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ABSTRACT

Coffee pulp and husk are the primary residues of the coffee agro-industry. Disposing of them into the land can
bring a serious problem on the environment. Strategies are needed to convert it into more valuable products as
well as reduce the risk of environmental damage. This paper reports experimental and simulation investigation on
the pyrolysis of Gayo arabica coffee pulp and husk in a pilot scale reactor. The investigation included finding the
chemical and physical properties of biomass under ultimate, proximate, bomb calorimeter and TGA analyses. Dur-
ing the pyrolysis experiments, 3 kg of dried raw material was fed into the reactor and heated from room tempera-
ture to 600 °C, then held for 2.5 h. Afterwards, the resulting biochar and pyrolytic oil ware quantified for product
distribution analysis. Modeling and simulation of the pyrolysis process were performed using Aspen Plus V10
software. Experimental results show that biochar is the main product giving a yield of 43.83%. The percentage of
pyrolytic oil and un-condensable gas products are 25.5% and 30.67%, respectively. The thermodynamic simula-
tion shows a good agreement with the experimental result, which helps in optimization and scaling up reactor.

Keywords: slow pyrolysis; pyrolytic oil; biochar; aspen plus; coffee agro industry residues.

INTRODUCTION

Coffee is recognized as the main commodity
traded worldwide. Globally, annual coffee pro-
duction increased from 140 to 158 million 60 kg
bags since 2010 (International Coffee Organiza-
tion, 2017). Indonesia is one of the largest cof-
fee-producing countries in the world. Indonesia’s
coffee bean exports reached 433.6 thousand ton
in 2010 and increased up to 467.8 thousand ton
in 2017 with total value reaching 1,187.16 mil-
lion US$ (BPS-Statistics Indonesia, 2017). Bener
Meriah Regency is reported as one of the main
area for Arabica coffee plantation in Indonesia
which has a planting area of 47,370 ha with total
production reaching 11,526 tons/year (Director-
ate General of Estate Crops, 2017). Indeed, the
processing of coffee-cherry generates signifi-
cant amounts of waste depending on the type of

260

processing; thus utilization of this waste poses a
serious challenge. Currently, the waste from cof-
fee cherry processing has not been utilized opti-
mally. It is mostly left on the ground or under the
coffee tree as organic fertilizer or burned.

Coffee agroindustry residue is a source of
biomass which has not been profitably used. A
few studies have been done to investigate the
potential utilization of coffee waste however
profitable and technically feasible methods are
still under development. Transforming this bio-
mass into more valuable products can be carried
out through a number of methods including (1)
mushroom cultivation, (2) enzymes production,
(3) biofuel production, (4) organic acid produc-
tion, (5) bioactive compounds, (6) dietary fiber,
(7) composting and vermicomposting (Janissen
and Huynh, 2018). Among these options, con-
verting the coffee waste into biofuel looks like a
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more potential and applicable alternative. Pyrol-
ysis is a low cost and effective process to convert
the organics into energy-rich products (Kumar et
al., 2019; Kan et al., 2016; Kumar et al., 2020).
Through the pyrolysis process, biomass can be
converted into bio-char as an alternative fuel to
replace fossil fuels (Setiawan et al., 2019; Se-
tiawan et al., 2020; Patel et al., 2019).

Pyrolysis is categorized into three methods
i.e. slow, fast and flash pyrolysis depending on
the heating rate and residence time, aiming to
optimize either the bio-oil or biochar yields. An-
other targeted product of biomass pyrolysis is
synthesis gas or hydrogen-rich gas (Kan et al.,
2016). Several methods have been developed to
produce bio-char, one of which is by the slow
pyrolysis method. This method is suitable when
biochar production is the primary target, whereas
biomass is heated slowly without oxygen to a me-
dium temperature (400 °C) for a long period of
time (Basu, 2013). Indeed, biochar has become
more attractive recently due to its wide-range po-
tential applications in some areas such as waste-
water treatment, soil amendment and remedia-
tion, CO, capture, climate change mitigation and
energy storage (Leng and Huang, 2018).

