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Modelling uncontrolled solar drying of mango waste

Ross Wilkinsa, James Bruseya,∗, Elena Gauraa

aFaculty of Engineering and Computing, Coventry University, Coventry, CV1 5FB, United
Kingdom

Abstract

Kiln-dried fruit drying time is readily predicted from initial moisture content
since the environment is tightly controlled. For uncontrolled environments, such
as a greenhouse solar dryer, a product’s drying time varies depending on ambient
conditions and is thus more difficult to predict. Prediction of the drying time is
needed to better schedule dryer use. Data was obtained from a set of wireless
scales that weigh the waste during solar drying after initial moisture content
measurement of a sample. A set of linear and quadratic models for drying rate
are tested with the best yielding a 39% reduction in RMSE over traditional
models. The results indicate that the modelling approach is likely to be useful
for open solar dryers where the temperature, and thus the drying rate, is not
controlled.

Keywords: Internet of Things, solar drying, drying kinetics, drying rate, fruit
drying

1. Introduction1

Solar drying is an inexpensive method of drying materials containing mois-2

ture, such as fruit. However, solar drying is an uncontrolled process; changes in3

temperature, wind, humidity and solar load have the potential to significantly4

alter drying time and thus disrupt the production schedule. Many researchers5

(see Kucuk et al. [1] for a recent review) model solar drying by deriving a drying6

rate coefficient from empirical data, however,7

1. commonly used drying models do not account for environmental condi-8

tions, such as temperature,9

2. where temperature is considered, model coefficients are generally derived10

in well-controlled laboratory-based experiments, which may not be rep-11

resentative of factory conditions,12
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3. cross-validation is rarely used to evaluate the reported models, since only13

one or two batches are dried.14

In principle, incorporating environmental parameters into the drying model will15

improve its accuracy. There are two benefits to a more accurate estimate of the16

drying rate: it enables accurate prediction of drying time (when the product17

will reach a target moisture content), thus helping scheduling; and it potentially18

leads to less variation in the final moisture content, thus improving the quality19

of the final product.20

This paper presents a drying model that takes into account varying air tem-21

perature by modelling drying rate rather than moisture content. The coefficients22

of the drying rate model are derived from data collected from a live factory en-23

vironment, which was instrumented to allow long-term monitoring of mango24

waste drying (Section 3). The contributions of this work are:25

1. To empirically derive the relationship between moisture equilibrium and26

temperature and show the subsequent impact of temperature on drying27

rate (Section 4);28

2. To derive drying rate model coefficients from uncontrolled, in-situ experi-29

ments, where several parameters are changing throughout the experiment30

(Section 5);31

3. To show that the resulting drying model significantly outperforms several32

commonly used models (Section 5).33

2. Related Work34

The theoretical modelling of the drying process stems from the observation35

(attributed to Fick [2]) that evaporation of water is a diffusion process and thus,36

is based on random molecular motions. This leads to the notion that evaporative37

drying is analogous to transfer of heat. Specifically (according to Crank [3]),38

Fx = −D∂C
∂x

(1)39

where Fx is the rate of transfer of mass per unit section (or flux) in the direc-40

tion of the x axis (kg m−2 s−1), C is the concentration (kg m−3), and D is the41

diffusivity (m2 s−1). Intuitively, Eq. 1 says that a substance flows away from42

areas of high concentration and towards areas of low concentration.43

When considering surface evaporation for an object (e.g., a sphere) with an44

initially uniform concentration, evaporation rate is proportional to the difference45

between surface concentration Cs and the concentration Ce required to maintain46

equilibrium with the outside air,47

−D∂C
∂r

= α (Cs − Ce) (2)48

where r is the distance (in m) from the centre of the sphere [3, 4].49
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Concentration C refers to mass per unit volume. When considering evapor-50

ation, it is common to assume that the sample does not shrink as it dries [4].51

Thus, its volume is based only on the mass and density ρ of dry matter and52

so concentration C is proportional to the dry basis moisture content M , or53

ρM = C, giving,54

−D∂M
∂r

= α (Ms −Me) (3)55

Similar equations can be formed for different material shapes but, most com-56

monly, it is assumed that the material being dried is a thin sheet and that drying57

occurs from both sides. Crank [3, (4.18)] gives the solution for diffusion in a58

plane sheet as,59

MR =
8

π2

∞∑
n=0

1

z (n)
exp {−z(n) · kt} (4)60

where z (n) = (2n+ 1)
2, k = π2D/

(
4l2
)
, and l is half the sheet thickness.61

Note that the solution in Eq. 4 makes some simplifying assumptions about the62

material.63

Moisture ratio MR is defined as the ratio between the current and initial64

moisture differences with the equilibrium, or,65

MR =
Mt −Me

M0 −Me
(5)66

Many researchers [5, 6, 7, 8, 9, 10, 11, 12, 13] have approximated Eq. 4 by67

dropping all but the first term to yield an equation of the form,68

MR ≈ 8

π2
exp (−kt) (6)69

which has the added attraction that it is time invariant (i.e., t can be mapped70

to t + a if M0 is adjusted accordingly). Note that it is usually helpful, given71

