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Abstract
Drying is one of the effective techniques in increasing Spirulina shelf life. Performance of a continuous infrared-refractance 
window™ dryer coupled with a double-pass photovoltaic-thermal (PVT) solar collector was investigated at different drying 
air flow rates (0.036, 0.071, and 0.107 m3/s/m2 collector) and Spirulina feeding rates (1.2 L/h, 1.8 L/h, and 2.4 L/h). The 
maximum electrical and thermal efficiencies of the PVT collector, solar electricity fraction, and solar heat fraction were 
found to be 11.91%, 68.47%, 0.76, and 0.78, respectively. The average specific energy consumption values ranged between 
1.21 and 2.437 kWh/kg. The yellowness index (b*) of the dried products decreased by 63.67%, and the redness index (a*) 
increased by 39.4% when the feeding rate was increased from 1.2 to 2.4 L/h. The highest phycocyanin content was approxi-
mately 11.4 g/100 g at the feeding rate of 2.4 L/h and the air flow rate of 0.107 m3/s/m2 collector.

Nomenclature
A	� Area (m2)
a*	� Redness (dimensionless)
b	� Width of PV panel (m)
b*	� Yellowness (dimensionless)
C	� Specific heat (J/kg K)
d	� Depth of air channel (m)

Dh	� Hydraulic diameter (m)
dt	� Experiment time (s)
dx	� Unit length (m)
EPV	� Electrical energy of the PV module dur-

ing the tests (kJ)
ESh	� Thermal energy produced in PVT collec-

tor (kJ)
ET	� Total energy consumption (kJ)
G	� Solar irradiance (W/m2)
H	� Height of fin (m)
h	� Heat transfer coefficient (W/m2K)
k	� Thermal conductivity (W/mk)
L	� Length (m)
L*	� Lightness (dimensionless)
l	� Latent heat (kJ/kg)
m	� Mass (kg)
ṁ	� Mass flow rate (kg/s)
Nu	� Nusselt number (dimensionless)
OD	� Optical density
PF	� Packing factor of PV panel 

(dimensionless)
PPV	� Electrical power generated by PVT col-

lector (W)
Q ̇	� Useful thermal power gain of PVT col-

lector (W)
S	� Radiative heat flux (W/m2)
SEC	� Specific energy consumption (kWh/kg)
SEF	� Solar electricity fraction (decimal)
SHF	� Solar heat fraction (decimal)

 *	 Hamid Mortezapour 
	 h.mortezapour@uk.ac.ir

	 Zeinab Rezvani 
	 z.rezvani@agr.uk.ac.ir

	 Mehran Ameri 
	 ameri_mm@uk.ac.ir

	 Hamid‑Reza Akhavan 
	 hr.akhavan@uk.ac.ir

	 Selçuk Arslan 
	 sarslan@uludag.edu.tr

1	 Department of Biosystems Engineering, Faculty 
of Agriculture, Shahid Bahonar University of Kerman, 
Kerman, Iran

2	 Department of Mechanical Engineering, Faculty 
of Engineering, Shahid Bahonar University of Kerman, 
Kerman, Iran

3	 Department of Food Science and Technology, Faculty 
of Agriculture, Shahid Bahonar University of Kerman, 
Kerman, Iran

4	 Faculty of Agriculture, Department of Biosystems 
Engineering, Bursa Uludağ University, TR 16059 Bursa, 
Turkey

http://orcid.org/0000-0002-3387-3639
http://orcid.org/0000-0002-1642-3070
http://orcid.org/0000-0002-3224-7521
http://orcid.org/0000-0003-4636-1234
http://crossmark.crossref.org/dialog/?doi=10.1007/s00231-022-03210-5&domain=pdf


	 Heat and Mass Transfer

1 3

SMER	� Specific moisture extraction rate (kg/
kWh)

T	� Temperature (K)
t	� Thickness of fin (m)
U	� Heat losses coefficient (w/m2K)
UC	� Uncertainty of instrument
V	� Velocity of wind (m/s)
V ̇Volume air fl	� Ow rate (m3/s/m2 collector)
MF	� Mass fraction (decimal)

Greek
α	� Absorption coefficient (decimal)
δ	� Width of Mylar (m)
ε	� Emissivity (decimal)
ζ	� Efficiency of PVT collector (decimal)
�fin 	� Efficiency of fin (decimal)
σ	� Stefan-Boltzmann constant 

(5.67 × 10−8 W/m2 K4)
τ	� Transmission coefficient (decimal)
Φ	� Effectiveness factor of fins 

(dimensionless)

