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ABSTRACT: The gasification process can recover energy from biosolids
produced in wastewater treatment. This paper developed a stoichiometric
thermodynamic equilibrium model for biosolid gasification based on the biosolid
properties, thermodynamic database, and equilibrium constants. If the calculation
result showed that the quantity of char was negative, the quantity of char was put
to zero, and the simulation was carried out again. The model was first verified by
woody gasification under isothermal conditions, and the influence of a given
temperature on biosolid gasification was simulated. The model further
investigated the effects of different feedstock types, moisture contents,
equivalence ratios, and reaction extensions on the adiabatic temperature, exergy
efficiency, and syngas properties under autothermal conditions. The four factors
were all the main factors for adiabatic temperature. The exergy efficiency
depended more on the operation conditions than on the feedstock type. The H,
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concentration of the dry syngas in biosolid gasification exhibited a curve both against the given temperature under isothermal

conditions and against the moisture content under autothermal conditions.

1. INTRODUCTION

The increasing demand for new alternative energy supply arises
from the depletion and the environmental impact of
conventional fossil fuel resources." Various renewable energy
sources, such as biomass, have received much attention
worldwide. Meanwhile, increasing amounts of biosolids
(treated sewage sludge) are being produced continuously as
byproducts in municipal wastewater treatments.” The biosolids
contain certain hydrocarbon materials and could be utilized as
special biomass, based on carbon, hydrogen, and oxygen
percentages.” The heating values in the biosolids can be
recovered through the sludge-to-energy technologies."”

Popular biosolid disposal methods include landfilling,
agriculture applications, biochemical treatments, and thermo-
chemical processes.”” However, the first two disposal methods
of biosolids face unsustainability challenges due to land
limitations and more stringent environmental regulations.”
Both biochemical and thermochemical processes are waste-to-
energy solutions. Biochemical methods, such as anaerobic
digestion, are prevalent for biogas production, but they
normally take a long residence time (20—30 days), large
space, and low efficiency (30—50%) of organic matter
decomposition.” In contrast, thermochemical processes con-
vert biosolids into gaseous and liquid fuels and other chemical
substances within a short period under high-temperature
conditions. These processes include pyrolysis, gasification, and
combustion, conducted under oxygen-free, oxygen-depleted, or
oxygen-excess conditions, respectively. 1ot

© 2024 The Authors. Published by
American Chemical Society

7 ACS Publications

Pyrolysis and gasification, in contrast to combustion,
decompose the biosolids thermally into their gaseous, liquid,
and solid (biochar) fractions at intermediate and high
temperatures, respectively.12

Biosolid gasification has become one of the most promising
thermochemical conversion processes. Gasification can convert
a wide variety of feedstocks such as coal, biomass, and residues
into syngas after heat recovery and purification. The syngas
mainly consists of H,, CO, CO,, CH,, and other lightweight
hydrocarbons,"” and its composition depends on the variety of
feedstock, reaction temperature, and pressure conditions as
well as the gasifying agent: air, oxygen, steam, or carbon
dioxide. Serving as an intermediate for subsequent uses, syngas
can be directly used as a clean and efficient fuel for heat and
electricity generation or further processed into high-value
chemicals, such as hydrogen, substitute natural gas, Fischer—
Tropsch (FT) fuel, and methanol."*

The biosolid gasification process can be simulated effectively
by theoretical modeling to study the influence of various
operational and design parameters on the producer gas quality
and optimize the process. The main modeling approaches
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include thermodynamic equilibrium models, kinetics models,
computational fluid dynamics (CFD), and the artificial neural
network (ANN).'>'® The thermodynamic equilibrium model
predicts the biomass gasification production composition
based on the reaction equilibrium assumption. It is a
convincing approximation of the syngas composition and
predicts the maximum achievable yields."” The kinetic model
takes into account detailed reaction kinetics, system hydro-
dynamics, and particle size distribution and %ives the syngas
concentrations at any time within the system."® CFD is based
on the finite difference or finite element methods coupled with
reaction, mass, heat, and momentum conversion equations and
is used to guide reactor design and troubleshooting, but lots of
computing resources are needed at the same time.~ The ANN
belongs to black-box models and makes use of regression to
correlate input and output streams based on a large number of
reliable data points.”

