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Solar energy has become a viable alternative energy because it is a clean type of energy that converts solar radiation into heat energy
for various applications such as heating water, power generation, cooking, and food drying. The solar dryer, integrated with the heat
energy storage system, uses nitrate salt as a heat storage medium which was designed and tested by drying 1000 grams of red pepper
at 19.6 to 62.4°C. The average ambient temperature ranged from 19.3 to 37.4°C, and the maximum temperature of the heat storage
media ranged from 87.8 to 125°C. The solar drying process was compared to open sun drying system loaded with 1000 grams of red
pepper. The findings showed that the solar dryer maintained color and flavor and lowered the original moisture content from 86%
to 10% for 24 hours compared to 36 hours of drying in open air. In this study, nitrate salt is shown to be the perfect heat storage
medium for drying food products; it preserved heat for about 4 hours when there is no active sunlight.

1. Introduction

Solar energy transforms solar radiation into heat energy to
dry food and plants [1]. In many nations, agricultural prod-
ucts, particularly vegetables and fruits, are lost for over 40%
of postharvest through spoilage [2]. It is therefore inevitable
that solar dryers are used for dry agricultural products, as
discussed in [3].

The common drying systems are open sun and controlled
solar dryer. Open sun drying is a common way to preserve
food that involves putting crops on mats, roofs, or drying
floors in the sun and is an inexpensive way to dry out. How-
ever, due to dust, dirt, fungi, bacteria, and animal attacks, the
product may be spoiled as studied in [4]. The controlled dry-
ing system involves the use of active and passive solar dryers
as described in [5]. Thus, the active solar dryer is an efficient
solar dryer used in small firms for drying products for a brief
time period, but the technology is still expensive for farmers
as discussed in [6]. Likewise, the passive solar dryer is com-

monly used because it is an inexpensive technology, but the
dryer fails to operate when there is no active sunlight. It is
therefore essential to integrate a thermal storage system into
the solar dryers, which can allow heat collection during
sunlight to be used later when there is no sunlight, thus
improving efficiency as presented in [7]. Many recent studies
investigate solar dryers that integrated with heat storage sys-
tems using different techniques. For instance, [8] investigated
indirect forced convection solar dryer integrated with SHSM
and PCM; the scrap of iron combined with gravel and the
engine oil in the solar air collector was used as SHSM and
the rt-42 paraffin was used as a PCM. The drying rate for
SHSM and PCM was 0.051 kg/hr; SHSM’s energy and exergy
efficiency was 26.1 and 0.81%, respectively, moisture content
decreased from an initial value of 89% to 9%. Reference [9]
studied mixed-mode forced convection solar dryer and
assessed thermal photovoltaic air in the air collector and dry-
ing room. The air surrounding the PV panels cooled the PV
cells and supplied thermal energy to the drying chamber. The
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moisture content of the product decreased from 91.94 to
22.32% for tray 1 and to 28.9% for tray 2 with a difference
of 6.6%. Reference [10] described the indirect forced convec-
tion solar dryer for mango drying testing. The specific rate of
moisture extraction was 1.67 kg/kWh at a drying tempera-
ture of 52°C, and the average thermal efficiency ranged from
30.9 to 33.8%. Reference [11] developed an indirect type solar
dryer to study banana’s drying characteristics The moisture
content of bananas decreased from the initial value of 356%
in dry basis to the final moisture content of 16.3%, 19.5%,
21.2%, 31.2%, and 42.4% for tray 1, tray 2, tray 3, tray 4,
and open sun drying, respectively. The collector’s average
thermal efficiency was 31.5%, and that of the drying chamber
was 22.4%. Reference [12] designed a greenhouse solar dryer;
the tests for drying takes 52 hours to reduce the moisture
content from 74% to 13.5% (w.b). The average of air-drying
temperature and relative humidity reached to 50°C and
36% RH, respectively. Reference [13] reviewed some studies
of solar dryer based on thermal energy storage materials
and described that it was quite efficient in continually drying
agriculture and food products with temperatures from 40°C
and 60°C. Reference [14] researched solar thermal energy stor-
age for cooking application. 1.4 kg PCM charged up to 300°C
for 50 minutes, while discharged from 300°C to 100°C for
4.5hours. As discussed, NaNO3 (60%) :KNO3 (40%) were the
appropriate choice for potential cooking by storing the cheap-
est solar thermal energy and good thermal characteristics.