Subscript
a	� Drying air
amb	� Ambient
au	� Upper airstream
al	� Lower airstream
bp	� Back plate
c	� Convective
el	� Electrical
g	� Glass
th	� Thermal
i	� Inlet air
IR	� Infrared
o	� Outlet air
p	� Absorber plate
r	� Radiative
s	� Sky
SM	� Spirulina maxima
sw	� Side walls
v	� Vaporization
w	� Wind
wd	� Evaporated water

1  Introduction

Spirulina is a green–blue alga of the cyanobacterial genus 
that is divided into two species, Arthrospira maxima and 
Arthrospira plantensis. Producing more than 30% of total 
production, Spirulina has the most extensive microalgae cul-
tivation worldwide [1]. Spirulina is a good source of carot-
enoids, phycobiliprotein, and especially protein [2]. This 
microalga is known as a source of bacterial phycocyanin 

(C-PC) [3, 4]. Spirulina has been certified by the food and 
drug administration (FDA) of the USA as a safe food that 
can meet human nutritional need in the future [5]. Drying is 
one of the effective techniques in increasing Spirulina shelf 
life. There are several methods used to dry and dehydrate 
microalgae. The amount of phycocyanin may vary depend-
ing on the processing method.

The energy crisis and demand for high-quality products 
have increased the challenge among researchers to come up 
with new methods for food drying [6]. The main challenge 
of industrial dryers is their high energy consumption, which 
accounts for about 12 to 20% of energy needs in the indus-
try [7]. On the other hand, the energy needed for dryers 
is usually supplied from fossil fuels. With rising environ-
mental concerns due to fossil fuel consumption, alternative 
clean resources, especially solar energy, have received much 
attention. In this way, dryers equipped with solar collec-
tors, especially photovoltaic- thermal (PVT) systems [8, 9], 
were designed and manufactured for various agricultural 
products. Photovoltaic (PV) cells, which are the most used 
among solar technologies, change a large part of the received 
solar beams into heat and a small part of it into electricity. 
As a result, productive power is declined. PVT technolo-
gies transfer the thermal energy of the PV panel surface in a 
fluid for low-temperature applications. Therefore, the panel 
is cooled and its efficiency is improved [8].

The water-bed dryer is a relatively new technology that 
uses thermal energy of hot water to dry heat-sensitive foods 
with low energy consumption, and very high quality. This 
type of dryer is known as refractance window (RW)™ dryer 
[7]. In the water-bed dryer, heat transfers to the product sur-
face through conduction and radiation. Several researchers 
have compared the drying quality of RW™ dryers with other 
types of dryers. Goldenberry pulps were dried using RW, 
freeze, convection, and infrared (IR) drying methods to com-
pare the final product quality. The product dried by the RW, 
despite its long duration, was very close to the freeze-dried 
product [10]. In the drying of apple, beef, and salmon using 
RW dryer, it was found that the mass transfer in beef and 
salmon by RW improved not as well as sliced apples [11].

The RW dryer has an intermediate transparent belt that 
works like a window. As the product's surface in contact 
with the belt goes dry, the belt acts like a closed window 
and limits the radiation heat transfer from the hot water to 
the product [12, 13]. Simultaneously, an air gap is created 
between the belt and the product surface that makes a sig-
nificant thermal resistance and reduces the heat conduction 
to the product. Therefore, if the product is thick, in addi-
tion to increasing the drying time, a significant moisture 
difference happens between its upper and lower surfaces. To 
solve this problem, improve energy efficiency and decrease 
drying time, the use of IR radiation with the RW dryer was 
considered in the present study. Furthermore, a forced flow 



Heat and Mass Transfer	

1 3

of hot air supplied by a PVT collector was considered to 
dry the product uniformly and prevent surface burning. The 
PVT collector is supposed to produce some of the electri-
cal energy required for the dryer while providing the heat 
needed for the passing air. RW dryers have gained a lot of 
attention in recent years. But there is no report in the lit-
erature regarding its combination with PVT systems and 
IR lamps. As a heat-sensitive product whose phycocyanin 
content is profoundly impressed by the drying method, 
Spirulina was used to investigate the proposed dryer perfor-
mance experimentally. This study aims at investigating the 
electrical and thermal efficiencies of the PVT collector, solar 
electricity and heat fractions, specific energy consumption, 
specific moisture extraction rate, moisture content, color 
indices, and phycocyanin content of the Spirulina product.

2 � Material and method

2.1 � System description

The proposed dryer is divided into two main units; the PVT 
air collector, and the infrared-assisted refractance window™ 
(IRARW) dryer. The PVT collector has a double-pass con-
figuration designed to provide thermal energy for the dry-
ing air, and a part of the electrical energy of the dryer. An 
exploded diagram of the designed collector is shown in 

Fig. 1. This unit includes a glass cover, PV module, two alu-
minum sheets, longitudinal fins, and horizontal blades. The 
fins are mounted longitudinally behind the PV module to 
work as the extended surfaces and enhance heat transfer rate. 
The horizontal fins, installed on the duct floor, are used to 
make a turbulent air flow. Fresh air is supplied to the PV col-
lector through the top opening and moves down through the 
PV module. At the end of this path, the air returns through 
the longitudinal blades beneath the PV module. The collec-
tor was installed with a tilt angle of 30° due south.

