
Volume 5 • Issue 5 • 1000322
J Food Process Technol
ISSN: 2157-7110 JFPT, an open access journal 

Open AccessResearch Article

Rodríguez and Monroig, J Food Process Technol 2014, 5:5 
DOI: 10.4172/2157-7110.1000322

*Corresponding author: Francisco Rodríguez Robles, Associate Professor,
Mechanical Engineering Department, University of Puerto Rico-Mayaguez
Campus, USA, Tel: 787-832-4040; E-mail: francisco.rodriguez20@upr.edu

Received March 01, 2014; Accepted April 26, 2014; Published May 07, 2014

Citation: Rodríguez-Robles F, Monroig-Saltar F (2014) Parametric Thermodynamic 
Models of Parchment Coffee Beans during HARC2S Dehydration. J Food Process 
Technol 5: 322. doi:10.4172/2157-7110.1000322

Copyright: © 2014 Rodríguez-Robles F, et al. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License, which 
permits unrestricted use, distribution, and reproduction in any medium, provided 
the original author and source are credited.

Abstract
Parametric thermodynamic models have been developed to predict the temperature and moisture content wet base (M.C. 

(w.b.)) of parchment coffee beans during dehydration process in a hot air recirculation controlled-closed system (HARC2S). The 
principals of energy and mass transfer conservation during dehydration are the basis of the models. Experimental data of the moist 
air dry-bulb temperatures, relative humidity, and barometric pressure of the air entering and leaving the coffee beans are used 
to calculate the air thermal physical properties. These properties are used in the temperature prediction model. The coffee mass 
aspect ratio as determined by the HARC2S organic material chamber, predicted temperature, water-coffee effective diffusivity 
coefficient, and initial measured moisture content are required in the M.C. (w.b.) model.

The experimental temperature data profile behavior appeared to be of a lumped-capacitance nature, while the M.C. (w.b.) 
experimental data had a linear constant rate decent behavior during dehydration. The linear decent appears to be an inherent 
characteristic property of the HARC2S dehydration process. The models prediction average errors as compared to the experimental 
data were, ± 1.8803% error for the temperature, and ± 1.8599% error for the M.C. (w.b.).

The coffee processors will directly benefit from the developed thermodynamic models. They will have the capacity to continually 
monitor the parchment coffee beans temperature and M.C. (w.b.), while keeping the environmental integrity of the HARC2S during 
dehydration processes. The integrity is maintained by not opening the HARC2S until the desired M.C. (w.b.) of 10% to 12% is 
reached. Maintaining the environmental integrity of the HARC2S has the following advantages: (1) system energy efficiency is 
maintained within quasi-adiabatic environment; (2) coffee contamination from foreign objects is eliminated; (3) potential of bacterial 
and/or fungal growth are minimized. Thus, using the HARC2S has the potential benefit of insuring coffee bean safety and quality.
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Nomenclature

inE - Parchment coffee beans entering energy rate, (kW)

outE - Parchment coffee beans leaving energy rate, (kW)

Q - Parchment coffee beans stored energy rate, (kW)

Q - Air flow rate entering and leaving parchment coffee beans,
(m3/s)

SAρ - Entering hot moist air density, (kg/m3)

SAρ - Entering average hot moist air density, (kg/m3)

RAρ - Leaving hot moist air density, (kg/m3)

bulkρ - Parchment coffee bulk density, (kg/m3)

SAPC - Entering hot moist air specific heat, (kJ/kg-K)

SAPC - Entering average hot moist air specific heat, (kJ/kg-K)

RAPC - Leaving hot moist air specific heat, (kJ/kg-K)

CP- Parchment coffee specific heat, (kJ/kg-K)

WSA- Entering hot moist air humidity ratio, (kg/kg)

WRA- Leaving hot moist air humidity ratio, (kg/kg)

TSA- Entering hot moist air temperature, (°C)

TRA- Leaving hot moist air temperature, (°C)

Tc- Parchment coffee beans temperature, (°C)

T - Temperature, (°C)

Vbulk- Parchment coffee beans bulk volume, (kg/m3)

M- Parchment coffee beans wet base moisture content, (M.C.
(w.b.))

