), also known as struvite
[60]. Some authors have demonstrated that during hydrothermal treatment, there
nitrogen and phosphorus solubilisation from sewage digestate and most of the
nitrogen extracted is present within the liquid fraction [3, 36, 61]. Figure 2 and 3
presents nitrogen and phosphorus mass balances and table 4 the nitrogen and
phosphorus available for the potential struvite production per ton of sludge in each
tested scenario. Scenarios 2 and 5 presented the highest nitrogen concentration
extracted; this is due to the fact that SS samples mainly contain biomass from the
aerobic treatment which take up nitrogen and phosphorus from waste water. Most of
the nitrogen solubilized during thermal treatment was in ammonium form (NH,"),
which has the potential to be used for struvite precipitation. Previous studies have
proven that during thermal treatment the proteins present in sewage sludge

hydrolyse forming ammonium which is released into the process waters [3].
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366 On the other hand, most of the phosphorus remained within the solid fraction. The
367 phosphorus solubilisation is carried on during the thermal process due the organic
368 phosphorus compounds (complex phospholipids, DNA and phosphates monoesters)
369 Dbreak down into phosphate [36, 61]. Although, the fate of P is highly feedstock
370 dependent during hydrothermal treatment and is linked to the levels of metals
371 presented in the feedstock [3, 36]. The phosphorus extraction ranged from 0.03 to
372  0.07 Kg per tonne of sludge in those scenarios (1 to 3) with 160 °C treatment and 0.8
373 Kg per tonne of sludge in those scenarios (4 to 6) with 250 °C treatment. This
374  suggest that 250°C treatment favoured the phosphorus fixation within the hydrochar
375 unlike the 160°C that favoured the phosphorus solubilisation. The majority of
376 phosphorus extracted was inorganic phosphorus (PO4*®) ranging from 50 to 75%.
377 However, the amount of soluble phosphorus determined was very low which might
378 Dbe due to the low initial P content in sludge samples as biological P removal is not
379 part of the processes at Esholt's WWTW, where sludge samples were collected.
380 Despite of that, Table 4 shows the potential struvite production in each scenario.
381 Scenarios 4 and 6 showed the highest potential struvite production with 0.06 and
382 0.05 kg per tonne of sludge treated respectively.

383
384

385 Table 4.- Nitrogen and Phosphorus available for potential struvite production.

*Po4-d

* * 1 * :
"Nirogens,  ‘Niogen,, *AmMONa oo,  phosphorussa NS addiion  Production

(Kg) (Kg) (Kg) (Kg) (Kg)

Scenario 1 1.8 3.8 3.1 1.0 0.03 0.02 0.00° 0.02
Scenario 2 2.6 5.8 4.6 0.8 0.07 0.04 0.01 0.04
Scenario 3 2.3 4.8 3.8 0.8 0.04 0.02 0.00% 0.02
Scenario 4 1.3 4.6 3.7 0.7 0.08 0.06 0.01 0.06
Scenario 5 1.9 6.8 4.7 0.6 0.08 0.04 0.01 0.04
Scenario 6 1.6 5.7 4.7 0.6 0.08 0.05 0.01 0.05

386 *per tonne of sludge

387 Mg needed to be added
388 2Value below the decimal position.
389

390 3.2 Energy balance

391 The summary of the energy balance from the different scenarios is presented in
392 table 5. The energy production from methane favoured those scenarios with

393 hydrothermal treatments at the highest reaction temperature. The PS sludge had the
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highest net energy production in all the scenarios followed by the Mix Sludge and the
SS sludge with the lowest. Scenarios 1 and 4 (PS) samples had a potential energy
production from methane of 221.1 and 261.6 kW per tonne of sludge respectively.
This was followed by scenarios 3 and 6 (MIX) and scenarios 1 and 5 (SS) with a
potential energy production from methane of 131.7, 145.5, 78.8 and 88 kW per tonne

of sludge respectively.

On the other hand, the net energy balance favoured the scenarios with HTC
processes at the lowest reaction temperature, when energy was produced only from
biogas. All the scenarios presented a positive energy balance; scenarios 1 and 4
showed the highest net energy balance, producing extra 163.3 and 187.8 kW per
tonne of sludge treated, followed by scenarios 3, 6, 2 and 5 with 73.9, 71.8, 21 and
14.2 kW extra tonne of sludge respectively. This potential extra energy produced can

be used either for the total WWTW energy needs or for electricity exportation.

