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ABSTRACT

This research aims to examine the effect of atmospheric media variations on the uncondensed gas characteristics produced from the torrefaction and
cooling processes of coffee beans. The process involved using air, N,, and Ar at a speed of 1 |/min as atmospheric media. Arabica green beans were tor-
refied for 60 min at 235+8°C and later cooled at the same rate and medium in a fixed-bed torrefier but stopped after the temperature reached 50°C. The
volatile gases from the process flowed to the condenser, followed by the separation of the uncondensed gas from the liquid product, and subsequently
flowed through the chimney. Furthermore, thermocouples that are connected to the Artisan visual roaster scope as an interface as well as the Artisan
2.4.2 software on a computer to measure and record changes in drum and bean temperatures (°C) over time (min). The uncondensed-gas yield was cal-
culated according to the mass balance principle, and their characteristics were determined directly in the form of temperature distribution (°C) and CO
emission (ppm) by placing the testo 310 gas analyser sensor on the chimney. According to the findings, oxidative atmospheric caused greater temperature
fluctuations in the drum and beans during the processes than non-oxidative media. The variations in atmospheric media led to differences in yield, and
uncondensed-gas temperature distribution, as well as the CO emission. There was an increase in CO emission as the temperature was increased. The
CO produced from torrefaction using non-oxidative is lower than using oxidative media. The cost factor and supporting of absorbent uncondensed-gas
recycling technology must be taken into account when using non-oxidative media. This application will not only yield product variants but also reduce CO

emissions and the coffee industry’s carbon footprint.
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1 INTRODUCTION

Coffee is a very competitive commodity which
has evolved from a simple crop to a product with high
specifications (Pascucci, 2018). Consumers consider not
only price and taste, but also the environmental impact and
sustainability of consumed products (Fuller; Grebitus, 2023).
Manufacturers continue to innovate, providing items that fit
the demands of the latest trends (Krishnan, 2017) (Freitas
et al.,, 2024). These innovations increase product diversity
and have a favourable impact on a range of areas (Teixeira
et al., 2022). These developments increase product diversity
and benefit the economy in a number of ways, including the
international trade in coffee. Carbon Neutral (CN) is one of the
additional costs usually incurred by coffee connoisseurs due to
the carbon footprint (CF) of the industry (Hassard et al., 2014)
and this is observed to be currently operational in Germany
(Birkenberg et al., 2021). This means efforts are required to
reduce CF in order to make coffee more competitive (Zhao
et al., 2024) and one of the methods to achieve this is through
the application of torrefaction technology and condensation of
smoked gas as an alternative to roasting (Faisal et al., 2023).

Coffee in the form of green beans has become a
mainstay export product for several producing countries
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because the plant cannot grow effectively everywhere in
the world. Population growth and coffee drinking habits
are driving up global coffee consumption, although coffee
farmers are not particularly affected by this trend. (Tamru;
Minten, 2023). It is important to note that the added value of
this commodity is greatly increased after the roasting process
normally conducted in export destination countries to maintain
the taste quality of the post-roasted coffee as well as to ensure
production continuity and price stability. Advancements
in packaging technology, information technology, and the
current speed of aircraft transportation have made it easy for
these products to be transferred easily from one country to
the other (Nab; Maslin, 2020). However, the problem of CF
persists due to the transportation of the green bean through
ships which requires a long period of up to months to reach the
designated destination. Customers prefer low CF coffee due to
its sustainability and favourable effects on the environment,
just like they do for other products. (Rondoni; Grasso, 2021).
A number of roasting technologies are currently in
widespread use, including fluidised beds, rotating drums,
and hybrids of the two, as well as infrared roasters that can
concurrently heat the beans’ exterior and inside and other
cutting-edge technologies (Das; Duarah; Purkait, 2023).
Numerous pollutants, emissions, waste, energy consumption,
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and poisons are produced during the roasting process, all
of which have an adverse influence on the environment.
Recycling, efficiency, ecologically friendly technologies, and
the utilisation of renewable energy all lessen negative effects.
(Da Costa et al., 2023), (Barrios-Rodriguez et al., 2022),
(Tsai; Lee; Huang, 2025). Through effective technological
design (heat and combustion) and control systems, coffee
roasting equipment can reduce exhaust emissions. (Kljajic;
Andjelkovic; Gvozdenac, 2016). The control system integrates
Al ToT, and heat recovery elements to automatically monitor
and regulate emissions digitally (Wibowo et al., 2022). A
heat exchanger system, thermal insulation, temperature and
time management, and an effective cooling system are used
to achieve the heat recovery function. By allowing the roaster
to repurpose the heat produced, the heat exchanger system
lowers energy usage. (Milani; Montorsi; Terzi, 2017).
Roasting is the process of heating products below their
ignition temperature to provide incomplete combustion and this
often produces harmful smoke (Sruthi etal.,2021). One of the most
dangerous elements of the exhaust gas usually produced is the CO
emission (Lebouf; Aldridge, 2019) which is mainly detrimental to
the health of workers and other people near the operating location
(Newton, 2002), (Hawley; Cox-Ganser; Cummings, 2017). CO
is a colorless, odorless, tasteless gas that is difficult to detect. It
is a highly toxic gas that, if inhaled in sufficient amounts, can
be deadly to humans and animals (Varma; Mulay; Chemtob,
2009). Previous research highlighted the dangers of exhaust gases
from the biomass product processing industry, including coffee
roasters, on human health (Nishimura; Abe; Fukunaga, 2003).
Moreover, exposure to diacetyl compounds has been associated
with bronchiolitis obliterans, a rare and severe respiratory disease,
and total CO volatiles (Echt et al., 2021). It has also been reported
that the accumulation of small exhaust gas produced in each
industry has a significant impact on the environment (Lyons;
Turchi; Gratson, 1995).
Therehavebeenmanyresearchesonbiomasstorrefaction
and the effect of varying different atmospheric media on the
characteristics of the resulting product. Atmospheric media
engineering was applied in the process to have a certain type
of content in the main product and to determine its impact on
by-products such as condensable smoke gas. Inert gas media
are used to prevent oxidative O,. According to research, low
O, concentrations slow down the pace of lipid oxidation,
which influences the production of dangerous acrylamide.
On the other hand, they raise the amounts of antioxidants in
coffee beans, which are good for health (Fadri et al., 2019).
Moreover, research also focused on utilizing flue heat of flue
gases from roasters (Milani; Montorsi; Terzi, 2017) but none
was observed to use torrefaction equipped with a condensing
gas condenser as an alternative roasting process for coffee
beans to minimize pollution and dangers of smoke. The
variation of atmospheric media in the torrefaction process can
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lead to certain differences in the torrefied coffee as the main
product and the liquid smoke as the by-product (Faisal et al.,
2022). Coffee torefaction aligned with sustainability trends
and legal frameworks for industrial applications.