The IRARW dryer includes a hot water bed, duct, belt 
conveyor, belt driver, hot water pump, blower, IR lamps, 
auxiliary tank, and water heater. A schematic of the IRARW 
dryer coupled with the PVT is shown in Fig. 2.

The belt was tightly wrapped on the top of the hot water 
bed in contact with the water. Along the drying path, the 
product loses its moisture and becomes dry under the influ-
ence of the bottom hot water bed, the above IR lamps, and 
the warmed air flow. Table 1 expresses the details of the 
dryer components.

The products are placed on the surface of the Mylar belt 
to move along the drying path, where they lose moisture and 
get dried under the influence of the bottom hot water bed, the 
above IR lamps, and the hot airflow. The heat transfers from 
the hot water to the product surface through conduction and 
radiation. The IR waves, emitted from the IR lamps, infil-
trate into the product, resulting in a temperature difference 
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Fig. 1   Exploded view (a), longitudinal (b), and cross-sections of the double-pass PVT air collector (c): 1- Frame, 2- Glass cover, 3- PV panel, 
4- Air channels, 5- Horizontal blades
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between the inside and the surface. This leads to an increase 
in the moisture flux and rapid saturation of the air surround-
ing the product surface. To provide a uniform light distribu-
tion on the belt, based on the method developed by Seyyed 
Abadi et al. [14], the lamps were installed on an adjust-
able frame that allowed changing the longitudinal distance 
between the lamps. The dryer is supported with an airflow to 
move out the saturated air surrounding the product.

2.2 � Theoretical analysis

Mathematical formulation of the designed compound dryer 
has been conducted for the two main parts of the PVT solar 

collector and the IRARW dryer. For this purpose, energy 
balance equations of each component were developed, con-
sidering the following assumptions: a) the heat transfer is 
one dimensional, b) the components are in quasi-steady con-
dition, c) there is no temperature difference between the PV 
panel and the absorber plate as well as between the Mylar 
and the product film, d) the air leakage through the collec-
tor duct is negligible, e) variation of the temperature of the 
collector component is only in the direction of the airflow, f) 
thermal capacity of the PV panel, absorber plate, back plate, 
glass, and Mylar is negligible, g) convective heat transfer 
coefficient of wind is constant around the collector, and h) 
the airflow in the system is steady, so its mass flow rate is 
constant throughout the flowing path. The energy balance 
equations of the different components are written as follows:

a.	 PV-T solar collector

1.	 The glass cover [15–17]

2.	 The upper airstream between the glass cover and the 
absorber plate [15, 16]

(1)

�gGAg + hc.au−gAg

(

Tau − Tg

)

+ hr.p−gAg

(

TP − Tg

)

= hr.g−sAg

(

Tg − Ts

)

+ hc.wAg

(

Tg − Tw

)

(2)
h
c.p−au

(

T
p
− T

au

)

bdx + h
c.g−al

(

T
g
− T

al

)

bdx

= ṁ
a
C
au

dT
au

dx
dx + U

sw
(T

au
− T

amb
) ddx

Fig. 2   A schematic of the continuous IRARW dryer: 1- Hot water 
bed, 2- Transparent polyester, 3- IR element, 4- Stainless steel duct, 
5- Blower, 6- Electromotor (belt driver), 7- Water tank & water 
heater, 8- Hot water pump, 9- PVT collector, 10- Spirulina feeding 

system, 11- Pyranometer, 12- Solar power analyzer, 13- Anemometer, 
14- Temperature sensor, 15- Relative humidity and temperature sen-
sor, 16- Temperature controller, 17-Wattmeter transmitter

Table 1   Technical specifications of the dryer components

Apparatus Specifications

Photovoltaic Panel Polycrystalline, 180 W, 
Vmax = 35.6 V, Imax = 5.06 A, 
1.58 m × 0.80 m × 0.045 m

Charge controller 12–24 V, 30 A
Battery 2 × 12 V, 90 Ah
IR lamp 2 × 200 W, 220 V
Blower 40 W
Hot water bed 0.4 m × 1.95 m × 0.14 m
Transparent polyester Mylar, 7 m × 0.4 m × 0.025 m
Stainless steel duct 0.52 m × 0.7 m × 3 m
Hot water pump 46 W, Flow rate: 0.5 L/min
Electromotor 14 W, 1 rpm
Water heater Max 2000 W
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where Usw , the overall heat loss coefficient from the 
side walls, can be written as following [18]:

3.	 The absorber plate and the PV panel [15]

where electrical efficiency and packing factor of the 
PV panel are given by the following expressions 
[19].