Mi- Initial parchment coffee beans wet base moisture content, 
(M.C. (w.b.))

hg- Water vapor enthalpy (kJ/kg)

hfg- Water liquid-vapor phase change enthalpy (kJ/kg)

t- Time (s)

ϵ- Parchment coffee beans macro porosity

C1- Coefficient, (kJ/K)

C2- Coefficient, (kW)

C3- Coefficient, (kW/K)

C4- Coefficient, (kW)

ϕ1- Coefficient, (kW)

ϕ2- Coefficient, (kW)
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u0- Initial condition coefficient, (K/s)

D- HARC2S organic material chamber diameter, (m)

Deff- Effective diffusivity, (m2/s)

km- Moisture transport coefficient, (1/s)

C- Parchment coffee beans geometric characteristic

MC - Adjustment coefficient factor, (1.1556 kg/kg)

Introduction
The high and increasing costs associated with propane gas, diesel 

and electricity used by mechanical dryers have negatively affected 
the coffee processors in Puerto Rico. In 1991 the cost to process one 
hundred pounds of parchment coffee was $14.13, while in 2011 was 
over $35.00. From all the sectors within the coffee industry in Puerto 
Rico, the processors are the ones that have experience the largest 
increases in operational cost, over 145% in the past years, mainly due 
to post harvesting drying [1].

To address this specific challenge, the Department of Agriculture 
of Puerto Rico (DAPR) assigned funds to research coffee dehydration 
energy efficient alternatives that would reduce the costs to the 
coffee processors of the island [2]. As part of this effort, a HARC2S 
was designed and constructed at the University of Puerto Rico at 
Mayagüez. The basic concept of the HARC2S is to condition the hot air 
that has already passed through the coffee bean and direct it back to the 
mechanical dryer. The conditioning of the hot air consist in removing 
part of the moisture from the recirculation air with an air-water type 
Heat Exchanger (HX) that uses water at ambient temperature, to 
increase the moisture absorbing capacity of the air before it re-enters 
the mechanical dryer [3].

The traditional open rotary drum dyer used for parchment coffee 
beans drying in Puerto Rico is highly energy inefficient, exposes the 
coffee bean to non-uniform drying temperatures and non-uniform 
M.C. (w.b.) distribution within the coffee beans. This problem forces 
the coffee processors to retain the parchment coffee beans in the open 
rotary drum dyer for longer periods of times to insure the desired M.C. 
(w.b.) of 10%-12% is reached, consuming more energy. A more serious 
problem associated with the traditional open rotary drum dyer is the 
possibility of contamination due to ambient exposure. The nature of 
the contamination can range from foreign objects ending up in the 
coffee beans, to potential fungal and bacteria growth [4-9]. This is a 
challenge that the coffee processors face on their day-to-day operations 
during the drying season of coffee harvesting, which for Puerto Rico is 
between the months of August to January.

The HARC2S was developed to address the issues of energy 
inefficiencies of the traditional open rotary drum dyer. After its 
construction, the authors identified the need for the development of 
thermodynamic models, which can be used during drying processes. The 
thermodynamic models will allow the prediction of parchment coffee 
beans temperature and M.C. (w.b.) during typical dehydration process 
cycles. The parchment coffee beans entering and leaving hot moist air 
dry-bulb temperatures and relative humidity measurement will be used 
as an essential component of these thermodynamic models. The coffee 
processors will have the capacity to monitor the parchment coffee 
beans temperature and M.C. (w.b.) at all times during the dehydration 
process. The entering and leaving hot moist air dry-bulb temperatures 
and relative humidity are recommended be used due to the ease of 
measurement of this type of data, while keeping the environmental 

integrity of the HARC2S during the drying cycle. The integrity is 
maintained by not opening the HARC2S until the desired M.C. (w.b.) 
of 10% to 12% is reached. Keeping the environmental integrity of the 
HARC2S during dehydration cycles has the following advantages: 
(1) quasi-adiabatic environment is maintained providing an energy 
efficient system, (2) minimize and/or eliminates contamination to the 
coffee from of foreign objects, (3) minimize the potential of bacterial 
and fungal growth. Therefore, using the HARC2S has the potential to 
insure coffee bean safety and quality.

Materials and Methods
The energy-efficient HARC2S designed and constructed by the 

authors is located at the University of Puerto Rico at Mayagüez for 
parchment coffee dehydration [3]. Please refer to Figure 1.

