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Abstract
Pyrolysis has been established as a good technique of recovering energy from biomass. In this study, a thermodynamic 
model was developed on ASPEN Plus V8.8 to study the temperature sensitivity and yield of products from the pyrolysis 
of different banana wastes. The wastes considered were banana peels, pseudo-stem and leaves. The model was validated 
with experimental results for pseudo-stem pyrolysis. From comparison, the pseudo-stem was observed to give a slightly 
higher yield of gas compared to the other residues. Thermodynamic predictions of gas yield are similar for the different 
feedstock at low temperatures but varying at higher temperatures with the leaves producing less. Furthermore, the 
yield of oil from leaves is less and that of char is higher than for the other residues. The fluid phase products (bio-oil and 
syn-gas) were higher for pseudo-stem than for the other residues due to greater proportion of volatile matter from the 
proximate analysis. The suitability of banana pseudo-stem for bio-oil production via pyrolysis is established in comparison 
with the other residues studied. The leaves and peel are more suitable for low-temperature thermochemical processing 
for bio-char production.
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1  Introduction

The banana (Musa spp.) plant erroneously referred to as a 
‘tree’ is a large single-fruit bearing herb widely cultivated 
in West Africa [1]. It is tall and sturdy with a cylindrical stem 
and can grow to a height of 0.8 m to about 7.5 m [2]. In the 
process of harvesting (lifecycle is about 10–12 months), 
the plant is cut so a new shoot can grow from the stub. 
A lot of wastes/residues are generated from the harvest-
ing and consumption of banana fruits, and these include 
rotten fruit, peels, empty fruit bunch, leaves, pseudo-
stem and rhizome [3]. These residues have been used 
for a variety of non-energy applications which includes 
the extraction of useful bio-products [4, 5], in polymer 
composites [6, 7], in textiles [8], for preparing adsorbents 
and ion-exchangers [9, 10] and a host of others [11, 12]. 
Banana wastes possess a huge energy potential as have 

been revealed from proximate, elemental, chemical and 
thermogravimetric analyses [1, 3, 13–19]. This informs 
that it would be a very good feedstock for thermochemi-
cal processes.

Pyrolysis is a quite popular technique in the recovery of 
energy from waste biomass. It is the heating of up of mate-
rial feed to elevated temperatures under inert conditions 
[20]. The products formed are bio-oil, synthesis gas and 
char [20]. Banana waste has been pyrolysed for hydrogen 
production [21] and char production [22]. There are also 
other studies where banana wastes such as pseudo-stem 
[23, 24], leaves [16, 17, 24] and peel have been pyrolysed. 
Fernandes et al. [17] pyrolysed banana leaves and pseudo-
stem at 500 °C for 60 min in a slow pyrolysis batch reactor. 
Oil yield was 28.8% for pseudo-stem and 23.9% for leaves. 
Char yield was 58.4% for pseudo-stem and 66.8% for 
leaves. Sellin et al. [16] carried out fast pyrolysis of banana 
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leaves in a fluidised bed reactor. They obtained 49.6% gas, 
27.0% bio-oil and 23.3% char. Abdullah et al. [23] pyrolysed 
banana pseudo-stem in a bench-scale fluidised bed fast 
pyrolysis process obtaining 3% gas, 46% bio-oil and 51% 
bio-char. Feed rate, feeding mode [24], heating rate [25] 
and response surface optimisation [26] of banana waste 
pyrolysis have also been studied.