The purpose of this research is to examine the effect
of varying atmospheric media such as air, N,, and Ar on the
temperature characteristics and CO emission of uncondensed-
gas with respect to time. This is to ensure that the application
of torrefaction to coffee beans in producing countries does
not only produce useful by-products and reduce the effects of
smoke gas pollution, but most importantly decreases the CF
from the industry. Product exports from torefaction coffee will
give producing nations more value that is more efficient and
successful in ensuring the welfare of farmers. CF reduction
benefits the environment and sustainability, while the range of
torefaction products benefits trade. It is important to restate that
coffee bean torrefaction is one of the efforts to produce coffee
products with better and more competitive specifications.

2 MATERIAL AND METHODS

The raw material used is coffee beans from the Gayo
highland coffee plantation, Central Aceh, Indonesia, located at
an altitude of 1200 m above sea level. Gayo coffee has been
known since the 17" century and has become an important
commodity for the trade union (Verenigde Oost-indische
Compagnie) belonging to Dutch colonialism and currently has
Organic Certified, Fairtrade & Rainforest as well as Geographic
Index Certification (Diyarma; Bantacut, 2019). The mass used
for each of these torrefaction tests is approximately 200 g and
the testing process (n) was repeated 5 times for each variation
of the atmospheric medium used.

The characteristics of the air, Nitrogen (N,), and Argon
(Ar) used as the atmospheric media are presented in Table 1. It
was discovered that the local atmospheric air has78.08% N, and
20.95% O, with very minimal content of Ar, CO,, H,0O(g), and
other gases. The inert gases, N, and Ar, used were both classified
as industrial. The composition of N, in the cylinder was 99.998%
with a very minimal mixture of impurities O,, H,O(g), and other
gases. Meanwhile, the composition of Ar in the cylinder was
greater than 99.9% with a very minimal mixture of impurities
O,, H,0(g), and other gases. The dehydration, devotalization,
and decarbonization phases of the torefaction process can all be
impacted by impurities. On the outermost surface of the feedstock,
hemyselulose and contaminants undergo first reactions. The
exothermic process may be preceded or followed by a sequence
of reactions and interactions with chemicals emerging from the
feedstock. Additionally, impurities will impact the condensation
process. The properties of the torefaction’s solid, liquid, and
gaseous products will be impacted by impurities. The purpose of
using both inert gases with low impurity levels is to reduce their
impact on potential reactions during the torefaction process.
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Table 1: Gas specifications for the atmosphere media of the coffee bean torrefaction process used.

) ) Atmospheric Media
Specification -
Air N, Ar

Quality Atmosphere air Industrial grade Industrial grade

N, : 78,08 % N,> 99,998 % Ar>99,9%

.. 0,:20,95 % 0,<2 ppm N,<I5 ppm

Com[.wsmon N Ar:0.93% HO,_<3ppm 0,<10ppm
& Mixture Impurities R 2

CO,: 0,034 % Hydrocarbons < 0.5 ppm H2O(g) <10 ppm

HZO@< 10 ppm CO & CO,< I ppm Hydrocarbons < 0,5 ppm

Thermal Conductivity, (W/ m K) 0,02500 0,02583 0,01772
Density, (g/L) 1,29 1,251 1.784
Specific Heat, J/(mol-K) 29,07 29,124 20.85

