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a  b  s  t  r  a  c  t

Solar  drying  is  one  of  the  processes  that  have  found  application  in  Algeria,  because  of  the  important  quan-
tities  of  solar  irradiations  that  can  be  exploited  in  this  country.  Nevertheless,  the  experience  of Algeria  in
solar  drying  is  recent  and  limited  to  drying  of  fruits,  vegetables,  medicinal  and  aromatic  herbs.  The  effec-
tuated  review  has  given  an  idea  about  the existing  functional  dryers  in this  country  with  presentation
of  their  different  design  aspects  and  in some  cases  the  mathematical  modeling  for  well  describing  and
predicting  their  behaviours.  The  solar  dryers  were  classified  into  two  classes  according  to their  operation
mode  and  without  taking  into  account  if the  dryers  are  using  auxiliary  sources  of energy. The  two  classes
are:  passive  dryers  and  active  dryers.  On  the  other  hand,  each  class  was  divided  into  subclasses  represent-
ing the type.  We  have  found  the  direct  and  indirect  types  for the  passive  dryers,  but  only  indirect  types
for  the  active  dryers.  Mixed  types  were  not  developed.  The  solar  dryers  were  developed  and  tested  in  two
different  climatic  regions  which  are the north  of  the  country  and  the  Sahara.  In the  most  studied  cases,
one or  multiple  auxiliary  sources  of energy  were  used  in  order  to  increase  the  performances  of the  dryer
or to decrease  drying  time.  Consequently,  we  register  the  utilization  of  pebbles  as  a  heat  storage  system,
resistances  as  electrical  heater,  gas-ring  and  photovoltaic  cells  in  order  to give  independency  against  the

use of  the  traditional  electrical  energy.  In the  case  of  the  active  dryers,  adding  fans  and  temperature  and
flow controllers  has  permitted  the  control  of  the  drying  conditions.  Depending  on  the  dryers,  the dried
quantities  vary  from  200  g  to 36 kg.  Comparison  between  many  studied  cases  for  different  modes  and
types  and  with  open  sun  drying  method  was  furthermore  done.  With  a few  exceptions  to some  solar
dryers  which  present  problems  of  complexity  and  was  not  practical  and  easy  for  manipulation  to  the
agricultural  producer,  the  majority  of the  developed  solar  dryers  have  presented  satisfactory  results.
© 2011 Elsevier Ltd. All rights reserved.
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Nomenclature

Cp specific heat (J kg−1 ◦C−1)
D air flow (kg s−1)
h coefficient of heat transfer by convection

(W m−2 ◦C−1)
hr adapted radiative exchange coefficient

(W m−2 ◦C−1)
HS(i) global solar radiations flux incident in surface I

(W m−2)
Lv latent heat of vaporization (J kg−1)
m mass (kg)
m mass of the evaporated water per second (kg s−1)
Qij heat flux per second between two mediums i and j

(W)
Qrij radiative heat flux per second between two medi-

ums  i and j (W)
S surface (m2)
T temperature (◦C)
t time (s)
V volume (m3)

Xr dimensionless product moisture
(

X−Xeq
X0−Xeq

)

Xeq equilibrium product moisture (kg kg−1)

Greek symbols
˛  coefficient of absorption
� coefficient of transmission

Subscripts
a air
Cond conduction
ci air-wall
cp air-product
n north wall
pi internal wall
pr product
s ground
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. Introduction

Due to the geographical situation, Algeria disposes of an impor-
ant potential of renewable energies, such as geothermal, biomass,
olar and wind energy. However, referring to the guide published
y the Algerian Ministry of Energy and Mining, in 2007 [1],  solar
nergy plays the most important role. Effectively, and following
he same source and the World Energy Council report [2],  the
nsolation duration in Algeria is around 2650 h per year for the
oastal regions, 3000 h per year for the high plateaux regions and it
ncreases to 3500 h per year for the Sahara. In terms of received
nergy, the coastal regions dispose of 1700 kW h m−2 year−1; it
ncreases to 1900 kW h m−2 year−1 for high plateaux and attains
650 kW h m−2 year−1 for the Sahara. In fact, the total solar poten-
ial of Algeria is estimated to 169,440 TW h per year [2,3], which
epresents 5000 times the national annual power consumption in
lectricity and around 60 times the energy consumed by the Euro-
ean community.

