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21 Abstract

24 Thermo-chemical treatment of sewage sludge is an interesfitign for recovering
energy and/or valuable products from this waste. This work pres@nnergetic
29 assessment of pyrolysis and gasification of sewage slutige cansidering the prior
31 sewage sludge thermal drying and the gasification of the chaeddrom the pyrolysis
33 stage. Experimental data obtained from pyrolysis of sewage slgdgdication of

36 sewage sludge and gasification of char (all of these pertbima lab-scale fluidized
38 reactor) were used for the energetic calculations. A thealestudy based on
40 gasification equilibrium data is also included in this work, shgwimproved

gasification efficiencies at equilibrium compared to experimetdda. Experimental
45 data showed that the energy contained in the product gases from igyesigschar
47 gasification is not enough to cover the high energy consumption for thdrymad of

49 sewage sludge. Additional energy could be obtained from the calealfue of the

50 pyrolysis liquid, but some of its properties must be improved faciwards its use as
54 fuel. On the other hand, the energy contained in the product gasvafesesludge
56 gasification is enough to cover the energy demand for both the sahatpe thermal

drying and the gasification process itself.


http://ees.elsevier.com/egy/download.aspx?id=680210&guid=c3e4edd8-0401-4e71-80cb-8cf2da32a359&scheme=1
http://ees.elsevier.com/egy/viewRCResults.aspx?pdf=1&docID=18510&rev=1&fileID=680210&msid={AC9AD9B7-A9FE-4AE7-B7DB-6E46DE065F63}

O©CO~NOOOTA~AWNPE

Keywords: sewage sludge, char, air-steam gasification, pyrolyssmal drying.

Abbreviations

AH: total enthalpy;AHcné enthalpy of condensatiom\H%: standard enthalpy of
formation at 298 KAH,,p enthalpy of vaporization; AP: aqueous phase; Cp: specific
heat capacity,daf dry and ash-free; DSC: differential scanning calorimetiR:
equivalence ratio; HHV: higher heating value; HOP: heavy ocgalmase; LHV: lower
heating value; LOP: light organic phase; m: mass flow rgtg;dry gas yield; Q: heat

of reaction; Quing heat needed for thermal drying; S/B: steam to dry andrash-f
biomass mass ratio; S/C: steam to carbon molar ratio; SSrodmzally digested and
thermally dried sewage sludge; STP: standard conditions of tatapernd pressure;

Tp: boiling point; T.r reference temperature (298 K).

1. Introduction

Sewage sludge is the major by-product of wastewater treatriiést. sludge
stemming from the wastewater treatment usually appearfeinfarm of a dilute
suspension, which typically contains from 0.25 to 12 wt. % of dryd swiatter,
depending on the operation and process used [1]. The generated amounivaistais
has increased in recent years due to the stricter Europgialatien concerning urban
wastewater treatment [2], which has led to an increaseeimtimber of wastewater
treatment plants. As a consequence, sewage sludge manademsetiecome an
important issue [3].

Sewage sludge has been traditionally used as fertilizer dtedoganic matter and
nutrient content. However, the presence of various contamiremeets in the sludge
such as heavy metals, organic contaminants and pathogenicahwstisi this practice,

which is regulated by European environmental legislation [4]. li&rdi§posal and
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incineration are other common ways of sewage sludge managdmeénhey are not
exempt from drawbacks [1]. Thus, different energy valorizatiechnologies are
currently being developed. Among them, thermo-chemical processeb us
gasification and pyrolysis represent interesting options siredbuld provide energy
and/or valuable products from sewage sludge [5, 6]. A large numksdr-stale studies
on sewage sludge pyrolysis for liquid production (fast pyrolysis) & found in the
literature [7-9]. Besides the liquid fraction, a gas stresnt a carbonaceous solid by-
product (char) are also obtained in the process. The remairgagiorfraction in char
gives it a moderate calorific value which could be further atgd through thermo-
chemical processes such as gasification, thus providing a tmuméeds the complete
energetic valorization of the biomass [10-12]. In addition to pieolysis works,
sewage sludge gasification has been studied since mid-1990s [bh8k fen,
numerous studies have been performed at laboratory plants [14-1fFeapibcess has
even been tried at demonstration and pilot scale [18-20]. Mobesé tstudies used air
as a gasification medium, but steam gasification or supieatrivater gasification of
sewage sludge have also been performed in order to enhanpeodtuction and
improve gas quality [21, 22]. However, the addition of steamangasification process
accelerates a series of endothermic reactions that iesaldecrease in temperature,
making it more difficult to achieve an autothermal process22B, Therefore, not only
technical and operational aspects should be taken into accoumé fdevelopment of a
gasification process. Energetic assessment is also sy, especially when steam is
used as a gasifying agent.

The energy needed for steam gasification can be achieved agdtien of oxygen
(or air, since the use of pure oxygen raises the processagstier with the steam into

the gasification medium, which causes the combustion of paneajrganic matter and



O©CO~NOOOTA~AWNPE

the release of energy. The gasification temperaturerigalled by the oxygen supply
itself in an autothermal gasifier, while the transfer giieeal heat is required in an
allothermal gasifier to maintain a suitable temperatureng the process.

