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In the present study, a solar-assisted heat pump dryer (SAHPD) has been designed, fabricated, and tested its performance on
drying tobacco leaves. The hot air generated from the solar collector and condenser unit of the heat pump was used as a
source of heat in the drying chamber. In this study, we investigated the influence of three duct configurations (open, partially
closed, and completely closed) on the thermal performance of SAHPD to establish the best configuration for drying tobacco
leaves. The average drying temperature was found to be 66, 64, and 60°C; the coefficient of performance of the heat pump was
3.4, 3.2, and 3.0; the heat energy contribution from the solar collector was 6.6%, 5.0%, and 5.1% while for the condenser was
93.4%, 95.0%, and 94.9%, and electrical energy consumption was 2.3, 2.8, and 2.6 kWh, for the open, partially closed, and
completely closed duct system, respectively. Based on these results, the open system demonstrated the best performance.
According to the study’s findings, SAHPD has been shown to be an energy-efficient method of drying tobacco leaves and is
environmentally friendly as opposed to the conventional use of wood fuel, which results in environmental pollution,
desertification, and deforestation.

1. Introduction

For many years, drying of biomaterial products has been
used for preservation; most of the harvested products have
high moisture content which is difficult for storage and
maintenance for later uses [1, 2]. Therefore, drying is a cru-
cial process in many food industries and agricultural-based
economy countries to maintain quality without deteriorating
biomaterial products, sum up the original taste, and uphold
the nutrition values [3]. The main objective of drying is not
only to remove moisture content from the product where
bacteria and yeast can grow and spoil the product but also
to preserve the initial properties of the products [4, 5]. The
operating process of the dryer is to transfer heat from the
source to the product and then to the environment. The
structure of biomaterials in the drying process is changed
by heating and causing moisture in the work to vaporize
and change the layout. In various investigations, it has been
demonstrated that the drying process has high energy con-

sumption and in agriculture is 60%, while in wood it is
around 70% [6]. For example, an average of 14 kg of wood
fuel is consumed to obtain 1 kg of cured tobacco leading to
a deforestation rate of 13,000 hectares per annum in
Tanzania [7]. In efforts to combat this threat, the Tobacco
Research Institute of Tanzania (TORITA) has managed to
come up with rocket barns that use less wood 7 cubic meters
to cure leaf tobacco compared to local barns that use 19
cubic meters of wood. This is a remarkable achievement in
the tobacco sector as the calorific value of wood is still higher
for curing tobacco compared to other identified organic bri-
quettes that have already been tried. However, the tested
barns are still inefficient, use wood fuel, and cause emissions.
TORITA is therefore exploring an alternative curing source
apart from wood, primarily renewable.

Besides, more efforts are taken on using renewable
energy and other high-efficiency drying technologies. Many
researchers suggest the use of heat pump dryers because of
their high efficiency and energy-saving potential and less
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negative impact on the environment due to greenhouse
gases produced by the burning of fossil fuels and wood
which leads to global warming [8]. However, solar dryers fail
to operate when there is no active sunlight in case heat stor-
age systems are not integrated into them. Sometimes even if
heat storage systems are integrated, there are challenges
related to the selection, cost, availability, and efficiency of
storage materials. Heat pump dryers have been used in many
countries to dry biomaterials that are sensitive to heat, and
the process is controllable [5, 6]. The quality, color, and
smell of the product dried by the heat pump are better than
the product dried with other drying technologies such as
open sun drying [9]. In order to increase the performance
of the heat pump dryer and lower operating costs, solar col-
lectors are integrated into the heat pump system to form a
solar-assisted heat pump dryer (SAHPD) [5, 6].

The SAHPD application provides high energy efficiency
with controllable temperature, airflow, air humidity, and
enormous energy-saving potential. The application of heat
pump drying technology in tobacco manufacturing has been
reported elsewhere with an energy-saving potential from
20% to 50% [10, 11]. The SAHPD can exhibit a coefficient
of performance (COPhp) as high as four meaning that
1 kW of electric energy is needed to have a release of 4 kW
of heat at the condenser for drying applications. A high
COP value represents high efficiency and also equates to
lower operating costs. This technology is uncommon in
most African/developing countries; however, developed
countries have been using it at an advanced stage based on
their specific climatic conditions which cannot directly be
applied to different regions. SAHPDs are affected by the
change in ambient conditions; proper configuration of the
duct is therefore the key in improving the performance of
the dryer [6]. To the best of the authors’ knowledge, the
influence of duct configurations on the performance of
SAHPD is not well documented. The objective of the present
study is therefore to investigate the influence of duct configura-
tions (open, partially closed, and completely closed air ducts)
on the thermal performance of SAHPD to establish the best
configuration for drying tobacco leaves in tropical climates.
Three configurations of the SAHPD air duct were evaluated,
and the best configuration was chosen on the base of drying
temperature, COPhp, and electrical energy consumption.

