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Integrating anaerobic digestion and pyrolysis for treating digestates derived from sewage sludge and

fat wastes

Judith Gonzélez-Arias', Maria Victoria Gil?, Ramén Angel Fernandez®, Elia Judith Martinez!, Camino
Fernandez?, George Papaharalabos?, Xiomar Gomez**

1Chemical and Environmental Bioprocess Engineering Group, Natural Resources Institute (IRENA),
University of Ledn, Ledn, Spain.

2Instituto Nacional del Carbdn, INCAR-CSIC, Francisco Pintado Fe 26, 33011 Oviedo, Spain.
SDepartment of Mechanical, Computer Science and Aerospace Engineering. School of Industrial

Engineering and Computer Science, University of Ledn, Campus Vegazana, 24009 Leon, Spain.

Abstract

The coupling of biological and thermal technologies allows for the complete conversion of wastes into
energy and biochar eliminating the problem of sludge disposal. The valorisation of fatty residues as co-
substrate in a mesophilic digester of a wastewater treatment plant was studied considering an integrated
approach of co-digestion and pyrolysis. Four digested samples obtained from co-digestion of sewage
sludge and butcher’s fat waste were studied by thermogravimetric analysis. The activation energy
corresponding to the sludge pyrolysis was calculated by a non-isothermal kinetic. Arrhenius activation
energy was lower for the pyrolysis of digested grease sample (92 kJ mol* obtained by OFW and 86 kJ
mol obtained by Vyazovkin) than for the pyrolysis of sewage sludge and its blends (164-190 kJ mol™*
obtained by OFW and 162-190 kJ mol* obtained by Vyazovkin). The analysis of the integrated approach
of anaerobic co-digestion and pyrolysis of digestates demonstrated that the addition of 3% (w/v) of fat to
the feeding sludge results in a 25% increase in the electricity obtained from biogas (if a combined heat
and power unit is considered for biogas valorisation) and increasing the fat content to 15% allows for
covering all thermal needs for drying of digestate and more than doubles (2.4 times) the electricity

production when the scenario of digestion and pyrolysis is contemplated.

Corresponding autor: Xiomar Gomez
e-mail: xagomb@unileon.es
Telephone number: +34 987 185 349
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Introduction

Sewage sludge is the main by-product of wastewater treatment and its volumetric production is expected
to increase in future years due to the fast growth of the world population. As such, there is an increasing
concern with regards to conventional sludge disposal. Sewage sludge is a biosolid that could be used as a
green biofertiliser, should it be processed and improved from an ecological standpoint.

However, land application of this material still presents challenges due to its content in organic pollutants
that can impact the dynamic equilibrium of biological systems (Mohapatra et al. 2016). When properly
processed, sewage sludge can serve as a renewable energy source, due to its high-volume production and
energy content, that renders it a suitable material for energy valorisation. It is therefore important to
develop cleaner technologies for sludge disposal that allows for a holistic valorisation of waste materials.
To date, several thermal technologies, such as pyrolysis, gasification, combustion, and co-combustion
processes have been proposed for valorising sewage sludge for obtaining useful forms of energy (Agar et

al. 2018; Werle and Sobek 2019).

Pyrolysis is a thermo-chemical process that occurs in an inert atmosphere. In this process, organic matter
undergoes a series of complex reactions generating volatile products and condensed molecules, which
finally leads to char formation. Pyrolysis is vastly used in organic mass conversion industries; thus it
holds promise for sewage sludge treatment since it can transform it into valuable fuel. The process can be
optimised to produce fuels of different nature, such as gases and oils. Moreover, this technique appears to
be less contaminant than combustion, since most of the hazardous trace elements are partially retained in
the char (Folgueras et al. 2013). The combination of anaerobic digestion followed by thermal valorisation
processes could be an alternative for achieving higher energy efficiency to that from a single anaerobic
digestion treatment (Dussan and Monaghan 2018); especially when poor quality effluents, with high
volatile fatty acids (VFA) content, are obtained from the digestion process. The co-digestion of different

wastes has traditionally been used for improving digester performance via increased biogas production.
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However, the addition of a high organic content co-substrate in a digester treating either sewage sludge or
manures can lead to a not-fully stabilised organic material causing detrimental effects if land application

of these digestates is the final disposal option (Alburquerque et al. 2012; Fierro et al. 2016)

The kinetic behaviour of the pyrolysis process needs to be better understood when sewage sludge is
aimed to be treated by pyrolysis or co-pyrolysis with other materials in existing infrastructures. For this
task, thermogravimetric analysis (TGA) has been widely applied to study the behaviour of carbonaceous
materials during pyrolysis/combustion treatments (Khiari et al. 2019; Martinez et al. 2016). The pyrolysis
process is primarily intended for energy valorisation, but it has the added benefit of biochar production as
a valuable carbon product. In recent years, the interest in biochar production and applications has grown
significantly with several works published in scientific literature regarding its characterisation, effect of
different process parameters on their main relevant qualities and the evaluation of different biomass
feedstocks including sewage sludge as well (Li et al. 2019). Other studies have examined the co-pyrolysis
process of sewage sludge with different types of wastes such as sawdust, cattle manure, poultry litter

among others for producing bio-oils and biochar (Pituello et al. 2015; Zhu et al. 2015).