Among the four model methods, thermodynamic equili-
brium is simple and fast in calculation compared with other
models and independent of reaction mechanisms and the
gasifier structure.”’ The thermodynamic equilibrium approach
predicts the composition of the outlet gases based on the
assumption that the components react in a fully mixed
condition for an infinite period; however, gasification is much
more complicated, and an equilibrium state may not be
achieved for all reactions in some parts of the gasifier due to
the short residence time of gases in the reactor. Thermody-
namic equilibrium models can be divided into stoichiometric
and nonstoichiometric approaches,'” based on reaction
equilibrium constants and direct minimization of Gibbs free
energy, respectively. The stoichiometric thermodynamic
equilibrium model combines overall mass balance, energy
balance, and thermodynamic equilibrium reaction equations to
be solved.””™**

Exergy is a very useful method to evaluate the thermody-
namic and energy performances of various chemical processes.
Exergy stands for the potential of energy to work (maximum
possible work obtained from the system) based on the
reference environment.”® Exergy efficiency is the ratio of the
total exergy of the outlet stream of a system to the total exergy
of the inlet stream of the system.”* Exergy analysis can provide
a better understanding of the amount of energy utilization and
quantify the irreversibility of the system.”®” It is applicable to
optimize the biosolid gasification process.

This paper develops a stoichiometric thermodynamic
equilibrium model for biosolid gasification based on the
biosolid properties, thermodynamic database, and equilibrium
constants. The biosolid gasification process is simulated under
isothermal conditions to verify the model and autothermal
conditions to examine the effects of different feedstock types,
moisture content, equivalence ratio (ER), and reaction
extension on adiabatic temperature, exergy efliciency, moles
of dry syngas, the concentration of H,, CO, and CH,, and
cold-gas efficiency (CGE).

2. BIOSOLID PROPERTIES AND BASIC
THERMOCHEMICAL DATA

2.1. Biosolid Properties. The typical biomass composition
consists of organic, inorganic, and water components. In the
gasification process, the organic part is converted to syngas and
char by the gasification agents, the inorganic components are
discharged in the form of ashes, and the liquid water is
vaporized first.

The biosolid is commonly described by proximate and
ultimate analysis. In proximate analysis, the moisture content is
as received shown as M,,, and the ash is based on a dry base
shown as Aj. Their relationship is illustrated in Table 1.

Table 1. Relationship of Proximate Analysis Elements of the
Biosolid

base organic part ash dry moisture
As received 1-M, M,,
dry base 1- Ay Ay 0

As the moisture varies among the different materials, a dry
base is always used to compare their organic components. The
volatile part and fixed carbon combine with the organic part of
the biosolid. The proximate analysis comparison of different
feedstocks is illustrated in Table 2 and Figure 1. The biosolid
has more ashes than other common fuels on a dry base.

Table 2. Proximate Analysis of Different Feedstocks, wt %

fixed

volatile  carbon ash moisture sum  base

Shenhua coal®® 296 550 7.21 8.28 100 ar.
322 59.9 7.9 0 100 db.

lignite coal near the  29.0 289 S.1 37.1 100 ar.

center, ND*

46.0 45.9 8.1 0 100 db.

biosolid*’ 17.1 273 113 68.8 100 ar.
54.9 8.8 36.3 0 100 db.

“Where ar. means as received and db. means dry base.
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Figure 1. Ternary diagram of proximate analysis, wt % (dry base).

The ultimate analysis shows the mass fraction of carbon,
hydrogen, oxygen, nitrogen, and sulfur in the organic part of
the biosolid. The ultimate analysis comparison of different
feedstocks is illustrated in Table 3 and Figure 2.

From the mass composition of the biomass, the chemical
formula of biomass composition can be obtained. The organic
part is depicted in CH,O,N,S,, based on a single atom of
carbon, and the value of w, x, y, and z can be calculated from
ultimate analysis as shown in Table 4. Therefore, the biosolid
can be represented as CH,O,N,S_ + ash + H,0, and the dry
biosolid is CH,O,N,S_ + ash.

The heating value of the biosolid depends on the biosolid
composition. The form enthalpy is calculated through the
higher heating value (HHV), which could be estimated by
ultimate analysis as eq 1.°”

https://doi.org/10.1021/acsomega.4c01687
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Table 3. Ultimate Analysis of Different Feedstocks, wt %

C H O* N S sum base
Shenhua 69.6 3.74 10.1 0.83 0.25 84.5 ar.
coal®®
82.3 4.4 12.0 1.0 0.3 100 daf.
lignite coal 40.9 7.0 45.8 0.5 0.7 94.2 ar.
near the
center,
NDZ‘)
43.1 7.4 48.3 0.5 0.7 100 daf.
biosolid* 9.94 143 617 15 0.82 199  ar
50.1 7.2 31.1 7.6 4.1 100 daf.
woody NU 6 44 0 0 100 daf
biomass®!

