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Abstract. Coconut shell charcoal briquetting usually applies thermal drying with 

LPG, CNG, and biomass as the common fuel for heating. Fuel price is significant 

for production cost in addition to raw material and environmental issue. There-

fore, its price is subject to fuel price volatility. As the fossil price increases, the 

production is getting more expensive. An alternative approach for briquetting 

process using refrigerated drying was proposed. The research aimed to measure 

the oven performance applying refrigerated drying involving the machine perfor-

mance and time for removing water content of the briquette.  An experiment of 

drying 132 kg briquette was conducted in an oven of 197.5 cm x 100 cm x 112 

cm dimension. The briquettes were cubes of 2.5 cm x 2.5 cm x 2.5 cm and had 

been aerated for 2 hours. The refrigerated drying machine has capacity of 715 W 

and the drying was performed in closed loop air method. It was recorded that the 

COP machine was 12.20 in average with drying process of 59 hours. The time 

processing was comparable to conventional one, but the energy price was lower. 
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1 Introduction 

Charcoal briquetting production generally consisting of molding and shaping, drying, 

and heating is high energy and time-consuming fuel processing. The shaping is a pro-

cess to create specific form of the charcoal briquette after the raw materials have been 

mixed with some water addition. Following it, drying and heating up are applied to 

reduce the water content of the briquette and increasing its hardness, respectively [1]. 

Among the steps, drying and heating are the main energy consumer and subject to fuel 

price volatility. The processes usually need fuel such as LNG, LPG, and biomass. A 

good briquette has water content of 5% or less [2]. The drying and heating the briquette 

up are affected by environment condition and fuel price. Temperature, and humidity 

affect duration of the production process. Normally, it needs 6 days for briquetting with 

4 days in oven for drying and heating up. The fuel price is significant in briquette pro-

duction cost. Accordingly, application of the thermal heating using fuel implies on 

working environment as it increases the temperature and firing prone. Therefore, it is 

important to induce a new strategy in briquette processing especially drying to reduce 

production time and cost, such as vapor compression method. 
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Application of vapor compression method for refrigerated drying has been studied. 

It was utilized on grain drying, corn chips drying [3] [4], wooden planks [5], clothes 

[6] [7] [8, 9], and briquette [10]. In corn chips production, the method was investigated 

for reducing the water content of the chips before frying. Extensive studies of the 

method for clothes have been conducted to find optimum condition for drying during 

laundry [10]. All reports show the method is very potential in drying process due to 

psychrometric advantage over thermal method. Moreover, it was noted that the temper-

ature increased significantly when the process was conducted in closed system [11]. 

Circulating the air inside of the drying chamber increases the temperature of the air and 

reducing the water content. The features are important in briquetting process. 

 Aiming to measure the oven performance of drying process and its vapor compres-

sion process, the research was conducted and presented in an article confining 5 sec-

tions. The introduction starting the article showing the research rationale. The theories 

of vapor compression and psychrometric are the main topics of the second part to pro-

vide the understanding of the processes. Methods of experiment explaining the meas-

urement strategy, the parameters, and its setting is the content of the 3rd section. Results 

of the experiment is presented in the 4th section that is followed with conclusion as the 

final part. 

1.1 Theoretical review 

Refrigerated drying is method to remove the water content of a material using psychro-

metric principle of condensation to reduce the humidity of the air [12] popular as heat 

pump drying [13]. Low air humidity allows the water removed from the surface of the 

solid to the air. At the same time, it also the way to increase diffusion of the water from 

the inner part of the material. The principle implies need of method increasing the con-

densation from the air. Vapor compression is a popular and a simple way in term of 

practical approach for heat pumping.  

1.2 Psychrometric 

The psychrometric describes relation of water content, temperature, and the enthalpy 

of the air. The relation is depicted on a chart, called psychrometric chart as shown in 

Fig. 1. The parameters have 1st capital letter of each word with values are following 

the gold arrow direction.  The horizontal axis of the chart is dry bulb temperature. The 

sling shows the wet bulb temperature which is the condition of condensation. The ver-

tical axis is absolute humidity or specific humidity, while slinging lines inside of the 

chart are the lines of relative humidity (RH). Crossing the chart in diagonal direction 

are the enthalpy and the specific volume. The direction of the enthalpy and specific 

volume values are similar to the wet bulb direction.  

Increasing temperature of air allows more water vapor can be absorbed into the air. 

If the content of water vapor is still, it means that the relative humidity decreases. In-

creasing the temperature of the air implies higher enthalpy of the air at the same time. 

Such principle of reducing RH is applied for thermal drying or heating the air up. The 
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method can be seen in Fig. 1 as the purple arrow from left to right direction (D to E) 

and the red arrow in the same direction (A to B). 

 

 

Fig. 1. The basic Psychrometric diagram. 

Another way allowing drying process is to reduce the absolute humidity of the air. 