The dehydration process takes place in a chamber where hot air is 
forced through the organic material in a closed air loop. The hot and 
humid air passing through the parchment coffee material is directed 
to a HX device where a portion of the moist air water content will be 
condensed and collected outside the dehydration cycle with minimum 
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Figure 1: Depiction of the HARC2S located at the University of Puerto Rico at 
Mayagüez. (a) Side-view picture of the dehydration system. (b) Sketch of the 
system with identification of the major components.
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recirculating hot air temperature drop. The dehumidified air will 
recirculate back into the heating source where it will be heated back to 
the dehydration temperature setting of the system. Energy conservation 
is possible due to the small temperature drop experienced by the air 
when entering and leaving the HX. Thus, the required energy from 
the heating source is much smaller as compared to the open system 
currently being used by the coffee processors, which uses air at ambient 
temperature. The HX device uses water at ambient temperatures (20 
to 32°C) to condense part of the water vapor from the recirculating 
air, creating minimum temperature drop. An added system benefit of 
using water at ambient temperature is that the only energy required for 
the HX operation is from a centrifugal pump that circulates the water. 
The amount of energy usage is relatively small when compared to other 
commercial HX devices, which uses some kind of air conditioning 
equipment that requires a vapor-compression cycle. Water at ambient 
temperature was used for all the closed-system experiments. However, 
other liquids or gases can be used with minimum energy requirement. 
To reduce the thermal energy losses to the ambient, the system 
dehydration¾” device(K and auxiliary components are insulated with 
a - FLEX USA) insulator to provide a near adiabatic closed-system 
environment.

The HARC2S was instrumented to monitor moist air dry-bulb 
temperatures and relative humidity throughout the system at sample 
rates of one reading per minute with HOBO Pro V2 (U23-002) 
temperature and relative humidity sensors. Also, HOBO Pro V2 (U23-
003) temperature sensors were located within the coffee beans and 
were set to collect data at a sample rate of once per minute. Although 
the HOBO sensors were set to collect data a rates of once per minute, 
after evaluation of the collected data, ten minutes interval data was used 
in the analysis. This was done since there were no significant changes 
observed on a minute-to-minute basis. Parchment coffee beans samples 
of 2 oz. were collected at sample rates interval of once per hour.

These samples were used to measure the M.C. (w.b.) with a 
calibrated Denver Instrument IR-35 Moisture Analyzer. All the 
HOBO sensors were synchronized to collect and perform data logging 
simultaneously. The authors focused their attention to the energy 
and mass transfer dynamics surrounding the parchment coffee beans 
during a dehydration cycle. The parameters of particular interest are 
the experimentally measured dry-bulb temperatures and relative 
humidity of the hot moist air entering and leaving the parchment coffee 
beans, measurements of coffee beans temperature, and M.C. (w.b.) 
measurements during dehydration cycles. Please refer to Figure 2.

The thermal physical properties of the hot moist air entering 
and leaving the coffee beans are calculated using the measured dry-
bulb temperature, relative humidity, and barometric pressure. It was 
observed that the thermal physical properties are continually changing 
during the dehydration cycle in the HARC2S, specially the hot moist air 
leaving the parchment coffee beans.

Parametric Thermodynamic Models
Parchment coffee beans temperature and M.C. (w.b.) prediction 

parametric thermodynamic models were developed for typical 
dehydration processes in the HARC2S based on the energy and mass 
transfer conservation principals. The thermal physical properties of 
hot moist air such as, specific heats ( 

SAPC  and 
RAPC ) and densities  

( SAρ and RAρ ), were calculated using experimentally collected 
dry-bulb temperatures, relative humidity, and barometric pressure. 
The calculation methodology proposed by Tsilingiris [10] was used 
to determine these parameters. Parchment coffee thermal physical 

properties ( PC and bulkρ ) and the macro porosity (ε) were calculated 
based on parchment coffee beans experimentally measured data M.C. 
(w.b.) in conjunction with the thermal properties of parchment coffee 
beans reported by Pérez-Alegría et.al. [11].