Several researches addressed the poor performance of
passive solar dyers compared to those combined with the
heat storage system. Thus, further studies are needed to
design solar dryers, which are incorporated with heat storage
systems to preserve more heat that can be used in the absence
of active sunlight. The combination of potassium nitrate
(KNO3 (40%)) and sodium nitrate (NaNO3 (60%)) known
as a nitrate salt is a good example of heat storage material that
has excellent thermal properties as assessed [14]. These
chemical compounds have not been used as heat storage
medium in solar dryers. Most of the studies have used it for
power generation and cooking applications. Carefully, this
study found its performance as a heat storage medium used
in a solar dryer integrated with heat storage system. The solar
dryer was constructed and integrated with a low-cost solar
dish concentrator to maximize the collection of solar energy
and store it in the thermal storage materials used when
sunlight is not present.

2. Materials and Methods

2.1. Materials. The following materials were used and sold on
the local market for the construction of the solar dryer:
square pipes and sheets, stainless steel pipes and sheets,
aluminum sheets, angle iron, and clear transparent glass.

2.2. Designing of a Solar Dryer. The solar dryer, integrated
with the heat energy storage system, was developed and
tested. The construction took place in three steps, starting
with the drying chamber, solar dish collector with sun-
tracking system, and cavity receiver, and then, it was placed
along theN-Saxis in the study area to track the sun for exper-

imentation. The drying chamber’s overall dimensions were
about 0:8m × 0:8m × 0:4 (width, length, and depth),
inclined to support the solar collector at an angle of
13.3995°. Inside the drying chamber were fitted two grilled
trays of 0.06m diameter to support the drying products.
Due to pressure difference, the air temperature was recalcu-
lated by natural convection, so that the temperature inside
the drying chamber is constant to prevent vacuum formation
inside the solar dryer. In order to enable air circulation,
0.07m diameter holes were drilled at the base side and
around the top of the drying chamber.

Solar collector inclination angle (β) from horizontal
position was calculated using the following formula [15]:

β = 10° + latitudeθ, ð1Þ

where the study area’s latitude θ is equal to 3.3995° S.
Therefore, the collector inclination angle is equal to

10° + 3:3995° S = 13:3995°.
The solar collector’s thermal energy can be defined as [16]

Energyinput = Energyoutput + Energyloss, ð2Þ

where
Energyloss is losses in thermal energy.
The energy gain from radiation by air can be found using

the following equation:

Energygain = IcAcηc, ð3Þ

where Ic is the insolation at the collector surface in watt per
square meter; Ac is the area of the collector in square meter;
and ηc is the collector efficiency.

The collector efficiency can be found through the follow-
ing equation:

ηc =
Energygain

IcAc
: ð4Þ

The total energy transmission and absorption are defined
by the following equation:

IcAcτα = Energygain + Energyloss, ð5Þ

where τ is the transmissivity and α is the absorptivity.

2.3. Parabolic Geometry. The solar dish was designed by
considering a locus of points that lie on equal distance from
a line (directrix) and a point (focus) as shown in Figure 1.
The fixed line is called a directory, and focus F is the fixed
point. The perpendicular line to the directory that passed
through focus F is known as the parabolic axis. The vertex
intersects the parabolic dish at point V which is exactly the
centre or midway [16].

The concentration ratio refers straight to the reflector’s
performance. If the origin is taken along the parabola axis
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at the vertex V and the x-axis, the parabola equation is
given by

y2 = 4f x: ð6Þ

When the origin of the coordinate is moved to point F
with the vertex to the left of the origin, the parabola equa-
tion becomes

y2 = 4f x + fð Þ, ð7Þ

where f is focal length.
In polar coordinates, r is the distance from the origin and

θ is the angle from the x-axis to r at the origin; the parabola
can be determined with the following formula:

sin2θ
cos θ

=
4f
r
: ð8Þ

When an angle Ψ is measured between V-F and the
radius of the parabolic p which is the distance from the focal
point F to the parabolic curve, the following formula is
required:

p =
2f

1 + cos ψrim
: ð9Þ

The geometric concentration ratio (CRg) is defined as the
ratio of aperture area of the parabolic dish (Aa) to the receiver
base area (Ar), and it is given by

