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Abstract

Dewatered domestic wastewater sludge (DDWS) is one of the largest contributors of waste material in
the world, and it immediately elevates local environmental problems, especially in the urban area. The
conversion of this material into a usable form of green energy, such as syngas through gasification, can
be a vital solution. Hence, this method not only solves the environmental issues related to DDWS
disposal but also participates as an energy source. To achieve this goal, the essential fuel
characterization, which includes initial moisture content, high heating value, ultimate analysis, and
proximate analysis, were carried out to assess the potential energy in DDWS. Due to the high expenses
of the successful design of the gasifier reactor, and there are no efficient methods to predict the
gasification performance, the model of the DDWS gasification process using ASPEN Plus software
was developed. As ASPEN Plus software does not contain a built-in gasifier reactor model, a
combination of various reactors is used to simulate the gasification processes. These processes were
divided out into two stages. In the first stage, DDWS was decomposed into its element by specifying
yield distribution. By using Gibbs free energy minimization approach, the gasification reactions were
modeled. The current model was validated with the previously published work. From the
characterization findings, DDWS showed high initial moisture content 84.64% and potential energy
with 16.84 MJ/kg high heating value. The proximate analysis based on the dry base of DDWS
exhibited that more than 55.42 % of their mass is composed of volatile materials, and ash content is
found to be less than 25.79%. The elemental of carbon, hydrogen, nitrogen, sulfur, and oxygen
component in the DDWS sample was 34.29%, 5.20%, 5.80%, 3.12%, and 25.80%, respectively. By
applying operating parameters, which include reaction temperature, reaction pressure, airflow rate, and
moisture content, it’s found that the increase in reaction temperature (673-1673K) enhanced the
production of CO and H; while increasing reaction pressure adversely affected the generation of H;
and CO. The increase in the airflow rate increases CO, mole fraction in syngas and shift the
gasification process to combustion. The heating value of syngas sharply decreased with the increase in
the DDWS moisture content. From the simulation results, ASPEN Plus simulator software is presented
with the high capability to be used as a predictive tool for optimization of the gasifier performance.
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1. Introduction

Dewatered domestic wastewater sludge (DDWS) can be defined as a soft mud or mire, a slimy
precipitate produced from the sewage [1]. In the wastewater treatment, sludge by far is the largest
in product volume, and its disposal process causes perhaps one of the most complex
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environmental problems for an engineer working in this field to manage [1, 2] because it contains
unsuitable constituents such as organic, inorganic elements and pathogenic micro-organisms. Due
to this, it is considered, universally, as unsightly material and may cause some harmful side
effects which have to be dealt with the least public exposure. Furthermore, the management of
DDWS waste slowly increases the financial burden of wastewater treatment companies,
especially in high population areas such as urban and suburban areas. There are numerous
environmental and health risks associated with the disposal of DDWS, if not mitigated, will cause
serious problems for the country. In 2007, the yearly feed-rate of domestic wastewater entering
wastewater treatment plants throughout the country was estimated at 4.9 million cubic meters [3],
and the cost to treat and manage its disposal was at US$ 0.3 billion [4]. One solution to solve the
disposal issues related to DDWS is to convert this waste material into an alternative fuel.
Therefore, this does not only help solve environmental issues related to DDWS disposal but also
contribute as an energy source.

The conversion of DDWS into a usable form of energy can take place through biological,
thermochemical, physical, and hydrothermal processes [5]. Among these conversion techniques,
thermochemical gasification shows a promising approach to convert DDWS into clean syngas
fuel. Syngas is mainly a mixture of combustible gases such as H,, CO and CHs4, and non-
combustible gases such as COz and N2 [5, 6]. The gasification is a complex process that includes
drying, pyrolysis, combustion, and reduction processes, as elaborated by Diyoke et al. [7].
Typically, the quality of syngas is affected by some essential parameters such as biomass
characterization, process operation parameters, and the gasifier reactor design [8]. The biomass
characterizations depend on the biomass source. The significant biomass characterizations on
gasification process include size, density, ultimate analysis (carbon (C), hydrogen (H), nitrogen
(N) and sulfur (S)) and proximate analysis (volatile matter (VM), fixed carbon (FC) and ash) [9,
10]. The operation parameters in biomass gasification are reaction temperature, reaction pressure,
equivalence ratio, and moisture content.

