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Abstract

Proper management of sewage sludge becomes increasingly problematic due to legal requirements
aiming at diminishing environmental impact, as well as rationalizing the utilization from the point of
view of logistics. Steam gasification of sewage sludge can result in very good quality of the producer
gas. So far, the works have been focused on the gasification in fixed bed gasifiers. However, this does
not allow to take full advantage of the effect of scale, as the scalability of fixed ed gasifiers is limited.
Entrained flow gasifiers are scalable up to the order of magnitude of hundreds of megawatts, which was
proven for the gasification of coal. Therefore, it seems plausible to suspect that such scalability would
allow building gasifiers big enough, to work as a part of bioenergy with carbon capture and storage
plants, operating in an economically feasible manner, fully utilizing the effect of scale. However, the
optimized design of such units would require robust modeling. This work focuses on different models
for sewage sludge steam gasification, allowing accurate predictions of the producer’s gas quality. The
core part of this work is a comparison between the results obtained using advanced CFD models in
Fluent, as well as two different equilibrium models. Results from all the models are experimentally
validated, by entrained flow steam gasification in a 3 m long reactor, with an addition of COx.
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1 Introduction

Sewage sludge is a residue of the wastewater processing, that is biologically active and consists of water,
organic matter, including dead and alive pathogens, as well as organic and inorganic contaminants such
as polycyclic aromatic hydrocarbons (PAHs) and heavy metals [ 1-3]. Storage along with landfilling and
land spreading is gradually being replaced in the EU countries by methods leading to waste stabilization
and safe recycling [4]. Present concerns about global warming sparked an interest in improving the
energy efficiency of existing energy infrastructure [5], effective energy storage [6], as well as novel
solutions aiming at capturing produced CO» and its subsequent storage [7—10]. As sewage sludge is
considered biomass, solutions have been proposed aiming at achieving negative CO, emissions [11].

Due to increasing amounts of environmental restrictions, not favorable to commonly used utilization
pathways, such as landfilling [12], novel thermal processes are currently a subject of active
investigation, in terms of their suitability for sewage sludge utilization as well as their applicability for
other waste streams. Nowadays in Poland, there are at least 45 installations for drying the sewage sludge,
mostly drum and tape dryers, as well as 12 installations using solar energy [13]. Incineration may be
performed in existing incineration units (at least 11) that are based on fluidized beds (mostly) and grate
furnaces [13—15]. Moreover, incineration is possible in 13 facilities of cement producers in Poland [16],
as well as in Municipal Waste incineration facilities existing or being closed to commissioning in 17
different cities [17,18]. In all of these cases, logistics is critical for the economic feasibility of the
solution, therefore the problem of sewage sludge is the most severe in the case of small and medium-
size towns, without their own thermal utilization facility, with limited possibilities of local land-
spreading. It should not be overlooked, that the state-of-the-art thermal utilization leaves the problem of
ashes unresolved. However, there are emerging technologies that allow the use of ash for the production
of fertilizers [19].