that t is remapped, to drop the 8/π2 term and normalise so that MR = 1 at72

t = 0. This is a reasonably accurate approximation of Eq. 4 but only after the73

initial fast phase of drying. The initial phase occurs when the moisture content74

is roughly uniform across the cross-section and there is a large drop in moisture75

content at the boundary. This might occur, for example, just after the fruit has76

been cut open. For many cases, including for the application examined here,77

the initial phase has already completed before monitoring begins.78

The above formulation ignores environmental effects, such as air temperat-79

ure, solar radiation, humidity, and air flow rate. In this work, the focus is on80

the effect of air temperature on drying rate.81

2.1. Environmental effects82

The most common approach to incorporating temperature into the drying83

model is via diffusivity. For example, Babalis and Belessiotis [6] and Srivastava84
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[13] assume that diffusivity varies with temperature according to the Arrhenius85

equation typically used for chemical reaction rates,86

D = D0 exp

(
−Ea

RT

)
(7)87

where Ea is the activation energy (J); R is the universal gas constant (J K−1);88

and T is the temperature in kelvin. However, here the activation energy affects89

how large a change in diffusivity is caused by a unit change in temperature.90

From an empirical modelling point of view, this may be unnecessarily restrictive91

and some works avoid this restriction by finding an empirical linear mapping92

between temperature and k in Eq. 6.93

In addition to affecting diffusivity, air temperature (and relative humidity)94

can alter the point Me at which moisture content of the sample reaches equi-95

librium with its environment. Considering Me to be related to temperature96

(and humidity) is a useful approach since it allows us to model the fact that at97

low temperatures (and high humidities), the drying process can reverse, with98

moisture being reabsorbed from the surrounding air. Note that temperature99

and relative humidity are usually highly correlated.100

Surprisingly, equilibrium moisture contentMe is often disregarded (and con-101

sidered zero) [14, 7, 9, 15, 16, 17, 13, 18]. The reasoning often given is that,102

for solar drying, the environment varies and thus so does Me. Furthermore, an103

argument is made that Me is close to zero. In some works, the Guggenheim,104

Anderson, de Boer (GAB) equation is used to demonstrate that Me is near105

zero [6]. Dissa et al. [19] derive their own formula for Me based on relative hu-106

midity and temperature, however, some details of this formula are missing (e.g.,107

T4 is referenced but it is not clear what temperature this refers to). According108

to El-Sebaii et al. [20], Henderson provides the following relationship between109

temperature, relative humidity RH and Me,110

1− RH = exp (−cTMn
e ) (8)111

where c and n are empirical constants for a particular product. In addition,112

they use an empirical linear relationship between the drying constant k and113

temperature. Despite these small exceptions, the dominant approach in the114

literature is to assume Me is zero.115

As will be shown,Me is actually a significant factor in estimating drying rate.116

Furthermore, it is possible to find the relationship between Me and temperature117

even when these are varying throughout the experiment.118

2.2. Empirical models119

In comparison to the theoretical models provided by Crank [3], many works120

posit a variety of simpler, empirically derived models. As Simal et al. [21] points121

out, such models do not necessarily provide insight into the underlying physics122

of the drying process; they are, however, useful because they predict drying123

behaviour accurately.124
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Kucuk et al. [1] provide an extensive review of such works and note a total125

of 67 different models. Although there are variations, the most popular models126

correspond to Eq. 6.127

The general approach to identifying the drying model parameters is to:128

1. Measure the initial moisture content of a sample.129

2. Weigh the drying sample at regular intervals throughout the drying pro-130

cess.131

3. Identify the equilibrium moisture content Me (based on the weight when132

drying stops). Note that this step is typically skipped (Me assumed to be133

zero) but even when included, Me is assumed to be constant throughout134

the drying process.135

4. Derive the estimated moisture content.136

5. Fit to one or more models.137

6. Test. Typical statistical tests include correlation coefficient, R2, Root138

Mean Square Error (RMSE), and χ2 but Kucuk et al. [1] note a total of139

28 different measures used on the resulting fit. The tests are used to select140

the best model to fit the available data.141

Notably, apart from Erenturk and Erenturk [22], cross-validation is absent from142

the statistical tests in step 6 and this is typically due to only one or two drying143

batches being used to fit the model. Cross-validation might be helpful in two144

ways: first, it helps identify problems with overfitting caused by too complex a145

model with too many parameters; second, it provides a more realistic estimate146

of the predictive performance of the model.147

Kucuk et al. [1] also note that measurement uncertainty analysis is important148

but rarely performed. This analysis is useful (Section 5.1) since it identifies that149

the resulting models are sensitive to variation in initial moisture content.150

2.3. Solar dryer design151

A key factor in the solar drying performance is the design of the dryer. The152

simplest type is the open solar dryer, where the product is dried on a bed open153

to sun and wind.154

Tunnel or greenhouse dryers provide shelter from rain and keep off insects.155

Janjai et al. [23] rigorously examine the cost-effectiveness of a solar greenhouse156

with solar photovoltaic fans. They measured solar radiation, temperature, rel-157

ative humidity (every 10 minutes) and product weight (4 times per day) during158

the drying process. They show that, compared with open air solar drying, the159

solar greenhouse produces a higher quality product with a shorter drying time.160