Several works reported in the literature describe energspects related to the
gasification and pyrolysis of different types of biomass [25-29], rmit specifically
refer to the use of sewage sludge. Given this background, thes papsents an
energetic assessment of two potential treatments for seshadgge: (i) sewage thermal
drying + air-steam gasification of sewage sludge and (iage sludge thermal drying
+ pyrolysis of sewage sludge + air-steam gasification efdhar derived from the
pyrolysis stage. Fig. 1 shows a schematic overview of bettinients. The objective of
this study is to determine the overall energy demand of thesadlchemical processes
by considering the individual energy requirement of each stage ddnyymolysis and
gasification). Experimental data resulting from the pyrolysisl gasification stages
were used in the energy balances. Furthermore, theoreticallasons of the
gasification stages (performed with the HSC Chemistry® @ftlvare and based on the
Gibbs energy minimization method) were also conducted in ordevatuate the

thermodynamic restrictions of the process under differenasiosn

2. Materialsand methods

2.1. Sewage sludge and char

Table 1 provides a brief characterization of both the anaerobidajgsted and
thermally dried sewage sludge (SS), on which the study is basddhe char obtained
experimentally from the pyrolysis of this sewage sludge. Tidsacterization includes
the proximate and ultimate analyses, heating value and spedificchpacity of the

solids (Cp). Proximate analyses were performed according to sfam#ahods (ISO-
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589-1981 for moisture, ISO-1171-1976 for ash and 1SO-5623-1974 for volatilak, w
the ultimate analyses were determined with a Carlo ErbhlB& elemental analyzer.
The higher heating value of the solids was measured with AnCH2000 calorimeter
and its specific heat capacity was determined by diffetesdanning calorimetry using

a Netzsch DSC 200 Maia Thermobalance (inert atmospheret40int of nitrogen).
2.2. Experimental setup

Sewage sludge fast pyrolysis was performed in a lab-$keadkzed bed reactor
operating at 530 °C and using 4.8ssemin® of nitrogen (where STP means standard
conditions of temperature and pressure at 0 °C and 1 atm)digifigiagent. Two ice-
cooled condensers and an electrostatic precipitator were wvsaewndensate the
produced vapors. The composition of the dry product gas was analydew with a
micro gas chromatograph (Agilent 3000). The pyrolysis plant and theatoyper
conditions are described in detail elsewhere [30]. The liquid atetle after
condensation of the vapors was separated into three phasesrdighic phase (LOP),
heavy organic phase (HOP) and aqueous phase (AP). The watant afréach phase
was analyzed by Karl Fischer titration (Mettler Toledo titrg while its composition
was qualitatively determined by gas chromatography-mass epetty (Hewlett
Packard HP 5890 A). Ultimate analysis and higher heating vdleaoh liquid phase
were determined with a Leco TruSpec Micro elemental anabmzzéran IKA C-2000
analytical calorimeter, respectively. As commented abote, golid by-product
resulting from the pyrolysis process was also characteamddused as a raw material
for the gasification process.

The experiments of sewage sludge gasification and charogdisifi were carried
out in a lab-scale fluidized bed reactor operating at atmosppegssure and in a

temperature range of 770-850 °C. More details about the gaisificcetup can be found
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elsewhere [31, 32]. Different mixtures of steam and air (wicked air in order to
ensure similar fluidization rates) were used as gasifffindizing agent. The
equivalence ratio (ratio of the actual fuel-to-oxygen radidhe stoichiometric fuel-to-
oxygen ratio) varied from 12% to 32%, while the steam to dry ahdfrae ¢laf)
biomass ratio (S/B) varied from 0.27 to 0.71 kg:kg both cases. The produced
mixture of steam and tar was condensed in two ice-cooled condenseits avater
content and qualitative composition were determined using the aforenezht
equipment. The composition of the dry product gas was analyzed onHina micro
gas chromatograph (Agilent 3000). The ultimate analyses of the lspiptoducts
resulting from the gasification processes were determindgdaM.eco TruSpec Micro
elemental analyzer and their higher heating values were a@dukccording to Dulong

formula [HHV (kJ-kgl) =339-% C + 1430:(% H - % O/8 ) + 105-% S].
3. Results and discussion

The energetic assessment of the individual stages formingopdne processes
shown in Fig. 1 (sewage sludge drying, sewage sludge gasftiicaewage sludge
pyrolysis and char gasification) is performed and discussed isgbi®n. An overview
of the total energy requirement for the two-stage andetbt@ge processes is also

included at the end of the section.
3.1. Sewage sludge thermal drying

Prior to the thermo-chemical treatment of sewage sludgedansnof pyrolysis or
gasification, sewage sludge drying allows reduction of watertent in the waste.
Thermal drying of sewage sludge is not a waste eliminatiohnique, but waste
volume is reduced, which facilitates handling of the biosolids.

The heat needed for the sewage sludge thermal drying azidodated as follows:
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Qadrying = (Mgrieass - CPss + My, 055 * CPu,0a)) * AT + My, 0 evap * AHyapu,0 (1)

where:

Qurying IS the heat needed for sewage sludge thermal drying (Midekgs.

Maried ssiS the mass of dried sewage sludge (1 kg as calculadisin).

My20 ssiS the mass of water present in the sewage sludge libéotkermal drying
(kg kgdried 3.

AT is the difference between the temperature of the seviagdgesat the beginning
and at the end of the drying process (from 25 to 100 °C).

Cpss is the specific heat capacity of the dried sewagelge. This value was
experimentally obtained at 25 °C (1.15°1J-kg*-K™) and has been considered
constant with temperature for the calculations. The variationCpds with
temperature could not be obtained in the upper range of temperatavsdet the
sewage sludge thermal decomposition observed during the meastirem

Cpu20() is the commonly used specific heat capacity for the liquigm@t 18-15
MJ-kg"-K™). Cpiaoq) is virtually constant in the temperature range considered for
the sewage sludge thermal drying (25-100 °C), only varying fror@-10i to
4.22-10 MJ-kg*-K* [33].

Mi20.evaplS the mass of water evaporated during the sewage sludgeatiueyimg
(kg-Kgariea 3.

AHyvap oo is the enthalpy of vaporization of water at the exit terafure (2.26
MJ-kg*20 at 100 °C) [33].

