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Featured Application: This work compares two different dryers commonly used for cassava
processing in Africa, concluding that a pneumatic dryer is a better choice of equipment than a
fixed-bed dryer. The findings can be used to guide future research on improving those dryers and
lead rural development projects in the dissemination of the most suitable drying technology.

Abstract: Small-size enterprises drying cassava in Africa mostly use fixed-bed dryers or pneumatic
dryers. The objective of this study was to determine which of those two dryers is the best choice
for this operation. Energy performance, product quality and costs were measured and analysed
using a comparative experiment design. Each dryer was considered as a treatment and experiments
were performed in quintuplicate at a cassava processing small-size enterprise in Ghana. The energy
performance of the pneumatic dryer was superior because of the better contact between the cassava
grits and the drying air, resulting in greater heat and mass transfer. The cassava flour obtained from
the fixed-bed dryer had a higher Whiteness Index, but the same level of lightness, and the staff

responsible for managing product quality was not able to visually distinguish them. As a result of the
pneumatic dryer’s better energy performance, its operating cost was lower. The capital cost of this
dryer was higher, but to recover the additional investment only 194 days of operation were needed.
Therefore, it was concluded that pneumatic dryers are a better choice of equipment for cassava drying
by small-size enterprises in Africa.

Keywords: convection dryer; pneumatic dryer; flash dryer; fixed-bed dryer; flatbed dryer; energy
efficiency; product quality; costs

1. Introduction

Cassava (Manihot esculenta Crantz) is a perennial root crop native to South America [1] but is
nowadays cultivated throughout the humid tropics [2]. The roots are rich in starch and are the main
source of calories for many people living in sub-Saharan Africa [3]. However, two days after being
harvested, the cassava roots become unsuitable for human consumption and consequently, post-harvest
losses are high [4]. To extend cassava shelf-life, the most common practice is to process the roots into
flour; a dried product that can be used later as the basis for many dishes [2].

To process cassava into flour, the roots are peeled, grated, pressed, pulverized, dried and
milled [4]. Large-scale cassava processing equipment is nowadays efficient because it has been subject
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to development for a long time [5]. In contrast, small-scale cassava equipment, of a size suitable for
small-size enterprises, is in the early stages of development [6] and have variable levels of efficiency [7].

Cassava processing enterprises in Africa are mostly of small size [3]. A few large cassava processing
industries, using state-of-the-art dryers, operate in West and South Africa. However, they produce
cassava starch for industrial use and do not compete with the small-size enterprise producing cassava
flour for domestic consumption [2]. For the small-size enterprise, processing equipment should have
low capital and operating costs should be easy to build and should be simple to operate [8]. Fixed-bed
dryers and pneumatic dryers, also known as flash dryer, have those characteristics and therefore
are the main types of dryers used by small-size enterprises in Africa to produce cassava flour [2].
Pneumatic dryers are more efficient than fixed-bed dryers when drying solids that can be transported
pneumatically [9] but, for cassava processing by small-size enterprises in Africa, fixed-bed dryers are
more common because of its greater versatility, simplicity and lower capital cost [10]. However, there
has been no study determining which of those two types of dryers is the best choice of equipment for
this operation.

Table 1 shows the main differences and similarities between fixed-bed dryers and pneumatic
dryers. Fixed-bed dryers, also known as flatbed dryer or bin dryer, are batch operated [11], thus the
wet solid is loaded to the dryer and kept until it reaches the desired moisture level [12]. This kind
of dryer usually consists of simple containers with a perforated screen in the middle, as a false floor,
where the solid to be dried is placed [13]. Fixed-bed dryers use hot air as a drying medium and thus
is a convection dryer. The heated air is forced into a plenum chamber below the perforated screen,
passing through the orifices and then through the solid [14]. In this kind of dryer, heat is usually
generated by a burner, fuelled by kerosene, diesel or gas. Forced airflow is produced by a fan, powered
by an electric motor or a combustion engine [15]. While fixed-bed dryers have the advantage of being
simple in design, construction and operation [12], its shape and configuration inevitably create an
uneven air distribution that results in non-uniform drying [16]. Several solutions have been tested to
improve this [17], but the most common practice is still to manually move the solid being dried at
regular intervals [18], a practice that increases the work drudgery and jeopardizes equipment energy
performance [19]. In fixed-bed dryers, as the solid becomes drier the temperature of the air at the outlet
increases, and its relative humidity drops. This allows for air recirculated, and this energy-saving
method has been successfully applied in this kind of equipment [20]. However, for cassava drying,
because the material is rich in starch, air recirculation must be approached with caution. If a proper
heat recovery unit is not used, dust explosion is likely to occur [21].

Table 1. Major characteristics of fixed-bed dryer and pneumatic dryers, where plus signs denote levels,
ranging from one plus sign (+) to five plus signs (+ + + + +).