“Where O* is derived by difference, ar. means as received, and daf.
means dry ash-free.

2.5
2 Biosolid ¢
g o Lignite
% 1.5 )
g Woody
o | Coal
T

0.5 ®

0

0 0.2 0.4 0.6 0.8 1
O/C (mol/mol)

Figure 2. Van Krevelen diagram for samples based on ultimate
analysis (dry ash-free).

Table 4. Molecular Relationship of the Feedstocks

C H (0] N S
feedstock w x y z
woody 1 1.43 0.66 0 0
biosolid 1 171 047 0.13 0.03
C S
HHV (kj/kg) =87352 X|—+H+ —
3 8 1)

where C, H, and S are the weight percentages of carbon,
hydrogen, and sulfur on a dry basis, respectively.

The lower heating value (LHV) has a relation with HHV
and is shown in eq 2**

LHV (kJ/kg) = HHV — 2443 x 8936 X H )

where 2443 kJ/kg is the latent heat of vaporization of water
and 8.936 kg/kg is the ratio of water to hydrogen.

The specific chemical exergy of biosolid on a dry basis can
be calculated according to its components as eq 3"

Exg, gp(kJ/kg) = 36343.9C + 107563.3H — 8630.80

3)

where C, H, O, N, S, and ash are the weight percent of the
elements carbon, hydrogen, oxygen, nitrogen, and sulfur and
ash on a dry basis, respectively.

As the reaction extent is assumed, the unreacted dry biosolid
has to be heated to the reaction temperature. Since there is
only a temperature change for the unreacted dry biosolid, its
heat capacity Cp is important. The heat capacity of the dry
biosolid is described as eq 4°°

+ 414.7N + 19079.8S — 2110ash

Cp,dry biosolid (KJ/kg'K) = 1.5 + 0.001T (4)
where T is the temperature (K) of the biomass.

The heat capacity of ash generated from the reacted biosolid
is assumed as eq 5°

Cp . (KJ/kg-K) = 0.84 (5)

2.2. Basic Thermochemical Database. Table 5 shows
the standard enthalpy (H,), standard Gibbs free energy (G,),
standard chemical exergy (Exg,), and coefficients (a, b, ¢, and
d) of specific heat capacity (Cp) for an ideal gas at 1 atm
(1.01325 bar) and 298.15 K (25 °C).

%;The LHV of the dry syngas in MJ/Nm® is calculated as eq
P

LHV(syngas) (M]J/ Nm®)

= 10.8xy, + 12.6xc0 + 35.8xcy, (6)

where Xy, Xco, and Xcy, are the mole fractions of H,, CO,
and CH, in the syngas, respectively.

Table 5. Thermochemical Properties of Gasification-Related Compounds®**
H, Gy Exg, Cp (KJ/(kmol K)) T range

Molecular kJ/kmol kJ/kmol kJ/kmol a b c d K
H, 0 0 236,100 29.11 —0.001916 4,003 x 10°¢ —0.8704 x 107° 273—1800
CcO —110,530 —137,150 275,100 28.16 0.001675 5.372 X 107¢ —2222 X 107 273—1800
CO, —393,520 —394,360 19,870 22.26 0.05981 —3.501 x 107° 7.469 x 1077 273—1800
H,O0 (V) —241,820 —228,590 9500 3224 0.001923 1.055 x 107° —3.595 x 107 273—1800
CH, —74,850 —50,790 831,650 19.89 0.05024 1.269 x 10~° —11.01 X 10~ 273—1500
N, 0 0 720 28.9 —0.001571 8.081 x 107° —2.873 X 107 273—1800
H,S —19,960 812,000 29.6 0.0131 5.711 x 107¢ —3.294 X 1077 273—1800
C¢Hg 82,930 129,660 3,303,600 —36.22 0.48475 —31.57 x 107° 77.62 X 1070 273—1500
C(s) 0 0 410,260 4762 0.03148 —2.115 X 107 5717 X 10~° 500—1500
0, 0 0 3970
H,0 () —285,830 —237,180 900