Sacilik et al. [24] also compared a solar tunnel dryer with open sun drying and161

were able to show several benefits for the former.162

In comparison to Janjai et al. [23], Hahn et al. [25] look at much smaller scale163

solar greenhouses and recirculate air after drying it with silica gel desiccant.164

They compared fan drying of Roselle with hybrid solar-biogas methods and165

found the latter to be faster and produce better results.166

Fadhel et al. [26] compare open air versus solar dryer and solar tunnel green-167

house for chilli. They note that the solar dryer is the best performer but say168
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that the greenhouse could be made competitive if indoor air humidity can be169

reduced.170

Indirect-type solar dryers heat air in a solar collector section. This air is171

then ducted to a kiln where products are placed to be dried. Usually, natural172

convection provides sufficient airflow but sometimes a chimney is added. A173

variation on this design, examined by Smitabhindu et al. [27], is to put the solar174

collector on the rooftop and the kiln underneath. A Liquefied petroleum gas175

burner provides supplementary heat to bring the air temperature to 60 ◦C. This176

approach smooths the kiln temperature over time.177

To avoid variability due to diurnal cycles, Solar Dryers Australia developed a178

large scale solar kiln for drying wood, seeds, and nuts that stores heat during the179

day and releases through the night. Smoothing the diurnal variation has clear180

advantages over simply modelling it, however their approach requires additional181

infrastructure and thus may not be suitable in all situations.182

The point here is that there are a variety of different types of solar dryers183

with different levels of technological sophistication. Greenhouse solar dryers,184

such as the one examined in this work, are more subject to changes in envir-185

onmental conditions but require little infrastructure. An alternative approach,186

not examined in this work, is to augment the dryer with additional heating or187

somehow reduce the effect of varying environmental conditions. Such additional188

infrastructure is not always feasible and so being able to model uncontrolled189

solar dryers is still useful.190

2.4. Summary191

In summary,192

• Drying science is only loosely based on theory and most work in this193

domain is around empirically selected and parameterised models.194

• Although some works identify the effect of temperature on drying rate,195

such drying experiments tend to be performed in a tightly controlled labor-196

atory environment. Where temperature effects are considered, they are197

usually incorporated as an effect on diffusivity D.198

• Variation in equilibrium moisture content Me is usually ignored and such199

terms discarded.200

• The greenhouse dryer is at the low-end of technological sophistication but201

is commonplace and thus it is important to model its behaviour.202

3. Materials and Methods203

The solar dryer, shown in Figure 1, used in this work is an open air brick204

building (30 × 25 × 3 m3) with a transparent polycarbonate roof. Within the205

solar dryer, there are a total of 36 drying racks (each 5.6 × 1.2 × 2 m3) with 5206

drying shelves spaced vertically at 0.4 m intervals. The mango waste is dried on207
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Figure 1: The solar dryer is based on a large rectangular area covered with a polycarbonate
transparent roof.

these shelves as a thin layer. The base of each shelf is made from nylon mesh208

netting to let sunlight penetrate lower levels and improve airflow.209

The solar-dryer is uncontrolled, and only heated by solar. Within the solar210

dryer temperatures range between 26 ◦C and 52 ◦C and relative humidity varies211

between 42% and 61%. Between the top of a drying shelf (2 m high) and the212

lower shelf (0.6 m high) there can be a difference of 20 ◦C and 20% relative213

humidity.214

A custom scale was developed to measure the weight of the mango waste215

during drying (Figure 2). The scale is based on a Raspberry Pi combined with:216

a single load cell (TAL201), temperature sensor (DS18B20), an LCD screen,217

and a WiFi dongle. The load cell has a measurement resolution of 1 g with a218

measurement range of 0–10 kg. The Raspberry Pi is interfaced with an LCD219

screen, which displays current weight measurements. Data is buffered and then220

transmitted hourly to a remote server. A Kern MLS-A Moisture Analyser was221

used to measure moisture content of small samples.222

Data analysis was performed using the R statistical language, using lm for223

multiple linear regression, the modelr package for cross-validation and the224

caret package for artificial neural networks (ANNs).225

3.1. Data collection procedure226

Five scales were deployed between April and July 2016. The scales were227

deployed in different locations within the solar dryer at various rack heights.228
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Figure 2: Each instrumented shelf consists of a metal tray (shown here loaded with mango
kernels) with a central load cell and temperature sensor. The load cell is attached to a
signal conditioning unit and Raspberry Pi that displays current measurements on an LCD
and transmits product weight and air temperature data periodically via WiFi to a central
server.
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During this deployment period, the scales monitored a total of 18 batches of229

mango seed over a total of 67 drying days.230

The process of drying a batch of mango was conducted as follows:231

1. An average of 3.5 kg (SD: 0.7 g, max: 5.72 kg, min: 2.99 kg) of mango232

seeds were placed on a scale’s drying tray in a single layer.233

2. A sample seed was taken from the tray at loading time and the moisture234

content was measured using the moisture analyser. Over all batches, the235

mango seed average initial (wet basis) moisture content was 64% (SD: 6%,236

max: 72%, min: 51%).237

3. Weight and local air temperature measurements were taken automatically238

by the custom scale at 2 s intervals throughout the drying process for each239

batch.240

4. The mango seeds were left to dry on the scales until the factory operators241

deemed the mango to be dry. The drying time for the mango was between242

3–10 days.243

The data collected and used for the modelling here is available at http://244

cogentee.coventry.ac.uk/datasets/pulp2017.245

4. Development of a drying rate model246

The problem faced when modelling drying in a solar dryer is illustrated247

in Figure 3, which shows that the change of weight over time is not a simple248

function of time. Two key effects are evident. First, each day there is a diurnal249