Kirsanovs et al. [11] investigated the effect of wood chips moisture content on the syngas
production efficiency. They found lower moisture content was favorable for syngas production.
Moreover, the high moisture content decreases the heating value of syngas as reviewed by
Susastriawan et al. [8]. McKendry [12] mentioned that the reduction in the syngas heating value
at high moisture content is due to the incomplete pyrolysis process. The effect of reaction
temperature through the gasification process was explored by Liu et al. [13]. They stated that
high temperatures promoted tar cracking, then improved the endothermic gasification reaction
rate and enhanced the yield of syngas production. Wang et al. [14] studied the effect of reaction
temperature on the gasification of pinewood sawdust and cotton stalk. They observed that the
percentage of CO and H2 in syngas increases with increasing reaction temperature thus increases
the heating value of syngas. In contrast, the increase in the reaction pressure decreases the
percentage of CO and H: in syngas [15]. Kaupp and Gross [16] stated the gasification process
shifts from the pyrolysis domain to the combustion domain with the increase in the air-fuel ratio
[17]. In general, the results of the previous studies have a similar trend. However, the optimum
operating parameters for biomass gasification are affected by biomass characterization and
gasifier design.
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The design of gasifier reactor dimensions and capacity of the syngas production assign based on
the specific biomass characterizations. Moreover, the characterizations of one type of biomass are
different from others. From this, biomass is considered as the most vital key in the gasifier
reactor design. Due to the high expenses of gasifier design, many biomass gasification models
were carried out to study the feasibility of biomass gasification and to predict the amount and
composition of syngas production [7, 18-20].

Before convert DDWS into syngas, the essential fuel characterizations were carried out to assess
its potential energy. This characterization includes initial moisture content, high heating value
(HHV), ultimate analysis, and proximate analysis. Moreover, since there are no available
efficient methods to predict the quality of produced syngas due to less understanding of the
thermodynamic process, the simulation of the DDWS gasification process using ASPEN Plus
software was investigated. In this simulation study, the steady state model is employed to
describe the DDWS gasification process. The operating parameters, which include reaction
temperature, reaction pressure, airflow rate, and moisture content, were used to study their effect
on the produced syngas composition.

2. Materials and Method
2.1. Fuel Characterization

DDWS samples used in this study were collected from domestic wastewater treatment which
located in the southern region in Turkey. To assess the potential energy in DDWS, the samples in
the received form were first dried by using a convection oven at 15+0.5°C according to ASAE
S358.2 standard to obtain the initial moisture content. Through the drying process, the weight of
samples was regularly checked to obtain the weight loss (water evaporation) with associated
time. Thus, the final form of dried samples was labeled and stored in airtight plastic containers.
Then, HHV of dried sample was measured to obtain the amount of energy based on the ASTM
D2015 standard. The reported HHV results in this study were measured using the SDACM-3100
bomb calorimeter. In this study, the CHNS analyzer was used to measure the elemental
composition in DDWS sample in terms of carbon (C), hydrogen (H), nitrogen (N), and sulfur (S).
The oxygen content was determined by the difference of the summation of C, H, N, S, and ash
content from 100. Furthermore, the thermogravimetric analyzer (TGA) was used to determine the
proximate analysis of DDWS samples concerning the ASTM E113108 standard. The proximate
analysis presents the amount of volatile matter (VM), fixed carbon (FC) and ash contents in
DDWS samples. Each sample with a known weight was placed in the sample crucible and
subjected to heating up to 600°C in an inert gas environment and then in oxidant gas as the
temperature rose to 850°C. The trend generated by the TGA device for each sample was then
examined for peaks to determine the amount of volatile matter, fixed carbon, and ash based on
mass loss.

2.2. Gasification simulation model development

ASPEN Plus software is used to develop a kinetic free equilibrium for the gasification process.
However, as the gasifier model does not exist in the ASPEN Plus process simulator, the
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gasification process in this study was modeled in two stages. In the first stage, the feedstock
decomposed into volatile components and char in the second stage. The FORTRAN statement
was employed in the calculator block to specify the yield distribution in this stage. Finally, the
gasification reaction was modeled by minimizing Gibbs free energy.

