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Abstract

The study presents a comparative thermodynamic analysis of degraded Ci5-Cso grade
crankcase oil (DCO) and paraffin thermal storage (PTS) as heat storage materials in solar
drying. The goal is to convert DCO from waste to a useful product in solar drying. The
assessment was based on drying efficiency, energy and exergy analysis, sustainability
assessment and CO2 mitigation of each solar dryer. The difference in drying efficiency
between the dryer with DCO and that with PTS is less than 1.5% while the difference
between the specific energy consumption is less than 9%. In contrast, the difference between
the dryer with DCO and that without thermal storage is 24.2%. The mean exergy efficiency
ranged between 41.6 and 49.9%. The values of the waste exergy ratio (WER), sustainability
index (SI) and improvement potential (IP) for the three dryers ranged from 0.00 < WER <
1.00, 0.00 < SI<34.56,0.00 <IP <2.68 kW. Using these dryers instead of diesel, grid-based
electricity or coal-powered dryer will limit a maximum of 5792826 tons of CO2 from the
atmosphere.
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Nomenclature the order of the nomenclature needs to be corrected, A, Cp, Deff, ...

w Total weight of ginger to be dried per batch(kg)

Cp Specific heat (J/kg K) Subscripts

m mass (kg)

Ly Latent heat of vaporization of water (J/kg) a air or ambient

It Total solar radiation incident on the solar collector iorlorn initial or inlet
(W/m?) dordr drying

Mc Moisture content (kg/kg) coro collector

Mar Drying rate (kg of water/kg of dry solid) 2 final

t Total drying time (hr) w water

A Collector Area (m?) m material

Dert Effective diffusivity (m?/s) dryer solar dryer

L Thickness (m) da drying air

Qu Total energy utilized (J) 0 Reference state,

Qr Radiation energy (J) c chemical

Qr thermal energy released (J)

Fn Heat removal factor (-)

Uo Radiation heat loss

T Temperature (C) Greek letters

AT Change in temperature (C)

fi Fraction of ginger dried, n Efficiency (%)

EFCO, Carbon emission factor, B The angle of tilt (°)

FCO,  The equivalent fraction of CO. during the burning of m Mass flow rate (kg/s)
the coal T Transmittance (-)

Qu The quantity (kg) of ginger dried by the solar dryer Nd The effectiveness of

Vd, The volume of diesel in the generator, diesel-powered dryer.

Kq The heating value of diesel in the generator

Qe The specific energy consumption

1. Introduction

Solar drying has been used by crop processors for ages. Different design of solar
dryers abounds in literature ranging from direct, indirect or mixed-mode design (Ndukwu et
al., 2017a and 2017b, 2020a). The design concept of solar dryers offers flexibility to the
developer in terms of choice of material and the size of the enterprise. The major challenge in
the solar drying design concept is to make it adaptable to different kinds of the environment
(Ndukwu et al, 2018). The concern is the dehumidification of inlet air in a highly humid
environment to increase its moisture absorption capacity when it comes in contact with
evaporated air from the dried product. Therefore, due to weather variations, the adoption of
the solar drying system is limited to the periods when the condition is favourable. To
overcome this, various researchers have adopted different design strategies to make solar
dryers applicable in harsh weather conditions (Ndukwu et al., 2020b and 2020c). The use of
thermal storage materials to conserve the heat during the sunshine hours and utilize them
during the off-sunshine periods has been extensively studied (Reyes et al., 2018; Baniasadi et
al.2017). Initially, stones and gravel has been used. For example, Madhlopa and Ngwalo
(2007) utilized stones as thermal storage to design a simple solar dryer. It was tested using



twelve batches of fresh pineapple by drying each batch weighing about 20 kg. Results
obtained showed that the thermal mass could store part of the burner's absorbed solar energy
and heat. Mohanraj and Chandrashekhar (2009) developed an indirectly forced convection
drier with gravel as a heat storage material for chilli drying in India. The system is composed
of a flat panel solar air heater with a heat storage function, a drying chamber and a radial fan.
The dryer was able to dry chilli from the initial moisture content of 72.8% to the final
moisture content of about 9.2% (w.b.) and 9.7% (w.b.) in the bottom and top trays. Aissa et al.
(2012) have studied a forced convection flat plate solar air heater with granite stone storage
material under the climatic conditions of Egypt-Aswan. The test was conducted on five hot
summers in July 2008 with different air mass flow rates ranging from 0.016 kg/s to 0.08 kg/s.