A recent investigation reported that coffee
pulp has been used as raw materials for bio-
char production. This initial investigation result
showed that the coffee pulp waste has been suc-
cessfully processed into bio-char through the py-
rolysis process (Setiawan et al., 2020). However,
a number of aspects have not been explored yet
for finding an optimum operating condition. Mod-
eling and simulation can be a cost-effective way
and save the time for understanding the operating
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3. Tar Separator

4. Condenser

5. Liquified Petroleum
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condition. On the basis of previous studies, simu-
lation of the pyrolysis process has been success-
fully performed with the Aspen Plus software
(Patel et al., 2019; Nur et al., 2019; Ward et al.,
2014) for techno-economic feasibility study.

This study aimed to develop a pyrolysis mod-
el using the Aspen Plus software to explore the
effect of reaction temperature and feedstock com-
position on pyrolysis product distribution. Valida-
tion of simulation was performed by comparing
with the results of experimental investigation un-
der a-pilot-scale slow pyrolysis set-up.

METHODOLOGY

Experimental

Gayo Arabica coffee pulp and husk were used
as raw material for pyrolysis. The raw materials
were collected from a coffee plantation in Bener
Meriah Regency, Aceh Province. Coffee pulp and
husks are the first by-products of the coffee cherry
processing. Coffee pulp is the outer skin of cof-
fee cherry which is peeled-off first. In turn, coffee
husk is the second layer of coffee cherry (Janis-
sen and Huynh, 2018). Prior to analysis, the raw
materials were dried by natural drying under the
sun for five days. The schematic of the experi-
mental set up is shown in Figure 1. This set-up
consists of a pyrolysis reactor, condenser, separa-
tor, gas burner and furnace. At any experiment,
the amount of raw material fed into the reactor
was 3 kg (Setiawan et al., 2020).

In order to understand the thermophysical
properties of coffee pulp and husk, a number of

Figure 1. Slow-pyrolysis experimental set-up (Setiawan et al., 2020)
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analyses were performed, including thermogravi-
metric analysis (TGA), proximate analysis, ul-
timate analysis, differential calorimetry analysis
(DSC) and bomb calorimeter. The analysis of the
content of moisture, ash, volatile mater and fixed
carbon, proximate analysis was carried out fol-
lowing the ASTM D1762-84 procedure. Ultimate
analysis was performed based on the procedure of
ASTM D5373-16. The TGA and DSC analyses
were assessed under Mettler Toledo TGA/DSC
machine with high temperature furnace by purging
with nitrogen at a flow rate of 20 ml/min and heat-
ing rate of 10 °C/min. The samples were placed in
an alumina crucible c.a. 10 mg, then heated from
an ambient temperature up to 1000 °C. Koehler
K88990 Bomb-type Calorimeter was used to ana-
lyze the caloric value of coffee pulp and husk.

Simulation

The Aspen Plus software was used to simu-
late the pyrolysis process of Arabica Gayo cof-
fee pulp and husks. The Aspen Plus is software
that can be used to simulate chemical-thermody-
namic processes based on mass and energy bal-
ance, vapor-liquid equilibrium, mass transfer,
heat transfer and kinetic chemistry. Initially, the

Table 1. ASPEN Plus unit operations model description

properties of raw materials should be defined
based on the data from coffee pulp and husk char-
acterization. It is known that these raw materials
are categorized as non-conventional component.
Then, the stream class was set as MIXCINC as
the components involved in this simulation are
mixing of conventional, non-conventional and
solids components. In this analysis, the particle
size distribution (PSD) of raw materials was ne-
glected. The RK-SOAVE property method was
chosen to calculate the physical properties of
conventional mixed components and CISOLID
components during analysis. The HCOALGEN
and DCOALIGT models were used to calculate
the enthalpy and density of coffee pulp and husk.
The description of the Aspen Plus operating unit
model used in this simulation is shown in Table 1,
while the process flow diagram of the simulation
is shown in Figure 2.

Figure 2 shows that the raw material for cof-
fee pulp and husks with a flowrate of 3 kg/h is
fed into the RYIELD reactor to be converted from
unconventional components into conventional
components based on ultimate analysis. Then the
elements coming out of the RYIELD reactor en-
ter the RGIBBS reactor, where the formation of
syngas is based on thermodynamic equilibrium

Aspen plus ID Block ID Description
RYIELD DECOMP L\:lloc:gslosng;atsconversion of non-conventional materials to conventional simulation
RGIBBS REACTOR gilt%lgjtes the pyrolysis products distribution via the minimization of Gibbs free energy
SSPLIT FILTER Separates the char from the product vapor by specified split ratio
PUMP PUMP Pump
HEATX CONDEN Two stream heat exchangers
FLASH2 SEP Separates the pyrolytic oil from un-condensable gases
CALCULATOR DEC Specification of the RYEILD mass yield fractions of cellulose, hemicelluloses and lignin