2.1 Fixed-bed coffee bean torrefaction

The torrefaction process was conducted using a fixed-
bed torrefier as shown in Figure 1. The coffee beans were placed
in a bed and put into a torrefier tube, after which the atmospheric
medium was flowed into the 2 inch tube at a flow rate of 1 I/min,
while the heater temperature was set at 235°C. For the three
types of atmospheric media that were utilized, a flow rate of 1 I/
min was used in order to maintain the flow in laminar conditions.
According to earlier studies, laminar flow can lower pressure
losses, maintain a steady temperature distribution, regulate
mixing, and lower heat loss and efficiency (Li et al., 2021).
The temperature is slightly higher than the peak exothermic
temperature (230 °C) encountered during the hemicellulose
depolymerization process (Chen; Kuo, 2011). Hemicellulose
is the most degradable component of biomass. Hemicellulose
is a polysaccharide built from sugar molecules attached by
glycosidic bonds. This bond begins to break about 230-250
°C, resulting in smaller molecules known as hemicellulose
depolymerization. In order to facilitate the hemicellulose
depolymerization process, a temperature of 235 °C was selected.
Although the prolonged process causes over-roasted beans, the
temperature is not raised, and the coffee ought to be categorized
as dark roasted. Despite the temperature variation in the heater,
the temperature was not set lower, therefore the temperature of
235 °C was the appropriate choice in this study.

It is important to note that the temperature of the heater
is the same as the ambient air when it was turned on but
increased to 235+8 °C after 12 min and the heater was switched
off after 60 min. The coffee beans entered the cooling process
stage until the temperature reached 50 °C after 180 min.

The flue gas produced from the beginning of the
torrefaction to the end of the cooling process flowed through a
water-cooled condenser unit and flash tank at a temperature of
16£5 °C while the average temperature measured was 20.6 °C.
It is important to note that all gas flowing through the condenser
unit can be condensed while the uncondensed ones are passed
through the chimney unit. The Testo meter 310 sensor was

placed in the chimney duct to measure the characteristics of
the flue gases. Moreover, the uncondensed-gas flowing in the
chimney was distinguished based on the variation of the air
atmosphere, N,, and Ar used for the torrefaction process.

Thermo controller

Computer display

Uncondensed-gas “
Chimney a1

Flow
meter

Tube reactor

Condensor

Bean thermocouple

Drum thermocouple

Argon. 1.

Figure 1: Set-up fixed-bed torrefier of coffee beans.

The solid and liquid yields (Y) from the torrefaction and
cooling process were determined using the equation (1). The
symbol of m, and m_in the equation represents mass of product
(kg) and mass of raw material (kg), respectively.

m
Y(%) = —2 x 100 % (1)
m

r

Meanwhile, the uncondensed-gas yield was determined
based on the mass balance principle as indicated in the
equation (2), the subscripts g, s, and / in the equation represent
uncondensed-gas, solid, and liquid products, respectively.

Yy (%) = 100 % — (Ys + ¥;) )
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The uncondensed-gas yield was statistically analyzed
with a 95% confidence level and a 5% or 0.05 margin of
error. Since the yield data is expressed as a percentage, it
can be categorized as a numeric data scale that satisfies
the prerequisites for selecting a parametric test method.
Because three different types of atmospheric media were
employed in this test, the data acquired can be divided
into three groups of unpaired data, prompting researchers
to apply the one-way ANOVA method as a parametric
method or the non-parametric Kruskal-Wallis method as an
alternative.

The data must also be normal and homogenous, which
can be determined using normality and homogeneity tests,
respectively. The yield data are repeated five times for each
of the three atmospheric media changes, and the Lilliefors and
Shapiro Wilk normality analysis methods are used, but Shapiro
WIIk is the most power for larger data set (Razali; Wah, 2011).
Levene homogeneity tests, which were applied to the data, are
a reliable technique that can be applied to both small and big
data sets. The normality and homogeneity assumptions are
accepted if the p value of the test findings is higher than the
significance threshold (0.05); if it is lower, the assumptions
are not.

If all of the conditions for the parametric test are met, the
one-way ANOVA method can be used; however, if one of them
is not met, a non-parametric method, Kruskal-Wallis, must be
used. The post hoc test was used to continue the investigation
since the statistical analysis revealed a substantial impact of
atmospheric media variations, where p < 0.05. Both the LSD
and Mann-Whitney methods are post hoc tests of one-way
ANOVA and Kruskall-Wallis, respectively.

The p value of the test results is displayed in the table
as well as the average value and its deviation for the analysis
results using parametric statistical methods, while for non-
parametric ones are the median, minimum, and maximum
values. The p value of the post hoc test results is displayed as
a footnote in the table.

2.2 Measurement of temperature versus time of
torrefaction and cooling process

During the torrefaction and cooling processes, a pair
of thermocouples are used to measure the temperature of the
drum and beans. The drum temperature thermocouple sensor
is configured so that it actually contacts the drum, whereas the
bean temperature thermocouple sensor is designed to detect
the temperature of the beans in the drum but accurately reflects
the atmospheric media temperature inside the drum chamber.
Both thermocouples are connected to the Artisan visual roaster
scope as an interface as well as the Artisan 2.4.2 software on
a computer to measure and record changes in drum and bean
temperatures (°C) over time (min).
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2.3 Measurement of temperature and CO
emission of uncondensed-gas

The temperature data (°C) and CO emission (ppm) of
uncondensed-gas were determined using a gas analyzer testo
meter series 310 sensor which was placed on the chimney as
indicated in Figure 1. The device was also equipped with a
small piston to suck some of the gas flowing in the chimney.
Moreover, the gas flowing in a metal tube was used as the
sample to be measured.

