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Abstract. This article presents the results of determining the technologically feasible parameters of filtration drying
of coffee production waste based on experimental data on the kinetics of material drying and the hydrodynamics of
thermal agent filtration. The lowest total energy costs were observed with the following process parameters: the material
layer height of 120 mm, the thermal agent temperature of 90 °C, the velocity through the stationary layer of 1.76 m/s,
and the specific energy consumption of 5857 kJ per 1 kg of water. Based on the determined technologically feasible
process parameters, an evaluation of the filtration drying method for coffee production waste was performed at an
industrial installation. According to the calculation, using the filtration method, 1164 kW h of energy was required to
dry about 1000 kg of coffee production waste. A total energy of about 1.65 kW h/kg was required to remove 1 kg of
moisture from the material in an industrial filtration drying installation. The results were compared with a drying
material with similar initial parameters. It was calculated that to dry 1000 kg of coffee production waste in a rotary
dryer, it is necessary to spend about 1625 kW h, and the total energy consumption for removing 1 kg moisture from the
studied material is approximately 2.37 kW h/kg. Thus, for a similar output of about 1000 kg/h, filtration drying can
reduce energy consumption by about 465 kW-h and reduce the required drying time by more than 20 times. The overall
economic effect of using the filtration drying method in industry is expected to be higher, given the significant heat
losses to the environment for a rotary dryer due to its large size, long drying time, design features, and the need for
energy-intensive auxiliary equipment. After calculating the energy consumption per 1 kg of dry material, it is necessary
to spend 12 950 kJ/kg of dry matter, about 41.5 % less than the higher calorific value for experimental samples of
briquetted solid fuel made from this material. This result makes it economically feasible to further dry coffee production

waste to produce alternative solid fuels.
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1 Introduction

Recently, the issues of environmental sustainability and
the natural resources conservation have become
increasingly urgent. The steady population growth,
increased consumption, and intensive industrial
development significantly increase the waste generated.

Under these conditions, secondary use of raw materials
becomes especially important, as it reduces the amount of
organic waste of plant origin and uses the planet’s
resources more efficiently. In various industries, there is
an urgent need to implement environmentally friendly
waste disposal and reuse methods. One of the industries
where the problem of waste disposal is highly relevant is
coffee production [1].

The coffee industry generates vast volumes of plant
waste [2], which takes up much space in landfills and
harms the environment due to greenhouse gas emissions
during decomposition [3, 4].

2 Literature Review

Coffee production waste contains valuable substances
that can be used in various industries, such as cosmetics
[5, 6], land fertilization [7], biodiesel [8, 9], and bioethanol
[10] production, as well as the production of alternative
solid fuels [11].

Considering the significant initial moisture content of
this secondary food raw material, which is about 65 % wt.
[11], it is essential to study methods of drying coffee
production waste to increase its shelf life, find
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technologically feasible process parameters, and
determine the efficiency and economic feasibility of the
selected drying method.

Rotary dryers are commonly used in industry to dry
these materials [12,13], but they have many
disadvantages, which complicate their use and make the
drying process energy-intensive. These disadvantages
include significant overall dimensions and metal
consumption, drying time, and, as a result, high heat losses
to the environment. In addition, rotary dryers cannot
operate autonomously and require energy-intensive
additional equipment, such as powerful motors to rotate
the drum and a cyclone to clean the outgoing stream.

Due to this, a highly efficient filtration drying method
was used to dry coffee production waste, which has proven
to be energy efficient for drying secondary materials of
plant origin from the food industry [14]. The principle of
the filtration drying method is to supply a thermal agent
under the influence of a pressure drop through the porous

structure of the gas-permeable material to be dried,
respectively. The process of heat and mass transfer occurs
on the intra-capillary surface, which exceeds the
dimensions of the geometric surface of the material.
Mechanical displacement and moisture removal may be
present depending on the nature of the moisture connection
with the material.

Overall, this study aims to investigate the effectiveness
of using the filtration method of drying coffee production
waste, which is a mixture of coffee, barley, and chicory
waste obtained on the production line of JSC “Galca LTD”
(Lviv, Ukraine) [11].