Pyrolysis and gasification are technologies that promote the utilisation of biomass for energy harvesting
and commercially appeal for use in future energy systems, where modern integrated biorefinery concepts
and combinations of different technologies are required to maximise product yield and value (Hassen-
Trabelsi et al. 2018). This work aimed to study the feasibility of thermal valorisation of digestate obtained
from the co-digestion of sewage sludge with grease waste. In previous work, anaerobic co-digestion of
sewage sludge with grease waste discarded from butcheries was performed under both mesophilic and
thermopbhilic conditions in an attempt to increase biogas productivity of the digester. The results from
these experiments suggested that the obtained digestates were characterised by the accumulation of fat,
indicating incomplete degradation of substrates during the anaerobic treatment (Martinez et al. 2016).
This weighting factor made them unsuitable for agronomic valorisation, therefore, other alternatives need
to be explored. Hence, this work proposes the use of pyrolysis as a feasible option for recovering energy

from these digestates.
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An evaluation of the process was performed to establish the conditions required for meeting the thermal
demands of the proposed methodology. In the present work, non-isothermal thermogravimetric analysis
was used for calculating the activation energy of digested samples. To this extent, the Ozawa-Flynn-Wall
(Ozawa 1965; Flynn and Wall 1966) and the Vyazovkin (Vyazovkin 1997) kinetic methods were used.
Energy evaluation was performed considering the co-digestion of fat with sewage sludge and the
subsequent pyrolysis of digestates by assessing the energy demand of the processes and the suitability of

different fat content proportions in the co-digestion mixture.

Experimental

Materials

The samples of digested sludge used in pyrolysis were obtained from on-site laboratory operating
anaerobic digestion reactors. Sludge was obtained from the wastewater treatment plant (WWTP) of
Céceres (Spain). Sewage sludge was composed of a mixture of waste activated sludge and primary
sludge. Due to operating constraints associated with the size and capacity of this plant, waste activated
sludge had a high recycling ratio. Grease waste (excessive fat content of veal meat) was added as co-
substrate, and sourced from a local meat market (Leon, Spain). The addition of this co-substrate has
shown to improve the stability of digestion and biogas yield. The anaerobic digestion of sewage sludge
and its blends with fat was carried out using both mesophilic and thermophilic regimens. Mesophilic
digestion was evaluated at a temperature of 35 °C and a hydraulic retention time of 40 d. thermophilic
reactors operated at a temperature of 55 °C and a retention time of 30 d. Reactors were provided with
mechanical stirrers Heidolph RZR 1 at 200 rpm. Detailed explanation of the anaerobic co-digestion
process is given elsewhere, where the addition of fat to the sludge mixture was 5% (w/v) (Martinez et al.

2016).

Four different samples were obtained from all tested regimes; thermophilic co-digestion of sewage sludge
and grease (TSSG), mesophilic co-digestion of the same mixture (MSSG) and thermophilic digestion of
sewage sludge (TSS). A sample was also obtained from the fat aggregates derived from the thermophilic

co-digestion system which was denoted as Tgrease.
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Samples were analysed by proximate and ultimate analyses, and the calorific value was also measured.
Proximate and ultimate analyses were realised according to the methodology described by Lépez et al.
(2013). Higher heating value (HHV) at a constant volume was measured using an adiabatic oxygen bomb

calorimeter.

Pyrolysis process

Pyrolysis of the digested samples was carried out by thermogravimetric analysis. Digested sludge samples
were first oven-dried at 105 °C and later ground in a ball mill. Following that, they were sieved so the
particle diameter of materials used for this study was from 0.105 to 0.210 mm. Thermogravimetric
analysis was carried out using a TA Instruments equipment, model SDT Q600. Pyrolysis of the samples
was performed at atmospheric pressure in the furnace of the thermobalance at a controlled temperature
under a nitrogen atmosphere (continuous flow rate of 100 mL min). Samples of 5.0 + 0.1 mg were
submitted to dynamic runs up to 1073 K at four different heating rates (5): 5, 10, 20 and 40 K min™,

Duplicate experiments for each test were performed to confirm the reproducibility of the results.