It happens when the water content of the air is getting lower through condensation or 

absorbing the water content using hydrophilic material. The process consists of reduc-

ing the temperature until its condensation point which reduces the absolute humidity of 

the air but it increases the RH (arrow AC), condensing through decreasing temperature 

(sling arrow CD), and heating (arrow DE) as seen Fig. 1.  

1.3 Vapor Compression  

Vapor compression is a method of transferring heat from low temperature bath to high 

temperature bath. To pump the heat, a kind of fluid namely refrigerant is cycled to 

evaporate at low temperature in evaporator and condense in the condenser with higher 

temperature. To do this work, the refrigerant pressure is controlled. In evaporator, the 

pressure of the refrigerant is set to be low using expansion equipment such as capillary 

tube or expansion valve. Therefore, the refrigerant can evaporate easily and absorb the 

heat from low temperature bath. Meanwhile, the pressure of refrigerant in condenser is 

set to be high using the help of compressor. The high pressure allows heat move to high 

temperature bath. The component of vapor compression machine is shown in Fig. 2. 

Compressor does input work for the cycle, the evaporator absorbs heat from low tem-

perature bath, and the condenser releases heat to high temperature bath. 
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Fig. 2. The Refrigerator sections.  

 

Fig. 3. Vapor compression cycle. Proper refrigerant allows superheating, de-superheating, and 

subcooling take place. 

The cycle of vapor compression is shown in Fig. 3. It consists of boiling process, 

superheating, isentropic compression, desuperheating, cooling, subcooling, and con-

densation. The boiling process takes places in evaporator. In the process, the liquid 

refrigerant gets heat from the environment and heated up until its boiling temperature 

(4 – 1a). From 1a – 1, the process is called superheating, where all of the refrigerant is 

evaporated to be vapor. The next step is isentropic compression (1 – 2) where the com-

pressor pumps this gaseous refrigerant to condenser. The desuperheating (2 – 2a) is the 

process of cooling this vapor until its boiling temperature followed by cooling (2a – 3a) 

and subcooling (3a – 3). Then, this vaporized refrigerant is condensed (3 – 4) using 

expansion process. The working pressure of evaporator is P1, and the working pressure 

of the condenser is P2. The subcooling and superheating are applied to increase the 

performance of the cycle. The superheating increases enthalpy of the refrigerant (h1) 

before leaving the evaporator, while subcooling, reduces the temperature of the refrig-

erant (h3 = h4) in condenser before leaving it.  
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The specific thermal absorption of the refrigerant in evaporator is shown in Eq. 1. It 

is the enthalpy difference of the refrigerant rate at the evaporator outlet and evaporator 

inlet. The h1 and h4 are the enthalpy of the refrigerant at the evaporator outlet and inlet, 

respectively. 

𝑄𝑖𝑛 =  (ℎ1 − ℎ4) 
(1) 

The specific thermal desorption in condenser is mentioned by Eq. 2. The value is the 

enthalpy of the refrigerant rate at the condenser inlet (h2) minus the enthalpy of the 

refrigerant rate at the condenser outlet (h3).  

𝑄𝑜𝑢𝑡 =  (ℎ2 − ℎ3) 
(2) 

The work of the compressor is determined with the difference of the enthalpy leaving 

the compressor (h2) and entering it (h1). This work is shown in Eq. 3. 

𝑊𝑖𝑛 =  (ℎ2 − ℎ1) 
(3) 

 The refrigerated drying coefficient of performance is determined with Eq. 4. The 

drying process depends on Qin for reducing the specific humidity and Qout at the same 

time for reducing the relative humidity.  

𝐶𝑂𝑃 =
(𝑄𝑖𝑛 + 𝑄𝑜𝑢𝑡)

(𝑊𝑖𝑛)
 

(4) 

2 Method 

The experiment of the research was conducted to measure the refrigerated drying pro-

cess performance using the equipment setup as shown in Fig. 4.  No 1,2,3, and 4, are 

shelves, the briquettes, refrigerated dryer, and water collector, respectively. No. 5 and 

6 are the outlet and inlet of the refrigerated dryer, in respective order. The dimension 

of oven is 197.5 cm x 112 cm x 100 cm. The oven consists of 2 rooms, they are the A 

room for drying shelves and B room for drying machine. The capacity of the refriger-

ated dryer is 1 hp with compressor of 715 W. The wet mass of the briquette was 132 kg 

distributed on 8 shelves. It was targeted to be 100 kg dry briquette. The dimension of a 

briquette was 2.5 cm x 2.5 cm x 2.5 cm. In a kilogram, there were 72 pieces. Before the 

briquettes were put in the oven, they were aerated for 2 hours.   