2. Material and Methods

2.1. Materials and Equipment. The SAHPD is the system
where the solar collector and heat pump which consist of
four main components (condenser (Cond), evaporator
(Evap), compressor (Comp), and expansion valve (Exp.
valve)) were integrated together as a source of heat in a dry-
ing process of biomaterial products. Other components like
air blowing fans, drying chamber, and duct as air flowing
path were used to support the workflow of the SAHPD as
shown in Figures 1 and 2.

2.1.1. Solar Collector. The solar collector was designed as a
passive gain system which was made of an absorbing black
painted plate and transparent glass plate of 946mm × 946

mm × 6mm size and was integrated with the drying cham-
ber as depicted in Figure 3. The frame of the solar collector
was made of a mild steel sheet of 1.5mm thickness and insu-
lated by fiberglass materials; the inside of the surface of the
chamber is painted black. The solar collector was inclined
at 13 degrees facing north and placed on the top of the dry-
ing chamber to heat the biomaterial in the drying chamber.
At the top of the glass, a cover of movable plywood was
placed and used to isolate the solar irradiance entering the
drying chamber when necessary.

2.1.2. Heat Pump. The heat pump is composed of a Danfoss
reciprocating compressor, 4 horsepower condenser, evapora-
tor with two built-in fans of 186W and 0.88A (Figure 4),
and an expansion valve (3/8 × 1/2 inches) made from Den-
mark which is used as the pressure reducing device; the refrig-
erant expands and its temperature reduces. All components
are connected with 3/8 and 5/8 inch copper tubes to form a
single unit. The heat pump operates under refrigerant R134a
(1,1,1,2-tetrafluoromethane). The refrigerant is pumped
directly from the liquid receiver by the compressor in the
high-pressure side; the pressurized gas passes through the con-
denser/heat exchanger where air entering the dryer is heated
up through heat exchange between cold air passing through
the surfaces of the hot copper pipes carrying hot refrigerant.
The air is circulated in the system using built-in fans at the
condenser and evaporator. When the latent heat of condensa-
tion of the refrigerant at the condenser is evolved, the pres-
sured gas is condensed and accumulated at the vertical liquid
receiver. The refrigerant then passes through the expansion
valve which is used as the system’s refrigerant control to the
evaporator, creating a pressure drop and accumulating in the
refrigerant receiver and then back to the low-pressure side of
the compressor to complete the circulation.

For the construction of the SAHPD, the following
materials available in the local market were used: tempered
steel sheet and clear glass, angle irons of 25 × 25 × 3 and
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Figure 1: Schematic diagram of fully closed SAHPD.
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50 × 50 × 6mm dimensions, and aluminum rod of 40mm
diameter. The compressor and its accessories like the liquid
receiver, oil receiver, and refrigerant receiver are shown in
Figure 4(a). The heat pump system consists of a condensing
unit, evaporator, expansion valve, and a compressor unit
integrated with oil and liquid/refrigerant receivers as
depicted in Figure 4, and more details are summarized in
Table 1.

2.1.3. Duct. The duct system was made of a mild steel sheet
of 1.5mm thickness and reinforced by angle iron of 25 ×
25 × 3mm as seen in the section diagram (Figure 5). The
specification and functions of the equipment accessories
are summarized in Table 1.

2.1.4. Drying Chamber. The drying chamber was a batch
type made of mild steel of 1.5mm and reinforced by angle
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Figure 2: Section diagram of a complete solar-assisted heat pump drying system.