The basic assumptions in the model are: (i) Steady state kinetic free model, (ii) Isothermal
system, (iii) All sulfur goes to H,S, (v) Only NHs forms, no oxides of nitrogen are produced, and
(iv) Tars and other products are assumed as non-equilibrium products to reduce hydrodynamics
complexity.

Among the equation of states that available in ASPEN Plus, Peng-Robinson equation with
Boston-Mathais alpha function (PR-BA) used in the current study. This method improves the
correlation of the pure component vapor pressure when the temperature is very high because the
alpha parameter in this package is a temperature-dependent variable. Moreover, the enthalpy and
density model for non-conventional components (biomass and ash) were specified as
HCOALGEN and DCOALIGT respectively.

2.2.1. Model Description

DDWS is defined as a non-conventional component in ASPEN Plus and specified by using
ultimate and proximate analysis, as shown in Table 1. In the model simulation, four block models
used to simulate the gasification process. Moreover, the typical DDWS gasification processes and
calculation procedures used in ASPEN Plus is presented in Fig.3. The RGibbs block model is
used to simulate the gasification process of DDWS. RGibbs block models chemical equilibrium
by minimizing Gibbs free energy and can handle three-phase chemical equilibrium. However, the
equilibrium calculation cannot be done because DDWS is defined as a non-conventional
component. Concerning this challenge, it is necessary to feed DDWS into the simulation based
on it is elements composition (C, H, N, S, and O). For this purpose, the RYield block model is
employed. In this case, it is assumed that the volatile content obtained from the proximate
analysis of DDWS is equal to the total yield of volatiles. Moreover, the FORTRAN statement is
connected to the RYield block model to calculate the yield distribution of DDWS into its
components. The reaction temperature related to DDWS decomposition is modeled in the RGibbs
block model. This block calculates the syngas composition by minimizing Gibbs free energy and
assumes complete chemical equilibrium. The air stream is attached to the RGibbs block model
where the chemical equilibrium calculates. Finally, the ash is separated from the syngas by using
the Sep block model based on the split fractions.

2.2.2. Model Validation

The developed model validated by using the experimental result of municipal waste material
(MSW) gasification published by [20]. Table 3 showed that the simulation results are in good
agreement with the experimental result for MSW. In this simulation, the results showed better
agreement with the syngas composition of other authors, yet it still needs to be validated with
experimental data in the future.
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Table 1. Description of ASPEN Plus unit operation models

ASPEN Plus ID Block ID Description
. Yield reactor-converts non-conventional biomass into conventional
RYield DECOMP components by using FORTRAN statement.
. Gibbas free energy reactor- handles three phase equilibrium and
RGibbs GASIF calculates syngas composition by minimizing Gibbs free energy.
Sep SEPARAT | Separates gases from ash by specifying split fractions.
_______________________________________ Dry Biomass
i FORTRAN | _Yle_lq _________ RYield i
. Statement I
Decomposition,: :
Zone ! N |
: ' d H N o !
! Calculator !
! Block !
Ty
Reaction _>E RGibbs L.  Air
70ne ' :
Sep Zane_ _ > Spl_it Fmm e D Sep _E#ses
: Fractions :

BIOMASS

IN-GASIF

Figure 2. Typical ASPEN Plus Simulation procedure for dewatered domestic wastewater sludge gasification

) Ash
Figure 1. ASPEN Plus Simulation Calculation prj{cedure
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Table 2. Experimental result vs model prediction of MSW

Syngas (mole %) Co CO, H» CH4
Experimental 14.89 8.40 4.58 1.54
Model 14.74 7.86 5.19 0.39
Different -0.15 -0.54 -0.61 -1.15

3. Results and discussion

3.1. Fuel characterization

The initial moisture content on the wet basis of DDWS is referring to the quantity of water in the
sample divided by the total mass of the sample, expressed as a percentage of the material’s
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weight. During the drying process, the moisture content in DDWS was reduced, and the initial
moisture content of the as-received DDWS samples was about 84.64%, after 7h of the drying
process. By comparing the current samples with another Malaysian DDWS samples, it’s found
the initial moisture content of the current samples within the range 84% [21]. The mean heating
value of the DDWS was found to be 16.84 MJ/kg, and it is observed this HHV is higher than the
values reported in previous work [22].