The fundamental governing equations for parchment coffee beans 
temperature predictions must account for sensible and latent energy. 
The energy and mass transfer balance is given by:

st in outE E E= −                                                                                      (1)

where,

( )in SA SA SAE Q C T Tρ ρ= −                                                                            (2)

( )out RA RA RA RA RA SA SA gE Q C T T Q W W hρ ρ ρ ρ= − + −  
               (3)

1 1
bulk p bulk bulk bulk

st fg
C V VdT dME h

dt dt
ρ ρ

ε ε
 = +  − − 

                                (4)

Notice that Equation (2), the energy entering the coffee beans, 
is mainly sensible in nature, while Equation (3), energy leaving the 
coffee beans is sensible and latent in nature. The energy being stored 
within the coffee beans, Equation (4) is sensible and latent in nature. 
Substitution of Equations (2) through (4) into Equation (1) yields 
Equation (5), a coupled sensible and latent energy expression for 
parchment coffee beans thermodynamic behavior; temperature and 
M.C. (w.b.). Equation (5) is valid during typical dehydration processes 
within the HARC2S.

( )
1 1 SA

bulk p bulk bulk bulk
fg SA p SA

C V VdT dM h Q C T T
dt dt

ρ ρ
ρ

ε ε
 + = − − − 

          (5)

( )
RARA p RA RA RA SA SA gQ C T T Q W W hρ ρ ρ− − − −  

 

Of particular interest in solving Equation (5), is the determination 
of the parchment coffee beans temperature (T = Tc), which has an 
analytical solution given by,

34 1
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3 3 1
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= − −  

 
                                                            (6)
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Figure 2: Depiction of parchment coffee beans within the organic material 
chamber HARC2S.
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1 1
bulk p bulkC V

C
ρ

ε
=

−
                                                                               (7)

( )max2 SA RASA P SA RA P RAC Q C T C Tρ ρ= +                                               (8)

( )3 SA RASA P RA PC Q C Cρ ρ= +                                                                (9)

4 2 1 2C C ϕ ϕ= − −                                                                                (10)

1 1
bulk bulk

fg
V dM h

dt
ρϕ

ε
 =  − 

                                                               (11)

( )2 RA RA SA SA gQ W W hϕ ρ ρ= −                                                           (12)

3 4
0

1 1
i

C Cu T
C C

= − +                                                                               (13)

Notice that Equations (8) and (9) are using the entering hot moist 
air average specific heat (

SAPC ) and density ( SAρ ). The average values 
are used since the heat source is a constant energy nature. Therefore, 
the variation in inlet dry-bulb temperature and relative humidity for 
the most part remains constant. However, the hot moist air leaving the 
parchment coffee beans specific heat ( RAPC ), density ( RAρ ), humidity 
ratio (WRA), as well as, bulk coffee specific heat (CP), bulk coffee density 
( ρbulk ) are changing during the dehydration of the coffee beans. This 
change is attributed to the water leaving the parchment coffee beans 
during dehydration. The thermal physical properties are changing over 
time and must be calculated for each time interval. Thus, an expression 
that will predict parchment coffee beans temperature during a drying 
cycle has been developed and is being proposed, Equation 6.

Furthermore, notice that Equations (5) and (11) have the term 
dM/dt, implying that the parchment coffee beans moisture content 
is coupled to the coffee beans temperature. During typical drying 
cycle processes in the HARC2S, it is observed from experimental 
measurements that the parchment coffee beans dehydration dynamics 
behave in a near-linear manner, suggesting that dM/dt remained 
nearly constant during dehydration. Based on this observation, the 
rate change of M.C. (w.b.) during dehydration for the coffee beans was 
proposed by the authors to have the following form,

m
c

kdM M
dt C

= −                                                                                      (14)

Equation 14, has the form of a Lewis model [12] with the difference 
that dM/dt in this case is assumed to be constant. The parameter km 
is a moisture transport coefficient, C is non-dimensional geometric 
characteristic parameters govern by the HARC2S organic material 
chamber, and Mc is an adjustment coefficient factor. The km and C 
parameters are given in Equations (15) and (16), respectively.

2

2
eff

m
D

k
D

π
=                                                                                           (15)

2
HC
D

=                                                                                                (16)

The parameter Deff presented in Equation (15) is known as the 
effective diffusivity coefficient of parchment coffee, which has been 
published in the literature [13] and adopted here and is given by,

0 exp a
eff

ED D
RT
− =  

 
                                                                          (17)

where, for the parchment coffee (C. arabica) beans, based on 
experimental data according to Corrêa [13] D0 = 2.041x10-6 m2/s is 
the pre-exponential adjusted Arrhenius coefficient factor, Ea = 22.619 
kJ/mol is the water activation energy, and T is the coffee beans absolute 
temperature. In Equation (16), H and D are the parchment coffee mass 
height (thickness) and diameter, determined by the HARC2S material 
chamber. Please refer to Figure 2. From Equation (14), it can be seen 
that,

0i

M t
m

c
M

kdM M dt
C

 = − 
 ∫ ∫                                                                        (18)

Solving Equation (18) and substituting Equations (15) and (16) 
into the solution will yield,

m
c i

kM M t M
C

 = − + 
 

                                                                      (19)

Equation (19) provides an expression that will allow the prediction 
the parchment coffee beans M.C. (w.b.) dynamics during a typical 
dehydration cycle within the HARC2S.

