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Abstract

This paper presents the energy and exergy-based environmental sustainability analyses of a developed solar dryer
equipped with electric heater as supplementary heat. The experimental study was applied for drying a local variety of
red pepper (Shombo) near a coastal region of eastern Nigeria. The objectives of the study were to assess the suitability and
overall performances of the hybrid solar dryer in this area. Results obtained indicate that the solar collector contributed
about 39.4 to 48.5% of the total drying air temperature required for drying operation. The energy efficiency of the hybrid
solar dryer ranged between 13.2 to 35.6%, whereas the specific energy requirements varied between 7.24 kJkg ' to 63.5
kJkg™'. The percent solar energy contribution to the total energy requirement ranged between 28.8—52.68% at varying air
temperatures (50, 60, and 70°C) and air velocities (1.14, 2.29, and 3.43 ms~ 1). The drying time varied between 75+ 5 to
180+24 min. The energy and exergy efficiencies varied between 13.2-35.6% and 35.8 to 92.3%, respectively. The
exergy-based sustainability indicators which take into account the ratio of waste exergy, sustainability index, and im-
provement capacity of the hybrid heat source dryer were found to be 0.11-0.167, 1.14-6.12, and 0.099-0.289 kJs ',
respectively. Comparison between a Cl-engine powered dryer reveals that the use of a hybrid solar-electric dryer can
prevent emission of 398.86 to 3872.7 tons of CO, into the environment per annum. Recommendation for future studies
was suggested.
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1 Introduction

Given the rapid depletion of petroleum resources all over the
world and certain apprehension about it because of the role
petroleum products play in global climatic change, renewable
energy resources have been explored as a replacement
(Nwajinka and Onuegbu 2014; Maia et al. 2017). In the case
of drying purposes, solar dryers are being applied in place of
conventional fossil-based dryers (Reyes et al. 2014; Nwakuba
et al. 2016; Maia et al. 2017). They are environmentally friend-
ly and economically worthwhile especially in developing coun-
tries (Amer et al. 2010; Lamidi et al. 2019). Nigeria is a tropical
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country, with seasonally damp and humid weather variation
during the year, especially within locations closer to the coast.
However, its daily sunshine duration varies between 3. 5 hours
in the south to 9 hours towards the Sahel region (Nwakuba et al.
2020; Uzoma et al. 2020). Therefore, this beneficially placed it
to harness considerable amount of solar energy for plant-based
thermal processing and other energy applications.

Open sun drying has remained the preferred method for
drying of crops in many tropical and sub-tropical regions
due to its economic benefits, irrespective of its limitations
(Okoroigwe et al. 2013; Silva et al. 2020). Unfortunately, this
method exposes the dried product to dirt and other animal
incursions. However, in southern part of Nigeria closer to
the Atlantic Ocean, the intermittent nature of solar radiation
as well as frequent dilution of sunshine period (inter-tropical
discontinuity) and precipitation have limited the application of
solar drying application for crop drying (Hossain et al. 2018;
El-Ferouali et al. 2019; Nwakuba et al. 2020). To solve this
problem, researchers are adopting hybrid systems that incor-
porate other heat sources such as electricity or biomass heater
to supplement for the solar energy during off sun-shine
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periods (El-Ferouali et al. 2019; Lamrani et al., 2019;
Nwakuba et al. 2020; Silva et al. 2020). It permits continued
drying operation during off-sunshine hours to prevent
rewetting which prolongs the drying time and exposes the
product to microbial attack (Amer et al. 2010; Nwakuba
et al. 2017). The use of electricity as a feasible supplementary
energy font for solar drying systems has been reported by
several researchers (Alejandro et al. 2013; Amer et al. 2018;
El-Ferouali et al. 2019; Silava et al. 2020). Apart from the ease
of usage, non-polluting characteristics and high heat density,
supplementing solar drying with electricity provides a strategy
to lower the overall energy cost for drying and carbon emis-
sion if conventional energy is to be continuously used for the
same purpose. Additionally, amongst all the unit operations
involved in crop processing, drying operation is considered to
be the most energy intensive because of the elevated hg,-value
of water and unproductive heat transfer by the air stream
(Aghbashlo et al. 2013; Nwakuba et al. 2020). Thus, any
strategy that will reduce the cost of energy to enhance dryer
efficiency for good quality dried food products is encouraged
by food processors (Aghbashlo et al. 2013; Aviara et al. 2014;
Shamekhi-Amiri et al. 2018).

As a result of excessive energy intake of drying opera-
tion, one of the major interests to crop dryers is how to
conserve energy. Great emphasis is placed on efficient ener-
gy utilization for drying (Nwakuba et al. 2018). Therefore,
researchers have carried out energy-based performance anal-
yses to estimate different processes to conserve energy; eval-
uate quantitatively energy needs of a drying system (Aviara
et al. 2014). However, this method provides a serious chal-
lenge as it does not identify the various losses that occur
within the system; thus, the quality of the final energy is not
known. Therefore, exergy analysis which takes into consid-
eration various losses within the system has become a more
useful tool for performing energy evaluations (Aghbashlo
et al. 2013). Exergy analysis has also amongst its advantages
the ability to present the environmental sustainability impact
of energy utilization (Erbay and Icier 2011; Nazghelich et al.
2010; Aghbashlo et al. 2013; Aviara et al. 2014; Ndukwu
et al. 2018a). This latter part is becoming of interest to
researchers due to climate issues. Processes involving energy
utilization leads to waste of energy to the environment. This
waste energy can be dangerous like in the case of solar
radiation; it can lead to re-radiation of the solar radiation
(Dincer and Rosen 2013). In recent years, sustainability
analyses based on exergy evaluation as well as drying sys-
tem optimization have become an interesting arca amongst
researchers (Aghbashlo et al. 2013; Ndukwu et al. 2017;
Sansaniwal et al. 2018). According to Ndukwu et al.
(2017), sustainability entails energy supply at lesser damage
to the environment. Therefore, understanding of sustainabil-
ity will prevent ecological damage (Rosen et al. 2008;
Ndukwu et al. 2020a).