&

WUATEROUT ;

Figure 2. Process flow diagram of simulation
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according to the temperature and pressure ap-
plied. SSPLIT is used to separate bio-char from
vapor products. Later, the vapor product will be
cooled before it is separated into the pyrolytic
oil product and the un-condensable gas. In this
simulation, the pyrolysis temperature was varied
from 300 to 500 °C based on the TGA analysis
data where the decomposition temperature of raw
materials is within this range. The composition of
raw material was simulated by 100% coffee pulp,
100% coffee-husks, 25% coffee pulp 75% coffee
husks, 25% coffee husks 75% coffee pulp, 50%
coffee pulp 50% coftee husks in order to observed
the effect of different characteristic of raw mate-
rial on the product yield.

RESULTS AND DISCUSSION

Characteristics of raw materials

The physical properties of coffee pulp and
husk were assessed initially to find out the con-
tent of water, ash, volatile matter and fixed carbon
following the ASTM procedure D1762-84 (Aller
et al., 2017). Chemical composition is necessary
to be analyzed in order to set the properties during
the simulation process. These analyses involve
air-dried basis. The results of the proximate and
ultimate analysis of the Arabica coffee pulp and
husk are shown in Table 2.

In general, coffee pulp and husk contain more
volatile matter than fixed carbon. Table 2 indicates
that coffee husk has higher fixed carbon content and
quite lower ash content compared to coffee pulp. In
terms of the volatile matter content, coffee husk is

Table 2. Proximate and ultimate analysis results

also higher, contributing to 68.6% of total sample
mass. Ultimate analysis results also indicate that the
amount of carbon on coffee husk sample is slightly
higher. This suggests that the bio-char produced
from the coffee pulp and husk is feasible.

Figure 3 displays the TG and DTG profiles
of coffee pulp decomposition for a temperature
range up to 1000 °C where a significant weight
of sample was lost during heating in nitrogen.
From TG plot it can be found that the initial
sample weight was 10.52 mg and the final weight
of sample after heating was 2.06 mg. This sug-
gests that there was 19.58% of total sample mass
which is mostly ash, was left on crucible after
the experiment. This is nearly similar to the ash
content reported in Table 2. From DTG curve, it
is shown that the rate of thermal decomposition
of coffee pulp mainly consists of three phases,
i.e. dehydration, devolatilization, and lignin de-
composition (Alias et al., 2014). Within the de-
hydration phase, ca. 12% of sample mass is lost
starting from room temperature to 180 °C. This
weight loss is due to removal of water molecules
retained in the pores of biomass and removal of
some very light volatiles. The second stage of
coffee-pulp decomposition takes place within the
temperature range of 180 to 400 °C which is gen-
erally due to the devolatilization process of vola-
tile matter. It is suggested that the carbohydrate
rich volatile fraction of organic matter decom-
poses within the range of 190 to 300 °C followed
by organic polymer fractions rich in lipids up to
350 °C (Patel et al., 2018). Most of the volatile
fraction is decomposed at 400 °C and the de-
volatilization rate decreases rapidly (Zhang et al.,
2017). Within the third stage, the decomposition

. Sample .
Analysis parameters Basis
Coffee pulp Coffee husk

Total moisture (%) 12.11 12.61 As received
Proximate analysis - - -
Moisture in air dried (%) 10.54 10.44 Air dried basis
Ash (%) 16.98 3.34 Air dried basis
Volatile matter (%) 55.58 68.58 Air dried basis
Fixed carbon (%) 16.90 17.64 Air dried basis
Ultimate analysis - - -