Fixed-Bed Pneumatic

Drying air temperature + + [20] + + + + + [22]
Solid temperature + + + [20] + + [22]

Dried product uniformity + [17] + + [23]
Capital costs + + [24] + + + [25]

Maintenance cost + + [17] + + [25]
Versatility + + + + + [24] + + + [26]
Simplicity + + + + [27] + + + + [23]

Energy efficiency + [24] + + + + + [28]

Values inside square brackets denotes sources of the data presented.

Like fixed-bed dryers, pneumatic dryers are also a convection dryer but continuously operated.
In this dryer wet solids are constantly loaded at the feeder and dried solids are constantly unloaded
at the outlet [12]. This kind of equipment also uses a burner to produce heat, and a fan to generate
forced airflow. However, on pneumatic dryers, drying occurs at the drying duct while the solids are
being pneumatically transported. At the end of the drying duct, one or more cyclones are installed for
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separating the solids from the drying air. Like fixed-bed dryers, pneumatic dryers use hot air to supply
the heat for moisture evaporation and to transport it away from the solid being dried [11]. However,
at the pneumatic dryers, air velocity in the drying duct is high enough to make the solid suspend and
be conveyed pneumatically [9]. This improves greatly the contact between solid and hot air, enhancing
heat and mass transfer and consequently increasing the water evaporation rate. The higher evaporation
rate, and the consequent short drying time, allows using elevated air temperatures. This results
in superior levels of energy efficiency [7], without overheating the solid, or jeopardizing product
quality [29].

Drying is an energy-intense operation and the evaluation of the energy performance of a drying
system is a fundamental step towards its improvement [30]. Significant improvements in the energy
performance of a dryer can be achieved by simply evaluating it, and subsequently making the
necessary amendments [31]. To evaluate the energy performance of a dryer various indices can be
used, but energy efficiency and specific heat consumption are the most useful ones [30].

The energy performance of a dryer is an important aspect to be considered when determining
the best choice of drying equipment. One reason is that it has a direct implication on cost. However,
the type of dryer and its operating conditions are also important because they have a direct implication
on the product quality [32], and product quality determines consumers’ acceptance or rejection [33].
Consumers judge the quality of food mostly by looking at its appearance [34] and among the various
properties of appearance, colour is the one with by far greater influence in their decision [35]. This is
particularly true for dried products [36], and for dried cassava products the critical colour parameter is
whiteness [5].

While the quality of the final product is an important aspect to be considered when determining
which is the best choice of drying equipment, the cost is another, as it has a direct implication on
profits [37]. However, costs and product quality are often competing factors [38] and, therefore, it is
fundamental to find a favourable combination between them [37]. The objective of this study was,
therefore, to evaluate and compare the energy performance, product quality and costs of the two
most common dryer types used for cassava drying by small-size enterprises in Africa. The evaluation
provided guidelines on how to improve those dryers and the comparison determined which of the
equipment is best suited for the small-scale operation, a question that cassava processors, policymakers
and researchers working on rural development are frequently confronted with.

2. Materials and Methods

2.1. Experimental Procedure

The study was performed as a survey of the current practices of a small-size cassava processing
enterprise located at the town of Abura Dunkwa in the Central Region of south Ghana (5◦19′58” north;
1◦10′13” west). This cassava processing enterprise grows its cassava but also buys it from other growers
in the region. The survey followed the usual material preparation and drying procedure of the cassava
processing enterprise, and no interventions were made other than collecting samples and measuring
drying conditions. This enterprise uses a fixed-bed dryer and a pneumatic dryer to produce cassava
flour. The final product is shipped in bulk to Accra and sold to wholesalers, who evaluate the flour
appearance and moisture content to assess quality. The survey used a comparative experimental
design, with 5 replicates. Each dryer type was considered as a treatment and data collection was
conducted over 10 consecutive days, in series, one dryer type per day. The order in which each dryer
was used was randomized.

The steps used to process the cassava root into flour are shown in Figure 1. At the processing
enterprise locally grown, freshly harvested, cassava roots were peeled by hand, washed manually and
turned into a mash using a mechanical grater. The mash was subsequently dewatered with a screw
operated press and then the resulting press-cake was pulverized into wet cassava grits using another
mechanical grater.
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When the fixed-bed dryer was used, the equipment was loaded with 500 kg of wet cassava grits
without preheating. The wet grits were spread over the perforated screen forming a 0.15 m thick
layer. Aiming to improve uniformity, after 3 h of drying, the operator manually turned and shifted
the cassava grits with a wooden shovel. Drying lasted for a total of 6 h. During the drying process,
the temperature of the drying air was thermostatically controlled using a temperature sensor located at
the dryer inlet. The thermostat was set to 90 ◦C and kept at this value.