However, thermo-chemical materials such as paraffin, glycerine, desiccants and other
eutectics phase change materials like hydrated salts etc., have gained attention as heat storage
in solar dryer designs (Sharma et al., 2009 a; Kamble et al 2013, Ndukwu et al 2017a). The
heat stored in the phase change material is 5 to14 times more in heat per unit volume than
sensible heat materials like rocks or water (Agyenim et al 2010). Ndukwu et al. (2017b)
evaluated a mixed-mode solar dryer with sodium sulphate decahydrate and sodium chloride
as thermal storage in South Eastern Nigeria for storing red chilli. The dryer consisted mainly
of a flat plate solar collector with a double transparent polyethene used as a collector cover.
Their results showed that the integrated solar dryer and sodium sulphate, sodium chloride,
and the control experiment reduced the water content of red pepper from 72.27% to 7.6, 10.1
and 10.3%, respectively. In contrast, the overall drying efficiency of the three treatments
varied from 10.61 to 18.79%, respectively. Krishnananth and Murugavel (2013) created an
integrated two-stage solar air heater with heat storage using paraffin wax integrated directly
on the solar absorber plate to store the heat. The integrated solar system with heat storage
generated relatively high temperatures. The efficiency of the solar air heater integrated with
thermal energy storage was also higher than that of the air heater without thermal energy
storage. Their study concluded that the presence of heat transfer media in the absorber plate is
the best configuration.

Although several thermal storage materials have been used in different designs,
researchers have continuously searched for cheap and efficient alternatives with improved
designs for one environment to another. Materials like, Cis - Cso crankcase oil is discarded
after completing their duty cycle. Degraded mineral-based crankcase oil is a complex mixture
of low and high molecular weight aliphatic and aromatic hydrocarbons, lubrication additives,
metals, and various organic and inorganic compounds. The specific heat capacity is in the
range of 2.36 to 2.7 J/g °C (Santos et al., 2006), therefore, a potentially valuable source of
heat storage in low-temperature solar system design. The method of direct disposal adopted
by most automobiles mechanics often leads to environmental hazards and defacing the soil
with its thick black colour. Therefore, the current work aims to explore its potential in low-
temperature solar drying. The result will be compared with paraffin which is known to
provide good thermal storage. The only close related research in this area was conducted
using “hytherm oil” (Tyagi et al., 2012). However, the effectiveness of the design is very
important. In the current study, the degraded oil will be prevented from getting in contact
with the food material by infusing it in a tubular coil that runs from the collector to the drying
chamber. Evaluation will be based on thermodynamic analyses with the concept of energy
and exergy.

2. Material and method



2.1 Description of the developed solar dryers

In the present study, three solar dryers were designed and fabricated. Each solar dryer mainly
comprises the collector, drying chamber, drying trays and copper pipe (0.0158 m diameter)

carrying thermal storage. The collector has dimensions of 0.79 m in longth, 0.18 m in width

and 0.16 m in depth. The casing of the collector was made from plywood. The internal walls

and base of the collector are made of a 0.002 m thick aluminium plate, which is painted black

and serves as the absorber. The collector is placed perpendicular to the direction of wind flow
and tilted with a slope of 15.47° southward. A transparent glass (0.78 m x 0.16 m x 0.004 m)

covers the collector at the top, allowing solar radiation into the solar collector. Two liquid

thermal storage namely: paraffin (Cie.18 carbon chain, melting temperature: 16 to 28 °C,

specific heat capacity: 2.14 to 2.9 J/ g.K, thermal conductivity range: 213 to 244 W/m K) and

degraded crankcase oil (C1s - Cso carbon chain range, specific heat capacity: 2.36 to 2.7 J/g. K)
(Santos and Souza, 2006; Sharma et al., 2009b; Amir, 2019) were used. The copper coil

which also doubles as a heat exchanger is laid horizontally with two coiled cycles on the base

absorber plate of the collector and extends into the east and west walls of the drying chamber
with two passes on both walls, as shown in Figure 1. The paraffin thermal storage (PTS) and

degraded crankcase oil (DCO) were manually filled into the copper tubes using the funnel at

the opening provided at the top of the drying chamber. The liquids flow by gravity, and to

aid the flow, one leg of the collector was detached and replaced after filling the tube and

removed under gravity by opening a stopper provided at one leg of the solar collector. As a

result, each of the tubes received 2.18 litres of liquid DCO and paraffin, respectively. The

copper tubes were sealed at both ends to prevent splashing out of liquid or coming in contact

with the dried product in any way.
Copper tub extending to
the wall of the drying
chamber -