CRg =
Aa
Ar

, ð10Þ

where the aperture area of the parabolic dish can be deter-
mined by the following equation:

Aa =
π

4
2p sin ψrimð Þ2: ð11Þ

By substituting p from Equation (9), the aperture area of
parabolic dish can be found using

Aa = 4πf 2
sin2ψrim

1 + cos ψrimð Þ2 : ð12Þ

By Snell’s law the incidence angle is equal to the angle of
reflection. The quantity of solar radiation intensity that
comes parallel to the parabola’s surface reflected back to the
focus. So, the reflection angle is expressed as

ψ = 2p: ð13Þ

Rim angleΨrim represents the ratio of the focal length (f )
to dish diameter or aperture width (d). For typical parabola,
the depth of the curve (H) is measured from top to the
bottom of the curve which is sometimes called the parabola
height or depth. The focal length is measured from the focus
(F) to the vertex (V); h and f are calculated by the following
equations:

H =
d2

16f
,

H = 0:15625m,

f =
d2

16H
f = 0:4m:

ð14Þ

Rim angle is the sole diameter of the shape of a parabola
that can have some influence on the concentration ratio (f /d)

f
d
=

1
4 tan ψrim/2ð Þ : ð15Þ

The rim angle (Ψrim) can be calculated by the following
equation:

tan ψrim =
1

d/8Hð Þ − 2H/dð Þ : ð16Þ

Therefore, rim angle Ψrim = 63:9°.
Arc length (s) of the parabola is another important

property of the parabola used when designing the solar
concentrator and is calculated by the following formula:

S =
d
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4H
d

� �2
+ 1

s2

4

3

5 + 2f ln
4H
d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4H
d

� �s 2

+ 1

2

4

3

5: ð17Þ

The parabolic dish surface area can be given using the
following equation:

Asc =
8πf 2

3
d
4f

� �2
+ 1

 !3
2

− 1

2

4

3

5: ð18Þ
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Figure 1: Parabolic geometry.
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The energy input of the solar thermal collector can be
determined by using

Ei = ItAsc: ð19Þ

The energy output of the solar thermal collector can be
obtained using the following equation:

Eο =
mCpΔT

t
: ð20Þ

The efficiency of the solar thermal collector can be
defined as the ratio between the useful outputs of energy
to the input energy as shown in

η =
Eo
Ei

� �
100%: ð21Þ

The size of the curve was specified in linear dimension by
looking at the focus point (f ), rim angle (Ψrim), and aperture
diameter (d). The segment of a parabola shared a focal point
with the same aperture width giving a different rim angle with
respect to the parabolic height as shown in Figure 2 and
discussed in [17].

2.3.1. Design Parameters and Dimensions of the Solar
Parabolic Dish Concentrator. Table 1 summarizes all impor-
tant design parameters of the parabolic solar dish concentra-
tor such as aperture diameter, focal length, concentrator
depth, vertex, and rim angle.

2.3.2. Cavity Receiver. The cavity receiver is the component
used to correct the maximum quantity of solar radiation that
was reflected back to the focal point with a heat source acting
parabolic dish concentration as described in [18]. The cavity
receiver was made of stainless-steel plate and cylindrical pipe
of 2mm thickness, coated with a thin layer of gray paint, and
it was placed at a focal point. The aperture of the receiver area
was calculated using

Ar =
π

4
dr

2,

Ar = 0:008107 m2:

ð22Þ

2.4. The Self-Acting Temperature Control. The temperature
required can be set on the knob connected to a temperature
sensor and inserted into the drying chamber. As the temper-
ature increases, the actuator automatically closes the valve,
and if the temperature drops below the set temperature, the
actuator automatically opens the valve. The temperature
control valve comprises of a sensor, capillary tube, and actu-
ator linked to the 2-port control valve. When a sensitive fluid
is heated in the sensor and capillary tube, it will expand and
contract when cooled. The force produced by the expansion
or contraction is transferred via the capillary to the actuator
to permit or stop the flow of hot air through the control valve.
The adjustment knob is turned clockwise to decrease the set

temperature, and vice versa to increase. Type SA121 (Spirax
Sarco) was used to control heat from the storage system.

