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ABSTRACT
The aim of this research was to provide a methodology for calculating the energy and exergy balances for
the thermochemical treatment of sewage sludge. The results of the balances were assessed and compared
for three different scenarios (torrefaction, pyrolysis and pyrolysis combined with catalytic post-treatment
of the vapors). The balances were calculated based on previously published experimental data and
evaluated under different conditions. The results indicated that the endothermicity decreased with the
severity of the process. The energy recovery from the products favored the exothermicity of the processes.
The three-step process (pyrolysis of torrefied sewage sludge combined with catalytic post-treatment of the
hot vapors) was the least exergy efficient scenario.
Keywords. Torrefaction; Pyrolysis; Catalytic post-treatment; Sewage sludge; Energy balance; Exergy

balance.

Nomenclature:

AP: aqueous phase.

C,: specific heat capacity at constant pressure, VRIS
e: specific exergy, MJ-Kg

h: specific enthalpy, MJ-Kg

hyap specific enthalpy of evaporation MJIkg

HOP: heavy organic phase.

LOP: light organic phase.



NCG. non-condensable gases.

OP: organic phase.

P: pressure, Pa.

Po: pressure at the standard reference state, 1.0Ral0
Q: enthalpy required, MJ-Kg

R: universal gas constant, 8.314472 kJ kirigr™.

s: specific entropy, MJ-Kg

T: temperature, K.

Ty boiling temperature, K.

Tp: process temperature, K.

To: temperature at the standard reference state, 298.15 K.
SS: sewage sludge.

TSS: torrefied sewage sludge.

X: mass fraction, expressed as a decimal.

W: water content, mass fraction %.

z: height.

Abbreviations:

HHV: higher heating value, MJ-Kg

LHV: lower heating value, MJ-Kgor MJ-m® (STP).
Superscripts:

0:at 25 °C and 1.01-1@a.

Subscripts:

b: boiling.

cat: with catalytic treatment of pyrolysis vapors.
ch: chemical.

ph: physical.

db: dry basis.

i, j: i, j-th species.

input: incoming stream.

f: formation.



feedstock: material fed to the process.

gas: in gaseous state.

liquid: in liquid form.

liquid,phase: phase present in the liquid.
NCG. non-condensable gases.

oc: representative organic compound.
output: exiting stream.

p: process.

ph: physical.

process: process.

pyr: pyrolysis.

solid: solid compound.

SS: sewage sludge.

TSS: torrefied sewage sludge.

torr: torrefaction.

water: water.

0: at 298.15 K and 1.01-31Pa.

Greek letters:

B: ratio of standard specific chemical exergy to the lower heating value.
Ah: enthalpy difference at a given temperature, M3 kg
A: latent heat of vaporization of water, MJkg
n: yield of product, mass fraction %.

Y: overall exergy efficiency, %.

1. Introduction

Biomass and biomass waste are considered promising renewable energy sources, since the reserves of
fossil fuels are running out and in any case their use is responsible for global warming. Thermochemical
treatment is one of the options for exploiting biomass for energy purposes. Among thermochemical
processes, pyrolysis can yield a major bio-oil fraction which has potential use as a fuel or as a source of

chemical products. The energy analysis of the pyrolysis process is useful for comparing the energy



requirements with those of other alternatives for fuel production. Overall, the pyrolysis and torrefaction
processes are regarded as endothermic; consequently, their energy analyses are also of great interest for
the scaling of the installations from lab-scale to commercial scale [1].

Reed and Cowdery [2] differentiated between heat of pyrolysis and heat for pyrolysis. These authors
defined heat of pyrolysis as the heat needed to decompose biomass into different products (char, liquid
and non-condensable gases) at the pyrolysis temperature, and heat for pyrolysis as the sum of the heat of
pyrolysis and the sensible heat needed to raise biomass to the pyrolysis temperature. Pyrolysis has been
considered globally endothermic, although both exothermic and endothermic values of heat of pyrolysis
have been reported in the literature, since this process comprises exothermic and endothermic steps [3].
For example, Mok and Antal [4] stated that formation of char and gas in secondary reactions are
exothermic, while tar formation and evaporation are endothermic. Chen et al. [5] observed changes in the
thermal behavior of biomass (from endothermic to exothermic) as the conversion ratio increased.
According to several authors [1, 6-8], the enthalpy for torrefaction or pyrolysis of a particular feedstock
comprises both the energy required to heat the material and to decompose it into the different products,
coinciding with the definition of heat for pyrolysis provided by Reed and Cowdery [2]. Thus, it includes

the sensible energy (absorbed by biomass to increase its temperature) and the energy of reaction
(necessary for torrefaction or pyrolysis reactions). This last approach requires the determination of the
heat requirement of the pyrolysis reaction by techniques such as differential scanning calorimetry (DSC).
Several authors have analyzed qualitatively and quantitatively by DSC the heat required for pyrolysis of
lignocellulosic biomass and wastes [3-5, 9-11]. Generally, the heat for pyrolysis reactions is much lower
than the sensible and the latent heats and can be considered negligible.

There are different ways to address the energy balances. Boateng et al. [12] evaluated the energy analysis
of the production of bio-oil by fast pyrolysis in terms of calorific values. Recently, Hasokai et al. [13]
suggested an alternative approach, which involves the estimation of heating values based on the elemental
composition of solid and liquid fractions. Capodaglio et al. [14] carried out a preliminary energy balance

of microwave-induced pyrolysis of sewage sludge based on the power irradiated by the mono-modal
microwave synthesizer used as a source of energy. Boukis et al. [8] determined the heat of pyrolysis by
using empirical correlations based on the moisture and ash contents of the biomass. Although pyrolysis
products are complex in nature and their standard enthalpies of formation and specific heat capacities are

not always easy to determine [1], the energy balance can also be evaluated in terms of the difference



between the enthalpy of reactants and products [3, 15, 16]. This is the methodology applied in the present
work.