The uncondensed-gas temperature in the measuring
instrument was termed the fumi temperature while the outside
air temperature detected at the period is known as the aria
temperature. It is important to note that fumi and aria are
Italian terms for smoke and air, respectively. The average data
for the three measurements were recorded every 7.5 minutes
and this was conducted from the beginning of the torrefaction
to the end of the cooling process when the temperature of
the coffee beans reached 50°C. The data were recorded and
tabulated for further analysis.

Different analyses were performed to determine the
normal distribution of the uncondensed-gas temperature
and CO emission data. Shapiro-Wilk was selected for the
normality test technique based on the number of data (9 <N
< 50) for the difference between the fumi to aria temperatures
and CO emission for the three modifications of atmospheric
media. Using this approach and data range, the results of data
normality analysis have the highest level of validity (Razali;
Wah, 2011).

3 RESULTS

3.1 Profile of
temperature and cooling over time

coffee bean torrefaction

Figure 2 illustrates the relationship between the
temperature of the drum (ET) and the coffee beans (BT) (°C)
over the torrefaction and cooling time (minutes) of the beans,
taking into account variations in the air, N, and Ar atmospheric
media. It shown that the temperature profile of the coffee bean
torrefaction and cooling process is nearly identical between
samples utilizing air, N,, and Ar atmospheric media, in each
three separated stages. In stage I, the coffee beans were started
at room temperature and then progressively heated to the preset
temperature of 235°C. The torrefaction process was stage II,
while the cooling process was stage III.

ET temperature profile is greater than BT in stages
I and 11, but it falls below BT in stage III. The temperature
profiles of ET and BT in stage II of the magnification section
clearly distinguish between samples using oxidative air media
and those using non-oxidative inert gases (N, and Ar).
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Figure 2: Temperature (°C) vs. time (min) of coffee bean torrefaction and cooling process with different atmospheric media (air,
N,, and Ar).

Table 2: Statistical analysis results of the uncondensed-
gas yields of coffee bean torrefaction using air, N,, and Ar
atmospheric media.

4 THE YIELD OF COFFEE BEAN
TORREFACTION

The average yield of the solid, liquid, and uncondensed-

. . . Uncondesed-gas yields (%)
gas products after the torrefaction process is presented in

Figure 3. Solid and liquid yield products were obtained using Atmosphere media N One way ANOVA
Equation (1), meanwhile, the uncondensed-gas yield was Mean + SD P
obtained based on equation (2). Statistical analysis results of Air > 453+£2.7982 0010
the uncondensed-gas yields of coffee bean torrefaction using Nitrogen (N,) 5 7.09 £ 1.3782 '
air, N, and Ar atmospheric media were shown in Table 2. Argon (Ar) 5 10.5+2.5125

One way ANOVA test. LSD post hoc test: air versus N, p = 0.128; air

versus Ar p = 0.003; N, Versus Ar p = 0.060.

HmSolid MLiquid ™ Uncondensed-gas

The uncondensed-gas yield has normally distributed
and homogenous data which can be tested statistically using
ANOVA. The results showed a significant difference between
the average yield of uncondensed-gas and variations in
atmospheric media (p = 0.010). Moreover, the post hoc Least
Significant Difference (LSD) test indicated a significant
difference between the Ar and air media (p = 0.003).

100
453

- 7.09

Yield (%)
o
= |

* 4.1 Theuncondensed-gas temperaturedistribution

The relationship between fumi and aria temperature (°C)
to the time (min) of the uncondensed-gas produced through the
application of air, N, and Ar atmospheric media were shown

80 T T 1
Air Nitrogen Argon

Atmospheric media

Figure 3: Average yields of solids, liquids, and uncondensed-
gases during torrefaction in air, N,, and Ar atmospheres.

in Figure 4. The figure shows that the fumi temperature was
increasing, specifically with the usage of N, and Ar media.

Coffee Science, 20:€202356, 2025
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However, it decreased significantly with air after the 90"
minute and slightly after the 155" minute but increased at the

0.000), as shown in Table 3. Moreover, the Post hoc Mann-Whitney
test indicated there were significant differences between N, and Ar

end of the cooling process. the insert table on the Figure 4
shows some descriptive data associated with the temperatures.

(p=0.000), N, and air (p = 0.001), and Ar and air (p = 0.000).