For calculating the industrial efficiency of filtration
drying of coffee production waste, a filtration drying unit
is used (Figure 1). Its operating principle is that the
material is dried by moving on a conveyor belt under the
influence of a flow of a thermal agent passing through its
layer [15].

thermal agent

Figure 1 — Filtration drying installation for dispersed materials: 1 — belt conveyor, 2 — the perforated surface of the dilution chamber;
3 — vacuum chamber; 4 — rollers for supporting the belt conveyor; 5 — drive drum; 6 — hopper for wet material; 7 — vibrator;
8 — feeder; 9 — drying chamber; 10 — brush for cleaning the belt conveyor; 11 — hopper for dry material [15]

The unit of filtration drying of dispersed materials
consists of a loading hopper 6 with a vibrator 7 and a feeder
8, which is located above the perforated belt conveyor 1
for moving the wet dispersed material to the discharge
hopper 11 under the drying chamber 9, where the thermal
agent is supplied.

Above the discharge hopper 11 for the dried material,
there is a brush for removing the residual dried material 10.

The plant contains vacuum chamber 3 installed under
the upper part of the belt conveyor, which is connected to
a fan [15].

3 Research Methodology

To determine the effectiveness of using the filtration
drying method for drying food waste from industrial coffee
production, it was necessary to preliminarily study the
kinetic regularities of this process in an experimental
installation (Figure 2).

The experimental setup consists of a fan 1 that supplies
the thermal agent (air) to an electric heater 2, heated to the
desired temperature. After passing through diffuser 3, the
air enters container 5 with a layer of the investigated
material.
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Figure 2 — The experimental installation for the dispersed materials filtration drying: 1 — fan; 2 — electric heater; 3 — diffuser;
4 — thermocouple; 5 — container; 6 — receiver; 7 — control and measuring device SENTOS D1S; 8 — vacuum gauge;
9 — rotameter; 10 — control valve; 11 — shut-off valve; 12 — water-ring vacuum pump

A thermocouple 4 is placed above the container to
determine the air temperature at the diffuser outlet. The
thermocouple is connected to a “SENTOS D1 S” control
and measuring device, which establishes and maintains a
constant temperature of the thermal agent.

Vacuum gauge 8 is installed to measure the pressure
loss in the material layer. Container 5 is connected to a
receiver in which a vacuum is created by a water-ring
vacuum pump 12.

A rotameter 9 is located in front of the water-ring
vacuum pump to measure the flow rate of the thermal
agent. To regulate the flow rate of the thermal agent, a
control valve 10 and a shut-off valve 11 are installed.

As a result of the research, it was obtained calculation
dependencies can be used to determine the drying rate and
its duration in the first period (the period of complete
saturation of the thermal agent with moisture) and in the
second conditional period (the period of partial saturation
of the thermal agent with moisture), respectively [14, 15]:

WIC — Wg(l _ 937 . 10—6 . TT1'368U8'6046_11'641H); (1)

C — c ¢}, —1.281N(1-7 c.
wip = (We —we)e =ter) 4 wg; @)
C
1—%
— 0 .
= 9.37'10_6-T1-368v8.604e—11.641H ’ (3)
C_y,C
1'281(W3_Wgr)_ln<:c _‘:fc)
‘[” = Ccr e (4)
1.281N ’

where we, W, W%, and wes — the running, initial, and
equilibrium moisture content of the material, as well as the
critical moisture content of the material at the end of the
period of complete saturation of the thermal agent with
moisture, respectively, kg HO/kg dry material; 7z — the
drying time, s; zer — the critical time to reach the moisture
content value wer, S; T — the thermal agent temperature, °C;
H — the material layer height, m; N — the drying rate during

the period of complete saturation of the thermal agent with
moisture, kg H20/(kg dry material)/s.

According to previous  conclusions and
recommendations [15], during the time calculation in the
second conditional period of filtration drying, the
refinement factors Kz = 0.7-0.9 were taken to consider
the heat consumption for evaporation of bound moisture
and heating of the wet material.