Drying
Chamber

Transparent glass cover showing the
copper tub laid on the absorber

—» Solar
Collector

Solar collector

Drying chamber

HT- Positions of the relative humidity (H) and Temperature (T) sensors in the
collector (11 -13) and drying chamber (21 — 23)

Figure 1: (A) schematics of the solar dryer exposing the layout of the copper tubes (B) The
picture of the indirect solar dryer showing the copper tubes through the collector cover



An inlet gap (0.03 m x 0.05 m) was provided in the southern part of the collector for the
ambient air to flow into the collector by natural convention. The air is heated by solar
radiation and thermal storage material as it flows into the drying chamber. The heat transfer
to the drying chamber is by convection from the air and conduction from the copper tube
carrying thermal storage as illustrated in Figure 2.

\ Hot air out from chimney

o S

Copper pipe
carrying thermal
storage material

Drying product

Net (Shelf) A < Wood

Absorber plate

M Hot air inlet from

solar collector

A s
& = convection 1}3 = Conduction V = Radiation

Figure 2: Schematic diagram showing the heat transfer into the drying chamber

The drying chamber (0.66 m x 0.43 m x 0.43 m) is made of plywood. The internal walls of
the drying chamber are fitted with an aluminium plate and painted black. Two drying racks of
0.30 m x 0.35 m each are placed horizontally, with one 0.22 m above the other in the drying
chamber. The trays are made of wooden frames and nets. Heated air enters the drying
chamber from the end of the collector leading to the bottom part of the drying chamber. The
hot air circulates vertically and leaves the drying chamber at a 0.08 m x 0.15 m chimney
provided at the top. A 0.58 m x 0.34 m wooden door is hinged at the back, opening and
closing the drying chamber. The three dryers used are designated as shown in Table 1. Dryer
C serves as the control with no thermal storage material and no copper pipe.

Table 1: Solar dryer designs

Dryer  Collector dimension Drying chamber dimension ~ Thermal storage

A 0.79mx0.18mx0.16 m 0.66mx0.43mx0.43m Paraffine

B 0.79mx0.18mx0.16 m 0.66mx0.43mx0.43m Degraded C15-Cso crankcase
oil

C 0.79mx0.18mx0.16 m 0.66mx0.43mx0.43m No thermal storage




2.2 Data collection

The experimental analysis was conducted at a location of 5.53 °N, 7.49 °E, South-Eastern
Nigeria from 12" — 14" December 2020. The three solar dryers were set up at the same time
to ensure uniformity with weather conditions. Ginger rhizomes were used in the performance
evaluation of the dryers. The ginger was sliced into cuboid shapes of a length of 12 mm,
breadth of 10 mm, and thickness of 5 mm. Each of the dryers received 200 g of ginger
rhizome spread on the drying trays. Drying of the ginger continued until three consecutive
weights is recorded. The air temperatures and humidity inside the collector were measured
with a temperature and humidity clock (DTH-82; TLX, Guandong China, accuracy =#0.1)
while the temperature of the product, drying chamber, and thermal storage material were
measured using EXTECH Multi-thermometer attached to a digital thermometer probe
(PDT650 made in China). The solar radiation intensity was measured with an APOGEE
pyrometer (Model mp.200, serial number hash 1250 with accuracy of +0.1 W/m?/ day). The
weights of the ginger were measured with a weight scale (KERRO model, accuracy of #0.01
g). The wind velocity was measured using a dual wind vane (AM-4826; Landesk, Guangzhou,
China, with an accuracy of =2 % of velocity). All readings were recorded after every one-
hour interval. Microsoft Excel 2019 software and design expert version 6.0.6 were used to
analyse and plot the curves.