variation such that drying slows during the night and accelerates during the250

day. Second, as water is lost, the drying rate, for the same hour of the next day,251

is reduced. Figure 4 shows that the diurnal variation is common to all batches252

studied.253

The diurnal variation could be due to a change in diffusivity D, a change in254

moisture equilibriumMe, or both. This work, in contrast to past work, considers255

the effect of variation in Me. From Eq. 5,256

Mt = (M0 −Me) exp (−kt) +Me (9)257

which has differential form,258

dMt

dt
= (Me −Mt) k (10)259

Me varies with environmental conditions such as temperature, humidity,260

and airflow. Since airflow was consistently low in the greenhouse, and since261

humidity tends to vary with temperature, it is assumed that Me is a function262

of temperature only.263

Although temperature varies throughout the day, it is possible to select264

data points where the temperature is close to a particular value, as shown in265

Figure 5 for temperatures around 30 ◦C. Equilibrium moisture content Me for266

that temperature can then be determined from the intersection of the line fit267

http://cogentee.coventry.ac.uk/datasets/pulp2017
http://cogentee.coventry.ac.uk/datasets/pulp2017
http://cogentee.coventry.ac.uk/datasets/pulp2017


10

2.0

2.5

3.0

3.5

4.0

22/04
 10:00

22/04
 16:00

22/04
 22:00

23/04
 04:00

23/04
 10:00

23/04
 16:00

23/04
 22:00

24/04
 04:00

24/04
 10:00

24/04
 16:00

24/04
 22:00

25/04
 04:00

25/04
 10:00

W
ei

gh
t (

kg
)

Figure 3: Mango seed weight decreases during drying at a variable rate (slow at night and
fast during the day).
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Figure 4: Moisture content (d.b.) reduces most during the middle of the day but the gradient
does not just depend on those two variables, as indicated by crossing over of lines for different
batches.
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Figure 5: For a particular temperature, drying rate− dMt
dt

varies linearly with moisture content
Mt. The equilibrium moisture Me is at the intersection of the line fit with the x-axis.
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Figure 6: By using a series of fits as per Figure 5 for different temperatures and plotting the fit
intercept (or equilibrium moisture content Me), a roughly linear relationship with temperature
emerges. Error bars show 95% confidence interval for each intercept.Temperatures with few
data points have been excluded.
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with the x-axis. By performing the line fit between moisture content and drying268

rate for different temperatures, a linear correspondence between equilibrium269

moisture Me and temperature emerge, as shown in Figure 6. Thus, a linear270

correspondence between equilibrium moisture and temperature,271

Me = αT + β (11)272

combined with Eq. 10 leads to,273

dM

dt
= (αT + β −Mt) k (12)274

Since temperature T varies with time stochastically, there is no analytical solu-275

tion in terms of Mt. Fortunately, it is possible to estimate the drying rate −dM
dt276

and solve for the corresponding multi-linear model. As noted previously, dif-277

fusivity D, and thus k, is also a function of temperature T . Assuming a linear278

relationship leads to,279

dM

dt
= (αT + β −Mt) (aT + b) (13)280

Furthermore, it is possible to take into account the drying tray position.281

Note that if the drying tray position is significant, it indicates that some factor,282

such as airflow or solar radiance, that has not be accounted for, is influencing283

performance.284

A set of linear and non-linear models were generated based on:285

• models from the literature that are suitable to be expressed in terms of286

drying rate as a function of moisture content (Newton and Henderson)287

rather than moisture content as a function of time.288

• the above analysis that justifies terms based on the effect of Me and289

D assuming they are linear with respect to air temperature (MoTe and290

MoTe2X).291

• variants with additional higher power (e.g., to allow for a non-linear re-292

lationship between Me and T ) including Mote2 and / or influence terms293

denoted with an “X”, including MoTeX, MoTe2X, etc. Influence terms are294

those involving multiplication of two different input variables.295

• variants that include the scale location (using one-hot encoding) including296

MoTeSc, MoTeScX, etc.297

Furthermore, two ANN variants were trained (with and without scale location).298

The resulting set of possible models is summarised in Table 1.299

5. Fitting the data to model set300

Prior to fitting the models in Table 1, scale measurement data was pre-301

processed as follows:302
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Table 1: The following set of models are tested. For compactness, R formula conventions are
used, such that A ∼ B + C × D corresponds to the linear equation A = c0 + c1B + c2C +
c3D + c4CD. Where the intercept c0 is fixed to zero, this is written 0 + . . .