Kinetic analysis

A kinetic study was conducted using the rate of conversion, x, as a function of the pyrolysis time, t. The
apparent reaction rate is dependent on the temperature, T, and can be expressed using the Arrhenius
equation. In the case of dynamic data which are obtained at a constant heating rate, 5 = dT/dt, the

conversion can be expressed by Eq. (1):

dx 1
2~ peERT 1
daT g ¢ (x) @

where, x is the mass conversion ratio estimated using the ratio between the mass variation at any time t
and total mass variation experienced by the sample.
X = (Mo - my)/(mo - my) 2

where mq is the initial mass of the sample, m; is the mass at time t and m is the final mass.
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f(x), represents the reaction model., A is the pre-exponential factor, E is the activation energy and R is the

gas constant. Integrating Eq. (1) gives:

7E/RTdT
: f( ) ﬂj ©

where g(x) is the integral function of conversion. The experimental approaches for the analysis of solid-
state kinetics are either isothermal or non-isothermal. Moreover, regarding the mathematical analysis, two
kinds of methods can be used: model-fitting and isoconversional (free model). Isoconversional methods
have been used mainly because they can compute kinetic parameters without modelling assumptions.
Moreover, thermal decomposition is a particularly complicated process which involves hundreds of
complex components and their parallel and/or consecutive reactions, so the isoconversional methods are
highly recommended to evaluate apparent activation energy for their reliability and objectiveness (Lin et

al. 2016; Otero et al. 2008).

In the present work, once the temperatures corresponding to fixed values of x for different heating rates
were measured, activation energy was calculated by the non-isothermal isoconversional method
according to Flynn, Wall and Ozawa (Ozawa 1965; Flynn and Wall 1966) using Doyle’s approximation
of p(x) (Doyle 1962). This involves measuring the temperatures corresponding to fixed values of

conversion from experiments at different heating rates.

In g =In AE —5.331—1.052£ (4)
Rg(x) RT

Thus, the activation energy, E, is estimated by linear regression analysis from the slope of the straight line
obtained by plotting Ing vs. 1/T. Likewise, the Vyazovkin isoconversional kinetic method was also used
(Vyazovkin 1997). According to this method, from Eq. (1), and since E/2RT » 1, the temperature integral

can be approximated by:

T ERTYT zET 20 E/RT 5)

Substituting the temperature integral and taking the logarithm, Eqg. (5) is obtained:
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For each x value, a data set is obtained representing a straight line when Ing/T? plotted vs. 1/T. Applying
linear regression analysis the value of the slope thus obtained represents —E/R and therefore, the
activation energy may be estimated.

In order to determine the reaction order, Avrami’s theory was extended to describe non-isothermal cases,

where variation of the degree of conversion with temperature and heating rate can be described as:

X(T) :1—exp(%) ")

Taking the double logarithm of both sides of Eqg. (8), with k(T)=Ae &RT, gives:

E
In[-In(1-x(T))]=In A—ﬁ—nlnﬂ ®)

Hence, a plot of In[-In(1—x(T))] vs. Ing, which is obtained at the same temperature from a number of
isotherms taken at different heating rates, should yield straight lines whose slope will have the value of

the reaction order or the Flynn-Wall-Ozawa exponent n (Flynn and Wall 1966; Ozawa 1965).

Energy evaluation of the thermal valorisation of digestates

The evaluation of the energy produced was carried out assuming an integral approach of anaerobic
digestion of sludge and fat as co-substrate followed by the thermal valorisation of digestates. The
assumptions were based on an average WWTP for 100,000 equivalent inhabitants (Eq. Inh.). The water
line of the base scenario was composed of a conventional waste activated system and an air flotation unit
for concentrating the secondary sludge. The sludge line consisted of the primary settler and the gravity
thickener. The primary sludge was assumed to be concentrated and subsequently mixed with secondary
sludge from the air flotation units. The anaerobic digester treating this mixture was assumed to be
operating at a hydraulic retention time (HRT) of 25 d. The energy evaluation was performed assuming
different ratios of fat addition as co-substrate. The volumetric sludge flow was considered as constant and
different scenarios were evaluated increasing fat content from 3 to 15% (w/v) in the mixture. The

volumetric production of biogas B (expressed in m® h') was calculated using Eq. 3
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B = Fsludge*[VS]sludge*SMP (9)
%CH,

where Fsjuage is the volumetric flow of sludge (m3 h't), [VS]siage is the content of volatile solids in the
sludge mixture (considering primary and secondary sludge), SMP is the specific methane production of

the sludge and %CHya is the methane content in biogas which was assumed as 60%.

Thermal energy needs for the digester were taken into account for an average temperature of the influent
sludge of 15 + 1 °C. It was assumed that the amount of inorganic solids was not affected during digestion
and biogas produced was derived from the conversion of volatile solids. Heating needs of the digester

were calculated based on

Thdig =mx*Cy * (Tdig - slurry) (10)

where Thyig is the thermal energy needed for increasing the slurry temperature from a value of 15 (Tsiurry)
to 37 °C (temperature of the mesophilic digester, Taig). The mass of the slurry to be heated is m, and for
simplicity the heat capacity was assumed to be that of water (c,, 4.2176 kJ (kg K)™1). To account for

thermal losses, this value was increased by 8%.