	   The effectiveness factor of fins ( ∅) can be calcu-
lated as follow [20, 21]:

where η
fin

= tanh

√

2h
c.alH

k
f in

t

2h
c.alH

k
f in

t

4.	 The lower airstream between the fined absorber plate 
and the back plate [15]

5.	 The back plate [15]

where the overall heat transfer coefficient from the 
back plate to ambient ( U

bp
) is [21]:

	   The other parameters of the above expressions can 
be given as follows [15, 21]:
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b.	 IR- assisted refractance window™ dryer
	   The energy balance equation for the product film on 

the Mylar can be written as the following expression 
[21].

where radiative heat transfer coefficient between hot 
water and the Spirulina maxima, and the specific heat of 
the Spirulina maxima are obtained as follows [21, 22]:

2.3 � Experimental procedure

To study the Spirulina drying in the proposed dryer, a pro-
totype of the continuous IRARW dryer coupled with the 
PVT collector was designed and developed in Biosystems 
Engineering Department of Shahid Bahonar University of 
Kerman, Iran. The designed dryer has several operating 
parameters, including Spirulina feeding rate, air flow rate, 
air temperature, water temperature, and IR intensity, which 
were expected to affect the drying performance and the final 
quality of the products. According to the literature, tempera-
ture and thickness are more important in microalgae drying 
operations. Dehydrated algae with commercial humidity 
cannot be obtained at temperatures below 50 °C [23]. On 
the other hand, Spirulina contains phycocyanin compounds 
and unsaturated fatty acids that the use of high tempera-
tures can reduce their quantity and quality. Phycocyanin 
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was more highly preserved and the oxidation of unsaturated 
fatty acids was minimal at < 60 °C of convective hot air, 
but under extreme temperature conditions, lipid oxidation 
occurred [24]. The drying rate is highly affected by the sam-
ple thickness and the drying temperature, but due to the chal-
lenges associated with some labile compounds of Spirulina, 
a temperature of 50 °C was chosen. Since investigating all 
the other parameters in one study was not possible, a set of 
pre-tests were organized to find the most effective parameter 
and its allowable variation ranges, based on the final mois-
ture content, energy consumption, solar heat and electricity 
fractions, and quality characteristics of the final products. 
Finally, experimental investigation of the dryer was carried 
out with two variables: drying air flow rate (0.036, 0.071, 
and 0.107 m3/s/m2 collector) and Spirulina feeding rate (1.2 
L/h, 1.8 L/h, and 2.4 L/h). The variation range of the experi-
ment factors (Spirulina feeding rate and drying air velocity) 
was selected based on the results of the pre-tests so that the 
final moisture content of the product would be in the accept-
able range of 9–16% wb. The moisture content of lower than 
9% wb means that the product gets over-dried. If the mois-
ture content of the product, after discharging from the dryer 
is higher than 16% wb, it should be kept in room condition 
for a long time to reach the equilibrium moisture content. 
During the tests, water pump flow rate, and belt speed were 
kept constant at 0.5 L/min, and 0.05 m/min, respectively. 
Based on the results of the pre-tests, only two 200-W IR 
lamps were engaged during the experiments, covering a 
length of 65 cm of the drying path. A peristaltic pump was 
used to spray Spirulina at the three different feeding rates 
on the Mylar surface. Experiments were carried out start-
ing at December 30, 2019, and lasted 37 days. Before each 
test, the setup was run for two hours at the test condition. 
Performance evaluation of the proposed design includes 
evaluation of the PVT collector and the dryer. The PVT col-
lector performance was investigated based on the electrical 
and thermal efficiencies of the collector. Additionally, the 
dryer performance was studied using solar electricity and 

heat fractions, specific energy consumption, specific mois-
ture extraction rate, final moisture content, color indices, 
and phycocyanin content of the final product. At the end 
of each experiment, the dried samples were maintained in 
refrigerated conditions.

2.4 � Drying the materials and sample preparation

The stock of Spirulina maxima, with an initial optical den-
sity (OD) of 0.241 at 680 nm, was prepared and grown in 
Zarrouk culture medium under controlled conditions [25]. 
The optical density of samples was measured by spectro-
photometer at 680 nm wavelength. The Spirulina maxima, 
with the OD680 = 0.8–0.9, was harvested and then dewatered 
using centrifugation at 10,000 rpm for 1 min (Sigma 3-30 K, 
Osterode am Harz, Germany). The dewatered Spirulina 
maxima samples with the moisture content of 92% wb were 
stored in a freezer at -18 ± 1 °C. Before each test, the sample 
of Spirulina was located in the room condition (temperature 
of 25.2 ± 2 °C and relative humidity of 10 ± 0.8%) for two 
hours. After that, the materials (with an initial moisture con-
tent of 90 ± 1.2% wb) were transferred to the feeding system 
to be dried in the dryer. The products, after discharging from 
the dryer, were kept in stainless steel containers in room 
condition for 3–5 h to reach a uniform equilibrium moisture 
content of 10 ± 1.2% wb.