Two expressions have been developed and are proposed be used by 
the coffee processors to predict parchment coffee beans temperature, 
Equation (6), and M.C. (w.b.), Equation (19), during dehydration 
process cycles in the HARC2S. The use of these expressions will avoid 
opening the system during drying processes, conserving the system 
environmental integrity.

Methodology
Parchment coffee beans dehydration experiments were conducted 

using the HARC2S in a closed air recirculation mode. The HARC2S 
was instrumented with dry-bulb temperature and relative humidity 
sensors, HOBO Pro V2 (U23-002), located at the air entering and 
leaving the coffee beans. The temperature and relative humidity sensors 
made measurements at sample rates of 1 reading per minute. Also, the 
hot air temperature thermostat was set and maintained at 55oC using a 
2.5 kW electric make-up air heater (EM-WX0212R) with a warm flow 
controller from Electro Industries, Inc. The airflow rate was set to be in 
the range of 90 to 100 CFM.

The coffee during the drying process was completely isolated from 
external ambient conditions and was continually turned-over at a rate 
of 2 rpm by means of a mechanical rotating arm with rakes. The hot 
humid air that passed through the parchment coffee beans was directed 
to the conditioning HX to reduce its moisture content with minimum 
temperature drop and then redirected back to the heating source to 
increase its temperature to the desired setting. Please refer to Figure 
1(b).

Temperature sensors, HOBO Pro V2 (U23-003), were placed within 
the coffee beans and measurements were taken at a rate of 1 sample per 
minutes. Furthermore, an initial parchment coffee bean sample was 
taken and its M.C. (w.b.) was measured. Subsequences samples were 
collected at sample rates of one per hour to determine their M.C. (w.b.) 
using a calibrated Denver Instrument IR-35 Moisture Analyzer. The 
parchment coffee beans were dehydrated until the M.C. (w.b.) reached 
the limit of less than 12%, which is the threshold to insure protection of 
the grain for transport and subsequent storage. The average final M.C. 
(w.b.) of the samples for all the experiments was 11.71%.

The hot moist air dry-bulb temperatures and relative humidity 
reading, and barometric pressure were used to calculate the thermal 
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physical properties of the hot air entering and leaving the coffee beans. 
These thermal physical properties, as discussed in the Parametric 
Thermodynamic Models section, are the moist air specific heats (CpSA 
and CpRA), densities (ρSA and ρRA), and humidity ratios (WSA and WRA). 
Parchment coffee beans thermal physical properties variation as a 
function of M.C. (w.b.) for Puerto Rico coffee (C. arabica) has been 
published [11] and adapted here. These properties are the coffee bean 
bulk density (ρbulk), specific heat (Cp), and coffee mass porosity (ε). 
The water enthalpies (hfg and hg) were fitted from steam tables as a 
function of temperature [14]. Once all the thermal physical parameters 
were calculated, they were used in Equations 6-13 to calculate the 
parchment coffee beans temperature, which in turn were used with 
Equations 17 and 19 to calculate the M.C. (w.b).

Results and Discussion
The thermodynamic models predicted well the temperature and 

M.C. (w.b.) dynamics of the coffee during drying. Please refer to 
Figures 3 and 4. The thermal physical properties of the hot moist air 
and parchment coffee beans were calculated based on measured air dry-
bulb temperature, relative humidity, and barometric pressure, while 

the coffee thermal physical properties were calculated on the basis of 
the M.C. (w.b.). The importance of determining these properties for 
each experimentally collected measurement is based on the transient 
nature of the coffee beans during drying.

The coffee beans thermal equilibrium state is changing with time 
due to the amount of water content that is leaving in the form of vapor 
during the dehydration process within the HARC2S. It is important to 
indicate that the proposed models assume the parchment coffee beans 
temperature is uniform throughout the dehydration process, similar to 
a lump-capacitance type.