The valorisation of biogas was assumed to be performed by a combined heat and power (CHP) unit. The
theoretical calculation of the energy demand for drying the digested sludge was estimated by assuming
dehydration at 25% solid content (Neyens et al. 2004) and drying until a value of 90% was achieved.
Energy demand for sludge drying was calculated considering a thermal efficiency of 75% and the heat of
vaporisation of water was 2345.4 kJ kg at 65 °C. This stage was considered as part of the conventional
WWTP scenario since a drying unit is frequently available for reducing transportation costs associated
with the final disposal of sludge.

The integration of a pyrolysis unit for the conversion of digestates into bio-oil and pyrolysis gases was
evaluated taking into account the energy produced from the valorisation of biogas obtained from the
digester, as well as that produced from pyrolysis gases and bio-oil obtained from the pyrolysis unit. There

exist several reports in literature regarding pyrolysis performance of sewage sludge. Table 1 reports on

10
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different studies where yields of pyrolysis products are indicated for pyrolysis processes taking place at

temperatures between 400 — 650 °C

Table 1

In the present study the pyrolysis process was assumed to yield 34.2% of char, 55.7% of bio-oil and
10.1% of pyrolysis gas based on average values reported by Monlau et al. (2015) and Titiladunayo et al.
(2012). It was also considered that the water content of bio-oils was 52%, which reduces the bio-oil yield
to a value of 37.6%. This assumption was based on characteristics reported by Abnisa et al. (2013) and
Mullen and Boateng (2011) regarding the expected amount of water in pyrolysis bio-oils. The high
heating value of pyrolysis bio-oil was assumed to be 32.1 + 4 MJ/kg for bio-oil free of the aqueous phase.
Energy requirements for maintaining thermal demands of the pyrolysis process were assumed as 1.8
MJ/kg feed (Salman et al. 2017).

The presence of lipidic residue in solid digestates was assumed to affect the yields of pyrolysis products.
Ito et al. (2012) reported on the production of pyrolysis oils from animal fats, indicating a greater yield in
bio-oils with low water content. Similar results were reported by Wiggers and co-workers (2009) when
evaluating the pyrolysis of waste fish oil. The latter yielded 72.8% of bio-oil, and 15.8 and 11.3% of gas
and coke fractions using these values estimating energy production. These oils were characterised by
having greater HHV. In this line, a conservative value of 38 + 1.4 MJ kg* was set as an average of those
reported by different authors when studying pyrolysis products derived from animal fats and waste frying
oils (Adebanjo e al. 2005; Kraiem et al. 2017; Trabelsi et al. 2018). Based on these assumptions the

energy contained in gas and oil pyrolysis products is shown in Fig. 3c.

Results and discussion

Characterisation of samples

Results from proximate and ultimate analyses, as well as the calorific values, of sludge and digested
samples are shown in Table 2. Sludge sample shows high volatile matter content and relatively high ash
content. However these valued are within the range of those reported for other authors for similar samples

(Grigiante et al. 2010; Zuo et al. 2014). As it can be seen, the TSS sample (derived from thermophilic

11
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digestion) displayed the highest ash content. This value highlights the capacity of mesophilic systems for
achieving higher mineralisation of the organic content compared to the other samples obtained from
digesters operating under thermophilic regime, explaining thus the lower values obtained for the ash
content from thermopbhilic digesters treating the mixture of fat and sludge. Besides, it was observed that
the thermophilic digester formed aggregates which were separately and analysed, hence the denomination

Terease SAMple as mentioned above.

The thermophilic digested solids exhibited (samples TSSG and Tgrease) higher volatile matter values (69.2
and 76.0 wt.%, respectively), whereas the volatile content in MSSG and TSS were 54.4 and 51.1 wt.%,
respectively. The lower values of these two samples were associated with an improved performance of
the mesophilic reactor in the first case. However, in the latter case the low valued reported for the
thermopbhilic reactor was associated with the low organic load added to this digestion system, since this
thermopbhilic reactor was not supplied with co-substrate. Because of the different performance of
digestion systems, that is grease accumulation was observed during the thermophilic of the sludge and fat
mixtures but not in the mesophilic ones, samples TSSG and Tgrease 2lS0 exhibited the highest carbon
content (47.4 and 51.3 wt.%, respectively), as well as the highest HHV value (22.7 and 24.6 MJ kg,
respectively). Furthermore, both samples showed higher H and lower N contents than the MSSG and TSS

samples, which was again associated with the grease accumulation phenomenon.