0 60 120 180 240
35 T T r T 35
Air Sk = AA -
30.0 | | fumi AA A A
— 30 F AAA AAAA AA 3.0
A AA
A
Descriptive data 25 AAAA 425
28.8 h‘;enr;r:j:ture Fumi (2(;).8 Aria ( 20)7.5 g A
Maxi 317 28.8 b
Averr;:em 2067 28.04 ;5 20F A2 u" EgEg g, am 1
b.' A at im o 0%e0
2776} E15F cee®l T 415
] [ ] e®00®e -
= u o®® -
= 10 b i . e’ d10
30| == fumi L L] ° —
g |=—mi 05 b o o nlqos
\g u .. A Ar
2 Descripliivﬂe data — 0.0 0a00 1 1 1 1 0.0
E ot el B, [ Ae 0, 0 “ 20 150 2
= Maximum 30.7 28.2 Time (min)
q% Average 29.5 28.2 ) . i .
= Figure 5: Relationship graph on the difference between the
28} fumi and aria temperatures difference (°C) with respect to the
time (min) for the uncondensed-gas produced during the coffee
200k [AT bean torrefaction using air, N,, and Ar atmospheric media.
I == fumi
— arid
Tabel 3: Statical analysis result of uncondensed-gases
28.6
Desoriptive data temperature and CO emission of coffee bean torrefaction using
Temperature  Fumi (°C) Aria (°C) . . .
Mnimum 27.95 263 air, N, and Ar atmospheric media.
Maximum 29.75 26.3
27.3F Average 20.16 26.3 L
Fumi-aria temperature CO emission (ppm)
difference (°C) PP
260F Atmosphere Kruskal-Wallis Kruskal-Wallis
0 60 120 180 240 Media Median Median
Time (min) (minimum- p (minimum- P
Figure 4: The relationship of fumi and aria temperatures with maximum) maximun)
time for the exhaust gases from the coffee bean torrefaction at Air 29 18 0.000* 186.3 0.000%*
. _ . . (0.3-2.9) (5.5-169.3)
different variations of air, N,, and Ar media.
N 35 1.4 42.7
2 (0.0-2.5) (8.7-924.7)
The relationship between the fumi and aria temperatures A 3 315
: : : - f 3 (1.65-3.45 5.5-818.5
difference (°C) with respect to the time (min) for the (1.65-3.45) (5.5-818.5)

uncondensed-gas produced through the torrefaction process
conducted using atmospheric air, N,, and Ar were shown in
Figure 5. It was observed that the difference between the firmi
and aria temperatures due to the application of Ar is greater
followed by air and N, media which increased with time

The statistical analysis test conducted showed that the
difference between the fimi and aria temperatures with respect
to time was not normally distributed (p = 0.003), therefore, the
Kruskal-Wallis non-parametric test was performed. The results
showed a significant difference in the mean temperature difference
between fumi and aria for the three atmospheric media used (p =

Coffee Science, 20:e202356, 2025

* Kruskal-Wallis test. Mann-Whitney post hoc test: air versus N, p =
0.001; air versus Ar p = 0.000; N, versus Ar p = 0.000.

**Kruskal-Wallis test. Mann-Whitney post hoc test: air versus N, p =
0.000; air versus Ar p = 0.000; N, versus Ar p = 0.07.

4.2 The CO emission in the uncondensed-gas

Figure 6 shows a graph of the relationship between CO
emission (ppm) and time (min) for uncondensed-gas produced
from coffee bean torrefaction using air, N,, and Ar. The results
showed that the distribution of CO emission with the usage of
air is higher compared to Ar and N,
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Figure 6: Relationship graph between CO emission (ppm) and
time (min) for the uncondensed-gas produced during the coffee
bean torrefaction using air, N,, and Ar atmospheric media.

The statistical analysis conducted also indicated
that the CO data were not normally distributed (p = 0.000),
therefore, Kruskal-Wallis non-parametric test was performed.
The results showed a significant difference in the mean levels
of CO produced by the three atmospheric media used (p =
0.000), as shown in Table 3. The post hoc Mann-Whitney test
also highlighted significant differences between N and air (p =
0.000) and Ar and air (p = 0.000), but there was no significant
variation between N and Ar (p = 0.07).

5 DISCUSSION

5.1 Coffee bean torrefaction temperature and
cooling over time of oxidative and non-oxidative
atmospheric media

Figure 2 shows that stage I begins with the coffee
beans at the same temperature as the ambient temperature
and then rises sharply to temperatures above 235°C in 10.27,
10.24, and 9.54 minutes for air, N, and Ar, respectively.
Exothermic reactions resulting from secondary char-volatile
processes allow temperatures to rise above the torrefaction
point (Bates; Ghoniem, 2013), that is related to hemycellulose
depolymerization. The heat generated cannot be transported
fast due to the low Biot number.

In the stage II, the torrefaction process takes 60
minutes at 235+8°C. At the commencement of the stage I, the
temperature profile exceeds 235°C, where the char-volatile
reaction is still taking place. After 30 minutes of torrefaction,
the temperature often falls below 235°C. This is assumed to be
attributable to hemicellulose degradation and should indicate
that the torrefaction process for coffee beans is complete

(Bergman et al., 2005), as the char-volatile reaction has
ceased. Stage I11 is a cooling process in which the temperature
decreases rapidly at the beginning of the process and then
slopes and ends when BT reaches a temperature of 50 °C in
180 min.

The temperature profiles of ET and BT in stage Il
of the magnification section of Figure 2 clearly distinguish
between samples using oxidative air media and those using
non-oxidative inert gases (N and Ar). It can be noted that the
process temperature profile for samples employing air medium
is quite fluctuating, intersecting between ET and BT as opposed
to inert gas, which is clearly separated. The BT temperature
profile for samples that employ air as the atmospheric medium
remains quite fluctuating from the beginning of stage III until
the middle of the cooling process, however there is no longer
an intersection with the ET profile.