The authors used a lumped-capacitance approach approximation 
based on observation of the experimental data. However, the authors 
are aware that the coffee mass energy distribution is not entirely 
uniformed during the dehydration cycle. The continuous coffee beans 
mechanical turn over from the rotating arms with rakes at a rate of 2 
rpm allowed for a near uniform temperature distribution. The average 
Biot (Bi) numbers for coffee beans, and entering and leaving hot moist 
air were 3.641 and 3.596, respectively. Theses Bi number values are 
much greater than 0.01, which is the traditional value used to justify a 
lumped-capacitance method of solution. It is observed that there is an 
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Figure 3: (a) Depiction of parchment coffee beans temperature profiles of prediction model and experimental collected data during dehydration process in the 
HARC2S. The RMSD = 0.50813 for the temperature comparison suggest a nicely fit prediction. (b) Plot of the temperature percentage difference comparison of the 
prediction model to the measured data with an average error of ± 1.8803%.
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increasing temperature gradient in the direction of entering hot moist 
air. Even though the Bi numbers calculated are much greater than 
the 0.01 threshold recommended for using the lumped-capacitance 
method, the temperature predicted with the model is in excellent 
agreement with the experimentally measured data. This gradient is 
small enough that the assumption of uniform temperature distribution 
is valid and justified based on the Root-Mean Squared Difference 
(RMSD) obtained from the coffee beans temperature predictions as 
compared to the measured data. In this case RMSD = 0.50813.

The parchment coffee beans M.C. (w.b.) are observed to have a 
linear behavior of a descending nature during a typical dehydration 
process. The authors believe this behavior is inherent of the coffee 
dehydration process within the HARC2S. As previously mentioned, 
the coffee beans temperature model is coupled to the M.C. (w.b.) 
prediction model. Please refer to Figure 4. The proposed M.C. (w.b.) 
model predicts well the behavior of the parchment coffee beans during 
dehydration as compared to the measured data. In this case the RMSD 
= 0.16907. Interestingly, the linear behavior of the M.C. (w.b.) during 
dehydration of the coffee beans has been observed when coffee beans 
are being dried using a solar rotating drum known as “bombo” [15], 
and not in a mechanical rotating drum type dryer known as “bateas”. 
These bateas are the dryers of choice for the coffee processors in Puerto 
Rico. In open mechanical rotating drum types of dryers, the M.C. (w.b.) 
behavior is of a Fickian-type nature. It appears that the dehydration 
environment being created by the HARC2S constant adiabatic heat 
proves an environment that favors a non-Fickiantype of behavior. 
This particular feature of the HARC2S can be a favorable attribute of 
this equipment, since the coffee processors of Puerto Rico prefer the 
bombo dried parchment coffee due to its superior coffee flavor quality. 
However, drying parchment coffee using a non-solar energy bombo 
consumes large amount of energy, forcing the coffee processors of 
Puerto Rico to resort to other drying alternatives, i.e., open mechanical 
rotating drum. Therefore, an added benefit of using a HARC2S is that 
it provides a bombo-type quality coffee dehydration dynamics with 
substantial energy savings, as well as, achieving an environment that 
favors minimal fungal and bacteria exposure. The drying environment 
created by the HARC2S provides favorable conditions for the 
processing of safe quality coffee. Also, the parchment coffee beans 
M.C. (w.b.) values were plotted for the experimental data and model 
predictions vs. the measured leaving hot moist air relative humidity. 
Please refer to Figure 5. It can be observed from the Figure 5 that both 
the model predictions and experimentally measured M.C. (w.b.) are 
in good agreements. This plot illustrates the relationship between the 
equilibrium relative humidity surrounding the parchment coffee beans 
and its M.C. (w.b.).

Conclusion
The concept of a HARC2S environment for parchment coffee 

beans dehydration have proven, based on experimental results, to have 
the potential to be an effective dehydration process to reduce energy 
consumption at coffee processing facilities, especially for the tropical 
climate of Puerto Rico [3]. Parametric thermodynamic models that 
predict parchment coffee beans temperature and M.C. (w.b.) were 
developed to assist the coffee processers to know the state of the coffee 
at all times during a drying process in the HARC2S. The thermodynamic 
models use hot moist air entering and leaving the coffee beans during 
a typical dehydration cycle in the HARC2S to determine temperature 
and M.C. (w.b.). The collected experimental data of parchment coffee 
beans temperature and M.C. (w.b.) were in excellent agreement with 
the models predictions. The RMSD of the temperature and M.C. (w.b.) 

was 0.50813 and 0.16907, respectively. Furthermore, the values of the 
thermodynamic models errors as compared to experimental data were 
within ± 1.8803% error for the temperature and ± 1.8599% error for 
the M.C. (w.b.).