Fig. 2 shows the evolution of the heat needed for sewage slugigg as a function

of the initial and final moisture contents, based on calculapen®rmed with equation
(1). For instance, almost 8 MJkgeq ssare required for reducing the water content

from 77 wt. % to 6.5 wt. %, which represent the actual datheoivastewater treatment
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plant in which the sewage sludge used was generated. Howswdredt required for
the sewage sludge thermal drying could be reduced by half ifniti@l moisture
content is reduced from 77 to 65 wt. % by improving the efficieoicyhe prior

mechanical dewatering of sewage sludge.
3.2. Sewage sludge pyrolysis

If negligible heat losses are considered in the reaatbaljatic reactor), the heat of
reaction for the pyrolysis of sewage sludge can be calculatedtfimenthalpies of the
streams entering and exiting the reactor as follows:

Q =AHoy - AHiy (2)

where Q is the heat of pyrolysis reaction (MJdgy andAH;, andAHq. represent
the enthalpies of the streams entering and exiting the reeespgectively. According to
equation (2), Q < 0 corresponds to an exothermic process, whied Qefers to an
endothermic process.

The total enthalpy of each strearyH) can be calculated from equation (3):

AH = ¥;m; - (AHE; + [ Cpy (T) - dT) 3)

where:

- m; is the mass flow rate of each compound forming part of the sir@akg'ss).

1 kg of sewage sludge was used as calculation basis. The Iowagsites of the

products have been calculated according to the experimental glalised in the

pyrolysis process (Table 2).

- Tt is the reference temperature (298 K) and T (K) is the teatyper of each
stream. The inlet streams (sewage sludge and nitrogen) aterambient
temperature (298 K), the same as the outlet stream of gadespors, which was

cooled down to ambient temperature in order to take advantage cfehsible and
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latent heats. The solid product (char) was considered to teavesactor at the
pyrolysis temperature (803 K).

AH%; is the standard enthalpy of formation (MFPke@f each compound at the
reference temperature (298 K). ThEI% data of the gases involved in the process
can be easily found in the literature [33]. Thid% data corresponding to the solid
materials (sewage sludge and char) and to the liquid pha€¢s (HOP and AP)
have been calculated from their ultimate analyses and heatings according to

the following equation:

AHE; = (2,- m; - Ang) + HHV (4)

where ‘J' represents each product derived from the complete coiomusit the
material (CQ, HO, SG and NO), mis the mass of each combustion gas produced
per kilogram of materialAH%; is the standard enthalpy of formation of each
combustion gas and HHV is the higher heating value of the solieriadatr liquid
phase (Table 2). This way of calculating thél% does not include théH%
corresponding to the ash content in the solids, but this data iscessaey for the
calculations because ash is an inert material during the pragdgke contribution

of its AH% is simplified in the energy balance. Thel% of the sewage sludge was
found to be -3.28 MJ-Kigs (note that this value does not include t#i8% of the
ash content). Data of thaH% of the products of the pyrolysis process are
summarized in Table 2.

Cp (T) is the specific heat capacity of each compound as a funofiae
temperature (MJ-kgK™). Only the temperature of the solid product (803 K) was
different from the reference value (298 K), thus only the Cp (Tthaf was taken
into account in the energy balance. However, the variation obfGCghar with

temperature could not be obtained up to the pyrolysis temperatur&)&@®ause
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of operational limitations of the thermobalance used, salieaCp of the char has

been considered constant with temperature for the calculationsg i

experimental value obtained at an intermediate temperature@329J-kg- K*

at 573 K).

According to this procedure, the heat of pyrolysis reactiorugmg the cooling
and condensation of the vapors) was found to be around -0.70Md Kbis indicates
that, in the absence of significant heat losses and ifi¢la¢ released from the cooling
and condensation of the gases and vapors could be efficiently esemjessludge
pyrolysis could be an autothermal process.

The energy demand corresponding only to the thermal decompositionvafese
sludge, without including the energy recovery from gases and sjapas also been
approximately calculated. In this case, gases and vaporscersidered to leave the
reactor at the pyrolysis temperature, that is, in gas phidmefollowing assumptions
have been considered for performing the energy balance:

- The composition of each liquid phase was simplified by consideringitsnivater
content and one representative organic compound: cholest-4-ene foOBy 3-
methyl-phenol for the HOP and acetic acid for the AP. These s@mre of the
compounds detected by GC-MS with the largest chromatographicTéreanass of
the representative species in each phase was equated to thefnihs whole
organic fraction of the phase. This assumption affects thel&uandAH,,, of
the liquid phases, but should not result in misleading calculations énece
properties of the main organic compounds present in each phasmigaieto each
other.

- Although the aforementioned organic compounds were in gas phase in ldéte out

stream, Cp (T) of these compounds in liquid phase were alsoedgas well as



O©CO~NOOOTA~AWNPE

their enthalpies of vaporization, since the temperatureeranthe integer included
in equation (3) involves a phase change for the produced vapgrs 2B8 K, T =
803 K).

The equation of Harrison and Seaton [34] was used for calculen@p of the
representative organic compounds in liquid phase (considered comgtant
temperature), while the Cp data of the compounds in gas ptasefaund in the
literature as a function of temperature. The global Cp di ehase (both in liquid
and gas phases) can be estimated as a weighted averdige sipecific heat
capacities of water (or steam) and of the representatganiocr compound of each
phase. The results are presented in Table 2.

In the same way, the enthalpy of vaporization of the liquid gh&sd,.,) was
estimated as a weighted average of the enthalpies of vafaniof the water and
of the representative organic compound of each phase at theglieinperatures.
These results are also presented in Table 2.

According to this procedure, the energy demand for the thermaimgesition of

sewage sludge was around 0.15 M3ggThis value is lower than other decomposition
heats found in the literature for other types of biomass becatise loigher ash content
in sewage sludge, which is not decomposed during the process. &wmplex a
decomposition heat of 0.3 MJ-ktyas been reported for pyrolysis of crop residues [29].
Different water contents in the sewage sludge will alsecathe energy demand for its

thermal decomposition.