A significant amount of work has been performed so far on the gasification of sewage sludge. Werle
reported decreased temperature and increased concentration of combustible components of syngas with
an increase in the oxygen content of the sludge [20]. Schweizer et al. observed hydrogen content
exceeding 40% during steam gasification of sewage sludge in a laboratory-scale fluidized bed gasifier
[21]. In another work, Werle determined that the laminar flame speed increased with an increasing
hydrogen content of the syngas [22]. Werle and Dudziak assessed that it is possible to use syngas from
sewage sludge in spark-ignition engines [23]. However, Szwaja et al. determined that syngas from
sewage sludge requires a 40% addition of methane to obtain a satisfactory performance of a spark-
ignition engine [24]. In another study, Werle confirmed that increased air temperature, at the inlet of a
fixed bed gasifier, resulted in an increased yield of combustible compounds during the gasification of
sewage sludge [25]. Calvo et al. reported hydrogen content varying between 21.0% and 20.7% and tar
content between 0.846 and 0.585 g/m’ of syngas from gasification of sewage sludge in a simple
atmospheric fluidized bed gasifier [26]. Werle and Dudziak found that tars, from gasification of sewage
sludge, consisted mostly of phenols and their derivatives. Judex et al. published results from an existing
sewage sludge gasification plant in Balingen and Manheim (Germany), with respective processing
capacities of 1 950 t/a and 5 000 t/a of dry sewage sludge [27]. Syngas produced by fluidized bed
gasifiers on average had Lower Heating Value (LHV) of 3.2 MJ/m® and 4.7 MJ/m3, respectively [27].
Balingen gasifier worked with an average gasification temperature of 820°C, with an average excess air
ratio (L) of 0.33, whereas the gasifier in Manheim worked with an average gasification temperature of
870°C, with an average excess air ratio (A) of 0.28 [27]. Sewage sludge in Manheim had comparably
higher carbon content (30.0 %ary) and lower ash content (39.5 %ary) in comparison with sewage sludge
from Balingen having 16.9 %y carbon and 57.0 %ary ash, respectively [27]. Hydrogen content was not
significantly different, on average 13.1% in Balingen and 13.3% in Manheim [27]. On average higher
CO content (13.8% compared to 8.1%) was measured in Manheim, whereas higher CO, content was
measured in Balingen (16.7% compared to 13.0%) [27]. The average methane content measured in
Manheim (4.2%) was roughly double the one measured in Balingen (2.1%)[27].

As regards modeling of sewage sludge gasification, the published papers reported in the literature
consider mainly equilibrium modeling approaches [20,28-31]. For instance, Ziétkowski et al. performed
mathematical modeling of fixed-bed gasification of sewage sludge [28] which utilized the concept of
stoichiometric equilibrium modeling. The model results were in good agreement with experimental data.
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De Andrés et al. simulated sewage sludge gasification in a fluidized bed gasifier using Aspen Plus
software [30]. The model, termed non-stoichiometric, was based on the Gibbs free energy minimization.
The obtained results were also in good agreement with experimental results. Seggiani et al. developed
an unsteady 1-D mathematical model for the simulation of fixed-bed sewage sludge gasifier [32]. Good
agreement was achieved between the experiment and the predictions.

The main novelty of the current work considers the investigation of entrained flow steam gasification
of sewage sludge where both experimental and theoretical analyses are performed. The published papers
reported in the literature regarding sewage sludge consider mainly fixed-bed and fluidized-bed reactors
with equilibrium modeling approaches. In the current paper, as part of the theoretical investigation, a
CFD model is developed and validated against the experimental results. The utilization of entrained flow
steam gasification would allow obtaining good quality syngas. It would also offer practical scale-up
possibilities, thus making efficient power plants with negative CO, emissions possible in practice.

2 Materials and methods

The research was performed using dried sewage sludge from the Janowek wastewater treatment plant,
treating wastewater from Wroclaw municipality, Poland. Dried sewage sludge was milled and
subsequently sieved, using a set of calibrated sieves, to determine the particle size distribution of the
sample. Proximate analysis was performed using TGA/DT Pyris Diamond from Perkin Elmer. A two-
step program was set, i.e. sample was heated in Nitrogen up to 105 °C with a ramp of 20°C/min, with a
hold period of 15 minutes afterward. During the second step, the sample was heated up to 900 °C with
a ramp of 50 °C/min, with a hold period of 15 minutes afterward. Ash content was determined using the
standard gravimetric method for coal, by ashing samples at 815 °C for 3 hours. A higher heating value
(HHV) was determined using IKA 3000 bomb calorimeter, using the isoperibolic method. Ultimate
analysis was performed using Perkin Elmer 2400 analyzer, according to polish standard PKN-ISO/TS
12902:2007.

Experimental gasification in entrained flow was performed, using a 20 kW drop tube reactor, shown in
figure 1. The reactor length is equal to 3 m, whereas the inner furnace diameter is equal to 0.135 m.
Experimental parameters of gasification are shown in table 1. Results of proximate and ultimate analysis
of sewage sludge, used as the feedstock, are shown in table 2.