Drying is known as an intensive process with high energy
onsumption, as well as, it represents 10–15% of the total

orld industrial energy consumption [4].  Subsequently,
sing free solar energy is expected to be useful and should
ecrease the cost of the process. In this way, the scientific
esearch and the technological development have permit-
nergy Reviews 15 (2011) 3371– 3379

ted the development of several and different functional solar
dryers.

In general manner, solar dryers are classified, following their
working mode, into two major classes: natural convection solar
dryers, also called passive dryers and forced convection solar dry-
ers, called active dryers [5–7]. Passive dryer is constituted of a
chamber of which the roof and/or the wall sides are made with
transparent materials such as glass. These walls allow penetra-
tion of the sunlights and the product absorbs directly the solar
radiations, describing direct type as well known by integral type.
Sometimes, and in order to avoid the deterioration of the prod-
uct, other surface is added between the wall and/or the roof of
the dryer and the product. The added surface is playing the role
of an absorber; an indirect type is obtained, also called distributed
type. Mixed type can moreover be obtained using the two modes
in two different parts of the same dryer at the same time. Active or
semi-artificial solar dryer uses solar collector to heat the ambient
air before sending it to the drying chamber with the help of a fan
driven by an electrical motor for keeping a continuous flow of the
air through the drying chamber. The collector can be disposed in
different manners. The combination of the types and the modes is
eventually possible leading to six possible cases resumed in Fig. 1.

Ramana Murthy [8] added to the two  major modes the green
house mode. Fudholi et al. [9] and Imre [10] use also the two main
operation modes and added the hybrid solar dryers. This mode
of solar dryers is dotted with one or multiple following systems:
thermal storage system [11], geothermal or waste waters [12], pho-
tovoltaic system [13–18],  heat [19–22] or chemical heat pump [23],
dehumidification system or auxiliary unit which comforts the use
of electrical heating [24–28],  biomass burner [29,30], gas burner
[31] or diesel engine [32].

The Algerian experience in solar drying is a recent one, as we
cannot find scientific publications dealing with this theme before
1999. The local developed solar dryers are applied essentially to dry
different sorts of locally produced foods and medicinal herbs such
as dates, tomatoes, figs, apples, grapes, apricots, mint and vervain.
In this work, we are presenting these different solar dryers and their
experimental performances with a special care to the design aspect
and the used materials. As, the majority of the developed solar dry-
ers are using auxiliary energy systems, we  are not considering the
hybrid mode. Along these lines, only passive and active solar dryers
with specification of the type are presented.

2. Presentation of the solar dryers

We are presenting the solar dryers absolutely realised and
experimented in Algeria. They were developed essentially in the
Development Center of the Renewable Energies (D.C.R.E.) and the
National Institute of Agronomy (N.I.A), both situated in the north of
Algiers region. According to the information given by the National
office of Metrology [33], the north region is characterized by a
smooth and humid winter with temperatures varying from 8 ◦C
to 15 ◦C and dry summer with hot temperatures attaining 47 ◦C,
the velocity of the wind varies from 2.3 m s−1 to 4.5 m s−1 [34]. The
annual precipitations of this region vary from 300 mm to 600 mm
[35]. Other solar dryers were designed and assembled by the Energy
Conversion Research Unit of the Laboratory of New and Renewable
Energy in Arid Zones (L.N.R.E.A.Z) situated in the region of Ouar-
gla, in the south, in the Sahara. This region is distinguished by dry
climate with very low precipitations attaining 70 mm  [33], with
heavy sandy winds in spring. The velocity of the wind varies from

2.0 m s to 4.3 m s [36], but can reach in some specific regions
7.4 m s−1 [34]. The summer in this region is a hot and dry with tem-
peratures reaching in July and August 52 ◦C. The relative humidity
of the air is between 6 and 14% [36].
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Fig. 1. Presentation of the different fun

We  are presenting the solar dryers dependently to the mode, to
he type and to the region where the dryers were tested.