2.5 � Evaluated parameters

The dryer performance was investigated using the thermal 
and electrical efficiencies of the PVT air collector, solar 
electricity and heat fraction, specific energy consumption, 
specific moisture extraction rate, final moisture content, 
color indices, and phycocyanin content of the final product. 
The methods for calculating these parameters are given in 
Table 2.

Table 2   Evaluated parameters 
and their calculation method

Parameter Description Expression Reference

1 ζ
th

Thermal efficiency of the collector (%)
ζ
th
=

Q̇

GA
PV

[26]

2 Q̇ The thermal power of the collector (W) Q̇ = ṁ
a
C
a
(T

o
− T

i
) [27]

3 ζ
el

Electrical efficiency of the PVT collector (%) ζ
el
=

P
PV

GA
PV

[28]

4 SEC Specific energy consumption (kWh/kg) SEC =
E
T

m
wd

[29]

5 SEF Solar electricity fraction SEF =
E
PV

E
T

[30]

6 SHF Solar heat fraction SHF =
E
Sh

E
T

[31]

7 SMER Specific moisture extraction rate (kg/kWh) SMER =
m

wd

E
T

[29]

8 ESh The amount of heat energy produced in the 
photovoltaic-thermal system during the test 
(Wh)

E
Sh

=

t

∫
0

Q̇dt

[32]



Heat and Mass Transfer	

1 3

To determine the moisture content of the Spirulina max-
ima, the samples were placed in the oven for 18 h at 60 °C, 
in accordance with the proposed method by Wychen [33].

The color indices of the product, including a* for redness 
(green to red), L* for lightness (white to black or light to 
dark), and b* for yellowness (yellow to blue), were measured 
in each experiment using a colorimeter (TES 135A, TES 
Co., Taiwan).

The phycocyanin contents of Spirulina maxima samples 
were measured using the method explained by Silva et al. 
[34]. Distilled water was used as the solvent in the extraction 
of phycocyanin, and the light absorbance of samples was 
recorded at 620 nm and 652 nm. The results were presented 
in units of grams of phycocyanin per 100 g of the dried 
sample.

2.6 � Measurement instrument and uncertainty 
analysis

Solar radiation on the surface of the collector, ambient tem-
perature, inlet and outlet air temperature, the water tempera-
ture, relative humidity of the inlet and outlet air of the dryer, 
air flow rate inside the dryer’s duct, power consumption of 

the water heater, blower, pump, electrical power generated 
by the PV panel were measured during the experiments. The 
standard uncertainty (UC) of the measured parameters was 
calculated using the following expression [35]:

Table 3 expresses technical specifications of the measure-
ment instruments. Location of the instruments on the dryer 
is indicated in Fig. 2.

3 � Results and discussion

3.1 � Irradiance and ambient temperature

Changes in the average ambient temperature and solar 
irradiance in Kerman city during the experiments are indi-
cated in Fig. 3. As can be seen, the solar irradiance changed 
from 887.2 to 1167.6 W/m2 during the course of the study. 
The minimum and maximum ambient temperatures were 
26.12 °C and 29.81 °C, respectively.

(20)UC =
Accuracy

√

3

Table 3   Technical specification 
and results of uncertainty 
analysis of the instruments

Instrument (model) measurement parameter Accuracy Uncertainty

Wattmeter (TM1510) Electrical power consumption  ± 1 W 0.58 W
Switched temperature controller (STC-100) Water temperature  ± 1 °C 0.58 °C
Hot-wire anemometer (TES-1341) Air flow rate  ± 3% 1.73%
Pyranometer (TES1333) Solar irradiance  ± 1 W/m2 0.58 W/m2

Anemometer (TES1340) Air velocity (m/s)  ± 0.3 m/s 1.73 m/s
PV output (Prova 200A) PV analyzer
RH sensor (SUN25-H) RH of air (%)  ± 3% 1.73
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3.2 � Performance of the PVT collector

Changes in thermal efficiency of the collector based on the 
change in the difference between the inlet temperature of the 
panel (Ti) and the ambient temperature (Ta) per unit intensity 
of solar irradiation (G) are shown in Fig. 4. According to 
Fig. 4, thermal efficiency increased with raising the air flow 
rate. As the velocity of the air passing through the collec-
tor channel increases, its convective heat transfer coefficient 
and consequently its ability to absorb and transfer heat from 
the solar collector increases. This enhances the thermal effi-
ciency of the collector. These findings are in accordance 
with the results of Dubey et al. [36], and Lee et al. [37]. The 
maximum thermal efficiency was 68.47% at the air flow rate 
of 0.107 m3/s/m2 collector.