The collected data of the experiment was the psychrometric data of the refrigerated 

dryer inlet and outlet air. The dry bulb of the inlet was the oven temperature. The work-

ing pressures and pressure of the vapor compression cycle were collected from the data 

sheet. These data are used to find the temperature of the air leaving evaporator and 

leaving the condenser. The performance was calculated from the enthalpies obtained 

from the ph-diagram of the R-290 refrigerant following Eq. 1 – 4.  

To determine completion of drying process, the condensed water was collected and 

measure. The collected water was assumed to be mass difference of the briquette. The 

measurement was conducted every three hours. When the weight of the briquette was 
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100 kg, the process was stopped. Some briquettes were collected for measuring its 

weight. In average, the weight of a briquette should be 13.8 g.  

 

Fig. 4. The oven and the equipment setup.  

3  Result And Discussion 

Weight of the briquette shows refrigerated drying efficacy. Its weight is shown in Fig. 

5 indicating that the weight of the briquette reduces following the exponential trend. 

This trend confirms the drying process of other materials. When the specific humidity 

of the air decreases, it needs more effort to reduce it. At the same time, the temperature 

of the air increases which also indicates higher enthalpy of the air. Assuming that the 

machine has constant COP, it implies that the machine efficacy decreases with the time 

due to psychrometric character of the air. The drying reduces specific humidity of the 

air by time. Loop of the cycle in psychrometric chart is getting small as shown in Fig. 

6a, Fig. 6b, and Fig. 6c. Technically, the machine can’t remove the vapor anymore, as 

the A – B line is overlapping with C – D line. At this condition, the refrigerated drying 

work as the thermal drying capacity which depends on relative humidity only. The psy-

chrometric charts show that the relative humidity of the air in such condition is around 

8%, with temperature of 55℃. These psychrometric conditions are comparable to other 

works [10,11]. 
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Fig. 5. The weight of the briquette over time. In 59 hours, the drying is completed. 

 

 

 

Fig. 6. a. The air cycle at 5 hours drying. Fig. 6. b. The air cycle at 25 hours drying 

 

Fig. 6. c. The air cycle at 55 hours drying 
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The working pressures and temperature of refrigerant on the evaporator and conden-

ser is shown in Table 1. The R-290 refrigerant worked at 6.326 bar and 21.179 bar in 

evaporator and condenser respectively. The temperature of the evaporator and conden-

ser in respective order were 10℃ and 60℃. These parameters indicate that the vapor 

compression cycle did not have any superheating nor subcooling as shown in Fig. 7. 

The figure shows the enthalpy of the refrigerant as shown in Table 2. 

 

Table 1. The working pressure and temperature of the evaporator and condenser of the refriger-

ated drying. 

Refriger-

ant 

Evaporator 

Working Pres-

sure (P1) 

Condenser 

Working  

Pressure (P2) 

Evaporator 

Working Tem-

perature (Tevap.) 

Condenser 

Working Tem-

perature (Tcond.) 
(bar) (bar) (°C) (°C) 

R-290 6.326 21.179 10 60 

Table 2. The enthalpy of the vapor compression cycle of refrigerated drying. 

Refrigerant 
Enthalpy 

h1 (kJ/kg) h2 (kJ/kg) h3 (kJ/kg) h4 (kJ/kg) 

R-290 583.92 623.08 364.68 364.68 

 

 

Fig. 7. The vapor compression cycle of R-290. 

The performance of the vapor compression cycle of the refrigerated drying can be 

calculated following Eq. 1-4 using the data of Table 2. The COP of the system is 12.20, 

with Qin and Qout of 219.24 kJ/kg and 258.40 kJ/kg respectively. The work of the com-

pressor (Win) is 39.16 kJ/kg. Every kilogram refrigerant cycle, it creates 258.40 kJ 

enthalpy effect drying through cooling process in condenser. This cooling effect is ap-

plied for condensing the water vapor and reducing the air temperature. Meanwhile, the 

heating up temperature is 219.24 kJ for every kg refrigerant cycle. This heating effect 

is bigger than its work. This performance was also mentioned in [10,11,12]. 
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Comparing to the thermal drying that depends on heating up process only, the refrig-

erated drying has two advantages which are the explanation of list by Butz and Schwarz 

[11]. First advantage comes from the drying effect on cooling process which reducing 

water vapor content of the air. Less vapor part of the air is very significant in drying 

process. Secondly, this alleviation of absolute humidity process provides low enthalpy 

air which is easier for heating up in heating process. The direct drying has to increase 

the air temperature with higher water vapor content. The water vapor heat capacity is 

far greater than the dry air, so reducing water content first is very useful in drying pro-

cess. Reducing water content allows less heat specific of the air.  

4  Conclusion  

The refrigerated drying oven was proposed for producing coconut shell charcoal bri-

quette. The oven provides higher efficacy because of cooling effect and heating effect. 

The total COP of the system was 12.20, which is far higher than conventional approach 

using thermal drying. The method provides less energy cost of briquettes processing. 

The drying process was 58.25 hours for 100 kg charcoal briquette. 
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