When the pneumatic dryer was used, it was preheated for 0.5 h before being loaded with wet
cassava grits. Once loading started, it continued uninterrupted for 7.5 h. In this period, a total
of approximately 500 kg of wet cassava grits were fed to the dryer. Drying air temperature was
thermostatically controlled using a temperature sensor located at the dryer inlet, placed before the
feeding point. The thermostat was set to 220 ◦C and kept at this value.

The fixed-bed dryer was locally manufactured, built in a rectangular shape, 2.54 m by 2.45 m with
a height of 0.85 m, as illustrated in Figure 2a. The perforated screen was located approximately in
the middle of its height and was inclined by an angle of 8◦ to facilitate unloading. The equipment
was constructed using stainless steel and was thermally insulated with a 50 mm thick mineral wool,
shielded by aluminium sheeting. Air was heated by a heating unit comprising a 70-kW diesel burner
and a heat exchanger. Airflow was forced by a radial blower powered by a 5.2 kW three-phase electric
motor. The pneumatic dryer was also locally manufactured. However, as part of a capacity-building
activity of a rural development project, in which equipment manufacturers in Ghana learned how to
design, dimension and build small-scale pneumatic dryers for cassava processing. The equipment
was constructed using stainless steel and was thermally insulated with a 50 mm thick mineral wool,
shielded with aluminium sheeting. The drying duct had a diameter of 0.18 m and a length of 24.84 m.
To reduce the total height of the equipment the drying duct was divided into 7 vertical meandering
sections, as illustrated in Figure 2b. Wet cassava grits were introduced to the drying duct by a feeder
powered by a 4.0 kW three-phase electric geared motor. Airflow was forced by a radial blower powered
by a 7.5 kW three-phase electric motor. The fan was located at the base of the drying duct, just after
the feeding point, and thus it operated as a positive pressure conveying system. Air was heated by a
heating unit comprising a 70-kW diesel burner and a heat exchanger. On both dryers, the temperature
control system simply turns the diesel burner on and off to maintain the temperature at the dryer inlet
in the value set at the thermostat. It is a commonly used control system, but it has the limitation of not
being able to account for variations on the wet solid moisture content, or on the wet solid feeding rate.
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2.2. Statistical Analysis

Statistical analyses were performed with SAS 9.4 (SAS Institute Inc., Cary, NC, USA) software.
To determine whether the pairwise difference comparisons were significantly different, Fisher’s
Least Significant Difference (LSD) was used at a 5% level of significance (p < 0.05). To facilitate
inferring if the treatment was significantly different or not, the pairwise treatment comparisons were
presented followed by a subscripted letter. In this notation, means with no letter in common are
significantly different.

2.3. Operating Conditions and Energy Performance

For the fixed-bed dryer, samples of cassava grits were collected just before starting the drying
process and at the end of it. Both, wet and dried samples were collected following a three by three
grid pattern, as shown in Figure 3a. For the pneumatic dryer, samples of wet and dried cassava
grits were collected at the dryer’s feeder, and at the cyclone’s solid outlet (Figure 3b), respectively,
at 0.75-h intervals. At this dryer, sample collection started only after a steady-state condition was
achieved, determined by observing the temperature, Tex (◦C), and relative humidity, Ψex (%rh), trends
at the cyclone air outlet, measured with a digital humidity–temperature probe (HC2A-S3, Rotronic,
Bassersdorf, Switzerland). On average, a steady-state condition was achieved 0.75 ± 0.01 h after the
operator has started loading wet grits into the dryer. Samples collected from both dryers were placed
on an airtight container and taken to the laboratory of the Food Research Institute (FRI) of the Council
for Scientific and Industrial Research in Accra, for moisture content measurement. The moisture
content was determined gravimetrically according to the AOAC method 935.29 [39]. Samples were
dried for 3 h at 103 ± 1 ◦C, using a convection oven (NE9-112S; Clifton, Weston-super-Mare, UK).
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Figure 3. Measurements made at the dryers: (a) top-view of the fixed-bed dryer and (b) side-view of
the pneumatic dryer (T, temperature; Ψ, relative humidity; P, pressure; v, air velocity; ṁ, mass flow
rate; X, moisture content).

On both dryers, the mass flow rate of the wet cassava grits, ṁws (kg h−1), and the mass flow
rate of the dried cassava grits, ṁds (kg h−1) were measured using a digital balance (AWB120; Avery
Weigh-Tronix, Smethwick, UK) and a chronometer. In addition, for the fixed-bed dryer, loading and
unloading periods were measured with a chronometer.

On both dryers, the temperature of the dried cassava grits, Tds (◦C) were measured with a
resistance thermometer (PT100; Rotronic). For the fixed-bed dryer, measurements were made at the
end of the drying process, using a six by six grid pattern. For the pneumatic dryer, temperature was
continuously measured and recorded at a 1-min interval using a wireless data-logger (LOG-HC2-RC;
Rotronic) with the thermometer placed at the material leaving the cyclone’s solid outlet.