Energy analyses provide the quantity of energy required by a certain process but not its quality. Exergy is
a thermodynamic property that gives an idea of the quality of energy. It can be defined as the theoretical
maximum amount of useful work that can be obtained from the interaction between a certain
thermodynamic and its surroundings. Exergy analysis is based on both the first and the second laws of
thermodynamics, and allows the determination of the maximum useful work of a process [17]. The
presence of exergy losses means that the thermodynamics of the process can be potentially improved.
Thus, the exergy analyses help to identify the process improvements needed and to compare alternatives.
Exergy analysis has been used for improving life cycle analysis of renewable energy [18, 19].

The exergy analysis of material streams crossing system boundaries comprises kinetic, potential, physical
and chemical terms. Kinetic exergy is related to the velocity of a stream with respect to a fixed reference
frame. Potential exergy is related to the position of a body in a given force field. Physical exergy is the
maximum work obtainable when bringing a substance from its initial state to the thermodynamic
environment by physical processes [17]. Chemical exergy is the maximum amount of work that can be
obtained when a substance or a mixture is brought from the reference-environment state to the dead state
by heat transfer and exchange of substances with the reference environment [17, 20]. Kinetic and
potential exergies are usually neglected in pyrolysis processes owing to their small values. Due to the
complex nature of carbon based pyrolysis feedstocks (including wastes and lignocellulosic biomass) and
products, it is complicated to calculate their chemical exergy. Various models and correlations have been
developed to estimate the chemical exergy of such substances [21-27].

The energy analysis of the thermochemical treatment of sewage sludge (SS) by means of torrefaction and
pyrolysis has barely been investigated, apart from the energetic assessments carried out by Ding and Jiang
[28], Caballero et al. [29], Kim and Parker [30], Abrego et al. [31], Gil-Lalaguna et al. [32], Capodaglio et

al. [14] and Ruiz-Gémez et al. [33]. Exergy analyses of processes such as torrefaction and pyrolysis of
biomass are not very common in the literature [12, 34-38] and the information about the exergy analysis
of the thermochemical treatment of sewage sludge is even scarcer. Given this little information available
and its usefulness when evaluating the feasibility of these processes, the aim of the present work was to
assess the energy and exergy analyses of sewage sludge utilization by different thermochemical

treatments (specifically, torrefaction and pyrolysis). These analyses were based on experimental data,



which in turn allowed the evaluation of the differences in the heat required for the different processes and
the exergy efficiency. The methodology for determining both energy and exergy analyses of

thermochemical treatment of biomass in general is provided.

2. Methodology
This section includes the different scenarios studied, the assumptions and simplifications made, and the

methodology followed for the energy and exergy balances calculations.

2.1.Scenarios
The different scenarios considered in the present work for the thermochemical treatment of SS are
described below.

2.1.1. Torrefaction
Torrefaction has been considered as a pretreatment for the further thermochemical treatment of biomass,
including SS [31, 39, 40]. The experimental data used in the present paper can be found elsewhere [41].
Torrefaction was performed in an auger reactor at temperatures between 250-300 °C and solid residence
times between 13-35 min. The products obtained were torrefied sewage sludge (TSS), non-condensable
gases (NCg;,) and a liquid product that separated into an organic phasg.)@Rd an aqueous phase
(APym). A block diagram of the torrefaction process (with input and output streams, and the products

either at the standard reference state or at the process conditions) is shown in Figure 1.



Figure 1. Control volume for torrefaction. (a) Products at the standard reference state. (b) Products at

process conditions.

2.1.2. Pyrolysis
Pyrolysis of SS for the production of liquid fuels has been previously studied [42]. Pyrolysis of TSS has
also been investigated in order to improve the properties of the liquid product for use as a fuel. The
experimental data used in the present paper for the energy and exergy analyses of pyrolysis of both SS
and TSS (see block diagrams in Figure 2) can be found elsewhere [39]. Pyrolysis was carried out in a
fluidized bed reactor at 530 °C with a solid residence time of 5.7 min. The energy and exergy balances
were analyzed in the case of pyrolysis of SS and TSS obtained in an auger reactor at 250 °C and 13 min
(TSS250), and at 275 °C and 24 min (TSS275). The choice of these torrefaction conditions was based on
the compromise reached between a low yield of organic compounds and a high yield of water during
torrefaction. The products obtained were char (Ghamnon-condensable gases (NgJsand a liquid
product that separated into a light organic phase (lJ)R heavy organic phase (HR#Pand an agueous
phase (AR,). The results of the analyses provided information about how the changes underwent by the

solid during the torrefaction step affected the pyrolysis step.



Figure 2. Control volume for pyrolysis. (a) Products at the standard reference state. (b) Products at

process conditions.

In the case of TSS, the balances can also be analyzed considering a combined process of torrefaction and
pyrolysis (block diagrams shown in Figure 3). These analyses provided information about how

torrefaction affected the overall process.



Figure 3. Control volume for pyrolysis including the torrefaction step. (a) Products at the standard

reference state. (b) Products at process conditions.

2.1.3. Pyrolysis with catalytic post-treatment of the hot pyrolysis vapors
The energy and exergy balances of pyrolysis of both SS and TSS with catalytic post-treatment of the hot
vapors were evaluated. The main goal of combining torrefaction pre-treatment with catalytic post-
treatment of the hot pyrolysis vapors was to enhance the fuel properties of the pyrolysis liquid. The
experimental procedure and results were shown elsewhere [43]. Pyrolysis was carried out in a fluidized
bed reactor at 530 °C with a solid residence time of 5.7 min. A lab-scale fixed bed reactor connected
downstream to the fluidized bed reactor was used to carry out the catalytic post-treatment of the hot
pyrolysis vapors at 480 °C usingAl,Os. The energy and exergy balances were analyzed in the case of
pyrolysis of SS and SS torrefied in an auger reactor at 250 °C and 13 min, and at 275 °C and 24 min. The
products obtained were char (Chgrnon-condensable gases (NGXzand a liquid product that separated
into an organic phase (Qf and an aqueous phase (AP The analyses provided information about both
how the changes suffered by the solid during torrefaction affected the subsequent treatments and how the
catalytic post-treatment of the hot pyrolysis vapors affected the heat requirements and exergy efficiency

(see block diagrams in Figure 4).