Table 2

Pyrolysis process

The thermogravimetric data (TG curves) for pyrolysis obtained at heating rates of 5, 10, 20 and 40 K min
! for the studied samples are presented in Fig. 1. The thermal behaviour of these samples aligns with the
performance of the different digestion processes. The accumulation of fatty material found in TSSG
sample becomes evident through the faster mass loss rate (Fig. 1a) observed in the graph, compared to the
profile from the MSSG and TSS samples (Fig. 1b and Fig. 1c respectively). Additionally, the fatty

agglomerate separated from the thermophilic liquor of the digester treating the mixture of fat and sludge

12



309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

(i.e., sample Tarease) Showed the highest loss in mass, (Fig. 1d) indicating the great lability of their organic

components, which was on par with its high volatile content and low ash content reported in Table 2.

Figure 1

It was observed that for all samples the increase of the applied heating rate caused a shift towards higher
temperature for the initiation of mass loss, which started at slightly higher temperatures. This happens
because the heat transfer among particles experiences a delay due to the increase in the heating rate, as
also reported by Xu et al. (2018). On the other hand, higher temperatures were needed for pyrolysis to
start in the case of the MSSG and TSS samples (around 525 K) possibly related to the higher
mineralisation obtained from the digestion of these substrates. When compared with the performance of
samples TSSG and Terease, bOth presented lower temperatures for pyrolysis (taking place around 475 K)

which can be attributed to poor microbial degradation and interpreted as an underperforming digester.

The first derivative of the thermogravimetric data (DTG curves) obtained from the temperature
programmed pyrolysis using a heating rate of 20 K min are shown in Fig. 2. Two differentiated zones or
pyrolysis stages can be observed. The first one in the temperature range of 473-673 K, corresponding to
the decomposition of easily-degradable and volatile compounds. The second one in the temperature range
of 673-800 K, usually related to the decomposition of more complex and higher molecular weight
materials, mainly matter of bacterial origin (Folgueras et al. 2013). It is noteworthy that during the first
stage, the DTG curves for the TSSG and Tgrease Samples showed two different peaks: between 473 and

573 K for the first one, and between 573 and 673 K for the second one.

Lipids have been reported to be highly reactive in the temperature range of 423-513 K by Lin et al.
(2016), linking their degradation to mass loss occurring during pyrolysis at these temperatures. Between
513 and 673 K, the loss in mass experienced in this temperature range has been associated by these
authors with the degradation of cellulose, whilst between 673 and 857 K was ascribed to proteins
decomposing reactions. Accordingly, the first peak (473-573 K) observed in the present work for samples

TSSG and Terease Was due to higher amount of non-degraded grease present in those samples. This high

13
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organic content of the digested material may cause rampant degradation problems should their
valorisation in terms of land application be attempted. This is supported by the fact that digestates rich in
readily degradable material could cause a high release of CO, and N-immobilisation and/or denitrification

after their application to soil (Alburquerque et al. 2012b).

Regarding the DTG curves corresponding to the second stage (673-800 K) for the TSSG and Tgrease
samples, the peak intensities in this range were much higher than those of the other samples (Fig. 2). This
may be indicative of condensation reactions of long chain hydrocarbon molecules which were
subsequently degraded at higher temperatures. Thus, thermophilic digestion was attained, but
agglomeration of the fatty material combined with the poor performance of the digestion system at this

temperature prevented the complete conversion of the supplied organic load in the reactor.

Figure 2

Kinetic analysis

Several percentages of mass loss along the pyrolysis process have been marked in Fig. 1. These lines
cross the curves corresponding to each heating rate. As mentioned above, based on these points activation
energy, E, can be calculated using the Ozawa-Flynn-Wall and the Vyazovkin kinetic methods. The slopes
derived from the linear fittings and the corresponding correlation coefficients (R?) are shown in Table 3.
As it can be seen, correlation coefficients for the Ozawa-Flynn-Wall method are slightly higher than those
obtained from the Vyazovkin method. Most of the correlation coefficients were greater than 0.96,

showing a good accuracy of results.

Table 3

The activation energy of all the samples increased with the conversion value selected as shown in Table

3. This table also shows the average values of E estimated for the pyrolysis of the four studied samples.

The Ozawa-Flynn-Wall method gave slightly higher E values compared to the Vyazovkin method,

although the differences between both values were negligible. Sample TSSG showed the highest
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activation energy (190 kJ molt), followed by sample TSS (172 kJ mol?) and sample MSSG (164 kJ mol-
1) whereas Terease SaMple (92 kJ mol™) presented the lowest value. These results indicated that samples
derived from thermophilic digestion showed higher values of activation energy than those from
mesophilic systems, even though the thermophilic digester was underperforming because of grease
accumulation. Besides, the evaluation of the fatty aggregate reported a value for the activation energy
significantly lower than the other samples containing sewage sludge. The E values obtained from these
samples were in the same range of those previously reported for thermal kinetic analysis of anaerobically
digested sludge (Folgueras et al. 2013; Sanchez et al. 2009). In the case of the fatty aggregate, this low

value of the activation energy signifies the reactive nature of the lipid material in the aggregate.

