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Abstract 

Drying timber is one of the most important stages in the production of high quality timber. 

Using solar kilns to dry timber is a simple and affordable method because it uses solar energy; 

furthermore, the cyclic drying process may produce better results than conventional kiln drying 

due to its diurnal heating and non-heating phases. Solar kiln drying is especially beneficial in 

tropical countries, such as Laos, where high temperature and solar radiation levels are present. 

The aim of this PhD study was to simulate solar kiln conditions using intermittent drying 

schedules in a conventional kiln to develop a model for gaining a better understanding of solar 

drying characteristics and to identify suitable locations for solar kilns. The specific objectives 

were to: 

• investigate the drying process in solar kilns, including the development of a method for 

measuring the formation of drying checks in timber boards; 

• investigate the application of an intermittent drying schedule to a solar kiln, based on a 

conventional laboratory schedule; 

• create a mathematical model for the moisture content profile during drying in a 

conventional kiln that simulates solar kiln conditions; and 

• create a model for identifying suitable locations for solar kilns in Vientiane, Laos, and 

to recommend the most productive performance of solar kiln in a calendar year. 

A comparison of two measurement methods (using digital callipers and Image J software) has 

been conducted and analysed. The study validated the application of the intermittent drying 

schedule of a conventional kiln to a solar kiln. A further improvement for intermittent drying 

to simulate solar kiln conditions has been implemented using a conventional laboratory kiln. A 

final experiment continued to improve the drying schedule under simulation. 

New methods have been developed, such as measuring internal checks using the ImageJ 

software and simulating solar kiln conditions, as well as a model for selecting suitable 

geographic locations for solar kilns. The new technique for simulating solar kilns conditions 

produced temperature gradient conditions 5oC less than the simple intermittent drying process. 

The GIS-based Fuzzy method model helped in understanding the effects of geographical 

conditions on the drying process using solar kilns. Application of the model can also identify 

the optimal performance of the kilns during a calendar year. 
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Preface 

This PhD thesis contains seven chapters. The first chapter provides an introduction to the study 

and includes a review of the relevant literature. This is followed by five chapters, which are 

comprised of six published papers and a poster.  

Chapter 2 includes two papers. The first paper investigates the drying process of Eucalyptus 

delegatensis in a greenhouse solar kiln. The specific objectives were: to assess stress formation, 

moisture gradients and timber distortion; to evaluate the moisture content distribution within 

various sections of the timber stack; and to assess internal checking and collapse development 

within the boards. The second paper compares two different methods using ImageJ software 

and digital calliper and assesses the results of grading classes of internal checks determined by 

these methods. 

Chapter 3 is based on a paper in which the objective was to compare two intermittent drying 

schedules with identical conditions during the heating phase, but with different relative 

humidity (RH) conditions during the non-heating phase. The study assessed the moisture 

content profile and the development of internal and surface checks during the drying process. 

Finally, the timber quality was assessed. 

Chapter 4 is based on a paper that investigates the application of a schedule of intermittent 

drying by a conventional laboratory kiln to a solar kiln. The objectives of this study were to: 

model the temperature inside the solar kiln; assess the moisture content profile in timber 

boards; and assess the surface and internal checking in boards during the drying process in the 

solar kiln. 

Chapter 5 is comprised of two sections: the first section is based on a paper that studies 

simulated temperature oscillation in a solar kiln using a conventional laboratory kiln. The aim 

was to develop a mathematical model for predicting the moisture content profile in timber 

boards during drying; and assess surface and internal check formation during drying, as well 

as timber quality at the end of drying. The next section is based on a poster presentation of a 

study that aimed to monitor the surface and internal checking in boards dried in the simulated 

conditions of the solar kiln when the temperature was well under 45oC, and to assess the rate 

of the drying batch according to the drying schedule. 

Chapter 6 is based on a paper in which the objectives were to identify suitable locations for 

solar kiln installation and to recommend drying periods during different seasons of the year 
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that would offer optimal drying performance. 

Chapter 7 provides a synthesis of the PhD study and recommendations for future research. 

The major research for these papers was carried out independently with the contributions from 

co-authors in the form of supervision of the experimental design components and the 

presentation of the research findings in manuscript form. 

The citations for the published, accepted and papers under review are as follows: 

Chapter 2  

Phonetip, K.; Ozarska, B.; Brodie, G.; Harris, G., Belleville, B., Quality assessment of the   

drying process for Eucalyptus delegatensis timber using greenhouse solar drying  

technology. European Journal of Wood and Wood Products (Under review, submitted 

in March 10, 2018). ID: HARW-D-18-00066. 

Phonetip, K., Ozarska, B., Brodie, G. (2017). Comparing two internal check measurement 

methods for wood drying quality assessment. European Journal of Wood and Wood 

Products. 75(1), 139-142. DOI: 10.1007/s00107-016-1115-1 

 

Chapter 3 

Phonetip, K.; Ozarska, B.; Belleville, B. and Brodie, G. (2018). Comparing two intermittent  

drying schedules for timber drying quality. Drying Technology Journal (Published 

online on March 19, 2018). DOI: 10.1080/07373937.2018.1445638 

Chapter 4 

Phonetip, K.; Brodie, G.; Ozarska, B. and Belleville, B. (2017). Drying Eucalyptus  

delegatensis timber by solar kiln using an intermittent drying schedule of  

conventional laboratory kiln.  Drying Technology  Journal (Revision following 

reviewers comments). ID: LDRT-2017-0367. R2, 13. 

 

Chapter 5 

Phonetip, K.; Ozarska, B.; Belleville, B. and Brodie, G. (2018). Simulating solar kiln 

conditions using a conventional kiln. BioRes. 13(2), 3740-3752. 
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Phonetip, K.; Ozarska, B.; Belleville, B. and Brodie, G. (2017). Using a conventional 

laboratory  kiln as a simulation of a solar cyclic drying. Poster 

presented at the 2017 IUFRO All-Division 5 (Forest Products) Forest Sector  

Innovations for a Greener Future. Vancouver, Canada on 12-16 June 2017. 

 

Chapter 6 

Phonetip, K., Ozarska, B., Brodie, G., Belleville, B., and Boupha, L. (2018). Applying a GIS-

based fuzzy method to identify suitable locations for solar kilns. BioRes. 13(2), 2785-

2799. 
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Chapter 1. Background Problems and Review of the Literature 

1.1 Introduction 

1.1.1 Drying timber 

Drying timber is one of the most important stages in the production of high quality wood 

products. Most trees contain a large amount of water, which must be removed from timber 

before it can be converted into consumer products. Forest Products Laboratory (1999) 

summaries the important advantages of drying timber as follows: 

- Drying reduces weight, thereby reducing shipping and handling costs.  

- The shrinkage that accompanies drying takes place before the wood is used as a product. 

- As wood dries, most strength properties increase such as modulus of rapture, modulus 

of elasticity, and hardness.  

- The strength of joints, made with nails and screws, is greater in dry wood than in green 

wood.  

- Wood must be relatively dry before it can be glued or treated with preservatives and 

fire-retardant chemicals.  

- Drying reduces the likelihood of mould, stain, or decay.  

- Drying increases thermal insulating properties and improves finishing characteristics. 

Drying timber also reduces undesirable effects such as timber distortion, as shown in Figure 1 

(Simpson, 2001). 

 

Figure 1: Timber distortions  (Simpson, 2001) 

 

The Australian and New Zealand Standard (2001) defines wood drying as the process of 

evaporation or extraction of moisture from green or partially dried timber. The moisture content 



  

Page 20 of 203 

 

(MC) of wood can be defined as the amount of moisture in wood, usually expressed as Equation 

1 a percentage of oven-dry mass AS/NZS (2012):  

MC=
Mg-Mo

Mo

×100 (1) 

where Mg is the initial mass (g) and Mo the oven-dry mass (g). 

Initially, as wood dries, free water is lost from tracheids, vessels and between cells spaces. This 

continues until the timber reaches fibre saturation point (fsp) at about 25-30% moisture content 

(Jackson & Day, 1989).  

When wood loses MC below fsp it starts to shrink. Conversely, when it absorbs water it tends 

to swell. Tensile stress is produced if the normal shrinkage of wood is restrained. Tensile and 

compressive stresses must be balanced in a structure as a material such as wood becomes 

distorted when stressed (McMillen, 1958). The development and effect of wood stresses are 

governed by MC differences between two adjoining parts of wood after one of them drops 

below fsp (Lazarescu & Avramidis, 2008). 

Wood stresses form cracking in timber, for example, internal checks, which are indicated on 

the transverse section as shown in Figure 2. The checks are formed in the interior of a piece of 

timber as the result of internal tension stress during drying. It occurs when the core MC is high 

and the applied drying temperature is relatively high (Simpson, 2001). Internal checking is one 

of the most important parameters for determining timber grading classes, as described in the 

Australian and New Zealand standard of timber quality (AS/NZS, 2001). 

 

 

 

 

 

 

Figure 2: Internal checks appeared on transverse section  

(Photo taken by Phonetip, K. 2017) 

Internal checks can result in losses of timber volume during the manufacturing of wood 

products because this defect usually cannot be readily seen as it does not appear on the surface 

of boards (Simpson, 2001). Affected timber often needs to be discarded when the 
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manufacturing process reveals internal checks. Surface checking depends on timber species, 

based on wood properties and the drying schedules used (Yuniarti, 2015a). Therefore, to reduce 

cracking on timber boards, understanding the MC gradient and stresses during the drying 

process is very important. 

Internal checks have been assessed and studied by many researchers using various methods for 

determining the check area (Mekhtiev & Torgovnikov, 2004; Harris et al., 2008; Yuniarti et 

al., 2015a). There are many software options available for determining wood defects. Harris et 

al; (2008) used Image-Pro Plus version 6 software to identify surface checks at the perimeter 

of wood samples. Mekhtiev & Torgovnikov (2004) used ImageJ software for analysing the 

check area of wood samples that were treated by microwave, through analysis of scanned 

images with 1200 dpi resolution. However, the most common method used by researchers 

(Yuniarti et al., 2015a) and industries for measuring the area of internal checks are based on 

measuring the width and length of checks using the digital calliper method. This method is 

used for grading timber according to the standard for drying quality class (AS/NZS 4787:2001).  

In addition, surface checking (Figure 3) is also one of the effects of high stresses in wood. 

Surface checking is one of the timber quality defects caused by drying that needs to be avoided. 

Surface checking usually forms in the longitudinal direction. The depth of surface checking 

can be measured from the surface faces to pith of boards as it appears on the transverse section 

or ray directions. Surface checking occurs when MC at the case of the board dries too fast while 

MC at the middle is still high (Yuniarti et al., 2015b). This generates high tension at the outer 

part and compressive stress in the inner part of boards (Keey, 2000).  

 

Figure 3. Surface checking in a timber board (Photo taken by Phonetip, K. 2017) 

To avoid the formation of surface and internal checking, drying stresses need to be reduced or 

eliminated during drying process. Therefore, drying stress and strain are critical values for 

optimising a drying schedule (Dengyun et al., 2007). 

The depth of 

surface 

checking 
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Drying timber can be done by various methods as outlined by  Oliver (1997): 

(1) Conventional compartment kilns; 

(2) Indirectly and directly heated kilns; 

(3) Dehumidifier kilns; 

(4) Solar kilns; 

(5) Microwave drying units; 

(6) Vacuum Radio-Frequency kilns. 

The most popular drying system is the method that uses conventional kilns. Two techniques 

have been developed for drying timber using conventional kilns: one is continuous drying, 

where thermal heat is supplied continuously until the end of drying; the other is intermittent 

drying, where the heat is switched off/on according to a set time schedule. Continuous drying 

offers a faster drying rate compared to intermittent drying because it uses continuous heating; 

however, it produces internal stress in the wood as there is no opportunity for stress relaxation 

as happens in intermittent drying (Langrish et al., 1992).  

A drying schedule is the process of manipulating wet-bulb, dry-bulb temperature, relative 

humidity (RH) and air velocity to dry timber as fast as possible while avoiding objectionable 

drying defects (Bekele, 1994). Wet–bulb temperature (WBT) is the temperature indicated by 

any temperature measuring device, the sensitive element of which is covered by a smooth, 

clean, soft, water saturated cloth (wet-bulb wick or porous sleeve). Dry–bulb temperature 

(DBT) is the temperature of the kiln air, while wet-bulb depression (WBD) is the difference 

between the WBT and DBT (Simpson, 2001), which indicates the level of RH during drying. 

RH, usually expressed as a percentage, is the ratio of the amount of water in air compared to 

the maximum amount of water that the air can hold at a specific temperature (Denig et al; 

2001). 

The fan generates airflow inside the kiln by moving heat through the stack of timber to force 

moisture to escape from the core to the surface of the board and then to evaporate  (Khater et 

al., 2004). Airflow is as important to measure its air velocity (m/s) because the speed of air 

circulation has a significant effect on the drying rate.  Figure 4 shows an example of the effect 

of the air velocity (U) on the drying rate. It can be seen that the air velocity of 3 m/s inside the 

kiln provided a faster drying rate at the centre MC of board (Mcentre) than 2 m/s and 1 m/s. 
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Figure 4: Drying rates of centre of board (Mcentre) at different air velocities (U)  (Khater et 

al., 2004) 

Equilibrium moisture content (EMC) is when the amount of moisture in the wood is at the point 

of balance with that in the surrounding atmosphere. It depends mainly on the surrounding RH 

and air temperature (Simpson, 2001).  

The EMC of wood can also be measured according to the  function of DBT, wet bulb depression 

and RH as illustrated in the rates determined by CSIRO shown in Figure 5  (Rozsa & Mills, 

1997).  
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Figure 5: Equilibrium moisture content of wood as a function of dry bulb temperature, wet 

bulb depression and relative humidity  (Rozsa & Mills, 1997). 

The EMC can be determined using Equation 2 

EMC (%)=
1800

W
⌈

kh

1-kh
+

k1kh+2k1k2k
2
h

2

1+k1kh+k1k2k
2
h

2
⌉ (2) 

where h is relative humidity (%); and the constant parameters W is dry weight; k, k1, and k2 

are material’s parameters which depend on temperature (T, oC): 

W=349+1.29T+0.0135T2 

k=0.805+0.000736T+0.00000273T2 

k1=6.27+0.00938T+0.000303T2 

k2=1.91+0.0407T+0.000293T2 

Each timber species has specific characteristics, so it needs an appropriate drying schedule 

(Rozsa & Mills, 1997). For instance, Bekele (1994b) found that different drying schedules can 

affect both drying rate and timber quality for Eucalyptus globulus and Eucalyptus 

camaldulensis, because the drying generates stresses and strains in a board during drying 

(Keey, 2000).  
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1.1.2 Drying timber using solar kilns 

Drying of timber in solar kilns is the process that uses the sun’s energy for heating the air to 

evaporate the water in timber in a controlled manner in a chamber (Read et al., 1974; NYLE, 

2012). Solar drying usually involves cyclic or intermittent drying techniques where 

temperature, RH and air velocity in the kiln vary throughout the process (Kumar et al., 2014). 

The first solar kiln was simultaneously developed by Rehman and Chawla in India and Johnson 

in the United States in 1961 (Sattar, 1993; Simpson, 2001).  Since then, the method has been 

recognized and used by wood industries across the globe (Satta, 1994).  

Greenhouse solar kilns consist of a frame structure and glazing materials covering the structure 

(Bond, 2009) (Figure 6).  

 

Figure 6: A schematic of solar kiln  (Bond, 2009) 

Bond (2009) reported that roof angle in kiln design is typically equal to the latitude of the 

location. Season is also a factor because the sun’s path changes the angle of elevation and 

azimuth over seasons. It is important that the glazing does not reflect the solar energy. Materials 

such as glass, polymer plastic films, and fiberglass panels are commonly used to transmit 

sunlight through to the solar collector. 

Solar kilns are important for small and medium sized enterprises and are even worth 

consideration for a large processing plant as they offer a significant energy saving (Read et al., 

1974). The kilns have been continuously developed, for example, the capacity is available 
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today up to 300 m3. They are also an environmental friendly application since they reduce 

carbon dioxide emission as they use solar radiation to generate heat while steam kilns usually 

use firewood (Redman, 2016) and burning wood emits up to 60% of its mass as carbon dioxide 

(Wibe, 2012).  

Drying by solar kilns is a simple and affordable method which allows timber to dry faster than 

air drying (Armstrong, 1914) because it uses diurnal energy for heating timber (Simpson, 

1991). It is also beneficial for tropical countries where high temperatures or solar radiation are 

available (Simpson & Tschernitz, 1984). Solar kiln drying is usually affected by geographical 

and seasonal differences (Hasan & Langrish, 2014) which need to be considered according to 

location and climatic conditions. 

Solar kiln drying offers a range of benefits, such as better timber quality and energy savings. 

For instance, Langrish (2013) compared continuous drying and solar drying and found that 

timber strains in Eucalyptus grandis boards were lower during the entire solar drying period 

compared to conventional drying. The level of temperature in the conventional kiln was in the 

range of 25o – 55oC which is higher than conditions in the solar kiln (i.e. 20o – 45oC). Chadwick 

and Langrish (1996)  found that, while comparing bow, spring, shrinkage and surface checking, 

the quality of Eucalyptus pellita, dried in a solar kiln, was not significantly different compared 

with continuous drying using a conventional kiln. However, the drying time was 20% less 

compared to the continuous drying method. Furthermore, collapse and internal checks in the 

solar kiln were 10 % lower than in the continuous drying.  