“Source: B.G. Kyle, Chemical and Process Thermodynamics (Englewood Cliffs, NJ: Prentice-Hall,1984); JANAF, Thermochemical Tables

S
Midland, MI: Dow Chemical Co., 1971). The Cp of char is generated from®” (4.03 + 1.14 X 107° T — 204X107) . 4.18 J/ (mol-K).
P g )

32641
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e

Without considering heat recovery, the CGE is calculated
from

LHV of syngas
yig X 100%

CGE % =
LHYV of total biosolid (7)

2.3. Equilibrium Constant K Calculation. The thermo-
dynamic relationship between Gibbs free energy and
equilibrium constants is shown

AG = —RTInK = A(H — TS) (8)

where H and S are the enthalpy and entropy of a material at a
given temperature and pressure, respectively.

The equilibrium constant has a relationship with enthalpy
and entropy, which can be calculated from the heat capacity.
The heat capacity is defined as

Cp=a+ bT + cT* + dT° ()
where (T in K, Cp in kJ/(kmol:K)) a, b, ¢, and d are the

constant coefficients of species and can be found in Table S.
Enthalpy change can be calculated from eq 10.

T
AH= [ CudT
T, (10)

Integrating eq 10

H-Hy=a(T - T) + g(TZ— T2) + é(T3— )

doa 4
+—(T*-T
4( 0)

(11)
Then
HeaT+ 274+ S10 4 ET4+(H0—aTO— b
2 3 4 2
— £T03 — éTg)
3 4 (12)
G and H also have the relationship shown in eqs 13 or 14.
G
o(ir) _H
oT RT? (13)
T
A(E) =/ - Hor
T L, T (14)
Integrating eq 14
G G b
———=—a(InT-InT)) - —(T - T
- = ) - 2T -7
_ i(iTz _ lTOZ) — i(i]ﬁ _ iT(-;’)
32 2 413 3
b 2 C,.3 d 4)1
I S R P A ) v
( 0 L Rl P
H b d
(B o byt 2
Ty 2 3 4 (15)
Then

b

S gmr-Yr- e
T 2

iT3
12

bz C .3 d4)1
+|Hy - aT,— =T - T2 - 2T}~
(0 0 20 30 40T

G, — H,
+ |0 4 (1 +InTy) + bT + —T2
T, 2

+ irg)
3 (16)

The enthalpy of formation, Gibbs function of formation, and
ideal-gas specific heats of the gases are all functions of

temperature. From eq 8
2 vG;

InK=-—"—

RT (17)
where v; is the stoichiometric number, positive for products
and negative for reactants.

Tar includes one-ring, two-ring, and three-ring aromatic
hydrocarbons and phenolic, etc., and benzene (C¢Hy) is always
used as a typical compound for tar.”” The four reactions
employed are the water gas shift (WGS) reaction (K1),
methane steam reforming reaction (K2), Boudouard reaction
(K3), and benzene generation reaction (K4) as follows

CO + H,0=CO, + H, (K1)
_ [CO,H,]  *coru,
[COI[H,0]  xcorm,0 (18)
CH, + H,0=CO + 3H, (K2)
2
_ [ColH,P _ xcorm, (P
[CHIMH,01  xeyxn,0 B (19)
C (s) + CO,=2CO (K3)
2 2
k3= 1O _ %o P
[Coz] xCOZ R) (20)
6CO + 9H,=CH, + 6H,0 (K4)

[CHAIH,01 xcéHﬁxﬁzo(R,)g

[COPIH,P oy, (P (21)
where P, is the pressure of the standard condition and P is the
real pressure.

Thermodynamic equilibrium constants are a function of
temperature. The values of K1, K2, K3, and K4 can be obtained
after plugging the Hy, 4, b, ¢, and d values of the heat capacity
of each component and the stoichiometric number of the four
reactions into eq 17. The stoichiometric numbers of the four
equations are shown in Table 6.

