Chapter 4: Result and Discussions

This chapter deals with the results and discussion section. This section is categorized into two
subsections. First sections deals with the result and discussion analysis pertaining to the
numerical and modelling analysis part and then second subsection describes the result and

discussion of the experimental investigations.

First four subsection of the result and discussion part deals with the numerical modelling and
analysis of the complete gasification process. In the numerical simulation part first section
deals with the Modelling and Multi-objective optimization of variable air gasification
performance parameters using Syzygium cumini biomass by integrating ASPEN Plus with
response surface methodology (RSM) whereas second subsection incorporate process
modelling and thermodynamic performance optimization of biomass air gasification fuelled
with waste poultry litter pellet by integrating Aspen plus with RSM. After done with the air
gasification, focus has been shifted to steam gasification in order to increase the concentration
of hydrogen in the producer gas composition. Therby, third subsection deals with the Process
modeling and multi-objective optimization of low-density polyethylene waste gasification for
hydrogen-enriched syngas production. Fourth subsection models the advance technique of

gasification i.e. plasma gasification.

Next four subsection (fifth to eighth) of the result and discussion part deals with the results
obtained from the experimental investigation part. First subsection of the experimental work
employs performance and emission Optimization of CI engine fueled with Coconut shell-based
Producer Gas and Diesel by using response surface methodology. Second subsection deals with
the performance and emission Analysis of triple fuelled CI engine utilizing producer gas,
biodiesel and diesel: An optimization study using response surface methodology. Third

subsection in the experimental section analyses the coal gasification.
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4.1. Numerical simulation-Gasification of Syzygium cumini biomass

The present chapter developed a robust method for the modeling and optimization of variable
air gasification parameters using the ASPEN Plus simulator and Response surface
methodology (RSM). A comprehensive thermochemical equilibrium based model of downdraft
gasifier was developed by minimizing Gibbs free energy. Model validation was done by
comparing the simulated result with the experimental result of four different feedstocks from
the literature and, a good agreement was attained. The Complete modeling of the air
gasification process was segregated into four phases viz. biomass drayng, biomass
decomposition, biomass gasification, and producer gas filtration. Drying operation and yield
distribution during pyrolysis were computed by incorporating FORTRAN sub-routine
statement. Sensitivity analysis was performed to obtain syngas composition using Syzygium
cumini biomass fuel and different gasification performances like gas yield (GY), cold gas
efficiency (CGE), and higher heating value (HHV) using gasification temperature (600-900)°C
and equivalence ratio (ER) (0.2-0.6). Furthermore, RSM has been employed for the multi-
objective optimizations of the variable gasification parameter. Central composite design (CCD)
is adopted. Two independent parameters viz. temperature and equivalence ratio have opted as
decision parameters for estimating the optimum performance parameters i.e., hydrogen
concentrations, CGE, and HHV. Regression models created from the ANOV A results are found
to be highly accurate in predicting output response variables Proximate and ultimate analysis

of Syzygium cumini is depicted in table 4.1.

It is evident from table 4.2 and the literature review that modeling (prediction) and multi-
objective optimization of the variable air gasification performance parameters by integrating
ASPEN Plus with Response surface methodology (RSM) using Syzygium cumini biomass fuel
is scarce. Which offers another scope for the present investigation And, there is lack of work

in respect to the integration of ASPEN PLUS with RSM for the production and optimization.
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Therefore, this study addresses the research gap by incorporating an optimization strategy
coupled with thermochemical equilibrium based robust model ASPEN Plus and multi-
objective optimization technique RSM to achieve the optimal conditions. Both variable
gasification parameters like temperature, equivalence ratio, and gasification performances like
hydrogen yield, cold gas efficiency, and HHV are optimized and optimal working range has

been obtained for the gasifier to deliver the best possible output.

Major contributions of the present study are listed below

Development of a kinetic free thermochemical equilibrium based robust model for
downdraft biomass gasification by decreasing Gibbs free energy to its minimum point

into ASPEN PLUS.

e Model validation using four different biomass from the literature and sensitivity

analysis using Syzygium cumini biomass fuel from the proposed model is performed.

e RSM has been employed for the multi-objective optimizations of the decision variables
i.e. temperature and equivalence ratio, which manifests a value addition in the domain

of energy conversion.

e A highly accurate robust regression model has been developed from the ANOVA tool

for estimating hydrogen concentration, cold gas efficiency, and higher heating value.

e The influences of major decision parameters on the gasification performance

parameters like H2, CGE, and HHV are investigated to attain an optimal state.
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Table 4.1. Proximate and Ultimate analysis of Syzygium cumini.[89]

Proximate analysis on % dry ash-free basis

Volatile matters 78.98
Fixed carbon 21.02
Ash content 2.09+0.08[90]
Ultimate analysis in % dry ash-free basis
Carbon 44.50
Nitrogen 0.77
Hydrogen 4.98
Oxygen 49.54
Sulfur 0.22
Table 4.2. Previous investigation vs. Present study
Gasification Modeling Modeling Optimization Optimization Fuel Ref
Process technique technique
Yes No Yes No
Previous investigation
Entrained x  CFD v x  Pareto Rice [91]
flow husks
Downdraft v %X Aspen x v Wood [92]
plus chips
Bubbling v x  CBP v x  RSM Forest  [93]
Fluidized residues
bed
Bubbling v x  Aspen v x  Mathematica Wood [94]
Fluidized plus residues
bed
Entrained v x  ANN v % Pareto Pet [95]
flow cokes
Downdraft v %X  Aspen x A Date [96]
Hysys palm
wastes
Present study
Downdraft v X Aspen v x  RSM Syzygiu
plus m
cumini
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4.1.1 Model Validation