Figure 5 shows the effect of the temperature difference 
per unit solar radiation and air flow rate on electrical effi-
ciency. Increasing the air flow rate from 0.036 to 0.107 m3/s/
m2 collector, increased the electrical efficiency by 13%, 
mainly due to the reduction of the operating temperature 
of the PV module. These findings are in accordance with 
findings reported by Minaei et al. [38]. Table 4 compares 
the performance of the presented PVT collector with those 
investigated in the previous studies.

The greatest thermal efficiency (80–95%) was reported 
by Yandri [41] in the literature, where a hybrid PVT col-
lector was used; however, in his study, no improvement was 
achieved in terms of electrical efficiency. A double path, 
dual fluid PVT humidifier also proved to produce a high 
thermal efficiency at about 76% [40]. Other studies [28, 

Fig. 4   Thermal efficiency of the 
PVT collector under the differ-
ent conditions
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42–44] found lower thermal efficiencies than the proposed 
method of this study, while electrical efficiencies were in 
the same order, in most of the studies ranging approximately 
from 11 to 14%. Based on these comparisons, the proposed 
method was found to be successful to achieve fairly high 
thermal efficiency (68%), whereas the electrical efficiency 
was similar to the findings of other methods summarized 
in Table 4.

3.3 � Dryer performance evaluation

3.3.1 � Final moisture content

Moisture content of the dried product was measured at the 
end of each experiment (Fig. 6). The results show that rais-
ing the air flow rate to 0.107 m3/s/m2 collector decreases the 
final moisture content by 24.5% because of the increase in 
the moisture evaporation rate as a result of the enhancement 
of the convective heat transfer coefficient of the moving air. 
Many studies have shown that evaporation rate increases 
with increasing air velocity [45, 46]. Moreover, the moisture 
content of the final product increased by 36.9% with increas-
ing the Spirulina feeding rate from 1.2 to 2.4 L/h. Similarly, 
it was shown in a research that the moisture evaporation rate 
decreased as the thickness of the product increased [47].

3.3.2 � Specific energy consumption and Specific moisture 
extraction rate

The values of SEC and SMER at the different air flow 
rates and Spirulina feeding rates are shown in Figs. 7 and 
8, respectively. Increasing the air flow rate from 0.036 to 
0.107 m3/s/m2 collector decreased the SEC values by 26%. 
The reason is the growth in the water evaporation rate from 
the product induced by the enhancement of the air velocity. 
Raising the feeding rate of the product from 1.2 to 2.4 L/h 
has increased the SEC by 50.9%. The reason should be the 
reduction of the evaporation rate because of the increase 
in the moisture diffusion resistance inside the product with 
increasing the thickness. On average, the lowest SEC value 
(1.21 kWh/kg) was observed at the feeding rate of 1.2 L/h 
and the air flow rate of 0.107 m3/s/m2 collector. Unlike SEC, 
the amount of SMER decreased with increasing the feed-
ing rate. Raising the air flow rate increased the SMER. The 
values of SMER were obtained between 0.41–0.83 kg/kWh. 
The evaluation results of some solar systems and dryers were 
given in Table 5.

3.3.3 � Solar electricity and heat fraction

Figure 9 illustrates the effect of different air flow rates and 
Spirulina feeding rates on SEF. Raising the air flow rate 
improved the SEF by reducing total energy consumption Ta
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and increasing the electricity generated by the PVT col-
lector. Since the temperature of the PV module was well 
reduced, the performance of the PVT was significantly 
improved. The highest SEF value was 0.761 at the air flow 
rate of 0.107 m3/s/m2 collector.

According to Fig. 10, the SHF values decreased by 9.5% 
when the feeding rate increased from 1.2 to 2.4 L/h. This 
is related to the increase in the energy consumption with 
increasing the feeding rate. Similarly, it was found in a 
research that the amount of SHF decreased as the pota-
toes' thickness increased [47]. Clearly, raising the air flow 
rate increased the SHF by improving thermal efficiency 
of the solar collector, and moisture evaporation rate from 
the product. The SHF values changed between 0.63 and 
0.78. The maximum average SHF was at the air flow rate 
of 0.107 m3/s/m2 collector and feeding rate of 1.2 L/h. 

These findings were compared with those of some other 
researchers in Table 5.