487141

InKl1 = — 1.08612In T + 3.26534 X 107> T

— 0.940763 X 10°° T? + 1.24445 x 10°1° T3
+ 0.502068 (22)

https://doi.org/10.1021/acsomega.4c01687
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—22826. _
228267 + 7.62088In T — 3.38201 X 107 T

In K2 =
—0.117452 x 107° T2

+ 0979452 x 1070 T3 — 232215

(23)
-2 . _
mK3 = 2200939 | 3 2304In T — 528867 X 10 T
+ 134119 x 10°° T*
— 1.76710 x 107 *° T3 + 0.351897
(24)
26.8 _
K4 =17 —32.9240In T + 302792 X 10> T

— 642809 X 10°° T*
+ 773952 x 107° T3 + 88.7994

(25)
Table 6. Stoichiometric Number of the Four Reactions
v, C() H, CO CO, HO() CH, Cg()
K1 0 1 -1 1 -1 0 0
K2 0 3 1 0 -1 -1 0
K3 -1 0 2 -1 0 0 0
K4 0 -9 -6 0 6 0 1

2.4. Exergy Analysis. The kinetic exergy and potential
exergy are neglected in a thermodynamic system. Chemical
exergy is needed for solution, in relation to fugacity. The
chemical exergy is the amount of energy obtained, relative to
its reference conditions. The reference environment is pointed
to the standard conditions of 1 atm (1.01325 bar) and 298.15
K (25 °C) for pressure and temperature, respectively.

For the pure material, the exergy can be shown in eq 26.

Ex(T, P) = Ex(Ty, B) + H — Hy — Ty(S — S,) (26)

where Ex(T,, P,) is the standard chemical exergy of a pure
chemical species.

The enthalpy changes have been presented in the previous
part, and the entropy changes can be calculated as eq 27.

T C PR
As=s—so=f —PdT—f —dp
T, T B P (27)
If there is no pressure change
TC
as= [ Zar
, T (28)

The exergy content for a stream with independent variables,
including temperature (T), pressure (P), and composition (x),
is shown in eq 29

Ex(T, P, x) = D, x{Ex(T, P) + RT, In(x) + H”

- TS} (29)

where the sub-index “i” indicates component i in the stream.
Superscript E indicates the excess property.

If the components are in ideal conditions, eq 29 is simplified
to egs 30 or 31

Ex(T, P, x) = z x{EBx,(T, P) + RT; In(x,)} (30)

x(T; b, x) = Z xi{Exi(’IE); PO) + H - Hi,O
- Ty(S, — Si,O) + RTIn(x,)} (31)

Therefore, the total exergy of each stream, consisting of
physical exergy (Ex,,) and chemical exergy (Exg), can be
determined. The physical exergy refers to the amount of usable
energy without chemical compositions and is expressed as*

Ex,(T, P)Ph =H, - H,— TS = Si,O) (32)
Chemical exergy is expressed as>
Ex,(T, P, x,);, = Ex(T;, B)) + RT, In(x,) (33)

where T, and P, are the temperature and pressure of the
reference state, x; is the mole fraction of a pure chemical
species i in the mixture, and R is the molar gas constant.

Exergy efficiency is the ratio of the total exergy of the outlet
stream to the total exergy of the inlet stream

E
Hy, % = —2 x 100%
EXin (34)

Ex,, and Ex;, represent the sum of the exergies of outputs
and the sum of the exergies of inputs, respectively. The outlet
exergy includes the exergies in the product gas, char, ash, and
unreacted dry biosolid. The inlet exergy includes the exergies
in total dry biosolid and its accompanied moisture and
gasification agents.

3. THERMODYNAMICS EQUILIBRIUM MODEL
PROCESS FOR BIOSOLID GASIFICATION

3.1. Equations of the Thermodynamic Equilibrium
Model. Biosolid gasification is assumed to occur under these
conditions: Based on 1 mol of CH,O,N,S,, a few unreacted
dry biosolids, consisting of organic material and ash, retained
their original organic composition, benzene (C¢Hy) was used
as a typical compound for tar; reaching equilibrium; under
atmosphere pressure; syngas was assumed as an ideal gas.

The gasifying agents are air (or pure oxygen), steam, and
carbon dioxide. The influent and effluent of biosolid
gasification are depicted in Figure 3.

Dry biosolid Product gas _

Moisture
— ¥ Biosolid Char

v

Air . .
y| Gasification Ash

»
»

Steam

CO, Unreacted dry biosolid ,

Figure 3. Influent and effluent diagram of biosolid gasification.