The initial parameters of the studied material were also
determined according to the methodology [14], including
the initial moisture content of coffee production waste,
which was 65.2% wt.,, and the bulk density was
380 kg/mé®.

When considering the energy consumption needed to
overcome the layer resistance by the thermal agent, the
results of hydrodynamic studies were taken into account,
which were carried out according to the methodology
described in [16]. A dependence was obtained to determine
the hydraulic resistance of the stationary layer of coffee
production waste depending on its height and the filtration
rate of the thermal agent through a stationary layer of wet
material:

AP = 10* - Hv,(6.397 + 3.181v,). (5)

The calculation of the technologically feasible
parameters of filtration drying based on experimental data
and the determination of specific energy consumption for
moisture removal was carried out according to the
methodology [15].

4 Results

The obtained experimental data on the filtration drying
kinetics [14] were used to determine the required energy
consumption for heating the thermal agent to remove 1 kg
of moisture Q' ,. Simultaneously, based on the obtained
hydrodynamic data, the energy consumption to overcome
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the hydraulic resistance of the stationary layer when
removing 1 kg of moisture Q'®,p of coffee production
waste was calculated. The total energy consumption Q'2
was defined as the sum of Q'2%, and Q'®,p.

The results of the calculations to determine the
technologically feasible parameters of filtration drying of
coffee production waste at the experimental installation
are given in Tables 1, 2. The numbers of the experiments
in Table 1 correspond to those in Table 2.

After analyzing the calculations presented in
Tables 1, 2, it was observed that the lowest total energy

costs were observed for experiment no.7 with the
following parameters of the filtration drying process of
coffee production waste: the height of the studied material
layer H =120 mm, the thermal agent temperature
T =90 °C, and its filtration velocity through the stationary
material layer vo = 1.76 m/s.

Thus, these parameters were chosen as the most
rational, and the energy consumption was 5856 kJ/kg H,O
or 1.63 kW h/kg H,0O (Table 2).

Table 1 — Initial values for calculating the energy consumption of the filtration drying process
of coffee production waste at the experimental installation

Exp. H, Ty, Vo, Pra, Gy, W, Gta, Vta, AP, T,
no. m °C m/s kg/m? kg kg kals m3/s Pa s
1 0.04 1.03 0.11 0.08 0.01 0.01 8445 384
2 0.08 1.03 0.23 0.16 0.01 0.01 16890 678
3 0.12 0 1.03 0.34 0.23 0.01 0.01 25335 1039
4 0.16 1.76 1.03 0.46 0.31 0.01 0.01 33780 1581
5 60 1.06 0.34 0.23 0.01 0.01 25335 1419
6 80 1.00 0.34 0.23 0.01 0.01 25335 848
7 0.12 90 0.97 0.34 0.23 0.01 0.01 25335 627
8 1.24 1.03 0.34 0.23 0.01 0.01 15388 1365
9 70 2.29 1.03 0.34 0.23 0.02 0.02 37597 853
10 2.82 1.03 0.34 0.23 0.02 0.02 52004 790

Table 2 — Specific energy consumption of the filtration drying process of coffee production waste at the experimental installation

EXp. Qlabt.a., Nlabt.a, QlabAP, NlabAP, Qlab’ Nlab,
no. ki/kg H20 KW h/kg HoO kd/kg HoO KW h/kg H0 ki/kg Hz0 KW h/kg Ho0
1 5642.5 157 1100.4 0.31 6742.9 1.87
2 4980.1 1.38 1942.4 0.54 6922.5 1.92
3 5082.1 141 2973.3 0.83 8055.3 2.24
4 5803.8 1.61 4527.4 1.26 10331.2 2.87
5 5724.1 1.59 4063.7 113 9787.8 2.72
6 4836.5 1.34 2426.4 0.67 7262.9 2.02
7 4060.3 113 1796.3 0.50 5856.6 1.63
8 4704.9 131 1671.9 0.46 6376.7 177
9 5433.6 151 47175 131 10151.1 2.82
10 6193.3 1.72 74315 2.07 13630.8 3.79

The industrial installation (Figure 2) for filtration
drying of dispersed secondary plant material of organic
origin proposed in [15] was calculated based on the
selected optimal technologically feasible process
parameters. Thus, to calculate the efficiency of using
filtration drying of coffee production waste on an
industrial scale, the initial parameters presented in Table 3
were used. The parameters of the thermal agent in the
process under consideration were determined using the I-
D diagram of the state of humid air [17].

