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ABSTRACT 

The present paper presents an experimental evaluation of a solar 

refrigerator, prototype, based on an intermittent thermodynamic cycle of 

adsorption, using milk as refrigerant and the mineral zeolite as adsorber. 

This system uses a mobile adsorber, which is regenerated out of the 

refrigeration cycle and no condenser is applied. Because the solar 

regeneration is made in the ambient air for the regeneration, a SK14 

solar cooker is considered. The cold chamber, with a capacity of 4 liters, 

is aimed for cooling milk. The objective is to analyze the advantages and 

disadvantages of the eventual use of this refrigerator in rural regions of 

Egypt, where no electricity is available. On the bases of the results 

obtained, a new prototype of refrigerator for rural regions is designed, 

based on the same thermodynamic cycle, but including changes in design 

and operation. According to the experiments Zeolite pan size of 2*20*25 

cm proved to be the most optimum, it is the size recommended for use in 

milk cooler. According to the results of the mathematical modeling of 

drying of zeolite, the best describing the drying characteristic is Wang 

and Singh model. The regression equation R (correlation coefficient) 

indicates the degree of association between the observed and predicted 

values coefficient of efficient (Ce) was 0.999. 

INTRODUCTION 

he use of sorption processes to produce refrigeration has been 

extensively studied in the last twenty years as a technological 

alternative to vapor compression systems. Several theoretical and 

experimental studies demonstrated the sorption refrigeration systems, 

especially that using solid-gas heat powered cycles, are well adapted to 

simple technology applications. They can operate without moving parts 

and with low-grade heat from different sources such as residual heat or 
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solar energy. The two main technologies concerning the solid gas 

sorption concept are the adsorption and the chemical reaction, including 

metal hydrides. The similarities and differences between these systems, 

as well as the advantages and disadvantages of each one are extensively 

described by Meunier (1998). Refrigeration is an interesting application 

of solar energy because the incident radiation and the need for cold 

production both reach maximum levels in the same period. Water content 

of up to 25% (kg water/kg zeolite) can be adsorbed and then dwsorbed by 

the adsorption enthalpy (Ming and Mumpton, 1993).  

In developing countries, solar refrigeration is an increasingly 

acknowledged priority in view of the needs for food and vaccine 

preservation and due to the fact that solar energy is generally widely 

available in these countries. Different solar refrigeration systems using 

sorption processes have been proposed and tested with success. In 

relation to the solar adsorptive refrigeration systems, different types of 

solid-gas were considered. The zeolite-water and silica gel-water pairs 

were chosen for cold storage, while the activated carbon-methanol pair 

was chosen for ice production (Leite, 1996). Once the zeolite is fully 

saturated within the cooler, it must be removed for regeneration. Zeolite 

regeneration processes have been mostly done by thermal heating 

(thermal regeneration) using mechanized equipment (Pons 1996). The 

activated carbon-ammoniac pair was also employed for different 

refrigeration applications using solar energy. Zeolite, a micro pours 

crystalline solid is capable of adsorbing significant amounts of water 

vapor and other gases in their complex crystal structure. 

The adsorptive systems development is still limited by the adsorber solar 

collector component cost, and by the intermittence of the incident solar 

radiation, which makes it difficult to be competitive with conventional 

compression systems. In the present work the description and the 

operation of a solar adsorptive prototype refrigerator using the zeolite 

water pair is studied. The system operates under an intermittent cycle, 
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without heat recovering, and is aimed to regenerate the adsorber with 

solar energy, using a SK14 solar cooker. The adsorber is mobile and is 

regenerated out of the refrigerator. No condenser is applied because the 

solar regeneration is made in the ambient air. The purpose of the 

refrigerator is to cool milk in rural areas of Egypt, where no electricity is 

available. 

MATERIAL AND METHODS 

The study was conducted at Nubria research station, Agriculture 

research center. The experiments was stated at may 2012.  Zeolite panes 

were used in the experiments, with dimensions of P1 (2, 20, 25), P2(2, 

20, 18) and P3 (2, 20, 11) in cm Samples mass of 350, 250 and 150 g for 

the panes respectively. 