.1. Passive mode

.1.1. Direct type solar dryer developed in D.C.R.E.
Fig. 2a shows the diagram of the simple cabinet solar dryer pre-

ented by El Mokretar et al. [37]. It is constituted of a 0.004 m thick
f ordinary glass used as a cover. It is divided into three parts the
rst is inclined with 55◦, in order to optimize the collect of radi-
tions during winter. The optimum captivated radiations during
ummer are obtained with the second part, inclined with 15◦ and
he third part is a vertical glass. The lateral, vertical and the bottom
alls are isolated. As shown in the figure, its floor contains a bed of
ebbles paint in black used for the unfavourable drying conditions
s heat storage system. However the dimensions of the dryer were

ot specified. The solar dryer was tested between the 07th of July
nd the 20th of September. The air was stable and its velocity varies
rom 1.2 m s−1 to 2 m s−1. The temperature and the flux radiations
nside the drying chamber were respectively 46 ◦C and 653 W m−2.

able 1
resentation of the drying results using open sun and direct natural cabinet solar drying.

Product Initial mass (g) Final mass (g) Drying tim

Mint 1000 83 8 

Vervain 1000 430 48 

Laurel 1000 427 28 

Banana 1000 271 144 

Grape 1000 251 268 

Prune 1000 277 175 

Pepper 1000 307 72 

Fig 1000 205 219 

Date  1000 846 214 
ng modes and types of solar dryers [5].

Mint, vervain, laurel, grape, prune, banana, fig, date and pepper
were dryer and the results compared to open sun drying method.
The results are represented in Table 1. It is clear that we can dry
from 2 to 5 times swiftly using the cabinet solar dryer than open
sun drying.

Modeling the solar dryer was also developed by the authors [37]
and the three modes of transfers were taking place in the dryer as
illustrated in Fig. 2b. Heat and mass balances lead to six differential
equations presented in the following form:

Energy balance applied to the floor:

C1

(
dT1

dt

)
= � · ˛s · Ss · HS(1) − Qcond − Q16 − Qr12 − Qr13 − Qr14 − Qr15 (1)

With:

Ci = (�Cp)i · Vi (2)
Qij = hii · Si · �Tij (3)

Qrij = hrij · Si · �Tij (4)

e in the dryer (h) Drying time using open sun (h) Gain (h)

48 40
72 24
72 24

744 600
576 312
576 401
336 270
960 741
960 746
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Fig. 2. (a) Direct solar cabinet dryer developed in D.C.R.E. [37]. (b) Different heat
transfer modes happened in the cabinet solar dryer. (1) Floor (bed of pebbles), (2)
t ◦ ◦

w

r

C

the drying chamber. The solar collector is heating air with double
he  vertical glass, (3) the 55 inclined glass, (4) the 15 inclined glass, (5) the north
all, (6) the interior air, (7) the ambient air [37].

Balances applied for the different parts of the glass cover are
epresented by the three following equations:

( )

2

dT2

dt
= ˛V · Sv1 · HS(2) + Q62 + Q12 + Qr32 + Qr42 + Qr52 − Q27

(5)
Fig. 3. Natural convection solar dryer – indirect type developed in D.C.R.E. [38].