The calculation of the filtration drying efficiency at an
industrial plant was conducted according to the proposed

methodology in [15]. The obtained calculated values are
presented in Table 4.

After analyzing Table 4, there is a slight discrepancy
between the values of the calculated mass flow rate of the
thermal agent G according to the experimental data and
theoretical calculations based on the data of the material
G'ta and the heat balance G ;.
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Table 3 — Input parameters for the filtration drying efficiency

Indicator Value
Productivity by source material G1, kg h 1000
The initial moisture content of the material w1, % 73
The final moisture content of the material w2, %. 14
Bulk density of the material pb, kg/m?3 380
Ambient temperature To, °C 20
The initial humidity of the thermal agent ¢o, %. 60
The inlet temperature of the thermal agent T1, °C 90
The outlet temperature of the thermal agent T2, °C 35
Inlet material temperature t1, °C 20
Outlet material temperature tz, °C 33
Velocity of the thermal agent vo, m/s 1.76
Height of the material layer H, m 0.12

Table 4 — Calculation results of the filtration drying process

The absolute deviation is 25.7% and 25.7 %,
respectively. This difference can be explained by the
intensive removal of moisture from the test material during
filtration drying, which leads to an increase in the
saturation of the thermal agent with moisture at the outlet
of the stationary layer and, consequently, a decrease in its
final temperature.

According to the calculation, using the filtration
method, 1164 kW h of energy is required to dry about
1000 kg of coffee waste. Simultaneously, most of the
required energy consumption, 807.2 kW h, is spent on
heating the thermal agent to the required initial
temperature. In addition, 356.7 kW h is required to
overcome the hydraulic resistance of the stationary layer
of coffee production waste with the drying agent. Thus, the
total energy consumption required to remove 1Kkg of

Indicator Value moisture from the material in an industrial filtration drying
Productivity by source material G1, kg h 1000 installation is about 1.65 kW h/kg H20.
The initial moisture content of the material w<, 27 To evaluate the efficiency of industrial filtration drying
kg H20/kg dry material _ ' of coffee production waste, a rotary dryer [18, 19] was
The final moisture content of the material w', kg | 1¢ additionally calculated for similar initial parameters of the
?égl kgrjirg’g”t’i?;ee“?s 18 studied material presented in Table 5. Considering the
Belt conveyor widt,h B 0'.5 peculiarity of the plant material under study, the efficiency
Belt conveyor length L m 8 of the rotary dryer Wals calculated at a thermal agent
Material volume on the conveyor Vina, m® 0.48 temperature of t, = 140 °C [20].
g;:\sg;z)\r'v:‘;gzé ?I?O::en::/osnveyor G, kg Olgi245 Table 5 — Output parameters of the drying process of coffee
Revised capacity for source material G'1, kg h 1030.6 production waste in a rotary dryer
Volumetric flow rate of the thermal agent 25 344 Indicator Value
Qta, Mm¥s Productivity by source material G, kg h 1000
The mass flow rate of the thermal agent Gta., kg 24 659.7 The initial moisture content of the material w1, % 73
h ' The final moisture content of the material w2, %. 14
Weight of dry material Ga, kg h 278.3 Bulk density of the material pb, kg/m3 380
Outlet material weight G2, kg h 323.6 Ambient temperature To, °C 20
Moisture amount W, kg h 707.0 The initial humidity of the thermal agent go, %. 60
Inlet moisture content of the thermal agent 0.0087 The inlet temperature of the thermal agent T1, °C 140
d1, kg H20/kg dry air ' The outlet temperature of the thermal agent T2, °C 75
Outlet moisture content of the thermal agent 003 Inlet material temperature t1, °C 20
dz, kg H20/kg dry air : Outlet material temperature tz, °C 73
The mass flow rate of the thermal agent 33193.8 Velocity of the thermal agent vo, m/s 3
G'a, kgh ' Coefficient of filling the drum with wet material 8 [ 0.2
Heat for moisture evaporation from the material | ; oo 46 Saturation of the working volume of the drum with
Qev, kih ' moisture Av, kg/m3-h 5
Heat for vaporization Qv, kJ h 2658.4
Heat for heating moisture in material Qwater, kJ h 38511.9 The calculation of the rotary dryer was carried out
Heat for heating wet material Qmar, ki h 6977.9 according to the methodology [15]. The fan’s power was
Amount of heat for heating residual moisture 2467.4 additionally considered to ensure the thermal agent’s
lpottr;le rrnzzeéﬁ:sgﬁétli(;nhQ — TBIA 10" movement. The hydraulic resistance of this dryer was
The mass flow rate of the ,heat transfer agent ' taken accord!ng to the_recomm{endatlons [12_], considering
G'ta, kgh 33203.6 a small margin to consider possible changes in the pressure
Energy to heat the required amount of thermal drop that may occur depe_ang on the nozzle type.
agent Nea, KW h 807.15 Table 6 shows the efficiency of the rotary dryer. The
Energy costs for the removal of 1 kg of error between the values of the mass flow rate of the
moisture in terms of the required amount 1.41 thermal agent calculated based on experimental data and
of thermal agent la., KW h/kg H20 the verification calculation is 0.18 %, which confirms its
Required fan power Ntan, KW h 356.7 correctness.
Total amount of energy required for the 1163.9 Thus, to dry 1000 kg of coffee production waste in a
filtration drying process N, kWh ' rotary dryer, consuming approximately 1629 kW h is
Total energy consumption for removing 1 kg necessary. Simultaneously, the primary energy
of moisture for the filtration drying process 1.65