Drying timber accounts for up to 70% of energy consumption in most wood processing 

industries (Taylor et al., 1996). Thus, alternative drying systems such as solar kilns provide 

significant energy-savings compared with steam kilns, because they convert energy from the 

sun into hot air to dry timber (Satta, 1994). It has been reported that solar kiln cost was up to 

80% less than that of steam heated kilns, depending on the solar kiln’s design and capacity 

(Sattar, 1993).  

However, various parameters analysis is still required to be able to select the most suitable sites 

for solar kilns because geographical latitudes and climatic patterns of each location will vary. 

These factors can affect drying time; for example, Hasan & Langrish (2014) predicted solar 

drying of Tasmanian eucalyptus (E. obliqua) boards in Brisbane, Australia, was faster than in 

Melbourne, Australia, by 10 days, from a MC of 30% down to 10%. This was because the 

temperature inside the solar kiln in Brisbane reached 55oC, which was 10oC higher than in 
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Melbourne. However, the way in which geographical conditions may affect the drying 

conditions has not been yet clarified. 

As stated above, because a solar kiln can dry timber faster than air drying (Armstrong, 1914), 

using smart solar kilns in combination with existing conventional kilns can shorten the drying 

time. That means less operational cost, more profit and revenue return. To maximize drying 

performance, identifying suitable locations is an intrinsic element for solar kiln installations. 

1.1.3 Drying timber based on intermittent drying technique 

The intermittent drying technique was introduced by Chua et al; (2003). It is defined as time-

dependent drying schemes, where the heating is switched off/on according to a set time 

schedule for drying under batch or continuous drying modes. 

The intermittent drying technique for drying timber can provide various benefits such as 

improving timber quality and addressing energy efficiency through savings in energy 

consumption. Whereas continuous drying produces lower MC in a shorter time compared to 

intermittent drying under the same drying conditions, experiments have shown that case-

hardening was reduced with intermittent drying (Langrish et al., 1992). The number of surface 

checks in timber was also lower than in continuous drying (Chafe, 1995). Herritsch et al; 

(2010) found that intermittent drying reduced timber stress during the relaxation period when 

kiln heating and air flow fans were switched off.  

The oscillating conditions applied in drying have been studied by many researchers (Chua et 

al., 2003; Salin, 2003; Sackey et al., 2004; Rémond et al., 2007; Milić et al., 2013). For 

instance, Salem et al; (2016) applied the following oscillating conditions over a period of 24 

hours for 7.5 days: 15°C and 45°C, and RH was fluctuated in between 25% and 73%. The 

authors used TransPore© code to simulate drying of 27 mm thick boards of quarter sawn beech 

(Fagus sylvatica). The study revealed that the drying rate was 4.6% per day from the initial MC 

of 65% to 30%. 

Minimizing MC gradient is important for drying optimisation to avoid stresses that cause 

deformations and cracks in wood during drying (Rozsa & Mills, 1997; Carlsson & Arfvidsson, 

2007). MC distribution during intermittent drying of 40 mm thick Eucalyptus saligna has been 

investigated by Yuniarti et al; (2015b) using a heating phase (H) of 40oC and 60% RH for 12 

hours, and the remaining 12 hours with the non-heating (NH) phase at ambient conditions 

(17oC, 60%–80% RH). It was found that when the mean MC was < 25%, the MC in the middle 



  

Page 28 of 203 

 

of the board was 5% higher than on the surface. Yuniarti (2015a) has also compared two 

different intermittent drying schedules. The results showed that there were no significant 

differences in MC gradients for boards dried according to either schedule and the boards were 

graded as class ‘A’ where the MC gradient between core and case did not exceed 2% for the 

target MC at 12%, according to AS/NZS 4787:2001. However, the change of MC within boards 

during the H and NH phases was not measured. Another study was conducted where boards of 

27 mm thick Nothofagus fusca were intermittently dried at 45oC / 52% RH for 7 hours during 

the daytime (Langrish et al., 1992). The result showed that no internal checks, distortion, 

surface checks, or collapse were evident. 

1.1.4 Identifying suitable locations for solar kilns 

Drying times to reach a target MC in timber using solar kilns are dependent upon the weather. 

As stated previously, in tropical latitudes, where high solar radiation and warmer temperatures 

are more likely, solar kilns have great potential (Simpson & Tschernitz, 1984). However,  as 

stated in section 1.2, drying by solar kiln is affected by different geographical and climatic 

conditions (Hasan & Langrish, 2014) as timber dries faster at locations that have high solar 

radiation. Thus, understanding the effect of relevant conditions needs to be defined in more 

detail. 

A Geographic Information System (GIS) is a powerful tool to analyse spatial data. It has been 

widely used by many researchers for suitability assessment, often in combination with  Zadeh 

(1965) Fuzzy Theory. A fuzzy set is a class of an object with a continuum of grades of 

memberships. A set of the membership function is assigned to each object, with a grade of 

membership ranging between zero and one. This method has been incorporated with the GIS 

tool to select suitable sites for  wind farms or solar farms (Effat, 2013; Uyan, 2013; Yunna & 

Geng, 2014; Asakereh et al., 2014; Aly et al., 2017). However, applying such methods to 

identify suitable sites for solar kilns for wood processing industries has not yet been done. 

Therefore, defining and selecting parameters to identify suitable locations is necessary.  

Ordinary drying processes usually apply heat, RH, and air velocity to dry timber. Alternative 

drying methods, like solar kilns, are usually affected by conditions of geography and climate; 

for example, heat loss increases from surface materials when wind speed is increasing (Reddy 

et al., 2016). Solar kilns operate more efficiently in some areas with low RH to get timber dried 

faster than high RH in tropical regions (Ong, 1997). Therefore, taking advantage of low 

ambient RH could benefit in saving water and energy consumption when operating a solar kiln.  
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To understand the effects of geographical and climatic conditions on drying using solar kilns, 

a specific location needs to be studied. Vientiane, the capital city of Laos, is a city located in a 

tropical region (Figure 7). Seventy-two companies in Vientiane are registered as members of 

the Lao Furniture Association (LFA, 2017). The amount of interest in using solar kilns in Laos 

is increasing (Phonetip, 2014). According to the National Standards, wood processing factories 

must have a kiln dryer (MoIC, 2009), and timber must be processed into wood products before 

being exported (MoIC, 2016). Using solar kilns could also contribute to a reduction in 

operational costs.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Map of Laos (World Atlas, 2006) 

Figure 8 presents the data on climatic conditions in Vientiane which are derived from Surface 

Meteorology and Solar Energy (SSE) data (SSE, 2014). It includes percentage of cloud cover 

(%), relative humidity (%), precipitation (mm/d), average temperature (oC), solar radiation 

(kwh/mm2/d) and EMC (%). It assists in visualizing the patterns of climate throughout the year. 

For instance, the higher temperatures are from March to September and October to February 

are indicated as lowest temperatures. 
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Figure 8: Weather patterns in Vientiane, Laos (SSE, 2014) 

 

1.1.5 Optimization of drying schedules 

The quality of dried timber and wood products is derived from optimised drying schedules 

under the proper manipulation of the drying kiln parameters. Optimised wood drying involves 

adopting a drying schedule that can minimize drying time, MC gradient, and wood deformation 

by controlling the level of stresses during the drying process (Carlsson & Arfvidsson, 2007). 

The physical properties of wood, stress development, and MC gradient in boards during drying 

are important indicators to optimize drying schedules (Haque, 2006; Carlsson & Arfvidsson, 

2007). For instance, Hague (2006) developed a drying schedule for solar kilns for Eucalyptus 

piluralis, shown in Table 1, using modeled predictive control techniques. His model (Equation 

(3) was then modified according to  a method developed by Carlsson and Esping (1997). The 

resulting drying schedule is presented in Table 2. The reduction of drying time was 12%, 

compared to the original drying schedule. An equation below was used for the application of 

the predictive control technique and it was implemented using MATLAB programming.  
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by adjusting
ui

minimise  X̅(ti+1)
 

subject to

{
 
 
 
 

 
 
 
 

dX

dt
-f[X(t),T(t),ui,p]=0

dT

dt
-g[X(t),T(t),ui,p]=0

εj(ti+1)<εmax

Xs(ti+1)≥XSmin

TG≤TGmax

X(t=ti)=Xi

T(t=ti)=Ti }
 
 
 
 

 
 
 
 

 (3) 

 

where P is the mechanical properties of timber, u is time-varying controller for dry and wet 

bulb temperature, X(t) is the profile of moisture content, and T(t) is the temperature profile 

within the timber (oC). 

Table 1. Original drying schedule using modeled predictive control techniques (Haque, 2006) 

MC change Temperature 

(°C) 

RH 

(%) 

EMC (%) 

70 25 85 18.0 

60 25 80 16.0 

45 30 75 13.5 

35 35 70 11.6 

30 35 65 10.7 

25 35 55 8.5 

20 40 45 7.0 

15 45 30 5.5 

Recondition1 45 75 12.8 
1Reconditioning usually applied at the end of drying. It is the term given to the process used for 

recovery of collapse using a steam treatment by 100-130oC DBT with 5-10o WBD (Rozsa & Mills, 

1997). 
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Table 2. The optimized drying schedule using modeled predictive control techniques (Haque, 

2006) 

MC change Temperature 

(°C) 

RH 

(%) 

EMC (%) 

70 25 85 18.0 

60 25 80 16.0 

45 30 75 14.0 

35 35 70 12.5 

30 35 65 11.3 

25 35 55 8.5 

23 35 46 8.1 

22 53 38 6.0 

20 60 24 4.0 

18 60 11 2.1 

 

In order to validate an optimized drying schedule, experimental measurements are required. A 

number of techniques for measuring timber stresses have been developed. For example, an 

earlier measuring technique for stress development was introduced by McMillen (1958). The 

sample of wood was marked and measured before being sliced. After slicing the samples, each 

section was remeasured immediately. The stresses could be immediately seen as alterations in 

shape as shown in Figure 9. The highest level of strain for hardwood timber was predicted to 

be 0.0075 m/m while the failure value is estimated at 0.02 m/m (Hasan & Langrish, 2014). 

 

Figure 9: Slice method of studying drying stresses (McMillen, 1958) 

An alternative, non-contact, technique for wood stress and strain measurements has been used 

by Allegretti & Ferrari (2008). The authors utilized a gauge for measuring the internal stresses 

in wood during the drying process (Figure 10). The sensor was made of a cylindrical package 

of teflon, divided into two shells, between which a four-wire silicon micro-machined pressure 

transducer was inserted. Two sensors were inserted in two holes at one end of the board: one 

inserted in the core and another in the case area near the wood surface. Another method, used 
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by Kang et al; (2011) and Kwon & Hanna (2010), adopted an image correlation method to 

measure wood deformation during drying, as shown in Figure 11.  

 

 

Figure 10: A measuring sensor body (left) and inserted sensors at core and case (right) for 

internal stress  (Allegretti & Ferrari, 2008) 

 

 

Figure 11: Wood deformation during drying using image correlation method (Kwon & 

Hanna, 2010) 

Apart from timber strains, measuring of moisture content during drying is also vital for 

optimizing drying schedules. Mathematical modelling and laboratory experiments have been 

conducted (Pang, 1996; Haque, 2006; Yuniarti, 2015a). Pang (1996) compared a simulation 

and measurement of moisture movement during drying of Pinus radiata. The MC gradient was 

determined using a multi–saw to cut wood samples into 9 slices parallel to the flat surface of 

board. Then the MC was measured by the oven–dry method with the temperature at 105oC. 

Two graphs below (Figure 12) show the MC profile of sapwood and heartwood. 
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Figure 12: Comparison of experiment data and a simulation on moisture content in sapwood 

(a) and heartwood (b) board during drying (Pang, 1996). 

Another method to determine MC gradient in timber during drying is  called the coring 

technique, which was described by Northway (2002) . The author took a 19 mm width core, to 

(a) 

(b) 
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a half depth formed using a plug cutter (Figure 13). The technique has also been used by 

Yuniarti (2015a) and applied in intermittent drying.  

 

Figure 13: Coring technique for determining moisture gradients (Northway, 2002) 

Varieties of drying schedules for eucalyptus species are available in the Australian Seasoning 

Manual, the index of kiln seasoning (Rozsa & Mills, 1997). For example, the drying schedule 

for E. delegatensis schedule is also available as the drying schedule coded as “OSrb” as shown 

in Table 3 for 50 mm thickness and back-sawn boards. 

Table 3. Drying schedule for Eucalyptus delegatensis from Australian Seasoning Manual 

(Rozsa & Mills, 1997). 

MC change Temperature (C) RH (%) EMC (%) 

Green 25 92 22 

60 25 92 22 

40 30 85 18 

35 35 82 16 

30 40 76 14 

25 45 72 12.5 

20 50 70 11.5 

15 to final 55 55 8.5 

 

Read et al; (1974) dried E. delegatensis under drying schedules that were suggested by CSIRO 

for a solar kiln using some modifications outlined in Table 4. The timber boards’ dimensions 

were 25 x 102 x 4300 mm, with vertical spacers of 19 mm thickness between layers. The initial 

MC was approximately 100%. Air flow was at 1.5 m/s. MC in timber boards reached 16% after 
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20 days. At the completion of drying there was no surface checking but collapse did occur in 

the timber dried in solar kiln.  

Table 4: Drying schedule for Eucalyptus delegatensis (Read et al., 1974) 

Timber moisture content (%) 
Solar kiln 

Temperature (oC) Relative humidity (%) 

100-60 43 70 

60-40 49 60 

40-30 54 52 

30-20 60 55 

20-12 71 43 

 

The results showed that applying temperature at the maximum of 49oC is safe in terms of timber 

stress. Collapse in E. delegatensis is well-recognized and could be linked to its very low density 

(490 kg/m3) compared to other timbers (Kingston & Risdon, 1961).  However, researchers 

found that the collapse in this species was recoverable. For instance, Kingston & Risdon (1961) 

and found that collapse was recoverable by about 5%. Later on,  Blakemore & Langrish (2008a) 

confirmed that severely collapsed E. delegatensis can be recovered significantly below a 

moisture content of about 15% by steam treatment. 

Intermittent drying schedules which have been used by Yuniarti (2015a) could be a 

representation of drying conditions in solar kilns since the H and the NH in a conventional 

laboratory kiln could represent daytime and nighttime as the conditions in a solar kiln. For 

instance, the oscillation conditions in conventional kilns is 16oC – 45oC during the H phase 

(daytime) for 9 hours with 60% and NH or nighttime, condition lasted for 15 hours at 16oC – 

18oC with 80% RH. This schedule could be applied and verified in a solar drying kiln. From 

this proposed concept, the development of an optimal intermittent drying schedule needs to be 

undertaken. However, if there is discrepancy among drying schedules, optimisation of the 

drying parameters should be continued in another experiment. 

Minimizing MC gradient is important for drying optimization to calculate  stresses that cause 

deformations and cracks in wood during drying (Rozsa & Mills, 1997; Carlsson & Arfvidsson, 

2007). Determining the MC profile during drying can be used as an indicator that timber 

degradation may occur during intermittent drying in conventional laboratory kilns and solar 

kilns. Thus, measuring MC in boards is required during the experiment, based on the coring 

method used by Northway (2002) and Yuniarti (2015a). A simple slicing technique for 
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assessing stress development is suitable for use during this experiment, based on the technique 

introduced by McMillen (1958). 

There is a possibility of using ImageJ software to measure internal and surface check, as it has 

been used by Mekhtiev and Torgovnikov (2004) for analysing the check area of wood samples 

treated by microwave experiments. The original method of using digital callipers may not 

determine the exact shape of checks because it is difficult to visualize varied sizes of checks, 

which are often very small. The use of digital callipers is based on the presumption that the 

length and width of checks are of square or rectangular shape; however, they usually have an 

irregular shape. The use of callipers may result in underestimating the amount of checks, thus 

providing an inaccurate value of the total percent of checks, which would lead to an incorrect 

grading of timber. Measuring check area by using ImageJ software has the potential to 

accurately determine the true shape of each check by manually digitizing and zooming in using 

high resolution scanning of the hole or polygon of each check. This cannot be done with the 

naked eye, or a digital calliper. 

The timber quality assessment process is described in detail in the Australian and New Zealand 

standard (AS/NZS, No. 4787:2001). This standard can be used to assess timber quality at any 

stage of the drying process. 

Evaluating the intermittent drying technique as a simulation of solar drying requires 

experimental measurements. Investigating potential optimisation of parameters needs to be 

undertaken for further drying improvement. As tropical regions have long rainy seasons, the 

use of intermittent drying as a simulation of a solar kiln could be a useful research tool because 

the method can be used to conduct experiments in any season.  

Drying timber using a solar kiln is usually affected by geographical and climatic conditions 

(Hasan & Langrish, 2014). Thus, identifying suitable locations where they could provide 

optimal performance is extremely important for installing solar kilns. Recommendations for 

the most productive performance of solar kiln, based on a calendar year, is believed to 

contribute to an increased revenue return through faster drying. 

Fuzzy theory (Zadeh, 1965)  can be incorporated with a Geographic Information System (GIS). 

Suitable locations for solar kilns could be determined using geographical, climatic and 

restricted areas based on the Fuzzy method. Each criterion should maximize the productive 

performance for solar kilns (greenhouse type). Geographical conditions should include the 

percentage of slope and aspect. The climate parameters are temperature, solar radiation, relative 
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humidity, wind speed, cloud cover, daylight hour, precipitation and the phenomenon of solar 

behaviour across seasons (i.e. solar azimuth and solar elevation). Restricted areas include 

national biodiversity conservation areas (NBCA), forest protected areas, and zones within a 

certain distance of high flood risk. In addition, the suitable locations should also be positioned 

near roads so that accessibility is convenient. 