Figure 1: Isothermal flow reactor: diagram (left) and photo (right)

Table 1: Experiments parameters for gasification

Gasification temperature 1473 K
Fuel mass flow rate 2 kg/h
CO, volumetric flow rate 1.4 my*/h
H,0O mass flow rate 0.213 kg/h
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Table 2: Sewage Sludge properties

Moisture (raw) 3.43%

Ash (dry-basis) 26.4%
Volatile matter (dry-basis) 58.2%

Char (dry-basis) 15.4 %
HHV( dry-basis) 16.62 MJ/kg
C (dry-basis) 3771 %

H (dry-basis) 4.16 %

S (dry-basis) 1.77 %

N (dry-basis) 3%

During the gasification experiment, tars were captured in a series of 3 impinger bottles with analytical
grade isopropanol immersed in a cooling bath at the temperature of -15°C. The content of the impinger
bottle was subsequently mixed and analyzed using GC-MS (gas chromatography-mass spectrometry)
that consisted of the Agilent 7820-A chromatograph (manufactory, Agilent Technologies, Palo Alto,
CA, USA) and the Agilent 5977B MSD spectrometer (Agilent Technologies, Palo Alto, CA, USA). In
the chromatograph, the HP-5 MS column (Agilent Technologies, Palo Alto, CA, USA) was used.
Helium was used as carrier gas (1.5 mL/min). A heating program was set to achieve 50°C in 5 min,
subsequently heating up the column with a ramp of 10°C/min until the temperature of 250°C was
reached and held for another 10 min. Finally, the oven was heated up to 300°C and held in it for 20 min.
The applied split was 40. The produced gas obtained during gasification was measured with the use
GAS 3000 SYNGAS analyzer (Atut, Lublin, Poland) to determine the content of H,, CO, CO», and CHa.

2.1 CFD modeling of sewage sludge gasification

The modeling framework for combustion/gasification processes of solid fuels, such as coal, or biomass
(e.g. sewage sludge), despite different fuel physicochemical properties, remains the same. It is because
these fuels undergo the same global combustion/gasification steps:

e Inert heating

e Drying

e Devolatilization

e (as-phase reactions
e Char conversion

For example, in [33—-35], the same drying, devolatilization, gas-phase, and char conversion models have
been used for biomass gasification as for coal combustion/gasification studies [36,37]. The main
difference considered the kinetic parameters of these models. The relative difference between coal and
biomass kinetic parameters values corresponded to different fuel properties, and operating conditions.
The distinctive biomass structure, particle morphology, and different physicochemical properties are,
unfortunately, not explicitly considered in the commonly applied global models. But these factors have
a direct effect on the strength and time scale of the aforementioned combustion steps. Moreover, due to
fuel differences, the advanced phenomenological coal mechanisms may not be suitable for biomass,
specifically, for sewage sludge. Therefore, in the current paper, global empirical approaches were
incorporated.

The mathematical model applied to study entrained flow sewage sludge gasification is based on the
commercial software Ansys Fluent 2021R2 [38]. The gas phase is modeled using an Eulerian approach.
The trajectories of the discrete phase are calculated applying a Lagrangian formulation and the coupling
between the phases is accounted for through particle sources of Eulerian gas-phase equations [39]. The
following processes are simulated inside the drop tube furnace: turbulent flow, moisture evaporation,
devolatilization, gas-phase reactions, surface reactions, and radiative and particle transport. Turbulence
is modeled with the realizable k-¢ approach [40]. Turbulent dispersion of particles is accounted for with
a stochastic tracking model [41]. Radiation is modeled with the advanced discrete ordinate method [38].
Devolatilization is modeled with the competing two-step (C2SM) reaction mechanism [42] where one
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of the reactions predominates at lower heating rates, whereas the other at higher heating rates. Gas-phase
reactions were modeled with the global approach, whereas turbulence-chemistry interaction was
accounted for with the eddy dissipation concept (EDC)[43][44]. For char conversion, the
kinetics/diffusion-limited model was applied [45]. A summary of applied models and made assumptions
are presented in Table 3. Kinetic parameters for the corresponding models are presented in Table 4.