2.3 Uncertainty error Analysis

The statistic limit error (uncertainty error) of measurement of the relative humidity,
temperature and solar radiation intensity was presented with the bias uncertainty error
synthesis method as given by Baniasadi et al (2017). The standard deviation (o) of the sets of
the measured data (X) was used to evaluate the precision errors. Egs. 1 and 2 give the
statistical bias uncertainty error (By) and the standard deviation while Eq. 3 gives the overall
uncertainty.

By =7 1
_ \/(nil)z(zi % 2
=G+ 3

where Pu is the total errors due to instrumentation and measurements given as 0.1 (Baniasadi
et al (2017), r is the total number of parameters.

Table 2: Statistical limit error for measurement of temperature, humidity and solar radiations

Solar Temperature Relative Humidity

Dryer Y o B, U, Y o B, U,
S S

A 37.63 0.16 0.034 0.0028 4282 0.35 0.075 0.0021

B 37.08 0.36 0.077 0.0034 43.2 0.15 0.032 0.0024

C 36.28 0.56 0.120 0.0043 45.17 0.30 0.064  0.0026

Ambient 34.33 0.32 0.068 0.0035 46.73 0.18 0.038 0.0023
condition




Solar Radiation measurement

Days of Y c By U,
experiment S
Day 1 363.8 1.8 0.38 0.001
Day 2 361.4 3.2 0.068 0.002
Day 3 354.3 3.4 0.072 0.002

The obtained uncertainty for the measured parameters is presented in Table 2 which is less
than 0.5 % for all measured parameters.

2.3 Dryer Performance evaluation parameters

2.3.1 Performance of solar dryer

The basic standard procedure for evaluating solar dryer performance was followed in the
analysis. The drying system was evaluated using the solar collector efficiency, drying rate,
percentage moisture loss, and drying efficiency. The quantity of moisture as a percentage of
the initial mass of a material can be represented on the wet and dry basis and expressed as a
percentage by Mohanraj et al. (2009) as follows:

M= "] x 100 4
1
The amount of water removed from food during drying is shown by Tonui et al., (2014).

Mdr: ﬂ 5

ta
The efficiency of a solar collector is the ratio of heat gained by the air leaving the collector to
the incident solar energy over a particular period. The steady-state thermal efficiency of the
solar collector is given by Hottel-Whillier- Bliss equation (Forson et al., 2007a)

_ rhan (To_Ta)
¢ Aclt

The products' thermal performance or drying rates are the critical factors used to evaluate the
solar drying system efficiency (Forson et al., 2007b). For example, for natural convection
solar dryers, the system efficiency can be expressed (Leon et al., 2002).

—_ MWLU
I]dryer ITActy

2.3.2 Effective moisture diffusivity

The effective moisture diffusivity (Defr) was estimated using the slope (k) of a straight line
from the plotting of the moisture data as a natural log of moisture ratio (Ln MR) against
drying time and taking the slope as follows.

2D
k=—4=L 8
412



2.4  Energy Analysis
The amount of energy utilized (Qu) for the drying process consists, of the total radiation
energy received and the thermal energy released by the heat exchanger.

Qu =0 +0Qr 9
Qr is given by Duffie and Beckman [50] as follows:
Qr = AcFy[IT — Uo (T, — Ty)] 10

The paraffin and the C15-Cso used crankcase oil did not attain their phase change temperature
of 16 - 28 °C and < -10 <C respectively, therefore are used purely as sensible heat storage
material. The reason is that the ambient temperature during evaluation ranged from 29 to 42
°C, which is always below the collector and drying chamber temperature where the thermal
storage is embedded. The heat released by the thermal storage will be determined as follows
(Ndukwu et al., 2017a)

Qr = M [{f;" c,dT}| = MC,AT 11
2.5  Exergy Analysis

The summation of exergy flow of a body is defined by Sagastume et.al (2013) in Eq. 12 as
follows

Ye=-ect+eyteptep 12

where e, epn, e and e,, are chemical, physical, Kinetic and potential exergies of the
defined system, respectively. Expansion of Eq. 12 gives the Eq. 13 below

2
€= (U=Ux) = Tu(S = Seo) + 2 (V= Ver) + 3+ (2= Zen) 5+ Be(Uc = Un) Ne +
E, A F,(3T* — T — 4T, T3) 13