Name Model
Newton [28] dM

dt ∼ 0 +M
Henderson [29] dM

dt ∼M
MoTe dM

dt ∼M + T or Eq. 12
MoTe2 dM

dt ∼M + T + T 2

MoTe2X dM
dt ∼M ×

(
T + T 2

)
or Eq. 13

MoTeX dM
dt ∼M × T

MoTeSc dM
dt ∼M × T + S

MoTeScX dM
dt ∼M × T × S

Mo2Te2X dM
dt ∼M × T ×M

2 × T 2

Mo2Te2ScX dM
dt ∼M × T ×M

2 × T 2 × S
ANN [22] dM

dt = f(M,T )
ANN (with scale) dM

dt = f(M,T, S)

1. Invalid (outside sensor range) weight measurements were removed.303

2. Data was split into batches based on recorded mango waste loading/unloading304

times.305

3. For some batches, a weight offset was applied to short periods to correct306

for temporary addition or removal of weight.307

4. Dry basis moisture content at each time pointMt was calculated from the308

initial (wet basis) moisture content W0 and the initial and current mass309

m0,mt, according to,310

Mt =
mt − (1−W0)m0

(1−W0)m0
(14)311

5. Drying rate is estimated as −∆Mt/∆t and all terms are smoothed by312

taking the mean over a 30 min window.313

Following this, models are fitted (using R’s lm fit or caret’s neural network314

trainer).315

Results shown in Figure 7 and Table 2 are based on 10-fold cross validation316

(the models were trained on a random selection of 90% of the data, tested on317

the remaining 10%; repeated 10 ways).318

The RMSE performance for each model is shown as a box-plot in Figure 7319

and this is also shown numerically in Table 2 along with the adjusted R2 stat-320

istic for the fit. Traditional models (Newton and Henderson) perform relatively321

poorly for our mango waste drying scenario. Adding a term for temperature322

(as per Eq. 12) improves performance but further gains are possible by includ-323

ing influence terms (M × T ) as suggested by Eq. 13. Since including terms for324

the scale location improves performance, this suggests that some other factor325

in the environment, such as airflow, differs between different scale locations.326

Furthermore, measuring this additional factor might then improve the model.327
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Figure 7: The RMSE performance from 10-fold cross validation for each model. Traditional
models (Newton and Henderson) perform relatively poorly compared to models including a
temperature term.

Adding quadratic terms further improves performance with model Mo2Te2ScX328

providing peak performance. Notably, ANN performs slightly worse than the329

best linear model, however, it is possible that meta parameter tuning could help330

(e.g., adjusting hidden weights).331

In summary, the performance of the best models reflect the assertion that332

equilibrium moisture content Me and diffusivity D are affected by temperat-333

ure and including terms for both effects in the model significantly improves334

accuracy. Furthermore, since including the scale location in the model improves335

performance, some other location dependent or experimental factor (other than336

moisture content or temperature) must affect the drying rate. Therefore, humid-337

ity, solar irradiance, and airflow might need to be measured to further improve338

model accuracy.339

5.1. Measurement uncertainty340

Table 3 gives the uncertainties for measured parameters. Measurement un-341

certainty analysis provides two types of information. First, it highlights those342

measurements that contribute significantly to uncertainty in the final estimate.343

Second, it provides an overall budget for the uncertainty in a derived value.344

Where there is a measurement system y = f (x1, x2, . . .) with various com-345

ponent uncertainties Ux1
, Ux2

, . . ., the total or aggregate uncertainty is346

U2
y =

∑
i

(
∂f (x̄i)

∂xi
Uxi

)2

(15)347



5.1 Measurement uncertainty 15

Table 2: RMSE and adjusted coefficient of determination (R2) values for 10-fold cross valid-
ation testing

Model Adjusted R2 RMSE (kg kg−1 s−1)
Henderson 0.093 ± 0.003 5.6× 10−6 ± 8× 10−7

Newton 0.415 ± 0.004 5.6× 10−6 ± 8× 10−7

MoTe 0.44 ± 0.011 4.3× 10−6 ± 8× 10−7

MoTe2 0.47 ± 0.011 4.2× 10−6 ± 8× 10−7

MoTe2X 0.60 ± 0.014 3.6× 10−6 ± 9× 10−7

MoTeSc 0.60 ± 0.014 3.6× 10−6 ± 8× 10−7

MoTeX 0.60 ± 0.014 3.7× 10−6 ± 8× 10−7

MoTeScX 0.62 ± 0.014 3.5× 10−6 ± 9× 10−7

Mo2Te2X 0.63 ± 0.014 3.5× 10−6 ± 8× 10−7

Mo2Te2ScX 0.67 ± 0.014 3.4× 10−6 ± 8× 10−7

Table 3: Measurement uncertainties based on 95th percentile confidence intervals (or U95)
are given below for measurement instruments. Uncertainty information comes from either
the instrument data sheet (type B), is calculated (type B; based on number of bits being
stored), is estimated (type B; for weights where traceable calibration was unavailable), or
found experimentally (type A; based on variance in a large number of batches). Type A
sources are assumed to be normally distributed while type B sources are assumed to be
rectangular.
Measurement Source Uncertainty (U95)
Temperature 0.29 K
Sensor accuracy Data sheet 0.29 K
ADC conversion (24 bit) Calculated 0.000 006 K
Temperature variation Experiment 0.035 K

Weight 2.9 g
Calibration weights Estimated 0.012 g
Load cell sensor noise Experiment 0.008 g
ADC conversion (14 bit) Calculated 0.35 g
Effect of temperature Experiment 2.9 g