Table 3: Summary of applied models and main assumptions

Models
Devolatilization: Competing two-step reaction mechanism (C2SM) [42]
Gas phase: Global reaction approach with eddy dissipation concept [43][44]
Char conversion: Kinetics-diffusion model [45]
Turbulence: Realizable k-& model [40]
Radiation: Discrete ordinate method [38], Weighted sum of gray gas model [38]
Particle tracking: Discrete phase model, Discrete random walk model [41]

Pressure-velocity coupling Semi-implicit method for pressure linked equations (SIMPLE) [46]
Main model assumptions

The gasifier is operated under steady-state conditions.

The gas phase is considered an incompressible ideal gas.

All fuel particles are spherical, and slags during gasification are not accounted for.

The contents of sulfur and nitrogen and associated reactions are neglected.

Table 4: Kinetic parameters of devolatilization reaction, gas-phase, and surface reactions.

Kinetic parameters:
Reactions: A —kg/s Pa,
E- J/kmol, a- no unit

Devolatilization:
A =2x10°
Volatiles - 0.501C4HsOH + 0.045H, + 0.036CH, + 0.024C0 E, = 1.046 x 10®
+0.132€0, + 0.007C,H, + 0.007C,Hg + 0.007C3Hg o, =0.3
+ 0.242H,0 A, =13 x107
E, =1.674 x 108
o, = 1 [47,48]
Gas-phase reactions:
8
C.HsOH + 5H,0 — 6CO + 8H, gz 13';613 10* 1491
n _ 8
CnH, + H,0 = mCO + (E + 1) H, gz 13';613 10 1491
A =2.75[46]

CO + H,0 — CO, + H, E =8.38 x 107 [50]

Surface reactions:

A=03
C(s)+ €0, = 2C0 E =2.00 x 108[51]
A=0.002
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Where C,H, in Table 4 stands for CH4, CoH4, C2Hg, and CsHs.

It was assumed that the reaction kinetics of C¢HsOH and C,H, with H,O is similar to the kinetics of
light hydrocarbon molecules, such as CHy4 [49]. The choice is justified because these reaction rates do
not vary largely [50,52]. The phenol compound CsHsOH was considered to represent the liquid by-
products (tars). The assumption was based on the experimental measurements of sewage sludge
gasification and pyrolysis where phenols were the most abundant tar species [1,47]. The complete
devolatilization gas products are assumed based on [47].

The particle size follows a Rosin-Rammler distribution. The parameters used in this work are as follows:
the minimum, mean and maximum diameters are 25, 200, and 813 um, respectively. The spread
parameter is equal to 1.1. The geometry of the reactor is discretized using a 2D axisymmetric grid
composed of about 200 000 rectangular cells. The cell size is equal to 1 mm in both axial and radial
directions. The SIMPLE [46] algorithm is used for pressure-velocity coupling. Second-order schemes
are used for spatial discretization. The weighted-sum of gray gas (WSGG) model [38] is used for the
calculation of the gas absorption coefficient.

2.2 Equilibrium models

The second modeling approach considers equilibrium calculations. There are two general approaches
for equilibrium modeling: a stoichiometric equilibrium model (based on equilibrium constants of
reactions) and a non-stoichiometric equilibrium model (based on the minimization of the Gibbs free
energy) [53]. The present paper considers both modeling approaches.