I, KW h/kg H20

consumption, 1615 kW h, is used to heat the heat transfer
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agent to an initial temperature of t; = 140 °C. The total
energy consumption for removing 1 kg of moisture from
the test material approximately equals to 2.37 kW h/kg
H-0.

Table 6 — Results of efficiency calculation of rotary dryer
for coffee production waste drying

Indicator Value
Productivity by source material G, kg h 1000
The initial moisture content of the material 27
w¢, kg H20/kg dry material '
The final moisture content of the material 016
w¢, kg H20/kg dry material )
Total drying time z, s 4.24
Weight of dry material Gd, kg h 270
Outlet material weight G2, kg h 313.95
Moisture amount W, kg h 686.05
Rotary drum volume V¢ m?3 45.74
Rotary drum length L%, m 14
Rotary drum diameter D™%, m 2.2
Real volume of drying space V2"¢, m® 53.2
Material weight in the dryer G™%, kg 4043.1
Inlet moisture content of the thermal agent 0.0087
d1, kg H20/kg dry air '
Outlet moisture content of the thermal agent 0.0325
d2, kg H20/kg dry air '
'(I;rrug mais flow rate of the heat transfer agent 28 8255

ta., KJQ h

Amount of heat for moisture evaporation from 6
the material Qev, kJ h 1.578-10
Amount of heat for vaporization Qv, kj h 45 862.2
Amount of heat for heating moisture in material 57 490.7
Qwater, kJ h
Amount of heat for heating wet material 27 604.0
Qmat, kKJ h
Amount of heat for heating residual moisture in 83943
the material Qres, kJ h )
Total heat consumption Q, kJ h 1.889-10°
The mass flow rate of the heat transfer agent
Ga', kg h 28773.6
Hydraulic resistance of the drum AP, Pa 1000
Energy to heat the required amount of thermal 16145
agent Nta, KW h )
Energy costs for the removal of 1 kg of
moisture in terms of the required amount 2.35
of thermal agent lta, KW h/kg H20
Required fan power Nfan, KW h 14.74
The total amount of energy required for the 1629.3
drying process N, KW h )
Total energy consumption for removing 1 kg of 237
moisture for the drying process I, KW h/kg H.0 )

Therefore, the evaluation of the use of filtration drying
of coffee production waste in an industrial installation
showed its prospects for over-drying in a rotary dryer
(Table 7).