Solar glass sheet

Tobacco leaf
hanger

Weight balance carrier

Weight balance
Condenser connector
(air inlet from condense)

Fiber glass insulator (25 mm thick)

Glass cover rail

Dryer chamber door

Conner duct connector
(air outlet to duct)

Front viewSection A-A

A

A

Figure 3: Section diagram of drying chamber with a solar collector.
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iron of 25 × 25 × 3mm for connection which was mounted
by M8 and M10 bolts. The chamber was mounted on a
frame made of angle iron of 50 × 50 × 6mm; at the top, it
was mounted with clear glass, and one side was connected
directly to the insulated duct, and the other side of it was
connected to the condenser as seen in section diagram
(Figure 3). The duct is connected to the evaporator, con-
denser, and drying chamber as depicted in Figures 1 and 4.
Inside the chamber, the aluminum rod of a 40mm radius
was used as a supporter for racks on which tobacco leaves
were placed (Figures 3 and 6).

Figure 3 shows the complete drying chamber integrated
with a direct gain solar collector/solar glass on the top. Ply-
wood was made to slide up and down through the glass
cover rail for isolating the solar collector when only the heat
pump dryer was tested. A hanger inside the drying chamber
was made using the aluminum rod and flat bar sheets for
hanging tobacco leaves during drying. Weight scale was
placed at the bottom of the drying chamber and attached
to the hanger using aluminum rod for continuously measur-
ing the weight loss of the drying products.

2.1.5. Equipment Specifications and Functions. The equip-
ment and accessories used for measuring temperature, pres-
sure, relative humidity, solar radiation, and other accessories
used in the SAHPD are summarized in Table 1.

2.2. Experimental Procedure

2.2.1. Three Configurations of SAHPD. The SAHPD was
designed in three duct configurations, fully closed, partially
closed, and fully open, as seen in Figures 1, 7(a), and 7(b),
respectively. In the fully closed configuration, the air duct
connects the evaporator directly with the condenser; there
is no interaction between drying air and the environment,
and the drying air circulates within the system without inter-
ruption as seen in the section diagram of a complete SAHPD
system (Figure 2). In the partially closed configuration, there
are gaps in the duct; the external air and drying air are mixed
and used as inlet drying air as shown in Figure 7(a). The
fully open system draws air from the fan through the evap-
orator and discharges air to the other end of the evaporator.
It also draws the surrounding air through the condenser where
it is heated and passes through the drying chamber; the moist
air is discharged into the environment as shown in Figure 7(b).
In this study, several parameters like temperatures (output and
input temperatures of the collector (To,coll, T in,coll), output and
input temperatures of the condenser (To,cond, T in,cond), and
ambient temperature (Tambient)), pressures, humidity, electri-
cal energy, solar energy, air speed, and the weight of tobacco
were measured during the experiments, and these parameters
were used to determine the coefficient of performance, energy
consumption, andmoisture content. The solar meter was used
to measure solar irradiance with the solar sensor placed on a

(a) (b)

(c)

Figure 4: (a) Compressor unit, (b) condenser unit, and (c) evaporator unit.
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tilted position on the top of the solar collector surface, and the
readings were recorded every 30min; the thermocouple and
multimeter were used for electrical measurements. Utilizing a
weighing scale, the refrigerant R134a of 5.9kg mass was loaded
into the heat pump system; a pressure gauge was used to mea-
sure and fix pressure at the high- and low-pressure sides, 49 and
19bar, respectively. Tobacco leaves of the same weight (15kg)
were dried in the SAHPD for each configuration. In order to
maximize the thermal performance of the SAHPD, the con-
denser fan was run at 950 rpm from a maximum speed of
1330 rpm, and the evaporator fan was run at a minimum speed
below the rated speed of 1335 rpm to reduce the cold air flowing
speed because it was affecting the drying process in partially and
fully closed systems. In every 30min, the weight of the tobacco
was recorded. In each experiment, sixteen measurements were
taken per day. Overall, it took five weeks to complete the mea-
surements for the aforementioned configurations, including
testing, installing, and removing some components.

The drying process in the developed SAHPD employed
all modes of heat transfer such as radiation, convection,

and conduction. The solar collector received direct heat of
short wave radiation from the sun; the collector generates
the long wave radiation which combines with heated air gen-
erated from the condenser in the drying chamber [12]. Con-
vective hot air drying involves blowing hot air over the moist
products in the drying chamber. Conduction, convection,
and phase change are responsible for the heat transmission
from the product’s surface to its inside. Mass transfer takes
place through evaporation from the surface of the products
to the environment as a result of the constant supply of heat
energy. In addition, due to concentration gradients, internal
mass transfer happens via diffusion capillary flow and vis-
cous flow within the products [12].

(1) Evaluation of the SAHPD Performance. The SAHPD per-
formance was evaluated through analysis of the following
parameters: energy consumption, solar thermal efficiency,
vapor compression in the heat pump, and efficiency of the
drying chamber. All temperatures that were recorded were
used in different calculations.