When only biogas production is considered as the only energy source in the
proposed systems, the net energy production reduces significantly in comparison
when the hydrochar is included as an energetic. For that reason it is important the
hydrochar inclusion as a fuel source within the system in order to make a more self-
sustainable. Despite of the quality of hydrochar samples, the net energy production
in each scenario is enhanced with the inclusion of the energy that comes from
hydrochars if used as a low-grade fuel. According to Aragbén-Bricefio, Ross and
Camargo-Valero [3], between 56 to 59% of the energy produced in an AD + HTC
process comes from the hydrochar. Scenarios with lower temperature treatment (1, 2
and 3) have more potential for energy production from the hydrochar. The hydrochar
yield is higher compared at lower treatment temperatures compared with those
scenarios with a higher treatment temperature (4, 5 and 6). The hydrochar fraction
represents between 40 to 68% for scenarios with 160°C treatment and between 24
to 51% for the scenarios with 250 °C treatment of the overall potential energy
production. Therefore, the inclusion of the hydrochar as an energy source is directly
reflected on the net energy balance which would be enhanced between 89 to 642%
for scenarios with 160 °C treatment and between 42 to 435% for the scenarios with
250 °C treatment. Other studies have reported that the implementation of the thermal
treatment at the end of the process favours the overall energy production up to 179%

in comparison with the traditional AD [3]. Wang, Chang and Li [37] reported a
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positive overall energy recovery from the HTC of sewage sludge coupled with AD
(668 MJ per tonne treated), where hydrochar contributed to 59% of the potential
energy recovered. Medina-Martos, Istrate, Villamil, Galvez-Martos, Dufour and
Mohedano [9] reported in their study a contribution of 77% (562 MJ) from hydrochar

to the total potential energy production of a HTC+AD system.

Table 5.- Results from energy balance per tonne of sludge processed in each
scenario

. *Ener *Net *Potential .
(kWh) from Methane balance the hydrochar hydrochar (kWh)
(kWh) (kWh) (kWh)
Scenario 1 57.8 221.1 163.3 149.6 312.9
Scenario 2 57.8 78.8 21.0 169.6 190.5
Scenario 3 57.8 131.7 73.9 176.4 250.2
Scenario 4 73.8 261.6 187.8 82.4 270.2
Scenario 5 73.8 88.0 14.2 90.5 104.7
Scenario 6 73.8 1455 71.8 89.7 161.4

*per tonne of sludge

3.3. Economics

In the United Kingdom the tariff rates for electricity exportation from renewable
sources is established by the Office of Gas and Electricity Markets [62]. This is a
non-ministerial government department and an independent National Regulatory
Authority, recognised by EU Directives and governed by the Gas and Electricity
Markets Authority (GEMA). The tariff rates for anaerobic digestion depends on the
plant capacity for electricity generation. In this study, the lowest tariff of 5.30 p/kWh
(Euro) was considered as the based tariff for the electricity produced by the methane
produced [62]. The same tariff was considered for potential electricity production

from the hydrochar since there is not a clear information about it.

In Table 6, the summary of economic benefits of integrating HTC with AD are
shown. The potential profit from methane production ranged from €1.12 to €10.32
per tonne of sewage sludge treated. The economic analysis for the scenarios using
PS (1 and 4) had the highest potential economic benefits with €9.02 per tonne of
sludge at 160 °C and €10.32 per tonne of sludge at 250 °C showing an increase
when as the reaction temperature increases. Scenarios with MIX sludge (3 and 6)

presented an economic benefit of €4.28 and €4.17 per tonne of sludge, respectively
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and SS scenarios (2 and 4) showed the lowest economic benefit with €1.12 and

€1.28 per tonne of sludge respectively.

The potential economic benefit from the hydrochar production is slightly higher
compared with the biogas production. Some studies have found that the hydrochar
production can represents the 55% of the total revenue [9]. Hydrochar yield played a
key role on the economic benefit showing higher benefits for those scenarios with
160 °C thermal treatment. For scenarios with 250 °C thermal treatment, the
economic benefits had not significative difference regardless the type of sewage
used as feedstock. The benefit ranged from €4.36-€4.79 per tonne of sludge treated.
The economic benefits from the hydrochar production might be increased if co-
processing sewage sludge with other biomass feedstocks is considered in order to
increase the quality properties of the hydrochar [63].