It is worth noting that the above calculation of the coffee
production waste drying process is an estimate and does
not include calculations of the energy consumption of
auxiliary equipment.

However, according to the results obtained, for a similar
productivity of about 1000 kg/h of initial material,
filtration drying can reduce energy consumption by about

465 KW h and reduce the required drying time by more
than 20 times.

Table 7 — Comparison of the main results of the industrial
process calculation of drying coffee production waste by the
filtration method and in a rotary dryer for the productivity of

about 1000 kg of initial material

Indicator Filtrqtion Rotary
drying dryer

Productivity by source
material G1, kg h 1031 1000
The total drying time z, s 0.18 4.24
The total amount of energy
required for the drying 1163.9 1629.3
process N, KW h
Total energy consumption
for removing 1 kg of
moisture for the drying 1.65 2.37
process |, KW h/kg H20

5 Discussion

It is also worth noting that the overall economic effect
will be higher due to significant heat losses to the
environment for a rotary dryer due to its large size, long
drying time, and the need for energy-intensive auxiliary
equipment to separate the waste thermal agent from the
fine fraction.

The filtration drying method also allows secondary heat
in enterprises, while the rotary dryer requires heating the
thermal agent by burning gaseous or solid fuels. The use
of secondary heat as a thermal agent contributes to the
rational use of resources and significantly reduces
operating costs, which provides a significant economic
effect.

Thus, spending 1164 kW h of energy (Table 7) while
drying about 1000 kg of the initial material, it is possible
to obtain 323.6 kg (Table 4) of dried coffee production
waste. Regarding 1 kg of dry material, spending 12 950 kJ
per 1 kg of dry material is necessary (Figure 3).

It is known that the higher calorific value of
experimental samples of briquetted solid fuel made from
this material is approximately 22 147 kJ/kg [11], which
exceeds the required energy for drying an equivalent
amount of material by about 41.5 %.

Simultaneously, to obtain 1 kg of dried material using a
rotary dryer, it is necessary to consume approximately
18 682 kJ/kg of dry matter, which is about 84.4 % of the
calorific value of the obtained experimental briquette
samples.

Thus, the drying of coffee production waste for further
production of alternative solid fuels is economically
feasible.

In addition, it is worth noting that the economic effect
of such use should be clarified by additional calculations,
considering the cost of raw materials, energy costs for
solid fuel formation, and logistics costs.
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Coffee production waste
alternate solid fuel briquettes higher calorific value
22147 kl/kg dry mat.

25000 —

200007 18682,12

15000 —]
12949,6

10000 —

Amount of encrgy Q, kJ/kg dry mat.

5000 —

Filtration drying Rotary dryer

Drying type

Figure 3 — Comparison of the required amount of energy
per 1 kg of dried coffee production waste for different drying
methods and the higher calorific value of the briquetted
solid fuel samples

6 Conclusions

In this paper, the technologically feasible parameters of
drying the coffee production waste were determined based
on the experimental data of kinetics regularities of material
drying and the data on the dependence of the layer’s
hydraulic resistance on the thermal agent’s filtration rate.

The lowest total energy consumption is observed for
experiment no. 7 with the following parameters of the
filtration drying process of coffee production waste: the
material layer height of 120 mm, the thermal agent
temperature of 90 °C, and its velocity of 1.76 m/s.

References

Thus, these parameters were chosen as the most
rational, and the energy consumption is 5856.6 kJ/kg H,O
or 1.63 kW h/kg H-0.

Based on the determined technologically feasible
process parameters, an estimate of using the filtration
drying method for coffee production waste at an industrial
installation was made. According to the calculation,
1163.9 kW h of energy is required to dry about 1000 kg of
coffee production waste using the filtration method, and
the total energy required to remove 1 kg of moisture from
the material at an industrial filtration drying installation is
approximately 1.65 kW h/kg H-O.