1.1.6 Eucalyptus delegatensis 

Eucalyptus delegatens it is a well-known species, particularly in Australia. It is used for the 

manufacture of many types of wood products, such as furniture, flooring, plywood, joinery, 

panelling, architectural applications and timber framing  (Bootle, 2005; WoodSolutions, 2013). 

The physical and anatomical properties of wood play an important role in optimization of 

drying. Therefore, understanding wood characteristics is fundamental for further drying 

optimization. Bootle (2005) reported that the basic density of E. delegatensis is 490 kg/m3 and 

green density is 1050 kg/m3. Its shrinkage is about 4.5% radially and 8% tangentially, but after 

reconditioning it was found that overall shrinkage was 3.5% and 6.5% in radial and tangential 

directions, respectively. 

Illic (1997) found ray cells are of 3–8 vessels/mm2. Rays appeared as long and thin cells. There 

were 8–14 rays/mm2. The wood anatomical features of E. delegatnesis are illustrated in Figure 

14. Ray cells orientation which is lined from the pith to perimeter of timber can be one of the 

reasons for the formation of surface checking in this species. 

 

Figure 14: Anatomical properties of Eucalyptus delegatensis; a: vessel arrangement at 

latewood and poreless zones, b: uniform of rays, c: horizontal ray cells  (Illic, 1997). 
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1.2 Research objectives 

The objectives of the study were to: 

• investigate the drying process in solar kilns, including the development of a method for 

measuring the formation of drying checks in timber boards; 

• investigate the application of an intermittent drying schedule to a solar kiln, based on 

conventional laboratory kiln schedule; 

• create a mathematical model for the moisture content profile during drying in a 

conventional kiln that simulates solar kiln conditions; and 

• create a model for identifying suitable locations for solar kilns in Vientiane, and to 

recommend the optimal time in the calendar year for the most productive performance 

of solar kilns. 

1.3 Research methodology 

The various stages of this Ph.D. study are shown in the diagram below (Figure 15). The study 

consisted of the following steps: 

(1) Conducting a preliminary experiment using a new installed solar kiln; 

(2) Comparing two different intermittent drying schedules in conventional kilns for timber 

drying quality; 

(3) Scaling-up an intermittent drying schedule from a conventional kiln to a solar kiln; 

(4) Simulating solar kiln conditions using a conventional kiln (Simulation 1) and 

optimizing the drying schedule (Simulation 2); 

(5) Assessing the quality of timber after drying according to the Australian and New 

Zealand standard of timber quality (AS/NZS 2001) and; 

(6) Identifying suitable locations for solar kilns based on GIS-based Fuzzy Theory method. 

The specific research methodology is explained in the following chapters written as 

individually submitted papers, with styles based on each journal’s format requirements.  
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Figure 15: Schematic outline of this study follows the numerical steps from the left 
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Chapter 2. Preliminary Experiments 

2.1 Quality assessment of the drying process for Eucalyptus delegatensis 

timber using greenhouse solar drying technology  

This sub-section 2.1 is under review by European Journal of Wood and Wood Products 

as below: 

Phonetip, K.; Ozarska, B.; Brodie, G.; Harris, G., Belleville, B., Quality assessment of the   

drying process for Eucalyptus delegatensis timber using greenhouse solar drying  

technology. European Journal of Wood and Wood Products (Under review, submitted 

in March 10, 2018). ID: HARW-D-18-00066. 

 

Abstract 

The aim of this study was to investigate the process of drying Eucalyptus delegatensis in a 

greenhouse solar kiln. Specific objectives were to assess stress formation, moisture gradients 

and timber distortion, the moisture content distribution within various sections of the timber 

stack, and internal checking and collapse development within the boards. The maximal 

temperature and relative humidity (RH) during daytime were set at 43oC/72% RH. In the 

nighttime the temperature was at ambient condition with 90% RH. The strain measurements 

were undertaken before and after the samples were sliced. The timber quality at the end of 

drying was assessed based on Australian and New Zealand standard (AS/NZS 4787:2001). The 

moisture content values in the three different sections (front, middle and end) of 2400 mm long 

boards were compared by Analysis of Variance. The results showed that the mean compressive 

strain was -2 x 10-4 mm/mm in the core layers and the tensile strain was 14 x 10-4 mm/mm in 

the outer layers. All sample boards were within the acceptable limits for cupping, spring and 

bow, even though the relative humidity level did not reach the set value.  However, the amount 

of twist in three out of twelve sample boards was above the acceptable limit. Mean moisture 

gradient was 0.6%. There was a significant difference in moisture content at end section 

compared to the front and middle sections. Internal checking, collapse and residual stress were 

graded as Class “C” (class A is the highest grade and D is the lowest). 
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2.1.1 Introduction 

Wood drying is a vital stage in producing high quality wood products. Solar drying methods 

usually involve cyclic or intermittent drying techniques where the temperature, humidity and 

airflow within the kiln vary throughout the process (Chua et al., 2003; Langrish, 2013; Kumar 

et al., 2014). As reported by VijayaVenkataRaman et al. (2012) solar dryers have been 

developed by many researchers for different purposes, such as for mixed mode natural 

convection, to test a glasshouse-type solar timber dryer. Since there are many types of solar 

dryers for specific uses; for example, for drying timber, and for drying food. The design 

structure of solar kilns may require further improvements to fit their uses (Pirasteh et al., 2014; 

Singh et al., 2018). A series of modifications have been done to optimize their thermal and 

drying efficacy (Luna et al., 2009). For example, a mixed–mode solar kiln with black pebble 

bed as absorber and storage has been designed and evaluated (Ugwu et al., 2015). 

Solar kiln drying offers benefits of improved timber quality, lower cost and is considered an 

environmentally friendly process. At nighttime is the period of no heating; this is known as a 

cooling period when drying stresses can be released (Herritsch et al., 2010). The use of diurnal 

energy through the solar kiln drying method reduces the drying cost. A comparison of the 

drying economics of solar kilns and steam kilns for 2.5 cm thick planks of Tectona grandis, 

Artocarpus chaplasha, Michelia champaca, Albizia procera revealed that total drying 

expenditure per annum for a solar dryer was approximately 60% of the steam kiln drying cost 

(Satta, 1994). Solar kilns have been introduced as a suitable drying method in tropical 

countries; for example, in Sri Lanka where the solar radiation and temperature are high 

(Simpson & Tschernitz, 1984). 

Several drying schedules for solar kilns have been investigated so far (Haque, 2006; Brodie, 

2008; Hasan & Langrish, 2014). However, a specific drying schedule is required for a particular 

species based on the intermittent method because solar dryer capacity is dependent on local 

diurnal conditions (Hasan & Langrish, 2014). Chadwick and Langrish (1996) revealed that 

collapse and internal checks of Eucalyptus pellita dried in cyclic drying conditions were lower 

than in the continuous drying technique. Drying Eucalyptus regnans boards in an intermittent 

regime has also resulted in a lower number of internal checks than in the continuous drying 

method (Chafe, 1995). Different schedules with different intensities of heat and relative 

humidity need to be investigated for their ability to improve the quality of timber using solar 

kilns.  
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The Alpine Ash  (Eucalyptus delegatensis) species is widely distributed in the Southeast of 

New South Wales, Eastern Victoria and in Tasmania, Australia (llic et al., 2000). This timber 

species is used for many types of wood products in Australia such as furniture, flooring, 

architectural applications and timber framing. 

The objective of this study was to investigate the drying process of Eucalyptus delegatensis in 

a greenhouse solar kiln. Specific objectives were: to assess stress formation, moisture gradients 

and timber distortion; to evaluate the moisture content distribution within various sections of 

the timber stack; and to assess internal checking and collapse development within the boards. 

2.1.2 Materials and methods 

2.1.2.1 Solar kiln and control settings 

The greenhouse type solar kiln (Solarkilns Pty Ltd, Kilsyth, VIC, Australia) with two layers of 

plastic cover was used in this study. The kiln was located in Melbourne, Australia, at 

37º49'46.2"S 145º01'25.7"E. The black and white sheets were placed on the inner side for 

insulation and to collect heat from the sun’s radiation, while the outer layer was transparent, 

which allowed radiation to propagate unhindered to the black sheet (Figure 16). The insulation 

was 200 µm thick and made from polyethylene film. A control unit allowed the setting of 

temperature (±0.5oC) and relative humidity (RH, ±2% between 0–90% and ±4% between 90–

100%). A humidity/temperature transmitter (Testo 6621 duct version, Germany) was used to 

determine the relative humidity and temperature inside the kiln. 

The parameters were set at a maximum temperature of 43oC and 72% RH with air velocity of 

1–2 m/s during daytime (07:30–17:30), and at ambient temperature (AmbT) with 90% RH and 

air velocity of 0.5–1m/s at nighttime (17:30 – 07:30). 
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Figure 16: Schematic view of solar kiln and timber stacking (Front view). 

2.1.2.2 Timber preparation and test methods 

Eucalyptus delegatensis timber from regrowth forest, 75 years old, was used in the study. 

Forty–eight back sawn boards (40 x100 x 2400 mm) were loaded into the kiln. The boards were 

stacked in 12 layers, with 4 boards on each layer and a 25 mm distance between the layers. 

Initial mean moisture content (MC) was 75%. Twelve sample boards (SB) were selected for 

the assessment of compressive and tensile stresses, stress residual, MC gradient, and timber 

distortion, from Row 2, 6 and 10 of the stack (Figure 16). These boards were cut into 3 

specimens 800 mm long (Figure 17) and used to assess stress residual, MC gradient, 

compressive and tensile stresses. Timber distortion were calculated and graded as per 

Australian standard of timber stress grading rule (AS, 2007a). 

 

 

 

 

 

Figure 17: Specimen positions of final moisture content (MC), stress residual (SR), moisture 

content gradients (Core MC) and compressive and tensile strains (ST) 

The technique for assessing compressive and tensile stresses was derived and modified from 

McMillen (1955). The stress specimens were sliced to 8 layers with a thickness of 5mm each 

using a 14-inch bandsaw (LEDACRAFT BS350) (Figure 18a). Layers 1 and 8 represent the 
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surfaces or case areas while layers 4 and 5 represent the inner layers or core areas. Layers 2, 3, 

6 and 7 are the areas in between the core and the case. The layers were measured using a digital 

calliper before slicing and then re-measured after slicing. 

The MC gradient measurement technique was based on AS/NZS 4787:2001 (AS/NZS, 2001) 

and the method of measuring moisture content gradient during drying was modified from 

Blakemore & Langrish (2008), among others. In total, 35 specimens were used for measuring 

core moisture gradients. All specimens were split with a guillotine into 8 layers with a thickness 

of 5 mm and a diameter of 20 mm for each layer (Figure 18b). 

 

 

 

Figure 18: Slices for (a) compressive and tensile strain measurements and (b) determining 

MC profile of 8 layers 

Sample cross sections, exposed by docking individual sections at 200 mm intervals along the 

35SB, were observed, measured and graded for internal checking, timber collapse and residual 

drying stress based on AS/NZS 4787:2001 (AS/NZS, 2001). The moisture content in three 

different sections of 2400 mm long boards, at the front (MC_F), middle (MC_M) and end 

(MC_E) (Figure 19), were compared by Analysis of Variance (ANOVA) using MATLAB (v. 

R2015a, Mathworks, Natick, United States, MA). 

 

Figure 19: Sample boards designed for internal checking (IC) and moisture content (MC) 

measurements. 

Note: the numbers from 1–10 indicate that checks were measured and collapse assessed at each 

cross-cut section 

(a) (b) 
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2.1.3 Results and discussion 

2.1.3.1 Kiln and ambient conditions 

The solar kiln was operating from 26th Nov 2014 until 3rd Feb 2015. The mean minimum 

temperature inside the solar kiln during the relaxation time was 16 ± 3oC and the mean highest 

temperature during the daytime was 36 ± 8oC between 12:00pm – 2:00pm (Figure 20a). The 

minimum and maximum nighttime temperature ranged from 12oC to 23oC while the minimum 

and maximum daytime temperature was between 20o and 50oC (Figure 20b). The maximum 

temperature inside the kiln exceeded the set value (43oC), which could result from insufficient 

thickness of the insulation layer, with the heat potentially conducting from the black side to the 

white side too quickly and the material not being heat resistant. Therefore, the design of the 

kiln insulation needs to be improved to ensure the temperature is well maintained, as suggested 

in numerous studies (Luna et al., 2009; Pirasteh et al., 2014; Singh et al., 2018). 

The mean temperature of the solar kiln was 10oC higher than the ambient daytime temperature 

but the kiln and ambient temperatures were equalized at night. The mean RH inside the solar 

kiln (Figure 20a) ranged between 49% and 90%. The nighttime RH was kept at 90 ± 4%, but 

it decreased from sunrise to reach its lowest value of 49 ± 17% between 12:00pm–2:00pm.  

The range of nighttime RH was 54% –90% and the daytime range was 49% –70%RH. 

 

 

Figure 20: Internal temperature and relative humidity conditions of solar kiln during 24 hour 

cycles (a) and the mean minimum and maximum temperature inside the solar kiln (b). 

The RH value during the daytime was only able to reach 49%RH at 2pm, which was almost 

equal to the daytime ambient condition. In contrast, at nighttime the RH reached 90%. During 
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the drying experiment, a technical fault in the spray nozzle occurred in the kiln, which could 

be the reason why the set value for RH could not be reached. 

As the kiln’s temperature was based on ambient conditions, the rate of increment of 

temperature inside the solar kiln was varied. This could also affect the timber quality as on 

some days a high temperature was achieved with a very low relative humidity. There were 12 

days during the drying period of 70 days when the temperature in the solar kiln reached more 

than 43oC between 11:00am-12:00pm (Figure 21). 

 

Figure 21: Number of days when the temperature inside the solar kiln was higher than 43oC 

during daytime. 

2.1.3.2 Drying rates and moisture content gradient 

The mean moisture content of timber boards in the solar kiln decreased from green (75%) to 

below 12% after 70 days (Figure 22). It can also be seen that it took 25 days to reach the fibre 

saturation point (fsp) of 25% MC. The final moisture content of the boards ranged from 11.8-

12.1%. 

 

Figure 22: Moisture content profile of Eucalyptus delegatensis in the solar kiln 
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The mean MC decreased by 0.3% per day from fsp to 12.0% MC after 45 days for E. 

delegatensis. This value is approximately 0.2% lower than the value that was predicted for 

Tasmanian eucalyptus (E. obliqua), 28mm thick boards under air velocity of 0.5 m/s (daytime) 

and 0.05 m/s (relaxation) by Hasan & Langrish (2014). The difference could be due to the 

lower thickness of timber and lower air velocity used in the model compared to the current 

experiment. For example, Khater et al; (2004) revealed that the rate of moisture content loss in 

timber is faster at higher air velocity than at lower velocity. The mean moisture gradient of all 

samples was 0.6% MC between outer and inner layers.  

2.1.3.3 Compressive and tensile stresses 

Compressive and tensile strains of all samples are shown in Table 5. The tensile stress was 

found at the outer layers (layer 1 & 8). The compressive stress was created in layers 2–7. The 

mean compressive strain was found at -2 x 10-4mm/mm in inner layers 4 and 5, and the mean 

tensile strain was a 14 x 10-4 mm/mm in surface layers 1 and 8. The maximum tension and 

compression was 44 x 10-4 mm/mm (in layer 1 & 8) and -46 x 10-4 mm/mm (in layer 3 & 6), 

respectively. The maximum strain level was lower than 80 x 10-4 mm/mm, which was predicted 

by the model developed by Hasan & Langrish (2014).  

2.1.3.4 Timber distortion 

Bow, spring, cupping, twist and the stress residual (Table 5) were measured according to AS 

2082-2007 (AS, 2007a). Bow and spring were within the acceptable limit of 10 mm. The 

maximum measured values of bow, cupping and spring reached up to 3 mm for all boards. 

However, the measured twist of three samples boards out of twelve was above the acceptable 

limit of 5mm, reaching up to 9 mm. There were no end splits found in the boards.   

 

 

 

 

 

 



  

Page 55 of 203 

 

Table 5. Statistical results of the timber qualities 

Parameters Average (mm) + SD Minimum (mm) Maximum (mm) 

Strain: layer 1&8 14 x 10-4 ± 19 x 10-4 -41 x 10-4 44 x 10-4 

Strain: layer 2&7 -6 x 10-4 ± 15 x 10-4 -41 x 10-4 35 x 10-4 

Strain: layer 3&6 -14 x 10-4 ± 10 x 10-4 -46 x 10-4 6 x 10-4 

Strain: layer 4&5 -2 x 10-4 ± 10 x 10-4 -41 x 10-4 1 x 10-4 

Bow 1.1 ± 0.5 0.2 3.0 a 

Spring 1.2 ± 0.5 0.4 2.8 a 

Cupping 1.5 ± 1.7 0.4 2.9 

Twist * 3.0 ± 0.5 1.1 9.0 

a Under the permissible level of 5 mm as per AS 2082-2007 (AS, 2007a) 

Note: * three samples out of twelve exceeded the permissible level. 

 

2.1.3.5 Internal checking and collapse 

Based on the results of the assessment of internal checking, timber collapse and residual drying 

stress the samples were graded as class “C”, as shown in Table 6. 

Table 6. Internal checks and collapse grading as per AS/NZS 4787:2001(AS/NZS, 2001) 

Parameters Average Maximum 
Overall 

Grading 

Total number 

of samples 

Internal checks (% loss of 

check/cross cut area) 
0.2 8.3 C 350 

Collapse (mm) 0.4 2.5 C 350 

Residual drying stress (mm) 1.0 1.3 C 36 

 

Measuring internal checks in the wood using a digital calliper may be inaccurate due to the 

very small shape of internal checks which are difficult to see with the naked eye.  