1. Material 

1.1. Adsorbent 

Zeolite is a mineral consisting of SiO2 groups and alkali-ions. It is 

capable of adsorbing water vapor and other gas molecules in the cavities 

of its complex crystal structure. Water content up to 25% (kg water/kg 

zeolite) can be adsorbed and then it is heated up by the adsorption 

enthalpy. It's produced synthetically and the crystalline powder is pressed 

to pellets of about 0.5 mm diameter. Huge quantities of Zeolite are 

produced by chemical industries and used as molecular sieves or for 

washing detergents. Zeolite ingredients for used type can be shown in 

Table (1). 

1.2. SK14 cooker 

The SK14 is durable ,although light, cost effective to build and easy to 

use. Its production capacity is approx. 600 Watts. The total aperture is 

1.53 M
2
   and with mass of 18 kg. The focal point of heat for the SK14 is 

only 28cm wide. This means that if the maximum amount of energy is 

desired, the dish must only be moved every 15-25 minutes to face the 

new position of the sun 
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Table (1): The Zeolite characteristics. 

Specification  The sample 

Chemical formula per unit cell content 

Appearance 

Relatiye Brightness 

Anhydrous zeolite content 

Loss at 800
o
c  

Calcium exchange capacity 

2 minutes 

10 minutes 

Heavy metals 

PH 5% in water    

Bulk density  

Particle size  

Na12[(AIO2)12] 27H2O 

White powder 

98% 

80% 

20% 

297 mgCaCO3/g min 

210 mgCaCO3/g min 

225 mgCaCO3/g min 

< 0.5 ppm 

11 

300 – 400 Kg/m3  

Media diameter      3.5 micron  

Above 10 micron   1.5% 

Below 1 micron     0.2% 

1.3. Instruments 

Environmental conditions of temperature, relative humidity, air velocity 

and solar radiation were recorded at 20 minutes intervals Table (2). In the 

measurements of temperature, a J type iron-constant thermocouple was 

used with a manually controlled channel automatic digital thermometer 

with reading accuracy of ±0.1 
o
C (Mini Thermo – Anemometer). 

Table (2): The environmental of experiments. 

Instruments Range 

Air Velocity: 0.5 to 28 m/s. 

Humidity: 10% to 95%. 

Dew Point: 0.0
o
c to 50

o
c 

Temperature: -18
o
c to 50

o
c 

A radiation meter was used to monitor the variation of solar radiation 

over the entire drying. Moisture loss was also recorded at 20 minutes 

intervals during drying for determination of drying curves by a digital 

balance in the measurement range of 0.2 Kg – 10 Kg and an accuracy of 

± 0.02 g. 

2. Methods 

2.1. Adsorption cycle 

The prototype of solar refrigerator was constructed at Nubria research 

station, Agriculture research. The adsorber of refrigerator is mobile, to 
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allow the regenerating process out of the system. Therefore, no 

condenser is used because the desorbed water is transferred to ambient 

air. In principle, the refrigerator may be constructed out of two vessels, 

the evaporator and the absorber, which are connected by a tube and a 

valve Figure (1-a). In the evaporator only the vapor pressure of the water 

is present, when the valve is opened, the water vapor in the evaporator is 

absorbed by the zeolite and thus the pressure is reduced. The milk starts 

cools down to approximately 10 C. the cooling chamber capacity is 4 

liter and rest of the chamber volume allow releasing the vapor from the 

milk. When the adsorbent is saturated, the refrigeration process stops. 

Now the adsorbed vessel is heated up. The desorbed water vapor 

condenses in the connecting tube or in the evaporator at ambient 

temperature. Then by opening the valve the refrigeration process can start 

again. In practice the Zeolite can be regenerated during the day using 

solar energy Fig (1-b), at day time and at night the refrigeration process 

can be started. The thermal insulation and the thermal capacity of 

refrigeration chamber must be sufficient enough to avoid a big increase 

in temperature during the day. 