C3

(
dT3

dt

)
= ˛V · Sv2 · HS(3) + Q63 + Q13 − Qr32 + Qr43 + Qr53 − Q37

(6)

C4

(
dT4

dt

)
= ˛V · Sv3 · HS(4) + Q64 + Q14 − Qr42 − Qr43 + Qr54 − Q47

(7)

Heat balance applied to the north wall noted by (5):

C5

(
dT5

dt

)
= � · ˛n · Sn · HS(5) + Qr15 − Qr52 − Qr53 − Qr54 − Q56 (8)

Balance applied to the interior air noted by (6):

C6

(
dT6

dt

)
= Q16 + Q56 − Q62 − Q63 − Q64 − Q67 (9)

Depending on the surfaces: i and j vary from (1) to (6).
These equations have allowed following the variations of the

temperatures of the different parts constituting the cabinet solar
dryer. The comparison between the theoretical and the experimen-
tal results shows a great agreement with a deviation no more than
20%. It should be caused by the use of some empirical relations, such
as the exchange coefficients. The use of an inverse method will lead
to more appropriate coefficients.

2.1.2. Indirect type solar dryer developed in D.C.R.E.
Miri et al. [38] have developed an indirect solar dryer working

on natural convection. The chart of this solar dryer is illustrated in
Fig. 3. It is constituted of two  essential parts: the solar collector and
circulation; the first between the glass cover and absorber and the
second between the absorber and the bottom part. This last part
and the lateral walls are thermally isolated. The collector has the
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isolated with polystyrene for all the external surfaces. The drying
chamber is dotted with a chimney made with galvanized sheet.
It has the following dimensions: 1.0 m × 0.02 m × 0.02 m. Its sides
Fig. 4. Indirect natural solar dryer developed in L.N.R.E.A.Z. [40,41].

ollowing dimensions: 2 m length, 0.94 m width and 0.12 m height,
ithout specifying what sorts of materials are used. The drying

hamber has a cubic form, with a 1 m3 volume, surmounted by a
v” roof. Polystyrene was used as insulator for the lateral walls. On
he other hand, glass wool was used for the roof and the door exist-
ng at the back of the drying chamber. In addition, a black plastic

as covering the whole drying chamber, in order to increase the
ttraction of the solar radiations and it was used against rain. A

 m height chimney with 0.08 m diameter was added to the dry-
ng chamber in order to simplify the exit of the humidified air. The
onnection between the solar collector and the drying chamber is
ffectuated due a simple tube, as shown in the figure. The drying
hamber is supported by a metallic support at 2.2 m height from
he ground. It is supporting 3 perforated cube trays and the distance
etween them is 0.20 m.  The results obtained by the collector with
ouble circulation were compared with one with simple circula-
ion. Hence, the temperature of the absorber of simple circulation
as attained 103.31 ◦C and was 96.55 ◦C for double circulation. The
ost important temperature to be known is one of the heated air

hat goes to the drying chamber. It was around 60 ◦C, for a simple
irculation collector and around 50 ◦C for a double circulation. Mint,
epper, grape, laurel and vervain were the dried products between
he 15th and the 16th of August. The obtained results compared to
hose obtained by open sun drying are presented in Table 2. The
alculated efficiency of the solar dryer was around 40% which was
n encouraged result. However, its application is restricted to the
omestic use.

A comparison between the direct natural solar cabinet dryer and
he indirect natural one was made by Benkhelfellah et al. [39]. The
esults were relatively favourable to the direct solar cabinet dryer,

s we register 70% of extracted pepper humidity in 72 h against
43 h for the indirect dryer. Also drying grapes needed 268 h using
irect dryer against 318 h for the indirect solar dryer. But 67% of
he humidity of vervain was extracted in 48 h using direct natural

able 2
resentation of the drying results using open sun and indirect natural solar drying.

Product Initial mass
(g)

Final mass
(g)

Drying time in
the dryer (h)

Drying time using
open sun (h)

Gain (h)

Mint 200 40 30 50 20
Pepper 300 60 243 342 99
Grape 500 150 318 580 262
Laurel 300 120 28 52 24
Vervain 300 75 30 52 22
Fig. 5. Indirect shell natural solar dryer developed in N.I.A. [42].

solar dryer and it was  only 30 h for extracting 75% of its humidity
using the indirect natural solar dryer.