2.5. Material for Heat Energy Storage. Nitrate salt is used as a
heat storage medium; the materials showed a good thermal
characteristic and working temperature. Other factors such
as storage duration, the temperature required, storage capac-
ity, heat losses, economics, and space availability were also
considered in selecting these materials. To utilize heat energy
at least heat charging, heat storage and heat discharging
should be achieved as shown in a flow diagram (Figure 3).

2.6. Analyses

2.6.1. Error Analyses. Errors occur due to difference between
the actual value and the value indicated by the measuring
instruments. During experimental analysis, temperature
measurement, relative humidity, moisture loss, weight loss,
solar intensity, and air velocity errors were undertaken via
solar dryers integrated with heat energy storage system. In
order to determine the total error in the measuring instru-
ments, fixed, manufacture, and random errors were consid-
ered [19]. If x represents the amount of error in each
variable of the measurement, the total error can be found by

Wth = x1ð Þ2 + x2ð Þ2+⋯ x∞ð Þ2� �1/2
: ð23Þ

Focal point

F

150°0.067

0.144

f
/d

 ra
tio 0.25

Rim angle

Aperture diameter (d)

0.60

0.933

1.93

120°

90°

45°

30°

15°

Figure 2: A segment of a parabola having a common focus point
and rim angle with the same aperture diameter.

Table 1: Design parameters of the solar parabolic dish
concentrator.

S/No. Parameters Numerical value Unit

1 Aperture diameter (da) 1 M

2 Focal length (f ) 0.4 M

3 Depth of the concentrator (H) 0.15625 M

4 Vertex Vð Þ = d/2 0.5 M

5 Rim angle (Ψrim) 63.9 °

6 f /d 0.4 —
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Table 2 shows the total errors in measurement found in
the solar dryer integrated with heat energy storage system.

2.6.2. Efficiency Analyses. A solar dryer integrated with heat
energy storage system was used for the drying test in the
experiment conducted. The following function expresses
the change in air temperature (ΔT) as [19]

ΔTð Þ = f Ic, Ac, τ α, Eið Þ: ð24Þ

The useful energy used to determine the efficiency of the
collector Qu, can be calculated by using the following equa-
tion [19]:

Qu =mCp To − T ið Þ: ð25Þ

2.6.3. Drying Analyses. Moisture content can be described as
the quantity of water in a wet sample as expressed in [20].
The moisture of the product relies on the situation of the
environment, such as temperature and relative humidity,
and can be expressed on a moist or dry basis. The amount
of moisture to be removed from hot red peppers was calcu-
lated using Equation (25) as [8]

MCwb =
Mt −Mfð Þ

Mt

� �
× 100%: ð26Þ

The drying rate is the amount of evaporated moisture

per unit time and analyzes the system effectiveness that
takes place during the drying period. Mathematically, it is
calculated as

DR =
dM
dt

= −k Mt −Með Þ,
dM

Mt −Með Þ = −kdt:
ð27Þ

The moisture ratio was determined using the following
equations:

MR =
Mt −Með Þ
Mi −Með Þ ,

MR =
Mt
Mi

:

ð28Þ

The formula used to determine the total amount of
moisture to be removed, Mw, is expressed as

Mw =
Ww = Mi −Mfð Þ

1 −Mf
: ð29Þ

2.7. Instrumentation and Measurement. SNN–USB temper-
ature/humidity data loggers with accuracy of ±0.3°C (±3%)
and measurement ranges of -40 to 125° C (0 to 100% RH),
respectively, were used to determine relative humidity and
temperature at various places including ambient, air-drying,
and thermal storage medium temperatures. After every two
minutes, the readings were recorded from 9:00 to 21:00 hrs.

2. Heat storage

1. Heat charging 3. Heat discharging

Drying
chamber

Back-up
systemSolar receiver

Concentrating
system

Storage

Figure 3: Utilization of heat energy.

Table 2: Total values of errors made in drying experiments.