The developed thermodynamic models are expected to be of 
benefit to the coffee processors when using the HARC2S for parchment 
coffee beans dehydration. These models will allow the processors to 
know the parchment coffee temperature and most importantly, its 
M.C. (w.b.) during the entire dehydration process without the need of 
opening the HARC2S to obtain samples. The benefits of not opening 
the HARC2S are key in maintaining: (1) dehydration environmental 
conditions integrity, (2) energy conservation, (3) minimize possible 
food contamination, and (4) maintain food security and quality.

Acknowledgement

The authors would like to acknowledge the financial support provided by the 
Puerto Rico Agriculture Department as part of the “Reciclado de Aire Caliente en 
Secado por Bate; Propuesta para el Mejoramiento de los Procesos del Beneficiado 
de Café en Puerto Rico” collaboration effort with the University of Puerto Rico at 
Mayagüez.

References

1. Flores-Ortega CA (2011) Coffee Industry Annual Report. Agricultural 
Experiment Station. San Juan, Puerto Rico. 

2. Rodríguez RF, Monroig SF, Serrano AD (2011) Reciclado de Aire Caliente por 
Bateas. Propuesta para el Mejoramiento de los Procesos del Beneficiado de 
Café en Puerto Rico. Mayagüez, Puerto Rico. 

3. Rodríguez RF, Monroig SF, Serrano AD (2013) Application of Energy Efficient 
HARC2S Environment for Parchment Coffee Dehydration. American Journal of 
Agricultural Science, Engineering and Technology 2: 1-10. 

4. Levi CP, Trenk HL, Mohr HK (1974) Study of the occurrence of ochratoxin A in 
green coffee beans. J Assoc Off Anal Chem 57: 866-870. 

5. Levi CP (1980) Mycotoxins in coffee. J Assoc Off Anal Chem 63: 1282-1285. 

6. Palacios CH, Taniwaki HM, Menezes CH, Iamanaka TB (2004) The production 
of ochratoxin A by Aspergillus ochraceus in raw coffee at different equilibrium 
relative humidity and under alternating temperatures. Food Control 15: 531-
535. 

7. Suárez QM, Gonzalez RO, Barel M, Guyot B, Schorr GS, et al. (2005) 
Effect of post-harvest processing procedure on OTA occurrence in artificially 
contaminated coffee. International Journal of Food Microbiology 103: 339-345. 

8. Pardo E, Marim S, Ramos AJ , Sanchis V (2004) Occurrence of ochratoxigenic 

 

M
.C

. (
w

.b
.),

(%
)

50

45

40

35

30

25

20

15

10
40             50             60             70             80             90

Relative Humidity (%)

Figure 5: Depiction of parchment coffee beans MC (w.b.) vs leaving hot moist 
air relative humidity.  The red triangles represent the measured data, the blue 
line represent the prediction model.

http://ajaset.e-palli.com/wp-content/uploads/2014/01/application-Francisco.pdf
http://ajaset.e-palli.com/wp-content/uploads/2014/01/application-Francisco.pdf
http://ajaset.e-palli.com/wp-content/uploads/2014/01/application-Francisco.pdf
http://www.ncbi.nlm.nih.gov/pubmed/4425430
http://www.ncbi.nlm.nih.gov/pubmed/4425430
http://www.ncbi.nlm.nih.gov/pubmed/7451391
http://www.sciencedirect.com/science/article/pii/S0956713503001439
http://www.sciencedirect.com/science/article/pii/S0956713503001439
http://www.sciencedirect.com/science/article/pii/S0956713503001439
http://www.sciencedirect.com/science/article/pii/S0956713503001439
http://www.sciencedirect.com/science/article/pii/S0168160505000942
http://www.sciencedirect.com/science/article/pii/S0168160505000942
http://www.sciencedirect.com/science/article/pii/S0168160505000942
http://fst.sagepub.com/content/10/1/45.abstract


Citation: Rodríguez-Robles F, Monroig-Saltar F (2014) Parametric Thermodynamic Models of Parchment Coffee Beans during HARC2S Dehydration. 
J Food Process Technol 5: 322. doi:10.4172/2157-7110.1000322

Page 7 of 7

Volume 5 • Issue 5 • 1000322
J Food Process Technol
ISSN: 2157-7110 JFPT, an open access journal 

fungi and ochratoxin A in green coffee from different origins. Food Science 
Technology International 10: 45-50. 