The values of reaction order (n) as a function of temperature for the different samples are shown in

Table 4. There is a similar variance in temperature for all the samples, with a maximum value at 573 K,
indicating a dependence on the extent of the reaction, i.e., they are not constant during the reaction, which
is evidence of a multiple-step process (Otero et al. 2008). The average values of n ranged from close to
zero (pseudo-zero-order reaction) for TSSG, TSS and MSSG, with maximum of 0.28 for the Tgrease
sample. The values obtained for the reaction order were in the same range with the ones reported in

literature (Sanchez et al. 2009).

Table 4

Energy evaluation

Based on the results derived from the kinetic evaluation and thermal degradation analysis, it can be
proposed that digestates obtained from sources whereby fat is used as co-substrate may be considered
insufficiently stabilised, because of the low mineralisation and the accumulation of fatty material in the
digested solids. The recovery of energy using a pyrolysis unit was proposed as alternative to their land
application. In terms of real-world scale, a feasibility scenario consisting of a conventional WWTP and

the potential of analysis using a pyrolysis unit that is integrated into the WWTP are further evaluated.
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The main characteristics of the base scenario are shown in Table 5. It was assumed a specific methane
production (SMP) of 240 + 24 mL CH, g VS for the mixture of primary and secondary sludge based on
data reported by Martinez et al. (2016) under batch mesophilic conditions, taking into consideration a
20% reduction in methane production due to the extrapolation of data to continuous operation. The
production of sludge was estimated based on the operating conditions described by Garcia-Cascallana et
al. (2019). The energy content in biogas was calculated considering a low heating value (LHV) for
methane of 35.8 MJ m. The valorisation of biogas was assumed to be performed by the use of a CHP
unit with an electrical efficiency of 40% and a thermal efficiency of 48% (Dressler et al. 2012). Under
these assumptions the available heat recovered from the CHP unit was 1015 MJ h™t capable of meeting

thermal digester needs but insufficient to cover the thermal drying of sludge to 10% water content.

The introduction of a fatty co-substrate allows for a significant improvement in biogas yields. The value
reported by Martinez et al. (2016) was on average close to 400 mL CH, g VS based on the addition of
fat as a co-substrate at 5% (w/v) in the mixture. The evaluation of digestates reported in previous sections
demonstrated the accumulation of fatty aggregates of high energy content that refrained the reactor from
reaching a steady state. In the present study this value was estimated taking into account the Buswell
equation for fat and considering that 20% of this material was not degraded by the microbial microflora.
This led to the estimation that SMP is 302 mL CH,4 g VS. Even though this value represents a significant
increase in the recovery of heat and the production of electricity, there is still a need of an added fuel for
covering the high heat demand in the conventional process of sludge drying, which is usually natural gas

externally supplied.

Table 5

The integration of a pyrolysis unit into a conventional WWTP would allow for recovering extra energy
needed in this process. There are different approaches for reducing the volume of sludge but they may
also increase the electrical and heat demand in a conventional WWTPs. Many industrial applications
require an extra demand of energy when introducing a pre-treatment stage for sludge, as it would be the

case of thermal pre-treatments for reducing sludge volume and increasing biogas yield (Garcia-Cascallana
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et al. 2019). On the other hand, new alternatives as it is the introduction of bioelectrochemical systems
allow for a decrease in the electricity demand but also decrease the biogas obtained because of the lower
generation of microbial sludge to be treated in an anaerobic digester, thus resulting in a negative energy

balance (Martinez et al. 2019).

This study showcases the possibility of introducing a pyrolysis unit for producing fuels thermally
valorised for optimising heat generation during the sludge drying process. This hypothesis aims to
address the reduction of the overall disposal of sludge, whilst converting dried sludge into a stable organic
product commercially meaningful to the energy market. Based on the projected yields from the pyrolysis
unit, the recovery of thermal energy from this process accounts for 1611 MJ h. This value stands for
sewage sludge being served as the sole substrate for the anaerobic digester and pyrolysis gas with oil
being used for producing heat in a conventional burner operating at an efficiency of 90%. However,
should the thermal demand of this unit be considered, the recovery of energy is reduced by 25.7% (1197
MJ h1). The total amount of heat that can be recuperated, including both digestion and pyrolysis
processes, sum up to 2212 MJ h't. Ergo, this fails to satisfy both the thermal needs of the digester (614 MJ

h1) and for the sludge drying process (2858 MJ h?).

The addition of fat as co-substrate has a dual advantage as it increases the SMP of the feeding mixture
and enhances heat recovery from the pyrolysis unit. It was assumed that this fatty material was partially
converted into biogas due to constraints associated with the hydraulic dynamic of the digester, by which
20% of the feeding co-substrate ends up accumulating in the solid fraction of the digestate. Fig. 3a depicts
the SMP expected values as increasing amounts of fat are added as co-substrate in the feeding mixture.
The increase in SMP is linearly correlated to the increase in the content of fat resulting in higher biogas

production and as a consequence in the amount of electricity by the CHP unit (Fig. 3b).