Different types of simulation models to study energy 
recovery technologies for numerous waste materials read-
ily available in Nigeria have been developed. These include 
plastics [27], non-edible natural and fossil fuel-based oils 
[28, 29], glycerol [30], acetic acid [31] and biomass [32–35]. 
In our previous work on banana pyrolysis [32], a steady-
state isothermal (at 500 °C) model for the prediction of 
pyrolysis product yields based solely on the inherent char-
acteristics of the biomass composition of the different 
banana wastes was developed. As a sequel to that work, 
this paper established the temperature relationship for 
bio-oil production from the different banana wastes via 
a sensitivity analysis based on a thermodynamic model. 
Though thermodynamic models have been developed for 
the pyrolysis of other biomass samples such as rice husk 
[33, 34] and sugarcane bagasse [35], the approach is cur-
rently unreported for banana residues. Besides the afore-
mentioned aim of the paper, plugging this knowledge gap 
is of keen interest to the authors. A thermodynamic model 
will give a true understanding of the system behaviour 
due to temperature effects while eliminating all other 
extraneous factors. This platform can then help us make 
a true informed choice on the best residues for each type 
of product species taking into account their temperature 
response in the pyrolysis system.

2 � Methodology

In this work, the banana (Musa spp.) waste pyrolysis pro-
cess was modelled by the minimisation of Gibbs free 
energy calculation method on ASPEN Plus V8.8. The 
method is well discussed in open literature [36, 37]. A 
cursory review of this method is, however, presented. The 
equilibrium of a system at constant temperature and pres-
sure can be expressed below in Eq. 1.

where G is Gibbs free energy, ni is number of moles of spe-
cies i, K is total number of chemical species in the reac-
tion mixture and �i is chemical potential of species i. The 
objective is to find the set of ni values that will result in the 
smallest G [35]. There are two approaches of doing this: 

(1)dG =

K
∑

i=1

�inidni

stoichiometric and non-stoichiometric approach. In the 
case of the former, the system is described by a system of 
stoichiometrically independent reactions which are typi-
cally chosen arbitrarily from a set of possible reactions. The 
latter involves finding the equilibrium composition by the 
direct minimisation of the Gibbs free energy for a given 
set of species. The non-stoichiometric approach is the 
more applied technique in open literature [37, 38]. This is 
because of some advantages such as selection of the pos-
sible set of reactions not being required, divergence not 
occurring during computation and an accurate estimation 
of the initial equilibrium composition not needed.

To find the value of ni that will give the smallest value of G, 
we need to ensure that ni is in mass balance.

where ali is number of gram atoms of element l in 1 mol of 
species i, bl is total number of gram atoms of element l in 
the reaction mixture and M is the total number of atomic 
elements. The above expressions can then be further 
expressed as Eq. 4

where T is temperature, P is pressure, ΔG0

i
 is standard Gibbs 

free energy of the formation of species i and yi is mole frac-
tion of species i. Equation 4 is known as the objective func-
tion. Process simulation softwares like ASPEN Plus utilise 
this in the minimisation of Gibbs free energy calculation 
method to obtain thermodynamic predictions.

2.1 � Simulation specifications

The global stream class was set to ‘MIXCINC’. The choice 
of ‘MIXCINC’ is made when particle size distribution of the 
solids is not required and the simulation would only con-
sider conventional components, non-conventional com-
ponents and solids (without their PSD). Non-conventional 
components are not present in the ASPEN Plus database. 
They are specified by their proximate and ultimate analy-
ses. Enthalpy and density are the only properties calcu-
lated for non-conventional components from the ultimate 
and proximate analysis data, and this is done by empirical 
correlations. The specific property methods for enthalpy 
and density for banana waste were chosen as HCOALGEN 
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and DGOALIGT, respectively [32]. Banana (Musa spp.) 
waste is considered as non-conventional material which 
can be modelled in ASPEN Plus V8.8 in this way. The global 
calculation method of the simulation was the Peng–Rob-
inson with Boston–Mathias alpha function equation of 
state (PR-BM). Alpha is a temperature-dependent param-
eter that improves the pure component vapour pressure 
correlation at very high temperatures and has been used 
in pyrolysis simulations on ASPEN Plus [32, 39]. This choice 
was made because pyrolysis involves high temperatures 
and the alpha parameter ensures its suitability and higher 
accuracy when compared to the usual Peng–Robinson 
EOS.

2.2 � Simulation components

The information of the proximate, ultimate and chemi-
cal analyses of banana (Musa spp.) waste in Table 1 was 
determined by Kabenge et al. [18]. The proximate analysis 
presented was, however, re-calculated in a previous paper 
(with adequate justifications) to make it suitable for ASPEN 
simulation [32].