The stoichiometric equilibrium model is based on MESH
equations (material balance equations, phase equilibrium
equations, mole fraction summation equations, and heat,
which means energy balance equations). The typical global

gasification reaction can be written as follows

https://doi.org/10.1021/acsomega.4c01687
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| Known Ultimate analysis and Ad, Mar of biosolid |

l

‘ Specify operation conditions: s, m, n, h, P and &. ‘

i

Update T, char, and
gas composition

‘ Calculate K1, K2, K3, K4, Cp; and integration ‘

v

Gas composition
and char

Isothermal K
4%{ Solve M, E, S equations
simulation

}

A 4 |

From H equation, get Tnew ‘

If char < 0, calculate
again assuming char = 0.

l

ADbS (Trew-T) < ¢

h 4

Yes

‘ Final Temperature ‘

‘ Autothermal simulation results }—V
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Figure 4. Calculation procedure of the stoichiometric equilibrium model.

(CH,ON,S, + Mg, + wH,0(1)) + sH,O(steam)
1
+ mO, + m'(— - 1)-N2hCO2
mc
= Xy, + Xco + Xco, + *H,0 + XcH,

+oxy, + o+ xcéHs)-Ng + No + &My

(1 - &)-(CH,ONS, + M)
(35)

where w, x, y, and z are hydrogen, oxygen, nitrogen, and sulfur
atoms per atom of carbon in the biosolid, respectively; w refers
to moles of moisture per mol of biosolid; m refers to moles of
oxygen supplied per mole of biosolid; mc is the oxygen
concentration in the supplied air; N, is the total mole of the
gas mixture; ¢ is the conversion of the biosolid; N is the mole
of char; and My, is the mass of ash.
The oxygen supplied in gasification is calculated in eq 36

m = (0xXygen),ichiomeric X €quivalence ratio (36)

where stoichiometric oxygen is the oxygen required for
complete combustion of the biosolid.
There are 11 unknowns required to find their values: X,

XcoXcoy Xu,o0r Xeny Xny Xu,9 Xy Ny N, and temper-
ature. Meanwhile, there are five equations obtained from the

five elemental molar balances (carbon, hydrogen, oxygen,
nitrogen, and sulfur)

carbon molar balance: (xq + Xco, T *cu, T 6xc 6)'Ng

+Ne=&+h 37)

32644

hydrogen molar balance: (ZxH2 + 20y 0 + 4xcy, + 2xy g

+ 6szH6) -Ng

=al+2w+2s (38)
oxygen molar balance: (xco + 2xco, + tzO)~Ng
=bé+w+s+2m+ 2h (39)

1
nitrogen molar balance: 2x\ -N, = ¢ + 2m-(— - 1)
me

(40)

sulfur molar balance: xy N, = d-&

(41)

The one summation of mole fraction equation for the gas

phase is

Xy, + xco + Xco, + XH,0 + Xc, + XN, + Xp,s + XC.H,

=1 (42)

There are four equilibrium constant relations expressed in eq
18 for the water gas shift (WGS) reaction, eq 19 for the
methane steam reforming reaction, eq 20 for the Boudouard

reaction, and eq 21 for the benzene generation reaction.

One energy balance (heat) equation is the conversion of

energy (adiabatic process)
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0 0 0 0
He drybiosolia T WHen,01) + sHen,0(g) + mHgo,

1
+ m-(— - 1)H§N2 + hH{co,
mc

8 T 8
= Ny( ), xH, + fT Y %Cp dAT)
1 o 1
o T
+ NC(Hf,C + L CP,chardT) + (é'Mash)
0

T
L CP,asth + (1 - 5) (Hf(,)drybiosoljd

0

T
+ f C iosoli dT
I P, drybiosolid ) (43)

where H, is the standard enthalpy of formation of species i; x;
represents the mole fraction of species i in the gas mixture; Cp,
is the specific heat of species i in the gas mixture; the formation
enthalpy of the dry biosolid is calculated through the HHV.

3.2. Calculation Procedure. The model can work under
isothermal and autothermal conditions (self-sufficiency). The
calculation procedure of the stoichiometric equilibrium model
is illustrated in Figure 4. If the quantity of char in the final
simulation results is negative, then the quantity of char will be
put to zero and the simulation will be carried out again without
the equilibrium constant K3.

4. RESULTS AND DISCUSSION

4.1. Model Validation. These simulation results consider
four equilibrium constants under ER of 0.3 and 0.4 and a
moisture content of 20% for woody gasification, and biosolid
gasification is shown in Figure 5.