Total sulfur (%) 0.26 0.28 Air dried basis
Carbon (%) 36.88 44.00 Air dried basis
Hydrogen (%) 5.36 6.19 Air dried basis
Nitrogen (%) 2.10 1.04 Air dried basis
Oxygen (%) 38.42 45.15 Air dried basis
Chlorine (%) 0.054 0.031 Air dried basis
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of less biodegradable protein, lignin and synthetic
organic polymers taken place until 900 °C.
Decomposition profile of coffee husk is
shown in Figure 4. On the basis of this figure,
the process of evaporation of water content takes
place at a temperature range of 38—105 °C. The
decomposition or devolatilization process occurs
at temperatures of 200-1000 °C. From the DTG
curve it was shown that the maximum rate of de-
hydration process occurred at a temperature of 66
°C, while the highest devolatilization rate of cof-
fee husk takes place at a temperature of 347 °C.
The comparison of calorific value of the Gayo
Arabica coffee pulp and husk are shown in Table 3.
This data indicates that the coffee husk has a high-
er heating value compared to the coffee pulp. This
is supported by the data from ultimate analysis in
Table 2, where coffee husk contains higher C and
H elements compared to coffee pulp. In addition,
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the ash content in the coffee husk is much lower
than the coffee pulp.

Temperature profile and product
distribution of pyrolysis experiments

The pyrolysis experiment was performed in
a purposely built reactor as shown in Figure 1.
There were three measurements points of temper-
ature i.e. at the bottom of vessel (T,), the middle
(T,) and the top parts (T,). Figure 5 displays the
temperature changes as a function of reaction
time during the pyrolysis experiment at a tem-
perature below 600 °C. To heat up the reactor, an
LPG burner was ignited from the bottom of reac-
tor and produced a rate of heating of c.a. 3 °C/min
during the first 100 minutes run. The maximum
pyrolysis temperature of T, was reached after 160
minutes operation. The experiment was stopped
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Table 3. The calorific value of the Gayo Arabica coffee pulp and husk

No Sample name Specification Calorific value (J/g)
Arabica gayo coffee pulp Sundried 13,837
2 Arabica gayo coffee husk Coffee Husks 16,868

after four hours run where no pressure was built-
up suggesting a completed pyrolysis process of
coffee-pulp. To ensure the consistency of mea-
surement, pyrolysis test was repeated three times.
Observation of the temperature changes at
the middle section of reactor (T,) suggests a slow
increase of temperature. After 150 minutes of
operation, the temperature just reached 350 °C.
Obviously, a significant low heating ramp was
observed at the top section of reactor reaching
a maximum temperature of 316 °C after 2-hour
run. It is noteworthy that at 50 minutes run, the
temperature of T, and T, were dropped due to
the opening of valves for collecting the liquid
products. After 100 minutes in operation, all tem-
peratures are slightly decreasing which is mostly
due to the decrease in the pressure of LPG tank.
When the reactor has reached the room tempera-
ture, biochar product was collected and weighted
carefully. Product distribution based on pyrolysis
experiment of coffee-pulp is tabulated in Table 4
suggesting biochar as the main product.

Validation of the thermodynamic model

The pyrolysis process of the Gayo Arabica
coffee peels performed in the Laboratory was
compared with the simulations performed us-
ing the Aspen Plus V10 software. The compari-
son data between the experimental and simu-
lation results are shown in Table 4. This table

demonstrates that the differences between the
simulation results and those obtained from ex-
perimental work are relatively small. This in-
dicates that the simulation model that has been
developed in this investigation is approaching
the real process. A slightly higher difference was
found in un-condensable gas yield which most
likely due to gas leakage during experiments.

Simulation results

The yields of pyrolysis products (bio-char,
pyrolytic oil and un-condensable gas) are respec-
tively shown in Figures 6, 7, and 8. In these fig-
ures, the effects of raw material combinations on
the yield of pyrolysis product are explored at vari-
ous temperatures. The purpose of this simulation
is to find the optimum condition for pyrolysis pro-
cess of coffee pulp and husk. Figure 6 shows the
yield of bio-char obtained from the simulation of
a mixture of coffee pulp and husk with variations
in the composition of mass and temperature ratio.
It can be seen that the bio-char products produced
decreases with increasing temperature. This is
due to higher reactor temperature which makes
the devolatilization process faster and carbon lev-
els begin to decrease (Basu, 2013). The higher
the portion of the coffee pulp in the raw material
mixture, the more bio-char is produced. This has
correlation with proximate analysis result where
coffee pulp has much higher ash content but low
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Figure 5. Temperature changes versus time recorded during pyrolysis experiment
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Table 4. Validation of simulation results

Parameters Experimental results Simulation results % error
Bio-char 42.87 40.91 4.57
Pyrolytic oil 26.47 24.43 7.70
Un-condensable gas 30.66 34.66 13.04

volatile matter content, compared to coffee husk.
Thus, the mixture with more coffee pulp mass
fraction will produce a higher bio-char mass.