For this study, the price for the struvite was considered based on that average price
for the struvite in the fertiliser market is €475.5 per tonne [60]. The economic benefit
per tonne of sludge ranged from €9.10 to €18.08 for scenarios with 160 °C thermal
treatment and between €20.19 to €26.24 for scenarios when the 250 °C thermal
treatment was considered. Nonetheless, despite of the cost of phosphorus
recovering as struvite can range from €2 up to €8 per kg of P recovered, the struvite
production from the process waters still showed to be a good opportunity area for
increase the overall profit, especially if feedstocks with high phosphorus content are

co-processed with the sewage sludge [60, 64].

In 2010, the average sewage sludge generation per person in the UK was 22.5 kg of
dry sewage sludge annually [1, 65]. Considering a large size WWTW could serve a
population of about 100,000 p.e. — i.e., an annual production of 15,000 tonnes of
sewage sludge (15% of dry solids) — the economic benefits per year depending on
the tested scenario would range from €16,832 to €1514,788 from biogas production;
€65,429 to €140,102 from hydrochar production; and €136,449 to €393,652 from
struvite production (without considering the price of Mg addition and pH regulation
process). The scenarios where the 250 °C treatment was applied showed the best
potential for increasing profits with €613,869 and €486,528 for scenarios 4 and 6,
respectively (See Table 6).
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485 Table 6.- Potential economic benefits of integrating HTC with AD.

Electricity production Electricity production agtruvite production Total profit for
profit from methane profit from Hydrochar vite p! Total profit per tonne P .
er tonne of sewage er tonne of sewage profit per tonne of sludge (€) WWTW serving a

P sludge (€ g P sludge (€ g sewage sludge (€) 9 100,000 p.e. (§
Scenario 1 9.02 7.92 9.21 26.15 392,306
Scenario 2 1.48 8.98 18.08 28.54 428,094
Scenario 3 4.28 9.34 9.10 22.72 340,798
Scenario 4 10.32 4.36 26.24 40.92 613,869
Scenario 5 1.12 4.79 20.19 26.10 391,518
Scenario 6 417 4.75 23.52 32.44 486,528

486  °xchange rate £1=€1.1197 [66].

487 Therefore, taking into account all the variables involved in this analysis (waste
488 reduction, energy production and economic benefits), scenarios 4 and 6 showed to
489 be the more suitable for the integration of HTC with AD in a WWTW. However, more
490 variables and many other aspects have to be considered for a more complete
491 analysis as the cost of the WWTW’s modifications needed, cost of an struvite

492  production process plant, cost of an energy generator from solid biomass fuel, etc.

493 4. Conclusions

494 A complete HTC+AD system for integration in a WWTW was proposed. Six different
495  scenarios were evaluated built with 3 different sewage sludge (PS, SS and MIX) and
496 2 different thermal treatments (160 and 250 °C). It was found that the integration of
497 HTC-AD, through the proposed scenarios, presented environmental benefits (waste
498 reduction) such as an overall total solid and COD reduction up to 68 and 66%
499 respectively. In addition, the integration of the HTC-AD process showed a positive
500 energy balance in all the proposed scenarios with a maximum net energy production
501 of 312.9 kWh per tonne of treated sludge if the hydrochar is considered as a fuel

502 source.

503 The economic analysis for the proposed scenarios showed a potential benefit up to
504 €613,869 as long as the struvite production is considered as a part of the whole
505 system. Scenarios that included PS and MIX sludge with 250 °C thermal treatment
506 showed to be the more suitable options for HTC+AD integration if organic matter
507 removal, energy harnessing and economic feasibility are considered as main
508 variables. Nonetheless, still many aspects have to be considered regarding capital

509 costs for retrofitting existing WWTWs and the addition of complementary equipment
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for the use of hydrochar as an energy source. In addition, HTC co-processing of
other feedstocks with AD sludge needs to be considered as a complementary option
as it might enhance the quality of AD products (process waters and hydrochar) and

therefore the overall economic and environmental benefits.
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a) Scenario 1