3.3. Air-steam gasification of both sewage sludge and char

In addition to the energetic assessment of the sewage sladdgeaiion and the

char gasification performed with experimental data, a #ieai study performed with

equilibrium data is also presented in this section in order tthefurstudy the
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gasification stages and find their thermodynamic restrictidbgerimental and

equilibrium data are compared in this section.

3.3.1. Energetic assessment according to experimental results
Gasification experiments were performed under allothermal conslitias the

gasifier required external heat in order to maintain the gasin temperature. If

negligible heat losses are considered in the gasifier, thehesgction for the air-steam
gasification of both raw materials, sewage sludge and chahecaalculated according

to equation (2). The totalH of each stream was calculated as shown in equation (3),

considering the following data:

- 1 kg of raw material (sewage sludge or char) has been usmdcaktion basis in
both gasification processes. The amount fed of gasifying ageertwepending on
the equivalence ratio (ER) and the steam to biordassatio (S/B) defined in each
case. Tables 3 and 4 present the mass flow rates of the prodpetsnentally
obtained in sewage sludge gasification and char gasification ufifferent
operating conditions, respectively [31, 32].

- The raw material (sewage sludge or char) and the air strear®a at ambient
temperature (298 K) at the gasifier inlet, while steam geaserated and fed at 448
K. All the products (gas, solid, steam and tar) left theifigas at the gasification
temperature (1043-1123 K).

- The collected amount of tar was simplified to an equimolar mexaf benzene,
naphthalene and pyridine, since these were some of the main compoteudsdde
in the tar mixtures by GC-MS [31]. As mass yield of tar ischnlower than the
other products, its contribution to the energy balance is alsonmgsstant, so this

assumption should not result in misleading calculations.
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- The AH% and Cp (T) of the gases and vapors involved in the proces©${NH,,
CO, CQ, CH,, CHy, GH4, GHs, H2S, steam, benzene, naphthalene and pyridine)
were taken from the literature [33]. Th&H% of the solid by-products was
calculated according to equation (4).

- The Cp (T) of the solid by-products was approximated to thatwége sludge
combustion ash because these solids were mainly composed Bhastsh content
was higher than 93 wt. % in most cases [31, 32]. The Cp (Heo$éwage sludge
ash was experimentally measured by DSC but, because of opdritiitasions of
the thermobalance used, the variation of Cp with temperaturd notibe obtained
up to 1043-1123 K, which is the upper limit of the integer in equatior (R)s, the
Cp of the solid by-products was considered constant with temperand an
experimental value measured at an intermediate temperat0rel® MJ-kg* K™*
at 773 K) was used for calculations.

The experimental heats of reaction obtained for the gasificafim@wage sludge
and char under different experimental conditions are depicted in Bagsand 3b.
Despite the lower organic content in the char than in thegeewsladge (Table 1), the
external energy demand for gasifying 1 kg of char was higiaer that for gasifying 1
kg of sewage sludge. For instance, the heat of reaction fogeesiadge gasification
with ER = 17% and S/B = 0.71 was 0.64 MJ‘leg 850 °C and 0.17 MJ-kat 770 °C,
while it reached 1.00 MJ-Kgand 0.78 MJ-K§ for char gasification at 850 and 770 °C,
respectively. This behavior could be related to the observadgel in the organic
structure of sewage sludge after carrying out the pyrolysisegsocThe fraction of
volatile matter was higher in the sewage sludge than in the whae, the fraction of
fixed carbon was higher in the char (Table 1). This meanstimabustion reactions in

gas phase, which usually show less diffusional resistance likasolid-gas reactions,
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occur to a greater extent during the sewage sludge gésificdn the case of char
gasification, the main combustion reactions in gas phase ingabes such as;lér CO
(produced from fixed carbon reactions), whose calorific value isrldlgn that of
hydrocarbons, so that less energy is released from these combesiitions. As a
consequence, char gasification was an endothermic process unuest all the
experimental conditions used, while sewage sludge gasificatas am exothermic
process when simultaneously working with ER > 19% and S/B < UlR.heat of
reaction (based on experimental data) ranged from -2.61 to +1.29 MJfigsewage
sludge gasification and from -0.23 to +1.20 MJg for char gasification. Therefore,
the temperature and the gasification medium play a ladodeiin the energy balance of
sewage sludge gasification.

The energy demand for carrying out an endothermic gasificatioregganay be
obtained from the product gas, either from its thermal engdrgyputting the product
gas and the inlet air stream in contact in a heat exchangeehegbrthe air before
entering the gasifier) or from combustion of part of the gas.gHsdication efficiency
can be defined as the fraction of the energy initially goathin the raw material that
could be recovered from the product gas after carrying out tifecgasn process (5):

Gasification efficency (%)

Energy in gas — Qgasification — Energy for steam generation

100 (5)

LHVraw material

where:

- “Energy in gas” is the energy that could be recovered frongdkdication product
gas (MJ-kifaw materia), both from its thermal energy and from its calorific valée (
A heat exchange efficiency of 70% has been considered when takingtagly of

the sensible and latent heats of the gas stream [35].
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DO UIUIUTUUUICIVCIUURNDANRNRNDNARNDNWWWWWWWWWWOWNNNNNNNNNNRPPRPRRRRRRRR
ARANPRPOOOVNONROMNROOOVYOUNRWNROOONNONRONROOONNOUNRWNROOO~NOUNWNEO

+ 0.7 -my,o

Tref

T
Energy in gas = Nggs - LHVgas + 0.7 - [Z M gas * f Cpigas (T) - dT
i

T
: [CpHZO(l) “(To,0 — Tref) + AHcond. 1,0 + f Cpu,om (T) - dT] +0.7- Z m; tar

Th,H20 itar

T

) [Cpi,tar(l) : (Tb itar — Tref) + AI'lcond.i,tar + f Cpi,tar(v) (T) : dT] (6)