Figure 4. Control volume for pyrolysis with catalytic treatment of the vapors. (a) Products at the standard

reference state. (b) Products at process conditions.

In the case of TSS, the balances can also be analyzed considering the three steps (torrefaction, pyrolysis
and catalytic post-treatment of the hot vapors) globally (block diagrams shown in Figure 5). These

analyses provided information about how torrefaction affected the whole process.
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Figure 5. Control volume for pyrolysis with catalytic post-treatment of the hot vapors, including the

torrefaction step. (a) Products at the standard reference state. (b) Products at process conditions.

2.2. Assumptions

The following assumptions, simplifications and stream properties were adopted for the energy and exergy

balances:
- The standard reference state wagsP5 °C and p= 1.01-18 Pa.

- The characterization of the different streams is shown in Appendix A.
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- SS was thermally dried prior to any thermochemical treatment and the heat needed for that step
should be considered for the energy balances. The energy requirements for the thermal drying was
previously estimated [3]. Almost 8 MJ per kg of 6.5% dried SS were required to reduce the
moisture content of dewatered SS from 77% to 6.5%.

- The energy and exergy balances of the different processes studied were assessed in two ways. On
the one hand, it was assumed that both the sensible and latent heat of all the products obtained was
efficiently recovered. On the other hand, it was considered that no energy from the products was
recovered, that is, the temperature of the products was the process temperature.

- The experimental data used for the calculations were obtained in different lab-scale installations
(fluidized bed reactor and auger reactor ~ 1-2 Kgwvbhich have been shown elsewhere [39, 41,

43] (they can also be found in Appendix A).

- The specific heat capacity of TSS was considered the same regardless of the torrefaction
conditions and constant with temperature, using an experimental value obtained at 25-10 (1.21
¥ MJ-kg"- K. The specific heat capacity of char was considered constant with temperature using
an average experimental value (0195 MJ-kg"-K-') experimentally obtained at between 25 °C
and 300 °C.

- Liquid phases were considered to be ideal solutions.

- When needed, it was assumed that the liquid phases consisted of water and an organic compound
selected as representative compound of the organic fraction of the phase.

- The major organic compound in each liquid phase in terms of chromatographic area was chosen as

representative. These are listed in Table 1.

Table 1. Representative organic compounds chosen for the liquid phases.

Process Phase Representative organic compound
. AP Acetic acid
Torrefaction _ )
OPorr Hexadecanoic acid
APy, Acetic acid
Pyrolysis HOR,y, 3-Methylphenol
LOPyy: Cholest-4-ene
o . AP Acetonitrile
Pyrolysis with catalytic post-treatment
OP.a 3-Methylphenol
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The specific heat capacity of water and the representative organic compounds in liquid form was
considered constant with temperature.
Thermodynamic properties of liquid and gaseous compounds were obtained from the literature [44,
45].
Experiments performed in the fluidized bed reactor required the introduction of a large flow of N
Heating this N flow up to the process temperature could impact the heat requirements.
Experiments performed in the auger reactor required lowdioiNs; consequently, the heating of
the N, flow has a lower impact on the heat requirements. The heat necessary to heafidine N
was not taken into account.
Heat losses were not taken into account in this study. In industrial practice, heat loss estimation
may be relevant, and values may largely differ depending on the reactor system. Several works
have estimated heat losses as a percentagg.efQbtaining values that vary from 1 % [1] to 9
% [7].
The estimation of Qc.ss With energy recovery provided a maximum reference value for the
energy efficiency of the thermochemical processes considered.
It was assumed that the terms regarding the kinetic and potential exergy were negligible [46].
For the exergy analyses, all the products were considered useful. None of them was considered as
a waste or as needed for use within the process itself.
An active Excel spreadsheet for energy and exergy balance calculation is provided as

Supplementary Material.

Some remarks must be done regarding the energy analyses, especially of the processes represented in

Figures 1b-5b, with products exiting the system at the process temperature. In these cases, relatively large

deviations of Qocess CAN be obtained as a result of several uncertainties, such as the incomplete

knowledge of liquid compositions and thermodynamic properties of the relevant compounds. Taking the

liquid phase compositions as formed only by representative compounds from Table 1 is a clear

oversimplification; nevertheless, other alternative approaches (such as making a weighted average of

several detected compounds) are hindered by (i) the lack of available thermodynamic data for such

species, and (ii) the semi-quantitative nature of the analytical technique used for determining liquid

compositions. Therefore, values from these analyses are provided mainly for comparison between the

different thermochemical treatments presented in this work, and care must be taken when comparing the
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obtained values to other obtained with different feedstock and operational conditions. In the case of
Qorocess determined with products exiting at 25 °C, results are much less affected by the mentioned
uncertainties (that only apply to a small fraction of the aqueous phase).

2.3. Energy assessment

The procedure followed for the energy balance calculations was similar to those used by Abrego et al. and
Gil-Lalaguna et al. [31, 32]. Unlike the present work, Abrego et al. [31] only determined the heat required
for the process in the case that both feedstock and products were considered to be at the standard
reference state. Gil-Lalaguna et al. [32] calculated the energy balance for pyrolysis considering the
products at the process conditions. However, they only considered one set of pyrolysis conditions and did
not study the effect of the process conditions or the combination of processes on the heat required.
Furthermore, exergy balances were not performed in either of the two studies.

A detailed explanation of the procedure followed in this study is presented below. The energy process
requirement that should be supplied externallyQ) was calculated as the difference between the

enthalpy output () and input (Rpw). Thus, the enthalpy balances were expressed by Equation 1.