Energy required for

reactor (KWh) 0
Sludge Primary
| Amount (Kg/h) 1000
Solids (Kg DS/h) 150
Temperature (°C) 20
COD sol (Ka/) 367.43 > ANAEROBIC DIGESTER
COD liq (Kg/h) 24.01 =
Nitrogen sol (Kg/h) 461
Nitrogen liq (Kg/h) 1.83
Phosphorus sol (Kg/h) 2,00
Phosphorus Lig (Kg/h) 0.00
\ 4
Methane (M°/h) 50.3
Gas Energy (kWh) 500.5

Energy required for HTT (kWh) -20.6

Sludge
|Amount (Kg/h)
Temperature (°C)
COD sol (Kg/h)
Nitrogen sol (Kg/h)

Phosphorus sol (Kg/h)

ANAEROBIC DIGESTER

Sludge 160ADPS
Amount (Kg/h) 923.1
Solds (Kg DS/h) 75.6
y Temperature (°C) 160
" COD sol (Kg/h) 136.78
_D{wo C THERMAL TREATMEH e |20 1 (K1) i
Nitrogen sol (Kg/h) 1.81
Nitrogen liq (Kg/h) 379
Phosphorus sol (Kg/h) 1.01
Phosphorus Liq (gt 003
160 ADPSHy
75.6 A 4
37 4——' Centrifuge
136.78
1.81
1.01
v
Siudge 160 PS PW
Amount (Kg/h) 8475
Temperature (°C) 37.0
G COD g (Kg/h) 51
Nitrogen lig (Kg/h) 3.79
Phosphorus Lig (Kg/h 0.03

Energy require
reactor (kWh)

Sludge AD PS
[Amount (Kg/h) 1000.0
Solids (Kg DS/h) 150.0
Temperature (°C) 37
—( COD so (Kg/h) 271.31
THICKENER COD liq (Kg/h) 15.65
Nitrogen sol (Kg/h) 359
Nitrogen liq (Kg/h) 285
Phosphorus sol (Kg/h) 2.00
Phosphorus Lig (Kg/h) 0.01
Potential Energy from PR
Hydrochar (kWh)
Siudge AD 160 PS PW
Amount (Kg/h) 8475
Temperature (°C) 37
COD lig (Kg/h) 22.18 <
Nitrogen lig (Kg/h) 3.79
Phosphorus Lig (Kg/h) 003
Methane (M°/h) 6.7
Gas Energy (kWh) 66.3
‘ CHP Unit |
Energy required for
Energy produced (kWh) 2211 -20.6

exhaust boiler (kWh)

|

for

7.0

Exhaust gas boiler for
thermal treatment

Energy required for
Centrifuge (kWh)

-16.2
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b) Scenario 2

Energy required for
reactor (kWh)

Energy required for HTT (kWh) -20.6

160°C THERMAL TREATMEN ﬂ

RE—

—

Sludge Secondary
Amount (Kg/h) 1000
Solids (Kg DS/h) 150
Temperature (“C) 20
COD sol (Kg/h) 142.37 > ANAEROBIC DIGESTER
COD lig (Kg/h) 4.92 0BIC S
Nitrogen sol (Kg/h) 6.64
Nitrogen lig (Kg/h) 2.44
Phosphorus sol (Kg/h) 1.35
Phosphorus Lig (Kg/h) 0.04
v
Methane (M

171
Gas Energy (kWh) 169.7

—

Energy required for
Centrifuge (kWh)

-16.2

Sludge 160ADSS
Amount (Kg/h) 926.5
Solids (Kg DS/h) 825
Temperature (°C) 160
COD sol (Kg/h) 41.82
COD lig (Kg/h) 15.64
Nitrogen sol (Kg/h) 2.58
Nitrogen liq (Kg/h) 5.79
Phosphorus sol (Kg/h) 076
Phosphorus Lig (Kg/ 0.07

A\ 4
Centrifuge
4

[Sludge 160 SS PW
Amount (Kg/h) 843.9
Temperature (°C) 37.0
COD liq (Kg/h) 16
Nitrogen liq (Kg/h) 5.79
Phosphorus Liq (Kg/h) 0.07