3.3.4 � Color analysis of dried products

According to Fig. 11, the a* values increased by 39.4% when 
the feeding rate increased from 1.2 to 2.4 L/h. Increasing the 
a* by increasing the feeding rate of Spirulina means decreas-
ing the greenness of the final product [54–56]. The b* values 
decreased by 63.67% when the feeding rate increased from 
1.2 to 2.4 L/h. Raising the air flow rate from 0.036 to 0.107 
m3/s/m2 collector also increased the a* values of samples by 
39.3% and decreased the b* values by 39.2%. The maximum 
value of L* (53.25) was obtained at the flow rate of 0.107 
m3/s/m2 collector and the feeding rate of 1.2 L/h. Increasing 
the air flow rate from 0.036 to 0.071 m3/s/m2 collector and 

Fig. 6   Moisture content of dried 
Spirulina maxima at the end of 
each experiment
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Fig. 7   Specific energy con-
sumption in different drying 
conditions
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0.071 to 0.107 m3/s/m2 collector increased and decreased the 
L*, respectively. The L* values at the air flow rate of 0.071 
m3/s/m2 collector increased with the increase in the feeding 
rate of Spirulina. At the other air flow rates, the L* values 
first descended from the feeding rate of 1.2 to 1.8 L/h and 
then ascended from 1.8 to 2.4 L/h. In both cases, the final 
values of L* were lower at the feeding rate of 2.4 L/h com-
pared to 1.2 L/h. Similar fluctuations were observed by other 
researchers in L* and b* values and color differences [23].

In general, chlorophyll, phycocyanin, and carotenoid pig-
ments represent the green, blue, and yellow-to-red colors 
of Spirulina, respectively [57]. These pigments, along with 
the physical and superficial properties of dried Spirulina, 
are effective in evaluating the color of samples by affecting 
the type of light scattering from the surface of the product 
[58]. Based on the previous findings [23, 33, 59, 60] and the 
results of the current study, it is concluded that there may not 
be a definite rule of changes in the color properties of some 
cases during drying processes due to the natural variabilities 

of food products and their non-linear behavior because of the 
complex relations among parameters affecting the process.

The L* reduction with increasing the thickness and aggre-
gation of the mass and collapse of the cell walls along with 
enzymatic and non-enzymatic browning reactions have been 
reported in Spirulina [58, 61]. At the lower air flow rate 
(0.036 m3/s/m2 collector) and consequently higher tempera-
ture, the amount of L* was the lowest at all the feeding rates, 
which can be attributed to the loss of bright color in the 
samples. The cause can be the formation of brown pigments 
due to heat and the oxidation of pigment compounds. An 
alkaline environment, high initial water activity, the pres-
ence of iron and copper as well as unsaturated fatty acids in 
Spirulina can help decompose chlorophyll into brown com-
pounds during the drying process [58].

The a* (red-green) of Spirulina is affected by carotenoid 
and chlorophyll pigments and their interaction. The negative 
value of a* indicates a greener color (higher chlorophyll con-
tent), and the positive value indicates a yellow-to-red color 

Fig. 8   The specific moisture 
extraction rate in different dry-
ing conditions
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Table 5   The evaluation results of some solar systems and dryers

System description SEC SHF SEF Reference

Drying of Pistacia Atlantica 6.01–340.97 kWh/kg - - [48]
Solar juice concentration system 3.33–4.07 MJ/kg 0.69–0.74 0.76 [31]
Liquid desiccant-assisted solar dryer for tomato - 38.5–63.4 0.45–1.7 [30]
Solar dryer equipped with a novel heat recovery system for onion 2.094 kWh/kg - - [49]
PV-solar collector-assisted intermittent IR dryer for tomato 1.79–4.35 kWh/kg - - [47]
Microwave dryer for potato slice 1.172–2.93 kWh/kg - - [50]
PVT solar dryer equipped with Heat pump for saffron 0.86 kWh/kg 0.24–0.67 - [51]
Drying of the Aloe vera gel 4.31–14.92 kWh/kg - - [52]
Microwave-convective drying 26.32 and 85.45 MJ/kg - - [53]
PVT collector assisted IRARW dryer 1.21–2.437 kWh/kg 0.63 -0.78 0.549–0.761 Present study



	 Heat and Mass Transfer

1 3

of the dried Spirulina (more carotenoids). The higher values 
of a* samples at the higher feeding rates (greater thickness) 
indicate decomposition of chlorophyll to brown pheophytin 
or pheophorbide derivatives by active degrading enzymes 
[58, 61], which is also consistent with the results of L*. 
Also, the predominance or possible retention of carotenoids 
compared to the other pigments leads to an increase in the 
amount of a*. It seems that at the lowest air flow rate (0.036 
m3/s/m2 collector) with the higher temperature and more 
negative values of the a*, due to the faster inactivation of 
chlorophyll degrading enzymes and less oxygen contact with 
the sample, the green color of the dried Spirulina is better 
preserved.