Qprocesg' hinput:houtput Equation 1

where:
Qorocess €Nthalpy process requirement that should be supplied externally, MJ-kg

hinput SPecific input enthalpy, MJ- Kg

houput SPECIfic output enthalpy, MJ-Rg

2.3.1. Enthalpy calculation
The only energy input considered was the energy of the feedstock (SS or TSS). Energy outputs were those
of the different products obtained: solid, liquid and NCG. The enthalpy of the input strgaiwias

always calculated using Equation 2.

— 0 .
hinput = Ahf,feedstock Equation 2

where:

Ahgfeedstod; standard enthalpy of formation estimated for the feedstock, @é!i'slé%-

The enthalpy of the output streamgh,) was calculated using Equation 3.

14



houtput: hnee + hsoligt Zi hquuid phase,i Equation 3

where the subscripts refer to NCG, solid and liquid phase i exiting the reactor.

When the feedstock and the products were considered to be at the standard reference state (assuming that
both the sensible and the latent heat of all the products obtained was efficiently recovergg)thvash

calculated using Equation 4.

_ (Zi Ui'Ahgi)

Noutpu— 100 Equation 4

where:
n;: yield of product i, mass fraction %.

Ahﬁi: standard enthalpy of formation estimated for product i, l\lﬁldtjﬁg“.

When the products leave the system at the process conditigas,hlyiq and hq.iq were calculated as

follows.

The K was calculated by Equation 5:

T
UNCG'(AthCG"'(Zi % fTé) CPyas,(T)-dT ))
hyes™ 00 Equation 5

where:
Nnee: Yield of NCG, mass fraction %.

X;: mass fraction of component i in the NCG, expressed as a decimal.

The hyjig was calculated by Equation 6:

0
_ Tsolid” (Ahf,solid"'Cpsoﬁd' (Tp'TO))

Equation 6

where:

Nsoii¢: Yield of solid product, mass fraction %.

The calculation of the enthalpy of the liquid produgt ) took into account the presence of the different

liquid phases (Equation 7).
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(Zi Miquid phase,]hliquid phase,) .
Piiquia= 100 Equation 7

where:

Niiquid phase;i Yield of phase i, mass fraction %.

hiquid phase,Was calculated by Equation 8.

_ Miquid phase,i VVquuid phase, '|hwater+(100‘vvliquid phase,)'hoc,i .
hliquid phaseT™ 00 < 100 Equation 8
where:
Wiiquid phase; Water content of phase i, mass fraction %.
hoc jwas calculated by Equation 9, whilg,f, was obtained from the literature [45].
— (ARO T .
hoc,i— (Ahf,oc,i+Ahvap,oc,f"Cpoc'i’”quid' (Tb,oc,l‘TO)+ fproc iCpoc,i,gas(T)' dm)) Equation 9

2.3.1.1. Standard enthalpy of formation
The standard enthalpy of formatiash{) of the NCG was calculated as the weighted average aftthe
of each one of the components of this stream. The composition of the NCG streams was experimentally
determined by gas chromatography. g data of the gases forming the NCG stream can be found in
the literature [44].
The Ah{ estimated for the solid and the liquid organic phases was calculated by applying the Hess law,
following Equation 10 [47], using their ultimate analyses and higher heating values (HHV), which were
experimentally measured. Thé? data of the gases obtained from the complete combustion of the solids

and the organic phases can be found in the literature [44].

A= (3% AN )+ HHY, Equation 10

where:
X;: mass fraction of the product j obtained from the complete combustion of material i,

expressed as per unit.

Ah%: standard enthalpy of formation of the product j obtained from the complete combustion

of material i, MJ- kg

oduct,j
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HHV;: higher heating value of material i, MJ:nernan

It was not possible to measure the HHV of the AP due to the high water content. Thehf,thevas
calculated as the weighted average ofAh@ of water @hﬁwate,) and theAh? of the representative organic

compound Ah?,oc,i_)- by using Equation 11.

(10(;3/;;\9 ) Ahgoc,i. Equation 11

0 _Wap 0
Ahf,AP— 100 'Ahf,water"'

where:

Ah?AP: enthalpy of formation of the aqueous phase, MAE],-.kg

W p: Water content of the aqueous phase, mass fraction %.

2.3.1.2. Specific heat capacity
As mentioned above, the composition of the liquid phases was simplified considering only water and the
representative organic compound. The mass of the representative organic compound in each phase was
equated to the whole organic fraction in the phase. The specific heat capacity data of the representative
organic compounds (liquid or vapor) and water (liquid or steam) can be found in the literature [45].
The specific heat capacity of each NCG component can be calculated by the correlation given in Equation

12 [48].

CPyas ™ fTTo(a+b-'|'+c-T2+d-T3)dT Equation 12
where:

a, b, ¢, d: coefficients of constant pressure specific heat capacity, MJ-kg

2.4. Exergy assessment

The exergy balance for a certain system can be expressed by Equation 13. The exergy losses are
comprised of the heat released to the surroundings by the by-products and the irreversibilities [17]. These
irreversibilities within the system cause exergy destruction and thus exergy does not obey the

conservation law.

2 €input = 2 Coutput 2. €oss Equation 13

17



where:

2 Enput: €Xergy content of the input streams, M%lgg

2 Eourput €XErgy content of the output streams, Mgé-kg

¥ oss €Xergy losses, MJ-Kg

Taking into account that the terms regarding the kinetic and potential exergy were considered negligible
[46], the exergy of a certain stream is comprised of the chemical and the physical exergies (Equation 14).
€=€cnt€on Equation 14

where:

e chemical exergy, MJ-Kg

&n: physical exergy, MJ- kg
The exergy associated to the heat required for the process is given by Equation 15:

— T .
eQ_Qprocesé (1_1-_2) Equation 15

where:
eo: thermal exergy, MJ-Kg

The overall exergy efficiency¥) of each process was calculated in terms of exergy using Equation 16,

taking into account the exergy associated to the heat required for the process in the input stream.