2.1.3. Indirect type solar dryer developed in L.N.R.E.A.Z.
The developed indirect natural solar dryer is shown in Fig. 4

[40,41]. The solar air collector is a simple one, it has the follow-
ing dimensions: 2 m length, 1 m width and 0.13 m height, inclined
of an angle of 16◦ with respect to the horizontal and directed to
the south. The air collector is composed by glass plate having a
thickness of 0.004 m,  used as a cover. Then we find an aluminium
plate painted in black in order to increase the absorption properties.
The distance of 0.06 m is separating the cover from the absorber.
The lateral sides and the bottom parts are thermally isolated with
polystyrene. The drying chamber has the following dimensions:
1.0 m × 0.8 m × 0.8 m,  it is made with coated sheet and thermally
Fig. 6. Indirect forced convection dryer developed in D.C.R.E. [43,44].
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ig. 7. (a) Indirect forced convection dryer developed in L.N.R.E.A.Z. and its dime
.N.R.E.A.Z. [47].

re thermally isolated with polystyrene, too. Date fruit is used as
ried product. The mathematical modeling studies presented by
he authors were not to simulate the behaviour of the solar dryer
ut to put models that describe well the drying kinetics happened
ith non-controlled process conditions. The first proposed model

s an exponential one written in the form:

r(t) = A0 + A1 exp(−bt) (10)

here the coefficients A0, A1 and b are presented as functions of
he drying conditions.

The second proposed model is taking the following form:

r(t) = exp(−
√

kt) (11)

 is a coefficient presented as a function of the drying conditions
temperature and velocity) and some product characteristic (initial

oisture).
The use of the indirect natural solar dryer has given good results

ith a marketable quality of the obtained dried dates.

.1.4. Shell indirect solar dryer developed in N.I.A.
The form of the shell solar dryer is shown in Fig. 5 [42]. The

pside of the dryer is constructed with metallically sheet painted
n black representing the opening part of the dryer. This part is dot-

ed with a chimney to facilitate the evacuation of the humidified air.
he inferior part of the dryer has a conical form which gives the form
f a shell-fish from where the name of the dryer. The interior of the
ryer has perforated trays that let the circulation of the heated air
s [47]. (b) Detailed diagram of the indirect forced convection dryer developed in

inside the chamber. The upside part of the dryer receives the solar
radiations which will be transferred to the product. The dryer is also
dotted with a control system; so if the temperature of the heated
air is under a fixed one, a gas-ring starts working. The supplement
heat penetrates to the drying chamber by means of holes made at
the end of the inferior part. The dryer has a 0.91 m2 as a surface
and can support 8 kg of grapes, which are the tested products. The
process was performed with an air heated to a constant tempera-
ture of 65 ◦C and its flow was  about 50 m3 h−1. The decrease of the
product humidity from 76.82% to 22.60% necessitates 6.71 kWh  and
the efficiency of the solar collector was  more than 52%. However,
the authors have found that increasing the surface of the dryers to
1.72 m2 will give better results.

2.2. Active mode

2.2.1. Indirect forced convection solar dryer developed in D.C.R.E.
Benaouda and Belhamel [43] and Boulemtafes-Boukadoum et al.

[44] have developed the solar dryer shown in Fig. 6. As well this
dryer is constituted of 2 main parts; the solar collector and the
drying chamber. The solar collector is a simple one with simple
air circulation, its dimensions were: 2 m × 0.94 m, built with gal-
vanized sheet-iron. The same matter painted in black (in order

to increase the absorption properties) is used as absorber. It has
a 0.0005 m thick and the value of its thermal conductivity was
54 W m−2 K. The collector is covered with a 0.003 m thick of ordi-
nary glass. The collector is inclined by 36◦. The drying chamber has
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Fig. 8. (a) Overall view of the indirect forced convection solar dryer developed in
L. Bennamoun / Renewable and Sustain

 cubic form with a volume about 1 m3 and can contain 3 perforated
rays, allowing a good circulation of the heated air and 0.25 m sep-
rates the trays. The drying chamber is made with 0.002 m thick of
heet-iron steel and then covered with 0.04 m thick of polystyrene
sed as insulator. The drying chamber is equipped with a chimney
sed for the evacuation of the humidified air. As, illustrated in the
gure, the connection between the solar collector and the drying
hamber is effectuated by means of a tube. The flow of the ambi-
nt air is controlled by fans which allow having from 50 m3 h−1