Moisture content 5.8%
Moisture analyser Data sheet 0.012%
Moisture analyser output rounding Data sheet 0.0029%
Variation in mango seed Experiment 5.8%
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where x̄i is a nominal value where the gradient ∂f
∂xi

is found. For example, the348

aggregate uncertainty budget for temperature measurement is,349

UT =
(
0.292 + 0.0000062 + 0.0352

)
1/2

350

≈ 0.29 K351

Note that, in this case, the gradients ∂f
∂xi

for components are all 1. Similarly,352

aggregate uncertainty for moisture content and weight measurement are shown353

in Table 3.354

Given the definition of dry basis moisture Mt in Eq. 14, and assuming nom-355

inal values mt = 2 kg, W0 = 65%, m0 = 4 kg, the moisture content uncertainty356

is UMt
= 0.116 kg kg−1.357

Note that the uncertainty in initial wet basis moisture content is the largest358

contributor. This is mainly due to the variation in initial moisture content for359

samples in a single batch.360

Taking MoTe2X (Eq. 13), for example, the uncertainty in the final drying361

rate estimate dMt

dt is similarly found to be 9.1× 10−7 kg kg−1 s−1 on the basis of362

partial derivatives for moisture content and temperature, and assuming nominal363

values M = 1.1, T = 33 .364

This result suggests that the measurement uncertainty is much smaller than365

the cross-validation RMSE for MoTe2X (3.5× 10−6 kg kg−1 s−1) and thus meas-366

urement contributes only slightly to the overall uncertainty in the model. A367

difficulty with this view is that the model is a non-linear function of inputs368

and thus the choice of nominal values is critical to the measurement uncertainty369

budget estimate. Our view is that the cross validation result is likely to be more370

representative. A key finding from the uncertainty analysis is that the dry basis371

moisture estimate, and thus the drying rate prediction is most sensitive to the372

initial moisture content measurement.373

6. Conclusions and future work374

This work departs from past approaches in a number of ways.375

1. Rather than produce a temporal model of moisture content for solar drying376

of mango waste, this work models in terms of drying rate explicitly. This377

has the advantage that time varying parameters, such as temperature, can378

be accounted for. The resulting drying model outperforms those existing379

in the literature.380

2. It examines the impact of air temperature on the moisture equilibrium of381

mango seed and show that there is a roughly linear relationship between382

the two for the temperature ranges considered.383

3. This work demonstrates, in contrast to much of the work in the literature,384

that even when the equilibrium moisture varies, it should not be ignored.385

The relationship between moisture content and environmental parameters386

that affect it can be derived if a sufficiently large number of drying runs387

are available.388
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4. Model coefficients are derived from uncontrolled, in-situ experiments, where389

several parameters are changing throughout the experiment, rather than390

controlled, laboratory ones.391

In future work, we will examine the impact of changes to the configuration of392

the greenhouse (such as increasing ventilation or altering height of shelving).393

We also plan to incorporate automatic data collection and display of estimated394

drying times into the factory operation in order to (a) collect a much larger395

corpus of data and (b) ensure product is dried more accurately and efficiently.396

Acknowledgements397

Part of the research leading to these results has received funding from the398

British Councils’s Newton Fund Institutional Links Grant Agreement under399

grant agreement n° 172732595. We acknowledge the support of Prof. Evelyn400

Taboada and Edward Querikiol of the University of San Carlos, The Philippines401

and operations staff from Green Enviro Management Systems Inc for help with402

data collection.403

References404

[1] H. Kucuk, A. Midilli, A. Kilic, I. Dincer, A Review on Thin-Layer Drying-405

Curve Equations, Drying Technology 32 (7) (2014) 757–773, ISSN 0737-406

3937, doi:10.1080/07373937.2013.873047.407

[2] A. Fick, On liquid diffusion (reprinted), Journal of Membrane Science408

100 (1) (1995) 33 – 38, ISSN 0376-7388, doi:https://doi.org/10.1016/409

0376-7388(94)00230-V, URL http://www.sciencedirect.com/science/410

article/pii/037673889400230V, the early history of membrane science411

selected papers celebrating vol. 100.412

[3] J. Crank, The mathematics of diffusion, Oxford Univ. Press (1975) 414ISSN413

03064549, doi:10.1016/0306-4549(77)90072-X.414

[4] S. Janjai, B. Mahayothee, N. Lamlert, B. K. Bala, M. Precoppe, M. Nagle,415

J. Müller, Diffusivity, shrinkage and simulated drying of litchi fruit (Litchi416

Chinensis Sonn.), Journal of Food Engineering 96 (2) (2010) 214–221, ISSN417

02608774, doi:10.1016/j.jfoodeng.2009.07.015.418

[5] E. K. Akpinar, Mathematical modelling of thin layer drying process under419

open sun of some aromatic plants, Journal of Food Engineering 77 (4)420

(2006) 864–870, ISSN 02608774, doi:10.1016/j.jfoodeng.2005.08.014.421

[6] S. J. Babalis, V. G. Belessiotis, Influence of the drying conditions on the422