2’€utput

=100
14 Ze‘lnput

Equation 16

2.4.1. Chemical exergy calculation

When both the starting material and the different products obtained were considered to be at the standard
reference state of temperature and pressure, the exergy was equal to the chemical exergy, which is that of

a certain compound at the standard reference state. The chemical exergy of several compounds can be

18



found in the literature. However, it was not easy to define the chemical exergy of SS and the solid and
liquid products from torrefaction and pyrolysis, since they consist of many substances. There are different
correlations to estimate the chemical exergy of solid and liquid fuels. The chemical exergy can be
calculated as the product of the lower heating value (LHV) and an exergy coefficient. The correlation
suggested by Szargut et al. [46] has been commonly used to calculate the chemical exergy of biomass.
Hepbasli [49] also proposed an equation to determine the chemical exergy of biomass. In the present
work, the chemical exergy of SS, TSS and char was estimated using the equations used by Kaushik and
Singh for moist solid fuels with non-negligible sulfur and ash contents [50]. These equations (Equation 17

and Equation 18) relate the ultimate analysis and the calorific value of the solids with the chemical

exergy.
€ch.solic™(LHVapt4-Xm) Byt 9417 Xs g Equation 17
where:

€:h,solid SPecific chemical exergy of solid streams, M\i’-lﬁg

LHV 4 lower heating value of the solid on a dry basis, h/g%iigg

\: latent heat of vaporization of water at 25 °C, Mgvl-akeg

Xm: Mass fraction of moisture.

Bqu: ratio of standard specific chemical exergy to the LHV on a dry basis.

Xs.ap Mass fraction of sulfur on a dry basis.
B,,=1.0437+0.18825%+0,0610-2L+0.0404 -1 Equation 18

Xc,db Xc,db Xc,db

where:

Xi.ab: Mass fraction of a certain element on a dry basis.

For the calculation of the chemical exergy in the case of the liquid phases, the assumption that these
streams consisted of water and a representative organic compound was also made. Thugiiihe&

was calculated using Equation 19.

VVquuid phase,i (100‘\A/quuid phase)i .
€ch,liquid phaseT 100 ! h,wateF"T *Cch,oc,i Equation 19

where:
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Enwater Chemical exergy of water, MJ-;%aqer [45].

€h.0c,i: Chemical exergy of the representative organic compound in phase i,'OM\I@.

For the calculation of the chemical exergy of the NC@ &), it was considered that the gaseous
streams behaved as ideal gases. Thus, the chemical exergy of the NCG stream can be expressed by

Equation 20.

ech,NCG= Z ixgas,i'ech,gas,i"R'TO' Z ixgas,i' Inx gas,i Equation 20

where:

Xgasi Mass fraction of a certain gas component.

€hgasi SPeCIfic chemical exergy of a certain gas component, VAR'CI)

gas,i

2.4.2. Physical exergy calculation
When the products from the different processes evaluated were considered to be at the process conditions,
both the chemical and the physical exergies were taken into account for the calculation of the exergy

balances. The physical exergy is given by Equation 21 (which involves Equation 22 and Equation 23).

&hi=(h-ho)-To-(s%0) Equation 21
h-h,= fTTO CpdT Equation 22

—_(TCp P .
SERS TO?dT-R-InP—O Equation 23
where:

h: specific enthalpy at the process conditions, M3. kg

ho: specific enthalpy at the standard reference state, MJ-kg
s: specific entropy at the process conditions, M3Kkh

so: specific entropy at the standard reference state, Mékg
P: process pressure, Pa.

Po: reference pressure, 1.01°Hx.

Since the processes were performed at atmospheric pressure, Equation 22 results in Equation 24.
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Eoni= fTTO CpdT -T,- fTTO%dT Equation 24

The physical exergy of solids and liquids is usually small compared to their chemical exergy. The

physical exergy of the solidsy(g.id was calculated using Equation 25.

T T Cpgyji X
€ph,solid™ fTo CpsoﬁddT -To: fTo @ ar Equation 25

where:

&n.soiid Physical exergy of solid product, MJ-iﬁ%.

Cpsoiia- SPecific heat capacity of solid product, MJ; ilﬁg

For the calculation of the physical exergy of the liquid phases, they were considered again as a mixture of

water and the selected representative organic compound (Equation 26).

— VWiquid phase,i (100'\Nliquid phase,)

eph,liquid phase;t *€ph,water” 'eph,oc,i Equation 26
100 100

where:

€n,liquid phase;i Physical exergy of the liquid phase i, MJi.i](.]kLgi phase,i’

&n.water Physical exergy of water, MJ-V%QEF.

&n.oc; Physical exergy of the representative organic compound of liquid phase i,'ojlc\/il.]- kg
&nwatelCan be calculated using Equation 27.

T T Cp, .
eph,watel'_' fTO praterdT _TO' fTO %terd-r Equat|0n 27

where:

Cpwater Specific heat capacity of water [44], MJ;3I§ N
&n.0c,CanN be calculated using Equation 28.
T T CPgc,i )
€h.oc, Jr, CPoc, dT-To* Jr —7=dT Equation 28
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where:

Cpoci Specific heat capacity of the representative organic compound of liquid phase i [44],
MJ- kg,
For the calculation of the physical exergy of the NCG streapigd@, it was again considered that they

behaved as ideal gases. The physical exergy of the NCG stream at the reference standard pressure can be

determined by Equation 29.

T .
BohNCG= X Xgas,i [Cpgas‘i- (T'To)'To'CpgaS,i' InT—o] Equation 29

Table 2 summarizes all the data needed for the calculation of both energy and exergy balances,

distinguishing between the experimental and the bibliographic data used in the present work.
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Table 2. Experimental and bibliographic data for the calculation of both energy and exergy balances.