However, Ndukwu et.al (2020 c) gave the general exergy formula for exergy stream,
assuming that the system is in a steady-state and the fluid is an ideal gas, as follows:

T,
EXp = ItayA, (1 - F) 14
S
Mg
EX, = 1m,{C (T Ty — Tyl T>+RT x (1+M“H)1 1JFM_”HO+1+M“HI H 15
D R G VA M) ey T,
Pg(TO)
EX, =m, (hf(T) - hf(To)) + vy (P = By(1)) = To (S,(T) = $4(Ty)) + ToRy, I G 16
0y

Therefore, the exergy input (Exi) is given as follows:
Exi = EXR + EXai + EXWL' 17
The output exergy is presented in Eq. 18 as follows

Exo = Xwo * Exao 18



Exergy loss during a drying process is obtained as follows:
Ex;0ss = EX; - EX, 19

According to Akbulut and Durmus (2010), exergy efficiency can be defined as the ratio of
exergy used in drying the product to the drying air supplied to the system. Given in Eq. 20
below

_ Exp _ EXjoss 20
nxeff - EXi - EXi

2.6 Exergy sustainability indicators

Ndukwu et al (2017a) and Caliskan et al (2011) used a set of exegetic sustainability
indicators to evaluate the performance of solar drying systems. This index includes
sustainability index (SI), waste exergy ratio (WER) and improvement potential (IP). While
the waste exergy ratio compares losses in the system, the improvement potential is an
indicator that suggests that when losses are minimized in the system the overall performance
of the solar dryer can be improved. However, the sustainability index is a function of the
exergy efficiency of the solar dryers. These values are presented in Eqs. 21-23 respectively
as follows:

WER = Egloss 21
1xin 92
S| =———
1= My
1P = (1= ny,,, ) Exioss 23

2.7 CO2 mitigation capacity of the solar dryers

The energy utilized by the solar air heaters was used to evaluate the environmental
benefit of adopting the solar dryers presented. The comparison was based on mitigated
greenhouse gas emissions if the presented solar dryer is used instead of diesel, coal or grid-
based electricity-powered dryers. In the case of the diesel-powered dryer, Ndukwu et al.
(2017a), gave the energy consumed by such diesel-powered dryer in KWh as Eq. 24 below:

W = vdkdnd 24

Assuming the dryer utilizes an equal amount of diesel to produce the same energy utilized to
dry the ginger, Eq. 25 can be equated to Eq. 9 as follows

Qu = vakang 25
Ndukwu et al. (2017a) gave the mass of CO2 produced from a litre of diesel as follows

me = vaks 26
where kf kq and ng are given by Ould-Amrouche et al. (2010) as 2.63 kg/l, 10.08 kwh/I and,
30% respectively.

For grid-based electricity, the CO2 mitigated is given in Eq. 27 as follows



MCOZ = EFCOZx Qe 28

EFCO: is given as 0.4392 kg of CO2/kWh for Nigeria
Also, for coal-fired, Simo- Tagne et al (2019) and Kumar et al (2005) gave the mass
of CO. mitigated using disaggregation of equivalent fossil fuel as follows:

f 44 29
MC02 = z fi ( ESQdQu) EFC02 FCOZ (ﬁ)

1
FCO, = 0.9; EFCO, = 0.0258 kg/M]J; f; = 1; f.s = 1 Ould — Amrouche et al. (2010) .

Ni

3.0 Results and discussion

3.1 Effect of thermal storage on collector and drying chamber performance.
Temperatures and relative humidity of the dryers were studied and compared as shown in
Figures 3 and 4. During the experiment, the ambient temperature ranged between 29.1 °C and
40.2 °C with an average of 34.3 °C. In contrast, the ambient relative humidity ranged between
31% and 90%, with an average value of 46.7%. Data collection begins at the appearance of a
very clear sky at about 9.00 am local time and continues at one-hour intervals until 5.00 pm
each day. Minimum ambient temperatures and high relative humidity are observed early in
the morning or late in the evening. At the same time, the highest ambient temperature and
lowest relative humidity are observed at noontime. This is a function of solar radiation
intensity seen in Figure 5, which shows maximum values during noontime and minimum
values during the morning and evening. The ranges of solar radiation for the first, second and
third day were; 616 W/ m? to 108 W/m?, 635 W/m? to 188 W/m? and 525w/m?to 103 W/m?
respectively, with an average value of 357.5 W/ m?. There was a significant difference in the
solar radiation intensity between the 3 days under consideration from the ranges obtained.
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Figure 3: Average collector temperature
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Figure 5: Average Solar radiation intensity for the three days of drying