2.1.3.6 Comparison of moisture content distribution along boards 

The mean final moisture content of all boards was 12.0%, while the MC of boards at the front, 

middle and end (F, M, E) sections of the timber stack inside the solar kiln after drying were 

12.1%, 12.1% and 11.8%, respectively. There is a significant difference for the E section 

compared to the F and M sections, as shown in Table 7. Section E of the timber stack may have 

been affected by higher temperature than the remainder of the stack as it was closest to the wall 

of the solar kiln, which could cause the timber to dry quicker than other parts of the stack. 

Considering the difference of MC distribution among those sections, the mean MC difference 

between 12.1% and 11.8% was very small, less than 1%. The final moisture content of dried 
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timber with such a small difference means the three groups would be accepted in commercial 

operations. 

Table 7. Comparison of the moisture content distribution in three sections of the boards 

Parts of Section Average (%) SE 

F 12.1a 443 x 10-4 

M 12.1a 443 x 10-4 

E 11.8b 443 x 10-4 

LSD (0.05) 
a The section of no significant difference among sections.  
b The section of significant difference to other sections at the level of 0.05. SE is standard error. 

2.1.4 Conclusion 

The analysis of stress formation in E. delegatensis under the solar kiln conditions showed that 

the mean compressive strain was -2 x 10-4 mm/mm in the core layers and the tensile strain was 

14 x 10-4 mm/mm in the outer layers. Mean MC gradient was 0.6 % between outer and inner 

layers. All sample boards were under the acceptable limit of 10mm for bow and spring, but 

twist exceeded the limit of 5 mm in three out of twelve boards. For internal checking, collapse 

and stress residual the boards were graded as class “C”. 

There was a significant difference in moisture content at the end section compared to the front 

and middle of the timber stack. Fluctuation of temperature inside the solar kiln is critical for 

reducing the timber drying degrades. It is suggested that controlling EMC in the kiln by keeping 

a high level of RH during times of higher temperature could reduce the rapid change of MC in 

wood that results in severe checking. 

The method of achieving uniform temperate distribution in the solar kiln should be 

investigated. In particular, preventing the exposure of end sections of boards to high 

temperatures should be considered in future use of this greenhouse solar kiln. 
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Additional supporting information is provided in Appendix 1: 

Appendix 1.1 Photos of greenhouse solar kiln 

Appendix 1.2 Docking individual sections at 200 mm interval along 2400 mm boards 

Appendix 1.3 Tensile and compressive strains of 12 samples 

Appendix 1.4 Residual drying stress of 12 samples 
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2.2 Comparing two internal check measurement methods for wood drying 

quality assessment 

This sub-section 2.1 has been published in European Journal of Wood and Wood 

Products as below: 

Phonetip, K., Ozarska, B., and Brodie, G. (2017). Comparing two internal check measurement 

methods for wood drying quality assessment, European Journal of Wood and Wood 

Products. 75(1), 139-142. doi: 10.1007/s00107-016-1115-1 

 

 

Abstract 

Internal checks that are created in the interior of lumber during or after timber drying seriously 

affect the quality and value of timber used for the production of high value wood products. 

This study compared two different methods of assessing wood drying quality; by using either 

an image analysis ImageJ or digital calliper technique, to determine the percentage loss of cross 

section due to internal checking. The study revealed that there was a significant difference in 

the total area of internal checks, but the overall timber quality classes determined from both 

techniques were identical based on the Australian and New Zealand standard for timber quality 

assessment. 
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2.2.1 Introduction 

Internal checks or honeycomb are formed in the interior of a piece of wood as the result of the 

internal tension stress during seasoning. It occurs when the core moisture content is high and 

the applied drying temperature is relatively high (Simpson, 2001). Internal checking is one of 

the most important parameters for determining timber grading classes, as described in the 

Australian and New Zealand standard of timber quality (AS/NZS, 2001).  

Internal checks can result in losses of timber volume during the manufacturing of wood 

products because this defect usually cannot be readily seen as it does not appear on the surface 

of boards (Simpson, 2001). Affected timber often needs to be discarded due to the 

manufacturing process revealing internal checks. 

Internal checks have been assessed and studied by many researchers by using varied methods 

of determining the check area (Mekhtiev & Torgovnikov, 2004; Harris et al., 2008; Yuniarti et 

al., 2015). There are many software options available for determining wood defects. Harris et 

al; (2008) used Image-Pro Plus version 6 software to identify the surface checks from the 

perimeter of wood samples. Mekhtiev and Torgovnikov (2004) used ImageJ software   for 

analysing the check area of wood samples, which were treated by microwave, through analysis 

of scanned images with 1200 dpi resolution. However, the most common method used by 

researchers (Yuniarti et al., 2015) and industries for measuring the area of internal checks were 

based on the width and length of checks using  the digital calliper method. This method is used 

for grading the timber according to the standard for drying quality class.  

It is important to highlight that grading of timber is vital for the wood processing industries 

because the price of timber is based on the grade to which the boards are assigned. These 

complaints led to product replacement from 41 mills in Victoria and Tasmania. It is believed 

that the internal and surface checks were measured according to the Australian and New 

Zealand standard of timber quality (AS/NZS 2001).  

It could be argued that using two different methods of measuring internal checks may lead to 

different quality grading. For example, the use of digital callipers may not determine the exact 

shape of checks because it is difficult to visualize varied sizes of checks which are often very 

small. The use of digital callipers is based on the presumption that the length and width of 

checks are of square or rectangular shape, however, they usually have an irregular shape. This 

may result in an increased area of checks, thus providing an inaccurate value of the total percent 
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of checks, which could lead to an incorrect grading of timber. Measuring check area by using 

ImageJ software has a potential to accurately determine the true shape of each check by 

manually digitizing and zooming in on the hole or polygon of each check with a clear feature 

of high resolution scanning. This cannot be done with the naked eyes and a digital calliper. 

Therefore, this study’s objective was to compare between two different methods and the results 

of grading classes of internal checks determined by using ImageJ and digital calliper methods. 

2.2.2 Materials and methods 

2.2.2.1 Samples collection and preparation 

Thirty- five Eucalyptus delegatensis boards, 40 x 100 x 2400 (mm), were dried in a solar kiln 

to the final moisture content (MC) of 12%. Each board was cross cut with a circular saw at 

200mm intervals to provide 10 cross cuts. The total number of samples was 350, as described 

in (Phonetip et al., 2016).  

2.2.2.2 Digital calliper based method 

Percentage of checks per cross-cut area was calculated based on Yuniatri et al; (2015). The 

width and length of each check was measured assuming that the check was square or 

rectangular and its area was determined (Figure 23). The results were also classified according 

to the Australian Standard for drying quality (AS/NZS, 2001). 

 

 

 

 

 

Figure 23: Two different methods of measuring internal checks 

2.2.2.3 ImageJ method for internal checks analysis 

An alternative method, which uses ImageJ analysis software, was derived from Mekhtiev and 

Torgovnikov (2004), with some modification. The sample preparation for this study followed 

the method from step 1, 2, 3 and 7, which were summarized by Mekhtiev and Torgovnikov 

(2004). These steps involved: cutting the surface, scrapping the surface, blowing dust off the 

wood and sanding the surface. This methodological variation was due to the characteristic of 
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internal checks from timber dried in the solar kiln which were different from the checks induced 

by Microwave treatment. For instance, the sizes of internal checks of timber in the solar kiln 

were bigger and clearly more identifiable than those from Microwave treatment. The steps 4, 

5 and 6 were considered not necessary for this study. 

In this study the specimen’s preparation was conducted as follows: each cross-cut section was 

sanded by sanding machine supplied by SABER with the speed of 2900 r.p.m with 240 grit 

paper. Samples were blown clean with pressurised air to remove residual dust from the check 

cavities.  

Capturing images: The specimens (cross cut section) were scanned using a HP Deskjet 1510 

series scanner. Samples were placed on the scanner with their cross-cut surface perpendicular 

to the grain. The maximum optical level of resolution, according to Mekhtiev and 

Torgovnikov’s (2004) method, was at 1200 dpi and this level was also used during this study. 

Another modification to the method of Mekhtiev and Torgovnikov (2004) was processing of 

the images. Mekhtiev and Torgovnikov (2004) applied automated threshold setting, however 

this study used a manual digitization method for determining the area of internal checks. 

For image processing, the Java based Public Domain freeware ImageJ 1.49v was used. Internal 

checks were manually measured by digitizing the shapes of the checks that occurred on each 

cross-cut section as shown in Figure 23.  

Again, the total area of checks for each section, as indicated by ImageJ, was used to grade the 

timber quality according to Australian/New Zealand standard AS/NZS 4787:2001.  

2.2.3 Results and discussion 

2.2.3.1 The presence of Internal Checks 

Overall, most of the internal checks appearing on the cross section of Eucalyptus delegatensis 

timber were very fine in shape, small and were distributed along the earlywood region. The 

longitudinal direction of the internal checks laid along the wood ray or perpendicular to the 

growth ring, which was similar to those found by (Yuniarti et al., 2015). However, in another 

species like Eucalyptus regnans, internal checking appeared in the latewood band, which may 

be caused by latewood fibres that were weaker than earlywood. Internal checks occurred with 

varied sizes and different shapes. This study found seven distinct shapes. Therefore, it is 

difficult to find differences between the true area of checks, determined by ImageJ, and the 
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rectangular area, which was determined using digital calliper, because small checks could not 

be clearly seen by unaided eyes. 

The number of samples which were free of internal checks according to the ImageJ analysis 

was fewer than the number determined by the digital calliper method. That means that using 

the ImageJ method identified internal checks more accurately than the digital calliper, as shown 

in Table 8. 

Table 8. The results on measuring internal checks by ImageJ and digital calliper methods 

Sets ImageJ Calliper 

Number of sample 350 350 

Number of samples free of internal checks from total 

sample 
190 211 

Mean percentage loss of cross section 0.07 0.22 

Maximum of percentage loss of cross section 1.29 8.29 

Standard deviation 1.00 2.00 

Time of preparing samples in minutes 6.5 2.5 

Measuring time of internal checks in minutes/unit 2 0.5 

Grading class per (As/Nzs, 2001) C C 

 

The percentage loss of cross-section due to internal checks, as determined by ImageJ, was 

0.07%, which was on third of the value that was determined using the digital calliper method. 

Data variability from using ImageJ was much less than the digital calliper method. For instance, 

the maximum percentage loss of cross section, determined by the ImageJ and the digital calliper 

methods, were 1.29% and 8.29%, respectively. Due to their shape, internal checks had varied 

sizes and were formed in different ways. This caused the high values for the area of checks 

found in digital calliper method. This is because this method uses a rectangular area formula 

instead of the true areas of internal checks, which was measured by ImageJ method. 

2.2.3.3 ImageJ and Digital calliper methods 

Using the ImageJ method enabled high level of accuracy in determining the number of internal 

checking and loss of area of cross-section due to the checks. ImageJ helped by zooming into 

the scanned images and visualising the clear shape of internal checks while the method of using 

digital calliper could only presume that internal checks were rectangular.  It was also very hard 

to see the extent of some internal checks by the naked eye.  

Given a clear visualization and more powerful analysis options when using software like 

ImageJ, this process was time consuming and required high level skills in using the hardware 

and software tools. For example, the process involves two main stages, which are preparing 
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samples and measuring the internal checks. The first stage for both techniques includes using 

a circular saw, sanding machine with different grits, and scanning tools. The second stage 

requires either image analysis by ImageJ software or measurement of the internal checks by 

digital calliper.  

ImageJ method required nearly three times longer analysis compared to the digital calliper 

method which was done much faster but less accurately.   

The results of percentage loss of cross-section due to internal checks measured by the two 

methods (ImageJ and digital calliper) were 0.07% and 0.22%, respectively. The values of 

percentage loss of cross-section of two methods were statistically different with p value = 0.00 

(p<0.01) according to Analysis of Variance (ANOVA) using the MATLAB program (v. 

R2016a, Mathworks, Natick, United States, MA).  

However, when comparing final board quality classes based on the grading rule for timber 

quality standard of Australian and New Zealand, it was found that hundred percentage of 

sample analysed by ImageJ and ninety-nine percent of samples analysed by digital calliper 

methods presented a loss of cross-section of less than 5 percent.  Based on this result all 

samples, assessed by both methods were assigned to Quality Class “C”. This means that despite 

differences in the total areas of internal checks on the cross-section of samples, the final quality 

class determined according to Australian/New Zealand standard AS/NZS 4787:2001. Thus, in 

this study, the digital calliper method of determining the area of internal checks by its width 

and length did not affect the results of the grading class.  

2.2.4 Conclusion 

Based on the statistical analysis of variance (ANOVA), there was significant difference 

between the ImageJ and digital calliper methods used in measuring the area of internal checks. 

However, regarding to the Australian and New Zealand standard for timber quality (AS/NZS 

4787:2001), ImageJ and Calliper methods both resulted in the same quality class as they were 

all classified at Class “C”. 

The propensity of the method of determining area of internal checks expressed by Yuniarti et 

al; (2015) should be tested in other cases due to the varied sizes and different shapes of internal 

checks based on discrepancy of experiments. Furthermore, using different standard of timber 

quality may give a broader opportunity for using these two methods. 
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Additional supporting information is available in Appendix 1.2: Docking individual sections 
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Chapter 3. Comparing Two Intermittent Drying Schedules for Timber 

Drying Quality 

This chapter has been accepted as below: 

Phonetip, K.; Ozarska, B.; Belleville, B. and Brodie, G. (2018). Comparing two intermittent  

drying schedules for timber drying quality, Drying Technology Journal. (Accepted for 

publication February 21, 2018).  

 

Abstract 

Intermittent drying techniques for drying timber may provide various benefits by improving 

timber quality and addressing energy efficiency through saving in energy consumption. The 

purpose of this study was to compare two intermittent drying schedules applied in the treatment 

of Eucalyptus delegatensis boards, through assessing surface and internal check development, 

moisture content (MC) profiles during drying, and timber distortions at the end of drying. The 

study used identical conditions during the heating phase at 45oC/60% relative humidity (RH), 

except for RH during the non-heating phase (80% and 90%). This results, discussed in this 

paper, analysed the timber quality during and at the end of drying. The different RH during the 

non-heating phase did not generate a significant difference in MC at the case boards between 

the two drying schedules. The assessed quality of timber at the end of drying was based on 

AS/NZS 4787:2001. MC gradient, drying stress residual, internal checking and collapse were 

graded as class ‘A’ (class A is the highest grade and D is the lowest).  Bow, cupping, and spring 

were under the permissible levels based on grading standard AS 2082-2007. Measured data 

were validated using Drytek ® simulation software showing MC movement in case boards.  
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3.1 Introduction 

Intermittent drying techniques for drying timber may provide various benefits by improving 

timber quality and reducing energy consumption (Langrish et al., 1992). Continuous drying 

produced lower moisture content (MC) in a shorter time compared to intermittent drying at the 

same drying conditions; however, case-hardening was reduced with intermittent drying 

(Langrish et al., 1992). The number of surface checks in timber were also lower than in the 

continuous drying regime (Chafe, 1995), i.e. Herritsch et al; (2010) found that intermittent 

drying reduced timber stress during the relaxation period when kiln heating and air flow fans 

were switched off.  

The oscillating conditions applied in drying have been studied by a few researchers (Chua et 

al., 2003; Salin, 2003; Sackey et al., 2004; Rémond et al., 2007; Milić et al., 2013). Salem et 

al; (2016) applied oscillating conditions, i.e. 15°C and 45°C and the RH between 25% and 

73% over a period of 24 hours. They used TransPore code to simulate drying of the 27 mm 

thick boards of quarter sawn beech (Fagus sylvatica). It was found that average MC reached 

30% by 7.5 days from the initial MC of 65%. Phonetip et al; (2017b) found that temperature 

fluctuations in a solar kiln were similar to those found by Yuniarti (2015a) and Yuniarti et al; 

(2015b) using intermittent drying in a small-scale conventional kiln. 

Minimizing MC gradient is important for drying optimization to prevent stresses that cause 

deformations and cracks in wood during drying (Rozsa & Mills, 1997; Carlsson & Arfvidsson, 

2007). MC distribution during intermittent drying of 40 mm thick Eucalyptus saligna has been 

investigated by Yuniarti et al; (2015b), who used a heating phase (H) of 40oC and 60% relative 

humidity (RH) for 12 hours, and the remaining 12 hours with the non-heating (NH) phase at 

ambient conditions (17oC, 60%–80% RH). It was found that when the mean MC was less than 

25%, the MC in the middle of the board was 5% higher than on the surface. Yuniarti (2015a) 

also compared two different intermittent drying schedules with air velocity of 0.8 m/s. Schedule 

1 consisted of 42oC / 60% RH during the H phase and 11–31oC / 44–85% RH during the NH 

phase with a time of 11 hours for H and 13 hours for NH phases. Schedule 2 applied a 

temperature, which was higher than the first schedule by 3oC, with the same RH during the 

heating phase and 14–32oC / 30–89% RH during the NH phase, with a time of 9 hours for H 

and 15 hours for NH. There were no significant differences in MC gradients for boards dried 

in either schedules and the boards were graded as class ‘A’ where the MC gradient between 

core and case did not exceed 2% for the target MC at 12%, according to AS/NZS 4787:2001. 



  

Page 69 of 203 

 

However, the change of MC within boards during the H and NH phases was not measured. 

Another study was conducted where boards of 27 mm thick Nothofagus fusca were 

intermittently dried at 45oC / 52% RH for 7 hours during the daytime (Langrish et al., 1992). 