The model has been validated with the experimental results using four biomasses from the
literature named Hardwood chip (HC), Poultry litter Pellets (PP), Softwood Pellets (SP), and
Rapestraw Pellets (RS). The chemical properties of all the feedstocks used for validation are
depicted in table 4.3. The experimental result of Wei et al. [97] and Stringes et.al. [43] was
considered for the validation of the present model. Validation was performed based on the
syngas compositions at fixed temperature and ER. Error analysis was also performed by finding
the standard mean error. The predicted syngas compositions from the present model were in
good agreement with the experimental syngas compositions. However, the magnitude of CH4
was underpredicted in the present model, which was a general bug in equilibrium modelings
[92, 98, 99]. This under-prediction is attributed to the assumption presumed in the equilibrium
model that char, tar, and heavy hydrocarbon are not considered in the syngas compositions,

which is usually existing in the syngas produced from real air gasification unit.

Table. 4.3. Chemical properties of different biomass

Ultimate analysis Hardwood chip Poultry litter Softwood Rape straw
(wt. %) [97] pellets [43] pellets [43] pellets [43]
Carbon 49.81 43.98 49.20 39.60
Hydrogen 5.55 5.16 6.20 5.60
Nitrogen. 0.07 4.63 0.08 0.78
Oxygen 43.42 31.98 44.06 48.54
Sulfur 0.005 0.75 0.06 0.08
Proximate analysis

(wt. %)

Volatile matter 79.85 63.60 79.20 62.50
Fixed carbon 19.03 15.30 15.20 17.20
Moisture 25.00 7.60 5.20 14.90
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Ash 1.11 13.50 0.40 5.40

Comparative analysis between simulated and experimental results on the variation of syngas
composition with temperature was depicted in Fig 4.1. The experimental result was obtained
by Wei et al. [97]. The simulated and experimental results, both acquired using a similar
condition, feed, and Parameters. ER 0.2, airflow rate 35.244 Nm?’/h, biomass feed rate 31.60
kg/h, temperature 775°C using woodchip. . The accuracy of the simulated results was assessed

using the sum square deviations method [100].

RSS = YN ((Yie — Yip)/Yie)’ (6)
MRSS = RTSS (7)
Mean error = VMRSS (8)

Where RSS and MRSS are ranked set samplings and median set samplings yie and yjp are
experimental and simulated syngas composition. The temperature and ER were kept constant
at 800°C and 0.2 respectively. It is fixed for all the biomasses which were used for the
validation process. A comparison of simulated results with the experimental result for the

validation of the model is depicted in table 4.4.

Table. 4.4. Experimental result versus Model Prediction

HC PP SP RP
Gas Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim.
Composition
(mole %)
CcO 22.16 223 17.42 17.05 2427 2420 14.59 14.56
H> 17.5 179 14.55 1447 14.01 14.17 1443 14.82
CO2 11.89 123 13.51 10.156 10.26 12.43 11.8  11.09
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CH4* 3.09 0.17 1.29 0.0024 4.12 0.00322 4.06 0.00143
N> 4479 48.78 53.09 48.16 47.07 40.14 54.96 45.21
Mean Error 0.049 0.132

OCOsim HMCOexp AH2sim KH2 exp
X CO2 sim ® CO2 exp + CH4 sim = CH4 exp

25
J 20 o O © NmupERESRREgSIEHEEL, o o O
> L
S A A A HeedSm o ORIEET A A A A
> 15 +
= s 00 b00eseie si0ei 0oto0eX X X X
%‘ 10 +
"
S 54
S —_———
&}
0 f f } f f =+ f f f f f f F—
700 720 740 760 780 800 820 840 860
TEMPERATURE (°C)

Fig. 4.1 Comparison of experimental and theoretical result on the syngas composition
4.1.2 Sensitivity analysis

The developed model for the downdraft gasifier has been used to execute sensitivity analysis.
The reaction temperature and equivalence ratio (ER) are the highly influential parameters that
affect the syngas compositions and various gasification characteristics. Therefore, the influence
of variable gasifier temperatures (600-900)°C with step size of 100 and variable equivalence
ratios (0.2-1) with a step size of 0.2 on the syngas compositions, cold gas efficiencies (CGE),
and higher heating value (HHV) has been investigated. Lower heating value of biomass is
14.59 MJ/kg whereas feedstock particle size adopted in the present study is in the range of (3.3-

5.5) cm in chip form.

Gas yield (GY) was computed by using the following co-relation [101]

Gas volume per hour
GY = P 9)

weight of biomass consumption per hour
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Cold gas efficiency (%) was computed by using the following equation. [40]

LHV(PG)

oY — _ LHV(PG)
CGE(%) = LHV (BIOMASS)

XY x 100 (10)

Where Y is a PG (producer gas) yield and Lower heating value (LHV) of biomass and PG in

MlJ/kg can be calculated by using the following co-relation. [40]
LHV(BIOMASS) = (0339 X C +1.029 X H + 0.109 x S — 0.112 X 0 — 0.025 x W) (11)

Where C, H, S, O, and W are the constituent of biomass and it can be generated by the chemical
analysis of biomass. The lower heating value of PG can be obtained by the following co-

relation (8) [40]
LHV(PG) = (0.126 X CO + 0.108 X H2 + 0.358 X CH4) (12)
Where, CO, H», and CH4 are the component of PG.

The higher heating value (HHV) of PG in (kJ/Nm?) can be calculated by using the following

co-relation [102]
HHV(PG) = ((CO% X 3018 + H2% X% 3052 + CH4% % 9500) x 0.01 x 4.1858) (13)

4.1.3 Effect of temperature

The gasification temperatures were varied from 600°C to 900°C. The influence of gasification
temperatures on the syngas compositions, CGE, and HHV is depicted in fig.4.2 and fig 4.3

respectively
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Fig. 4.2. Effect of temperature on gas compositions with ER 0.2 and biomass MC 5 wt%.