Type of material  Experimental data Bibliographic data
Mass yield
Moisture content

Solid Higher heating value

Ultimate analysis
Specific heat capacity

Mass yield Boiling point of water and the
Water content representative organic compound
Higher heating value Chemical exergy of water and the
Ultimate analysis representative organic compound

o Composition of the organic fraction Enthalpy a dnd T, of water and the

Liquid phases . .
representative organic compound

Specific heat capacity of water and the

representative organic compound

Entropy at T and T, of water and the

representative organic compound

Mass yield Chemical exergy of each component
Composition Enthalpy of formation of each component
NCG Enthalpy at | and T, of each component

Specific heat capacity of each component
Entropy at § and T, of each component

3. Results
3.1. Torrefaction
The results obtained for the energy and exergy balances of torrefaction of SS under different experimental

conditions (scenarios shown in Figure 1) are listed in Table 3.

23



Table 3. Qrocessand? for torrefaction.

Products at § Products at J
Torrefaction conditiorfs Qprocess(MJ-KG") | Qurocess(MJI-kg") ¥ (%)
250/13 -0.16 0.45 87.8
250/24 -0.49 0.22 84.9
250/35 -0.14 0.56 82.3
275/13 -0.31 0.39 85.0
275124 -0.39£0.08 0.37 £0.09 85.0+£0.7
275/35 -0.45 0.32 85.6
300/13 -0.28 0.50 85.0
300/24 -0.75 0.08 86.2
300/35 -0.74 0.14 86.3

3Expressed as Temperature (°C)/time (miRerformed in triplicate.

When SS and the different products were considered to be at the standard reference state (Figure 1.a) the

process analyzed was found to be exothermic and to vary between -0.7@14\M1ckg0.14 MJ- kés The
process was more exothermic under the most severe torrefaction conditions. As the full recovery of the
energy contained in the torrefaction products is not practically feasible, ghes@nd they were
calculated when the different products were considered to be at torrefaction temperature (Figure 1.b). The

process was found to be endothermic at each one of the torrefaction conditions and to vary between 0.08-

0.56 MJ-kgls. This fact suggested that efficient heat integration within the process could significantly
impact the overall thermal behavior of the process. A decrease in the heat required for torrefaction was
observed under the most severe torrefaction conditions, as was the case in the study performed by Bates

and Ghoniem [51]. The heat required for torrefaction amounted to 6.5% of the total heat required for both

drying and torrefaction. The,g varied between 1.8-2.6 MJ-jggand the exergy efficiency between 82.3-

87.8%.

The results obtained in the present work agree with those obtained by different authors for other types of
biomass. Ohliger et al. [52] have estimated that the heat consumption for torrefaction (270-300 °C for 15-

60 min) of beechwood chips varied between 0.25-0.99 MJ Gganados et el. [37] evaluated the energy

and exergy balances of torrefaction (250 °C for 30 min) of different types of residual biomass and found

that the heat required for the process varied from endothermic to exothermic, depending on the type of

biomass fed. These authors obtained values of exergy efficiency between 60-90% at the process
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conditions. Bates and Ghoniem [51] claimed that torrefaction of biomass becomes less endothermic with

the increasing severity of torrefaction. According to these authors, torrefaction can be divided into two

steps. The first step is exothermic while the exothermicity of the second one depends on the final

temperature and the correlations used. Thus, the endothermicity or exothermicity of the process also

depends on the final temperature and the correlations used to predict the calorific values, which directly

affect the estimation of the enthalpies of formation [51].

3.2. Pyrolysis

The results obtained for the energy and exergy balances of pyrolysis of SS and TSS are shown in Table 4.

Table 4. Qocessand? for pyrolysis.

Pyrolysis feedstock

SS TSS250 TSS275
Qproceis \{I (%) Qpl’OCEiIS- “P (%) Qproceis “P (%)
(MJ-kg") (MJ-kg") (MJ-kg")
. Products at -1.1 - -0.4 - -0.2+0.1 -
Pyrolysis
Products at T 0.1 72 0.5 81 0.5+0.2 83+2
Torrefaction + Products at - - -0.5 - -0.5+0.1 -
pyrolysis Products at | - - 0.7 71.6 0.6+0.1 73.6+£0.9

#Performed in duplicate.

First of all, pyrolysis as a standalone process was considered. As shown in Table 4, when the different

products were considered to be at the standard reference state (Figure 2.a), the pyrolysis step became

more endothermic when SS was first torrefied. When the products were considered to leave the system at

the pyrolysis temperature (Figure 2.b) the process turned from exothermic to endothermic, as shown in

Table 4. Again, the process was more endothermic when TSS was pyrolyzed. The valygsof Q

obtained were of the same order of magnitude as those obtained by other authors. Ding and Jiang [28]

reported heat for pyrolysis of activated sludge around 1.5 MJ{Rgugaard and Brown [1] reported

values of heat for pyrolysis (500 °C) of different types of biomass also around 1.5%Vidnkigclaimed

that pyrolysis could be considered thermo-neutral since this endothermic value is small. Ansah et al. [9]

determined the heat for pyrolysis at 500 °C (including the heat for drying and heating the feedstock and

the heat of the reactions) of different components of municipal solid wastes (wood, paper, textiles and

polyethylene terephthalate) by DSC analysis, obtaining values between 0.7-2.5.Mih&ge authors

reported that the heat for pyrolysis increased with the increase in the torrefaction severity [9].
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Doddapaneni et al. [53] observed similar decomposition patterns during pyrolysis, in terms of heat flow
(determined by DSC), for Eucalyptus clone. This material torrefied at 250 °C, with an exothermic peak in
the range of temperatures between 310-370 °C. However, Eucalyptus clone torrefied at 300 °C did not
show this peak, which meant that almost all the hemicellulose present in the raw material had been
degraded during torrefaction. Both Eucalyptus clone and torrefied Eucalyptus clone (at 250 and 300 °C)
showed an endothermic peak at temperatures between 400-500 °C. These authors reported higher heat
flows for pyrolysis of the torrefied material and attributed it to the higher yield of char and the structural

changes in biomass during torrefaction.