The result showed no internal checks, distortion, or surface checks, or collapse. Determining 

the MC profile during drying can be used as an indicator of when timber degradation may occur 

during intermittent drying 

A study of Eucalyptus delegatensis, with initial MC between 60–46% for 25 mm thick boards, 

dried in a solar kiln between 25oC–49oC and 60% RH, found that some collapse occurred, but 

there was no surface checking, as a result of this drying schedule (Read et al., 1974).  Phonetip 

et al., (2017b) found that drying Eucalyptus delegatensis timber using a solar kiln from the 

initial MC of 75% to 12% took 70 days under drying conditions of 36±8oC and 49±17% RH 

during daytime and 16±3oC / 54–90% RH at nighttime. Following drying, all boards were 

under the acceptable limit of cupping, spring, and bow, based on AS 2082-2007. Internal 

checking, collapse, and stress residual were graded as class ‘C’ (class A is the highest grade 

and D is the lowest). MC gradient between the core and the surface was 0.6%. 

The objective of the present study was to compare two intermittent drying schedules with 

identical conditions during the heating phase but with different RH conditions during the non-

heating phase. The study assessed the MC profile and the development of internal and surface 

checks during the drying process. Finally, the timber quality was assessed. 

3.2 Materials and methods 

Seventy-five-year-old Eucalyptus delegatensis boards from regrowth forest were back sawn, 

wrapped and stored in the cool room at 6oC. Before the start of the experiments, the ends of 

each board were sealed with silicone and covered with aluminum foil to prevent moisture loss 

from the end grain. Two batches, each consisting of 21 boards, 40 mm x 100 mm x 950 mm, 

were loaded into two separate conventional laboratory kilns. The boards were stacked in seven 

layers of three boards each, with strips of 25 mm thickness between the layers (Figure 24). 

Seven sample boards were randomly selected and placed in the central column of the stack for 

assessment of the development of collapse, surface and internal checking, and MC gradient 

during drying. The remaining 14 boards were used for assessment of internal check, end split, 

collapse, drying stress residual and MC gradient at the end of drying, i.e. when all boards 

reached a constant weight, based on Australian standard 4787:2001(AS/NZS, 2001). 
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Figure 24: Schematic view of sample boards in the conventional laboratory kiln 

The kilns (Model F311-2-25-CI-F, Shepherd Systems P/L, Rowville, Victoria, Australia) were 

equipped with data acquisition and programmable controller units to control the temperature 

and RH conditions. The kiln volumes were 0.39 m3. Air velocity was monitored using an 

anemometer (Testo 425, SN:01410104), showing the actual airflow through the timber stack. 

A 500 watt electric heater was used in both kilns during the heating phase. The drying process 

was conducted until all boards reached a constant weight. 

The seven sample boards in the middle column (Figure 24) were used for monitoring the 

development of collapse, surface and internal checking during drying, and the moisture profile 

of boards. The positions of core samples and degradation observation points along the boards 

are presented in Figure 25. For instance, the five dotted lines along each stage of MC show the 

cross cuts for observing timber degradation such as internal and surface checking and collapse. 

After being scanned, each crosscut specimen was immediately end sealed using silicone and 

aluminum foil before being returned to the kiln. Core samples and crosscut for the observation 

of drying degradation were taken at different stages of MC when timber MC was at 45%, 35%, 

25%, 18% and 14% MC. To determine the rate of MC movement from one layer to another 

(Figure 26) over the H/NH phases at each stage, core MC was measured three times: 1) at the 

start of heating phase (NH1); 2) at the end of H; and 3) at the end of NH, also corresponding 

with the start of the heating phase on the next day (NH2). Core samples 20 mm in diameter 

were taken using a drill press. The core samples were then wrapped in aluminum foil and placed 

in a freezer for 24 hours before being sawn into 5 mm-thick pieces for MC measurements as 

defined by Yuniarti (Yuniarti, 2015a). Core sampling took one hour before the samples were 
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returned to the kiln; therefore, one hour was subtracted from each of the 9 hour H and the 15 

hour NH time periods. 

 

Figure 25: Core sampling in 40 mm thick boards at different stages of moisture content. Core 

diameter = 20 mm and thickness of layer= 5 mm. 

 

Figure 26: The pattern of slicing core samples into 8 layers of 5 mm thickness each. 

 

MC profiles of core specimens were measured from each layer (layers one to eight), where 

layers one and eight were the outer layers (top case and bottom case, respectively). Layers four 

and five were the inner or centre layers (core). 

The sample MC was calculated using the oven-dry method. The MC data of boards was derived 

from daily observation. Standard drying models indicate that moisture reduction should follow 

Equation 4, derived from Barbosa-Canovas and Vega-Mercado (Vega-Mercado et al., 2001), 

which can be used to calculate the moisture reduction over time. 
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Mt-EMC

M0-EMC
=e-at (4) 

 

Where:  

- Mt is the average board moisture content at a specific time (d);  

- Mo is the initial MC (%);  

- EMC is the equilibrium moisture content (%);  

- a is constant without a unit; 

-  t is time (day). 

The MC variation in the layers during H or NH phases can be expressed as Equation 5 and 6  

∆MCH=MCli(H)-MC
li(NH1)

 (5) 

∆MCNH=MCli(NH2)-MC
li(H)

 (6) 

Where:  

- ∆MCH is the percentage of MC variation during the heating phase (%);  

- ∆MCNH is the percentage of MC variation during the non-heating phase (%);  

- MCli(NH1) is the percentage of MC at the specific layer at the end of the first non-heating 

phase (NH1) or at the start of the heating phase (%);  

- MCli(H) is the percentage of MC at the specific layer at the end of the heating phase (%); 

and  

- MCli(NH2) is the percentage of MC at the specific layer at the end of the non-heating 

phase on the next day (%). Positive values indicate that the MC of the specific layer has 

increased and negative values indicate a loss of MC.  

The two drying schedules have been modified from Yuniarti (Yuniarti, 2015a). The RH for 

one kiln was set at 80% and another at 90% instead of leaving them at Amb during the NH 

phase. The drying schedule for Kiln #1 was: 45oC / 60% RH for H phase and Amb 16–18oC / 

90% RH for NH phase. The drying schedule for Kiln #2 had the same conditions for the heating 

phase, but RH was set at 80% during the NH phase. The phases of 9 hours H and 15 hours NH 

were used with a constant air velocity of 0.9 m/s throughout the drying schedules in both kilns. 

The drying units were switched on at 7.30 AM and turned off at 4.30 PM each day. In both 
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drying schedules, the equilibrium moisture content (EMC) during the heating phase was 10%. 

During NH, the EMC was 21% in Drying Schedule 1 and 16% in Drying Schedule 2. The 

drying schedules applied in the two laboratory kilns are illustrated in Figure 27 and Figure 28. 

 

Figure 27: Temperature (T) and relative humidity (RH) of Drying Schedule 1 

 

Figure 28: Temperature (T) and relative humidity (RH) of Drying Schedule 2 

Drying simulation software (Drytek ®, FPInnovations, Canada) developed by Fortin et al;  

(Fortin et al., 2004) was finally used as a complementary tool to better understand the behavior 

of MC profiles during the H and NH phases at a smaller scale. 

When drying finished, timber was assessed for distortions, i.e. bow, spring, twist, and cupping, 

using Australian Standard AS 2082-2007(AS, 2007b). The assessment of the end check, 

moisture content gradients, residual drying stress and collapse were done according to AS/NZS 

4787:2001(AS/NZS, 2001). Image analysis software (ImageJ 1.49v, USA) was used to assess 

the surface and internal checks, based on the method proposed by Phonetip et al., (2017a). 
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3.3 Results and discussion 

The mean temperature in both kilns reached the 45oC set point for the H phase. However, the 

temperature in Schedule 1 (Figure 27) was higher than in Schedule 2 (Figure 28) by 

approximately 2oC during NH phase.  This may have been caused by the fan, which was left 

running over the NH phase and thus, the different fan revolutions per minute (rpm) might have 

altered the temperature inside the kiln’s compartment. For instance, Kiln #1 had a fan 

frequency of 17Hz (500 rpm) and Kiln #2 (27Hz/800 rpm), although both offered a velocity of 

0.9 m/s. The increase of temperature in schedule 1 was 3 hours slower at reaching 45° C than 

in Yuniarti (2015a) (Schedule 2). Supplying different levels of electric heating can affect the 

drying time so this may vary from one experiment to another, i.e. The current study used 500 

watt of heating, which was half that used by Yuniarti (2015a)’s study (1000 watt). 

Average MC reduction was calculated and modeled using MATLAB software (v.2016a, 

Mathworks, Natick, United States, MA). The results showed that the difference in the decrease 

of MC was not significant between the two schedules (Figure 29). The R2 values were the same 

at 0.997. The mean initial MC of boards dried in the kilns using Schedules 1 and 2 were 

70±11% and 73±8%, and the final MC was 13.2% ±0.5% and 12%±0.5%, respectively. The 

values of the drying coefficients were 0.0622 and 0.0581 for Schedule 1 and Schedule 2, 

respectively. All boards in both kilns reached fiber saturation point (fsp) of 25% after 25 days. 

Following fsp, the decrease of MC to the constant weight of boards in both Schedules took 59 

days.  This drying time was 22 days longer than Yuniarti’s (Yuniarti, 2015a) because the EMC 

during the NH phase was 11% while in the present study the EMC varied from 16–20%. The 

drying time was also 17.5 days slower than in the study by Salem et al., (2016) in which 27 

mm thick boards were dried to 30% MC. It was obvious that the 27 mm thick board can be 

dried faster than 40 mm because central part of board can receive the applied heat faster, i.e. 

the centre of the 27 mm thick boards was 9 minutes faster than 40 mm thick board, in order to 

receive the applied 45oC based on the estimating method introduced by Simpson (2006). 

However, further research using this estimating method should be carried out to validate with 

experimental measurement. 
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Figure 29: Model fitting for intermittent drying of Eucalyptus delegatensis based on Drying 

Schedule 1 and Schedule 2 

The values of MC of boards in both kilns at each stage of core sampling were calculated based 

on the oven-dry method. According to statistical analysis (P=0.16), the MC decreases in boards 

dried in Schedules 1 and 2 were not significantly different (Figure 30). MC at the initial stage 

(before loading timber boards into the kiln) in Schedule 1 was 80±9% which was reduced to 

13±0.5% after 97 days; in Schedule 2, the MC at the initial stage was 67±9% and reduced to 

12±0.5% after 97 days. Model fitting explained the MC decrease based on time of boards dried 

in Drying Schedule 1 and 2 (Figure 29). The model showed that the decrease of MC 

corresponded to the measured data of MC based on the Oven-dry method. 

 

Figure 30: The measured MC at each stage during drying 

The variations of MC change within the boards (layers), dried by Schedule 1 and 2, are 

presented in Figure 31(a) and Figure 31(b), respectively. The initial MC of slices at the case 
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was 72±4% and the core was 82±12% for Drying Schedule 1. The MC of the case slices in the 

Schedule 1 was 20% higher than the slices in Schedule 2; and the MC at the core was also 6% 

higher than in Schedule 2. The MC reached fsp after 14 days in Schedule 1 at a rate of 3.3%/day 

and in Schedule 2 at a rate of 1.7%/day. Below fsp the drying rate at the case was 0.1%/day for 

both Schedules to reach the final MC of 12%. The core area in both Schedules reached 15% 

after 69 days.  

 

 

Figure 31: The MC decrement by layers against drying time of Schedule 1 (a) and Schedule 2 

(b) 
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The drying rate at the core area was at the mean of 1%/day and 0.9%/day in the Schedule 1 and 

2, respectively. When the MC was higher than fsp there was high variability of MC between 

boards in both the case and the core. For instance, the MC’s 95% confidence interval error bar 

varied up to 10% above fsp, however, when the MC was lower than fsp the variability was 

much lower and the error bars did not exceed 2% for both schedules. This could mean that 

having a different level of initial MC of the core in Schedule 1 and 2 (varied by 6%), and the 

difference of MC at 50% and 72% at the case boards had a potentially to dry the wood at the 

same drying time to 12% as shown in Figure 29 and Figure 30. 

Experimental conditions observed during drying using Schedule 2 have been simulated using 

DRYTEK ® wood drying simulation software. The MC at the surface board was decreased 

and increased during alternating H and NH phases, as shown in Figure 32.  The simulation 

software allowed us to better understand the moisture movement behavior data that could not 

be measured in the current experiment. The build-up of moisture at the surface during the NH 

phase should contribute to a decrease in the drying stresses at the surface and decrease drying 

defects.  

 

Figure 32: The behavior of MC at the surface (thickness of surface layer = 5 mm) during 

heating and non-heating phases by Drytek ® wood drying simulation software. 

To verify that MC change at the top case and the bottom case was identical for both schedules, 

the Independent Samples T-test method was applied to data from these case samples, using 

SPSS Statistics (v.23, Armonk, United States, NY) throughout the drying process for both 

schedules. There was no significant difference between the top case and bottom case (p<0.05) 

in both schedules at any stage. Figure 33 and Figure 34 illustrate the mean MC of top case and 

bottom case with error bars indicating the 95% confidence interval. For instance, the data of 
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MC variation decrease against drying time between the top case and bottom case were similar 

as they were determined from the initial stage of drying, at 9, 14, 20, 38 and 69 days of Schedule 

1 as well as for Schedule 2. 

 

Figure 33: Mean MC of top case (layer 1) and bottom case (layer 8) in timber boards at each 

stage of assessment at 9, 14, 20, 38 and 69 days in Schedule 1. 

 

Figure 34: Mean MC of top case (layer 1) and bottom case (layer 8) in timber boards at each 

stage of assessment at the 9, 14, 20, 34 and 69 days in Schedule 2. 

MC variation at the case of boards over the H & NH phases has been compared between the 

top case and the bottom case within the drying schedule using the Independent Samples T-test 

method. In Schedule 1, the results indicated statistically significant differences in gain or loss 

of MC between the top case and the bottom case at 9 days (p=0.012); and 20 days (p=0.023), 

however, there were no significant differences at 14 days (p=0.313); 38 days (p=0.303); and 

69 days (p=0.082). There were no significant differences in Schedule 2 at all stages of drying. 

As mentioned earlier, coring of samples was done using a drill press. In the current study, the 

findings of the MC profile of boards when the MC was higher than fsp was ultimately unclear 

due to the drill speed being set at 415 rpm with the manual press for loading force. The drilling 
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process generated steam when taking the core samples, causing variation in the MC profile to 

occur. This could cause a significant difference in the findings between the top case and bottom 

case at 9 days and 20 days, where the mean MC of the boards was higher than fsp as per Figure 

7. Investigating a more suitable coring method should be carried out in future research.  

There was also no statistically significant difference between the gain or loss of MC at case 

boards in Schedule 1 compared to Schedule 2 at p-value (P<0.05), at 9 days, (p=0.562); 14 

days (p=0.151); 20 days (p=0.371); 34 days, compared with 38 days (p=0.306); and at 69 days 

(p=0.802). 

The change of MC at the case was calculated during the heating and non-heating phases 

according to Equations 2 and 3.  Figure 35 and Figure 36 present the gain or loss of MC per 

hour during the H and NH phases at the case boards dried in Schedules 1 and 2. From the initial 

stage of core MC down to 30% in Schedule 1 it can be seen that the loss of MC during the 

heating phase varied from 0.08 –0.34%/hour with an increase of 0.05 –0.10%/ hour while in 

Schedule 2 the loss of MC was 0.28–0.39%/ hour with an increase of 0.08–0.18%/ hour. After 

that the gain or loss of MC in boards dried by the two Schedules were very small, i.e. increase 

of 0.01% and loss of 0.02%/hour at 38 days. 

 

Figure 35: Moisture content variation per hour (h) in the case boards during heating (H) and 

non-heating (NH) phases of drying schedule 1 
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Figure 36: Moisture content variation per hour (h) in the case boards during heating (H) and 

non-heating (NH) phases of drying schedule 2 

The rate of increased MC at the case of boards dried in Schedule 2 during the NH phase was 

higher than in Schedule 1 at 9 days, 14 days and 20 days (0.03%, 0.09%, and 0.08% 

respectively). At these three stages, core MC was found to be higher than fsp. Thus, the 

moisture moved as liquid by diffusion from the interior to the exposed surface where it 

evaporated into the surrounding air (Lewis, 1921). Therefore, the increase in MC at the case of 

boards was due to the moisture movement from the core until the core MC reached or equalized 

with the case MC. The movement of MC could be influenced by the EMC values during the 

NH phases. Schedule 1, EMC was 21% which was 5% higher than in Schedule 2. For example, 

at 69 days, mean MC at the outer layer was 14% and 16% at the inner layer for Schedule 2, 

while in Schedule 1, the outer MC was 15% and 17% at the inner layer. As can be seen in 

Figure 9, the MC at the surface layers fluctuated in the response to the water absorption process 

during H and NH phases. 

There were no severely collapsed boards found in these experiments but surface checking 

occurred. Only one sample from the two drying schedules was found to have some collapse, 

with board collapses of 1.32 mm and 0.27 mm detected on the transverse section of one sample 

board (out of seven boards). It has been stated that this species has a propensity for collapse 

Bootle (2005). However, this study’s findings were similar to the observations by Blakemore 

& Langrish (2008b), that intermittent drying could recover any collapse without the need for 

steaming. 

As suggested by Rozsa and Mills (1997) the MC gradient can cause deformations and cracks 

in board during drying. At the first stage of assessment (9 days), MC gradient in boards 

varied from 43–51% dried in Schedules 1 (Figure 37(a)) and Schedule 2 (Figure 38(a)). 
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There were 10 (Figure 37(b)) and 15 (Figure 38(b)) surface checks found in Schedule 1 and 

Schedule 2, respectively. The mean depth of surface checks was 6 mm and 8 mm, 

respectively.  