Th i tar
beingngasthe dry gas yield (farpKG raw materiat TAbles 3 and 4), LHy4s the lower
heating value of the dry gas (MJ°gis Tables 3 and 4), ks the mass flow rate of
the non-condensable gases (kiikgmaweria Tables 3 and 4),.& = 298 K, T the
gasification temperature (K), Cgs (T) the specific heat capacity of the non-
condensable gases as a function of temperature (M&Kg[33], muzo the mass
flow rate of produced water (kg-k@w maerir Tables 3 and 4), Gipo(y the specific
heat capacity of liquid water (4.18:10J-kg*-K™), Ty 20 the boiling point of
water (373 K)AHcong.120the enthalpy of condensation of water at its boiling point
(2.26 MJ-kd), Cp20w(T) the specific heat capacity of steam as a function of
temperature [33], my the mass flow rates of tar components (KSrkQmateria),
Cparg the specific heat capacity of tar components in liquid phaseu(atdd
according to [34]), fitarthe boiling point of tar componentsHcong.iarthe enthalpy

of condensation of tar components at their boiling points (0.39, 0.340.ddd
MJ-kg' for benzene, naphthalene and pyridine, respectively) angd:&kp) the
specific heat capacity of tar components in gas phasdurgt#on of temperature.
The obtained results of “energy in gas” are shown in Table 5.

Quasification IS the heat of reaction for the gasification process (ML Gnateria),
which has been previously calculated according to equation (2) underediff
experimental conditions (Figs. 3a and 3b).

“Energy for steam generatioiMJ-kg" aw materia) iS the energy demand for heating

and evaporating the inlet flow of water from 25 °C to 150 °@6(&1J-kg-0).
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- LHV raw material(MJI- K aw materia) is the energy initially contained in the raw material,

expressed as its lower heating value (Table 1).

The efficiency results for sewage sludge gasification and ghsification are
presented in Table 5. Experimental efficiency data varimu 58% to 87% for sewage
sludge gasification and from 23% to 64% for char gasificationteBeésults were
obtained for the sewage sludge gasification than for the ckdicgdon since the heat
of reaction was lower in the first case, and also more emangye recovered from the
product gas of sewage sludge gasification, mainly due toigherhgas yield (Tables 3
and 4). The gasification efficiency (based on experimenta) das improved at higher

temperatures, higher ER and lower S/B.

3.3.2. Energetic assessment according to equilibrium data

The heat of reaction for the air-steam gasification of sevegdge and char when
reaching the chemical equilibrium is determined in this seclitve. calculation has
been carried out analogously to section 3.3.1, but in this caggdtact mass flows
were not experimental data, but equilibrium calculated data& E&emistry® 6.1
software was used to determine the mass flow rates of tidugis at equilibrium
conditions. This software uses the Gibbs energy minimization meéshodlculate the
amounts of products at equilibrium in isothermal and isobaric condifldvesefore, the
reaction system (temperature, pressure, feed of gasifgegt,aamounts of C, H, O, S
and N that form part of the organic fraction of the raw maltand the species expected
to be part of the products) must be specified for the cdicnta

The main compounds found in the product gas at equilibrium conditionsHyere
CO, CQ, CH,, H:S, NHs, N2 and steam. Neither tar nor light hydrocarbons, except

CH,, were formed at equilibrium conditions. In addition to gas productoarall
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fraction of the initial carbon contained in the raw materialwgge sludge or char)
remained in the solid by-product under some operating conditionsasauul

The heats of reaction at chemical equilibrium and at the sg@em®ting conditions
used in the laboratory are depicted in Figs. 3c and 3d as @acdson to the
experimental data (Figs. 3a and 3b). As can be observed, reableinghemical
equilibrium in both gasification processes entails additional ensvggumption. The
reason may be the predominance of endothermic equilibrium reactionsy the
gasification, such as carbon reforming (C #0H- CO + H, AHzggx= 131.4 kJ-mot),
dry reforming (CH + CO, <> 2CO + 2H, AHgsx = 246.8 kJ-met), the Boudouard
reaction (C + C@«— 2CO, AH,gsx = 172.3 kJ-mdt) and the methanation reaction (CO
+ 3H, & CH; + HO, AHageek = 76.8 kJ-mol), against the exothermic equilibrium
reactions, such as the water-gas shift reaction (CQG-<H CO, + Hp, AHzggx = -40.9
kJ-mol'). These reactions occur to a greater extent at equilibriumich shows the
thermodynamic limit of the process.

As can be seen in Fig. 3, gasification of sewage sludgguélibeium conditions
only resulted in an exothermic process when ER was increase®%o The char
gasification at equilibrium conditions was an endothermic pracea8i the simulated
cases. However, the gas heating value and the gas yieldlatatd for equilibrium
conditions were higher than those obtained experimentally [31, 3&ps®energy can
be recovered from the product gas at equilibrium conditions (Tablehk).difference
outweighs the difference observed in the experimental and equilibritamotiheat of
reaction (Fig. 3), so the gasification efficiency is im@dat equilibrium conditions:
90-94% for sewage sludge gasification and 78-84% for chaiggdmih (Table 5).

As an extension of the theoretical study, Fig. 4 shows the eolaf the heat of

reaction for air-steam gasification of both sewage sludge andasha function of the



O©CO~NOOOTA~AWNPE

feed of oxygen and steam, which are represented by ER and & ¢st carbon molar
ratio), respectively. Two different gasification tempera(&0 and 850 °C) have been
used for the calculations. Operating temperatures above 800 2Suaity preferred in
gasification processes in order to achieve high carbon conversion atat loontent in
the product gas [36]. The heat of reaction for both gasification ggeseat equilibrium
conditions decreases with the higher availability of oxygen (higierenhances the
combustion reactions) and/or with the lower presence of stearer(lB/€ reduces the
extension of the endothermic steam reforming reactions).>&ng@e, for ER = 20%
and S/C = 0-1, an external heat transfer of 2.01-2.43 Mdkmd 1.36-1.86 MJ-Kigpar
would be required in order to maintain a temperature of 850 °C durirgadifecation
of sewage sludge and char at equilibrium conditions, respectiaetiye lower range of
ER (up to 25%), energy demand for gasifying 1 kg of char is loweer that required
for gasifying 1 kg of sewage sludge, but this trend is redens the upper range of ER
since the energy released from the in situ combustion of sesliadge becomes more
important.