2.2 Experimental procedures 

At the beginning, the zeolite was saturated with water (Ch=20%). The 

solar collector was heated up by solar simulator and after six hours the 

temperature of zeolite reaches 175C. the water vapor pressure was 50 

mbar. The condenser was not cooled and the water vapor condensed at 

approximately 30C. During this process the water content decreased to 

C1= 8%. At t= 6h the valve was closed and the sun was switched off. At 

t=8h the collector had cooled down by opening the valve, the 

refrigeration process was started. Due to the adsorption enthalpy the 

temperature of the zeolite increased up to 70C, at which point, the rate 

of adsorption decreased and the adsorber temperature slowly tended to 

ambient temperature. The refrigerant was quickly cooled down to -3C 

(under cooled milk). Over time the cooling power decreased and due to 

the heat flow from the surroundings the temperature of the refrigerant 

slowly increased to 10C after 12 hours. This experimental procedure 

was repeated for different desorption temperatures and different kinds of 

Zeolite as well as of silica gel. 
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Fig. (1-a): Scheme of functioning of the Zeolite solar refrigerator for cooling 

milk 
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Fig. (1-b): Regeneration process of Zeolite using solar energy 
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2.3. Measurements 

The amount of water removed from the drying material was calculated as 

follows: 

 
Where: 

M1 = Initial moisture content of drying material, % wb 

M2 = Final moisture content of drying material, % wb 

W = The amount of wet material to be dried, kg 

 

The drying kinetics relates the moisture ratio to the drying time. The 

moisture ratio is formulized as follows: 

 

 
Where: 

M = Moisture content of drying material at any sampling time, % db 

Me = The equilibrium moisture content of drying material based on 

drying conditions. 

M0 = Initial moisture content of drying material at any sampling 

time, %db 

The values of the equilibrium moisture content. Me are relatively small 

compared to M and M0. Thus, moisture ratio can be calculated as follows 

( Doymaz and Pala 2002) 

 

 
The weather conditions during the experiments were, solar radiation 

ranged from 900 to 1000 W/m
2
, wind speeds from 2.8 to 3.9 m/s while 

the ambient air temperature ranged from 2.5 to 3.5 
o
c. 

 

RESULTS AND DISCSINOS 

Zeolite drying curves 

Figure (2) shows drying curves of the used Zeolite 80 obtained at 

atmospheric pressure with small three panes of P1, P2  and P3 samples of 
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Zeolite put at solar cover for regenerating the adsorbent (Figure 1). From 

these curves it can be concluded that it is not recommended to reduce the 

humidity from its initial (20%) dry matter at saturation to below 2%. 

Further drying would result only in a small improvement of the capacity 

of the Zeolite to all sorbs water. 

 

The moisture content decrease continuously with drying time and there 

was no constant rate period in drying for all the sizes. The moisture ratio 

also varied in the same way (Fig 3). 
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All the drying processes occurred in the falling rate period. In this period 

the zeolite surface was no longer saturated with water and drying rate 

was controlled by diffusion of moisture from the interior of the solid to 

the surface. The drying rate is higher at the beginning of the regeneration 

process and decreases continuously with increasing drying time because 

of at the begging of drying process  the water is easy to remove from 

zeolite and as the end of dying zeolites catch water  stronger than earlier 

time shown in (Fig 4). 

 

As expected size P1, P2 comparing with P3 had both the highest moisture content 

and the fastest drying rate. This is due to the small size of the sample particles of 

P3 that presents a large surface area for absorption and evaporation of moisture. 