From Figure 3, the collector temperature measured shows that the collector of dryer A
produced the highest temperature for the drying process at noon, with a collector temperature
range of 50.5 °C to 30.2 °C and an average value of 40.09 °C while dryer B and C have
ranges of; 47 °C to 30.30 °C, and 42.2 °C to 30.10 °C respectively with average collector
temperature values of 39.96° C, and 36.18 °C respectively. This result is a reflection of the
ambient temperature which fluctuates with solar radiation intensity, as shown in Figure 3.
This shows a corresponding low relative humidity in the collector of dryer A with a collector
relative humidity range of 23 to 63% with an average value of 42.5%. The ranges of collector
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relative humidity for dryers B, and C are 79 to 25% and 82 to 24%, respectively, with an
average of 42.8%, and 45.2%, respectively. High relative humidity was observed in the off-
sunshine time when solar radiation was very low or absent, and a clear sky was yet to appear.
However, the relative humidity decreases as the temperature increases. The effect of the
thermal storage material is obvious as dryers A and B were able to produce higher
temperatures due to heat dissipation during the off-sunshine period. The temperature of the
thermal storage materials is shown in Figure 6. The variation of the temperature of the
collector and humidity is within the experimental error which shows that there is no
difference in the performance of the PTS and DCO. The implication is that DCO can be used
as thermal storage instead of more costly PTS. The PTS and DCO had higher temperatures
than the ambient values throughout the process, thereby contributing to the rise in
temperature of the collector and drying chamber for dryers A and B. This can solve the
problem of indiscriminate disposal of used DCO as waste material. The graph shows that the
PTS and DCO have temperature variations, ranging from 47 to 30 °C and 49 to 30 °C,
respectively. The temperature of PTS and DCO are at least 2 <C above the ambient
temperature during the off-sunshine period. During the sunshine period, PTS and DCO had a
maximum temperature difference of 10.8 <C each above the ambient temperature. However,
PTS maintained a higher constant temperature difference throughout the drying period and
responded more rapidly to ambient temperature change than DCO. However, using DCO
previously discarded in solar dryer design presents a good prospect for cheap heat storage or
a heat career in solar drying.
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Figure 6: Average Temperatures of thermal storage material

The drying chamber is another important part of the solar dryer where the drying of the
product occurs. Comparisons were made among the four dryers to observe the conditions that
each dryer provided for drying the ginger. Figures 7 and 8 showed the temperature and
relative humidity in the drying chamber. It is observed that the drying chamber temperatures
are all higher than the ambient temperature at noon time with ranges of 48.5 to 30.1°C, 46.3
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to 29.8 °C and 40.2 to 29.0 °C for dryers A, B, and C, respectively, with corresponding
average values of 39.88 °C, 37.04 °C, and 35.73 °C in the same order. The drying chamber
temperature reduced in the evening time when solar radiation intensity dropped. The two
dryers with thermal storage maintain higher temperature and lower relative humidity in the
drying chamber at all times. However, the dryer with PTS shows a slightly lower relative

humidity value than the dryer with DCO. The average values were 40.7%, 41.4% and 45%
respectively.
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Figure 7 Average drying chamber temperatures
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3.2 Collector and Drying efficiency

The efficiency of the three collectors is displayed in Figure 9. From the graph, the
efficiencies of collectors are higher during noon time when the ambient temperatures and
solar radiation intensity are higher. The collector of dryer A has the highest collector
efficiency of 25.56% due to the PTS available in the heat exchanger pipe embedded in the
collector. This recorded efficiency is higher than the 24.7% efficiency obtained by Isaac and
Sam (2017), and it’s similar to the efficiency obtained by Schiavone (2011) for a natural
convective dryer. Collectors of dryers B and C have maximum efficiencies of 20.6%, and
10.4% respectively. This shows that dryer B with DCO can compete favourably with dryer A
with PTS when every cost component is integrated into the evaluation. This is because DCO
was procured at no cost, unlike PTS. The corresponding drying efficiency is shown in Figure
10. The results showed that higher drying efficiency was obtained in dryers with PTS and
DCO. The drying efficiency of the dryers A, B and C are 15%, 13.5% and 9.50%,
respectively, which corresponds to the efficiency obtained by Schiavone (2011) and is in line
with the range of efficiency for a natural convective dryer which is 10% to 15% according to
Brenndorfer et al (1987).
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Figure 9: Average Collector Efficiency of the Solar Dryers
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3.3 Energy Analysis