9. Kouadio AI, Lebrihi A, N’zi Agbo G, Mathieu F, Pfohl-Leszkowiz A, et al. (2007) 
Influence de l’interaction de la température et de l’activité de l’eau sur la 
croissance et la production de l’ochratoxine A par Aspergillus niger, Aspergillus 
carbonarius et Aspergillus ochraceus sur un milieu de base café. Canadian
Journal of Microbiology 53: 852-859. 

10. Tsilingiris PT (2008) Thermophysical and Transport Properties of Humid
Air at Temperature Range between 0 and 100°C. Energy Conversion and
Management 49: 1098-1110. 

11. Perez Alegria LR, Ciro HJ, Abud LC (2001) Physical and Thermal Properties of 
Parchment Coffee Bean. Transactions of the ASAE 44: 1721-1726. 

12. Erbay Z, Icier FA (2009) Review of Thin Layer Drying of Foods: Theory,
Modeling, and Experimental Results. Critical Reviews in Food Science and
Nutrition 50: 441-464. 

13. Cesar CP, Resende O, Menezes RD (2006) Drying Characteristics and Kinetics 
of Coffee Berry. Revista Brasileira de Productos Agroindustriais 8: 1-10. 

14. Jones JB, Hawkins GA (1986) Engineering Thermodynamics, Water:Liquid-
Vapor Saturation tables. (2nd Edition). John Wiley & Sons, Inc., 724-726. 

15. Abdala-Rodríguez JL, Fonseca S, Pantoja J (2003) Secado de Café Pergamino 
en Secadores Solares Multipropósito y de Tambor Rotatorio. Tecnología
Química 23: 68-79.

http://fst.sagepub.com/content/10/1/45.abstract
http://fst.sagepub.com/content/10/1/45.abstract
http://www.nrcresearchpress.com/doi/abs/10.1139/W06-143
http://www.nrcresearchpress.com/doi/abs/10.1139/W06-143
http://www.nrcresearchpress.com/doi/abs/10.1139/W06-143
http://www.nrcresearchpress.com/doi/abs/10.1139/W06-143
http://www.nrcresearchpress.com/doi/abs/10.1139/W06-143
http://www.sciencedirect.com/science/article/pii/S0196890407003329
http://www.sciencedirect.com/science/article/pii/S0196890407003329
http://www.sciencedirect.com/science/article/pii/S0196890407003329
https://elibrary.asabe.org/abstract.asp?aid=6983&t=2&redir=&redirType=
https://elibrary.asabe.org/abstract.asp?aid=6983&t=2&redir=&redirType=
http://www.ncbi.nlm.nih.gov/pubmed/20373189
http://www.ncbi.nlm.nih.gov/pubmed/20373189
http://www.ncbi.nlm.nih.gov/pubmed/20373189
http://www.deag.ufcg.edu.br/rbpa/rev81/Art811.pdf
http://www.deag.ufcg.edu.br/rbpa/rev81/Art811.pdf
http://www.academia.edu/4408633/SECADO_DE_CAFE_PERGAMINO_EN_SECADORES_SOLARES_MULTIPROPOSITO_Y_DE_TAMBOR_ROTATORIO
http://www.academia.edu/4408633/SECADO_DE_CAFE_PERGAMINO_EN_SECADORES_SOLARES_MULTIPROPOSITO_Y_DE_TAMBOR_ROTATORIO
http://www.academia.edu/4408633/SECADO_DE_CAFE_PERGAMINO_EN_SECADORES_SOLARES_MULTIPROPOSITO_Y_DE_TAMBOR_ROTATORIO

	Title
	Corresponding author
	Abstract
	Keywords
	Nomenclature 
	Introduction 
	Materials and Methods 
	Parametric Thermodynamic Models
	Methodology 
	Results and Discussion 
	Conclusion 
	Acknowledgement 
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	References