o 300 m3 h−1. In addition, an electrical heater that gives a power
f 1 kW is added. It plays the role of an auxiliary source of energy
nd it is used when the temperature of the heated air is less than

 fixed one or during unfavourable climatic conditions. The use of
 thermo regulator tool allows performing drying with air heated
o a constant 50 ◦C. Several products were tested such as tomatoes,
obacco, figs, mint and laurel and depending on the product; the
rying time varies from 5 to 10 h. The dryer has given satisfactory
esults, however the quantities were not important.

The authors have made mathematical modeling of the dryer
hrough heat and mass balances represented by the two following
quations:

Heat balance effectuated at the air level:

aCpa�z
∂Ta

∂z
= hcpSpr(Ta − Tpr) − hci�Spr(Ta − Tpi) (12)

Product heat and mass balance:

prCppr
∂Tpr

∂t
= hcpSpr(Ta − Tpr) − Lv · m (13)

These two equations allow following the variations of the tem-
eratures of both the air and the dried product.

Nowadays, there are investigations for the amelioration of the
fficiency of the solar dryer by recycling the humidified air [45,46].
aurel product was tested and we have found that only 26 h were
ecessary to dry the products which gives better results than natu-
al convection solar drying (Tables 1 and 2). 65% of the humidified
ir was recycled and re-injected inside. During recycling operation,
5% of the recuperated air was re-injected inside the drying cham-
er and 35% was taken from the ambient air. The authors registered

 10% of economy in energy expenses.

.2.2. Indirect forced convection solar dryer developed in
.N.R.E.A.Z.

Fig. 7a and b shows the studied solar dryer and its compounds
nd dimensions. It consists mainly of a flat plate solar collector,
rying chamber, electrical fan, electrical resistance used as a heater
nd considered as an auxiliary source of energy, it delivers a power
qual to 3.75 kW,  and finally a temperature controller.

The solar collector has an area of 2.45 m2, and inclined by 31◦

ith the horizontal and directed to the south all the time. The
bsorber is made of galvanized metal painted in black; it has a
.002 m thick. It is protected from the top by a 0.005 m thick of glass.
or the lateral and the bottom sides, polystyrene is used, constitut-
ng the insulator part of the collector. It is connected directly to the
rying chamber without any ducts and the air is flowing between
he glass cover and the absorber. The drying chamber has the form
f a box and is fabricated with a galvanized iron and its walls are
nsulated using polystyrene. The chamber has 1.65 m height, 1.00 m

idth and 0.60 m depth. It contains six perforated trays with the
ossibility of extension to eight trays. Each tray has a surface of
bout 0.4 m2 and can support a mean value of 2 kg, depending on
he bulk density of the dried product. In order to obtain a uniform

irculation of the air inside the chamber, a distance of 0.12 m is
et between the different trays. The door of the chamber is prop-
rly sealed to prevent the air escape and also loading the products
nside the cabinet. The used fan has a 0.02 m diameter and gives
N.I.A.  [48]. (b) Detailed diagram of the forced convection solar dryer developed in
N.I.A. [48].

a 1400 rpm velocity. It insures a volumetric flow of the air around
0.325 m3 s−1 and the option of controlling the air flow was appli-
cable. The added heater is functioned if the temperature of the air
given by the collector is less than a fixed one. The system is con-
trolled by a temperature controller. Depending on the time of the
day and the velocity of the heated air, the efficiency of the solar col-
lector was ranged from 19% to around 52%. The overall efficiency
of the solar dryer varies from 13% to 47.5%. The life of the dryer
was estimated to 15 years which gives a payback around 1.3 years,
which makes the dryer very useful. The tested product was  slices
of tomato.