Due to the presence of numerous oxygenated organic 
compounds of different classes in biomass bio-oil, this 
diversity will need to be properly represented if the simu-
lation is going to give accurate results. A technique used 

[40–42] is the selection of a smaller set of compounds 
with each (or a couple) serving as a representative for 
a class of organic compound. The criteria for choice are 
the significance of their proportions in biomass bio-oil. 
This approach was chosen in this study as opposed to a 
straight-up choice of aliphatic hydrocarbon as utilised in 
the previous study [32]. The components added to the 
simulation were acetic acid, ethylene glycol, acetone, acet-
aldehyde, formic acid, methanol, formaldehyde, ethanol, 
phenol and water. Others were propanol, propionic acid, 
methyl acetate and ethyl formate. The non-conventional 
biomass feed was broken into simulation components 
which are the basic biomass constituents: cellulose, hemi-
cellulose and lignin. Hemicellulose and cellulose were 
represented in the simulation by their monomers: C5H8O4 
(xylan) and C6H10O5 (xylose-like cellulose monomer), while 
lignin was represented by a phenyl propane monomer 
[32]. The ratios (by mass) of cellulose, hemicellulose and 
lignin were according to those of experiment presented 
originally as mass percentages in Table 1. For the synthesis 
gas, methane, ethane, carbon monoxide and hydrogen gas 
were added to the simulation.

Biomass ash majorly consists of silicon oxide and it can 
be as high as 98% [43]. SiO2 was added to the simulation 
and considered to represent ash alone. In representing the 
char in the simulation, certain considerations had to be 
put in place. Bio-char consists of carbon, hydrogen and 
other inorganic species in either stacked crystalline gra-
phene sheets or randomly ordered amorphous aromatic 
structures [20]. The composition of the char and the ratio 
to which these elements are present vary with pyrolysis 
temperature [44–46] and from one feedstock to another 
[16, 46]. The results for only banana leaves bio-char com-
position [16] at a single temperature were taken as the 
basis on which char was modelled in the simulation. The 
weight percentages of ultimate analysis by Sellin et al. 
[16] for banana leaves bio-char were converted to molar 
percentages (by dividing by the molar mass of each atom 
species). These molar percentages were then normal-
ised to give the formulae C1H0.8O0.7375N0.0215S0.0025 . This 
compound as well as carbon graphite were added to the 
simulation as solids. Sulphur in the biomass was present 
only in the case of the pseudo-stem, and it was considered 
to remain in the char (as organic sulphur). The nitrogen 
content of the biomass was accounted by the addition of 
pyrrole [32, 41] which formed a part of the liquid phase 
(though some of the nitrogen was present in the char too).

2.3 � Pyrolysis model description

The pyrolyser was modelled in the simulation by three 
stages. Each stage was used to represent certain aspects of 
the pyrolysis process. A combination of RYIELD and RGIBBS 

Table 1   Proximate and ultimate analysis of different banana (Musa 
spp.) wastes [18, 32]

NS Not stated, NL negligible

Pseudo-stem Peel Leaves

Proximate analysis (wt% dry basis)
 Moisture 7.98 11.56 6.67
 Fixed carbon 1.12 2.39 7.09
 Volatile matter 82.29 77.84 77.79
 Ash 8.61 8.21 8.45

Ultimate/elemental analysis (wt% dry basis)
 Carbon 33.46 35.65 38.57
 Hydrogen 6.44 6.19 6.44
 Sulphur 0.04 NL NL
 Oxygen 49.94 45.94 43.49
 Nitrogen 0.8 1.94 0.8
 Ash 9.36 9.28 9.05

Chemical analysis (wt%)
 Cellulose 38.48 9.9 35.58
 Hemicelluloses 25.36 41.38 23.46
 Lignin 5.77 8.9 10.58
 Extractives NS NS NS