Initially, when the temperature is low inside the reactor compositions of PG mainly consist of
COz, CHg, and un-burnt carbons. As the temperature rises, the carbon is likely to respond to
oxygen and get transformed into carbon monoxide (CO) by the partial oxidation reaction (R4).
The mechanism of this reaction is depicted in another investigation [98]. As the temperature
further increases, the magnitude of CO content in the syngas composition further increases
while CO> decreases which are due to Boudouard Reaction. This is an extremely endothermic
reaction. Eventually, it increases the HHV of producer gas. Fig. 4.2 depicts that CO and H»
both rise as the temperatures rise. This rise is mainly indorsed to the water-gas reaction (R7).
These reactions also contributed to the enhancement of the calorific value of PG. It is inferred
from fig.4.2, the magnitude of CO rises unceasingly with a rise in the variable temperature
from 600°C to 900°C. This trend is following the outcomes obtained in other research [98, 103,
104]. During the reaction, methane (R9) reacts with the steams that existed inside the biomass
and is transformed into hydrogen (R9). This indicates that elevated reaction temperatures favor
steam reforming and cracking of CH4 [105]. It can be concluded from the fig.4.2 that with an

intensification in the reactor temperatures, the magnitude of CO and H upsurges while CO2
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and CH4 declines. A similar trend was obtained wherein the influence of gasification
temperature on the magnitude of PG generated from olive kernel and olive trees cutting was
investigated in a fixed bed gasifier. They reported that with rising temperatures, the magnitude
of CO and Hb rises while CO> and CH4 decrease [106]. A similar trend of syngas compositions
with temperature was cited by Dang et al.[94]. Begum et al. investigated the syngas generated
from Municipal Solid Wastes (MSW) in a fixed bed biomass gasifier and reported a similar
trend of the gas compositions with increasing temperatures [103]. Nikoo et al. [100] obtained

the same trend by simulating the biomass gasification process in a fluidized bed reactor.

The influence of gasification temperatures on the CGE and HHV for Syzygium cumini biomass
is depicted in fig 4.3. The CGE is directly proportional to the gasification temperatures. This
may be due to the continuous increment in the magnitude of CO and H: in the syngas
composition. The magnitude of CGE acquired for Syzygium cumini biomass varied in the
range of (35-41)%. Fig 4.3 depicts the variation of HHV with temperature. HHV depicts a
direct relationship with temperature. This may be due to the increment of H> and CO magnitude
in the syngas composition as the temperature rises. It is already discussed earlier. Similar

results for HHV was reported by Lahijani et al. [107]
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Fig. 4.3. Effect of temperature on CGE and HHV
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4.1.4 Effect of equivalence ratio

The equivalence ratio is specified as the ratio of the actual air-fuel ratio to the stoichiometric
air-fuel ratio [108]. It is the most influential parameter that influences syngas compositions and
gasification performances. ER in the present study was varied from (0.2-1) by changing the
airflow rate keeping the temperature constant at 800°C. Variation of syngas composition, CGE,

and HHV with Variable ER is depicted in fig 4.4.
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Fig. 4.4. Effect of ER on gas compositions with temperature 800°C and biomass moisture

content of 5 wt%.

It can be inferred from the plot that the magnitude of H» content decreases continuously from
12.27% at ER 0.2 to 5.1% at ER 1. The magnitude of CO content also decrcases as ER
increases. This decline may be attributed to the fact that as ER increases, the quantity of O2
delivered to the reactor enhances by which the carbon conversion of the fuel upsurges but the
additional quantity of oxygen oxidizes the fuel. It results in the decline of CO and H> content.
It is evident from the plot that the magnitude of CO; increases suddenly with the increasing
ER. It is due to the initiation of complete combustion. The alteration in the magnitude of CH4

with escalating ER is found to be insignificant. Results acquired for ER from our model were
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in agreement with the other studies in the literature [42, 109]. Han et al. reported the influence
of ER on the syngas composition from wood chips in the downdraft gasifier [92]. They reported
that the magnitude of H> decreases continuously from 23.4% at 0.2 to 9.83% at 0.45 with the
increased ER. They also reported that the content of CO decreases continuously from 26.73%
at 0.2 to 9.09% at 0.45. The magnitude of CO2 continuously increases from 9.4% at 0.2 to
17.4% at 0.45. Dang et al.[94] also reported a similar variation of syngas compositions with
ER. A comparable trend was stated by Niu et al. wherein the magnitude of CO and H> declines

whereas CO» increases as ER rises [109].

The influence of ER on Cold gas efficiency and HHV is plotted in fig 4.5. Cold gas efficiency
depicts the direct relation with the ER. The maximum CGE was 58.47%. This direct
relationship may be due to an increase in gas yield as ER increases. HHV shows an inverse
relation with increasing ER. The maximum HHYV attained was 4.17 MJ/kg at ER 0.2. It is due
to the presence of high concentrations of combustibles gases especially CO and H; at lower
ER. A similar trend for HHV was obtained by Lahijani et al. [107]. They reported a decrease

in HHV by increasing the ER by using the sawdust and EFB as feedstock.
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Fig. 4.5. Effect of equivalence ratio on CGE and HHV
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4.1.5 Regression analysis

Two independent parameters viz temperature (X;) and equivalence ratio (Xz) have been taken
as the decision variable for the analysis. Three output responses are hydrogen concentration,

CGE, and HHV. Table 4.5 illustrates the input and response variables from Aspen plus.