On both dryers, the temperature of the air at the dryer inlet, T1 (◦C), was measured with a
resistance thermometer (PT100; Rotronic). For the fixed-bed dryer, the sensor was placed at the duct
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that connects the fan to the dryer bed (Figure 3a). For the pneumatic dryer, the sensor was placed at
the duct after the heat exchanger before the feeding point (Figure 3b). On both dryers, the sensors were
connected to a wireless data-logger (LOG-HC2-RC; Rotronic) and temperature values were recorded
at 1-min interval. Air static-pressure at the dryer inlet, P1 (Pa), was also measured at these locations
using a manometer (922; Fluke, Norwich, UK).

Ambient relative humidity, Ψamb (%rh), and ambient air temperature, Tamb (◦C), were measured
with a digital humidity-temperature probe (HC2A-S3, Rotronic), connected to a wireless data logger
(LOG-HC2-RC; Rotronic) recording values at 1-min intervals. The barometric pressure of the ambient
air, Pamb (Pa), was measured with a digital barometer (GBP 3300, Greisinger, Regenstauf, Germany)
and recorded manually at 30 min intervals.

Air velocity at the heat exchanger inlet, vamb (m s−1) was measured with a pitot tube connected to
a manometer (922; Fluke). Following ASHRAE standard 111-2008 [40], a 1.5 m long circular duct with
a diameter of 0.30 m was added to the air inlet of the heat exchangers of each dryer and a total of 18
readings were taken across the traverse plane and then averaged.

To assess the uniformity of the airflow across the perforated screen of the fixed-bed dryer, air
velocity was measured with a vane anemometer (AFP1, Rotronic) using a six by six grid pattern.
Measurements were performed with the dryer loaded, during the first 0.25 h of the drying operation,
using three repetitions.

Psychrometric calculations used the formulas provided by the British Standard [41] and energy
performance indices were calculated according to Kudra [30].

The solid mass flow rate on a dry basis, ṁdm (kg h−1), was obtained using Equation (1):

.
mdm =

.
mws −

.
mws

( Xws

1 + Xws

)
, (1)

where ṁws (kg h−1) is the mass flow rate of the wet cassava grits and Xws (kg−1) is its moisture content
on a dry basis.

Heat input rate to the dryer (
.

Qin) was calculated using Equation (2):

.
Qin =

.
mair(h1 − hamb) (2)

where ṁair (kg h−1) is air mass flow rate on a dry basis, h1 (kJ kg−1) is the enthalpy of the air at the
dryer inlet and hamb (kJ kg−1) is the enthalpy of the ambient air.

The value for ṁair was calculated multiplying the air volume flow rate, V̇air (m3 h−1), to the air
density on a dry basis, ρair (kg m−3), and the value for V̇air was calculated multiplying vamb to the
cross-sectional area of the pipe added to the heat exchanger air inlet. The values of ρair and hamb were
calculated using Ψamb, Tamb and Pamb. The value for h1 was calculated using T1 and P1 but because of
the elevated temperature at this location, air relative humidity (Ψ1) was not measured, but calculated
from the ambient air conditions.

Water evaporation rate, ṁw (kg h−1), was calculated using Equation (3):

.
mw =

.
mdm(Xws −Xds) (3)

where Xds (kg kg−1) is the dried cassava grits moisture content on a dry basis.
Specific heat consumption, qs (kJ kg−1), was calculated using Equation (4):

qs =

.
Qin
.

mw
, (4)
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Energy efficiency (η) was calculated using Equation (5):

η =

.
Qw
.

Qin

, (5)

where
.

Qw (kJ h−1) is the heat used for moisture evaporation, calculated by multiplying ṁw to the
cassava starch sorption energy, Qst (kJ kg−1), provided by Al-Muhtaseb et al. [42]. Sorption energy
was used instead of the latent heat of vaporization (λ), to account for the energy required to overcome
capillary forces.

2.4. Product Colour and Appearance

According to the usual procedure of the processing enterprise, on each day, the obtained dried
cassava grits were milled into flour with a hammermill. Samples from this flour were collected
and taken to the FRI laboratory for colour measurements with a colorimeter (CR-410; Konica
Minolta, Osaka, Japan). The CIELAB colour space (L*, a* and b*) with illuminant D65 and 10◦ field
observer was used, and a granular solid attachment (CR-A50; Konica Minolta) employed, to assure
measurement consistency.

In addition to the colour measurements, the flours were also visually assessed as suggested by
Jinorose, Devahastin, Blacher and Léonard [34]. At the processing enterprise, the staff responsible for
quality control and trading (n = 5), were asked to evaluate its overall appearance. This visual assessment
followed the general procedure of a central location test [43]. The flours were presented on white
plastic plates, each labelled with a three-digit code, and the 10 different products were presented just
once, sequentially. The assessment featured a single question regarding the overall product appearance
using a 7-point hedonic scale anchored with “dislike extremely” on the left and “like extremely” on the
right. Before the evaluation started, the use of the scale was explained and demonstrated.