Heating/calorific values (MJ/Kg)
 High heating value 15.04 16.15 17.57
 Low heating value 13.63 14.80 16.16
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blocks was implemented. The RYIELD block converts the 
non-conventional feedstock to conventional simulation 
components (cellulose, hemicellulose and lignin). The 
RYIELD and RGIBBS blocks do not require the specifica-
tion reaction stoichiometry. The calculator block is used 
to specify some conversion rules to which the RYIELD has 
to obey in the form of executable FORTRAN statements. 
The fixed carbon from the proximate analysis is equated to 
a carbon mass yield. Moisture is equated to a water mass 
yield and volatile matter is equated to the summation of 
cellulose, hemicellulose and lignin, while ash is equated to 
silicon oxide solid. The volatiles are equated to the three 
basic components based on mass fractions calculated 
from the chemical analysis presented in Table 1. An equal 
set of mass flows of the output species was specified at the 
RYIELD block, but the block scales up the output flowrate 
to ensure mass balance, while the calculator block imposes 
the FORTRAN statements representing the conversion 
rules. The RGIBBS block does the calculation of chemical 
and phase equilibrium through the minimisation of Gibbs 
free energy. This is the actual thermodynamic prediction of 
the pyrolysis process. The first RGIBBS block does the cal-
culations of chemical equilibrium only, while the second 
RGIBBS block does the calculations of phase equilibrium 
only. The RGIBBS block in ASPEN Plus cannot do phase 
and chemical equilibrium calculations simultaneously for 
a multiphase stream. Hence, the first Gibbs block was set 
to ‘calculate both chemical and phase equilibrium’ (though 
will only compute for chemical equilibrium because it is a 
multiphase stream), and the second Gibbs block was set 
to ‘calculate phase equilibrium’.

2.4 � Process summary

The thermodynamic model implemented on the ASPEN 
Plus flowsheet is sequential modular. The idea of sequenc-
ing generally connotes designating the order of perfor-
mance of tasks to assure optimal utilisation of available 
inputs [47]. Hence, a sequential block-by-block calcula-
tion method where the results of one module serve as the 
basis for the next is done by the software. The simulation 
ambient temperature and pressure were specified as 25 °C 
and 1 atm, respectively. The banana (Musa spp.) waste 
(100 kg/h) was fed into the system at ambient conditions 
without the consideration of particle sizes. The process 
flow diagram (PFD) of the simulation is presented in Fig. 1.

The RYIELD block carried out the conversion of the non-
conventional components. The split fractions were speci-
fied by the calculator block, using the values in the chemi-
cal analysis earlier stated. The temperature and pressure 
of the reactor system are taken as the temperature and 
pressure of both RGIBBS block, and they are set at simi-
lar temperature and pressure conditions at all times. The 
cyclone is used to model the separation of the char from 
the vapour products. The vapours are then condensed to 
ambient conditions before the final separation of the non-
condensable gas from the oil.

Fig. 1   Process flow diagram of the pyrolysis simulation
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3 � Results and discussion

Upon implementation of the methodology elucidated in 
the previous section, the simulation was run successfully 
without errors. The key model parameters that determine 
the results obtained from the model are the ultimate and 
proximate analyses information, the cellulose–hemicellu-
lose–lignin ratio and the process temperature. The model 
predictions are examined and validated in the next sub-
section in the light of other experimental results.

3.1 � Validation of thermodynamic model

The results of the sensitivity analysis of the fast pyrolysis 
of banana pseudo-stem conducted by Abdullah et al. [23] 
were used to validate this study. Of the studies reporting 
the pyrolysis of banana wastes [22–26], theirs alone gave a 
report of temperature sensitivity. Some discrepancies with 
fast pyrolysis results will be present due to differences in 
the systems. The thermodynamic predictions are essen-
tially results at chemical and phase equilibrium. In most 
cases, product elutriation in fast pyrolysis system (espe-
cially those of semi-batch and continuous mode) occurs 
in the absence of chemical equilibrium as the composition 
profile of the product stream is still changing. Abdullah 
et al. [23] utilised a bench-scale fluidised bed reactor (con-
tinuous mode) in their work with residence time of only 
a few seconds. In summary, model results will not always 
perfectly align with every reported experiments because 
the results of the former are at chemical and phase equi-
librium which is not always the case for pyrolysis systems 
especially those with very high heating rate and short 
residence time.