04 - Woody, ER=0.3
' Woody, ER=0.4

0.3 A Biosolid, ER=0.3
_ —®— Biosolid, ER=0.4
S 02 -
E
° ]
g 0.1
o
= 0 T T T T - T !
®) \

-0.1 -

There will be no char in this area.
-0.2 -

780 800 820 840 860 880 900 920 940 960

Temperature, K

Figure 5. Simulation results considering four equilibrium constants.

From Figure S, there will be char generation below a certain
temperature at different conditions. If the amount of char is
negative, it means that there will be no char formation, and the
model will run again without considering the equilibrium
constant K3.

The model was validated through comparison with the
woody gasification results available in the literature. The
conditions are a moisture content of 20% and held at a given
temperature of 1073 K at atmosphere pressure. There will be
no char formation, and the benzene concentration in the
syngas is very low because of the very small equilibrium
constant for the benzene generation reaction (K4). The result
comparison is illustrated in Table 7.

From Table 7, the result for an ER of 0.3 is similar to those
of the nonstoichiometric method, while the result for an ER of
0.4 is close to that for the stoichiometric method. Overall, this
work agrees well with the experimental data. However,
hydrogen production is always overestimated, and methane
production is underestimated in the equilibrium model relative
to the experiment results. This is mainly because the CH,
reaction equilibrium is not achieved.

4.2. Temperature Influence under Isothermal Con-
ditions on Biosolid Gasification. From Figure S, there is no
char formation in biosolid gasification when the temperature is
above 900 K, with a moisture content of 20%, an ER of 0.3, a
reaction extension of 100%, and under atmosphere pressure.
The solved concentration result from biosolid gasification at
different given temperatures from 900 to 1200 K (isothermal)
is illustrated in Figure 6.

—o—H,

0.3 1
m CcO
0.25 1 CO»
0.2 1 CHa4
—0—H.S

Dry gas composition
(mol ratio)
P (=3
= o

o
=
by

—o—o—0o—0—0—9
0 ' T —

850 900 950 1000 1050 1100 1150 1200 1250
Temperature (K)

Figure 6. Concentrations at different given temperatures of biosolid
gasification.

As the temperature increases, the CO concentration goes up
while the CO, and CH, concentrations decrease continuously.
The H, concentration of the dry syngas in biosolid gasification
shows a curve against the given temperature, and the maximum

Table 7. Comparison of Different Models on Product Gas Component Distribution

real equilibrium model this work
experimental3] (%) nonstoichiometric®® (%) stoichiometric*® (%) ER of 0.3 (%) ER of 0.4 (%)

H, 15.23 25.35 18.44 25.49 19.96
CO 23.04 23.73 17.46 24.06 18.77
CO, 16.42 10.54 13.13 10.43 12.67
CH, 1.58 0.02 0.00 0.02 0.01
N, 42.31 40.36 50.96 40.00 48.60
0O, 1.42 0 0 0 0

Total 100 100 100 100 100
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concentration reaches around 973 K. Before 973 K, more CH,
is converted to H, as temperature increases; after 973 K, more
H, is converted to H,O as temperature increases.

4.3. Design of Experiment under Autothermal
Conditions. The four factors and their corresponding levels
in the design of experiment (DOE) are illustrated in Table 8,
and there are 24 = 16 rounds. The total 16 rounds of modeling
results are illustrated in Table S1 in the Supporting
Information.

Table 8. DOE of Autothermal Biosolid Gasification

factors level (—1) level (+1)
feedstock woody biosolid
moisture content 10% 20%
ER 0.3 0.4
reaction extension 100% 90%

From Table S1, under autothermal conditions, there is no
case of char generation in woody gasification; while there is
char generation in biosolid gasification when the ER is 0.3, but
there is no char when the ER is 0.4. A Pareto chart of the
effects of adiabatic temperature (@ = 0.05) is shown in Figure
7, and the effects of the four factors on adiabatic temperature
are illustrated in Figure 8.

Figure 7 indicates that the four factors are all the main
factors for adiabatic temperature. As shown in Figure 8, the
adiabatic temperature correlates significantly with the feed-
stock type, moisture content, ER, and reaction extent. Biosolid
gasification has a lower adiabatic temperature than woody
gasification as it has lower HHV. The moisture in the biosolid,
unlike steam as an agent, has to evaporate first at the start of
the gasification process. The higher the water content in the
biosolid, the more the energy required to evaporate it, so the
lower the adiabatic temperature. However, water can
participate in the water gas shift reaction instead of the
steam feed. The adiabatic temperature increases when the ER

is higher as more energy is released from the feedstock. When
the reaction extension is lower, ER is relatively higher for the
reacted feedstock than the designed ER, so the adiabatic
temperature is higher, but both the amount and LHV of dry
syngas are lower.