 

Figure 37: The depth of surface check (a), the number of surface and internal checks (b) 

against time–day and moisture content gradient between core and case board during drying of 

boards in Schedule 1 

 

Figure 38: The depth of surface check (a), the number of surface and internal checks (b) 

against time–day and moisture content gradient during drying of boards in Schedule 2 

The results implied that there was no difference in terms of surface checks in the two Schedules 

because the checks were formed at the same drying time. The mean MC at this stage for the 

two schedules was 50–52% (Figure 30), which was similar to the study by Yuniarti et al., 

(2015b) where surface checks were formed when MC was greater than 50%.  

Internal checks formed later than the surface checks. There were 2 internal checks found in 

boards in Schedule 1 at 20 days, 38 days (6) and 69 days (4). Boards in Schedule 2 had one 

internal check at 20 days, 34 days (2) and 69 days (4). Internal checks occurred in boards at the 

same time within the two schedules because of interior reversal stresses at the MC gradient in 

between 30–40%. Thus, MC gradient (43–51%) can be used as an indication of the surface 
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checks formation and MC gradient (30–40%) as an indication of internal check formation. 

These values could be useful  in calculating the stress that causes surface and internal checks 

during intermittent drying, as stated by Carlsson and Arfvidsson (2007). However, the 

determination of the core MC and check observation should be conducted more frequently after 

loading boards into the kiln to determine the number of hours or days until the checks are 

formed. 

Comparisons of timber quality, when dried with different intermittent schedules, can be seen 

in Table 9. Overall, the schedules used in this study offered better results than those previously 

found by Yuniarti, (2015a). For example, timber distortions found in Schedules 1  and 2 were 

much less than the two schedules used by Yuniarti, (2015a).  Cupping and collapse in 

Schedules 1 and 2 of the current study was class ‘A’ standard. MC gradient, residual drying 

stress and internal check for the schedules, twist and spring were under the permissible (UP) 

level of 5 mm and the bow was also under the permissible level of 10 mm, except for the twist 

in boards dried in Schedule 2, which was found to be 71% of under the permissible level.  

Table 9. Comparison of timber quality 

Timber quality 

Schedules and Quality class 

of Eucalyptus saligna  boards 

from Yuniarti (2015a) 

Schedules and Quality 

class of Eucalyptus 

delegatensis boards from 

current experiments 

Schedule 1 Schedule 2 Schedule 1 Schedule 2 

Moisture content gradient (%) 1.6/A 1.7/A 0.3/A 0.1/A 

Residual drying stress (%) 0.3 0.7 0.2/A 0.4/A 

The highest average cross section 

loss due to internal check (%) 
0.7/ B-C 3.2/ B-C A A 

End check length (mm) 132.9 300.0 19.7/C 6.1/B 

Bow (mm) 1.8 2.2 1.5/UP 1.5/UP 

Cupping (mm) 1.2 2.7 0.0/UP 0.0/UP 

Twist (mm) 7.7 5.4 3.0/UP 
4.2/ 

(71%)UP* 

Spring (mm) 2.9 5.6 1.2/UP 1.5/UP 

Collapse depth (mm) 2.0 1.6 0/A 0/A 

Drying time (days) / final MC (%) 68/11.6-12.0 62/11.6-12.0 84/13.2±0.5 84/12.1±0.5 
*Note: Ten out of 14 boards were under the permissible (UP) level for the twist of 5 mm. 

Given the improved results found in this study in terms of timber quality at the end of drying 

when compared with previous studies (Yuniarti, 2015a; Yuniarti et al., 2015b)  it  can be 

concluded  that rapid increase of temperature in early schedule in studies by Yuniarti (2015a) 

and Yuniarti et al., (2015b) resulted in  increased level of collapse. As previously noted, the 

temperature inside the kiln in the previous study by Yuniarti (Yuniarti, 2015a) reached 45oC 
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which was three times faster than in the current study. Therefore, the milder conditions of 

Schedule 1 and 2 in this study produced a better quality of dried timber. Although Yuniarti et 

al., (2015b)  used a lower temperature (40oC) than the current study by 5oC, during the 12 hour 

heating phase, surface checking was formed when boards were assessed at MC of 50% 

(Yuniarti et al., 2015b).  

3.4 Conclusion 

The gain or loss of MC at the case slices during the NH phase at the 9 days, 14 days, 20 days, 

34 days, 38 days and 69 days between Schedules 1 and 2 were compared but no statistically 

significant difference was found between the two schedules. The two intermittent drying 

schedules offered similar results in timber quality during drying and at the end of drying. 

However, using 80% of RH during NH phase rather than 90% RH could result in energy saving. 

The MC profile during drying showed that in both schedules it took 14 days to reach fsp (25%) 

at the case board while the core remained at 60–70%. It took 34 days for the core to reach 30% 

MC from the initial MC of 76–82%. Then, the core and case MC equalized at 15% after 69 

days and the final MC content of 12% was reached within 84 days. 

This study suggested that MC gradient ranged from 43–51%, which should be considered when 

optimizing the drying schedule to prevent surface and internal checking that could occur during 

intermittent drying. 

Timber quality at the end of the drying schedule with RH=90% applied during the non-heating 

phase (Schedule 1) was not significantly different to the drying schedule with RH=80% 

(Schedule 2). The moisture gradient, residual drying stress, internal check, and collapse of 

timbers used in Schedule 1 and Schedule 2 both produced class ‘A’ timber. Spring, cupping, 

and bow were under the permissible limit, except for the twist in Schedule 2. End check was 

determined to be class ‘C’ for Schedule 1 and class ‘B’ for Schedule 2.  

Drying simulation software to simulate MC profiles such as Drytek® would be a useful 

complementary tool in assessing the benefits of intermittent drying. 

 

 

 

 

 



  

Page 84 of 203 

 

References 

Australian Standard (AS), 2082-2007, in Timber-hardwood-visually stress-graded for 

structural purposes. 2007, Committee TM-003 Timber Grading, Sydney, NSW 2001, 

Australia. 

AS/NZS (2001). Timber - assessment of drying quality, Jointly published by Standards 

Australia International Ltd, NSW and Standards New Zealand, Wellington 6020. 

Blakemore, P., & Langrish, T. A. G. (2008). Effect of pre-drying schedule ramping on 

collapse recovery and internal checking with victorian ash eucalypts. Wood Science 

and Technology, 42 (6), 473-492. 

Bootle, K. R. (2005). Wood in australia, North Ryde NSW 2113: McGraw-Hill Australia Pty 

Ltd. 

Carlsson, P., & Arfvidsson, J. (2007). Optimized wood drying. Drying Technology, 18 (8), 

1779-1796. 

Chafe, S. (1995). Preheating and continuous and intermittent drying in boards of E. regnans. 

Holzforschung, 49 (3), 227-233. 

Chua, K., Mujumdar, A., & Chou, S. (2003). Intermittent drying of bioproducts––an 

overview. Bioresource Technology, 90 (3), 285-295. 

Fortin, Y., Defo, M., Nabhani, M., Tremblay, C., & Gendron, G. (2004). A simulation tool 

for the optimization of lumber drying Schedules. Drying Technology, 22 (5), 963-983. 

Herritsch, A., Dronfield, J., & Nijdam, J. J. (2010). Intermittent and continuous drying of red 

beech timber from the green condition. Drying Technology, 28 (2), 269-277. 

Langrish, T. A. G., Keey, R. B., & Kumar, M. (1992). Improving the quality of timber from 

red beech (n. Fosca) by intermittent drying. Drying Technology, 10 (4), 947-960. 

Lewis, W. (1921). The rate of drying of solid materials. Industrial & Engineering Chemistry, 

13 (5), 427-432. 

Milić, G., Kolin, B., Lovrić, A., Todorović, N., & Popadić, R. (2013). Drying of beech 

(Fagus sylvatica L.) timber in oscillation climates: drying time and quality. 

Holzforschung, 67 (7), 805-813. 



  

Page 85 of 203 

 

Phonetip, K., Ozarska, B., & Brodie, G. (2017a). Comparing two internal check measurement 

methods for wood drying quality assessment. European Journal of Wood and Wood 

Products, 75 (1), 139-142. 

Phonetip, K., Ozarska, B., Brodie, G., Harris, G., & Belleville, B. (2017b). Quality 

assessment of Eucalyptus delegatensis dried in the solar kiln. Paper presented at the 

IUFRO Division 5 Conference/ SWST 60th International Convention Forest Sector 

Innovations for a Greener Future 12-16 June in Vancouver, Canada. 

Read, W. R., Choda, A., & Copper, P. I. (1974). A solar timber kiln. Solar Energy, 15 (4), 

309-316. 

Rémond, R., Passard, J., & Perré, P. (2007). The effect of temperature and moisture content 

on the mechanical behaviour of wood: A comprehensive model applied to drying and 

bending. European Journal of Mechanics-A/Solids, 26 (3), 558-572. 

Rozsa, A., & Mills, R. G. (1997). Index of kiln seasoning schedules. In G. C. Waterson (Ed.), 

Australian timber seasoning manual. Forest and Wood Products Research and 

Development Corporation. 

Sackey, E. K., Avramidis, S., & Oliveira, L. C. (2004). Exploratory evaluation of oscillation 

drying for thick hemlock timbers. Holzforschung, 58 (4), 428-433. 

Salem, T., Perré, P., Bouali, A., Mougel, E., & Rémond, R. (2016). Experimental and 

numerical investigation of intermittent drying of timber. Drying Technology, 35 (5), 

593-605. 

Salin, J. G. (2003). A theoretical analysis of timber drying in oscillating climates. 

Holzforschung, 57 (4), 427–432. 

Simpson, W. T. (2006). Estimating heating times of wood boards, square timbers, and logs in 

saturated steam by multiple regression. Forest Products Journal, 56 (7), 26-28. 

Vega-Mercado, H., Marcela Góngora-Nieto, M., & Barbosa-Cánovas, G. V. (2001). 

Advances in dehydration of foods. Journal of Food Engineering, 49 (4), 271-289. 

Yuniarti, K. (2015). Intermittent drying of eucalyptus saligna (PhD Thesis). The University 

of Melbourne, Melbourne, Victoria, Australia. Retrieved from https://minerva-

access.unimelb.edu.au/handle/11343/55294. 

https://minerva-access.unimelb.edu.au/handle/11343/55294
https://minerva-access.unimelb.edu.au/handle/11343/55294


  

Page 86 of 203 

 

Yuniarti, K., Ozarska, B., Harris, G., Brodie, G., & Waugh, G. (2015, 21-22 Oct 2015). 

Moisture distribution and defect development during intermittent drying of eucalyptus 

saligna. Paper presented at the The International Conference of Indonesia Forestry 

Researchers III, IPB International Convention Centre, Botani Square, Borgor, 

Indonesia. 

 

 

 

Additional supporting information is available in Appendix 2: 

Appendix 2.1 Photos of conventional kilns. 

Appendix 2.2 Predicting temperature inside the laboratory kiln using recharge and discharge 

curve for intermittent drying schedules. 

Appendix 2.3 Observation of internal and surface checks during drying. 
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Chapter 4. Drying Timber in a Solar Kiln Using an Intermittent Drying 

Schedule of Conventional Laboratory Kiln 

This chapter is under review by Drying Technology Journal as below: 

Phonetip, K.; Brodie, G.; Ozarska, B. and Belleville, B. (2017). Drying Eucalyptus  

delegatensis timber by solar kiln using an intermittent drying schedule of  

conventional laboratory kiln.  Drying Technology  Journal, (Manuscript under revision 

following reviewers comments). ID: LDRT-2017-0367. R2, 13. 

 

 

Abstract 

The purpose of this study was to apply an intermittent drying schedule developed from a 

conventional kiln to a solar kiln. Implementing this experiment could help better understand 

the oscillation of the temperature inside a solar kiln and timber quality during drying progress. 

The theoretical recharge and discharge curves were used to predict the temperature inside the 

solar kiln using experimental data obtained previously using a solar kiln. The surface and 

internal checks were measured using ImageJ freeware, and the development of the Moisture 

Content (MC) profile was assessed by coring and slicing method for the Eucalyptus 

delegatensis boards during drying. The results showed that the recharge and discharge model 

can predict the temperature with less than 2oC error from the experimental data in the solar 

kiln. The total drying time to 12% MC was 87 days for the solar kiln. The drying rate was 

equivalent to the conventional kiln decreasing at an average rate of 0.2% per day. The surface 

check formation was found when the MC gradient between the core and the case of the board 

was greater than 42% at 9 days of drying in the solar kiln and conventional laboratory kiln. The 

applied drying schedule used in the solar kiln was successful and offered similar drying time. 

However, the oscillation of temperature in the intermittent drying will require further 

improvement to get closer conditions in a solar kiln. 
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4.1 Introduction 

Energy consumption in drying timber accounts for up to 70% in most wood processing 

industries (Taylor et al., 1996). Alternative drying technologies using a solar kiln, provide 

significant energy-savings, compared with conventional steam kilns, as they convert energy 

from the sun into timber drying air (Satta, 1994). It has been reported that their operational cost 

was up to 80% less than that of steam heated kilns, depending on the kiln’s design and capacity 

(Sattar, 1993). In tropical latitudes, where high solar radiation and warmer temperature are 

more likely, solar kilns have great potential (Simpson & Tschernitz, 1984); however, dying by 

solar kiln is affected by multiple geographical and climatic conditions (Hasan & Langrish, 

2014). 

Phonetip et al; (2017b) conducted an experiment using a solar kiln to assess the timber quality 

at the end of drying. During the daytime the temperature oscillated from 20oC – 50oC and with 

conditions of 49% – 70% RH. Thereafter the nighttime temperature was from 12oC – 23oC and 

90 ± 4% RH. The timber distortions at the end of drying were within the acceptable limit of 

cupping, spring and bow. Internal checking, collapse, and stress residue were graded as “C” 

based on Australian and New Zealand standard (AS/NZS 4787:2001). It could be concluded 

that increasing the RH above 49% during daytime and nighttime could be one of the 

contributing factors of minimising timber degradation during drying.  

Phonetip et al., (2017c) compared 2 intermittent timber drying schedules and timber quality 

based on the concept that the heating phase (H) and the non-heating phase (NH) in a 

conventional laboratory kiln can represent the daytime and nighttime conditions in a solar kiln. 

The temperature ramped up from the start to the set point (16oC – 45oC) during the H phase for 

9 hours with 60% RH, which was higher than the 49% used in solar drying by Phonetip et al; 

(2017b). It was assumed that the sun rose at 7.30 am and set at 17.30 pm, thereafter the NH or 

nighttime condition lasted for 15 hours at 16oC – 18oC with 80% RH. This was repeated daily 

until the end of the drying process. Timber quality, which was assessed, based on AS/NZS 

4787:2001 (AS/NZS, 2001), at the end of the drying schedule resulted in  class “A”, i.e. 

minimal internal check, collapse, stress residual.  

Evaluating the thermal behaviour of a solar kiln is vital to understand the performance 

capability of a solar kiln in different locations. This work was one of the prioritized topics in 

the development of solar drying (lmre & Palaniappan, 1996). Understanding solar drying 

performance  is important for the optimization of the kiln’s design and control in order to 
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achieve good drying quality (Khater et al., 2004). Many studies have been conducted which 

investigated mathematical models that relate drying stress and strain to a solar kiln’s 

geographic location, construction materials, temperature distribution, absorber plate design, 

aspect, and size, etc. (Haque, 2006; Hasan & Langrish, 2014a; Hasan & Langrish, 2015). For 

instance, utilizing available ambient conditions from different geographical latitudes and 

climatic conditions in Australia has been used by Hasan & Langrish (2014a) to simulate kiln 

temperature and moisture (MC) reduction.  The model was used to ensure timber boards did 

not exceed the limit of timber stress caused by high kiln temperatures and excessive moisture 

gradients during solar drying. The authors found that the predicted maximum temperature was 

43oC for Melbourne. Being able to predict the maximum temperature inside the solar kiln 

during the daytime would help in developing drying schedules in different locations. Brodie 

(2005) developed a model for thermal recharge and discharge curves for temperature 

performance in a solar kiln. The model comprised a set of equations derived from Spencer 

(1971) for calculating solar power availability based on geographical latitude, date of the 

experiment, orbit angle and ambient temperature. Such models could be used to forecast solar 

drying temperatures and compared with measured data of experimental studies using a solar 

kiln. 

Pang (1996); (Roza & Mills, 1997) indicated that MC gradient played an important role in 

optimizing timber drying. Yuniarti et al; (2015) assessed the moisture content (MC) gradient 

for Eucalyptus saligna dried using an intermittent drying method. Surface checking was formed 

when MC of the boards was greater than 50%. Phonetip et al (2017c) found that surface 

checking on Eucalyptus delegatensis (E. delegatensis) was formed when the MC gradient was 

of 43%–51% for boards with MC of 50±5%. Thus, the development of the MC gradient of E. 

delegatensis dried in a solar kiln needs to be assessed and compared against intermittent drying. 

These could contribute to future improvement of mathematical models for optimizing drying 

schedules. 

This study aimed to investigate the applied drying schedule of intermittent drying by a 

conventional laboratory kiln to the solar kiln. The objectives of this study were to: (1) model 

the temperature inside the solar kiln; (2) assess the moisture content profile in timber boards; 

and (3) assess the surface and internal checking in boards during the drying process in the solar 

kiln.  
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4.2 Materials and methods 

4.2.1 Timber preparation 

Forty-eight back-sawn boards 40 mm x 100 mm x 2400 mm of Eucalyptus delegatensis from 

regrowth forest trees (75 years old) were used in this study. They were wrapped in a plastic 

sheet and stored in the cool room at 6oC for 6 days before the start of experiments. The end of 

each board was sealed using a multi-purpose bituminous paint to avoid the moisture lost. 