The regression equation for hydrogen concentration in the uncoded unit obtained from

ANOVA result is depicted in eq 14

H, = —0.035 + 0.000379X; — 0.005X, — 0.000004X% + 0.028X2

—0.000158X, X, (14)

The regression equation for cold gas efficiency in the uncoded unit obtained from ANOVA

result is depicted in eq 15

CGE = —25.9 4+ 0.0652X, — 61.7X, — 0.000004X} — 31.8X2 +

0.0291X, X, (15)

The regression equation for higher heating value in the uncoded unit derived from ANOVA

analysis is given below

HHV = —1.31+ 0.01193X; + 0.06X, — 0.000006X? — 0.16X2 +

0.0208X, X, (16)
4.1.6 Normal probability plots

The normal probability plot is one of the graphical techniques for determining whether the data
set is normally distributed or not. In this type of plot, data are charted against a theoreticals
normal distributions such that the point should form an approximately straight line, and
deviations from this line indicate the departure from the normality. Fig. 4.6 depicts the normal
probability plot for all three responses i.e Hz, CGE, and HHV against the residuals. This plot

is acquired using Minitab software. It can be inferred from a fig. 4.6 that the predicted value

61



from the ANOVA tool is having very high accuracy compared with the ASPEN result. Points

are scattered very close to the normal distributed straight line.
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Fig. 4.6. Normal probability plot for output responses against residuals
4.1.7 ANOV A results

ANOVA regression analysis of the RSM models for cold gas efficiency and RSM models
conclusion for the CGE is depicted in Tables 4.6 and 4.7 respectively. The P-value is
considered to be the most important parameter in the model; P-value is generally considered to
be insignificant if the magnitude of this parameter is higher than 0.05 [110]. Results acquired
from ANOVA depicted in table 4.6 illustrate that each expression of the regression equations

(linear, square, and 2- way interactions) for the response cold gas efficiency are significant
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except temperature in the square term. The complete model summary of the ANOVA result is
depicted in table 4.6. It can be inferred from table 4.7 that R?%,q; value is 99.28% for the CGE.

Thus, it can be inferred that the model can predict the response output with high accuracy.

Table 4.6. ANOVA result for the Cold gas efficiency

Source DF Adj SS Adj MS F-Value P-Value
Model 5 1132.34 226.47 332.71 0
Linear 2 1121.01 560.51 823.47 0
Temp 1 39.73 39.73 58.37 0

ER 1 1081.28 1081.28 1588.57 0
Square 2 7.95 3.97 5.84 0.032
Temp*Temp 1 2.16 2.16 3.17 0.118
ER*ER 1 4.89 4.89 7.19 0.031
2-Way Interaction 1 3.38 3.38 4.97 0.061
Temp*ER 1 3.38 3.38 4.97 0.061
Error 7 4.76 0.68

Total 12 1137.1

ANOVA regression analysis of the RSM models for hydrogen concentration and RSM models
conclusion for the concentration of hydrogen in the syngas composition is depicted in table 4.8
and 4.7 respectively. Results developed from ANOVA illustrated in table 4.8 demonstrate that
each expressions of the regression equations (linear, square, and 2- way interactions) for the
response H; are significant except temperature in the linear and square terms. This is because
the magnitude of these terms lies above 0.05. Hence, these terms are neglected during the
calculation. The complete model summary of the ANOVA result is showed in table 4.8. It can

be inferred from table 4.7 that R%,; value is 78.51% for the Ha.
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Table. 4.7. RSM model assessment

CGE H: yield HHV

R? 99.58% 87.46% 95.08%
R4 99.28% 78.51% 91.57%
R7pred 98.77% 06.55% 86.11%

Table 4.8. ANOVA result for the Hydrogen concentration
Source DF  AdjSS Adj MS F-Value P-Value
Model 5 0.003438 0.000688 9.77 0.005
Linear 2 0.003284 0.001642 23.33 0.001
Temp 1 0.000031 0.000031 0.44 0.529
ER 1 0.003253 0.003253 46.21 0
Square 2 0.000055 0.000027 0.39 0.693
Temp*Temp 1 0.000053 0.000053 0.76 0.413
ER*ER 1 0.000004 0.000004 0.05 0.826
2-Way Interaction 1 0.000099 0.000099 1.41 0.274
Temp*ER 1 0.000099 0.000099 1.41 0.274
Error 7 0.000493 0.00007
Total 12 0.00393

ANOVA regression analysis of the RSM models for higher heating value (HHV) and RSM
models summary for the HHV is depicted in table 4.9 and 4.7 respectively. Results developed
from ANOVA illustrated in table 4.7 demonstrate that each expression of the regression
equation (linear, square, and 2- way interactions) for the response HHV are significant except
2- way interaction and equivalence ratio in the square term. This is because the magnitude of

this term lies above 0.05. Hence, these terms are neglected during the calculation. The complete
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model summary of the ANOVA result is showed in table 4.9. It can be inferred from table 4.7
that R value is 91.57% for the HHV. Thus, the model has a high accuracy level in estimating

the response output.

Table 4.9. ANOVA result for the Higher heating value

Source DF Adj SS Adj MS F-Value P-Value
Model 5 1.58864 0.317728 27.06 0
Linear 2 1.52236 0.761178 64.83 0
Temp 1 0.67181 0.671813 57.22 0

ER 1 0.85054 0.850542 72.44 0
Square 2 0.04895 0.024474 2.08 0.195
Temp*Temp 1 0.04753 0.047534 4.05 0.084
ER*ER 1 0.00013 0.000126 0.01 0.92
2-Way Interaction 1 0.01734 0.017339 1.48 0.264
Temp*ER 1 0.01734 0.017339 1.48 0.264
Error 7 0.08219 0.011741

Total 12 1.67083

RSM model assessment for all responses is depicted in table 4.7. It can be inferred from table
4.7 that R? assessment is for the H» yield, CGE and HHV are 87.46%, 99.58%, and 95.08%
respectively. Thus, it can be determined that the model has a very high accuracy level in

predicting the response output
4.1.8 Multi-objective optimization using contour and 3-D surface plot

Two independent parameters viz temperature and equivalence ratio have been opted as decision
variables for the analysis. It is because these two parameters are the most influential parameters

for increasing the gasification efficiency and enhancing the quality of syngas. optimization of
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these two parameters leads to increasing the combustible properties of syngas as well as
increasing gasification efficiency. Three output responses are hydrogen concentration, CGE,

and HHV.