Sludge ADSS
Amourt (Kg/h) 1000.0
Solids (Kg DS/h) 150.0
| Temperature (°C) 37 A
| —{ COD so (Kg/h) 75.99
THICKENER COD lig (Kg/h) 3.74
Nitrogen sol (Kg/h) 4.69
Nitrogen lig (Kg/h) 4.39
Phosphorus sol (Kg/h) 1.39
Phosphorus Lig (Kgh) 0.00
Sludge 160 ADSSHy
Amount (Kg/h) 82.5
Potential Energy from 1696 P R— S ) 37
Hydrochar (kWh) COD sol (Kg/h) 41.82
Nitrogen sol (Kg/h) 258
Phosphorus sol (Kg/h) 076
Sludge AD 160 SS PW
Amount (Kg/h) 843.9
Temperature (°C) 37
COD lig (Kg/h) 9.12 >
Nitrogen liq (Kg/h) 5.79 - DIGESTER
Phosphorus Lig (Kg/h) 0.07
Methane (M*/h) 32
Gas Energy (kWh) 323 1
Energy require: 70
CHP Unit | reactor (kWh)
Energy produced (kWh) 788 Energy required for -20.6
exhaust boiler (kWh)

Exhaust gas boiler for
thermal treatment
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c) Scenario 3

Energy required for

reactor (kWh)

'

Sludge Mix
Amount (Kg/h) 1000
Solids (Kg DS/h) 150
Temperature (°C) 20
COD sol (Kg/h) 118.62
COD liq (Kg/h) 14.27 ANAEROBIC DIGESTER
Nitrogen sol (Kg/h) 6.36
Nitrogen lig (Kg/h) 1.27
Phosphorus sol (Kg/h) 1.37
Phosphorus Lig (Kg/h) 0.01
v

Methane (M°/h)

30.0
Gas Energy (kWh) 298.6

e

Energy required for HTT (kWh) -20.6

Energy required for 162
Centrifuge (kWh) -

Sludge 160ADMix
Amount (Kg/h) 932.5
Solids (Kg DS/h) 836
A Temperature (°C) 160
N COD sol (Kg/h) 54.31
160°C THERMAL TREATMEN ) sl | 010 i To.23
Nitrogen sol (Kg/h) 227
Nitrogen liq (Kg/h) 477
Phosphorus sol (Kg/h) 077
Phosphorus Lig (Kg/ 0.04
Sludge 160 ADMixHy
Amount (Kg/h) 83.6 A\ 4
Temperature (°C) 37
oD sol (Kg/h) 54.31 Centrifuge
Nitrogen sol (Kg/h) 227
Phosphorus sol (Kg/h) 077
\ 4
Sludge 160 Mix PW
Amount (Kg/h) 848.9
Temperature (°C) 37.0
—— | COD liq (Kg/h) 19
ANAEROBIC DIGESTER Nitrogen fiq (Kg/h) 477
Phosphorus Lig (Kg/h) 0.04

Sludge AD Mix
Amount (Kg/h) 1000.0
Solids (Kg DS/h) 150.0
Temperature (°C) 37
COD sol (Kg/h) 97.47
THICKENER —
COD lig (Kg/h) 4.83
Nitrogen sol (Kg/h) 4.08
Nitrogen liq (Kg/h) 355
Phosphorus sol (Kg/h) 1.38
Phosphorus Lig (Kg/h) 0.00
Potential Energy from DI
Hydrochar (kWh) 1764

[Siudge AD 160 Mix PW.

Amount (Kg/h) 848.9

Temperature (°C) 37

COD lig (Kg/h) 1212 <

Nitrogen lig (Kg/h) 477

Phosphorus Lig (Kg/h) 0.04

Methane (M°/h) 39

Gas Energy (kWh) 39.1

| CHP Unit I

Energy produced (kWh) 1317 Energy required for -20.6

exhaust boiler (kWh)

T

Energy required for
reactor (kWh)

Exhaust gas boiler for
thermal treatment

Figure 2.- Mass and energy balance scenarios of the a) Primary Sludge, b) Secondary Sludge and c) Mix Sludge at 160°C thermal treatment.
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a) Scenario 4