If the gasifier operates at autothermal conditions instead o lbeiated by external
heat transfer, the gasification temperature is the outpwblarof the energy balance,
being the result of balancing out the enthalpies of the streamsngnand exiting the
gasifier A\Hi, = AHo, assuming negligible heat losses). The gasification teatyerat
equilibrium conditions has been calculated under different gasificatnediums
following an iterative methodAH,,: depends on the mass flow rates of the product (3),
and these in turn depend on the gasification temperature (therétumpehas to be
specified in the HSC Chemistry software to calculate ahwunts of products at
equilibrium). Fig. 5 shows the evolution of the equilibrium tempeeafsra function of

ER and S/C for air-steam gasification of both sewage sludgetard Obviously, the
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equilibrium temperature is increased with ER and decreasbdSAit. Furthermore, the
required ER to maintain a specific reaction temperaturegisehiin char gasification
than in sewage sludge gasification. For instance, an ER of @8 be required for

the autothermal operation of sewage sludge gasification at 8@8c*G/C = 0.5 under
equilibrium conditions, while this value reaches 45% in the cashaf gasification.
The higher the ER, the greater the production of @@ugh combustion reactions. The
presence of CQin the gasification gas is undesirable since it implies laodilution
effect of the gas heating value and a reduction in the formatiG®, as the production
and consumption of CO and ¢@re connected by reactions such as the water-gas shift
or the Boudouard reaction. In addition to the gas calorific vaheeH/CO ratio in the
product gas is an important parameter for using this gas adsidelein processes such
as methanol or Fischer Tropsch synthesis. Values of thés almse to 2 are usually
required in these processes [37]. For the aforementioned exaBERl®f(33% for
sewage sludge gasification and 45% for char gasification iotanma 800 °C with S/C =
0.5), 44% of the carbon initially contained in the sewage sludge pedi@, while

this value reaches 52% in the case of char gasification. tBetheating value and the
H,/CO ratio in the product gas resulting from sewage sludgéicgdi®n (LHVgas =

4.27 MJ-mstp, H/CO = 1.47) are higher than those obtained for char gasification

(LHV gas= 3.05 MJ-fstp, Ho/CO = 0.89).

3.4. Energetic assessment of the whole processes

This last section presents an overall energetic asseswhdahe two thermo-
chemical processes proposed in Fig. 1 for sewage sludge tin¢afihsewage sludge
drying + sewage sludge gasification (two-stage processjiasdwage sludge drying +
sewage sludge pyrolysis + char gasification (three-stageegs). The total energy

demand for the whole processes is the sum of the net heatedequreleased in the



involved stages (positive term for endothermic processes anativeegralue for
exothermic processes). Experimental data resulting from tluypig and gasification

stages have been used for the calculations:
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Sewage sludge drying. The water content in the sewage skdgsumed to be
reduced from 65 wt. % (typical content of moisture in sewage slbdgore its
thermal drying) to 6.5 wt. % during the thermal drying. For tlEse¢ Qying iS
around 4 MJ-KQuried ss(Fig. 2).

Sewage sludge pyrolysis. The energy contained in the produced gdsespars
could be recovered to be used in the thermal decomposition of seludge itself
and in the prior thermal drying. This energy was calculatedogoasly to the
gasification gas energy according to equation (6). An energy rgcaverl.32
MJ-kg'ss was obtained, which turns into -1.17 MJ%g if the thermal
decomposition heat is subtracted (+0.15 M3skg The calorific value of the
organic liquid product (43 MJ-Kgop and 32 MJ-kdhop) has not been included in
the energy balance, as some important properties such as itstabitity or its
high nitrogen content must be improved facing toward its ufgea§r].

Sewage sludge gasification/char gasification. The netdiestch gasification stage
corresponds to the numerator of the equation (5), which was useltuatathe
gasification efficiency: “Energy in gas” (as a negativende— Qyasiticaion— “Energy
for steam generation”. As the same calculation basis isreghjfar the comparison
of the two-stage and three-stage processes (1 kg of sewslge ded in the
pyrolysis process and in the gasification process), data porrdsg to the
gasification of char (MJ-ktghar) must be turned into MJ-K§S by means of the

char yield obtained during the pyrolysis of sewage sludge (&GAQkg's9.
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Fig. 6 shows the total energy requirement for the whole procassesidering the
different experimental conditions used in the gasification stagée total energy
demand ranged between -2.83 and -6.21 Mikdor the two-stage process
(exothermic process) and between +1.17 and +2.24 Mk the three-stage process
(endothermic process). Thus, if the energy contained in the produdif gesvage
sludge gasification could be efficiently used, it would be enougtovercthe energy
demand for both the sewage sludge thermal drying and the gasifipabcess itself.
On the other hand, the energy balance shows that the thraeestpent is globally an
endothermic process (note that the use of calorific valuaeopyrolysis liquid is not
considered), so that an additional energy input would be neededrp out this
treatment. However, assuming a direct and efficient useatdrific value of the
pyrolysis liquid organic fraction (3.92 MJ-kg), a favorable energetic assessment of
the three-stage process could also be obtained, with a totgyefenand ranging from
-2.75 to -1.68 MJ-Kiss (exothermic process). Therefore, the use of the calorificeva
of the produced pyrolysis liquid is a key issue for reaching &tharmal three-stage
process that does not require external heat to take place.