Figure 2 reveals the temperature sensitivity of gas 
yield in comparison with experiments. The model accu-
rately shows the relationship between temperature and 
gas yield albeit being an over-prediction. Experiments 
also reveal a steeper climb in the gas yield than model 
predictions. Gas yield at thermodynamic equilibrium will 
always tend to be higher than fast pyrolysis results as 
the maximum possible cracking of the large molecular 
weight chemical species in the system at that tempera-
ture would have been achieved. Furthermore, other simi-
lar thermodynamic studies have revealed that the higher 
temperatures lead to higher intensity of cracking of the 
chemical species present. This leads to an increase in the 
presence of low molecular weight compounds which 
mould most likely exist in the vapour phase at ambient 
conditions [33] hence a higher gas yield.

From Fig. 3, we observe that the trend of oil yield with 
temperature is only captured by the model above 550 °C. 

Below this temperature, experiments show a fall in oil 
yield with temperature. The experiment by Abdullah 
et al. [23] is a fast pyrolysis process, one at which chemi-
cal equilibrium in the fluid phase is usually not achieved 
before product elutriation. They used a residence time of 
3 s in their study. Tsai et al. [48] explained that the initial 
rise in oil yield with temperature (for fast pyrolysis) is due 
to the absence of secondary reactions. Thus, the maxima 
of 550 °C were not captured by the thermodynamic pre-
dictions. The current model is also generally an under-
prediction of experiments. This can also be attributed to 
the earlier stated reason of thermodynamic equilibrium 
in the simulation model. Overall, the fall in oil yield at 
elevated temperatures is due to the breakdown of the 

Fig. 2   Banana pseudo-stem pyrolysis gas yield

Fig. 3   Banana pseudo-stem pyrolysis oil yield
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oil-phase compounds into gaseous products occurring 
due to secondary reactions [33].

From Fig. 4, it can be observed that the model excel-
lently captures the relationship between char yield and 
process temperature. However, the model under-predicts 
at temperatures below 625 °C and vice versa. The decrease 
in char at higher temperatures is due to the greater pri-
mary decomposition and cracking of the chemical species 
in the pyrolysis system, leading to a greater proportion of 
compounds that would exist in the fluid phase at ambi-
ent conditions [49]. The yield of char drops with increasing 
temperature as there is a higher intensity of cracking of the 
chemical species. This is always the case in most pyrolysis 
experiments involving various feedstock. It can be summa-
rised that the model is a good fit and predictor of pyrolysis 
products especially for char and gas yield.

Statistical analysis of the data was done using SPSS 
v17.0 and is shown in Tables 2. The model values were 
compared with the validation literature data to determine 
the accuracy of the thermodynamic model. The two key 
indices are the correlation and the statistical significance 
(p value). In Table 2, the value of N as 6 indicates that there 
are 6 data points for each of the data series on pairs 1–3. 
This can also be seen as there are 6 sets of data points on 
the plots in Figs. 2, 3 and 4, respectively. It can be observed 
that the model predictions for gas yield (pair 1), oil yield 
(pair 2) and char yield (pair 3) all show a positive correla-
tion with the literature. However, only gas and char results 
show strong positive correlation (values close to 1.0). The 
gas and char yield are statistically significant (at p < 0.05), 
but oil values are not. This is expected as the model was 
only able to capture the literature trend for oil at tem-
peratures above 550 °C. Having established the extent of 
accuracy of the model, we can proceed to compare the 

different banana wastes and try and understand what 
potentials they hold for biofuels production.

3.2 � Temperature sensitivity and comparison

In this section, the product yields of the different banana 
wastes are compared. A comparative study is valid 
because the same model will be applied in each case. The 
differences will be the input of the proximate, ultimate and 
chemical analysis. These will form the basis of the interpre-
tations of the results obtained.