Mathematical modeling of drying curves 

According to the results, the best mathematical model for zeolite drying curve is 

Doymaz (2004) with highest values of R (0.99) and lowest values of the standard 

error of the estimate (est=  0.0112) best where the model is the following: 

MR = exp (-kt
n
) 

Where: 

MR : Dimensionless moisture ratio 

K, n : Empirical constants in drying models 

 The model constants for the tested panes are shown in Table (3). 
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Table (3): constant value of the mathematical model for the pans 

 

 

 

  

Through moisture ratio modeling based on the drying time, size P3 recorded 

highest efficiency. The performance of the model is presented in Figure (5)  

 
Reducing four liters of fresh milk having temperate from 37 

o
C to 10 

o
C, 

needs three hours using zeolite pan of P3. The zeolite pan needs to dry on 

solar collector 6 hours to get rid of the moisture. 

Model verification 

The standard error of the estimate is a measure of the accuracy of 

predictions. Recall that the regression line is the line that minimizes the 

sum of squared deviations of prediction (also called the sum of squares 

error). The standard error of the estimate is closely related to this quantity 

and is defined below: 

MR P1 P2 P3 

K 0.0112 0.11 0.1 

n 1.2 0.69 0.54 

R
2
 0.9819 0.9855 0.9565 
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Where: σest is the standard error of the estimate, Y is an actual score, Y' is 

a predicted score, and N is the number of pairs of scores. The numerator 

is the sum of squared differences between the actual scores and the 

predicted scores.  

To assist further in this evaluation, another index called coefficient of 

efficient (Ce) was used. This coefficient was proposed by Nash and 

Sutcliffe (1970) and used by Masheshwari and McMahon (1993), Sharaf 

(2003). If R and Ce are close to each other, the model is free from any 

bias all or part of the data. Ce is defined below as: 
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Where: 

Ce = coefficient of efficient     Xpi = the value of predicted measurements 

n   = number of observations   Xoi = the value of observed measurement 

oX  = average observed value 

 

Figure (6) shows the relationship between predicted and measured 

moisture content. The A in Table (4) is the line slope and B is the line 

intersects with y axis. The results showed by Figure (6) and Table (4) 

means that the model has very high performance for describing the 

characteristics of drying curve. It was found that the difference between 

the predicted and observed values is very low. 

Table (4) shows the standard error of estimate linear model R
2
, the 

standard error of the estimate σest, coefficient of efficient Ce, and 

correlation coefficient R of Figure (6) 

Table (4): Indicates performance of model predicting 

est Ce R
2
 R A B 

0.0112 0.999 0.999 0.999 0.999 0.001 
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Milk cooling curve  

Figure (7) show the milk cooling curve during the refrigration process 

aginst time. From the results the milk temperature reached to 10
o
 C after 

180 minutes, 14
o
 C after 210 minutes and 18

 o
 C after 240 minutes using 

pan P1, P2 and P3 respectivley. After the Zeolite sturated with the vapoure 

the capabilty of Zeolite to absorbe the vapor decreaced then the milk 

temperature begin to  increase gradually. At the moment of increasing 

milk temerature the Zeolite should be removed and replaced with the 

another dried pan to keep the milk temperature at the mimumum 

temperature obtained.  

CONCLUSION 

In this study, regeneration of three Zeolite sizes of 2×20×25, 2×20×18 

and 2×20×11 cm has successfully investigated. The drying occurred in 

the falling rate period showing Zeolite 2×20×25 as the optimum size with 

the fastest drying rate and most efficient.  According to the results of the 

mathematical modeling of drying of zeolite, the best describing the 

drying characteristic is Doymaz model. The minimum cooling 

temperature obtained was 10
o
 C after 180 minute using pan of 
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2×20×25cm. Since zeolite size of P1 proved to be the most optimum, it is 

the size recommended for use in milk cooler. 
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 الملخص العربي

 تطوير نظام لتبريد اللبن في المناطق الريفية

محيي الدين محمد مرسي
1

 

الِذف هي الذساسخ ُْ رجشيذ اللجي الوٌزظ عٌذ الوضاسع الظغيش عي ؽشيق خفغ دسعخ حشاسرَ 

موشحلخ اًزقبليخ هي هنبى الحلت إلي هنبى رغويع اللجي روِيذا لٌقلَ لاهبمي الاسزِلاك ّرلل 