Table 1: Equipment accessories.

S/N Equipment Specification Function

1 Thermocouples
Model: T-type

Max measuring temperature: 120°C and
above

To measure temperatures (ambient, drying ,
inlet and outlet of evaporator, collector, and

inlet and outlet of condenser)

2
AC Digital Display Power Monitor

Meter

Voltage: 80~260 VAC rated current
Power: 100A, 22 kW

Operating frequencies: 45–65Hz

To measure the voltage, rated power, and
frequency

3
FST200 Digital RS4850 10V 0–5V,

Wind Speed Sensor Anemometer Data
Logger

Model: FST200-201+211
Operating wind speed range: 0.5~50m/s

To measure the air speed inside the drying
chamber

4
21CFR Part11 Compliant USB

Temperature and Humidity Data
Logger Recorder with Free Software

Model: EL-21CFR-2-LCD
Operating temperature range: from −35 to

+80°C
Relative humidity range: 0–100%

Measuring temperature and relative humidity
inside the drying chamber

5 Pressure gauge
Model: CLASSES I.6 made by the XMK

Company
Used to measure the pressure in the high-

pressure side and low-pressure side

6 Weight balance MX1925
Measuring the weight of tobacco leaves in the

drying chamber

7 Danfoss reciprocating compressor
4HP (MTZ36GJ5EVE, LR70 A thermal
protect, low-pressure side is 22.6 bar, and

high-pressure side is 29.4 bar)

Used for circulating refrigerant in the heat
pump system

8 Expansion valve
R134a Danfoss (TEN2 R134a, 068Z3348,

-40/+10°C/-40/+50°F)
Used as refrigerant control in a system

9 Condenser
4HP with 102mm× 450mm × 300mm
dimension with two adjustable fans of

175W, 0.75A, and 1335 rpm

Used to condense the refrigerant vapor to
liquid and for heating air entering the drying

chamber

10 Evaporator
4HP with the size of 1020mm× 510mm

× 400mm
Used as a heat absorption part in the system
when the refrigerant passed through at low

temperature and pressure

11 Refrigerant R134a 13.6 kg
Used as the refrigerant in the heat pump

system

12 Solar power meter SM206 Used to measure solar irradiance

13 Fans
175W, 0.75A, and 1335 rpm and 186W

and 0.88A
Used to circulate air in the system
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2.2.2. Solar Thermal Efficiency. The solar thermal efficiency
(ηcoll), defined as the ratio of usable heat collected by the
solar collector to the solar radiation received on the collector
surface for a certain period, was calculated as follows [13]:

ηcoll =
_mairCpair To,coll−T in,collð Þ

ITAc
× 100, ð1Þ

where _mair is the air mass flow rate, Cpair is the specific heat
capacity of air, To,coll and T in,coll are the outlet and inlet air
temperatures of solar collector, IT is the solar radiation inci-
dent on the collector, and Ac is the area of solar collector.

2.2.3. Performance of the Vapor Compression Heat Pump.
The performance of the vapor compression heat pump cycle
was determined in terms of coefficient of performance
(COPhp). The COPhp is the ratio of the heat rejected from
the condenser to the compressor work input. The COPhp
of the heat pump cycle was calculated through the following
equation [14]:

COPhp =
Qucond
Wcomp

: ð2Þ

Simplified as

COPhp =
_mairCpair To,cond − T in,condð Þ

Ecomp
, ð3Þ

where air mass flow rate is

_mair = AdcρaVair: ð4Þ

To,cond and T in,cond are the outlet and inlet air tempera-
tures of the condenser, and Ecomp is the electrical energy
consumed by the compressor. Adc, ρa, and Vair are the area
of drying chamber, air density, and air velocity, respectively.
The integration of a heat pump system together with the
solar collector into the dryer requires additional energy-
consuming units, namely, the fans and evaporator. All the
energy input to this system should be included in the calcu-
lations. Therefore, the coefficient of performance of the
overall system (COPoverall) of the SAHPD was determined
according to the following equation [15]:

COPoverall =
Qucond +Qucoll
Ecomp + Efan

, ð5Þ

where Qucond is the energy consumed by the condenser,
Qucoll is the useful energy gained by the collector, and Efan
is the energy consumed by the fan.