4.1.9 Interaction effect of the decision variables on the Hydrogen concentration

Fig 4.7 represents the influence of decisions variable (temperature and equivalence ratio) on
the hydrogen concentration. It can be observed from the surface plot that increasing the
temperature increases the concentration of hydrogen but decreases with increasing the ER. This
rise is mainly accredited to the water-gas reaction (R7). This reaction also contributed to the
enhancement of the calorific value of PG whereas H> concentration decrease because as ER
increases, the quantity of Oz delivered to the reactor enhances by which the carbon conversion

of the fuel upsurges but the additional quantity of O2 oxidizes the fuel and thus hydrogen gets

oxidized to H>O.
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Fig. 4.7. Response surface plots (contour (Left) and 3D (Right)) for H> showing the effect of
Temp and ER

It can be concluded from the contour plot that the most optimized range for the temperature
and ER for maximizing hydrogen concentration is (720-900)°C and (0.24- 0.36) respectively.

The optimum value of hydrogen concentration lies in the range of (0.08-0.11)
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4.1.10 Interaction effect of the decision variables on the cold gas efficiency

Fig 4.8 depicts the influence of decisions variable on the CGE. It can be observed from the
surface plot that increasing the temperature and ER upsurges the CGE. Due to a rise in
temperature CGE upsurges because of the continuous increment in the magnitude of CO and
H: in the syngas composition. CGE depicts a direct relationship with the ER. This may be due
to an increase in gas yield as ER increases. It can be concluded from the contour plot that the
most optimized range for the temperature and ER for maximizing cold gas efficiency is (770-

900)°C and (0.42- 0.48) respectively. The optimum value of CGE lies in the range of (24.1-

26.4)%.
CGE
R
W i5- 20
W0~ 25 i 5 O I S 4
o o 7 9.0 0 0 .0 7
~Eelal ""'".‘""".
= - S A B A AT S {7
" 117177777
0
CGE
20 g
10 17 04
500 ?00 -
200 = 02
Temp Tome =

Fig. 4.8. Response surface plots (contour and 3D) for H, showing the effect of Temp and ER
4.1.11 Interaction effect of the decision variables on the higher heating value

Fig 4.9 represents the influence of decisions variable on the HHV. It can be observed from the
surface plot that increasing the temperature upsurges the magnitude of HHV but decreases with
increasing the ER. This may be due to the increment of H> and CO magnitude in the syngas
composition as the temperature rises. It is already discussed earlier. Similar results for HHV
were reported by Lahijani et al. [107]. The magnitude of HHV decreases as ER increases. It is

mainly attributed to the fact that the combustible component of producer gas started to decline

67



as ER increases. It can be concluded from the contour plot that the most optimized range for
the temperature and ER for maximizing higher heating value is (770-900)°C and (0.24- 0.36)

respectively. The optimum value of CGE lies in the range of (3.8-4.1) MJ/kg.

Fig. 4.9. Response surface plots (contour and 3D) for HHV showing the effect of Temp. and

ER
4.1.12 Optimal state of decision variables

The optimal performance parameters have been achieved after executing the multi-objective
optimizations of the decision variables. It has been acquired from the RSM optimizer section
of the Minitab software where each response is characterized by a unitless desirability value
(d) and its magnitude reciprocates between 0 and 1. The minimum value O depicts ab
objectionable response whereas the maximum value 1 represents a required response. The
equation of desirability has been categorized as “smaller-the-better” (SB), and “larger-the-
better” (LB) type of response [111]. Fig 4.10 depicts the RSM optimizer where results are
generated by the RSM optimizer plot. The composites desirability observed was nearby 0.59
which depicts that the setting appears to achieve a favorable outcome for all the responses as a
cumulative. The optimal values of H2, CGE, and HHV are 0.1, 25.23%, and 3.96 MJ/kg

respectively. The most optimized point for the temperature and ER is 887.879°C and 0.32.
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Fig. 4.10. RSM optimizer plot
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4.1.13 Summary of the present work

Prediction and multi-objective optimization of the variable air gasification performance
parameters by integrating ASPEN Plus with Response surface methodology (RSM) using
Syzygium cumini biomass fuel was investigated in this present research work. The model was
calibrated and validated using four different feedstock from the literature. Sensitivity and error
analysis was performed. Temperature, equivalence ratio of gasifier was selected as the decision
variables and the response output was selected as H» yield, CGE, and HHV. An optimal
working range was obtained to achieve the best possible outputs using RSM. More independent
parameters like moisture content, gasifier reactor design can be adopted for the optimization
study in the future work. Gasification using torrefied biomass and plastic waste can also be

simulated using ASPEN PLUS and optimized using RSM in the further investigation.