The yield of pyrolytic oil in pyrolysis simu-
lation of a mixture of coffee pulp and husk with
variations in the composition of mass and tempera-
ture ratio is shown in Figure 7. In general, the yield
of pyrolytic oil decreases along with increases in
temperature. This is similar to what has been re-
ported in the literature where further increase in
temperature can reduce the amount of pyrolytic
oil production (Seri and Putri, 2017). On the other
hand, the pyrolysis process with 100% coffee husk
produces more pyrolytic oil compared to those
process by mixing with coffee pulp. As can be seen

from proximate analysis data in Table 2, coffee
husk has higher volatile matter content. Therefore
feedstock mixture with larger fraction of coffee
husk mass leads to higher pyrolytic oil yield. This
is in line with the information reported in the lit-
erature where raw materials with a high content of
volatile matter produce more pyrolytic oil (Ighalo
and Adeniyi, 2019; Syamsudin et al., 2016). It is
noteworthy that modeling of the pyrolysis process
applies the chemical reaction of compounds con-
tained in the biomass (cellulose, hemicellulose and
lignin). Indeed, pyrolytic oil consists of hundreds
of organic compounds therefore proposing a mod-
el for all compounds involved in this reaction is not
practicable (Lestinsky and Palit, 2016).
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Figure 6. Bio-char yield
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Figure 7. Pyrolytic oil yield
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The yield of un-condensable gas calculated
from pyrolysis simulation of coffee pulp and
husks at various pulp to husk ratios and reaction
temperature is shown in Figure 8. This graph
shows that the highest un-condensable gas yield
is obtained at a temperature of 500 °C with 100%
of coffee husk as raw material, which accounted
for 45.47% of total product. In turn, the lowest un-
condensable gas yield is obtained at a temperature
of 300 °C by feeding the reactor with 100% cof-
fee pulp, i.e. 32.31% of total product. The yield of
un-condensable gas increased along with reaction
temperature (Adeniyi et al., 2019; Ighalo and Ad-
eniyi, 2019; Xianjun et al., 2015). In addition, the
yield of un-condensable gas increases along with
the increase in the amount of the coffee husk in
feed. This is mostly because the content of vola-
tile matter in coffee husks is higher compared to
coffee pulp. The greater the volatile matter con-
tent of the raw material, the higher the fluid phase
products (pyrolytic oil and un-condensable gas)
produced (Ighalo and Adeniyi, 2019).

CONCLUSIONS

Pyrolysis of Arabica coffee agroindustry resi-
dues has been experimentally performed and sim-
ulated using the Aspen Plus V10 software with a
steady state thermodynamic model. This investi-
gation uses coffee pulp and husk at different mass
fractions within a temperature range of 300 °C to
500 °C. The results show that the higher the cof-
fee husk content in feed, the more yield of pyro-
lytic oil and un-condensable gas in the product.
This is because coffee husk has a higher volatile
matter content compared to coffee pulp. Mean-
while, the higher the coffee pulp mass fraction in

the feed, the more bio-char in the product. The
yield of bio-char and pyrolytic oil decreases with
increasing temperature. In contrast, the yield of
un-condensable gas increases along with temper-
ature. Eventually, the yield of bio-char produced
from coffee husk is higher compared to that pro-
duced from coffee pulp. This is most-likely due to
higher fixed carbon content and lower ash content
of coffee husk compared to coffee pulp.

Acknowledgements

We acknowledge the financial support from
the Directorate of Research and Community Ser-
vices (DRPM), Ministry of Research and Tech-
nology/ National Agency for Research and Inno-
vation, Republic of Indonesia, contract number
180/SP2H/AMD/LT/DRPM/2020, sub contract
number 09/UN45.11/PT/V1/2020.