Specific moisture extraction rate (SMER) which shows
dehydration quantity _mwater per unit of energy consumed
was calculated by the following equation [16, 17]:

SMER = _mwater
Es + Ecomp + Efan

, ð6Þ
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Figure 5: Section diagram of the elliptic duct.

Figure 6: Drying tobacco leaves inside the drying chamber.
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where Es is the energy incident onto the plane of the solar
collector.

2.2.4. Performance of Drying Chamber. The moisture con-
tent (MC) of the tobacco leaves was calculated using the fol-
lowing equation [16]:

MC= mi −mt

mi
× 100, ð7Þ

where mi and mt are the initial weights of the sample and mt
is the weight of the sample at a recorded time, respectively.
The drying rate (DR) is the mass of water m evaporated
from the wet tobacco leaves per unit time. It was defined
using the following equation [18]:

DR = mt+dt −mt

dt
: ð8Þ

The mass of the water evaporated from wet tobacco
leaves can be calculated according to [19] as

m =
MwetT MCi −MCf

À Á
100 −MCf

À Á , ð9Þ

where MwetT is the initial mass of wet tobacco leaves, MCi is
the initial, and MCf is the final moisture content.

The thermal efficiency of a dryer is the ratio of the
energy used for moisture evaporation to the energy input
to the drying system. It was calculated according to [18] as
follows:

ηdryer =
_mwaterHlv

Es + Ecomp + Efans
, ð10Þ

where Hlv is the latent heat of the vaporization of water.

The energy efficiency is the ratio of the energy consumed
of the product from the drying product to the total energy
input in the system and given by [15]

ηenergy =
mwH lv

td Wcomp+ +W fan
À Á , ð11Þ

where mw is the mass of water removed from the product
and td is the drying time.

The percentage of heat energy contribution by the solar
collector HECcoll and condenser HECcond was calculated
using the following equations [20]:

HECcoll =
Qucoll

Qucoll +Qucond
× 100, ð12Þ

HECcond =
Qucond

Qucoll +Qucond
× 100, ð13Þ

where Qucoll is the useful heat gained by the solar collector
and Qucond is the useful heat or heat energy released by the
refrigerant in the condenser.

2.3. Uncertainty of Investigation Result. Uncertainty analysis
is the essential analysis in any experimental work to support
the obtained results, according to [15]. Let Y represent the
result and z1, z2, z3,⋯, zn be the independent variables of
the function. Thus,

Y = Y zu11 , zu22 , zu33 ,⋯:,zunn
À Á

: ð14Þ
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Figure 7: (a) Partially closed SAHPD. (b) Fully open SAHPD.
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Let QR be the uncertainty and Q1,Q2,Q3,⋯,Qn be the
uncertainty variables; then, the estimated uncertainty of the
investigated parameter is calculated as

QR =
∂Y
∂z1

Q1

� �2
+ ∂Y

∂z2
Q2

� �2
+⋯+ ∂Y

∂zn
Qn

� �2
" #1/2

: ð15Þ

The instrumental details are explained in Table 1. The
estimated relative uncertainties of the COP, moisture
content, drying rate, energy efficiency, SMER, and energy
contribution are ±3.39, ±4.23, ±3.60, ±3.58, ±3.28, and ±
3.18%, respectively.

Regardless of how precise and accurate a measurement
is, it is typically subject to some degree of uncertainty. Dur-
ing the measurement, uncertainty may occur in measure-
ment techniques or in measuring apparatus according to
[21]; assessment of uncertainty is the essential analysis in
any experimental work to support the obtained results
[15]. The total errors were calculated by using equation
(14) according to [22]. Table 2 shows the summary of the
instruments used and their uncertainty assessment.

Wth =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Y1ð Þ2 + Y2ð Þ2+⋯+ Ynð Þ2

q
, ð16Þ

where Wth is the total instrumental uncertainty and Y is the
independent variable affecting measurements.

The total uncertainty for temperature measurements
from the thermocouple measurements (Z) (systematic error
from manufacturer) and N as reading errors (random error)
is given by equation (15) according to [22].

WT =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZTð Þ2 + NTð Þ2

q
: ð17Þ

Total uncertainty for measurement of relative humidity
(RH) was determined as follows:

WRH =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZRHð Þ2 + NRHð Þ2:

q
ð18Þ

Total uncertainty for measurement of solar radiation
(SR), wind, weighing of products, and pressure of the refrig-
erant was determined by equations (17), (18), (19), (20),
(21), and (22), respectively, according to [23].