The addition of co-substrate seemed to have little influence on the total amount of sludge derived from
the digester since most of this material is converted into biogas, and its accumulation in the digester
liquor can be neglected based on the total volume of biosolids generated from the digestion of sludge.

Therefore, the amount of heat needed for drying the sludge down to 10% moisture content was not
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453 significantly affected by the addition of fat. Nevertheless, its composition was considered to be

454  characterised by a higher lipid content that maintained a linear correlation with the initial amount added
455  to the digestion process.

456

457  The presence of a co-substrate affects the characteristics of the organic matter contained in the digested
458  solids. When high organic content co-substrates are added to conventional digesters, sludge stabilisation
459  may be deteriorated, which eventually has a negative impact on its agronomic quality. The increase in
460 biogas compensates for the lower quality of organic matter deriving from the digestion process as

461 reported by Fierro et al. (2016) and Gonzalez et al. (2019). It is therefore reasonable to suggest that the
462 valorisation of this type of material will be best to pursue the thermal payoff aspect rather than land

463 application of digestates.

464

465  The presence of lipidic residue in solid digestates was assumed to affect the performance of pyrolysis.
466 Based on these assumptions the energy contained in gas and oil pyrolysis products is shown in Fig. 3c.
467 The increase in energy due to pyrolysis products is different in comparison to the increase in electricity
468 from biogas. Adding just 3% (w/v) of fat to the feeding substrate results in a 25% increase in the

469 electricity obtained from biogas, but pyrolysis products only report 6% increase in the energy contained.
470  This was due to the small amount of fatty material remaining in the digested solids, thus the scenario
471 containing the higher values of fat addition (15% fat) reports an increase of 34% with respect to the

472 scenario of sludge pyrolysis, whereas the electricity production doubles (2.4 times).

473

474 Figure 3

475

476  The recovery of thermal energy from biogas valorisation (in CHP unit) and pyrolysis products (gas and
477 oil in a conventional burner) was also estimated for different contents of fat in the feeding mixture to the
478 digester. Fig. 4 depicts the thermal energy necessary for performing the drying of sludge from 75% to
479 10% humidity. This heat demand is maintained almost constant for the different percentages of fat added
480  to the sludge, because the increasing content of this material to the mixture fed into the anaerobic

481 digestion process results in a small increase of solids in the digested sludge. Therefore, small modification
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in the concentration of solids does not significantly affect the total amount of water to be removed by
thermal drying. The sum of heat recovered from the CHP unit (with this value having an increasing trend
with the increase in fat addition) and from combustion of pyrolysis fractions (gas and oil) can address the

demands in thermal energy only for the two last evaluated scenario (12 and 15% fat content).

Figure 4

Conclusions

Non-isothermal isoconversional methods by Ozawa-Flynn-Wall and Vyazovkin were used for estimating
the activation energy for the pyrolysis process of digested sewage sludge and butcher’s fats from
thermogravimetric analysis. Arrhenius activation energy was lower for the digested grease sample (E~92
kJ mol?) than it was for sewage sludge and its blends with fat (E~164-190 kJ mol?). The thermal analysis
of digested samples demonstrated the suitability of valorising high organic content digestates. Thermophilic
samples showed accumulation of organic material and poor stabilisation thus indicating that direct
agronomic valorisation should be averted. The valorisation by means of a pyrolysis unit integrated in a
conventional wastewater treatment plant (WWTP) may be a feasible option covering completely the
thermal needs for sludge drying when the content in fat co-substrate is greater than 12% (w/v) in the feeding

mixture of the anaerobic digester.
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680 Fig. 1 TG curves at different heating rates obtained during pyrolysis of samples a TSSG b MSSG ¢ TSS
681  and d Terease

682 Fig. 2 DTG curve for the pyrolysis of the studied samples at a heating rate (8) of 20 K min™*

683 Fig. 3 Schematic description of the integrated approach for digestion and pyrolysis of sludge and fat. a
684  Specific methane production of sludge as a function of the percentage (w v!) of fat added b Electricity
685  production and ¢ Energy contained in gas and oil derived from pyrolysis of digestate

686 Fig. 4 Heat demand associated with thermal drying of digested sludge and heat recovery from biogas
687  valorisation by means of CHP and combustion of pyrolysis products (gas and oil)
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Table

Table 1 Yields of pyrolysis products reported in literature for sewage sludge and digested sludge

Bio-oil (%) HHV (MJ kgl) Gas (%) HHV (MJ m™®) Reference

24 - 36 30.6-32.1 22-35 81-114 Fonts et al. 2009
37-50 35-30 10.8-23.5 N.A. Tian etal. 2011
25-32 N.A. 19-29 18-21 Agar et al. 2018
28.6 36.2 11.3 N.A. Viana et al. 2016
23.2* 42 214 10.5 Panek et al. 2014
30 — 40** 22 -28 N.A. 12 -13 Inguanzo et al. 2002
27 - 44 14 -38.4 N.A. N.A. Leng et al. 2015