REFERENCES

1. Adeniyi, A.G., Odetoye, T.E., Titiloye, J., Ighalo,
J.0. 2019. A Thermodynamic Study of Rice Husk
(Oryza Sativa) Pyrolysis. Eur J Sustain Dev Res 3,
1-10. https://doi.org/10.29333/ejosdr/5830

2. Alias, N.B., Ibrahim, N., Hamid, M.K.A., 2014. Py-
rolysis of empty fruit bunch by thermogravimetric
analysis. Energy Procedia, 61, 2532-2536. https://
doi.org/10.1016/j.egypro.2014.12.039

3. Aller, D., Bakshi, S., Laird, D.A. 2017. Modi-
fied method for proximate analysis of biochars.
J Anal Appl Pyrolysis, 124, 335-342. https://doi.
org/10.1016/j.jaap.2017.01.012

4. Basu, P. 2013. Biomass Gasification, Pyrolysis, and
Torrefaction Practical Design and Theory, Second
Edi. ed. Elsevier, San Diego, USA.

267



Journal of Ecological Engineering 2022, 23(8), 260-269

5. BPS-Statistics Indonesia, 2017. Indonesian Coffee
Statistics. BPS - Statistics Indonesia, Jakarta.

6. Directorate General of Estate Crops, 2017. Tree
Crop Estate Statistics Of Indonesia. Secretariate of
Directorate General of Estate Crops, Jakarta.

7. Ighalo, J.O., Adeniyi, A.G. 2019. Thermodynamic
modelling and temperature sensitivity analysis of
banana (Musa spp.) waste pyrolysis. SN Appl Sci 1.
https://doi.org/10.1007/s42452-019-1147-3

8. International Coffee Organization, 2017. All export-
ing Countries Total Production Crop Year. England
(GB): ICO.

9. Janissen, B., Huynh, T. 2018. Resources, Conserva-
tion & Recycling Chemical composition and value-
adding applications of co ff ee industry by- products :
A review. Resour Conserv Recycl, 128, 110-117.
https://doi.org/10.1016/j.resconrec.2017.10.001

10.Kan, T., Strezov, V., Evans, T.J. 2016. Lignocellu-
losic biomass pyrolysis: A review of product prop-
erties and effects of pyrolysis parameters. Renew
Sustain Energy Rev, 57, 1126—1140. https://doi.org/
https://doi.org/10.1016/j.rser.2015.12.185

11. Kumar, R., Strezov, V., Lovell, E., Kan, T., Weld-
ekidan, H., He, J., Dastjerdi, B., Scott, J. 2019. Bio-
oil upgrading with catalytic pyrolysis of biomass
using Copper/zeolite-Nickel/zeolite and Copper-
Nickel/zeolite catalysts. Bioresour Technol, 279,
404—409. https://doi.org/https://doi.org/10.1016/j.
biortech.2019.01.067

12.Kumar, R., Strezov, V., Weldekidan, H., He, J.,
Singh, S., Kan, T., Dastjerdi, B. 2020. Lignocel-
lulose biomass pyrolysis for bio-oil production: A
review of biomass pre-treatment methods for pro-
duction of drop-in fuels. Renew Sustain Energy Rev,
123. https://doi.org/10.1016/]j.rser.2020.109763

13.Leng, L., Huang, H. 2018. An overview of the effect
of pyrolysis process parameters on biochar stabil-
ity. Bioresour Technol. https://doi.org/10.1016/].
biortech.2018.09.030

14. Lestinsky, P., Palit, A. 2016. Wood Pyrolysis us-
ing aspen plus simulation and industrially appli-
cable model. Geosci Eng LXII, 11-16. https://doi.
org/10.1515/gse-2016-0003

15. Nur, T.B., Setiawan, A., Yudanto, B.G., Ependi, S.
2019. Techno-economic analysis of organic rankine
cycle fueled biomass waste from palm oil Techno-
economic Analysis of Organic Rankine Cycle Fu-
eled Biomass Waste from Palm Oil Mill 020006.
https://doi.org/10.1063/1.5094984

16. Patel, S., Kundu, S., Paz-Ferreiro, J., Surapaneni,
A., Fouche, L., Halder, P., Sctiawan, A., Shah, K.
2019. Transformation of biosolids to biochar: A
case study. Environ Prog Sustain Energy, 38, 1-11.
https://doi.org/10.1002/ep.13113

17. Patel, S.R., Kundu, S.K., Halder, PX., Setiawan, A.,
Paz-Ferreiro, J., Surapaneni, A., Shah, K. V. 2018. A

268

hybrid kinetic analysis of the biosolids pyrolysis us-
ing thermogravimetric analyser. Chemistry Select, 3,
13400-13407. https://doi.org/10.1002/s1ct.201802957

18. Seri, M., Putri, F.S., 2017. Effect of temperature,
time, and water content of material on the pyrolysis
of palm midrib powder. J Tek Kim USU, 6, 35-40.