WSR =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZSRð Þ2 + NSRð Þ2,

q
ð19Þ

Wwind =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Zwindð Þ2 + Nwindð Þ2,

q
ð20Þ

Wweighing =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Zweighing
À Á2 + Nweighing

À Á2,q
ð21Þ

Table 2: Equipment and its accuracy, resolution, and error percentages.

S/N Equipment Accuracy Resolution Error (%)

1 Thermocouples ±0.5°C ±0.1°C 0.1424

2
21CFR Part11 Compliant USB Temperature and Humidity

Data Logger Recorder with Free Software
±0.3 RH ±0.1 RH 0.1424

3 Solar power meter ±10W/m2 ±0.1W/m2 0.1424

4 FST200 Digital RS4850 10V 0–5V, Wind Speed Sensor Anemometer Data Logger ±0.1m/s ±0.05m/s 0.0712

5 Weight balance ±0.14 g ±0.1 g 0.1424

6 Pressure gauge ±0.1 psi ±0.1 psi 0.1424
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Wpressure =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Zpressure
À Á2 + Npressure

À Á2:q
ð22Þ

The overall total uncertainty in measurement of different
parameters is given by equation (23) according to [23].

W total =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Wtemp
À Á2 + WRHð Þ2 + WSRð Þ2 + Wwindð Þ2 + Wweighing

À Á2 + Wpressure
À Á2q

:

ð23Þ

3. Results and Discussion

3.1. Uncertainty Analysis. The total uncertainties in the mea-
suring instruments and reading errors are calculated accord-
ing to equation (21) and found to be ±1.5% (rounded); this
value is small as compared to the acceptable range of ±
10% according to Choi et al. [24].

3.2. Drying Temperature and Moisture Content. Drying air
temperature measured with the thermocouple in the drying
chamber versus time for three configurations is shown in
Figure 8. The starting point (0min) corresponded to
09 h00, and the experiment was finished at 10 h (600min
on the plots). In general, for the fully open system, the dry-
ing air temperature was higher due to the contribution of
surroundings, whereas in partially and fully closed systems
the temperature was lower because of cool air contribution
from the evaporator circulating through the system. A
decrease in drying temperature was observed in the first
100 minutes which was possible due to the evaporation of
a rather big amount of water from wet tobacco leaves; air
temperature decreased rapidly during the initial drying
period for the fully open system. The drying air temperature
depends on heated air from the heat pump condenser, and
the heated air is delivered into the solar collector. The mass
of evaporated water from 15kg of tobacco leaf load with
time is shown in Figure 9; it can be observed that for all three
systems, the dry product was obtained after the same drying
time, about 400min, and approximately 12 kg of water
was evaporated.

Solar irradiance and ambient temperature being depen-
dent on the climatic condition are very important parame-
ters for drying process of tobacco leaves in the SAHPD.
The solar irradiance was measured during a day when the
fully open system experiment was conducted as shown in
Figure 10; similar trends were observed for both parameters,
and the maximum values of 670W/m2 and 32°C were
detected for solar irradiance and ambient temperatures,
respectively, close to midday.

3.3. Performance of the SAHP

3.3.1. Solar Thermal Efficiency. The solar thermal efficiency
calculated using equation (1) differs throughout the day
depending on the air duct configuration; the highest effi-
ciency was recorded for the fully open air duct system
(69.3%) followed by a partially and completely closed system
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which were 66.3% and 64.8%, respectively. The minimum
thermal efficiency was 22.5%, 21.5%, and 20.8%, respec-
tively. The thermal efficiency of solar collector varies when
solar irradiance varies. The solar collector was more sensitive
to solar irradiance; the solar thermal efficiency was higher
for higher solar irradiance. The lower thermal efficiency
recorded by a fully closed system possibly was due to the cir-
culation of cold air from the evaporator while a fully open
system was favored by high ambient temperature.

The relative humidity in the drying chamber vs. drying
time is depicted in Figure 11; maximum values were 45.5,
43.9, and 43.7% for the fully open, partially closed, and fully
closed systems, respectively, while minimum humidity
values were equal to 28.7, 30.7, and 33.1%. Whenever the
drying temperature increased, the relative humidity also
decreased [25].

For the partially and fully closed systems, as compared to
the fully open system, the evaporator fans significantly
affected both the relative humidity and drying temperature
in the drying chamber because of the circulation of cold air
from the evaporator [26].