In the stoichiometric model, the gasification process is represented by the global reaction defined in the
following way:
CXHyOZNpStAShW(HZO)M + kC02 + mH20 (1)
- n,C0 +nyH, + n3C0, +ny,CHY + ngH,0 4+ ngN, + 1,50, + WAsh

Where: X, y, z, p, t, W, M — molar masses of elements and components per 1 kg of feedstock in [mol-kg"

11, k — molar mass of CO; in [mol-kg'], and ni, ny, n3, n4, ns, ne, and n; — molar masses of syngas

components after gasification in [mol-kg™']. Char and tar formation are neglected. Molar masses of fuel

components are calculated based on the fuel ultimate analysis, whereas syngas components are

calculated based on two equilibrium reactions. The first reaction (Eq.2) is a water-gas shift reaction.
CO +H,0 - CO, + H, 2)

The equilibrium constant is equal to:

K, = fr,*fco, 3)

feco*fu,0
Where fco, fu,0 fh, fco, — mole fractions of CO, H>0, Hz, and CO; in [% mol]. And the second
reaction:

C(s)+2H, -» CH, 4)
The equilibrium constant for the second reaction is equal to:
_fon, 1 5)
Cfiop

Where fcy,, fu, — mole fractions of CH4 and Hz in [% mol], p — operating pressure in [atm]. Mole
fraction of the particular compound f; is defined in the following way:
i (6)
fi

i
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Equilibrium constant K is also a temperature function and is related to the standard Gibbs free energy
46°

RT?

Therefore, for the two applied equilibrium reactions, equilibrium constants will take the following form:
—4G° —AA(l 1) —AB (T) —AC (7)

+ l + (T T)+_AD(T2 T2)
R R o) TR 0

change of reaction in the subsequent way: In(K) = —

RT, R \T, T
+ 228 2 1)
3R 0

In(K) = T,

Where 44;, ABi, AC;, AD;, and AE;, are calculated for the two equilibrium reactions. For example, 44; =
Aco + Amo — Acoz — Amz. The Aco, Amzo, Acoz, and Ap; parameters are the regression coefficients taken
from [54]. Ultimately, based on energy and mass balances, and equilibrium relations, a system of
equations is solved that allows obtaining the unknown syngas components after the gasification process.

In the second modeling approach, the Cycle-Tempo software [55] was used to predict the chemical
equilibrium gas composition through the minimization of Gibbs free energy. This approach is termed
non-stoichiometric due to the absence of any specific chemical reaction. Elemental composition
determined from ultimate analysis is the only input required to the model. This approach is particularly
suitable for gasification modeling since all the reactions that can occur during gasification are not fully
known.

3 Results and discussion

Fig. 2 illustrates the temperature distribution, CO, H,, CO», and H,O mole fraction distributions inside
the drop tube from the CFD model. Due to no oxygen presence at the inlet, and no oxidation reactions,
the gasification reactions with CO, and H»O dominate. The process is allothermal which means that
external energy in the form of heat is provided to initiate gasification reactions as there is no oxygen
supply. A gradual increase in CO content along the drop tube can be observed indicating a reasonable
reactor length for the gasification reactions to convert the solid feedstock into a combustible gas product.
At the same time, a gradual decrease in CO» content can be noticed indicating a constant utilization of
CO; as a gasifying agent. Fig. 3 presents the product gas composition concerning the experiment, CFD
model, and the equilibrium approach. One can observe a close agreement of CO and CO, mole fraction
species between the CFD model and the experiment. The H, content has been overpredicted by the CFD
model by 10%. The CO content was underpredicted by 7%, while the CH4 concentration and CO»
concentration matched the experimental data. One of the reasons for the misprediction with respect to
CO and H; may be the initial assumption of the content of devolatilization gas products. In the modeling
part of the study, tars are represented by the most basic phenol species — C¢HsOH, whereas in the
experimental studies [47], tars consisted also of amides, amines, aromatic hydrocarbons, cholestanes,
cholestanols, esters, indoles, ketones, nitriles, pyridines, pyrazoles, and some other unknown species.
The decomposition of these species due to reaction with H>O will result in a different share of CO and
H, products than in the case of pure CsHsOH. Moreover, the literature experiment was carried out for
pyrolysis at the furnace temperature of 500°C. It is well known that devolatilization strongly depends
on the heating rate and operating temperatures. Therefore, the actual gas composition after
devolatilization will surely be different under high heating rate conditions. High temperatures favor tar
cracking and light gas production.