From Fig. 5, it can be observed that the thermodynamic 
predictions of gas yield are similar for the different feed-
stock at low temperatures but vary at higher temperatures 
with the leaves seemingly producing less gas than the 
other banana wastes considered. The pseudo-stem was 
observed to give a slightly higher yield of gas compared to 
the other residues. Results by Fernandes et al. [17] for slow 
pyrolysis showed that at 850 °C pseudo-stem gas yield was 
higher than for leaves. In general, the increase in gas yield 
with temperature is due to the greater intensity of crack-
ing of the chemical species in the system, thereby leading 
to more vapour phase products [33].

From Fig.  6, it is noticed that the yield of oil from 
leaves is less than that for pseudo-stem and peels. From 
the proximate analysis information in Table 1, it is seen 

Fig. 4   Banana pseudo-stem pyrolysis char yield

Table 2   Paired samples correlations

Pairs N Correlation Sig.

Pair 1 Gas_Literature and Gas_Model 6 0.840 0.036
Pair 2 Oil_Literature and Oil_Model 6 0.175 0.741
Pair 3 Char_Literature and Char_Model 6 0.971 0.001

Fig. 5   Gas yield of banana waste pyrolysis
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that the amount of volatile matter in leaves is signifi-
cantly lesser than for pseudo-stem. This of course can be 
a key reason for the lesser yield for leaves. Though the 
volatile matter content of the leaves is similar to that of 
peels, certain markers justify the lesser oil yield of the 
leaves. A lesser proportion of oxygen (from the ultimate 
analysis) in the leaves compared to the peels means 
lesser oxygenated organic compounds in the products. 
These oxygenated organic compounds make up the bulk 
of the liquid phase. In general, it can be surmised that 
the fluid phase products (bio-oil and syn-gas) are higher 
for pseudo-steam than for the other residues. This is in 
agreement with the proximate analysis result in Table 1 
where the volatile matter content of the pseudo-stem is 
higher than for the other residues.

Figure 7 reveals a higher char yield for leaves than for 
the other banana residues. The carbon content of the 
leaves (from the ultimate analysis in Table 1) is higher 
than for the other residues, while the oxygen is the low-
est. These are pointers towards a high char-yielding 
feedstock. This is also supported by the results of the 
proximate analysis where the leaves possess a signifi-
cantly higher proportion of fixed carbon than the other 
residues. In general, the decrease in char at higher tem-
peratures is due to the greater primary decomposition 
and cracking of the chemical species in the pyrolysis sys-
tem, leading to a greater proportion of compounds that 
would exist in the fluid phase at ambient conditions [49].

4 � Conclusion

The model validation revealed that the thermodynamic 
model accurately shows the relationship between 
temperature and pyrolysis product yield (especially 
for gas and char). Having established the suitability of 
the model, a comparison of the different feedstock for 
biofuels production was carried and justifications were 
given for results obtained. Thermodynamic predictions 
of gas yield were similar for the different feedstock at 
low temperatures but vary at higher temperatures 
with the leaves producing less. The pseudo-stem was 
observed to give a slightly higher yield of gas compared 
to the other residues. It was also established that the 
yield of oil from leaves is less and that of char is higher 
than for pseudo-stem and peels. It was surmised that 
the fluid phase products (bio-oil and syn-gas) are higher 
for pseudo-stem than for the other residues. This is in 
agreement with the proximate analysis result where the 
volatile matter content of the pseudo-stem was higher 
than for the other residues. A key conclusion from this 
paper is the suitability of banana pseudo-stem for bio-oil 
production compared to the other residues studied. The 
leaves and peel will be more suitable for low-tempera-
ture thermochemical processing for bio-char production 
like those discussed by Adeniyi et al. [50] and Adeniyi 
et al. [51].
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Fig. 6   Oil yield of banana waste pyrolysis

Fig. 7   Char yield of banana waste pyrolysis
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