19. Setiawan, A., Hayat, F., Faisal, Nur, T.B. 2019.
Combustion characteristics of densified bio-char
produced from Gayo Arabica coffee-pulp: Effect of
binder. IOP Conf Ser Earth Environ Sci, 364. https://
doi.org/10.1088/1755-1315/364/1/012007

20. Setiawan, A., Randa, A.G., Faisal, Nur, T.B.,
Rusdianasari. 2020. Thermal decomposition of
Gayo Arabica coffee-pulp in a segmented cham-
ber. J Phys Conf Ser, 1500, 12076. https://doi.
org/10.1088/1742-6596/1500/1/012076

21.Syamsudin, Purwati, S., Surachman, A.W.R.B.1.
2016. Isothermal Pyrolysis of Sludge Cake and Pulp
Reject From Kraft Pulp Mill. J Selulosa, 6, 71-82.

22. Ward, J., Rasul, M.G., Bhuiya, M.M.K. 2014. En-
ergy recovery from biomass by fast pyrolysis. Pro-
cedia Eng, 90, 669—674. https://doi.org/10.1016/j.
proeng.2014.11.791

23. Xianjun, X., Zongkang, S., Peiyong, M., Jin, Y.,
Zhaobin, W. 2015. Establishment of three com-
ponents of biomass pyrolysis yield model. Energy
Procedia, 66, 293-296. https://doi.org/10.1016/].
egypro.2015.02.061

24. Zhang, W., Henschel, T., Soderlind, U., Tran, K.Q.,
Han, X. 2017. Thermogravimetric and Online Gas
Analysis on various Biomass Fuels. Energy Pro-
cedia, 105, 162-167. https://doi.org/10.1016/j.
egypro.2017.03.296

25. Adeniyi, A.G., Odetoye, T.E., Titiloye, J., Ighalo,
J.0. 2019. A Thermodynamic Study of Rice Husk
(Oryza Sativa) Pyrolysis. Eur J Sustain Dev Res, 3,
1-10. https://doi.org/10.29333/ejosdr/5830

26. Alias, N.B., Ibrahim, N., Hamid, M.K.A. 2014. Py-
rolysis of empty fruit bunch by thermogravimetric
analysis. Energy Procedia, 61, 2532-2536. https://
doi.org/10.1016/j.egypro.2014.12.039

27.Aller, D., Bakshi, S., Laird, D.A. 2017. Modi-
fied method for proximate analysis of biochars.
J Anal Appl Pyrolysis, 124, 335-342. https://doi.
org/10.1016/j.jaap.2017.01.012

28. Basu, P. 2013. Biomass Gasification, Pyrolysis, and
Torrefaction Practical Design and Theory, Second
Edi. ed. ELSEVIER, San Diego, USA.

29. BPS-Statistics Indonesia. 2017. Indonesian Coffee
Statistics. BPS - Statistics Indonesia, Jakarta.

30. Directorate General of Estate Crops. 2017. Tree
Crop Estate Statistics Of Indonesia. Secretariate of
Directorate General of Estate Crops, Jakarta.

31.1Ighalo, J.O., Adeniyi, A.G. 2019. Thermodynamic
modelling and temperature sensitivity analysis of



Journal of Ecological Engineering 2022, 23(8), 260-269

banana (Musa spp.) waste pyrolysis. SN Appl Sci,
1. https://doi.org/10.1007/s42452-019-1147-3

32. International Coffee Organization. 2017. All export-
ing Countries Total Production Crop Year. England
(GB): ICO.

33. Janissen, B., Huynh, T. 2018. Resources, Conserva-
tion & Recycling Chemical composition and value-
adding applications of co ff ee industry by- products:
A review. Resour Conserv Recycl, 128, 110-117.
https://doi.org/10.1016/j.resconrec.2017.10.001

34.Kan, T., Strezov, V., Evans, T.J. 2016. Lignocellu-
losic biomass pyrolysis: A review of product prop-
erties and effects of pyrolysis parameters. Renew
Sustain Energy Rev, 57, 1126—1140. https://doi.org/
https://doi.org/10.1016/j.rser.2015.12.185