Regarding the influence of the gasification operating conditions otothlkeenergy
demand of the whole processes, the energy balance was moreélaairghe highest

gasification temperature (850 °C), the highest ER (32%) ambanate S/B (0.39).

4. Conclusions

This paper presents an energetic assessment of two potdtiaio-chemical
treatments for sewage sludge: (i) sewage sludge thermagidryair-steam gasification
of sewage sludge (two-stage process) and (ii) sewage shelgeal drying + pyrolysis
of sewage sludge + air-steam gasification of the charet&from the pyrolysis (three-

stage process). The sewage sludge thermal drying can dhastezhuce the waste
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volume, which facilitates handling of the biosolids, but it invoNdgh energy
consumption. For example, 4 MJ%g.q ssare required for reducing water content from
65 wt. % to 6.5 wt. %. Regarding the pyrolysis stage, energalculations based on
experimental yields showed that the energy needed for thede@mposition of
sewage sludge (+0.15 MJkg at 530 °C) could be covered by the energy contained in
the product stream of gases and vapors. An energy output of -1.17'MJrkegovered
from the calorific value and the thermal energy of the prodaststyeam (given a heat
exchange efficiency of 70%), is still available for beingduge the sewage sludge
thermal drying after covering the energy demand for the pyrailgaigion. Despite the
lower organic content in the char (24.1 wt. %) than in the sewadges(54.5 wt.%),
the external energy demand for gasifying 1 kg of char was hitjfaer that for
gasifying 1 kg of sewage sludge (based on experimental yigldgh means that less
energy is released from the in-situ combustion reactions duhiag gasification.
Depending on the operating conditions, sewage sludge gasificatioarmesthermic
or endothermic process and its heat of reaction varied from -2.&dd(T = 770 °C,
ER = 32%, S/B = 0.39) to +1.29 MJkg (T = 850 °C, ER = 12%, S/B = 0.52). Char
gasification was an endothermic process in most of the expegdaheonditions, and its
heat of reaction varied from -0.23 MJ%g (T = 770 °C, ER = 32%, S/B = 0.39) to
+1.20 MJ-kifehar (T = 850 °C, ER = 12%, S/B = 0.52). A theoretical studyqueréd
with equilibrium data (calculated according to Gibbs energy miniinizamethod)
showed that both gasification processes require more energy todakeapkquilibrium
conditions. However, the gasification efficiency calculatédeguilibrium conditions
was higher than the experimental results because moreyerargbe recovered from

the product gas obtained at equilibrium conditions.
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In summary, experimental data showed that the energy contaitieel pmoduct gas
of sewage sludge gasification is enough to cover the energy dearehuttf the sewage
sludge thermal drying and the gasification process itself. Heryewn additional energy
input is required to carry out the three-stage process. Thrgyedemand could be
provided by the calorific value of bio-oil produced in the pyrolysaget but some
important properties such as its poor stability or its high rémogontent must be

improved facing toward its use as fuel.
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Table 1. Characterization of sewage sludge (SS) anddelnved from sewage sludge

pyrolysis.

SS Char
Proximate analysis (wt. %, wet basis)
Moisture 6.48 1.70
Ash 39.04 74.20
Volatiles 50.09 15.02
Fixed carbon 4.39 9.08
Ultimate analysis (wt. %, wet basis)
C 29.50 15.49
H 4.67 0.97
N 5.27 1.85
S 131 0.35
LHV (MJkgh) 11.8 5.0
Cposoc(kJ-kgHK?) 1.15 0.82
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Table 2. Yields and properties of the products of the sewadgesfast pyrolysis.

Yield Composition HHV AHO Cp (T) AHyzp
(Wt. %) P MJ-kg")  (MIkgh  (kI-KYkgh)  (MI-kgh)
Char
) 0.82 (25 °C)
51.9+0.7 52+0.2 1.18 1.21 (300 °C)
Non-condensable gas (N,-free)
(%, mass fraction)
CO,: 74.3£0.9
C0:13.2+0.1
Hy: 1.7+0.1 ) 1.18 (25 °C)
10.1+0.9 CH, 3.8 +01 8.0+0.3 7.39 1.56 (530 °C)
C2H5: 1.4+0.2
C2H4: 1.4+0.1
H,S:4.3+0.9
Light organic phase (LOP)
Elemental analysis (wt. , wet basi)
C:85.9; H:11.8: N:1.8; S:0.2 i 1.85 (liquid)
22+0.2 43.10 £ 0.04 1.74 3.07 (530 °C) 0.18
100 wt. % of organic compounds
Heavy organic phase (HOP)
Elemental analysis (wt. %, wet basis)
C:69.5; H:9.0: N:9.4; S:1.2 -
9.4+0.2 32+2 349 233 g‘gg'f%) 0.55
Water: 6.4 + 0.3 wt. % '
Organics: 93.6 + 0.3 wt. %
Aqueous phase (AP)
Elemental analysis (wt. , wet basi)
C:11.2; H:10.5: N:6.5; S:0.4 -
20.8+0.2 57+03  -1244 >29(lquid) oy oo

Water: 73.8 + 0.4 wt. %
Organics: 26.2 + 0.4 wt. %

2.12 (530 °C)

Uncertainty is expressed as mean + deviation stesh@favo replicates were performed).
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Table 3. Experimental results from the gasification @fegge sludge [31].