This fluctuation process is assumed to be caused by an
exothermic oxidation reaction due to the oxygen concentration
in the air, which is used as the torrefaction atmospheric fluid
(Rousset et al., 2012), (Joshi et al., 2015). Even after the char-
volatile exothermic reaction is over, the exothermic oxidation
process continues. This reaction causes the temperature
increase, which is detected by the thermo controller, which
stops supplying heat to the reactor tube and causes the
temperature to fall to the minimal limit, prompting the thermo
controller to re-connect to supply heat.

This phenomena of temperature profile differences
between those employing oxygen and inert gas is in line with
prior research, which is torrefaction performed on poplar
wood at 250°C for 60 min, with variations in oxygen levels
in the atmospheric media utilized. The test results reveal
that torrefaction utilizing atmospheric media with increased
oxygen levels leads in a higher core temperature distribution
profile graph over time (Basu et al., 2013), This is consistent
with prior research findings (Rousset et al., 2012).

5.2 The effect of atmospheric media variation of
torrefaction on uncondensed-gas yield

The average yield of the solid, liquid, and uncondensed-
gas products after the torrefaction process is presented in Figure
3. It is important to note that solid and liquid yield produced
through air torrefaction were observed to be higher, and then
followed by N, and Ar. Meanwhile, the uncondensed-gas yield
from Ar atmosphere media was observed to be higher followed
by N, and air. This means the yield is inversely proportional to
the findings for the liquid product which was in the form of
liquid smoke. Therefore, the condensation of more exhaust gas
is expected to lead to little uncondensed ones and vice versa.

The high concentration of N, gas in the atmospheric
medium is believed to have the ability of inhibiting the
evaporation process as well as the evolution of N elements
from the raw materials used for the torrefaction. This agrees
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with the findings of previous research that atmospheric media
rich in N elements produced solid products with high N
content through biomass torrefaction (Ma et al., 2019), (Xu et
al., 2020). A similar phenomenon is expected with the quantity
and quality of the liquid smoke and uncondensed-gas produced
in the torrefaction of coffee beans using N, in this research.

The high level of O, in air media is expected to have
much effect on the decomposition reaction process. The coffee
bean torrefaction conducted using air is expected to decompose
due to an oxidation reaction but a contrasting result was
recorded in the test and this is associated with the fact that the
process was conducted at a lower temperature. This is in line
with the relatively small effect of oxygen reported on biomass
torrefaction at low temperatures (Zhang et al., 2019), (Sun et
al., 2020), (Hisham; Uemura; Tazli, 2016). This is also related
to the thermo controller function, which prevents heat and
process temperature from increasing further, hence preventing
excessive oxidation processes.

It was further reported that the torrefaction conducted
using oxidative media led to oxidation reactions on the outer
surface of the biomass (Barskov et al., 2019). A similar trend
was observed in the application of air as media where oxidation
was discovered to have occurred on the outer surface of the
coffee bean as indicated by the silver skin. This subsequently
affected several characteristics of the main and uncondensed-
gas products as indicated by their difference from those
produced using inert gases such as N and Ar as atmospheric
media.

The decomposition of torrefied coffee beans
associated with the inert gas atmosphere is mainly due to the
decarboxylation or cracking events and decarbonylation or
reforming reactions. Cracking is defined as the breaking of
a large molecule into smaller ones through heating without
O, (Wang et al., 2017) and also has the ability to produce a
carboxyl group (-COOH). The decarbonylation reaction causes
the formation of a carbonyl group (C=0). These elements are
both derived from the thermal degradation of hemicellulose.
Meanwhile, the coffee bean torrefaction process using
atmospheric media containing oxidative elements (O,) usually
leads to an oxidation reaction of the carbosxyl and carbonyl
groups. It is also important to note that incomplete combustion
normally leads to the formation of CO while complete
combustion forms CO, (Shibamoto, 2015). Moreover, the
formation of high CO, CO,, and H,O due to the combustion of
high levels of O, in atmospheric media is expected to cause a
decrease in the levels of CH, formed (Kung et al., 2019).

The use of air, N, and Ar atmosphere media containing
different main contents and minimal gaseous impurities
produced different products from the coffee bean torrefaction.
It was observed that the mixture of HO, impurities in
these media, even at minimal content, contributed to the
decomposition process at the early stages of dehydration
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which involved the evaporation of H,0, contained in coffee
beans. This is due to the fact that lesser content of HZO(g) levels
usually leads to faster HO, evaporation during the early
stages of decomposition. Moreover, the hydrocarbons, CO,
and CO, contents were also perceived to have influenced the
decomposition process at the devolatilization stage and this
further affect the characteristics of the uncondensed-gas.

The differences in the characteristics of the atmospheric
media were also observed to have affected the condensation
process of liquid smoke produced during the torrefaction.
This was indicated by the relatively low conductivity and heat
capacity of the Ar media used which was perceived to have
affected the condensation process and led to the production of
lesser liquid smoke compared to air and N,. Moreover, even
though N, has slightly higher conductivity and heat capacity
than air, its density is smaller and this is the reason the liquid
smoke produced using air was higher.

ANOVA can be used to statistically test the
uncondensed-gas yield’s regularly distributed (p > 0.05) and
homogeneous (p > 0.05) data. The results showed a significant
difference between the average yield of uncondensed-gas and
variations in atmospheric media (p = 0.010), as shown in Table
2. Moreover, the post hoc Least Significant Difference (LSD)
test indicated a significant difference between the Ar and air
media (p = 0.003).