The whiteness of the cassava flour was evaluated by calculating the Whiteness Index (WI) using
the CIE 1964 formula [44]. The whiteness of the cassava flours was also evaluated by analysing its
lightness (L*) and chroma (C*), as suggested by Judd and Wyszecki [45].

2.5. Costs Comparison

For the difference in operating costs, for each dryer, the mass of diesel consumed during drying was
measured by weighting the fuel thank with a digital scale (AWB120; Avery Weigh-Tronix). The price of
a litre of diesel was obtained from the local filling station. The amount of electricity consumed during
drying was measured by installing on each dryer, a digital kilowatt-hour meter (SDM72-D; Eastron,
Zhejiang, China) at the mains cable. The price of a kilowatt-hour was obtained from the processing
enterprise electricity bill. The number of labour hours was obtained by recording the amount of staff

engaged in loading, unloading and operating the dryer. Maintenance costs were obtained from the
processing enterprise spending logbook. For the difference in capital costs, as suggested by Crapiste
and Rotstein [38], local vendors of agro-processing equipment were contacted.

For each component of the operating costs, the difference between each dryer was calculated in
US dollar (USD) per kilogram of dried cassava grit obtained (kg). The number of days of operation
needed to repay the higher price of the dryer with lower operating costs, known as payback period
(PBP), was calculated using Equation (6):

PBP =
I
S

, (6)

in which I is the capital cost and S is the savings for using the dryer with lower operating costs.
Finally, sensitivity analyses were performed to explore the influence of variations in diesel and

electricity prices in the payback period, as suggested by Clark [37].
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3. Results and Discussion

3.1. Operating Conditions and Energy Performance

Table 2 shows the operating conditions of the fixed-bed dryer and the pneumatic dryer. Regarding
the solid mass flow rate, the throughput of wet cassava grits was 84.1 ± 4.8 kg h−1 for the fixed-bed
dryer and was 66.9 ± 13.9 kg h−1 for the pneumatic dryer. The throughput of dried cassava grits was
51.6 ± 2.9 kg h−1 for the fixed-bed dryer and was 41.2 ± 9.4 kg h−1 for the pneumatic dryer. While
ṁws, ṁds and ṁdm between the dryers were significantly different, the amount of dried cassava grit
obtained in one day of operation was not significantly different by LSD test at 5% level of significance.
The fixed-bed dryer was in operation for 6.0 h per day producing, on average, a total of 307.1 ± 6.4 kg
while the pneumatic dryer was in operation for 7.5 h per day producing, on average, a total of
309.2 ± 70.2 kg. Loading and unloading periods is a known drawback of a batch-operated dryer [12]
and on average 0.73 ± 0.05 h were needed to load the fixed-bed dryer and 0.77 ± 0.07 h to unload it.

Table 2. Operating conditions of a fixed-bed dryer and of a pneumatic dryer used to process cassava
in Ghana.

Dryer Type Solid Mass Flow Rate
on a Dry Basis (Kg H−1)

Air Temperature
at Dryer Inlet (◦C)

Wet Cassava Grits
Moisture Content

(Kg Kg−1)

Dried Cassava
Grits Moisture

Content (Kg Kg−1)

Fixed-bed 45.0 a
± 2.6 85.2 a

± 1.2 0.87 a
± 0.01 0.15 a

± 0.02
Pneumatic 35.9 b

± 7.1 226.8 b
± 14.5 0.86 a

± 0.05 0.14 a
± 0.02

Means with no common superscript letter are significantly different by Fisher’s Least Significant Difference test at
5% level of significance (α = 0.05).

The air at the inlet of the dryers is shown in Table 2. Fixed-bed dryers, in general, operate at
a lower temperature [46], particularly when compared with pneumatic dryers [47] that, for certain
products, can operate at temperatures as high as 700 ◦C [48]. The temperature of the drying air has
a direct impact on both, the energy performance of the dryer [49] and on the quality of the dried
product [32]. In general, better energy performance is obtained with higher drying air temperature [31]
and Suherman et al. [50] studying the drying kinetics of cassava starch in pneumatic dryers observed
significant improvement in its energy performance by increasing air temperature. However, high
drying air temperature can have a detrimental effect on product quality [51], particularly for solids
rich in starch [52], and for cassava drying, to avoid starch gelatinization, the temperature of the solid
must remain below 64.3 ◦C [5]. To estimate solid temperature during drying, the wet-bulb temperature
of the drying air can be used [53] and at the fixed-bed dryer, the wet-bulb temperature of the drying
air was on average 36.9 ± 0.2 ◦C. In contrast, at the pneumatic dryer, the wet-bulb temperature of the
drying air was on average 51.9 ± 3.8 ◦C. However, at the end of the drying process, temperature of the
dried cassava grits at the fixed-bed dryer was on average 50.0 ± 2.8 ◦C and Tds at the pneumatic dryer
was on average 57.2 ± 5.3 ◦C. Therefore, despite the higher temperature used in the pneumatic dryer,
on both dryers, the solid temperature remained under the gelatinization threshold.