drying constants and moisture diffusivity during the thin-layer drying of423

figs, Journal of Food Engineering 65 (3) (2004) 449–458, ISSN 02608774,424

doi:10.1016/j.jfoodeng.2004.02.005.425

http://dx.doi.org/10.1080/07373937.2013.873047
http://dx.doi.org/https://doi.org/10.1016/0376-7388(94)00230-V
http://dx.doi.org/https://doi.org/10.1016/0376-7388(94)00230-V
http://dx.doi.org/https://doi.org/10.1016/0376-7388(94)00230-V
http://www.sciencedirect.com/science/article/pii/037673889400230V
http://www.sciencedirect.com/science/article/pii/037673889400230V
http://www.sciencedirect.com/science/article/pii/037673889400230V
http://dx.doi.org/10.1016/0306-4549(77)90072-X
http://dx.doi.org/10.1016/j.jfoodeng.2009.07.015
http://dx.doi.org/10.1016/j.jfoodeng.2005.08.014
http://dx.doi.org/10.1016/j.jfoodeng.2004.02.005


18

[7] E. Correa-Hernando, F. J. Arranz, B. Diezma, E. Juliá, J. I. Robla, L. Ruiz-426

Garcia, J. García-Hierro, P. Barreiro, Development of model based sensors427

for the supervision of a solar dryer, Computers and Electronics in Agricul-428

ture 78 (2) (2011) 167–175, ISSN 01681699, doi:10.1016/j.compag.2011.07.429

004.430

[8] A. O. Dissa, H. Desmorieux, P. W. Savadogo, B. G. Segda, J. Koulidi-431

ati, U. Claude, B. Lyon, Shrinkage, porosity and density behaviour during432

convective drying of spirulina, Journal of Food Engineering 97 (3) (2010)433

410–418, ISSN 0260-8774, doi:10.1016/j.jfoodeng.2009.10.036.434

[9] A. El-Beltagy, G. R. Gamea, A. H. A. Essa, Solar drying characteristics435

of strawberry, Journal of Food Engineering 78 (2) (2007) 456–464, ISSN436

02608774, doi:10.1016/j.jfoodeng.2005.10.015.437

[10] R. P. F. Guiné, D. M. S. Ferreira, M. J. Barroca, F. M. Gonçalves, Study438

of the drying kinetics of solar-dried pears, Biosystems Engineering 98 (4)439

(2007) 422–429, ISSN 15375110, doi:10.1016/j.biosystemseng.2007.09.010.440

[11] A. A. Kabiru, A. A. Joshua, A. O. Raji, Effect of Slice Thickness and Tem-441

perature on the Drying Kinetics of Mango (Mangifera Indica), International442

Journal of Recent Research and Applied Studies 15 (1) (2013) 41–50.443

[12] K. B. Koua, W. F. Fassinou, P. Gbaha, S. Toure, Mathematical modelling444

of the thin layer solar drying of banana, mango and cassava, Energy 34 (10)445

(2009) 1594–1602, ISSN 03605442, doi:10.1016/j.energy.2009.07.005.446

[13] A. K. Srivastava, Modeling and Evaluation of Thermal Diffusivity and Ac-447

tivation Energy of Potato slices in Forced Convection Multi Tray Solar448

Dryer, American Journal of Food Science and Technology 3 (2) (2015) 27–449

32, doi:10.12691/ajfst-3-2-1.450

[14] E. K. Akpinar, Drying of mint leaves in a solar dryer and under open sun:451

Modelling, performance analyses, Energy Conversion Management 51 (12)452

(2010) 2407–2418, ISSN 01968904, doi:10.1016/j.enconman.2010.05.005.453

[15] Z. Erbay, F. Icier, A Review of Thin Layer Drying of Foods: The-454

ory, Modeling, and Experimental Results, Critical Reviews in Food Sci-455

ence and Nutrition 50 (5) (2010) 441–464, ISSN 1040-8398, doi:10.1080/456

10408390802437063.457

[16] S. H. Khodabakhsh Aghdam, A. R. Yousefi, M. Mohebbi, S. M. A. Razavi,458

A. Orooji, M. R. Akbarzadeh-Totonchi, Modeling for drying kinetics of459

papaya fruit using fuzzy logic table look-up scheme, International Food460

Research 22 (3) (2015) 1234–1239, ISSN 22317546.461

[17] B. Paul, S. P. Singh, Design , development and performance evaluation of462

solar dryer with mirror booster for red chilli (capsicum annum), Interna-463

tional Journal of Engineering Trends and Technology 5 (1) (2013) 25–31,464

ISSN 2231-5381.465

http://dx.doi.org/10.1016/j.compag.2011.07.004
http://dx.doi.org/10.1016/j.compag.2011.07.004
http://dx.doi.org/10.1016/j.compag.2011.07.004
http://dx.doi.org/10.1016/j.jfoodeng.2009.10.036
http://dx.doi.org/10.1016/j.jfoodeng.2005.10.015
http://dx.doi.org/10.1016/j.biosystemseng.2007.09.010
http://dx.doi.org/10.1016/j.energy.2009.07.005
http://dx.doi.org/10.12691/ajfst-3-2-1
http://dx.doi.org/10.1016/j.enconman.2010.05.005
http://dx.doi.org/10.1080/10408390802437063
http://dx.doi.org/10.1080/10408390802437063
http://dx.doi.org/10.1080/10408390802437063