The energy analyses of the solar dryers are shown in Table 1 below. Solar dryer A with PTS
produced 0.016 MJ of energy from its thermal storage material with a total useful energy of
2.97 MJ consumed to dry the sliced ginger from 82.14% wb to equilibrium moisture content
of 8.03 £0.86% whb within 15 hours as shown in Figure 11.
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Figure 11: moisture loss profile of the dried ginger

Dryer B with DCO produced thermal storage energy of 0.009 MJ from the DCO and total
energy consumption of 3.16 MJ which brought the moisture content of the food product from
82.14% whb to 8.03 +0.86% whb within 16 hours. Dryer C without thermal storage yielded
total useful energy of 4.0 MJ, to dry the product from 82.14 %wb to 8.03 +0.86% whb in 20
hours. Meanwhile, Eze and Agbo (2011) reported that part of the problem of ginger
preservation is reducing its moisture content by between 7 and t012%. Hence the final results
obtained from the study showed that the developed dryer is good for drying ginger. The
effectiveness of energy utilisation is embodied in the specific energy consumption in the
drying process, obtained as 4.48, 4.8 and 6.07 316.12, k Wh / kg for dryers A, B and C,
respectively. Consequently, the specific moisture extraction rate of the energy required to
evaporate 1 kg of water was 0.223, 0.205 and0.164 kg / k W h respectively. The inverse of
specific energy consumption is the specific moisture extraction utilized for drying (Fudholi et
al., 2010).

Table 1: Performance parameter of the developed solar dryers

Parameters Dryer A Dryer B Dryer C
Average collector temperature (°C) 40.09 38.96 36.18
Average Drying chamber temperature (°C) 39.88 37.04 35.7
The average temperature at Chimney (°C) 35.8 35.5 35.73
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Average Ambient RH (%) 46.7 46.7 46.7

Average Collector RH (%) 42.8 43.5 45.2
Average Drying Chamber RH (%) 40.7 41.7 45
Average Drying chamber RH exist air (%) 40.9 41.9 44.1
Initial moisture content (% wb) 82.14 82.14 82.14
Initial mass (kg) 0.20 0.20 0.20
Total drying time (hours) 15 16 20
Dryer Efficiency (%) 15 135 10.3
Average wind speed (m/s) 0.10 0.08 0.07
Energy from thermal storage (MJ) 0.016 0.010 -
Total Useful Energy Consumed (MJ) 2.97 3.16 4.0
Specific Energy Consumption (KWh/Kg) 4.48 4.88 6.07
Specific Moisture Extraction rate (Kg/KWh) 0.223 0.205 0.164
Average solar radiation (W/m?) 357.5 357.5 357.5

3.4 Exergy analysis of the Dryers

Exergy analysis was employed for the thermodynamic analysis of each of the developed
dryers to identify areas with high potential for improvement. The sinusoidal shape of the
graphs is similar to the result obtained by Ndukwu et al., (2020 c) which shows that the four
dryers are affected by environmental factors during the drying process. For example, from
figure 12, the maximum inlet values for dryers A, B, and C are 5.4 kW, 3.9 kW and 2.7 kW,
respectively, while maximum exit values were 2.8 kW for dryer A, 3.8 kW for dryer B and
1.8 kW for dryer C. Figure 13 shows their respective exergy losses per time throughout the
process and figure 14 indicates the exergy efficiencies which is obtained from the exergy loss.
The graph shows the exergy efficiency ranging from 7% to 97% for dryer A, 0% to 99% for
dryer B, and 0% to 84% for dryer C, with average values of 45% for dryer A, 49.9% for dryer
B, and 41.a % for dryer D. This shows the sustainability of dryer B with DCO.
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Figure 12 Exergy in and Exergy out of the dryers
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3.5 Sustainability Analysis