Boards were stacked in the solar kiln into 12 layers with 4 boards on each layer, with 25 mm 

spacers between the layers. 

To avoid disturbing other sample boards when each assessment stage was made during the 

drying process, 30 pieces of sample boards 40 mm x 100 mm x 160 mm were strategically 

placed in the stack. Ten sample boards were placed in the third layer from the bottom, middle 

and near the top in the central vertical space of the timber stack (Figure 39). This was to allow 

maximum exposure of all boards to similar conditions inside the solar kiln. Both ends of these 

sample boards were sealed with silicone sealant and aluminum foil to prevent longitudinal 

moisture loss as mentioned above.  

 

Figure 39. A side view of timber stack inside the solar kiln 
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4.2.2 Determining moisture content profile and observing the development of surface 

and internal checking during drying 

The 30 sample pieces of each board were used for monitoring the MC profile and the 

development of surface and internal checking during drying. MC profile was assessed through 

sample coring using a drill press machine (Model BD-16, McMILLAN, Taiwan), and the 

core’s diameter was 20 mm. After the core samples were taken, they were wrapped in a plastic 

bag and sealed using a vacuum sealer then kept at –20ºC for 24 h. The cores were sliced into 

eight pieces on the next day for MC measurement. Each hole, created after taking a core 

sample, was filled immediately using silicone sealant and covered with aluminum foil before 

the sample was returned into the kiln. The process of preparing MC samples was derived from 

Phonetip et al (2017c). Each piece of 30 samples were also cross cut at 25 cm from one end 

for observing surface and internal checking using the method developed by  Phonetip et al 

(2017a). Figure 40 shows the position of core samples and crosscut for observations of 

degrading along the boards. 

Core samples and cross cut samples for drying degrade observation were taken after 9 days 

from sample board No. 1 (SB1). This time was chosen because surface checks had already 

formed in boards within 9 days during intermittent drying (Phonetip et al., 2017c). The 

following samples were randomly assessed at 16 days (SB2), 28 days (SB3), 42 days (SB4) and 

87 days (SB5). At each stage, in order to see the MC movement through the thick board 

direction, MC cores were determined 3 times. First, at the start of sunrise (SR1) or 7:30 am, 

secondly, at the end of daytime or sunset (SS) at 5:30 pm and lastly at the end of nighttime or 

at the start of sunrise the next day (SR2) at 7:30 am.  
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Figure 40: Taking core sample pieces at different days of assessment; sample board (SB); 

sunset (SS); sunrise (SR) 

MC profiles of core specimens were measured for each layer (layers one to eight), where layers 

one and eight were the outer layers (top case and bottom case, respectively). Layers four and 

five were the inner or centre layers (core). The coring method was derived from Phonetip et al; 

(2017c). 

4.2.3 Experimental setup 

A 2 m3 greenhouse type solar kiln (Solarkilns Pty Ltd, Kilsyth, VIC, Australia) has been used 

for this study as previously used by Phonetip et al; (2017b).  The kiln with two layers of plastic 

cover was located at 37º49'46.2"S 145º01'25.7"E. The black and white sheets were placed on 

the inner side for insulation and collecting heat from the sun’s radiation, while the outer layer 

was transparent which allowed radiation to propagate unhindered to the black sheet (Figure 

41). The thickness of insulation was 200 µm and made by polyethylene film. A control unit 

allowed temperature setting (±0.5oC) and relative humidity control (RH, ±2% between 0–90% 

and ±4% between 90–100%). A humidity/temperature transmitter (Testo 6621, duct version, 

Testo, Germany), was used to measure humidity and temperature inside and outside the kiln. 

The temperature, RH, and insolation were recorded using a data acquisition system (2012 

Model, Advanced prototype 1, Minipro Solarkiln) every 10 min throughout the drying process. 

The temperature and RH inside the solar kiln were controlled by a heating fan and an exhaust 

fan. Simultaneously, increasing of RH from sprayer was controlled by a solenoid, in on/off 
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mode, to provide misting inside the kiln.  RH can also be reduced by exhaust fan, based on set 

values of the temperature and RH. 

 

Figure 41: Schematic front view of the solar kiln 

4.2.4 Drying schedule 

The drying schedule was derived from the comparison between two intermittent drying 

schedules (Phonetip et al., 2017c). The authors concluded that given RH at 80% and 90% 

during NH phase did not affect the drying time and timber quality. Thus, to avoid operating 

mist system and energy saving this study set RH at 80% during nighttime. 

The parameters were set at 45oC and 60% RH during daytime (07:30–17:30). The temperature 

was allowed to reach ambient temperature with a set value of 80% of RH at nighttime (17:30 

– 07:30) under a constant air velocity of 1 m/s. The solar kiln operated from mid-December 

2015 to March 2016 (summer in Australia). 

4.2.5 Modeling the temperature inside the solar kiln 

In order to forecast kiln behavior and ultimately to facilitate design of future systems, it is 

important to be able to predict temperature inside the solar kiln. The method of modeling the 

temperature inside the solar kiln consisted of mathematical equations which were derived from 

Spencer (1971) as described in detail by Brodie (2005). These equations, initially describe the 
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incoming solar radiation and position of the sun in the sky, from the perspective of an earth-

bound observer. Determining the incoming solar radiation, in combination with the basic 

thermal behavior of the solar kiln, allows temperature in the kiln to be estimated for any day 

of the year. One important limitation of the proposed model, is that it only forecasts ‘clear day’ 

solar radiation as modelling the attenuation of solar radiation due to cloud cover is a complex 

problem, which will require much more time to determine. 

Important parameters associated with the sun’s position in the sky, sun-rise and sun-set times 

etc., depend on the season, which in turn depends on the location of the earth in its orbit, 

distance from the sun on any given day, and the rotation of the earth on its axis. Other important 

parameters include the geographic location of the observer on the earth’s surface. These 

parameters form the basis of the equations used in the model. 

The angular velocity of the earth may be determined using Equation (7. Interest of geographic 

latitude of solar kiln where the solar kiln was installed and experimented used Equation (8. 

W=
2π

(24×60×60)
 (7) 

Kl=-
Lat∙π

180
 (8) 

 

where W is angular velocity of the earth (radians s-1); 𝐾𝑙 is location of solar kiln based on 

latitude (radians); Lat is latitude value obtained from the installed solar kiln. 

The distance of the earth from the sun (r) was also used in the model and can be calculated 

using Equation (9. Solar declination (𝜓 ) can be calculated using Equation (10.  

1

r2
=(1.000110 +0.034221 cos θ -0.001280 sin θ -0.000719 cos 2θ- 0.000077sin 2θ) (9) 

ψ=0.006918-0.399912 cos θ+0.070257 sin θ-0.006758 cos 2θ+ 

0.000907 sin 2θ-0.002697 cos 3θ+0.00148 sin 3θ 
(10) 

These equations depend on the location of the earth in its annual orbit; therefore, the orbit 

angle of the earth on the nth day of the year is calculated based on Equation (11.  

where θ=
2π(n-1)

365
 is the ‘orbit angle’ (11) 
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From an earth-bound observer’s perspective, the sun follows an arc across the sky, where the 

altitude of the sun above the horizon influences the intensity of the incoming solar radiation on 

a horizontal surface on the ground. The Sine of the solar altitude angle in the sky (𝑆𝑖𝑛𝐴𝑙𝑡) can 

be calculated used Equation ((12). 

SinAlt= { 
sin(Lat)×sin(Decline)+cos(Lat)×cos(Decline)×

cos(w×(t2+600)×600)
} (12) 

 

where t2 is the time span of interest. 

There is some attenuation of the incoming solar radiation as it passes through the atmosphere, 

even when there is no cloud cover. Atmospheric attenuation accounts for approximately 30 % 

of the incoming solar radiation; therefore, the atmospheric transmission coefficient  

(Atmos) =0.7. 

Determine the solar power falling onto the ground (𝑃𝑠) can then be determined using 

Equation                      (13. 

Ps=
1353×Atmos×SinAlt

Distance from the sun
                      (13) 

 

Finally, the solar kiln will undergo a thermal recharge phase during the morning and a thermal 

discharge phase during the afternoon and nighttime. There is a relatively simple relationship 

between the incoming solar radiation and the kiln temperature during the thermal recharge 

period (𝑡𝑘), which can be described by Equation (14. The thermal discharge temperature (𝑡𝑐) 

also has a relatively simple relationship with the thermal behavior of the materials used to 

construct the solar kiln, which can be described by Equation (15.   

tk=a × Ps+tm (14) 

tc=(EndTemp-StartTemp)×exp{-CoolingRate × (t1+300)} (15) 

 

where CoolingRate = 0.004; a is Kiln Coefficient = 0.035; 𝑡𝑚 is minimum ambient 

temperature. 
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Matlab software (v.2017a, Mathworks, Natick, United States, MA) was used to implement the 

model for comparison to measured data of temperature in a solar kiln. 

4.2.6 The change of moisture content profiles within board during daytime and 

nighttime  

The same equations used in (Phonetip et al., 2017c) were applied in this study for estimating 

the change of the moisture content profile during daytime or nighttime as Equation (16 and 

(17, respectively. 

∆MCd=MCli(SS)-MC
li(SR1)

 (16) 

∆MCn=MCli(SR2)-MC
li(SS)

 (17) 

Where: ∆MCd is average MC variation during daytime (%); ∆MCn is MC variation during 

nighttime (%); MCli(SR1) is MC of a specific layer (i) at the end of the first daytime or sunset 

(SS) or at the start of daytime (%); MCli(SS) is MC at the layer i at the end of daytime (%); and 

MCli(SR2) is percentage of moisture content at the layer i at the end of nighttime on the next day 

(%). 

The surface and internal checks were measured using freeware ImageJ (1.49v, National 

Institute of Health, USA) as used by Phonetip et al., (2017a). 

4.3 Results and discussion 

4.3.1 Drying conditions 

The temperature inside the kiln oscillated between 15oC and 49oC (Figure 42) which was 4oC 

higher than the set value (45oC). The mean maximum difference  between the ambient and kiln 

temperature was 15oC, which was similar to the previous finding by Phonetip et al., (2017b). 

The kiln temperature during the nighttime was maintained above ambient conditions by no 

more than 4oC. This residual temperature difference could be an effect of circulation fan 

operating overnight; however, the RH was well maintained, i.e. 60 % from 07:30 to 17:30 then 

from 18:30 until the next morning RH was 80%. 
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Figure 42: The ambient and kiln temperature during drying 

The above condition in the solar kiln was varied and different from the conventional kiln 

(Phonetip et al., 2017c). The solar drying kiln (Figure 43) was not stable as it happened in the 

conventional kiln (Figure 44)  because the energy was from electricity but the solar kiln 

depended on diurnal energy. The temperature during nighttime in the conventional kiln was 

lower than that in the solar kiln. This was because both types of kilns allowed the temperature 

to return to ambient conditions during winter for the conventional kiln and summer was for the 

solar kiln. This resulted in different ambient conditions. The difference between the 

intermittent drying and the solar drying was that the phenomenon of temperature fluctuated 

significantly due to the capability of the kiln to keep the set value of the temperature. The 

temperature was unstable and fluctuated inside the solar kiln while the temperature in the 

conventional laboratory kiln ramped up quickly. This suggests that simulation of the 

temperature inside the solar kiln using conventional kiln should be based on the time interval 

when the temperature oscillated from the lowest level (i.e. 24 oC) to maximum level (i.e. 45 

oC) took 8 hours and stayed for 0.5–1 h before declining to the lowest temperature. 
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Figure 43: Comparison of theoretical recharge and discharge curves with measured data 

inside the solar kiln 

 

Figure 44: Comparison of the theoretical heating and non-heating curves with measured data 

inside the conventional laboratory kiln based on intermittent drying 

4.3.2 Effects of ambient temperature on the temperature inside the solar kiln 

The correlation between the ambient temperature and the temperature inside the solar kiln has 

been plotted (Figure 45). The linear regression model showed an R-square (R2) value of 0.7205 

with the two coefficients, a= 1.29 and b=1.264. The distribution of the data points varied 

considerably due to individual conditions on each day of recording; however, when the ambient 

temperature raised to 20ºC, the temperature inside the solar kiln was in range from 20 – 40ºC; 

when the ambient temperature was 25ºC the internal temperature was 25 – 45ºC; and when the 

ambient temperature was 40ºC the internal temperature was 40 – 49ºC. Thus, ambient 

temperature could only maintain the kiln temperature at the lowest point, because other design 

parameters, such as insolation and airflow from the ventilation system, affected the internal 
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temperature. For example, an air velocity of 3 m/s significantly increased the kiln temperature 

compared to 1 m/s with the same level of ambient temperature (Khater et al., 2004).  

 

Figure 45: The mean ambient temperature and the temperature inside the solar kiln 

The variation of temperature inside the solar kiln as a function of the available insolation was 

plotted in Figure 46. The temperature increased depending on the solar radiation. The 

confidence of this data distribution was 95% and the R-square was 0.7703 with three 

coefficients, a= -3.22e-05, b=0.05175 and c=22.5. The results showed that the temperature 

could get up to 30oC when there was 200 W/m2 of solar radiation, 38oC for 400W/ m2 and 43oC 

for 800W/ m2. Due to the fluctuation of the daily temperature, and cloudy days, there was some 

variation of the temperature inside the solar kiln. The fitted curve is not quite correct, because 

of the set-point limitation of maximum temperature was 45oC. Thus, the solar kiln could be 

maintained at maximum temperature under 50oC during entire of drying, as shown in Figure 

42. 
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Figure 46:   The variation of temperature inside the solar kiln as a function of the available 

insolation 

Insolation in the solar kiln was illustrated during the whole period of drying from December 

2015 to March 2016 (Figure 47). The maximum insolation was 1,166 W/m2 which was well 

under 1,200 W/m2 in January. This suggests the insolation above 500 W/m2 can provide the 

temperature up to 40ºC inside the solar kiln as the predicted model presented in Figure 46. For 

the location of this study it can be achieved from December to March. According to the data, 

it would be possible to get the temperature 40ºC – 45ºC inside the solar kiln. 

 

Figure 47: Insolation measured inside the solar kiln at 37º49'46.2"S 145º01'25.7"E for 88 

days during 15 December 2015 to 13 March 2016 
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Validation of the recharge and discharge model for predicting the temperature inside the solar 

kiln for a single day is presented in Figure 48. The model data was higher than the measured 

data by 2ºC, at 840 min, during the maximum temperature. This could be caused by the 

maximum set value for the solar kiln being set at 45oC rather than the highest temperature from 

the radiation of that day. From this point of view, the model allowed us to observe the possible 

range of temperature inside the solar kiln with the temperature 2ºC higher than the actual solar 

kiln temperature.  The maximum measured temperature was also found to be 2oC higher than 

the estimated value using numerical simulation which has been predicted by Hasan et al; 

(2014). This may be caused by seasonal effects since the authors used the data on climatic 

conditions in Spring while our experiment was conducted in Summer. Another reason is that 

the model used by Hasan et al; (2014) was designed to ensure that timber boards did not exceed 

the limit of timber stress caused by high temperatures in the kiln. Thus, the maximum internal 

temperature was not higher than 43oC. It could be concluded that the numerical simulation  of 

predicting solar kiln temperature introduced by Hasan & Langrish (2014) and the recharge and 

discharge curves presented in this study offered diverse modelling methods. However, both 

methods could estimate the temperature inside the kiln with an accuracy of less than 2oC 

compared with the measured data. 

 

Figure 48: The theoretical recharge and discharge curves with measured data of temperature 

inside the solar kiln for a single day 
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4.3.3 Moisture content profile in boards during drying 

The MC of boards decreased from an initial MC of 65% down to 25% MC within 25 days or 

1.6% per day on average. An additional 62 days was required to reach 12% MC. The rate of 

MC decrease was the same as in the conventional laboratory kiln (Figure 49). The drying rate 

was calculated for boards from fsp to final MC of 12% at 87 days. The results for boards, dried 

in a conventional laboratory kiln (Phonetip et al., 2017c) and in the solar kiln, were identical 

at 0.2% MC decrease per day. Thus, drying timber in the solar kiln using the intermittent drying 

schedule offered the same length in drying time.  

This result also allowed us to understand that drying timber in an intermittent method and solar 

kiln with the maximum temperature of 45ºC is not affected by the drying time. 

 

Figure 49: Moisture content reduction of boards dried in the solar kiln and conventional kiln 

Figure 50 shows the mean MC and standard deviation distributed from the top case to the 

bottom case of boards. The MC gradient was determined after 9 days when the case MC of the 

boards decreased below the fibre saturation point (fsp) while the MC in the core dropped by 

only 5%. A similar rate of MC (i.e. -0.2%/day) was found in the intermittent drying by  

Phonetip et al., (2017c). The average loss of MC at the case board was 3.1% and 0.7% at the 

core per day. It took another 19 days (until day 28) for the core MC to reach 28%. MC 

assessment on day 42 showed that the case and core MC were almost equalized at 14% and 

16%, respectively. By the end of the drying at 87 days the case and core MC were both at 11%. 
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Figure 50: MC gradient content of board during drying in the solar kiln 

4.3.4 Moisture content variation during daytime and nighttime 

The assessments of MC variation on the 9th, 16th, 28th, 42ndand 87th day in the case, showed an 

MC decrease during the daytime or sunrise (SR). MC increased during the nighttime or sunset 

(SS). The Figure 51 shows the average MC variation with the standard error values, average 

MC of case and core. The assessment after 9 days showed that MC increased by 0.12%/h at 

the case board during SS and decreased by 0.30%/h at SR; 16 days (0.02% increase/SS and 

0.14% decrease/SR); 28 days (0.09% increase/SS and 0.21% decrease/SR); 42 days the 

increase and decrease value was at 0.07%/h; and 87 days (0.11% increase/SS and keeping at 

constant during SR). The results showed that the average MC increase during SS in the solar 

kiln was 0.04 % higher than the conventional kiln because the maximum of the temperature 

inside the solar kiln reached 48oC at the 9th day, which was higher than in the conventional kiln 

3oC (Phonetip et al., 2017c). However, it was 0.30% decrease, which was 0.09% lower during 

SR when comparing with a previous study by Phonetip et al., (2017c).  