The stoichiometric equilibrium model fails to predict the output gas composition indicating that the two
considered gasification reactions - Eq. 2 and Eq. 4 are not in equilibrium conditions. So high prediction
of CO and H; at the outlet, with almost no CO; suggests that the feedstock was entirely gasified in the
model. The gasification reaction with H, — Eq. 4 is several orders of magnitude slower than other
heterogeneous reactions, therefore, the current gasifier residence times are too small for this reaction to
reach equilibrium. The non-stoichiometric equilibrium model (Cycle-Tempo) yields a better agreement
with experimental data than the stoichiometric equilibrium approach. The CO concentration is
overpredicted by 12%, H, concentration is overpredicted by 9%, and the CO, concentration is
underpredicted 13%. The model does not predict any unconverted char at the outlet. It may be one of
the reasons why there is a higher CO content and a lower CO, content than in the experiment. It was
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also reported by other literature that the default Cycle tempo gasification module strongly underpredicts
CH, outlet content and neglects the residual char that could be unconverted [56]. For example, in the
current CFD model, the carbon conversion degree was equal to 78% for the given reactor conditions
and fuel properties.

0.00 0.04 0.09 0.13 0.17 0.22 0.26 0.30 0.35 0.39 043 CO[-]
. )

328 443 557 672 786 901 10156 1130 1244 1359 1473 Temp. [K]

i

Figure 2: a) Temperature distribution, b) CO mole fraction, ¢) H> mole fraction, d) CO; mole fraction,
e) H>O mole fraction distribution inside a 3-meter drop tube furnace from CFD model.
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Figure 3: Product gas composition concerning experiment, CFD model, and two equilibrium models.

The tar analysis with the use of GC-MS revealed a negligible amount of tars. The BPI (base-peak ion)
chromatogram showed no peaks that could be attributed to tar compounds. A more detailed analysis of
two typical tar representatives, i.e., toluene and naphthalene, proved this observation. The response of
naphthalene ions, if present, was merged with the background noise. The concentration of toluene was
determined to be ca. 5 mg/m’. However, this result was below the range of the calibration curve (which
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was 17 mg/m*) and might be burdened with a significant error. Regarding modeling of tars, additional
work is recommended, both on the composition of primary products during pyrolysis stage, which has
influence on the results obtained from secondary gas phase reactions, as suggested by Wojnicka, Scigzko
and Schmid [57]. From the perspective of CFD modeling of such process in ANSYS Fluent, primary
products are of special interest, since their estimated composition along with devolatilization kinetics is
required as input data for the model.

4 Conclusions

It can be concluded that the CFD model has given results much closer to the experiment, in comparison
to the equilibrium models, confirming its applicability for the modeling of sewage sludge gasification.
It seems plausible to attribute the greater results misprediction of the equilibrium models to the fact that
they have more ideal reactor operating assumptions. For example, these models neglect the unconverted
char, thereby increasing the CO content and decreasing the CO, content according to the Boudouard
reaction. The CFD model analysis has indicated that the concentration of H; in the reactor stabilized
relatively fast, whereas a much higher length of the drop tube was needed for CO and CO, concentrations
to stabilize, mostly due to heterogeneous reactions. The biggest advantage of steam gasification in such
high temperatures is the relatively low content of tars.

Future work will be focused on the improvement of the CFD model by accounting for different tar
compounds and the subsequent decomposition reactions in the devolatilization model. As opposed to
coal, devolatilization gains significance in sewage sludge gasification, due to relatively high volatile
matter content and low char content. The decomposition of multiple different tar species due to reaction
with H>O or other gasifying agents will result in a slightly different share of CO and H, products than
in the case of pure CsHsOH (phenol) as a single tar species. It will be a huge step forward for the reliable
prediction of the syngas composition from the CFD model of sewage sludge gasification.
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