A Pareto chart of the effects of exergy efficiency (a = 0.05) is
shown in Figure 9, and the effects of the four factors on exergy
efficiency are illustrated in Figure 10.

Figure 9 indicates that the four factors are all also the main
factors for exergy efficiency. From Figure 10, the feedstock
type has a minor effect on the exergy efficiency. The ER is the
most influential parameter on the exergy efficiency because the
reaction itself destroys most exergy. If the reaction extension is
not 100%, some biosolids are not converted to syngas, and
they still retain their original exergy; then the process has
higher exergy efliciency.

The main effect plots for moles of dry syngas, H,
concentration, CO concentration, CH, concentration, and
CGE are illustrated in Figure 11.

As shown in Figure 11, biosolid gasification needs more air
than woody gasification at the same ER because its
stoichiometric air is higher than that of woody gasification,
so it produces more dry syngas. The other three factors also
positively affect the moles of dry syngas. As there is char
generation in some cases of biosolid gasification, the syngas of
biosolid gasification has a lower CO concentration than that of
woody gasification, which impacts further utilization. A higher
ER generates more dry syngas and lowers the H, and CH,
concentrations while raising the CO concentration. The
reaction extension increases not only the moles of dry syngas
but also the concentration of H,, CO, and CH,. According to
Table S1, the LHV of dry syngas ranges from 3.64 to 5.90 MJ/
Nm? which is the normal value of dry syngas from air
gasification. If the reaction extension is not 100%, some
biosolids are not converted to syngas, so the amount and LHV
of dry syngas and CGE are lower.
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Figure 7. Pareto chart of the effects for adiabatic temperature (a = 0.05).
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Figure 10. Main effect plots for exergy efficiency.

4.4. Effect of Moisture Content. There is no char The temperature decreases continuously with moisture from
generation when the moisture content ranges from 10 to 40% 10 to 40% for both woody gasification and biosolid
for both woody gasification and biosolid gasification at an ER gasification, and the biosolid gasification autothermal temper-
of 0.4 and the reaction extent is 100%. The effect of moisture ature is lower than the temperature of woody gasification. The
content on the autothermal temperature is illustrated in Figure effect of the moisture content on the exergy efficiency is
12. illustrated in Figure 13.
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Figure 11. Main effect plots for moles of dry syngas and concentrations of H,, CO, CH,, and CGE.

Woody gasification and biosolid gasification have similar
exergy efficiencies under these cases, and both decrease with
moisture. Variation of dry syngas composition for H,, CO,
CO,, and CH, against moisture content in biosolid gasification
is illustrated in Figure 14.

The difference in the chemical compositions of the
feedstocks significantly affects the main components. The

CH, concentration has a strong correlation with the adiabatic
temperature. An increase in moisture leads to an increase in
CH, due to the temperature decrease. The H, concentration
shows a curve against the moisture content of the biosolid.
More moisture provides more hydrogen sources in the
reaction, but the autothermal temperature drops and more
H, is converted to CH,.
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5. CONCLUSIONS

Biosolid gasification is a promising method of sludge to energy
technology. A stoichiometric thermodynamic equilibrium
model was developed to simulate the biosolid gasification
process based on the biosolid properties, thermodynamic
database, and equilibrium constants to optimize the energy
recovery from biosolids generated in wastewater treatment. If
the calculation result showed that the quantity of char was
negative, the char was not considered in the following
simulation. It had a good agreement with woody gasification
under isothermal conditions, and the influence of a given
temperature on biosolid gasification was simulated. Then, the
study explored the effects of the feedstock, moisture content,
ER, and reaction extension on the adiabatic temperature,
exergy efficiency, and syngas properties under autothermal
conditions. The four factors are all main factors for the

adiabatic temperature. The exergy efficiency depended more
on the operation conditions than the feedstock type. The H,
concentration of the dry syngas in biosolid gasification
exhibited a curve both against the given temperature under
isothermal conditions and against the moisture content under
autothermal conditions. The model can be used to guide the
development and design of the biosolid gasification process.
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