Instrument used Parameter(s) causing error(s) Unit Total error

Data logger

Total error from heat (temperature)

WTa—ambient temperature °C ±0.3
WTc—drying temperature °C ±0.3

WTh—heat storage material temperature °C ±0.3

Data logger
Total error from relative humidity

WHr—relative humidity % ±3
Digital balance scale WM—weight g ±0.01
Solar power meter WS—solar radiation intensity W/m2 ±10
Anemometer WV—air velocity m/s ±0.104
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The solar power meter (TES-132 data logging) with a mea-
suring range of 2000W/m2 and accuracy within ±10W/m2

or ± 5% was used to assess and to record the intensity of
the solar radiation and was connected to the laptop.

2.8. Experimental Procedure. The solar dryer experiment was
tested and compared in six scenarios: (i) solar dryer without
load and heat storage system; (ii) solar dryer without load but
with heat storage system; (iii) the combination of solar dryer
and heat storage system without load; (iv) solar dryer with a
load, but without a heat storage system; (v) solar dryer with
load and heat storage system; and (vi) the combination of
solar dryer and heat storage system with load. Red peppers
were selected as sample biomaterial to be dried and assessed
in this research as studied in [21]. Data measured were ambi-
ent, air-drying, and heat storage material temperature; rela-
tive humidity; and intensity of solar radiation. Using the
oven drying technique, the original moisture content of red
peppers was discovered as [12]. The sample was weighed
using a USS–DBS2 digital analytical balance scale of mea-
surement range 0-5000 g with an accuracy of ±0.01 g. One
kg of red peppers was placed in a hot oven at 60°C for 12
hours; the initial moisture content was found to be 86% as
evaluated in [22].

2.9. Experimental Setup. The experimental setup consisted of
a parabolic solar dish collector, cavity receiver, temperature
control system, glazing, drying chamber, and main frame.
Nitrate salt was used as a heat storage medium and filled in
the cavity receiver’s internal cylinder (Figure 4).

3. Result and Discussion

The performance assessment of the solar dryer, integrated
with heat energy storage system, was carried out in October
2018 in Arusha, Tanzania. The experiments were done every
day for 12 hours from 9:00 to 21:00 for one week. During the
experiments, the medium temperature for heat storage at
most daylight hours was much greater than the temperature
for ambient and air drying. Figure 5 shows results for varia-
tions in ambient air temperature with time, ranging from
19.3 to 37.4° C within days of experiments. The change of
relative humidity of the atmospheric air was found to be
between 28.3% and 77.8% as shown in Figure 6. During the
experiment, the system was exposed to solar radiation for 6
days, the average solar radiation was 610.4W/m2 where the
maximum solar intensity was 1327W/m2, and the parabolic
solar dish collector was oriented and tracked manually when
the sun moves in an interval of every 15 minutes (Figure 7).

3.1. Solar Dryer without Load Tests. Solar dryer without load
tests were performed to assess the solar dryer without the
application of a heat storage system; during the experiments,
the temperature control valve was closed every day from 9:00
to 17:00 hours for four days without load tests. The average
ambient air temperature was 27.7°C, while the maximum of
air-drying temperature, heat storage medium, and solar
intensity were 62.4°C, 125°C, and 1327W/m2, respectively.
In the evening at 17:00 hours under no-load condition, the
temperature control valve was opened to allow the applica-

tion of a heat storage system; the maximum reading of air-
drying temperature, heat storage medium, and solar intensity
were found to be 46°C, 81.7°C, and 1259W/m2, respectively
(Figure 8). As shown in Figure 9, the maximum heat storage
medium temperature ranged from 87.8°C to 125°C. The
weather was cloudy and sunny during the tests.

3.2. Solar Dryer with Load Drying Tests. The temperature
control valve was closed during the daytime for load drying
test without a heat storage system from 9:00 to 17:00 hours.
The air ambient, air-drying, and heat storage medium tem-
perature and solar intensity ranged from 21.3 to 33.5°C,
33.6 to 60.9°C, 20.6 to 125°C, and 44 to 1327W/m2, respec-
tively. The air ambient, air-drying, and heat storage medium
temperatures were slowly reduced from 33.5 to 21.7°C, 60.9
to 22.3°C, and 125 to 25.1°C in the evening under load test
from 17:00 to 21:00 hours as shown in Figure 10. The maxi-
mum heat storage medium temperature ranged from 81.7° C
to 125° C as shown in Figure 11.