Three exergy-based indices were used to assess the sustainability of employing DCO as
thermal storage in solar design. These indices which include, waste exergy ratio (WER),
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sustainability index (SI) and improvement potential (IP) were assessed in comparison with
PTS and control. The graphs are presented in Figures 15 to18. According to Dincer and
Rosen (2013) and Ndukwu et al., (2016) the waste exergy ratio is used to compare the
amount of exergy loss to the total exergy that enters the solar dryer due to the effect of
moisture loss from the product on the thermodynamic equilibrium of the ambient. The values
obtained for WER were 0.000 < WER < 0.928, 0.000 < WER < 1. 00 and 0.029 < WER <
1.00 for dryers A, B and C, respectively while the corresponding SI values were 0.00 < SI <
34.32, 0.00 < SI < 34.56 and 1.07 < SI < 13.83, respectively. Correspondingly the IP was
0.00 <IP <2.68 kW, 0.000 <IP < 1. 86 kW and 0.001 < IP < 2.67 kW respectively. These
values are similar to the values presented by Ndukwu et al., (2017) in literature.
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Figure 15: Waste exergy ratio of the studied dryers
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Figure 16: Sustainability index of the studied dryers
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Figure 17: Improvement potential of the studied dryers

3.6 Greenhouse gas mitigation

One of the benefits of solar drying is to explore the abundant solar energy. In this way
the use of fossil fuels and their environmental consequences is limited. Therefore, to fully
show the advantage of the presented solar dryer, comparisons were made with other sources
of energy that can be used to power a similar dryer to accomplish the same function.
Therefore, the energy utilized for each solar dryer was compared with diesel, grid-based
electricity and coal-fired dryers. The results of the comparisons of mass of CO; avoided are
presented in Figure 18. Although these values were calculated using the Nigeria scenario,
they might differ from one country to another. Using coal-fired dryers limited more CO, from
entering the atmosphere while grid-based electricity has the list value as shown in figure 18.
The values of the results in Figure 18 show the positive environmental impact of using a solar
the dryer
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Figure 18: CO2 mitigation potential of the dryers

4.0  Conclusions

The comparative thermodynamic assessment of employing degraded crankcase oil as thermal
storage was done with already known paraffin which has been used and evaluated as good
thermal storage material in literature for solar drying. A comparison was also made with a
solar dryer without any thermal storage material which served as control. The results obtained
were encouraging because there was no difference within the statistical limit error between
the drying efficiencies of the solar dryer with paraffin as thermal storage (PTS) and the solar
dryer with degraded crankcase oil (DCO) as thermal storage. This shows that DCO can serve
as a substitute for more expensive paraffin oil as thermal storage material in solar drying.
However, there was a statistical difference in the efficiencies of the solar dryer without
thermal storage when compared with the solar dryer with DCO as thermal storage which
shows the overall performance improvement of the solar dryer with DCO. In terms of
energetic performance, the difference between the energy utilized by the dryer with DCO and
PTS is just 8.2% while it was 24.39% with the dryer without thermal storage, showing the
effectiveness of DCO as a heat career. Dryer B with DCO showed better exergy effectiveness
compared to dryer A and C with dryer A; having average exergy efficiency of 45%, dryer B,
49.9% while dryer C has 41.6 %. In terms of sustainability, dryer B has the highest
sustainability index of 34.56 with the lowest Improvement potential which shows the
effectiveness of energy utilization. With a reduction in drying time achieved, enhanced useful
energy usage efficiency, better exergy sustainability, low or no cost, and environmental
protection from waste disposal, the studies inferred that DCO offered a prospect as a suitable
heat storage medium in low-temperature solar drying of agricultural products. Therefore,
using these dryers as a substitute for a diesel-powered dryer will mitigate 853.77 to 113.23
tons of CO> from entering the atmosphere. This is a strong indicator that the evaluated solar
dryers can help limit the greenhouse effect by reducing the amount of CO2 going into the
atmosphere which causes global warming. This study is limited to the comparison of using
these two thermal storage materials as a heat reservoir for drying as done in most literature.
However, the effect of fouling on the pipes and thermal stability, viz-a-viz the chemical
decomposition of the thermal storage under application of solar heat was not studied and
therefore recommended for future studies. Life cycle analysis of the dryer can be carried out
to determine the useful life of the system.
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