5.3 The effect of atmospheric variations on
temperature of uncondensed-gas

The determination of the temperature to be used for
the thermal treatment of coffee beans is very important in the
roaster machine used as the torrefaction device. Manufacturers
usually recommend a specific temperature standard for their
roaster designs and this means the requirements are very
different. Moreover, the focus is not only on the profile
temperature including the coffee bean and drum but also on
those associated with the exhaust gas. It is important to note
that the temperature profiles of the exhaust gas are different
but the thermal process is the same, thereby making it easy
to compare the products from different roasters (Macheiner;
Schmidt; Mayer, 2021). The monitoring of exhaust gases is
more effective when the release process is not only related to
the type of compound and time but also the temperature and
this is required to ensure standardization and comparability
(Lebouf; Aldridge, 2019). The temperature to be observed
is not for only the process but also for the exhaust gas and
ambient air.

Several industrial-scale roasters usually recirculate
their exhaust gases for effective energy use (Schenker;
Rothgeb, 2017). This is also possible in the coffee bean
torrefaction process, specifically when expensive inert gas is
used. The gas normally has a higher temperature potential than
before and the recirculation also brings back the previously
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uncondensed generated volatiles. This means the design of
the scrubber technology to recover the inert gas used requires
considering the temperature of the exhaust gas. This shows that
the temperature of the exhaust gas also needs to be understood
in addition to those associated with the torrefaction process.
Furthermore, the clarity of the parameters for the torrefaction
process is necessary for subsequent comparison with other
designs.

The temperature profile of exhaust gas is usually
determined through two parameters which include the fumi
(smoke) and aria (air) due to the fact that the difference
between them normally provides the potential for natural draft
effects on the chimney with subsequent influence on the overall
process system. Figure 4 shows that the fumi temperature was
increasing, specifically with the usage of N, and Ar media.
However, it decreased significantly with air after the 90
minute and slightly after the 155" minute but increased at the
end of the cooling process.

Meanwhile, the insert table on the Figure 4 shows
some descriptive data associated with the temperatures. Aria
temperature is defined as the ambient air temperature which
was measured through the instrument sensor placed on the
chimney. The average values measured in the test samples
with air and N, media were found to be almost the same at
28.04 and 28.2°C, respectively, but a reduced value of 26.3°C
was recorded for Ar. The aria temperature value was observed
to be strongly influenced by environmental conditions and
not by the atmospheric media used as indicated by the values
recorded for all the variations which tend to be constant.

Figure 5 shows that the difference between the fumi
and aria temperatures due to the application of Ar is greater
followed by air and N, media which increased with time.
The difference between the fumi and aria temperatures
contributes to the variations recorded in the flue gas pressure
passing through the chimney and this subsequently influenced
the natural draft of the gas. This is in line with the previous
research that a greater difference between fumi and aria
temperature influences gas pull (Faisal et al., 2018). Therefore,
it is estimated that the uncondensed-gas pull in the coffee bean
torrefaction process conducted using Ar atmosphere media
is greater compared to air and N, which increased with time.
This means the application of different atmospheric media
influenced the temperature profile as shown in Figures 4 and
5 and this tends to affect the torrefaction and condensation
process.

The difference in the fumi temperature profile with the
usage of air atmospheric medium in the torrefaction process
is probably due to the oxidation between the volatiles of the
coffee beans and the oxygen content in the air compared to
the profile of the inert gas including N, and Ar. Meanwhile,
the differences in the fumi and aria temperature profiles
for the uncondensed-gas produced using N, and Ar media

were perceived to have led to variations in the results of the
torrefaction process. This means environmental conditions
seem to influence the torrefaction process of the coffee bean.
Moreover, the quality and quantity of liquid smoke samples
produced from unreactive inert gas atmosphere media
including N, and Ar were observed to be different. The
higher difference between the fumi and aria temperatures
for the uncondensed-gas produced using Ar compared to
N, was believed to have influenced the thermal degradation
process and the condensation of liquid smoke produced.
This is in line with the findings of previous research that
there are variations in the results of the thermal process
applied to coffee beans using air media as well as different
inert gases which include N, and helium. The reason for this
variation is unknown and no data showed the ambient and
uncondensed-gas temperature profile (Moon; Shibamoto,
2010).

The statistical analysis test revealed that the variation
in fumi and aria temperatures over time was not normally
distributed (p = 0.003), negating the requirement for a
homogeneity test. The non-parametric Kruskal-Wallis test
was thus run. The results showed a significant difference in
the mean temperature difference between fumi and aria for the
three atmospheric media used (p = 0.000), as shown in Table
3. Moreover, the Post hoc Mann-Whitney test indicated there
were significant differences between N, and Ar (p = 0.000), N,
and air (p = 0.001), and Ar and air (p = 0.000).

Air-based samples and inert gas (N, and Ar)-based
samples have different amounts of data. Although the data
collection time is set at 7.5 minutes, it actually takes longer for
samples that use air. Compared to inert gas, less temperature
data is gathered for samples employing air media from the
beginning to the end of the procedure. The analysis’s findings,
however, demonstrate that the data imbalance is not an issue
and has no consequence on the statistical analysis’s findings.
The analysis’s findings are in line with those of the other two
important inert gas data. The findings of the statistical analysis
are regarded as valid since they support the distinctive pattern
displayed by the temperature difference graphs of fumi and
aria uncondensed gas.