@ Springer

Although some research has been carried out on hybrid
solar dryers in Nigeria and some other tropical countries; how-
ever, analysis of these dryers focused on drying kinetics of the
products and time reduction abilities (Boughali et al. 2009;
Ndukwu et al. 2018a). This present study considers the per-
formance of hybrid solar dryers in relation to varying opera-
tional factors viz, temperature of air, speed of air, and sample
thickness, which some researchers (Aghbashlo et al. 2013;
Aviara et al. 2014; Ndukwu et al. 2018a, b; Ndukwu et al.
2020b) did not put into consideration. Very few papers report-
ed the efficiency of solar and hybrid solar drying systems as
well as their environmental sustainability and improvement
potentials based on their exergy streams. Even those that re-
ported the efficiencies adopted two methods which include
energy and exergy flow of air mass (Fudholi et al. 2016;
Ndukwu et al. 2017; Castro et al. 2018), and dynamic model
approach: in which the varying product temperatures and
moisture contents were taken into cognizance (Hatami et al.
2019; Ndukwu et al. 2020a). The results obtained from these
two approaches varied mainly as a result of structural design,
mode of heat supply, and type of product handled. Irrespective
of the approach adopted, available scientific studies which
focused more on solar drying systems, showed that results
obtained are both system, environmental, and crop specific.
A few literature was found on hybrid solar-biomass dryers
(Nwofe 2014; Borah et al. 2017; Ndukwu et al. 2018b;
Ndukwu et al. 2020a). Currently there is no available research
on the concurrent energy-exergy and environmental sustain-
ability study of an electric-assisted solar dryers for Nigerian
indegenous crops like, shombo red pepper. This paper there-
fore, focuses on energy and exergy-based thermodynamic
evaluations and environmental sustainability study of a solar
dryer furnished with electric heater, in humid Nigerian region.
The obtained data will assist in system modeling and optimi-
zation of the developed hybrid solar dryer.

2 Materials and Methods
2.1 Sample Set Up

An indigenous specie of garden-fresh red pepper (Shombo)
with initial moisture content of 81.94% wet basis (w.b) was
procured from an open market in Owerri capital city of Imo
State-Nigeria for the experimental analysis (Fig. 1). For each
batch of drying run, 0.5 kg of fully red coloured samples were
sliced into thicknesses of 10 mm, 15 mm, and 20 mm by
making use of a fruit slicing device and a digital venire calipre
(precision £ 0.05 mm). The samples were sliced perpendicular
to the vertical axis (Fig. 1). The mean initial moisture content
ofthe Shombo pepper products was determined gravimetrical-
ly by oven-drying 20 g representative sample at 105°C for 24
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Fig. 1 a Garden-fresh shombo red pepper samples; b Sliced pepper samples for convective drying

hours (Scientico M55 model, India) (Darvishi et al. 2013;
Nwakuba et al. 2020; Uzoma et al. 2020).

2.2 Dryer System Description and Experimental
Procedure

The prototype hybrid heat source dryer, HHSD (Fig. 2)
consisted of three major units namely: air heater units
(solar collector and electrical resistance wire), drying
compartment (with two stratum of wire-mesh rack), and
microprocessor (Arduino, version C++, SPK16.000G).
Table 1 demonstrates the technical descriptions of
HHSD components. The solar collector (95 x 70 x
20 cm®) is made of 1.5 cm thick fiber glass sandwiched
by plywood and covered with transparent plain glass. The
collector was tilted 15.54° northwards, with its absorber
made with 1 mm thick steel plate and painted black. In
order to deliver the desired amount of drying air to evac-
uate moist air, the solar collector in-flow air was
channeled into the drying chamber through a cuboid-
shaped hood lagged with 1.5 cm thick-layer of kaolin.
To provide for supplementary electric heating, a resis-
tance wire of 1500 W, was mounted at right angle to the
flow track of the incoming air at the exit-end of the

Fig. 2 Pictorial view of the
hybrid heat source dryer
arrangement

Arduino control unit

Electric heating
unit

collector to form a hybrid unit. The auxiliary electric unit
automatically switches on when the temperature of air in
the drying compartment falls (I deg. C) below the set
drying temperature to augment the drying air temperature.

The compartment for drying which measures: 45 x 45 x
50 cm®, was made with a laminated board coated with 3 cm
thick kaolin. Two square drying racks (40 x 40 cm?) made of
plastic netting were suspended on an analogue-type weighing
balance (Camry model, China) connected to a mass sensor
(Trans_tech, China+0.001 g). The air temperature and rela-
tive humidity sensors were stationed at five separate spots on
the dryer (inlet-port, collector, upper and lower drying racks,
and chimney) and linked to the microprocessor which mea-
sures the readings and displays them on a computer screen. An
axial fan was placed in the chimney, mounted on the hood of
the drying chamber. The axial fan and microprocessors were
powered by an 80 W, 12 V photovoltaic cell via a 2.5 kVA
inverter and 12 V DC accumulator.

Before the beginning of the actual experiment which took
place in the peak of rainy season (known for low irradiation
period and excessive air humidity), the dryer was operated
using the absorbed solar flux by the solar air-collector unit
in order to ascertain its level of heat generation and/or contri-
bution. The ambient air velocity, air-temperature, relative