Temperature 850 770 850 770 850 770 850 770 810*
ER (%) 17 17 12 12 32 32 23 23 19*

O, in enriched-air (vol. %) 21 21 21 21 33 33 27 27 3*2

S/B (mass ratio) 0.71 0.71 052 0.52 0.39 0.39 0.270.27 0.52*
Solid product (g-kdsd 368 401 401 407 356 392 384 400 382+1
Tar (g-kg's9 25 46 23 49 16 25 14 47 17+£2
H,O (g-kg's9 451 515 356 391 352 451 270 336 414 +8
CO, (g-kg's9 439 385 304 332 534 524 401 403 418+ 4
CO (g-kd's9 142 75 156 99 191 97 226 100 138+1
H, (9-kd's9 282 173 275 199 211 109 235 12.6 20.2+0.
CH, (g-kg's9 291 265 319 321 246 221 267 25.1 27.78£0.
C,Hg (9-kg's9 4.0 49 3.2 4.2 21 1.9 24 43 29+04
CoH, (9-kg'sd 22 23 18 25 19 20 19 21 22+2
C.H. (g-kg's9 0.9 0.9 04 09 1.1 1.1 1.0 1.0 1.0£0.1
H,S (g-kg's9 8.7 6.1 6.2 5.5 8.8 7.1 7.4 4.9 71+04
N, (g-kg's9 734 677 533 502 742 747 711 690 703+6
N gas(M’strkG s9 1.31 1.06 1.23 1.09 1.31 1.12 1.28 1.04 1.181 0.
LHV gas (MJ-11s7p) 5.9 5.3 7.1 6.9 5.2 41 6.0 4.9 5.6+0.1

* Three replicates were performed at the centempaif the experimental design. Mean + standard

deviation of these replicates is shown.
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Table 4. Experimental results from the gasification @ir¢B2].

Temperature 850 770 850 770 850 770 850 770 810*
ER (%) 17 17 12 12 32 32 23 23 19*
O, in enriched-air (vol. %) 27 27 21 21 40 40 33 33 9* 2
S/B (mass ratio) 071 071 052 052 039 039 027027 0.52*
Solid product (g-Kdcha) 757 785 750 785 731 771 752 813 775+ 2
Tar (9-kg'eha) 2 12 2 5 2 9 5 7 5+1
H,O (9-kg*ena) 119 160 78 99 88 99 59 69 112 +11
CO, (9-kg cha) 195 206 154 164 232 254 177 190 198 +5
CO (9-k'ehad 128 65 122 64 148 77 144 76 91+3
Hy (9-kg eha) 137 101 120 89 100 7.4 9.6 7.2 10.3+0.1
CH, (9-kg cha) 2.8 2.8 2.6 2.6 2.2 2.2 2.2 2.4 29+0.1
CoH, (9-kg ehad 0.07 007 0.06 008 006 0.08 0.05 0.07  0.07%0.
H,S (9-kg'cha) 1.97 076 099 044 138 056 0.90 0.36  0.68030.
N, (9-kg eha) 205 197 211 204 212 201 213 198 207 +8
M gas(Ms1eKG cha) 052 043 048 040 052 044 049 0.40  0.46010.
LHV gas (M- 11is7p) 6.0 4.7 5.9 4.7 5.4 4.1 5.6 4.4 51+0.1

* Three replicates were performed at the centempaif the experimental design. Mean + standard

deviation of these replicates is shown.
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Table 5. Energy recovery from the product gas and efficiencyeonage sludge

gasification and char gasification according to experimeamtdlequilibrium data.

Temperature 850 770 850 770 850 770 850 770 810
ER (%) 17 17 12 12 32 32 23 23 19
S/B (mass ratio) 0.71 0.71 0.52 0.52 0.39 0.39 0.270.27 0.52
Sewage udge gasification (experimental results)

Energy in gas (MJ-kbd 10.23 791 9.63 8.41 9.10 6.77 9.56 6.93 8.7220
Gasification efficiency (%) 74 58 65 61 87 75 82 65 71zx2
Sewage sudge gasification (equilibrium results)

Energy in gas (MJ-ktg9 1437 1411 1495 1472 1134 1109 12.86 12.64 13.70
Gasification efficiency (%) 90 91 91 92 94 94 94 94 92
Char gasification (experimental results)

Energy in gas (MJ-Kla) 3.91 277 349 244 352 244 334 227  2.9950.
Gasification efficiency (%) 51 32 40 23 64 49 54 33 40%2
Char gasification (equilibrium results)

Energy in gas (MJ-Kba) 6.19 6.09 653 642 494 485 562 5.53 5.95
Gasification efficiency (%) 75 80 80 81 82 83 82 84 81
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(i) Air-steam gasification of sewage sludge

Air-steam

Sewage
sludge

Dry sewage
sludge

(ii) Pyrolysis of sewage sludge + air-steam gadificaof char

Sewage Dry sewage

sludge sludge ]
Drying Pyrolysis

—>

—>

Gas

Ash

Tar
Water

Air-steam

Gas —» Gas
Bio-oil Tar
Water Water

Fig.1. Overview scheme of the thermo-chemical processes profmrsszivage sludge

treatment.
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Q grying (MJ / kg dried SS)
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Initial moisture content: A 77 wt.%

Final moisture content in SS (wt. %)

o 70wt %

initial and final moisture contents.

O 65wt%

Fig. 2. Heat demand for the thermal drying of sewage sludgeaS& Yunction of the
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@ ss gasification (experimental data)
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Heat of reaction (MJ/kg SS)

(€) sS gasification (equilibrium data)
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Heat of reaction (MJ/kg SS)
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' sB=039 SIB=027

Fig. 3. Heats of reaction for sewage sludge (SS) gasificéiar) and char gasification

() Char gasification (experimental data)
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T=810°C mmm
T=770°C XXX3
T=850°C x5
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Heat of reaction (MJ/kg char)

(@) char gasification (equilibrium data)
T=770°C
T=850°C 1
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Heat of reaction (MJ/kg char)

ER=19% ER=17% ER=12%
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Fig. 4. Heats of reaction for sewage sludge (SS) gasificét, b) and char gasification

(c, d) at 800 °C and 850 ¥ccording to equilibrium data.
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(a) Two-stage process (b) Three-stage process
(SS drying + SS gasification) (SS drying+SS pyrolysis+char gasification)
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Fig. 6. Total energy demand for the two-stage

sludge (SS) treatment (experimental data).
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