The b* (yellow-blue) is mainly related to carotenoid and 
phycocyanin pigments. Decreasing the b* with increasing 
the thickness can be due to the better preservation of pig-
ment compounds, especially phycocyanin. This is because 
the oxygen contact with the surface and inner parts of the 

samples is less. A higher value of b* at the air flow rate of 
0.036 m3/s/m2 collector reveals the degradation of phyco-
cyanins and the emergence or retention of carotenoids. The 
natural carotenoids in Spirulina have unsaturated double 
bonds and all-trans isomers with yellow-to- red color, but 
their isomerization to cis and oxidation of double bonds sig-
nificantly reduces their stability and color intensity [62]. It 
seems that the low air flow rate and less oxygen contact have 
reduced the oxidation rate of pigment compounds, especially 
carotenoids. More and in-depth studies may be needed to 
reveal the driving forces behind the causes and effects of 
abrupt changes that were observed in Fig. 11.

3.3.5 � Phycocyanin content

The drying conditions of Spirulina affect its phycocyanin 
content significantly [63]. As shown in Fig. 12, phycocya-
nin content kept increasing with the increase in the feeding 

Fig. 9   Changes of SEF with 
air flow rate and feeding rate of 
Spirulina maxima 
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Fig. 10   Changes of SHF with 
air flow rate and feeding rate of 
Spirulina maxima 
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rate, however the rate of the rise reduced at the air flow rates 
of greater than 1.8 L/h. Furthermore, the difference in the 
measured values reduced as the feeding rate increased. In 
other words, the phycocyanin content increased with rising 

Spirulina feeding rate and air flow rate, probably due to the 
decrease in the product temperature. The highest amount of 
phycocyanin (11.46 g/100 g) was observed at the feeding rate 
of 2.4 L/h and the air flow rate of 0.107 m3/s/m2 collector. 

Fig. 11   The color changes of 
Spirulina maxima at different 
feeding rates and air flow rates, 
as given by lightness (L*), red-
ness (a*), yellowness (b*)
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With increasing the feeding rate, in other words, increasing 
the thickness of the product, in case the product surface is 
dried, infrared radiation does not reach the middle layers. As 
a result, the phycocyanin content will be maintained at low 
temperatures. Furthermore, the content of blue pigment, phy-
cocyanin, is higher in dried samples at the higher air flow rates 
(0.107 m3/s/m2 collector), confirmed by the reduced values 
of the b*. Increasing the air flow rate leads to a decrease in 
drying temperature, which plays an important role in the pres-
ervation or degradation of phycocyanin pigments [23]. The 
specific chemical structure of phycocyanin makes it thermo-
labile. This compound is unstable at high temperatures and 
denatures during drying [61]. The effect of temperature on the 
degradation of phycocyanin during drying by various methods 
has been reported by Stramarkou et al. [61].

4 � Conclusion

In this study, an infrared-refractance window™ dryer was 
coupled with a double-pass PVT air collector. Perfor-
mance evaluation of the dryer was conducted by drying of 
Spirulina maxima microalgae at three levels of drying air 
flow rate and three levels of Spirulina feeding rate. The 
results revealed that:

•	 The highest thermal and electrical efficiencies of the 
PVT collector were 68.47% and 11.91%, respectively. 
Increasing the air flow rate improved both thermal and 
electrical efficiencies.

•	 The average SEC values were between 1.21 and 2.437 
kWh/kg, and the maximum SMER value was around 
0.83 kg/kWh.

•	 Raising the air flow rate improved the SEF. The highest 
SEF value (0.761) was observed at the air flow rate of 
0.107 m3/s/m2 collector.

•	 Raising the feeding rate from 1.2 to 2.4 L/h reduced the 
SHF values. Also, the SHF increased with raising the 
air flow rate. The average SHF values ranged between 
0.63 and 0.78.

•	 The b* values decreased by 63.67% and the a* values 
increased by 39.4% when the feeding rate increased 
from 1.2 to 2.4 L/h.

•	 The final moisture content was decreased by 24.5% 
with increasing the air flow rate from 0.036 to 0.107 
m3/s/m2 collector.

•	 The highest phycocyanin content was found to be 
11.46 g/100 g at the feeding rate of 2.4 L/h and the air 
flow rate of 0.107 m3/s/m2 collector.

•	 Based on the suitable amounts of final moisture con-
tent, SEC, and solar fractions as well as the fair quality 
of the dried products, the air flow rate of 0.107 m3/s/
m2 collector and the feeding rate of 1.2 L/h are recom-
mended for Spirulina drying in the designed dryer.
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