Chimney

Drying chamber hood
Drying chamber

___Solar collector

PVC module

Pyranometer

—Frame support &
roller

Suction axial fan
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Table 1 Technical specifics of the hybrid dryer components heat, respectively (kJ); Fr is the heat removal parameter
. . 25, . .
SN Component Rating/model s Age ¥s the solar collector area (m®); «t is effective
transmittance-absorbance of glass; Ty, and T, are tem-
1. Photovoltaic cell 8OW, 12V peratures of solar collector temperature and atmospheric
2. Accumulator 75 Amps., 12 V air, respectively (°C); V, is the air velocity in the solar
3. Plain glass 4 mm thick; dim: 92 x 67 x 17 cm® collector (m/s); C,, is the specific heat capacity of air ;
4. Solar air-collector NBF laminated board (95 x 70 x 20 cm®) F is the efficiency factor (decimal) while U, is the
5. Resistance wire Cu: 1500 W, 240 V, 50 Hz. overall thermal loss (Wmfz) given as the summation
6.  Absorber sheet 1 mm steel sheet (93.5 x68.5x 185 cm®)  of the heat energy lost through the top, bottom, and
7. Frame support Angle iron sides of the solar air-collector (U, Uy, and U, respec-
8. Rollers 2 cm diameter, rubber rollers tively), expressed in Eq. (4) as:
9. Inverter system 2.5kVA, 50 Hz
g _ Uy = Ui+ Up + U (4)
10.  Relays and contactor 30 Amps and 2 hp, respectively
. : . Q= HpAn { (5)
humidity, solar air-collector temperature and relative humidi- ¢ Ly

ty, and solar irradiation were measured to ascertain the thermal
performance of the solar collector. The temperature, flow rate
of air, plus relative humidity of air were measured with a high
sensitive thermocouple, digital anemometer, and electronic
hygrometer, respectively. Actual experimental tests were con-
ducted by positioning the HHSD in the open and measure-
ment of amount of incident solar radiation on the solar collec-
tor was performed hourly with an Apogee-pyranometer. Three
levels of air temperatures (50, 60, and 70°C) and air rates of
flow (1.14, 2.29, and 3.43 ms ') were selected based on the
range of prevailing ambient air flow rates. The mass of the
sliced pepper samples was recorded at 30-minutes intervals to
compute the moisture loss. Each drying batch was terminated
when the samples attained a mass loss corresponding to 10 +

1% w.b. (Tiwari 2012; Nwakuba et al. 2020). Response sur-
face (3-D) plots were used in analyzing the specific energy
requirements and drying time of the samples as affected by the
operational variables.

2.2.1 Energy Study

The total useful energy used for drying a batch of red pepper
slices by the hybrid system is the aggregate of the heat gener-
ated by the solar collector and electrical resistance wire
expressed as Eq. (1):

Qu:QSC+Qe (1)

Lopez-Vidana et al. (2013) and Ndukwu et al. (2017)
expressed Q. as:

Qye = AxcFr[(at) — Ul(Tse — Ta)] (2)
M,Cpa U

Fr =~ ] ¢ W 3

e G)

Where: Q,, Qs and Q. represent the total useful energy
used, solar collector useful heat generated, and electric
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Where: Hp is the heater rated power, Ay, is the heater area,
L, is the heater length, t is drying time (s).

The specific energy requirement (Egp) is expressed as Eq. (6)
(Beigi 2016; Nwakuba et al. 2018; Nwakuba et al. 2020):

Esp = Qu/Mm (6)

Where: M,,, is amount of lost sample moisture (kg).

The solar collector efficiency, defined as the ratio of solar
energy output to the solar energy input to the collector, was
calculated using Eq. (7) (Lopez-Vidana et al. 2013; Fudholi
etal. 2016):

~ VaGpa(r,—1y)

.
LA )

rISC
Where: 1, is the solar collector efficiency (%); T, and T;
are the solar collector output and input air temperatures, re-
spectively (°C); I, is the mean irradiance on the solar air-
collector (Wm_ ?).
The drying efficiency of a hybrid solar-electric dryer, is
given as (Boughali et al. 2009; Fudholi et al. 2016):

- M,,L
Agclg + Fp + (%)

Na (8)

Where: 7, is the dryer efficiency (%), L is the heat of
moisture evaporation (kJkg 1), F,, is the fan power (4 W).

The first law of thermodynamics was applied in cal-
culating the energy utilization ratio (E,), termed as the
fraction of energy utilized for moisture desertion to en-
ergy supplied by the hybrid heat source, and was deter-
mined as expressed in Eq. (9) (Aviara et al. 2014):

- ha1—hy
E, :Ma(hll_hz) (9)
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Where: h, is the enthalpy of the ambient dry air (kJkg ).

The energy efficiency refers to the proportion of en-
ergy exhausted during drying to the energy supplied by
the heat sources is expressed as Eq. (10):

Ma (hal - haZ)
Mahal

Ei —E
]’]e = El =

x100 (10)

Where: 1, is the energy efficiency (%); E; and E, are the
entry and exit energy variables, respectively (kJ).

2.2.2 Exergy Study

The concept of the 2nd law of heat-dynamics was applied in
analyzing the exergetic performance of the hybrid solar dryer,
since the actual drying process is characterized by energy
quality deficit (Ndukwu et al. 2017). The exergetic examina-
tion of the hybrid drying course was categorized into: exergy
study of the solar collector unit and exergy study of the com-
bined solar and electric thermal units (hybrid). For an open
system, the exergy balance is expressed using the characteris-
tics of the drying air. It has the internal energy, entropic, work,
momentum, gravity, chemical and radiation emission compo-
nents as expressed in Eq. (11) (Aviara et al. 2014; Ndukwu
et al. 2017; Ndukwu et al. 2020a, b, c):

P
EX:(U_Uoo)+Toc(S_Soo)+%(V_voc)
+V—2+(z—z )£ v —py)

2gJ ed x
+> (U= Us)Ne

+EjAF (3T = T — 4T, T°) (11)

Where: Ex is the exergy of the drying process (kJkg '); the
subscripts: «, ¢, and 1 represent reference or ambient condi-
tion, chemical and inlet, respectively; T, is the ambient tem-
perature (°C); N is the number of species; F is the shape factor;
A is the area (m?); T is the absolute air temperature (K); V is
the air velocity (ms '); U is the internal energy (kJkg'"); E is
the emissive power (kJs™h); P is the pressure (kPa); S is the
specific entropy (kJkg ™).