The following conclusions can be concluded from the investigation done in this present study

e A comprehensive steady-state stoichiometric kinetic free equilibrium based robust
model of biomass gasifier was developed using ASPEN PLUS simulator. It was based

on the concept of decreasing Gibbs free energy to the lowest point.

e The model is capable of estimating syngas compositions and gasifier performance
under variable operating conditions. Model validation was done and found that results

acquired in the present study are in good agreement with the experimental result

e Sensitivity analysis was performed in which the influence of variable gasification
temperature, variable equivalence ratio (ER) on the syngas composition, gas yield, cold

gas efficiency, and the higher heating value (HHV) was quantified.

e A highly accurate robust regression model has been attained from the ANOVA tool for

estimating hydrogen concentration, cold gas efficiency, and higher heating value.
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RSM optimizer estimates that the optimal magnitude of H>, CGE, and HHV is 0.1,
25.23%, and 3.96 MJ/kg respectively corresponding to temperature at 887.879°C and

equivalence ratio 0.32.

The composite desirability observed was nearby 0.59, which depicts that the setting

appears to achieve a desirable outcome for all the responses as a cumulative.



4.2 Numerical Simulation — Gasification of Poultry litter pellet

This present study investigates the processing of waste poultry litter pellet biomass for the
generation of enriched hydrogen syngas using biomass gasifier. Modeling of biomass gasifier
was performed in Aspen Plus and Model validation was done using four different agricultural
waste biomass with the experimental result and, a good agreement was attained. Sensitivity
analysis was performed in which the influence of equivalence ratio (ER), gasification
temperature, and moisture content on the producer gas (PG) composition, gas yield, Ho/CO
ratio, cold gas efficiency (CGE), and the higher heating value (HHV) were investigated.
Furthermore, RSM has been employed for the multi-objectives optimization of the variable

gasification parameters. with RSM. Fig.4.11 depicts the Aspen plus block diagram.

Table.4.10. Chemical properties of waste Poultry litter pellets

Ultimate analysis (wt. %) Poultry litter pellets [43]
Carbon 43.98

Hydrogen 5.16

Nitrogen. 4.63

Oxygen 31.98

Sulfur 0.75

Proximate analysis (wt. %)

Volatile matter 63.6
Fixed carbon 15.3
Moisture 7.6

Ash 13.5
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4.2.1 Model validation

The developed model using Aspen plus was validated against the experimental data which was
published by Striguas et al. [43]. Model was validated with four different types of agricultural
biomass i.e. Hardwood chip, poultry litter pellets, softwood pellet and rape straw pellet. Model
validation in the present investigation depicts that modelling assumptions are generating valid
data across the relevant range for multiple types of feedstocks. This builds the confidence in
the model for the prediction over the higher range. To achieve the syngas composition, the
same operating conditions were used. The values obtained by the established model using
Aspen plus simulator are shown in Fig. 4.12 and are compared to experimental values from the

literature.

The syngas composition obtained by the current study is in good agreement with those obtained
experimentally by Striguas et al. [43], as shown in the Fig. 4.12. The magnitude of CH4
concentration attains the null value in equilibrium modeling [112]. This under-prediction may
be due to the equilibrium model's assumption that tar and heavy hydrocarbons are not included
in the syngas composition, despite the fact that they are commonly present in syngas generated

by real gasification units.
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4.2.2 Sensitivity Analysis

Sensitivity analysis was carried out using the existing model. The reaction temperature,
equivalence ratio (ER), and biomass moisture content are all important factors in determining
syngas compositions and gasification characteristics. For animal waste poultry litter pellets, the
effects of variable gasifier temperatures (400-1000°C), variable ER (0.2-1), and variable
biomass moisture content (0-30%) on syngas compositions, gas yield (GY), H2/CO ratio, CGE,

and HHV were inspected.
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4.2.3. Temperature effects on syngas compositions and gasification efficiency

Temperatures for gasification ranged from 400 to 1000 degrees Celsius. Fig.4.13 shows the

effect of gasification temperatures on syngas compositions.
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Fig. 4.13 Influence of temperatures on syngas compositions for poultry litter pellets

In the composition of syngas, the temperature of gasification is the most convincing parameter.
The temperature at which gasification occurs determines the consistency of syngas. The partial
oxidation reaction causes the carbon within the reactor to respond with oxygen and convert it
into carbon monoxide as the temperature rises (R4). Another investigation depicts the
mechanism of this reaction. [98]. This is a highly endothermic method. CO levels increase as
temperature increases, as shown in Fig. 4.13 The water-gas reaction is primarily to blame for
this increase (R7). The calorific value of PG was also increased as a result of this reaction.
Fig.4.13 shows that the magnitude of CO increases steadily as the variable temperature rises
from 400°C to 1000°C. This pattern is consistent with the findings of other studies. [98, 103,

104]. Skoulou et al. found a similar pattern when they investigated the effect of gasification
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temperature on the magnitude of PG produced from olive kernel and olive tree cuttings. They
discovered that as temperatures rise, CO and H2 concentrations increase, while CO2 and CH4

concentrations decrease [106].

Fig.4.14 shows the simulated results for gas yield and H2/CO. The plot indicates that the gas
yield increases as the temperature rises. This may be because of the following factors: I The
initial pyrolysis rate was increased by increasing the temperature, resulting in a higher product
gas yield. (ii) At high temperatures, the rate of steam reforming and cracking increases, and
(ii1) the endothermic reaction of char gasification improves. [113, 114]. A similar trend of gas
yield production was obtained by Lahijani et al. [107]. They found that increasing the bed
temperature by 50 degrees increases the dry gas yield by sawdust and EFB (empty fruit bunch).
As the temperature rises, the H2/CO ratio decreases. It's because CO increases at a faster rate
than H2 as the temperature rises. Results obtained for H2/CO from our model were following
the result acquired by Han et al. [92]. The variation of cold gas efficiency (CGE) and higher
heating value (HHV) with temperature is depicted in Fig 4.15. The CGE is proportional to the
temperature of gasification. This may be attributed to the syngas composition's continuous
increase in the magnitude of CO and H2. The CGE percentages conveyed in the literature were
very similar to the results obtained from our model for CGE values. [115]. Using municipal
solid waste (MSW) as a feedstock, Niu et al. investigated the variation of CGE with
temperature. They discovered that the magnitude of MSW varies between 39.90 and 78.70
percent at elevated temperatures of (650-1000)°C and 32.60 to 87.6 percent at lower
temperatures of (550-650)0C.[109]. From fig. 4.15, it is clear that HHV is directly propotional
to temperature. This may be because the magnitude of H2 and CO in the syngas composition
increases as the temperature rises. It has already been debated. Lahijani et al. published similar

findings for HHV.[107].
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Fig. 4.15 Variation of CGE and HHV with temperature.
4.2.4. Equivalence ratio (ER) effect on syngas composition and its gasification efficiency