Regarding the moisture content of the wet cassava grits, Table 2 shows no significant differences.
In addition, Table 2 shows no significant differences between the two dryers in the moisture content
of the dried cassava grits. When comparing the energy performance of two different dryers, it is not
necessary to have the same capacity, but it is important to use the same material and assure that initial
and final moisture content between the dryers is similar [30]. This is even more important when
drying a material that is rich in starch because the energy needed to overcome capillary forces increases
exponentially as the solid dries [42].

During the evaluation of the dryers, no significant differences, by LSD test at 5% level of significance,
were observed regarding ambient air temperature, relative humidity and pressure. They were on
average 33 ◦C, 62.8%rh and 101.0 kPa, respectively.
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For both dryers, the same method for mechanically dewatering the cassava mash was used; thus,
similar moisture content of the wet cassava grits was obtained. Usually between 20% and 30% of
the water can be removed by mechanical means [9] and is an important step for energy saving as it
consumes substantially less energy than drying with hot air [11]. The values of Xws shown in Table 2
were within the range reported by Precoppe et al., [54], for wet cassava grits being dried on pneumatic
dryers. However, it is important to notice that pneumatic dryers are more frequently used for solids
with a moisture content below 0.70 kg kg−1 [55]. Nevertheless, moisture content was reduced to a level
that is accepted for most markets [5,6,56] and considered stable for long term storage [57].

Table 3 shows the energy performance indices obtained from the fixed-bed dryer and the pneumatic
dryer. Regarding the heat input rate, it was significantly higher for the fixed-bed dryer, despite its
lower drying air temperature. This is explained by its higher air mass flow rate; 3498 ± 12 kg h−1

compared to 533 ± 4 kg h−1 at the pneumatic dryer.

Table 3. Energy performance indices of a fixed-bed dryer and of a pneumatic dryer used to process
cassava in Ghana.

Dryer Type Heat Input Rate
(kW)

Water Evaporation
Rate (kg h−1)

Specific Heat
Consumption (kJ kg−1)

Energy
Efficiency (%)

Fixed-bed 54.0 a
± 3.2 32.5 a

± 2.2 6005.4 a
± 339.1 41.3 a

± 2.4
Pneumatic 29.9 b

± 2.5 25.6 b
± 4.8 4316.5 b

± 690.3 58.7 b
± 8.7

Means with no common superscript letter are significantly different by Fisher’s Least Significant Difference test at
5% level of significance (α = 0.05).

Regarding the evaporation rate, Table 3 shows it was higher in the fixed-bed dryer than in the
pneumatic dryer, despite its lower drying air temperature. Water evaporation rate is driven by material
properties, material moisture and material quantity, plus the heat input to the dryer and the level
of interaction between the material and the drying medium [30]. The fixed-bed dryer had a greater
amount of material and a higher heat input rate, explaining its higher evaporation rate.

Regarding specific heat consumption, Table 3 shows it was higher at the fixed-bed dryer, despite
its higher evaporation rate. Specific heat consumption of pneumatic dryers in general ranges from
3000 kJ kg−1 [9] to 9000 kJ kg−1 [58] and for cassava drying with pneumatic dryers Precoppe, Tran,
Chapuis, Müller and Abass [54] reported values ranging from 3620 kJ kg−1 to 5750 kJ kg−1.

Energy efficiency, shown in Table 3, accordingly, was superior for the pneumatic dryer. In general,
the energy efficiency of pneumatic dryers usually ranges from 40% to 75% [59], and for pneumatic
drying of cassava Precoppe, Tran, Chapuis, Müller and Abass [54] reported values ranging from 43% to
69%. In general, the energy performance of convective dryers is dictated by the heat transfer between
solid and the hot air [30], the better the contact between them, the better the energy performance [60].
The better energy performance of the pneumatic dryer can be explained by the fact that in this dryer
the material is suspended in the air, allowing for optimum solid–hot air contact, and thus efficient heat
transfer [29].

Overall, the energy performance indices obtained for the pneumatic dryer suggest that the
equipment was properly designed. For pneumatic dryers, dimensions have a direct implication on
their energy performance [61] and one of the most critical dimension is the length of the drying duct,
that must be long enough to allow sufficient time for the particles to dry during the transport [49].
Despite being correctly dimensioned, the equipment was not as efficient as the large-scale pneumatic
dryer reported by Sriroth et al. [62]. In addition, it was not as efficient as the medium-scale pneumatic
dryers reported by Precoppe, Tran, Chapuis, Müller and Abass [54]. This is explained by the
much smaller capacity of the studied pneumatic dryer, designed specifically to be used by small-size
enterprises. In small-scale dryers, heat losses are always higher because of their inevitably unfavourable
surface-to-volume ratio [63].