The general expression for exergy stream applicable to
hybrid solar-electric dryer during sunshine hours (Eq. 12)
was developed by considering the flow of electric current
and diffusional flow. The enthalpy for the internal energy
and PV-terms related systems of steady flow were substituted
into Eq. (11) to yield Eq. (12) under the conditions of
neglected momentum, gravity and chemical components, plus
pressure variations in the drying system, since V =V, (Aviara
et al. 2014; Ndukwu et al. 2017).

T
Ex = M,Cpa | (Tg — Ta) — TalnT—d (12)

a

Where: Ty and T, are the drying chamber temperature and
ambient temperature, respectively (°C).

Since drying operation was done only with the hybrid
mode, the exergy loss (lost work potential) of the drying pro-
cess can be obtained based on the entry and exit air tempera-
tures of the drying compartment, expressed as Eq. (13):

ZEXIZZEXi_ZEXo (13)

Where: E,, =exergy loss (kJs '); E,; and E,, are entry and
exit exergy flow rates, respectively (kJs ).

Egs. (14) and (15) describe the entry and exit exergy flow
of the drying compartment and rack, respectively as:

T .
Expi = Exri = Macp |:(TD1 - Ta) — Taln TD1:| (14)

a

TD0:| (15)

EXDO - EXri = Macp |:(TD0 - Ta) - Taln T

a

Where: Exp; and Exp, = entry and exit exergy of the drying
compartment, respectively (kJs— 1, Ex,; and Ex,, = entry and
exit exergy of the drying rack, respectively (kJs '), Tp; and
Tp, are entry and exit temperatures of the drying compart-
ment, respectively (°C).

The exergy efficiency (nEy ) of the hybrid system is imper-
ative in defining the actual performance of the crop dryer. The
exergy efficiency of a hybrid solar-electric drying system is
given by Eq. (16) (Fudholi et al. 2016):

Expo Ex (16)

2.2.3 Sustainability Indices

The quest for incorporation of ecological aspects into renew-
able energy scheduling for sustainable advancement intro-
duced different exergy sustainability indicators. Some re-
searchers observed that exergy sustainability of drying process
varies with air temperature and air velocity (Midilli and Kucuk
2014; Ndukwu et al. 2017; Fu et al. 2018). This work con-
siders the following exergy sustainability indicators for hybrid
solar drying obtained using Egs. (17) to (19), respectively.
They are: improvement potential (P;,,), waste-exergy ratio
(Ew) and sustainability index (S™).

EX1
Ey = 17
Y B (17)
1
L 18
T (18)
Pim = (1 — l‘]EX)EXl (19)
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2.3 Environmental Effect

Comparison of the energy use of the hybrid heat source dryer
(HHSD) with a compression ignition (CI) engine-operated
crop dryer was made. The energy production of the CI gen-
set is computed by Eq. (20) (Ould-Amrouche et al. 2010;
Ndukwu et al. 2020a, b, c):

Qu = 3c'hv’©v = Qe + Qe = 5cbv©v (20)

Where: 3, = conversion efficiency of a 5 kW CI generator
(0.299-0.353%), b, = heating value of diesel (10.08 KWhI™),
D , = volume of diesel consumed (litres), as stated by Ould-
Amrouche et al. (2010).

The quantity of diesel required to generate equal amount of
heat by HHSD for drying a batch of red pepper slices is cal-
culated thus:

0,
D, = =4
3cby

The exhaust quantity of CO, (V. ) per liter of diesel is
estimated as (Ndukwu et al. 2017):

Ve = 3.0y (22)

Where: W, = equivalent weight of CO, (2.63 kgl™ h.

The quantity of CO, emission drop (€coy ) is estimated in
terms of rate of HHSD usage as (Ould-Amrouche et al. 2010;
Ndukwu et al. 2017:

(21)

€cox = Ap.\/c (23)

Where: Y, = Yearly percent period of operation of HHSD
(10<Y, <100%) (Ndukwu et al. 2020a, b, c).

Yearly cost of diesel consumption, Y4 ($), assuming a
working period of the CI engine-powered dryer of 240 days
yeafl (Ould-Amrouche et al. 2010; Nwakuba et al. 2020):

Fig. 3 Average air temperature,
relative humidity, and incident

—&—ambient temp
—&— solar collector Rh

Y, = 365D.D, (24)

Where: D, is the mean price of diesel fuel in Nigeria (0.787
$m~ 3); 1 USD=305.8, 1 litre =240.52 NGN as at 2017.

3 Results and Discussion
3.1 Solar Collector Performances

Figure 3 depicts the hourly variations of ambient condition
during the drying period. The mean solar collector tempera-
tures were higher than the ambient by approximately 15%,
which indicates the suitability of the solar collector as associ-
ate heat source for drying purposes. The percent rise in the
solar collector temperature is as a result of the early insolation
at the emergence of bright sky, which was used to enhance the
enthalpy of the collector inlet air thus, warming-up the collec-
tor as the marginal temperature increase is insufficient for
moisture diffusion in the red pepper samples. Ndukwu et al.
(2018b) and Ndukwu et al. (2020a) reported similar observa-
tion for hybrid solar dryers. They noted that early insolation
from 5 am — 8 am pre-heats the collector and causes minimal
moisture content reduction in the red pepper samples.

The peak solar collector temperature of 39.3°C was obtain-
ed at 14:00 hrs and this occurred one hour before the peak
ambient temperature was reached. The collector relative hu-
midity varied with the intensity of solar flux. A comparable
pattern was seen in the experimental results of Nwajinka and
Onuegbu (2014); Ndukwu et al. (2017); Nwakuba et al.
(2017); Jamil and Bellos (2019). The prevalent high ambient
relative humidity which reduces with increasing hourly time,
inversely affects the solar collector temperature. The relative
humidity of the solar collector was observed to be lesser than
the ambient and both decreased with increasing solar intensity
which increased the enthalpy of the solar collector. The

—¢—solar collector temp —aA— ambient Rh

O solar radiation
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thermal performance of the solar collector as well as the
amount of solar heat contribution to the hybrid system are
functions of the solar intensity. The obtained solar intensity
ranged from 187 Wm™ 2 to 892 Wm' 2 throughout the drying
periods for all air velocities. Within this range of solar inten-
sity, the efficiency of the solar collector fluctuated between
23.7-72.4% and, with a mean value of 40.6%. This efficiency
varied proportionally with irradiation concentration during the
drying period as displayed in Fig. 4. Similar results were ob-
tained by Bennamoun (2012); Fudholi et al. (2016); Hossain
et al. (2018); Nwakuba et al. (2020).