هبدٍ الـضيْليذ الششُخ لاهزظبص الشؽْثخ هي الغْ الوحيؾ ثِب ّالزي ليس لِب أي ثبسزخذام 

رأصيش ػبس علي الوْاد الغزائيخ أّ الجيئخ الوحيطخ هي حيْاًبد أّ ؽيْس  ّاسزخذهذ صلاس 

سن11×22×2عجْاد هي هبدح الضيْليذ ثئحغبم هخزلفخ )
3

سن11×22×2( ّ)
3

 )

سن25×22×2ّ)
3

طبقخ الشوسيخ ثعذ رشجعِب ثبلشؽْثخ لإعبدح ( ّمبًذ رغفف ثبسزخذام ال

اسزخذاهِب هشح أخشي للقيبم ثعوليخ الزجشيذ , ّاسزخذهذ الطبقخ الشوسيخ هوضلخ في ؽجق رغويع 

رْػع فيَ الوبدح الوشجعخ ثبلوبء عٌذ ثؤسح الوغوع للزخلض هي الشؽْثخ , ّرلل رْفيشا للطبقخ 

عشيذ الزغبسة ّالقيبسبد ثوحطخ الجحْس النِشثيخ لاسرفبع سعشُب أّ لعذم رْافشُب ّقذ أ

 -الضساعيخ ثبلٌْثبسيخ الزبثعخ لوشمض الجحْس الضساعيخ ّلقذ أّػحذ الٌزبئظ الأري:

م33لزشهي اللجي هي 4لخفغ دسعخ حشاسح   (1
o

م12إلي  
o

سبعبد ثبسزخذام العجٍْ رّ حغن   3يسزلضم  

سن25×22×2)
3

م12( ّيوني الحفبظ علي دسعخ 
o

محذ أقظي ّلخفغ دسعخ  سبعبد 3للجي لوذٍ  

الحشاسح لأمضش هي رلل ُزا يزطلت رغفيف أمضش هي عجْح ثحيش يوني رجذيلِب أصٌبء عوليخ الزجشيذ أّ 

رعشع هبدح الـضيْليذ لزغفيف أمجش ُّزا ثعٌي رعشيغ الوبدح لذسعخ حشاسح أمجش ّأشذ فيْطي 

 ثبسزخذام هغوع شوسي أمفئ أّ اسزخذام هظذس حشاسي أشذ هضل اللِت

لوب صادد فزشح رعشع هبدح الـضيْليذ لأشعخ الشوس ملوب صادد مفبءرِب لخفغ الوحزْي الشؽْثي م (2

 ّصيبدح مفبءرِب لضيبدح الزجشيذ للجي

سن25×22×2أفؼل الٌزبئظ لعوليخ الزجشيذ مبى لحغن هبدح الـضيْليذ ) (3
3

( ّللحفبظ علي دسعخ حشاسح 

م 12اللجي عٌذ دسعخ )
o

سن25×22×2ـضيْليذ رّ الحغن )سبعبد رغذد هبدح ال 3( لوذح 
3

( هشح 

 أخشي ثزعشػِب هي عذيذ للوظذس الحشاسي )أشعخ الشوس( ثْاسطخ الوغوع الشوسي

أفؼل ًوْرط لْطف عوليخ الزغفيف لوبدح الـضيْليذ الوسزخذهخ في عوليخ الزجشيذ ُْ ًوْرط  (4

(Doymaz:ّالزي يعجش عٌَ ثبلوعبدلخ الآريخ ) 

MR = exp (-kt
n
)   

 -حيش إى:

MR  الوحزْي الشؽْثي الٌسجي =  tدسعخ حشاسح الزسخيي =  

 = k, n صْاثذ رغشيجيخ 

Rّّعذ اى هعبهل الزظحيح )
2

 29.5مبى  (Doymaz)ثيي الٌزبئظ الزغشيجيخ ًّوْرط   (

 ...29( مبى Ceّهعبهل الزظحيح )
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