Figure 4 shows the uniformity of the air across the perforated screen of the fixed-bed dryer and
Figure 5 shows that despite the turning and moving of the cassava grits during drying, moisture
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content of the obtained dried cassava grits was not uniform. Prukwarun et al. [64] studied a dryer of
similar shape and observed the same pattern in air velocity across the perforated screen and consequent
non-uniformity on the moisture content of the dried solids. Lack of uniformity was also observed
in the pneumatic dryer, occurring over the drying time, as shown in Figure 6. Figure 6 also shows
that the moisture content of the wet cassava grits loaded to the dryer was relatively uniform, but the
same level of uniformity was not observed in the moisture content of the obtained dried cassava grits.
This is explained by the uneven temperature of the drying air and the irregular feeding rate of wet
cassava grits, depicted in Figure 6.Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 17 
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For the fixed-bed dryer, several studies have shown ways to improve the uniformity of the
moisture content of the dried product [16,19,65]. Most of them focused on adding air-guides under the
perforated screen to promote a better airflow distribution. While some studies report a high degree of
success, the proposed solutions cannot be easily replicated to other dryers. Therefore, another possible
way to improve the uniformity would be to add a mechanical device to constantly move and turn the
solid during drying. This device could even be designed in a way that enhances the contact between
the product and the hot air.

For the pneumatic dryer, uniformity of the dried product can be improved by reducing the
fluctuation in the temperature of the drying air and minimizing the variation in the feeding rate of
wet solid. The first can be achieved by employing a more responsive temperature control system.
In addition to the variation over time shown in Figure 6, Table 2 also shows a discrepancy between
drying air temperature and the temperature set at the dryer thermostat, attributed to a low response time
of the control system. Furthermore, Block, Lipták and Shinskey [53] suggest placing the temperature
sensor at the dryer outlet instead of at the drying inlet, as this provides better control of the drying air
temperature and makes it account for variations on the moisture content of the solid being loaded to
the dryer. Moreover, variations in the wet solid feeding rate can be reduced with a better design of the
feeder. Additional improvements can also be achieved by coupling the temperature control unit to the
feeding system, in a way that when the temperature is above the target, the wet solid feeding rate
would increase to compensate for it. Conversely, when the temperature is below the target, the feeding
rate would decrease to compensate for it. Satpati et al. [66] observed that in pneumatic dryers a control
system that can also control the feeding rate not only improves the uniformity of the dried product
moisture content but also the energy performance of the dryer.

3.2. Product Colour and Appearance

Table 4 shows the appearance parameter from the cassava flour obtained from each dryer.
Whiteness Index was significantly higher at the flour from the fixed-bed dryer. This can be attributed
to the lower air temperature used in this equipment.
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Table 4. Whiteness Index, lightness, chroma and appearance score of cassava flour produced using a
fixed-bed dryer and a pneumatic dryer in Ghana.

Dryer Type Whiteness Index Lightness Chroma Appearance Score

Fixed-bed 41.2 a
± 1.6 89.3 a

± 0.9 7.0 a
± 0.6 6.1 a

± 0.6
Pneumatic 37.0 b

± 3.2 88.9 a
± 1.4 7.7 a

± 0.4 6.1 a
± 1.0

Means with no common superscript letter are significantly different by Fisher’s Least Significant Difference test at
5% level of significance (α = 0.05).

Regarding lightness and chroma, Table 4 shows no significant differences between the flours from
each dryer were observed, despite the significant differences in the Whiteness Index. A product of
white colour has a high L* and a low C* [67]. For both dryers, L* were inferior to the values presented
by Precoppe, Tran, Chapuis, Müller and Abass [54] on pneumatically dried cassava, but still above the
threshold suggested by Neves, Neves, Lobato, Nascimento and Clerici [57] for consumers acceptance.
Regarding C*, only the cassava flour obtained from the fixed-bed dryer was below the chroma calculated
from the values a* and b* reported by Precoppe, Tran, Chapuis, Müller and Abass [54].

Regarding appearance score, Table 4 shows that staff members responsible for controlling product
quality at the processing enterprise were not able to observe visual differences between the cassava
flour obtained from each dryer, suggesting that the product would be equally accepted by consumers,
despite the significant differences in WI.