3.2 Energy Utilization

The extent of energy utilized (Ey) for drying of red pepper
slices in the HHSD at variable air temperatures, air velocities,
and thicknesses of slice is presented in Fig. 5. At constant
airflow rate, greater amount of energy was consumed at rising
temperature which caused further moisture removal in thicker
samples due to increased enthalpy of drying air, thus increased
Ey. Considering thickness of slice, Ey—value intensified with
thicker slices at constant air temperature and airflow rate.
Increasing the airflow rate increases the heat transfer rate,
thus more energy is utilized. More moisture is evaporated
from the sample surface at constant slice thickness, as a result
ofincreased distance of moisture transport, hence more energy
is utilized. Similar findings have been documented in the re-
search of Aghbashlo et al. (2008); Nazghelichi et al. (2010);
Beigi (2016); Azadbakht et al. (2017); Nwakuba et al. (2018)
for potato slices, carrot slices, apple slices, eggplant slices and
okra slices, respectively. The E,-value for red pepper slices
varied between 176.95 Js~ ' ~3273.66 Js ', at drying temper-
atures of 50°C- 70°C, slice thicknesses of 1020 mm and air
velocities of 1.14-3.43 ms™'. Similar results were reported on
potato slices in a mini industrial-type continuous-band dryer
eggplant slices in a fluidized bed dryer, ball pepper in an
electric dryer, sliced tomatoes in a hybrid solar-electric dryer

80 1000
—— collector efficiency

—e—solar rad.
I 800

I 600

Collector efficiency (%)
B
o

Solar radiation (Wm)

I 400

9 10 11 12 13 14 15 16 17 18
Time (hr.)

Fig. 4 Change in mean solar collector efficiency and solar radiation with
hourly time
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Fig. 5 Energy utilization at varying drying variables

(Akpinar 2004; Aghbashlo et al. 2008; Azadbakht et al. 2017,
Nwakuba et al. 2020).

The effect of varying drying variables on energy utiliza-
tion ratio (Eu) during of the pepper slices is presented in
Fig. 6. With rising temperature of air, the E,—values in-
creased, but diminished with higher rate of air flow. Similar
results on the effects of varying drying air temperatures, slice
thicknesses and air velocity on E, have been reported by
other studies for drying biomaterials (Nwakuba et al. 2020;
Uzoma et al. 2020).

Increasing the sample thickness at constant tempera-

ture and flow of drying air decreases E, values because
of short thermal gradient between the sample matrix and
the hot moving air which results in gross reduction in
moisture removal rate, thus the input energy becomes
unable to penetrate the sample and initiate moisture dif-
fusion. The Eu values varied between 1.82-20.4% for
all drying condition which indicates that the energy uti-
lized from the hybrid heat source was efficiently used
for drying of red pepper slices at high air temperature.
Generally, reducing sample thickness at increased air
temperature and decreasing air velocity yielded high en-

ergy utilization ratio. The E, parameter therefore, seems
to be veritable for analyzing energy utilization during
thin-layer drying operations. Azadbakht et al. (2017)
suggest that low E, at varying drying conditions indi-
cate availability of energy in the exiting drying air,
which when recovered could grossly upsurge the energy
efficiency of the drying machine.

Then, -value (Fig. 7) reveals a rising trend in the efficiency
of energy usage (13.2 to 35.6%) for drying of red pepper slices
in a hybrid solar dryer increased from 13.2 to 35.6% as
temperature and slice thickness increase from 50 to 70°C
and 10 to 20 mm, respectively at constant air velocity. This
value is within the range reported by Aviara et al. (2014) and
Beigi (2016) on the convective drying of cassava starch and
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Fig. 6 Energy utilization ratio at
varying drying variables
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sliced-apples, respectively. Chowdhury et al. (2011) also re-
ported similar energy efficiency on solar drying jackfruit
leather. The highest and lowest energy efficiency values were
established at 70°C, 1.14 ms™ ', 20 mm and 50°C, 3.43 ms ',
10 mm, respectively.

The effects of the drying variables on the specific energy
requirements are presented in Fig. 8a-c. Increasing the drying
air temperature at decreasing slice thickness requires less amount
of specific energy. This is as a result of increased thermal gradient
between the drying air and the sample products which lessened
the drying time, thus reduction in specific energy requirement.
Increasing the temperature and air flow reduces the specific en-
ergy requirement due to increased heat transfer rate and water
pressure deficit in the sliced samples. Upsurge in the rate of air
flow reduces the specific energy requirement due to increased
heat and moisture transfer rates at constant air temperature. The
maximum (63.5 klkg~ ! and minimum (7.24 klkg b} specific
energy requirements were obtained at drying parameters of 50°C,
229 ms !, 20 mm and 60°C, 3.43 ms_ ', 10 mm, respectively.

| 15mm | 20mm | 10mm | 15mm | 20mm

10mm | 15mm | 20mm

V3

V1 V2
V: air velocity ms™) and sample thickness (mm)

3.3 Energy Support of the Solar Collector

The energy backing of the collector (Table 2) was esti-
mated by subtracting the electrical energy consumed
from the total energy intake of HHSD. Higher
preset air temperature at regular airflow decreases the
collector’s energy contribution as a result of greater heat
density of the electrical heater and the large thermal
gradient between the collector outlet air temperature
and the drying compartment preset air temperature,
whereas higher airflow at regular drying temperature
boosts the percent solar energy contribution. The solar
energy contribution to the total energy consumption var-
ied between 28.8-52.68%. From the energy perspective,
this design of hybrid solar dryer prefers drying opera-
tion at air velocity of relatively high percent solar ener-
gy consumption. This enhances the drying efficiency,
reduces drying time, in addition to the total energy
utilization.