2.2.3. Indirect forced convection solar dryer developed in N.I.A.
The solar dryer is illustrated in Fig. 8a and Fig. 8b gives more

details about the compounds and dimensions of the apparatus [48].
As shown in Fig. 8b, the solar dryer is divided into three distinct
parts; the solar collector, the drying chamber and the fan. The solar
collector is realised within two  plastic films of polyethylene having
a thickness equal to 0.00015 m.  The first plastic film is a transparent
one and has a length of 24 m and its width is around 3.4 m.  The sec-

ond plastic film is painted in black for using it as an absorber. It has
the same length as the transparent one, but the width is equal to
3 m,  it is supported by metallically circles having a 0.9 m as a diam-
eter, giving a cylindrical form to the absorber. The same method
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Fig. 9. Diagram of the ameliorated forced

s used with the transparent film by means of metallically circles
aving a diameter equal to 1 m,  creating a space of 0.05 m between
he two plastic films. A tube is used to connect the solar collector to
he drying chamber, allowing the flow of the heated air. The drying
hamber has the following dimensions: 2 m height and a surface of
.75 m × 1 m.  The top of the chamber contains a chimney with two
oles oriented to the north. The chamber contains twelve trays and
ach one can support 3 kg of product. The ambient air is aspired by
an that has a velocity of 1500 rpm, placed at the entrance of the col-
ector, as shown in Fig. 8b. The mean value of the temperature of the
eated air that goes to the drying chamber was 46 ◦C. However, the
elocity of the air was 2 m s−1. The calculated efficiency of the col-
ector has given the feeble value of 11.36%. The tested product was
pricot and around 300 min  were necessary to extract 50% of the
roduct humidity. In order to ameliorate the performances of this
olar dryer and to give it independence against electrical energy,
hotovoltaic cells were added in order to aliment the fan. A tem-
erature controller system was also used; it consists on a gas-ring
hat works until obtaining the desired temperature [49]. The graph
f the ameliorated solar dryer is represented in Fig. 9. This method
as proofed its efficacy by increasing the efficiency of the solar col-

ector to 49.23%. In spite of the obtained results and the important
ried quantities, the solar dryer cannot be easily manipulated also
he reserved surface make it not practical to the farmer.

. Conclusion

In spite of the new Algerian experience in solar drying, many
uccessful solar dryers were developed. We  register for the passive
ode the development of only one direct natural conversion solar

ryer dotted with a heat storage system. However, three, indirect
ype, of natural convection solar dryers were developed, just one
f them has used auxiliary source of energy. On the other hand and
oncerning the active mode, we list the realisation of three forced
onvection solar dryers and all of them were indirect type. Regard-
ng the solar collectors used in this type, all of them were directed
o the south and inclined with different angles from horizontal to
6 ◦. The one with simple air circulation has given better results,
s the temperature of the heated air at the exit from the collector

as higher. Also, we register for indirect active solar dryers, the uti-

ization of fans, electrical heater or gas-ring with control systems
f the air flow or its velocity and its temperature. In general man-
er, the comparison of performances between forced and natural
ction solar dryer developed in N.I.A. [49].

convection solar dryers was favourable to forced convection due to
the utilization of fans which allows having a better distribution of
the air inside the drying chamber [26]. As well, the quality of the
final dried product was better [50]. Nevertheless, the comparison
between direct and indirect type for the same mode was  not clearly
defined and can changes depending on the drying products. In addi-
tion to the solar collectors and independently to the regions where
the dryers were tested, one or multiple auxiliary sources of energy
were necessary (5 of the 7 studied cases), in order to increase the
efficiency of the dryer, to give it independence regarding electrical
energy or to decrease drying time.

In one hand, the studied solar dryers were made with cheap and
available materials, which permit to deduce that the feedback and
the investment return may  be acceptable. On the other hand, in the
majority of the studied cases, solar dryers were easy for manipula-
tion and for maintenance. These reasons guarantee the feasibility
of the development of passive and active solar dryers in Algeria.