The thermal efficiency of the dryer versus drying time is
shown in Figure 12. The drying efficiency was higher for
moist tobacco leaves and was decreasing as the moisture
reduced.

The higher drying efficiency is produced when the
humidity decreases due to increase of the drying tempera-
ture [27]. Maximum drying efficiency of about 65% was
observed for the fully open system.

The drying rate of the dryer for the three configurations
is demonstrated in Figure 13; the average values are 1.5, 1.4,
and 1.3 kg/h for fully open, partially open, and fully closed
systems, respectively. The drying rate of the fully closed sys-
tem starts to increase with time due to the increase of the
drying temperature to a maximum and then decreases when
moisture is reduced in the tobacco leaves. Initially, for some
time, the drying rate of the fully open system started to
decrease due to the low inlet temperature and then increases

with time up when the inlet temperature and dryer temper-
ature were higher than the drying rate due to reduced mois-
ture. It is worth noting that the highest drying rate was
observed for the fully open system; this is because it exhib-
ited higher drying temperatures and low relative humidity.

3.3.2. Performance of Vapor Compression Heat Pump. The
coefficient of performance of the heat pump as calculated
by equation (2) for the open, partially closed, and fully
closed air duct systems is shown in Figure 14. The average
values of COPhp were 3.4, 3.2, and 3.0 for the open, partially
closed, and fully closed air duct systems, respectively. The
condenser’s inlet and outlet temperatures were influenced
by the surrounding conditions; the average inlet and outlet
temperatures were between 28.2 and 48.4°C, 27.4 and
46.5°C, and 24.4 and 43.5°C for the fully open, partially
closed, and fully closed systems, respectively. The mixing
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of ambient air and cold air from the evaporator affects the
condenser outlet temperature range to low values in partially
and fully closed ducted system configurations, but open sys-
tems use only ambient air as the condenser inlet. The circu-
lated air from the evaporator causes the COPhp to fluctuate
and affect the dryer heating capacity.

COPoverall of the three configurations is shown in
Figure 15; the minimum and maximum COPoverall for the
fully opened, partially closed, and completely closed system
was 2.6 to 3.2, 2.1 to 2.5, and 2.3 to 2.9, respectively, which
were calculated using equation (3). COPoverall increased with
the solar irradiance increase and reduced when solar irradi-
ance was low [28]. COPoverall for the open air duct system
was higher than that for the other two systems. COPoverall
was lower as compared to COPhp because of the inclusion
of energy consumed by the evaporator and condenser fans
in the calculation. Thus, the greater values of COPhp and
COPoverall were observed for the fully open system.

3.4. Heat Energy Contribution. Heat energy contributions
made by the solar collector and condenser as calculated
using equations (9) and (10) are shown in Figures 16 and
17. The average values for the solar collector were 6.6, 5.0,
and 5.1%, while for the condenser were 93.4, 95.0, and
94.9%, for open, partially closed, and fully closed systems,
respectively. Solar radiation and the temperature difference
between the solar collector’s inlet and outlet had an impact
on the heat energy contribution. The percentage of the heat
energy contribution made by the condenser is increased with
a decrease in the contribution of the solar collector which is
in accordance with the literature [29].

The SAHPD has been made and used for drying various
biomaterial in different countries with different climatic con-
ditions, and it was observed that COPhp varies from 2.28 to
4.18 as reported by Koşan et al. [30] and Akhilesh et al. [31,
32]. The SAHPD was conducted for three distinct weather
conditions such as clear day, intermittent cloudy day, and
overcast sky.

4. Conclusion

The present study investigated the influence of duct config-
urations on the performance of the developed solar-
assisted heat pump dryer (SAHPD) for drying tobacco leaves
(commercial crop). Three air duct configurations (fully
open, partially closed, and fully closed) were investigated,
and the best confirmation was identified. In comparison to
partially and fully closed systems, the fully open system
was found to have a greater drying rate, 1.5 kg/h, and higher
COPhp, from 3.0 to 3.7. Partially and fully closed systems
demonstrated lower drying performance than fully open
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system because of the circulation of cold air and higher rel-
ative humidity of the drying air. While the evaporator fan
impacts the temperature of air circulating in the duct in
partially and totally closed systems, it increases energy con-
sumption owing to heat recovery. The fully open systems
require less resources. Therefore, for drying tobacco leaves,
the fully open design outperformed the partially and
completely closed configurations.
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