The exergy efficiency of pyrolysis of SS and TSS varied between 72% and 83 + 2% (see Table 4) while

the g, varied between 240.3 MJ- kg’rlssand 4.1 MJ-kQS. Torrefaction of SS was more efficient than

pyrolysis of SS from an exergetic point of view. Pyrolysis of TSS showed higher exergy efficiency than
pyrolysis of SS. Boateng et al. [12] measured exergy efficiencies between 52.3-66.5% for pyrolysis of
different types of biomass, although the model they developed predicted values between 61.0-93.8%.
Peters et al. [34] obtained an exergy efficiency around 70% for pyrolysis of hybrid poplar wood at

520 °C, using part of the pyrolysis products as fuels within the process.

When considering the two-step process (torrefaction and pyrolysis) globally, and that the SS and the
different products from both torrefaction and pyrolysis were at the standard reference state (Figure 3.a)
the QrocessWas found to be exothermic (-0.5+0.1 M\]sﬂ)g but less exothermic than pyrolysis of SS.

When sensible heat from torrefaction and pyrolysis products was recovered, and both steps were
considered globally (Figure 3.b), the£L.sswas found to be around 0.7 MJ'-SJgQSee Table 4). The two-

step process was more endothermic than direct pyrolysis of SS. In any case, the heat needed for the global
process was much lower than that needed for drying the material from a moisture content of 77% to a
moisture content of 6.5%. The heat required for the two step-process amounted to less than 7% of the
total heat required for drying, torrefaction and pyrolysis. The exergy efficiency was between 71.6% and
73.6 + 0.9% (gss between 3.2 0.2 MJ-kglssand 4.2 MJ-kéS.) and was similar to that obtained for

direct pyrolysis of SS (72%).
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3.3. Pyrolysis with catalytic post-treatment of the hot pyrolysis vapors

The results obtained for the energy and exergy balances of pyrolysis of SS and TSS with catalytic post-

treatment of the hot pyrolysis vapors are shown in Table 5.

Table 5. QrocessanNd? for pyrolysis with catalytic post-treatment of hot vapors.

Pyrolysis feedstock

SS TSS250 TSS278
Qproce?f Wy (% ) Qproce?f Wy (% ) Qproceiﬁ Wy (% )
(MJ-kg") (MJ-kg") (MJ-kg")
Products
(T -0.2 - -0.6 - -0.2+0.3 -
Pyrolysis + catalytic ste °
yroy s P Products 73.3+
0.8 71.3 0.2 71.3 0.6+0.3
at T, 0.1
Products
. : - - -0.6 - -0.2+0.2 -
Torrefaction + pyrolysis  at Ty
+ catalytic step Products 62.4 +
- - 0.4 63.1 0.8+0.2
at T, 0.2

#Performed in duplicate.

First of all, the energy and exergy balances considering pyrolysis and catalytic post-treatment of the hot
pyrolysis vapors were analyzed (Figure 4.a). When the material (SS or TSS) was fed at the standard
reference state and the different products were considered to be also at these conditions, the process was
exothermic regardless of whether the SS had been previously torrefied or not. When the products were
considered to leave the system at the processes conditions (Figure 4.b), the process was endothermic. The
fact that no energy was recovered from the products again turned the process from exothermic to
endothermic. Compared to pyrolysis of SS alone, pyrolysis of SS followed by the catalytic post-treatment

of the hot vapors was more endothermic. However, the catalytic post-treatment did not have a great effect

on the energy requirements of the process when TSS was pyrolyzed. Ehearded between

4.0+0.1 MJ-kQ}SS and 4.3 MJ-kQS. The exergy efficiency varied between 71.3% and 73.3 + 0.1% (see

Table 5). In the case of TSS, the catalytic post-treatment of the hot pyrolysis vapors significantly

decreased the exergy efficiency of the process compared to pyrolysis without this post-treatment.

When torrefaction, pyrolysis and the catalytic post-treatment of the hot pyrolysis vapors were taken into

account within the energy and exergy balances (three-step process), and SS and the different products

27



were considered to be at the standard reference state (Figure 5.a),thg v@as found to be -

0.6 MJ-k@S and -0.2+0.2 MJ-I@ when torrefaction was carried out in the auger reactor at 250 °C and

13 min, and at 275 °C and 24 min, respectively. When the three steps were taken into account and the

products were considered to leave the system at the processes conditions (Figure 5g).dwea®

found to be 0.4 MJ- @ and 0.8 +£0.2 MJ-@ when torrefaction was carried out in the auger reactor at

250 °C and 13 min, and at 275 °C and 24 min, respectively. Thus, it seems that the torrefaction did not
have an important effect on the energy requirements of the global process. Although the process carried
out in three steps was more endothermic than direct pyrolysis of SS, performing the catalytic post-
treatment of pyrolysis hot vapors did not impact the energy requirements of the process compared to the
two-step process. The heat required for the three-step process amounted to less than 8% of the total heat

required including the drying step. The exergy efficiency of the process including the three steps was

between 63.1% and 62.4 + 0.2% (see Table 5), withezound 5.6 MJ-k'g. This scenario showed the

largest exergy losses, and thus the lowest exergy efficiency, of all the scenarios considered in the present
study. Peters et al. [34] calculated an exergy efficiency of around 60% for pyrolysis of hybrid poplar
wood at 520 °C and the catalytic hydroupgrading of the bio-oil, using part of the pyrolysis products as
fuels within the process. According to these authors, the highest exergy destruction took place during the

pyrolysis step.