The equivalence ratio is known as the difference between the actual and stoichiometric air-fuel

ratios. [108]. It's one of the most important factors influencing composition
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ns. ER was varied in this investigation from (0.2-1) by varying the airflow amount while
holding the temperature steady at 800°C. Fig.4.16 depicts the changes in syngas composition

as ER varies.
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Fig. 4.16. Influence of ER on syngas compositions for poultry litter pellets

The magnitude of H> content decreases constantly from 19.41 percent at ER 0.2 to 7.59 percent
at ER 1. This can be deduced from the map. As ER rises, the magnitude of CO content
decreases as well. This decrease can be explained by the fact that as ER rises, the amount of
02 supplied to the reactor rises, increasing carbon conversion, however the additional oxygen
oxidises the fuel completely. CO and H> material decreases as a result. It's because full
combustion has started. The magnitude of the shift in CHy4 is found to be marginal as ER
increases.. Our model's ER results were consistent with those of other studies in the literature.
[42, 109].. They also discovered that CO levels drop steadily from 26.73 percent at 0.2 to 9.09

percent at 0.45. CO2 concentrations rise steadily from 9.4 percent at 0.2 to 17.4 percent at 0.45.

Fig.4.17 shows the simulated results for gas yield and Ho/CO. The magnitude of gas yield

increased from 0.10 at ER 0.2 to 0.78 at ER 1. This can be seen in Fig.4.17. Lahijani et al.
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discovered a similar pattern [107]. Using sawdust and EBF, they registered a steady increase
in dry gas yield and carbon conversions, as well as an increase in ER. With increasing ER,
H2/CO has an inverse relationship. Fig.4.18 depicts the effect of ER on CGE and HHV. The
direct relationship between cold gas efficiency and the ER is depicted by cold gas efficiency.
CGE reached a high of 14.48 percent. This direct relationship may be explained by the fact that
as ER rises, gas yield rises as well, while HHV rises in the opposite direction. At ER 0.2, the
maximum HHV was 4.69 MJ/Nm®. The existence of high combustible gas
concentrations,especially CO and Ha, is to blame. For gas HHV, increasing ER beyond 0.35
was detrimental. It may be due to the syngas being diluted with N2, resulting in the gas having
a low energy content. Lahijani et al. discovered a similar pattern for HHV.[107]. By growing

the ER and using sawdust and EFB as feedstock, they were able to reduce HHV.
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Fig. 4.17. Variation of H2/CO and GY with equivalence ratio.
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Fig. 4.18. Variation of CGE and HHV with equivalence ratio.
4.2.5. Moisture content (MC) effect on syngas composition and gasification efficiency.

The moisture content of poultry litter pellet has been varied from (0 to 30%). Sensitivity
analysis has been implemented to determine the composition of syngas and gasification
performance under this range. The influence of moisture contents on the syngas composition

was plotted and depicted in fig 4.19.
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Fig. 4.19. Effect of Moisture Content (%) on syngas composition
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The moisture present in the biomass may take part in the chemical reactions, like steam
methane reforming reaction (R9), water gas shift reactions (R5), and water-gas reactions (R7).
These reactions can control the chemical reaction equilibrium. Eventually, the composition of
syngas distribution can be altered [116]. As it is evident from fig 4.19 that while the magnitude
of moisture contents increased, Ha concentration decreases from 24.9% at 0 MC to 19.53% at
30% MC. The magnitude of CO content also follows the same trend of declining as the MC
increases. This may be due to the higher heat requirement to vaporize H2O in the higher MC
content feedstock. Reaction temperature drops when MC was enhanced. Lower temperature
leads to a decrease in the carbon reduction reaction, along with the decline in the magnitude of
CO content. The high content of MC enhances the vapor in the reactor. Eventually, it increases
the rate of water gas shift reaction. All of these factors reduce the amount of CO and H2 in the
syngas mixture. whereas CO> content increases for Poultry litter pellets used in the present
study. It is because CO would convert into CO.. A similar trend was stated by Han et al. [92].
They reported a decrease in the concentrations of CO and H2 while CO> content increases as

MC increases from 0 to 30% for wood chips as feedstock.

The influence of moisture contents on gas yield and H2/CO has been depicted in fig 4.20 and
The influence of moisture contents on cold gas efficiency and HHV is depicted in fig 4.21.
Fig.4.21 shows that CGE and HHV levels are decreasing. as MC increases from (0 to 30)%.
The magnitude of CGE varies in the range of (53-66)%. . This decline may be due to the
decrease in the heating values of syngas as the MC increases. The magnitude of HHV decreases
because the content of CO and H2 decreases as the MC increases. Maximum HHV can be
obtained in the range of (0-10)% of moisture content. A similar trend of decline was acquired
by Han et al. [92]. They reported that LHV constantly decreases from 5.42 MJ/Nm? at 0% MC

to 3.26 MJ/Nm? at 30% MC. ). H2/CO ratio tends to increase with increasing MC. It may be
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because the magnitude of CO decreases rapidly as compared to hydrogen as moisture content

increases. The maximum value of gas yield obtained was 1.91 at 30% MC.