3.3. Costs Comparison

Table 5 shows the differences in the components of the operating costs, using the fixed-bed dryer
as a reference. Regarding fuel consumption, the fixed-bed dryer used 5.3 ± 0.3 kg h−1, while the
pneumatic dryer used 2.8 ± 0.5 kg h−1, the difference being significant by the LSD test at 5% level
of significance. Both dryers had similar heating units, therefore, the greater fuel consumption of the
fixed-bed dryer can be explained by its higher heat input rate. To produce 1 kg of dried solid the
fixed-bed dryer consumed 0.11 ± 0.01 kg and the pneumatic dryer consumed 0.07 ± 0.02 kg, being
significantly different by the LSD test at 5% level of significance. Considering the cost of the diesel,
to produce 1 kg of dried cassava grit, USD 0.14 was spent when the fixed-bed dryer was used and USD
0.08 was spent when the pneumatic dryer was used.

Table 5. Fixed-bed dryer and pneumatic dryer differences in operating costs.

Operating Costs Relative Difference from the
Fixed-Bed Dryer (USD Kg−1)

Percentage Difference from the
Fixed-Bed Dryer (%)

Fuel −0.060 −42.9
Electric power +0.005 +25.0

Labour 0.000 0.0
Maintenance 0.000 0.0

Regarding the electric power consumption, the fixed-bed dryer used 1.3 ± 0.1 kW while the
pneumatic dryer used 2.3 ± 0.2 kW, this difference is significant by the LSD test at 5% level of
significance. While the fixed-bed dryer had only one 5.2 kW motor powering the fan, the pneumatic
dryer had two, a 4.0 kW motor powering the feeder and another 7.5 kW motor powering the fan,
explaining the higher electric power consumption observed in this dryer. As noted, the air mass flow
rate in the fixed-bed dryer was significantly higher, but the motor powering the fan was of a smaller
size. That is because, in the pneumatic dryers, the airflow has not only to remove the evaporated
moisture but has also to provide the required hydrodynamic condition needed to transport the material.
According to Kudra et al. [68], in general, fuel to supply the dryer with heat is the main component of
operating costs, however, for dryers with specific hydrodynamic requirements, costs with electricity
can also become an important component. For both dryers, electric power consumption was higher
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than the values reported by Precoppe, Tran, Chapuis, Müller and Abass [54] on pneumatic drying
of cassava, suggesting less efficient fan design. To produce 1 kg of dried cassava grits, the fixed-bed
dryer consumed 25.1 ± 0.2 W of electric power and the pneumatic dryer consumed 57.4 ± 14.8 W,
the difference being significant by the LSD test at 5% level of significance. Considering the cost of
electricity, to produce 1 kg of dried cassava grits, USD 0.004 was spent when the fixed-bed dryer was
used and USD 0.009 was spent when the pneumatic dryer was used.

Regarding labour, the fixed-bed dryer and the pneumatic dryer had very distinct working regimes.
The fixed-bed dryer demanded intense work during loading and unloading plus when moving and
turning the product during drying. The workload of the pneumatic dryer did not have those peaks and
was rather steady over time. Nevertheless, the processing enterprise employed one person to operate
each dryer, working in an 8 h shift. Therefore, despite the different working regimes, no difference in
labour costs for each dryer was observed.

Regarding maintenance cost, it is known to be low in fixed-bed dryers and pneumatic dryers
due to the few numbers of moving parts [11]. The enterprise spending logbook had revealed that
the fixed-bed dryer and the pneumatic dryer were inspected at the same intervals and for both,
the maintenance included servicing the diesel burner and replacing the bearings that hold the shaft of
the fan. Therefore, no difference in maintenance costs for each dryer was observed.

Regarding capital cost, based on the equipment manufacturer contacted, the cost of the fixed-bed
dryer used in this study was approximately USD 4000. In contrast, the cost of the pneumatic dryer was
approximately USD 7300. Fixed-bed dryers are well known for having low capital cost [46]. As a result
of the lower operating costs of the pneumatic dryer, the additional investment could be recovered in
194 days of operation. However, the sensitivity analysis, shown in Figure 7, indicates that the payback
period is highly sensitive to variations in diesel and electricity prices. It reduces if the diesel prices rise
(Figure 7a) and it increases if electricity prices rise (Figure 7b).
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4. Conclusions

This study demonstrated that for processing cassava grits, the pneumatic dryer was more energy
efficient than the fixed-bed dryer. However, the Whiteness Index of the flour produced by the fixed-bed
dryer was higher, but the other colour parameters were not significantly different. In addition, the staff

controlling product quality could not distinguish flours produced by each dryer. This led us to conclude
that consumers would equally accept both products. Regarding costs, the pneumatic dryer had a
higher capital cost but a lower operating cost, and to recover the additional investment made for this
dryer, a short amount of time was needed. Therefore, this comparative study allows us to conclude that
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the pneumatic dryer is a better choice of equipment for cassava processing by small-size enterprises
in Africa, and for this reason, we recommend that this should be the type of dryer promoted and
disseminated by policymakers and researchers working on rural development.
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