19

[18] P. P. Tripathy, S. Kumar, A methodology for determination of temperature466

dependent mass transfer coefficients from drying kinetics: Application to467

solar drying, Journal of Food Engineering 90 (2) (2009) 212–218, ISSN468

02608774, doi:10.1016/j.jfoodeng.2008.06.025.469

[19] A. O. Dissa, D. J. Bathiebo, H. Desmorieux, O. Coulibaly, J. Koulidiati,470

U. Claude, B. Lyon, Experimental characterisation and modelling of thin471

layer direct solar drying of Amelie and Brooks mangoes, Energy 36 (5)472

(2011) 2517–2527, ISSN 03605442, doi:10.1016/j.energy.2011.01.044.473

[20] A. A. El-Sebaii, S. Aboul-Enein, M. R. I. Ramadan, H. G. El-Gohary,474

Empirical correlations for drying kinetics of some fruits and vegetables,475

Energy 27 (9) (2002) 845–859, ISSN 03605442, doi:10.1016/S0360-5442(02)476

00021-X.477

[21] S. Simal, A. Femenia, M. C. Garau, C. Rosselló, Use of exponential, Page’s478

and diffusional models to simulate the drying kinetics of kiwi fruit, Journal479

of Food Engineering 66 (3) (2005) 323–328, ISSN 02608774, doi:10.1016/j.480

jfoodeng.2004.03.025.481

[22] S. Erenturk, K. Erenturk, Comparison of genetic algorithm and neural482

network approaches for the drying process of carrot, Journal of Food En-483

gineering 78 (3) (2007) 905–912, ISSN 02608774, doi:10.1016/j.jfoodeng.484

2005.11.031.485

[23] S. Janjai, P. Intawee, J. Kaewkiew, C. Sritus, V. Khamvongsa, A large-scale486

solar greenhouse dryer using polycarbonate cover: Modeling and testing in487

a tropical environment of Lao People’s Democratic Republic, Renewable488

Energy 36 (3) (2011) 1053–1062, ISSN 09601481, doi:10.1016/j.renene.2010.489

09.008.490

[24] K. Sacilik, R. Keskin, A. K. Elicin, Mathematical modelling of solar tunnel491

drying of thin layer organic tomato, Journal of Food Engineering 73 (3)492

(2006) 231–238, ISSN 02608774, doi:10.1016/j.jfoodeng.2005.01.025.493

[25] F. Hahn, G. Hernández, J. Hernández, C. Pérez, J. M. Vargas, Optimiz-494

ation of roselle drying time and drying quality, Canadian Biosystems En-495

gineering 53 (3) (2011) 1–8, ISSN 14929058.496

[26] A. Fadhel, S. Kooli, A. Farhat, A. Belghith, Experimental Study of the497

Drying of Hot Red Pepper in the Open Air, under Greenhouse and in a Solar498

Drier, International Journal of Renewable Energy and Biofuels 2014 (2014)499

(2014) 1–14, ISSN 23330589, doi:10.5171/2014.515285.500

[27] R. Smitabhindu, S. Janjai, V. Chankong, Optimization of a solar-assisted501

drying system for drying bananas, Renewable Energy 33 (7) (2008) 1523–502

1531, ISSN 09601481, doi:10.1016/j.renene.2007.09.021.503

[28] W. K. Lewis, The Rate of Drying of Solid Materials, J. Ind. Eng. Chem.504

13 (5) (1921) 427–432, ISSN 0095-9014, doi:10.1021/ie50137a021.505

http://dx.doi.org/10.1016/j.jfoodeng.2008.06.025
http://dx.doi.org/10.1016/j.energy.2011.01.044
http://dx.doi.org/10.1016/S0360-5442(02)00021-X
http://dx.doi.org/10.1016/S0360-5442(02)00021-X
http://dx.doi.org/10.1016/S0360-5442(02)00021-X
http://dx.doi.org/10.1016/j.jfoodeng.2004.03.025
http://dx.doi.org/10.1016/j.jfoodeng.2004.03.025
http://dx.doi.org/10.1016/j.jfoodeng.2004.03.025
http://dx.doi.org/10.1016/j.jfoodeng.2005.11.031
http://dx.doi.org/10.1016/j.jfoodeng.2005.11.031
http://dx.doi.org/10.1016/j.jfoodeng.2005.11.031
http://dx.doi.org/10.1016/j.renene.2010.09.008
http://dx.doi.org/10.1016/j.renene.2010.09.008
http://dx.doi.org/10.1016/j.renene.2010.09.008
http://dx.doi.org/10.1016/j.jfoodeng.2005.01.025
http://dx.doi.org/10.5171/2014.515285
http://dx.doi.org/10.1016/j.renene.2007.09.021
http://dx.doi.org/10.1021/ie50137a021


20

[29] S. Henderson, S. Pabis, Grain drying theory I. Temperature effect on drying506

coefficient, J. Agric. Eng. Res. 6 (3) (1961) 169–174.507


	Introduction
	Related Work
	Environmental effects
	Empirical models
	Solar dryer design
	Summary

	Materials and Methods
	Data collection procedure

	Development of a drying rate model
	Fitting the data to model set
	Measurement uncertainty

	Conclusions and future work