35.Kumar, R., Strezov, V., Lovell, E., Kan, T., Weld-
ekidan, H., He, J., Dastjerdi, B., Scott, J. 2019. Bio-
oil upgrading with catalytic pyrolysis of biomass
using Copper/zeolite-Nickel/zeolite and Copper-
Nickel/zeolite catalysts. Bioresour Technol, 279,
404-409. https://doi.org/https://doi.org/10.1016/j.
biortech.2019.01.067

36.Kumar, R., Strezov, V., Weldekidan, H., He, J.,
Singh, S., Kan, T., Dastjerdi, B. 2020. Lignocel-
lulose biomass pyrolysis for bio-oil production: A
review of biomass pre-treatment methods for pro-
duction of drop-in fuels. Renew Sustain Energy Rev,
123. https://doi.org/10.1016/j.rser.2020.109763

37.Leng, L., Huang, H. 2018. An overview of the effect
of pyrolysis process parameters on biochar stabil-
ity. Bioresour Technol. https://doi.org/10.1016/].
biortech.2018.09.030

38. Lestinsky, P., Palit, A. 2016. Wood Pyrolysis Us-
ing Aspen Plus Simulation and Industrially Appli-
cable Model. Geosci Eng LXII, 11-16. https://doi.
org/10.1515/gse-2016-0003

39. Nur, T.B., Setiawan, A., Yudanto, B.G., Ependi, S.
2019. Techno-economic analysis of organic rankine
cycle fueled biomass waste from palm oil Techno-
economic Analysis of Organic Rankine Cycle Fu-
eled Biomass Waste from Palm Oil Mill 020006.
https://doi.org/10.1063/1.5094984

40. Patel, S., Kundu, S., Paz-Ferreiro, J., Surapaneni,
A., Fouche, L., Halder, P., Setiawan, A., Shah, K.
2019. Transformation of biosolids to biochar: A
case study. Environ Prog Sustain Energy, 38, 1-11.
https://doi.org/10.1002/ep.13113

41. Patel, S.R., Kundu, S.K., Halder, P.K., Setiawan, A.,
Paz-Ferreiro, J., Surapaneni, A., Shah, K.V. 2018.
A Hybrid Kinetic Analysis of the Biosolids Pyroly-
sis using Thermogravimetric Analyser. Chemistry-
Select, 3, 13400-13407. https://doi.org/10.1002/
slct.201802957

42. Seri, M., Putri, F.S. 2017. Effect of Temperature,
Time, and Water Content of Material on The Py-
rolysis of palm Midrib Powder. J Tek Kim USU,
6, 35-40.

43. Setiawan, A., Hayat, F., Faisal, Nur, T.B. 2019.
Combustion characteristics of densified bio-char
produced from Gayo Arabica coffee-pulp: Effect of
binder. IOP Conf Ser Earth Environ Sci, 364. https://
doi.org/10.1088/1755-1315/364/1/012007

44, Setiawan, A., Randa, A.G., Faisal, Nur, T.B.,
Rusdianasari. 2020. Thermal decomposition of
Gayo Arabica coffee-pulp in a segmented cham-
ber. J Phys Conf Ser 1500, 12076. https://doi.
org/10.1088/1742-6596/1500/1/012076

45. Syamsudin, Purwati, S., Surachman, A.W.R.B.I.
2016. Isothermal Pyrolysis of Sludge Cake and Pulp
Reject From Kraft Pulp Mill. J Selulosa, 6, 71-82.

46. Ward, J., Rasul, M.G., Bhuiya, M.M.K. 2014. En-
ergy recovery from biomass by fast pyrolysis. Pro-
cedia Eng 90, 669—674. https://doi.org/10.1016/j.
proeng.2014.11.791

47. Xianjun, X., Zongkang, S., Peiyong, M., Jin, Y.,
Zhaobin, W. 2015. Establishment of Three Com-
ponents of Biomass Pyrolysis Yield Model. Energy
Procedia, 66, 293-296. https://doi.org/10.1016/].
egypro.2015.02.061

48. Zhang, W., Henschel, T., Soderlind, U., Tran, K.Q.,
Han, X. 2017. Thermogravimetric and Online Gas
Analysis on various Biomass Fuels. Energy Pro-
cedia, 105, 162—-167. https://doi.org/10.1016/].
egypro.2017.03.296

269