3.3. Drying Experiments of Red Pepper. For comparison stud-
ies between the solar dryer and sun drying, two kg of fresh
red peppers was measured to be dried. The fresh red peppers
were assessed for their moisture content which was found to
be 86% (w.b). Thus, 1000 g of red peppers was dried in the
solar dryer for 24 hours; within two days, the moisture con-
tent decreased to 10% (w.b). Likewise, open sun drying took
36 hours to decrease the moisture content from 1000 g to
achieve 10% (w.b) within three days as shown in Figure 12
below. Figure 13 shows the appearance of fresh red peppers
before drying (a), red peppers after solar drying (b), and
red peppers after open sun drying (c). The findings showed
that the dried one in the solar dryer was better preserved
without losing nutrients, color, and flavor compared to the
ones dried in the open sun.

4. Conclusions

The solar dryer, integrated with heat energy storage sys-
tem, was successfully designed, manufactured, and tested
under no-load and load conditions, resulting in a maxi-
mum drying temperature of 62.4°C and averaging 46°C
in sunny and cloudy days. Furthermore, the solar drying
process was compared to open sun drying system loaded

1- laptop
2- solar meter
3- data logger
4- solar dish

5- cavity receiver
6- drying chamber
7- temperature control

1

2 3

4

5

67

Figure 4: Schematic drawing of experimental setup.

6 Journal of Energy



with 1000 grams of red pepper. The findings showed that
the solar dryer reduced its original moisture content from
86% to 10% for 24 hours, while the open sun drying took
36 hours to lower the same moisture content up to 10%.
As a result of this study, nitrate salt as a heat storage medium
was found to be highly beneficial for drying food products
because it can store heat to be used at a later time when the
sunlight is not active.

5. Recommendation

Further studies are still needed to design, fabricate, and eval-
uate the solar dryer, integrated with heat storage systems to
preserve more heat storage to be used for lengthy periods of
missing sunlight. The structure also needed a powerful insu-
lation in the future research in order to minimize heat loss. It
is also suggested that different scholars in the field of study
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Figure 5: Variation of ambient temperature with time during the days of experiment.
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Figure 6: Variation of relative humidity with time during the days of experiment.
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Figure 7: Variation of solar radiation intensity with time during the days of experiment.
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Figure 8: Variation of temperatures without load tests with time.
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Figure 9: Variance of heat storage medium temperature without load tests at the top and bottom side with time.
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Figure 10: Variation of temperature of load drying tests with time.
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may investigate other heat storage materials based on phase
change characteristics that can store thermal energy at lower
and higher temperatures.

Nomenclature

I: Solar intensity (W/m2)
DR: Drying rate (kg of water/kg of dry matter per hour)
MR: Moisture ratio
M: Mass of product (kg)
MC: Moisture content (%)
Ma: Mass flow rate of air (kg/s)
Cpa: Specific heat capacity of air (kj/kgK)
_Q: Heat transfer rate (W)
T : Temperature (°C)
T : Drying time (hour)
V : Velocity (m/s)

CRg: Geometric concentration ratio
F: Focal length (m)
Da: Aperture diameter (m)
S: Arc length of the parabolic curve (m)
H: Depth of parabola (m)
E: Energy (J)
Ac: Area of collector (m2)
A: Area (m2)
Q: Heat (W)
NaNO3: Sodium nitrate
KNO3: Potassium nitrate.

Subscripts

f: Final
i: Initial
w: Wet basis
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Figure 11: Variance of heat storage medium temperature of load drying tests on the top and bottom side with time.
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Figure 12: Variation of moisture content (w.b) of the solar dryer and open sun drying with drying time for red pepper samples.
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Figure 13: (a) Fresh red peppers before drying. (b) Red peppers after solar drying. (c) Red peppers after open sun drying.
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c: Collector
e: Equilibrium.

Greek symbols

α: Absorptivity
τ: Transmissivity
η: Efficiency (%)
ρa: Density of air (kg/m3)
ψ: Angle of reflection (°)
β: Angle of inclination (°)
ϕ: Latitude (°)
ΔT : Change in temperature (°C).
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