Energy required for B ] B
reattor (W) 7.0 Energy required for HTT (kWh) 36.6
y
Sludge Primary Sludge ADPS Sludge 250ADPS
Amount (Kg/h) 1000 Amount (Kg/h) 1000.0 Amount (Kg/h) 891.9
Solids (Kg DS/h) 150 Solids (Kg DS/h) 150.0 v Solids (Kg DS/h) 54.8
Temperature (°C) 20 Temperature (°C) 37 Temperature (°C) 250
COD sol (Kg/h) 367.43 > ANAEROBIC DIGESTER e | —p COD 5o (Kg/h) 271.31 COD sol (Kg/h) 99.15
THICKENER 250°C THERMAL TREATMENT sl
COD liq (Kg/h) 24.01 v COD liq (Kg/h) 15.65 COD lig (Kg/h) 78.69
Nitrogen sol (Kg/h) 461 Nitrogen sol (Kg/h) 359 Nitrogen sol (Kg/h) 1.31
Nitrogen lig (Kg/h) 1.83 Nitrogen lig (Kg/h) 2.85 Nitrogen liq (Kg/h) 4.60
Phosphorus sol (Kg/h) 2.00 Phosphorus sol (Kg/h) 2.00 Phosphorus sol (Kg/h) 073
Phosphorus Lig (Kg/h) 0.00 Phosphorus Lig (Kg/h) 0.01 Phosphorus Lig (Kg/ 0.08
Sludge 250 ADPSHy
Amount (Kg/h) 54.8 \ 4
Potential Energy from @ | TeMETaIE (C) 37 By Energy required for
Hydrochar (kWh) 824 COD sol (Kg/h) 99.15 Centrifuge Centrifuge (kWh)
Nitrogen sol (Kg/h) 1.31
|Phosphorus sol (Kg/h) 073
v
Sludge AD 250 PS PW Siudge 250 PS PW
Amount (Kg/h) 837.1 Amount (Kg/h) 837.1
Temperature (°C) 37 Temperature (°C) 37.0
COD Iig (Kg/h) 31.90 < r—(COD liq (Kg/h) 79
Nitrogen liq (Kg/h) 4.60 - ANAEROBIC DIGESTER Nitrogen lig (Kg/h) 460
Phosphorus Lig (Kg/h) 0.08 Phosphorus Lig (Kg/h 0.08
v
Methane (M°/h) 50.3 Methane (M°/h) 17.1
Gas Energy (kWh) 5005 Gas Energy (kWh) 170.3
‘ Energy required for 70
» | ‘CHP Unit | reactor (kWh)

Energy required for - Exhaust gas boiler for
Energy produced (kW) 2616 |—>~ exhaust boler (kWh) 6.6 thermal treatment




b) Scenario 5

Energy required for

reactor (kWh) 7.0

Siudge Secondary

Amount (Kg/h) 1000

Solids (Kg DS/h) 150

Temperature (°C) 20

COD sol (Kg/h) 14237 |y
COD liq (Kg/h) 492 =
Nitrogen sol (Kg/h) 6.64

Nitrogen lig (Kg/h) 2.44

Phosphorus sol (Kg/h) 1.35

Phosphorus Lig (Kg/h) 0.04

ANAEROBIC DIGESTER

e

THICKENER

Energy required for HTT (kW) -36.6

Sludge

Amount (Kg/h)

Solids (Kg DS/h)
Temperature (°C)
COD sol (Kg/h)

COD lig (Kg/h)
Nitrogen sol (Kg/h)
Nitrogen lig (Kg/h)
Phosphorus sol (Kg/h)
Phosphorus Lig (Kg/h)

Potential Energy from
Hydrochar (kWh)

[Siudge
Amount (Kg/h)
Temperature (°C)
COD liq (Kg/h)
Nitrogen liq (Kg/h)
Phos

AD 250 SS PW
835.2

horus Lig (Kg/h)
v
Methane (M°/h) 174 Methane (M°/h) 5.6
Gas Energy (kWh) 169.7 Gas Energy (kWh) 55.9
> N
> | CHP Unit |
| Energy produced (kWh) 88.0

Energy required for
exhaust boiler (kWh)