—4—H2/CO —e—GY

T 1.94
+ 1.92
T 19
+ 1.88
T 1.86
+ 1.84
T 1.82
T 1.8
T 1.78
T L.76
0.88 + t t t t t t 1.74
0 5 10 15 20 25 30 35
Moisture content (%)

GY (Nm¥/kg)

Fig. 4.20. Variation of H2/CO and GY with moisture content.
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4.2.6 Regression analysis

Three independent parameters were chosen: temperature (X1), equivalence ratio (X2), and

moisture content (X3). Hydrogen, CGE, and HHV are three performance responses (HHV).

Table 4.11 shows the expected design plan as well as the computed response values. Since the

two-way interaction concept was trivial, it was left out of the calculations.
The ANOVA analysis yielded for hydrogen concentration

H, = —0.3999 + 0.001363X; — 0.112X, + 0.01201X; — 0.000001X? + 0.002X?

—0.000323X2
The ANOVA analysis yielded for CGE

CGE = —69.9 + 0.483X; — 374.1X, — 1.55X; — 0.000277X? + 262.7X?

+ 0.0264X3
The ANOVA analysis yielded for HHV.

HHV = —10.83 + 0.03343X; — 0.63X, + 0.2951X; — 0.000020X% — 0.67X2

—0.00814Xx2

Table. 4.11 Parameter settings plan along with the responses

(19)

(20)

(21)

Parameter Responses

Trial

no Temp. ER MC H: CGE (%) HHV (MJ/Nm?)
1 400 02 5 0.034130035 7.499004592 0.546367205

2 500 02 5 0.085869488 25.97250359 1.748995481

3 600 02 5 0.148286535 56.30542016 3.468628042

4 700 02 5 0.157165004 66.49327626 3.974526232

5 800 02 5 0.146955893 67.41120804 4.000539536

6 825 02 5 0.144469873 67.50989772 4.000999897

83



10
11
12
13
14
15
16
17

900
1000
800
800
800
800
800
800
800
800
800

0.2
0.2
0.4
0.6
0.8

0.2
0.2
0.2
0.2
0.2

L L L W W W

15
20
25
30

0.137662718
0.13002299

0.14661942

0.114772938
0.092347979
0.075943918
0.239278257
0.214370684
0.209761295
0.187013436
0.195322468

67.7494785

68.00340787
5.669877718
8.583305764
11.52383681
14.48278131
62.85830773
56.91030586
56.3386238

50.66373946
53.21380532

4.000818326
3.999908523
4.203581636
3.80302923

3.472241226
3.194445924
6.259268667
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4.2.7 Normal probability plots

The normal probability plot for all three output responses is obtained using the RSM technique.
These plots are very important for determining the efficiency of the model. in this type of plot,
the X-axis is taken as the residuals whereas Y-axis is taken as the percent value. Residual is
the difference between the exact value and the predicted value. Exact values are those values
that are predicted by using Aspen plus sensitivity analysis. Predicted values are those values
that are obtained by using regression equations using ANOVA analysis. These plots have
scattered output response points. These scattered points deviate from one straight line that is
known as a theoretical normal distribution. The closeness of scattered points from this straight

line depicts higher efficiency of the developed model and vice versa. Fig.4.22 depicts the

normal probability plots
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Fig. 4.22. Normal probability plot for output responses
4.2.8 ANOV A results

Tables 4.12, 4.13, and 4.14 show the RSM model's ANOVA results for all three dependent
parameter.The F-value in the table depicts the statistical significance of the model as well as
factors and their interactions. The higher magnitude of the F factor depicts the higher
significance of the effects of the factors on the response variables. The P-value is insignificant
if its magnitude is higher than 0.005 [110]. Table 4.12 shows that all expressions of the

regression model for the hydrogen are important, with the exception of the equivalence ratio
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and moisture content in the square term. It depicts that square term of moisture content and
equivalence ratio is insignificant while predicting the response variable using regression
analysis. It can be inferrred from table 4.12 that ER is the most predominant paramter for the
generation of hydrogen followed by temperature and at last moisture content of biomass. Table
4.13 depicts the ANOVA analysis of CGE. It can be concluded from the table 4.13 that CGE
is predominantly affected by temperature follower by equivalence ratio and moisture content.
This may be due to the increase concentration of hydrogen and CO at elevated temperature.
All terms for predicting CGE in table 4.13 is significant except square term of temeperature as
P-value of this square term is greater than 0.005. Same trend like CGE is followed by HHV in
table 4.14. Temperature is most predomainent for HHV followed by ER and moisture content
of biomass. It can be inferred from the table 4.14 that linear term of temperature and ER are

insignificant in predicting HHV of biomass.

Table 4.12. ANOVA analysis for the H»

Sources DF SS MS F-Value P-Value
Models 6 0.043248  0.007208 19.86 0
Linear 3 0.013432  0.004477 12.33 0.001
Temperature 1 0.005899  0.005899 16.25 0.002
ER 1 0.007377  0.007377 20.32 0.001
Moisture content 1 0.000312 0.000312 0.86 0.006
Square 3 0.012843  0.004281 11.79 0.001
Temperature*Temperature 1 0.006947  0.006947 19.14 0.001
ER*ER 1 0 0 0 0.009
Moisture

content*Moisture content 1 0.003339  0.003339 9.2 0.013
Error 10 0.00363 0.000363

Total 16 0.046878
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Table 4.13. ANOVA analysis for the CGE

Sources DF SS MS F-Value P-Value
Models 6 9328.7 1554.79 22.85 0
Linear 3 4309.2 1436.41 21.11 0
Temp