Exploring mixed type of solar dryers will be an original work
done in Algeria as during our review we  have not found any exper-
imental work dealing with this theme, at the exception of one
simulation work which has studied the behaviour of a mixed mode
solar dryer using forced convection [51]. Whole studies were done
during summer and it should be constructive to know the behaviour
and the efficiency of the studied solar dryers in different seasons
and for different products. Also, whole the studies were dealing
with thin layer drying and it could be interesting to perform thick
bed drying which permits the optimization of the space inside the
drying chamber and by this the quantities of the dried product
should increase.

References

[1] Direction des Énergies Nouvelles et Renouvelables, Guide des Énergies Renou-
velables, Algiers; 2007.

[2] World Energy Council, 2010 Survey of Energy Resources, London; 2010.
[3] Stambouli AB. Promotion of renewable energies in Algeria: strategies and per-

spectives. Renewable and Sustainable Energy Reviews 2011;15:1169–81.
[4] Kerkhof PJAM, Coumans WJ.  Drying: a fascinating unit operation. Chemical

Engineering Journal 2002;86:1–2.
[5] Daguenet M.  Les séchoirs solaires: théorie et pratique. Paris: UNESCO; 1985.
[6]  Ekechukwu OV, Norton B. Review of solar-energy drying systems II: an
overview of solar drying technology. Energy Conversion and Management
1999;40:615–55.

[7] Augustus Leon M,  Kumar S, Bhattacharya SC. A comprehensive procedure
for performance evaluation of solar food dryers. Renewable and Sustainable
Energy Reviews 2002;6:367–93.



able E

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

L. Bennamoun / Renewable and Sustain

[8]  Ramana Murthy MV.  A review of new technologies, models and experimen-
tal investigations of solar driers, Renewable and sustainable. Energy Reviews
2009;13:835–44.

[9] Fudholi A, Sopian K, Ruslan MH,  Alghoul MA,  Sulaiman MY.  Review of solar
dryers for agriculture and marine products. Renewable and Sustainable Energy
Reviews 2010;14:1–30.

10] Imre L. Solar drying. In: Mujumdar AS, editor. Handbook of industrial drying.
CRC Press; 2006 [chapter 13].

11] Bal LM, Satya S, Naik SN. Solar dryer with thermal energy storage systems for
drying agricultural food products: a review. Renewable and Sustainable Energy
Reviews 2010;14:2298–314.

12] Ivanova D, Enimanev Kr, Andonov K. Energy and economic effectiveness of fruit
and  vegetable dryer. Energy Conversion and Management 2003;44:763–9.

13] Fargali HM,  Nafeh AA, Fahmy FH, Hassan MA.  Medicinal herb drying using a
photovoltaic array and a solar thermal system. Solar Energy 2008;82:1154–60.

14] Mumba J. Design and development of solar grain dryer incorporating
photovoltaic powered air circulation. Energy Conversion and Management
1996;37:615–21.

15] Mumba  J. Development of a photovoltaic powered forced circulation grain
dryer for use in the tropics. Renewable Energy 1996;6:855–62.

16] Sopian K, Liu HT, Kakac S, Veziroglu TN. Performance of a double pass pho-
tovoltaic thermal solar collector suitable for solar drying systems. Energy
Conversion and Management 2000;41:353–65.

17] Barnwal P, Tiwari GN. Grape drying by using hybrid photovoltaic-thermal
(PV/T) greenhouse dryer: an experiment study. Solar Energy 2008;82:1131–
44.

18] Tiwari A, Sogha MS.  Parametric study of various configurations of hybrid
PV/thermal air collector: experimental validation of theoretical model. Solar
Energy Materials and Solar Cell 2007;91:17–28.

19] Daghigh R, Ruslan MH,  Sulaiman MY,  Sopian K. Review of solar assisted heat
pump drying systems for agricultural and marine products. Renewable and
Sustainable Energy Reviews 2010;14:2564–79.

20] Hawlader MNA, Rahman SMA, Jahangeer KA. Performance of evaporator-
collector and air collector in solar assisted heat pump dryer. Energy Conversion
and Management 2008;49:1612–9.
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