Fig. 7 Energy efficiency of 40
HHSD at different with ]
temperatures, airflow rates and
thickness levels

Energy efficiency (%)
o (98]
(=} (==}

—_
(=]
il
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V: air velocity (ms™); Sample thickness (mm).
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Fig. 8 Variation of specific energy requirements with: a air temperature and slice thickness; b air temperature and air velocity; ¢ air velocity and slice

thickness
3.4 Drying Kinetics

The proportion of moisture release to the drying air at constant
flow rate tends to reduce with rise in temperature of air
(Fig. 9). It is evident that as the drying temperature increases,
drying time shortens because of internal energy gain by sam-
ple moisture for speedy capillary flow and from the sample
matrix. Therefore, the drying kinetics exhibited the nonexis-
tence of the constant drying rate phase of the sample product.
This suggests that moisture capillary flow is the most likely

Table 2 Energy contributions of solar collector to the hybrid dryer

Air velocity (ms D) Percent solar energy consumed (%)

50°C 60°C 70°C
1.14 41.93 35.64 28.87
2.29 48.90 40.10 32.88
343 52.68 44.25 37.44

physical mechanism regulating the transfer of mass in the
drying samples. This is in conformity with the research out-
comes of Motevali et al. (2012), for drying of jujube fruits;

8
7
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Fig.9 Time of drying as affected by moisture content of red pepper slices
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Afolabi et al. (2014) in drying of ginger slices; Doymaz
(2004) for carrot slices, respectively.

Higher air temperatures and air flow at constant thick-
ness of slice reduces the drying time because of increase in
evaporation rate of surface moisture, hence quicker drying
process (Fig. 10a). During this period, vapour pressure
deficit occurred within the product matrix with less resis-
tance to moisture release at a higher rate. The reports of
Motevali et al. (2012) and Minaei et al. (2014) corroborat-
ed this observation; whereas increasing the slice thickness
increases the drying time due to increased capillary dis-
tance of the sample matrix (Fig. 10b). Increasing the air
velocity intensifies the transference rate of heat that en-
hances the drying rate, thereby reducing the drying time
(Fig. 10c). The maximum and minimum drying times of
red pepper slices were found to be 180+ 24 min to 75+
5 min, respectively at drying conditions of 50°C, 20 mm,
3.43 ms ! and 70°C, 10 mm, 1.14 ms 1, respectively.

S
FTTT 7 T T A AT TR
1111’/”‘“0“0".

Drying time ((mins.))

B: Air velocity (m/s) 343 7000

(2)

Drying time ((mins.))

C: Slice thickness (mm)

3.5 Exergy Performance
3.5.1 Exergy of the Solar Collector

The mean exergy flow of the solar collector was observed to be
dependent upon the varying hourly time. The interaction effect
between mean solar radiation and the mean entry, exit, and lost
exergy of the solar collector is shown in Fig. 11. The exergy
flow increased with time and peaked at time range of 12:00—
13:00 hours and began to decrease as the solar radiation
decreases. Similar observation was recorded by Akpinar
(2011) in drying of parlsey leaves using solar cabinet dryer.
High exergy loss of the solar collector was observed at 12:00
hours and reduced as the Sun sets. This is an indication of
increased solar flux and inlet drying air temperature which is
predicated by the lost exergy. The entry, exit, and lost exergy of
the collector ranged between 0.019 and 0.674 kJs_l, 0.016—
0.351 kJs~ ' and 0.003-0.0345 kJs~ ', respectively.

Drying time ((mins.))

14.00
1200 ¢ siice thickness (mm)

7000 1000

(b)

114

2198‘ Air velodity (m/s)
286

2000 343

(c)

1800

Fig. 10 Change in the time of red pepper drying with: a temperature and air flow; b air temperature and slice thickness; ¢ slice thickness and air flow
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Fig. 11 Effect of hourly time and mean solar radiation on the mean
exergy flow of the solar collector

3.5.2 Exergy of Red Pepper Drying

The mean exergy inflow and outflow obtained at variable
speeds of air and drying temperatures are given in Table 3.
The entry and exit exergy of the drying compartment increased
with drying air temperature at increasing air velocity. The
exergy inflow to the drying chamber varied between 3.194 —
10.01 kJs~ ! for the range of the studied drying air temperature.
Related outcomes were documented by Akpinar (2004);
Aghbaslo et al. (2008); Azadbakht et al. (2017).

The maximum exergy loss (1.295 kJs ') was obtained
at 70°C air temperature and 3.43 ms™ ' air velocity. This
shows that a larger amount of exergy delivered to the
drying compartment was efficiently exploited for drying
of pepper slices. Whereas the minimum exergy loss
(0.327 kJs~ ') was obtained at 50°C air temperature and
1.41 ms ' air velocity; implying that a little fraction of
exergy inflow was utilized for drying. Nevertheless, these
exergy values show that lesser quantity of exergy was
utilized and there is substantial quantity of energy avail-
able in the exiting air as shown in Table 3.