Table 3. The dewatered domestic wastewater sludge fuel characterization

HHV Moisture Proximate analysis (db%) Ultimate analysis (%)
(MJ/kg) | content (%) VM FC Ash Cc H N S 0
16.84 84.64 55.42 | 18.79 25.79 34.29 | 5.20 5.80 3.12 | 25.80

The DWS samples were found to contain 34.29% carbon on the average, which is in good
agreement with the values reported in the literature [21]. The mean percentage of Hydrogen in
DWS was found to be 5.20%, and when compared to previous work, as reported in [23, 24], the
value of hydrogen in the current work is higher. The nitrogen and sulfur content in the samples
were 6% and 3.12 % respectively, and these values it’s found to be higher than the values
reported in [22].

The TGA results for DWS show that the volatile matter (d.b.) in the samples was 55.42% (d.b.)
higher than the range reported in previous work carried out by Puchong [25] who reported 53.2%
(d.b). The fixed carbon (d.b.) in the current DWS samples was found to be approximately double
the value that obtained by Puchong (8.6%) [25]. The samples in this work were also found to
contain a lesser amount of ash when compared to Puchong result [25].

3.2. Gasification simulation model
3.2.1. Reaction temperature

In this study, the reaction temperature varied from 673 to 1673 K. From Fig. 5, it’s observed that
the rate of carbon gasification increase with the increase in the reaction temperature. Ramzan et
al. [20] reported that, at low temperatures, the carbon present in biomass is not gasified
completely. On another hand, the CO composition was increased due to endothermic reduction
reaction. Hence, many studies mentioned that CO will have a better chance to reach equilibrium
at high reaction temperature as elaborated in [26, 27]. Furthermore, CH4 presented in syngas, at
low temperatures, can convert into H> by reversing the methanation reaction. In particular, H>
production sharply increased between a temperature 673 to 973 K, and it slightly decreased at
high temperature. The decrease in CO2 production at high temperature can be related to the
increase in the production of other gases (H> and CO). From these results, it can be concluded
that the increase in the gasification temperature favors CO and H. production.
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Figure 3. The effect of reaction temperature on the syngas composition from DDWS
3.2.2. Reaction pressure

The sensitivity analysis of the reaction pressure inside the reactor was carried out to explore its
effect on the syngas composition. The reaction pressure varied from 0 to 40 bar. The mole
fraction of CO and H; decreased rapidly with a slight change in CH4 at high reaction pressure, as
shown in Fig. 6. This result agrees with the result obtained by Higman and Van der Burgt [15].
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Figure 3. The effect of reaction pressure on the syngas composition from DDWS
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Figure 4. The effect of airflow rate on the syngas composition from DDWS
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3.2.3. Airflow rate

In general, the oxygen is necessary to convert the elemental composition presented in the DDWS
into syngas, but the excess oxygen will reduce the quality of produced syngas. In order to obtain
the sufficient oxygen required for syngas production, the airflow rate (10-30 kg/s) were
investigated. From the results in Fig. 4, it can be illustrated that H, and CO production decreased
with increase in airflow rate, whereas CO> production increased. This results because the excess
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air shifts the process from gasification to complete combustion [5].

3.2.4. Moisture content

In this study, the moisture content varied from 10 to 40% and the high heating value was
calculated based on the equation obtained by Waldheim and Nilsson [28]. The increase in the
DDWS initial moisture content strongly decreased the high heating value of produced syngas. It’s

suggested this result because a part of the DDWS heating value is used to evaporate the moisture
content.

[ N w

High heating value (MJ/m3)

o
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P T S T S R

10 20 30 40
Initial moisture content (%)

Figure 4. The effect of initial moisture content on the syngas high heating value

Conclusions

The essential fuel characterization and gasification model for the DDWS were successfully
carried out. DDWS showed high potential of energy with relatively high heating value and
acceptable elemental composition. This developed gasification model revealed a capable to
predict the syngas composition under different operating parameters. The obtained results are in
agreement with previous studies. High reaction temperature enhanced the gasification efficiency
via increases in the CO and H. production whereas the reaction pressure showed adversely affect.
The conversion of carbon presented in DDWS through the gasification process is mainly
controlled by the airflow rate. The increase of moisture content in DDWS decreases the HHV of
syngas. In the future, further study in the gasification process using comprehensive models is
recommended. Finally, validate these models with the experimental results.
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