AD S5 Siudge 250ADSS
1000.0 Amount (Kg/h) 894.9
150.0 Solds (Kg DS/h) 50.7
37 Temperature (°C) 250
75.99 N COD sol (Kg/h) 30.26
o 250°C THERMAL TREATMEN | el 20 51 (64 ot
469 Nitrogen sol (Kg/h) 187
439 Nitrogen lig (Kg/h) 6.81
139 Phosphorus sol (Kg/h) 0.55
0.00 Phosphorus Lia (Kg! 0.08
Siudge 250 ADSSHy
Amount (Kg/h) 59.7 \ 4
| e | Terperature (°C) 37 ]
COD sol (Kg/h) 30.26 Centrifuge
Nitrogen sol (Kg/h) 1.87
Phosphorus sol (Kg/h)
v
Siudge 250 55 PW
Amount (Kg/h) 835.2
Temperature (-C) 37.0
—— | COD iq (Kg/h) 2
ANAEROBIC DIGESTER Nitropen I (Ky/k) o1
Phosphorus Liq (Kg/h) 0.08
Energy required for o
reactor (kWh) -
w6 Exhaust gas boiler for
thermal treatment

—

Energy required for
Centrifuge (kWh)

-16.2
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c) Scenario 6

Energy required for
reactor (kWh)

Sludge
Amount (Kg/h)
Solids (Kg DS/h)
Temperature (°C)
COD sol (Kg/h)
COD liq (Kg/h)
Nitrogen sol (Kg/h)
Nitrogen liq (Kg/h)

phorus sol (Kg/h)
Phosphorus Lig (Kg/h)

1000
150
250
118.62
14.27
6.36
1.27
1.37
0.01

ANAEROBIC DIGESTER

[

Methane (M
Gas Ener

) 30.0
(kWh) 298.6

Energy required for HTT (kWh) -36.6

—

Energy required for
Centrifuge (kWh)

-16.2

Sludge AD Mix Sludge 250ADMix
Amount (Kg/h) 1000.0 Amount (Kg/h) 898.4
Solids (Kg DS/h) 150.0 Solids (Kg DS/h) 60.6
Temperature (°C) 37 Temperature (°C) 250
COD sol (Kg/h) 97.47 [COD sol (Kg/h) 39.37
THICKENER — 250°C THERMAL TREATMEN s
© COD liq (Kg/h) 4.83 ¢ COD liq (Kg/h) 32.36
Nitrogen sol (Kg/h) 4.08 Nitrogen sol (Kg/h) 1.65
Nitrogen liq (Kg/h) 3.55 Nitrogen lig (Kg/h) 5.69
pl sol (Kg/h) 1.38 pl sol (Kg/h) 0.56
Phosphorus Lig (Kg/h) 0.00 Phosphorus Lig (Kg/ 0.08
Sludge 250 ADMixHy
Amount (Kg/h) 60.6 A\ 4
Potential Energy from | @ [ Tomporature (°C) 37 B
.7 Centrifuge
Hydrochar (kWh) bt COD sol (Kg/h) 39.37 g
Nitrogen sol (Kg/h) 1.65
Phosphorus sol (Kg/h) .56
v
Sludge AD 250 Mix PW Sludge 250 Mix PW
[Amount (Kg/h) 837.9 Amount (Kg/h) 837.9
Temperature (°C) 37 Temperature (°C) 37.0
COD liq (Kg/h) 13.08 & r—(COD lq (Kg/h)
Nitrogen lig (Kg/h) 5.69 hl ANAEROBIC DIGESTER Nitrogen lig (Kg/h)
Phosphorus Lig (Kg/h 0.08 Phosphorus Lig (Kg/h
Methane (M°/h) 75
Gas Energy (kWh) 74.6 r
Energy required for 70
| CHP Unit ‘ reactor (kWh)
Energy required for } Exhaust gas boiler for
| Energy produced (kWh) 1455 —‘ 36.6 thermal treatment

exhaust boiler (kWh)

Figure 3.- Mass and energy balance scenarios of the a) Primary Sludge, b) Secondary Sludge and c) Mix Sludge at 250°C thermal treatment
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Mass and Energy balance of the HTC-AD integration are presented.

Six HTC-AD scenarios with different process temperature and sewage sludge were evaluated.
Scenarios assessed with 250 °C process temperature showed higher energy and economic
benefits.

Scenarios with MIX sludge stream showed to be the most suitable option for HTC-AD
integration.