3.5.3 Exergy Efficiency

The varying exergy efficiencies of HHSD with air temper-
ature and air flow rate at varying slice thicknesses of the
sample are shown in Fig. 12. The nEy -values decreased
with higher values of air temperature as a result of substan-
tial increase in exergy loss. Also, since exergy efficiency
varies inversely with exergy rate of drying air. This obser-
vation conforms to the findings of Aghbaslo et al. (2013).
Furthermore, increasing the air flow decreases nEx as a
result of increased loss of exergy from the drying chamber.
This exergy loss played a critical part in lessening NEy of
the drying compartment through temperature upturn and
velocity of air (Aghbaslo et al. 2013; Eltawil et al. 2018).
Increased inlet drying air temperature (with higher exergy)
causes increase in product moisture diffusion and surface
evaporation and exergy utilization; hence increased exergy
loss. However, reduction in nEx of the drying compart-
ment was prompted by the energy supplied by the solar
collector and electric resistance wire were productively
used for drying process. These results also establish that
nEx was improved by increasing the sample thickness.
The highest exergy efficiency of 89.6% was attained at
50°C, 1.14 ms ! and 20 mm drying variables; whereas the
least value of exergy efficiency (35.8%) was obtained at 70°C
3.43ms ' and 10 mm. At constant 60°C temperature, exergy
efficiency was highest with the lowest airflow (1.14 ms ') for
the range of studied sample thickness. These values signify
that the exergy outflow of the hybrid dryer is a major param-
eter of thermodynamic inadequacy, indicating further that a
considerable amount of thermal exergy delivered to the sys-
tem was lost to the exhaust air (Chenga et al. 2018). This is
also an indication of a marginal shortfall in the design of the
dryer configuration, vis-a-vis the location and sizing of the
heating units. Therefore, in a bid to enrich the drying system
thermodynamic efficiency and lower the exergy loss,

Table 3  Mean exergy inflow and outflow at varying air velocities and drying air temperatures and constant slice thickness (10 mm)
Drying air Air velocity (ms ')
temperature (°C)
1.14 2.29 3.43
Exergy Exergy Exergy Exergy Exergy Exergy Exerg (kJs—1)y  Exergy Exergy
inflow outflow loss inflow outflow loss inflow (KJs ™ 1) outflow loss
(kJs™ " (kis™" (kJs™" (kJs™" (kJs™" (kJs™ " (kJs™ " (kJs™ "
50 3.194 2.867 0.327 5217 4.735 0.482 7.321 6.561 0.760
60 4.131 3.715 0.416 6.311 5.711 0.600 8.106 7.135 0.971
70 6.145 5.626 0.519 7.016 6.172 0.844 10.01 8.715 1.295

@ Springer



110

Polytechnica (2020) 3:99-114

120 1 1205 avi
] ovi 100 3
—~ ] o ] av2
S 1003 ov2 s ——
2 801 B3 g 80 T o
5 T o]
g o :
© ] > 40 E
&>ﬁ 40 3 2 1
O ] > ]
> 1] ]
B20 =209
O ] . - . | . 0 ] T T T T T
T50 T60 T70 T50 T60 T70
Temperature of air (°C) Temperature of air (°C)
() (b)
120
avi
100

80

60

40

20

Exergetic eficiency (%)

T50

T60 T70

Temperature of air (°C)

©

Fig. 12 Exergy efficiency of HHSD as affected by temperature and air flow at: (a) 10 mm, (b) 15 mm and (¢) 20 mm slice thicknesses

recycling of the lost exergy through heat recovery units and
tube-like heat exchangers, proper lagging of the heating and
drying chambers (with layers of drying racks) as well as opti-
mizing the drying conditions and pre-heating the inflow air
would bring hope toward reducing the exergy loss and im-
proving the system’s thermodynamic efficiency (Cheng et al.
2018; Eltawil et al. 2018). The optimization result however,
would help in adequate sizing of the supplementary heat
source located within the dryer plenum.

3.6 Sustainability Parameters

Analyses of exergy stream of a system illustrates the associa-
tion between energy flows and environmental sustainability
(Nwakuba et al. 2020). The consequences of environmental
sustainability is evident in the quantity of lost exergy. This has
the potential of affecting the survival of the ecosystem inhab-
itants as well as mode of utilization of resources (Dincer and
Rosen 2013, Ndukwu et al. 2020a, b, ¢). Figures 13, 14 and 15
therefore, present the results of exergy sustainability indica-
tors of HHSD. In an attempt to improve the inlet temperature
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above the ambient level and increase the moisture removal
capacity of the air stream as well as moisture differential for
rapid diffusion and overall crop drying purposes, the drying
chamber lost some amount of exergy to the exhaust air. This
exergy loss when compared to the inflow exergy of the drying
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Fig. 14 Exergetic sustainability index as affected by variations in air
temperature and velocity of air

compartment is referred to as waste exergy ratio (Ey) and
calculated with Eq. (17) for the hybrid system. The influence
of varying levels of air temperature and air flows (at uniform
thickness of sample) on Eyy is shown in Fig. 13. Higher exergy
emanating from high temperature of the drying compartment
at higher air velocity increases exergy loss to the ambient
environment, hence increase in Ey. The waste exergy ratio
varies between 0.11 and 0.167. These values are within the
range of Ndukwu et al. (2017) for solar dryers.

Figure 14 illustratively presents the outcome of air temper-
atures and air flow rates on the exergetic sustainability index
(Eq. 18), which is the amount of exergy emitted by the range
of the studied parameters. At higher values of exergetic effi-
ciency, which was prompted by decrease in temperature and
increase in flow of air, the sustainability index (S") increased,
hence reduction in environmental impact (Ndukwu et al.
2020a, b, ¢). In other words, S" value diminishes with temper-
ature and increases with air flow. The values ranged from
1.14<S" < 6.12. Ndukwu et al. (2017) obtained S" values
ranging between 3.01-8.15 for passive solar dryers; Beigi
(2016) calculated values between 1.48-3.11 for deep bed con-
vective drying of rice; Castro et al. (2018) reported S" values

of 1.9-5.1 for convective drying of onion. It is pertinent to
remark that the peak S"-value indicates a low environmental
effect (Aghbashlo et al. 2013; Ndukwu et al. 2020a, Nwakuba
et al. 2020). Therefore, in order to maintain a low environ-
mental impact, exergy efficiency ought to be ameliorated. The
results of this present study therefore, shows that supply
of thermal energy at high temperature and airflow had no
undermining consequence(s) on the environment nor possibil-
ity of uttering the environmental thermal equilibrium.