Additionally, the obtained results were compared with
the results of drying the material with similar initial
parameters in a rotary dryer widely used for drying
dispersed materials. Thus, to dry 1000 kg of coffee
production waste in a rotary drum dryer, it is necessary to
spend approximately 1629.3 kW h, and the total energy
costs for removing 1 kg of moisture from the studied
material are approximately 2.37 kW h/kg HO.

Thus, for a similar productivity of approximately 1000
ka/h of initial material, filtration drying can reduce energy
consumption by about 465 kW h and the required drying
time by more than 20 times.

Regarding 1 kg of dry material, 12 949.6 kJ/kg of dry
material should be consumed. It is known that the higher
calorific value of experimental samples of briquetted solid
fuel made from this material is approximately
22 147 kJ/kg, which exceeds the required energy for
drying an equivalent amount of material by 41.53%.
Therefore, drying coffee production waste for further
production of alternative solid fuels is economically
feasible.

The overall economic effect of using the filtration
drying method in the industry will be even higher due to
the significant heat losses to the environment for a drum
dryer due to its large size, long drying time, and the need
for energy-intensive auxiliary equipment.

1.

Murthy, P.S., Madhava Naidu, M. (2012). Sustainable management of coffee industry by-products and value addition — A review.
Resources, Conservation and Recycling, Vol. 66, pp. 45-58. https://doi.org/10.1016/j.resconrec.2012.06.005

Siahaan, H.N., Putra, H.S., Hasibuan, M.F. (2023). Utilization of coffee commaodity agricultural waste through partnership towards
sustainable production and consumption. Jurnal Biologi Tropis, Vol. 23(2), pp. 230-236. https://doi.org/10.29303/jbt.v23i2.6161
Martinez-Saez, N., Garcia, A.T., Pérez, I.D., Rebollo-Hernanz, M., Mesias, M., Morales, F.J., Martin-Cabrejas, M.A.,
del Castillo, M. D. (2017). Use of spent coffee grounds as food ingredient in bakery products. Food Chemistry, Vol. 216, pp. 114
122. https://doi.org/10.1016/j.foodchem.2016.07.173

Woo, D.-G., Kim, S.H., Kim, T.H. (2021). Solid fuel characteristics of pellets comprising spent coffee grounds and wood powder.
Energies, Vol. 14(2), 371. https://doi.org/10.3390/en14020371

Mota, D.A., Krause, L.C., Soares, C.M. (2021). Fatty acid production from Coffee Waste. INFORM International News on Fats,
Oils, and Related Materials, Vol. 32(10), pp. 24-27. https://doi.org/10.21748/inform.11.2021.24

Issa, M. (2023). Valorization of coffee residue waste: Mini review. Biomedical Journal of Scientific & Technical Research,
Vol. 52(3), pp. 43772-43777. https://doi.org/10.26717/bjstr.2023.52.008260

Maryanti, E., Rahma, Z.K., Lesmi, J.A., Agus, M.P., Yanty, M.K., Habibah, P.E. (2023). Utilization of coffee skin waste as
compost fertilizer in Tapak Gedung Village, Kepahiang. DIKDIMAS: Jurnal Pengabdian Kepada Masyarakat, VVol. 2(3), pp. 133-
139. https://doi.org/10.58723/dikdimas.v2i3.222

Journal of Engineering Sciences (Ukraine), Vol. 11(2), pp. F9-F16

F15


https://doi.org/10.1016/j.resconrec.2012.06.005
https://doi.org/10.29303/jbt.v23i2.6161
https://doi.org/10.1016/j.foodchem.2016.07.173
https://doi.org/10.3390/en14020371
https://doi.org/10.21748/inform.11.2021.24
https://doi.org/10.26717/bjstr.2023.52.008260
https://doi.org/10.58723/dikdimas.v2i3.222

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Abdullah, M., Bulent Koc, A. (2013). Oil removal from waste coffee grounds using two-phase solvent extraction enhanced with
ultrasonication. Renewable Energy, Vol. 50, pp. 965-970. https://doi.org/10.1016/j.renene.2012.08.073