4. Conclusions

The present paper provides the methodology for calculating the energy and exergy balances for the
thermochemical treatment of sewage sludge as well as the results obtained for different scenarios
(torrefaction, pyrolysis and pyrolysis with catalytic post-treatment of the hot pyrolysis vapors). The
methodology proposed allowed a comparison of the results for the different scenarios. The following
conclusions can be drawn from the calculations made:

The results showed that torrefaction endothermicity decreased with torrefaction severity. Pyrolysis of
sewage sludge was even less endothermic than torrefaction. The two-step process (torrefaction and
pyrolysis) was more endothermic than direct pyrolysis of sewage sludge. However, torrefaction did not
show a great effect on the heat requirements when the three steps (torrefaction, pyrolysis and catalytic

post-treatment of the hot pyrolysis vapors) were considered globally. The catalytic post-treatment of
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pyrolysis hot vapors made the global process more endothermic only in the case of torrefied sewage
sludge being pyrolyzed.

The exergy efficiency was higher for standalone pyrolysis of torrefied sewage sludge than for pyrolysis of

non-torrefied sewage sludge. However, the exergy efficiency taking into account both torrefaction and

pyrolysis was similar to that of direct pyrolysis of sewage sludge. The catalytic post-treatment of the hot

pyrolysis vapors decreased the exergy efficiency in the case of torrefied sewage sludge being pyrolyzed.
Considering all the steps globally, the three-step process was the least exergy efficient scenario.

For all the scenarios studied, the full energy recovery from the different products turned the processes
from endothermic to exothermic. In any case, the heat required for the thermochemical treatment

accounted for a small amount of the total heat required for both the drying and the thermochemical

treatment of sewage sludge. Therefore, improving the mechanical dehydration of sewage sludge is

fundamental to the energy viability of the thermochemical treatment of this waste.
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Table 1. Representative organic compounds chosen for the liquid phases.

Process Phase Representative organic compound
. APy Acetic acid
Torrefaction ) .
OPyorr Hexadecanoic acid
APy, Acetic acid
Pyrolysis HOPR,, 3-Methylphenol
LOPyy: Cholest-4-ene
APy Acetonitrile

Pyrolysis with catalytic post-treatment

O Pcat

3-Methylphenol




Table 2. Experimental and bibliographic data for the calculation of both energy and exergy balances.

Type of material

Experimental data

Bibliographic data

Solid

Mass yield

Moisture content
Higher heating value
Ultimate analysis
Specific heat capacity

Liquid phases

Mass yield

Water content

Higher heating value

Ultimate analysis

Composition of the organic fraction

Boiling point of water and the
representative organic compound
Chemical exergy of water and the
representative organic compound

Enthalpy a d@nd T, of water and the
representative organic compound
Specific heat capacity of water and the
representative organic compound
Entropy at T and T, of water and the
representative organic compound

NCG

Mass yield

Composition

Chemical exergy of each component
Enthalpy of formation of each component
Enthalpy at T and T, of each component
Specific heat capacity of each component

Entropy at § and T, of each component




Table 3. Qrocessand? for torrefaction.

Products at Products at J
Torrefaction conditiorfs Qorocess(MJI-kG") | Qurocess(MJI-kg") ¥ (%)
250/13 -0.16 0.45 87.8
250/24 -0.49 0.22 84.9
250/35 -0.14 0.56 82.3
275/13 -0.31 0.39 85.0
275124 -0.39 + 0.08 0.37 £ 0.09 85.0+0.7
275/35 -0.45 0.32 85.6
300/13 -0.28 0.50 85.0
300/24 -0.75 0.08 86.2
300/35 -0.74 0.14 86.3

3Expressed as Temperature (°C)/time (miRerformed in triplicate.



Table 4. Qqocessand? for pyrolysis.

Pyrolysis feedstock

SS TSS250 TSS278
Qprocess Qprocess Qprocess
¥ (% Y (% Y (%
(MJ . kg-l) ( 0) (MJ' kg—l) ( 0) (MJ . kg-l) ( 0)
. Products at -1.1 - -04 - -0.2+0.1 -
Pyrolysis
Products at | 0.1 72 0.5 81 05+0.2 83+2

Torrefaction + Products at - - -0.5 - -05+0.1 -

pyrolysis Products at J - - 0.7 71.6 0.6+0.1 73.6+£0.9

#Performed in duplicate.



Table 5. Qucess@and¥ for pyrolysis with catalytic post-treatment of hot vapors.

Pyrolysis feedstock

SS TSS250 TSS2758
Qprocess ‘II Qprocess ‘II Qprocess \P
(MJ-kg") (%) | (MI-kg) (%) | (MJ-kg") (%)
Products
-0.2 - -0.6 - -0.2+0.3 -
Pyrolysis + catalytic ste at To
yrow y . Products |
0.8 71.3 0.2 713 0603 73.3+0.1
atT,
Products
. . - - -0.6 - -0.2+£0.2 -
Torrefaction + pyrolysis + at T,
catalytic step Products
ot T - - 0.4 63.1| 08+0.2 624+0.2
p

#Performed in duplicate.



ACCEPTED MANUSCRIPT

Figure 1. Control volume for torrefaction. (a) Products at the standard reference state. (b) Products at

process conditions.



ACCEPTED MANUSCRIPT

Figure 2. Control volume for pyrolysis. (a) Products at the standard reference state. (b) Products at

process conditions.



Figure 3. Control volume for pyrolysis including the torrefaction step. (a) Products at the standard

reference state. (b) Products at process conditions.



Figure 4. Control volume for pyrolysis with catalytic treatment of the vapors. (&) Products at the standard

reference state. (b) Products at process conditions.



Figure 5. Control volume for pyrolysis with catalytic post-treatment of the hot vapors, including the

torrefaction step. (a) Products at the standard reference state. (b) Products at process conditions.



HIGHLIGHTS

«  Energy/exergy analyses for thermochemical treatment of sewage sludge were assessed.
e A detailed calculation methodology was provided.

e Theenergy recovery from the products favored the exothermicity.

e Thethree-step pyrolysis process was the |east exergy-efficient scenario.