* Data calculated without the water fraction, **Bio-oil content in aqueous fraction, N.A.: not available



Table 2 Proximate and ultimate analyses, and calorific values for sludge and digested sludge samples

Sample  Moisture  Volatile (%)* Ash (%) C H(%)® N S(%)° HHV (MJ
(%) (%)° (%)° kg™)

Sludge 4.8 59.2 354 32.9 4.74 4.47 0.9 16.2

TSSG 3.7 69.2 26.5 47.4 7.0 2.5 0.7 22.7

MSSG 5.8 54.4 36.7 32.7 4.6 4.2 1.0 14.0

TSS 6.0 51.1 41.6 30.1 4.4 4.1 1.1 13.2

Torease 4.3 76.0 22.2 51.3 7.7 1.3 0.3 24.6

2 Dry basis; ® Dry ash free basis

TSSG: Thermophilic co-digestion of sewage sludge and grease waste; MSSG: Mesophilic co-digestion of

sewage sludge and grease waste; TSS: Thermophilic digestion of sewage sludge; Tarease: Fatty aggregate

from thermophilic co-digestion of sewage sludge and grease waste



Table 3 Slopes, correlation coefficients (R?) and values of activation energy, E, obtained by the Ozawa-

Flynn-Wall and Vyazovkin kinetic methods for the studied samples

Sample Mass loss Ozawa-Flynn-Wall Vyazovkin

(%)

Slope R? E (kJ mol?) Slope R? E (kJ mol?)

TSSG 20 -8.56  0.9759 155.8 -18.59 0.9731 154.5

30 -8.84  0.9668 160.8 -19.13  0.9628 159.1

40 -11.98 0.9614 218.0 -26.25 0.9567 218.2

50 -12.43  0.9655 226.2 -31.14 0.9621 226.1
Average E? 190.2+37.0 189.5+ 37.9
MSSG 10 -7.25 0.9762 132.0 -15.72 0.9731 130.7

20 -8.72 0.9837 158.7 -18.94 0.9818 157.5

30 -9.02  0.9842 164.2 -19.54 0.9823 162.5

40 -10.99 0.9871 199.9 -23.89 0.9854 198.7
Average E? 163.7+ 27.9 162.3+ 28.0
TSS 10 -494  0.9855 89.9 -10.38 0.9830 86.3

20 -9.47 0.9706 172.4 -20.68 0.9673 171.9

30 -10.94 0.9756 199.1 -23.97 0.9731 199.3

40 -12.50 0.9859 227.4 -27.41 0.9845 227.9
Average E? 172.2+ 59.3 171.4+61.1
Torease 30 -2.56 0.8863 47.2 -468 0.8274 38.9

40 -3.84  0.8743 69.8 -7.46  0.8326 62.0

50 -6.30 0.9699 114.6 -13.08 0.9632 108.7

60 -7.57  0.9773 137.8 -15.98 0.9731 132.8
Average E? 92.3£41.3 85.6+42.8

2 Average E was calculated as the arithmetic average of the E values obtained for the different conversion

values considered



Table 4 Reaction order, n, as a function of temperature obtained by the Ozawa-Flynn-Wall kinetic

method
Temperature TSSG MSSG TSS Torease
(K)
n R? n R? n R? n R?

473 0.11 0.977 0.07 0.989 0.16 0.923 0.34 0.938
573 0.20 0.960 0.14 0.947 0.18 0.968 0.56 0.861
673 0.11 0.977 0.08 0.947 0.06 0.941 0.46 0.897
773 0.05 0.968 0.04 0.977 0.03 0.924 0.16 0.939
Average n 0.12+ 0.06 0.08+0.04 0.11+0.07 0.28+0.17




Table 5 Main characteristics of the evaluated scenario considering a conventional WWTP

Parameter Value Unit
WWTP capacity 100 000 Eg. Inh
Wastewater quantity 350 L (Eq. inh. d)*

Characteristics of conventional WWTP (base scenario)

Energy demand [30] 1.1 KWh m-3
Sludge flow 6.1 md ht
Digester working volume 3600 m
HRT 25 d
Biogas production 93 md ht
Energy contained in biogas produced per hour 2114 MJ
Digester thermal needs 614 MJ ht
Electrical energy hourly produced 235 kWh
Heat recovery 1015 MJ ht
Digested sludge flow at 25% TS 0.827 md ht
Thermal drying of sludge 3063 MJ ht

Biogas improvement thanks to the addition of co-substrate (5% fat in the mixture. (w/v))

Biogas production 134 md ht
Electrical energy hourly produced 334 kWh
Heat recovery 1440 MJ ht

Thermal drying of sludge 2858 MJ ht