Rocha, M.V., de Matos, L.J., Lima, L.P., Figueiredo, P.M., Lucena, I.L., Fernandes, F.A., Gongalves, L.R. (2014). Ultrasound-
assisted production of biodiesel and ethanol from spent coffee grounds. Bioresource Technology, Vol. 167, pp. 343-348.
https://doi.org/10.1016/j.biortech.2014.06.032

Kwon, E.E., Yi, H., Jeon, Y.J. (2013). Sequential co-production of biodiesel and Bioethanol with spent coffee grounds.
Bioresource Technology, Vol. 136, pp. 475-480. https://doi.org/10.1016/j.biortech.2013.03.052

Ivashchuk, O.S., Atamanyuk, V.M., Chyzhovych, R.A., Sobechko, I.B. (2022). Using coffee production waste as a raw material
for solid fuel. Journal of Chemistry and Technologies, Vol. 30(4), pp. 588-594. https://doi.org/10.15421/jchemtech.v30i4.265116
Mujumdar, A.S. (2014). Handbook of Industrial Drying (4th Edn.). CRC Press, Boca Raton, FL, USA.
https://doi.org/10.1201/b17208

Thibault, J., Alvarez, P.1., Blasco, R., Vega, R. (2010). Modeling the mean residence time in a rotary dryer for various types of
solids. Drying Technology, Vol. 28(10), pp. 1136-1141. https://doi.org/10.1080/07373937.2010.483045

Ivashchuk, O., Atamanyuk, V., Chyzhovych, R. (2024). Investigation of regularities of the filtration drying kinetics of coffee
production waste. Food Science and Technology, Vol. 18(1), pp. 65-72. https://doi.org/10.15673/fst.v18i1.2715

Ivashchuk, O.S., Atamanyuk, V.M., Chyzhovych, R.A. (2024). Valourization of using efficiency of filtration drying for alcohol
distillery  stillage. Case Studies in  Chemical and Environmental Engineering, Vol. 10, 100820.
https://doi.org/10.1016/j.cscee.2024.100820

Ilvashchuk, O., Chyzhovych, R., Atamanyuk, V. (2024). Simulation of the thermal agent movement hydrodynamics through the
stationary layer of the alcohol distillery stillage. Case Studies in Chemical and Environmental Engineering, Vol. 9, 100566.
https://doi.org/10.1016/j.cscee.2023.100566

Dziubenko, V.H., Mileikovskyi, V.O., Sachenko, I.A. (2018). Expansion of the range of wet air I-D diagram for environmental
safe heat production. Environmental Safety and Natural Resources, Vol. 26(2), pp. 15-22. https://doi.org/10.32347/2411-
4049.2018.2.15-22

Rezaei, H., Lim, C.J., Sokhansanj, S. (2022). A computational approach to determine the residence time distribution of biomass
particles in rotary drum dryers. Chemical Engineering Science, Vol. 247, 116932. https://doi.org/10.1016/j.ces.2021.116932

Sai, P.S. (2013). Drying of solids in a rotary dryer. Drying Technology, Vol. 31(2), pp. 213-223.
https://doi.org/10.1080/07373937.2012.711406

Jewiarz, M., Wrébel, M., Mudryk, K., Szufa, S. (2020). Impact of the drying temperature and grinding technique on biomass
grindability. Energies, Vol. 13(13), pp. 3392. https://doi.org/10.3390/en13133392

F16 Processes in Machines and Devices


https://doi.org/10.1016/j.renene.2012.08.073
https://doi.org/10.1016/j.biortech.2014.06.032
https://doi.org/10.1016/j.biortech.2013.03.052
https://doi.org/10.15421/jchemtech.v30i4.265116
https://doi.org/10.1201/b17208
https://doi.org/10.1080/07373937.2010.483045
https://doi.org/10.15673/fst.v18i1.2715
https://doi.org/10.1016/j.cscee.2024.100820
https://doi.org/10.1016/j.cscee.2023.100566
https://doi.org/10.32347/2411-4049.2018.2.15-22
https://doi.org/10.32347/2411-4049.2018.2.15-22
https://doi.org/10.1016/j.ces.2021.116932
https://doi.org/10.1080/07373937.2012.711406
https://doi.org/10.3390/en13133392