5.4 The effect of atmospheric variations on CO
emission in the uncondensed-gas

Figure 6 shows sharp peaked from the first 10 minutes,
experienced a constant distribution shortly after the 60* to 70"
minute when the torrefaction process ended and the cooling
process started, increased again very sharply to reach its
maximum at the 75" minute, declined drastically to the 110%
minute, and slowly thereafter until the end of the cooling
process.

It was discovered that the distribution graphs of the
CO emission (ppm) against time (min) for uncondensed-gas
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produced using N, and Ar media were close at the initial 75
minutes with the Ar observed to have reached its maximum
value. However, a clear difference was indicated between 75-
120 minutes with N, reaching its maximum peak at 95 minutes.
This is associated with the variations in the characteristics of
these two inert gases such as the specific capacity, thermal
conductivity, density, or others that need to be studied further.
After the 120" minute, the two graphs were close again and
continue to slope to the end of the process.

Figure 6 also shows that the CO emission tends to
increase as the temperature increases and vice versa, and this
was observed in all the atmospheric media used. The CO
from uncondensed-gas is usually estimated to be constant for
processes conducted using inert gases because the CO was
found in impurities. However, the inability of the inert gas to
react led to the assumption that the CO gas is different from
the impurities due to the volatile combustion experienced
in the torrefaction process using the two inert gas media.
Meanwhile, the use of air was perceived to have allowed
CO gas from volatile combustion and also from incomplete
combustion of fixed carbon from the outer layer of coffee
beans as indicated by the silver skin. This study’s findings are
consistent with prior studies, which found that oxygen only
promotes dehydration and decarboxylation reactions, resulting
in oxidation (combustion) for the torrefaction process at low
temperatures and a low H/C and O/C ratio (Rousset et al.,
2012), (Jadsadajerm et al., 2024).

It was also discovered that 0.8 kg/ton or 0.08% CO
of coffee beans was produced from the continuous roasting
process, 1535 ppm or approximately 0.15% of CO gas was
measured in a drum roaster (Sawitri et al., 2019), and 5207
ppm from 1 kg of coffee beans (Rim; Kim, 2020). Moreover,
CO was also observed to have been formed at the same time as
carbon dioxide and started accumulating when the first crack
occurred in the 6™ minute up to the second crack in the 18"
minute when the oil migrated to the coffee surface (Yergenson;
Aston, 2020). The phenomena reported concerning the
variations of atmospheric media in the coffee bean torrefaction
process are in line with the findings of several previous
researches.

CO gasisavery dangerous substance in the environment
and for human respiration, specifically for workers in the coffee
bean processing industry, despite the possible benefits (Olas,
2014), for example, it might be converted into fuel (Miiller et
al., 2024), (Ngoc Ha et al., 2018), (Hasibuan; Setiawan; Faisal,
2024) or other important chemicals. The findings showed
that the application of inert gases as atmospheric media for
the thermal processing of coffee beans was able to reduce
CO gas exposure compared to the utilization of air. However,
there is a need for further research on the purification of inert
gas from uncondensed-gas and their recirculation to ensure a
continuous coffee bean torrefaction process considering the
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high cost of these gases. The inert gas generation process also
produces CF, which should be considered while selecting the
process to be carried out.

The statistical analysis conducted also indicated that
the CO data were not normally distributed (p = 0.000) negating
the requirement for a homogeneity test., therefore, Kruskal-
Wallis non-parametric test was performed. The results showed
a significant difference in the mean levels of CO produced
by the three atmospheric media used (p=0.000), as shown in
Table 3. The post hoc Mann-Whitney test also highlighted
significant differences between N,and air (p = 0.000) and
Ar and air (p = 0.000), but there was no significant variation
between N and Ar (p = 0.07).

Similar to the temperature data, the uncondensed-
gas CO emission data for air media samples differs from
that for inert gas media. It takes a non-uniform amount
of time to manually switch between temperature and CO
emissions on one of the testo tool’s displays. The amount
of data collected was smaller because the air medium took
a little longer than 7.5 minutes. Nonetheless, logical and
valid conclusions from the statistical analysis supported the
graph’s trend. The findings of the statistical test are in line
with the graph created by the CO emission data from the
air sample, which is significantly above the inert gas. Both
inert gases and air data show consistent post-hock analysis
results. Valid post-hock results between the two inert
gases are also indicated by the CO gas emission graph’s
unique trend of measurement results. The uncondensed gas
samples’ CO emission graphs with N, and Ar atmospheric
medium show little variation.

6 CONCLUSIONS

The torrefaction temperature profile using air medium
fluctuates due to exothermic oxidation from oxygen, unlike
inert gases which are more stable. Atmospheric medium
variation significantly affects uncondensed-gas yield, CO
emission and temperature differences among N,, Ar and
air. Air causes higher fluctuations and CO emission, while
inert gases reduce them. Torrefaction, as an alternative to
roasting produces solids as main products and enhances
sustainability, reduce carbon footprint, and support coffee
trade and farmer welfare through environmentally friendly
processing.
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