The influence of drying air temperature and experimental
time on the improvement potential, P;;,, (Eq. 19) of sliced red
pepper drying in a HHSD is detailed in Fig. 15. The improve-
ment potential is a function of exergy efficiency which de-
creases with increasing air temperature and exergy loss, thus
high improvement potential (Ndukwu et al. 2020a). In other
words, the highest air temperature (70°C) gives an idea of
where greater attention should be given for enhancement. It
further implies that greater attention for improvement is need-
ed in utilizing the thermal energy produced by the hybrid heat
unit at 70°C air temperature and 14:00 hrs. During the insola-
tion period, the P;,,_values for this study varied between 0.021
and 0.386 kJs~ '. The gap between the first and last points on
the curves indicate the scope for improvement in the drying
system (Joshi et al. 2011). However, the effect of air velocity
on P, yielded no significant result. Similar observations were
made by Castro et al. (2018) in onion drying and Aviara et al.
(2014), who obtained P;,,-values ranging between 0.02 and
0.76 kJs~ ! for temperature range of 50 -80°C. It is pertinent
to state that the scope for improvement is relatively large in
comparison to the P;;,, of solar dryers with thermal heat storage
units (Ndukwu et al. 2017) and hybrid solar-biomass dryers
(Ndukwu et al. 2020a, b, ¢).

3.7 Environmental Effect

The choice of a solar-electric (hybrid) heat source dryer is
predicated on its high prospect for curbing carbon dioxide

Fig. 15 Variation of exergetic 0.45 1
improvement potential with

rovet . 04 3
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emission to the atmosphere and sustaining drying opera-
tion at relatively low operational cost. Given the damp and
humid nature of the environment for the experimental
study, which concedes with the harvest season in
the South-eastern Nigeria, the use of solar dryer and/or
hybrid solar-biomass systems may not be quite promising
as a result of poor insolation effect and greenhouse gas
emission (like CO,) by the biomass heat unit, respectively.
The quantity of fuel conserved from the CI engine-
powered dryer that ought to have been expended to gener-
ate equal amount of energy utilized by both crop dryers
was compared on the basis of degree of use. The mean
annual price of quantity of diesel-fuel consumption is esti-
mated at $ 3, 359.86 (Eq. 24). However, the annual rate of
operation of HHSD ranged between 0.1 and 1.0, and the
estimated quantity of reduction in CO, emission is given in
Fig. 16. A 3rd order polynomial function (Eq. 25) explains
the drop in CO, emission ranging between 398.86 < €cop <
3872.7 tons, which were obtained annually at 10 and 100%
operational periods, respectively. The correlation value (R?
= 0.9995) substantiates robust relationship between €cop
and rate of HHSD usage, as well as the aptitude of the
polynomial function to clarify 99.95% variations in the
reduction of CO, discharged at varying usage rates of the
hybrid dryer. This result compared well with the reports of
Ndukwu et al. (2020a) for hybrid solar-biomass dryer, with
a higher CO, reduction potential of 30.25%. This demon-
strates aptitude for gross reduction of atmospheric temper-
ature and its attendant greenhouse effect therefore justifies
the environmental sustainability of hybrid solar-electric
dryer.

€co, = 0.0014x°—0.121x* 4 36.62x
+ 14.23[R* = 0.9995] (25)
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Fig. 16 Estimated yearly reduced quantity of CO, from possible
atmospheric emission
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4 Conclusion

The environmental sustainability analysis of a hybrid solar
crop dryer in humid Nigerian environment was undertaken.
Considering the outcomes of this experimental study, the en-
suing inferences are made:

During the experimental period, the solar intensity var-
ied between 187 Wm™ % to 892 Wm™ . The solar collector
efficiency obtained ranged from 23.7 to 72.4%. The spe-
cific energy requirements for a batch of 500 g of red pepper
slices in a hybrid solar dryer varied from 7.24 to 62.5
kJkg ', respectively. Increasing the drying air temperature
and air velocity at constant slice thickness reduces the spe-
cific energy requirements, whereas increase in slice thick-
ness increases it. The percent solar energy contribution to
the total energy requirement ranged between 28.8-52.68%
at changing air temperatures (50, 60, and 70°C) and air
velocities (1.14, 2.29, and 3.43 msfl). The drying time
varied between 75+ 50 to 180+ 24 min.

The energy utilization for drying of red pepper de-
creased with air velocity and slice thickness. Its values
ranged between 176.95 Js~' and 3273.66 Js~'. The n, -
value of HHSD improved 13.2-35.6% at process condi-
tions of 50°C, 3.43 ms ', 10 mm and 70°C, 1.14 ms ',
20 mm, respectively; whereas exergy efficiency varied
between 35.8-92.3%. The maximum (1.295 kJs ') and
minimum (0.327 kJs~ ') exergy losses at constant slice
thickness (10 mm) were obtained at 70°C air temperature,
3.43 ms lair velocity, and 50°C air temperature,
1.41 ms ' air velocity, respectively. The waste exergy
ratio varies between 0.11 <Ey < 0.167, whereas the S"
and P;,, -values are in the range of 1.14<S"< 6.12 and
0.099 <P;, < 0.289 kJs ', respectively.

This study was able to achieve a 30.3% higher CO,
reduction in comparison with that obtained from a hybrid
solar-biomass dryer in an apparently similar climatic con-
dition, with 398.86 to 3872.7 tons of carbon dioxide
prevented from being emitted into the environment per
annum. Based on the results obtained herein, there is no
clear-cut merit of this methodology of analysis over the
dynamic model approach adopted by few researchers,
since the trend of all observational parameters are in agree-
ment; except the numerical results that varied due to dryer
structural differences, environmental effect, and crop sam-
ple handled. Therefore, future works may consider exergy
sustainability analysis of hybrid solar-electric dryer based
on the dynamic model in sub-tropical African climate.
Optimization of the exergetic efficiency of the hybrid dryer
for optimal improvement potential during the three major
seasons in Nigeria is also recommended. Comparative
analysis of the energetic and exergetic performance of so-
lar cum electric dryer and other hybrid solar dryers using
the proposed approaches should also be considered.
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