The study revealed that comparing the MC increase or decrease in boards between the solar 

kiln and the intermittent drying based on conventional laboratory kiln could not be compared 

because the temperature inside the solar kiln was highly dependent on ambient conditions 

(temperature and insolation). Therefore, the temperature in solar kiln could not be controlled 

as it could be done in the conventional laboratory kiln. For instance, the temperature inside the 

solar kiln was varied for the 9th day, 16th, 28th, 42nd, and 87th had maximum values of 48oC, 

48oC, 48oC, 42oC, and 43oC, respectively. The maximum temperature as shown on the day 16 
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could affect differently the MC variation at a lower temperature like the day 42 which was not 

exactly the same maximum temperature as in the conventional kiln at 45ºC. 

 

Figure 51: Average hourly MC variation at case board at sunrise (SR) and sunset (SS) with 

95% interval of confidence 

4.3.5 Development of surface and internal checking 

Surface checking was found and measured by Image J on the first assessment conducted at day 

9 when timber moisture content at the case decreased from 64% to 29%. The maximum depth 

of surface checking was 8 mm with 4 checks from each of 4 samples where the MC gradient 

between the core and case was 44% (Figure 51). Due to this MC gradient the surface checking 

was formed during timber drying in a solar kiln which have also appeared in the intermittent 

drying schedule using a conventional laboratory kiln, as found by Phonetip et al., (2017a). The 

surface checking is associated with the high shrinkage of many hardwoods and some 

softwoods, which makes them extremely difficult to dry without degrading, especially in the 

case of back-sawn boards (Rozsa, 1998). 

Internal checking was found when boards were assessed on day 28, 42 and 87. There were 8 

internal checks (0.2% of 40 cm2 total cross section area analysed), 6 (0.4%) and 5 (0.3%) 

occurred in a sample out of 30, respectively. Based on AS/NZS 4787:2001, the loss area due 

to the internal checking on cross section was classed as grade “A/B”. It was also noticed that 

the internal checking was found when the MC gradient was at 12%, 2%, and 1%.  
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The drying temperature inside the solar kiln was monitored from the start until day 9. It was 

found that the initial temperature ramped up from a minimum of 15oC to a maximum of 48oC. 

Sometimes, the weather fluctuated and the temperature was not stable. For instance, the highest 

temperature from days 1–9 was higher than the set point (45oC) at noon except on days 6 and 

7 where it ranged from 40o–44oC, as illustrated in Figure 52. The discrepancy of higher 

temperature than 45oC could be the cause for surface checking in the experiment using a solar 

kiln. The surface check would not occur if the solar kiln could control the temperature well 

under 45oC for this particular species. As discussed previously in the drying condition section, 

the kiln design should be optimized in order to maintain the required temperature inside the 

solar kiln. 

 

Figure 52: The cycle of oscillation temperature in the solar kiln from the start to the day 9 

4.4 Conclusion 

The present study investigated the application of an intermittent drying schedule, developed 

from a conventional laboratory kiln, to a solar kiln. The aim was to understand, through the 

temperature oscillation inside the solar kiln, the MC profile in timber boards and assess surface 

and internal checking development in boards during the drying process.  

Results show that temperature inside the solar kiln can be modeled using recharge and 

discharge curves from intermittent and solar drying kilns. Although the slope of the oscillation 

of the temperature inside the solar kiln was milder than the conventional laboratory kiln, the 

reduction of the average moisture content of boards dried was not affected in the two dryer 
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applications. It took 87 days in the solar kiln to get 40 mm thick boards to 12% MC. The drying 

rate of MC by a drying schedule in the experiments using the solar kiln and conventional kiln 

was at 0.2% decreased per day. The boards dried faster in the cases than that in the middle 

which was similar to the drying in the conventional kiln. 

The surface check formation on boards in the solar kiln occurred when the observation was 

made at day 9. This was a similar finding to the results in the conventional kiln where the 

surface check formation occurred at the same length of drying time. However, the internal 

checks were formed when the observation was made on the 28th day of the assessment, which 

was slower than the 8 days in the intermittent drying experiments. 

The study suggests that the temperature set values from one to other levels in conventional kiln 

should be investigated in the future work by mimicking the temperature from the solar kiln 

based on time interval between the step changes of 24 hours cycle, which could be a better 

representation of drying using solar kiln, rather than the current intermittent drying schedule. 

It is also suggested that the earlier part of the drying schedule should have mild conditions, so 

that the difference in MC between the case layer and the inner layer could be reduced. 

NOMENCLATURE 

Symbol Description Units 
MC Moisture content                                                    % 
W Angular velocity of the earth Radians 
𝑲𝒍                                                                        Location of the solar kiln Latitude 
Lat Latitude of the installed solar kiln Radians 
𝑷𝒔 Solar power falling onto the ground w/m2 
r Distance of the earth from the sun m 
SinAlt Solar altitude in the sky Radians 
𝒕𝒌 Kiln temperature during the daytime oC 
𝒕𝒄                          Kiln temperature during the nighttime oC 
Atmos Atmospheric transmission coefficient for a clear day  
∆MC Average MC variation during daytime % 
SR Sun rise From 7.30 am ˗4.30 pm 
SS Sun set From 4.30 pm ˗7.30 am 
𝝍 Solar declination Radians 
𝜽 orbit angle Radians 

li A specific layer of MC sample pieces  
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Chapter 5. Simulating a Solar Kiln Conditions Using a 

Conventional Kiln 

5.1 Simulating solar kiln conditions using a conventional kiln. 

This sub-section 5.1 is under review by Bioresources Journal as below: 

Phonetip, K.; Ozarska, B.; Belleville, B. and Brodie, G. (2018). Simulating solar kiln 

conditions using a conventional kiln. BioRes. 13(2), 3740-3752. 

 

Abstract 

The aim of this study was to assess the possibility of using a conventional laboratory kiln to 

simulate solar kiln conditions and develop a mathematical model to predict the timber quality 

and moisture content profile during drying. Simulated temperature in the kiln was modelled on 

the actual temperature of a solar kiln, based on the climatic conditions of Vientiane, Laos. The 

modelling for moisture content profile in boards was implemented in Matlab codes, which 

combined fundamental equations and validated the model with measured data. Timber quality 

assessment was done based on the assessment of timber quality standard AS/NZS 4787:2001. 

The results showed that simulation results were similar with the measured temperatures, to 

within less than 2 oC in a day. The modelling correctly described the MC profile decrease 

during the drying process when compared with measured data. Further work is required 

regarding the method of measuring the MC data and anatomical properties. Assessed against 

the standard, timber quality at the end of drying was all graded as Class “A” and timber 

distortion was within permissible limits. 
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5.1.1 Introduction 

Simulations based on software models have been introduced and applied in many other fields, 

e.g. flight simulation, simulation in medical education (Rolfe et al., 1970; Miller, 1987; 

Hossain et al., 2005; Shenga et al., 2015). In timber drying research, numerical simulation and 

modelling have also been used to predict the temperature and drying rates in boards inside solar 

kilns (Fortin et al., 2004; Hasan & Langrish, 2014). However, using physical hardware to 

simulate the conditions of a solar kiln has not been attempted yet. There is a possibility to 

simulate the conditions of a solar kiln using such technology; that is, temperature and relative 

humidity can be manipulated. This strategy is supported by  Roza (2005), who has argued that  

physical realization of a conceptual model is a hardware implementation of part or all of a 

conceptual model, e.g. the layout of instrument panel in a mock-up or motion platform.  

Solar drying methods usually involve cyclic or intermittent drying techniques where the 

temperature, humidity and airflow within the kiln vary throughout the process (Kumar et al., 

2013). Phonetip et al; (2017d) applied an intermittent drying schedule in solar drying and found 

that the oscillation of temperature inside a solar kiln did not respond to the intermittent 

schedule. For instance, the temperature gradient between the temperature oscillation in the 

conventional kiln and the solar kiln was 7 oC. Hence, mimicking the oscillation conditions of 

actual temperature inside a solar kiln by using a conventional kiln was suggested by Phonetip 

et al; (2017d).  The changes of temperature and relative humidity (RH) conditions can be 

manipulated by a conventional kiln over a 24-hour cycle. Such an approach could provide a 

better understanding of solar drying characteristics rather than using intermittent drying 

schedules, which are based on heating and non-heating modes (Phonetip et al., 2017c). 

Oscillating conditions in a timber drying process have been the subject of numerous studies 

(Chua et al., 2003; Salin, 2003; Sackey et al., 2004; Rémond et al., 2007; Milić et al., 2013). 

Salem et al; (2016) applied oscillating conditions, i.e. 15 °C and 45 °C and a relative humidity 

(RH) between 25% and 73% over a period of 24 hours for 7.5 days. They used TransPore code 

to simulate drying of 27 mm thick boards (Fagus sylvatica). The drying rate was 4.6%/day 

from an initial MC of 65% to 30%. 

Understanding the changes in MC profile of a timber board during drying can be an indicator 

of timber stress development (Rozsa & Mills, 1997; Carlsson & Arfvidsson, 2007). Many 

models have been developed to predict MC changes during drying (Pang, 1996; Keey & 
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Nijdam, 2002; Fortin et al., 2004; Konopka et al., 2017). However, most are only applicable 

in continuous drying, whereas the technique of simulating a solar kiln drying process using a 

conventional kiln has not yet been applied. In recent studies, measurement of the MC profile 

in 40 mm thick Eucalyptus delegatensis boards has been conducted during intermittent drying 

(Yuniarti, 2015b; Phonetip et al., 2017c) and solar drying (Phonetip et al., 2017d). However, 

a mathematical model that could predict the change in MC profile during intermittent drying 

has not been developed yet. Such a model could be used to predict timber quality against the 

MC profile during drying. 

Timber degradation, which occurs during drying, is evidence of poor drying conditions. 

Phonetip et al; (2017d) found that surface and internal checks formed in boards were similar, 

whether the identical drying schedule used intermittent drying in a conventional laboratory kiln 

or a solar kiln. For instance, the drying conditions used in an intermittent drying experiment 

were 45 oC and 60% of relative humidity (RH) for 9 hours during the heating phase (daytime), 

and ambient temperature with RH of 80% for 15 hours during the non-heating phase 

(nighttime). However, the temperature oscillations inside the solar kiln varied from the 

conventional laboratory kiln by more than 7 oC. The authors concluded that surface checks, 

found in the sample boards, might have formed when the temperature reached more than 45 oC 

in the solar kiln. Haque (2006) predicted that internal temperature of a solar kiln should be set 

at 43 oC, to avoid excessive stresses in boards dried at the latitude for Melbourne, Victoria. 

Eucalyptus species have been grown in Laos for decades. Eucalyptus plantations accounted for 

approximately 13,129 hectares in 2014; i.e. Eucalyptus camaldulensis, Eucalyptus urophylla 

and modified species (Oji Lao Plantation Company, 2014). Traditionally, timber in Laos is 

partly air dried before being kiln dried. For instance, the average initial MC of timber ranged 

between 57% – 68% (Redman, 2016). There is an increasing interest among timber companies 

to use solar kilns in Laos but drying schedules based on Lao’s climatic conditions and solar 

kilns have not yet been developed (Phonetip, 2014). 

Solar kilns of the greenhouse type usually depend on solar radiation, which ultimately affects 

drying time (Phonetip et al., 2017b). The average temperature inside the solar kiln is also 

influenced by internal air velocity (Khater et al., 2004). Conducting a solar drying experiment 

requires knowledge of the right conditions (e.g. duration of dry season, radiation). Therefore, 

exploring the capability of a conventional kiln in a laboratory as a simulator of climatic 
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conditions in Laos and for similar geographical latitudes may be a useful method for 

conducting experiments in solar drying.  

This study aimed to simulate temperature oscillation in a solar kiln using a conventional 

laboratory kiln; develop a mathematical model for predicting the moisture content profile in 

timber boards during drying; and assess surface and internal check formation during drying, as 

well as timber quality at the end of drying. 

5.1.2 Experimental 

5.1.2.1 Materials 

Twenty-one samples of Eucalyptus delegatensis boards, of 40 x 100 x 900 mm, were used in 

this study. Before the start of the experiments, the ends of each board were sealed with silicone 

and covered with aluminum foil to prevent moisture loss from the end grain. A drill press 

machine (Model BD-16, McMILLAN, Taiwan), was used to take core samples of boards for 

determining MC profile. 

5.1.2.2 Methods 

Simulation method 

The experiment was conducted in Melbourne, Australia. The maximum solar radiation in 

Vientiane, Laos is 6 kWh/m2/day, which is comparable to the radiation in Melbourne, Australia 

(SSE, 2017). Therefore, the ambient temperature in Vientiane was considered to develop a 

drying schedule for this simulation study. The temperature gradient between the kiln 

temperature and ambient temperature was based on Phonetip et al; (2017b). The temperature 

gradient values were then added to mean ambient temperature; this mimics the temperature 

values from step 1 through to step 9 per day, as shown in Table 10. The oscillating temperature 

used in this experiment was based on the condition of Vientiane, Laos. These temperature 

values were used as the simulated temperature in the conventional kiln, with the oscillation in 

the average temperature being derived from March and April (summer period). The RH settings 

were derived from Phonetip et al; (2017c), as maximum RH in Vientiane does not exceed 80% 

during nighttime and it is lower than 60% during the daytime (SSE, 2017). A fan speed of 800 

rpm was applied to provide an air velocity of 1 m/s through the sample board stack.  
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Table 10. Drying schedule for mimicking a solar kiln using a conventional laboratory kiln 

Simulation parameters A repeated cycle of 24 hours a day 

Steps 1 2 3 4 5 6 7 8 9 

Average T in Vientiane (ºC) (SSE, 2017) 25 28 33 34 30 28 26 25 25 

T gradient (ºC) (Phonetip et al., 2017b) 4 10 10 5 0 0 0 0 0 

Mimicking temperature (ºC) 29 38 43 39 30 28 26 25 25 

Solar kiln RH (%) (Phonetip et al., 2017c) 60 60 60 60 80 80 80 80 80 

Time interval (h) (Phonetip et al., 2017b) 3 3 1 3 3 3 3 2 3 

A simulation fidelity assessment was used to determine the reliability of the proposed 

temperature selection for the experiments, based on the absolute difference in values (∆T) 

between the actual measured temperature in solar kilns and the simulated temperature in 

laboratory kilns (Roza, 2005) at specific moments during the daily cycle. The calculation may 

be expressed as Equation (18. 

aisi TTT −=  (18) 

Where Tsi is the temperature (oC) at a specific step in the simulated reality. Tai is the actual 

measurement of temperature inside a solar kiln. 

Drying Equipment 

Boards were stacked as vertical layers of 3 boards each with a spacer of 25 x 25 mm in a 

conventional laboratory kiln (Model F311-2-25-CI-F, Shepherd Systems P/L, Rowville, 

Victoria, Australia). This kiln model is programmable to set the values for temperature and RH 

to 9 steps. The time interval in hour unit for changing the level of temperature from one step to 

another has been shown in Table 10. The middle vertical boards (7 boards) were used to 

measure MC profiles and surface and internal check development. The remaining 14 boards 

were used to assess timber quality at the end of drying.  

Mathematical modelling the development of moisture content profile during drying 

A diffusion model was used to forecast the MC profile in the drying boards. The one-

dimensional diffusion equation is defined as:  

𝜕𝑀

𝜕𝑡
= 𝐷

𝜕2𝑀

𝜕𝑥2
 (19) 

Where: M is ; EMC is the equilibrium moisture content; t is time; x is the spatial 

coordinate; and D is the diffusion coefficient (m2/s).  
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In the case of a board (where  ), with evaporation at the surfaces, the boundary 

MC conditions of the problem are: 

∂M

∂x
|
x=0

=0 (20) 

D
∂M

∂x
|
x=l

=-hM|x=l (21) 

M|t=0=Mo (22) 

 

 

Where Mo is ; and Mi is the initial moisture content of the boards. 

Using separation of variables, the diffusion equation will have a solution of the form:  
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 (23) 

The method of measuring the MC profile of 40 mm thick board during drying, using the coring 

method, was derived from Phonetip et al; (2017c). Core sample were taken at the 9th, 16th, 22nd, 

36th, 46th and 82nd day after the start of drying. 

The surface and internal checks were measured using ImageJ analysis software (1.49v, USA). 

The method for counting and measuring the area of internal checks, and the depth of the surface 

checks on the cross cut of the transverse sections of boards, was developed by Phonetip et al; 

(2017a). 

Drying quality assessment was based on the Australian and New Zealand standard 4787:2001 

(AS/NZS, 2001). The method of measuring the compressive and tensile strain was derived 

from McMillen (1958). 

5.1.3 Results and discussion 

Figure 53 shows the oscillation of the temperature and RH in the simulation kiln. The 

temperature oscillated from 20 oC – 43 oC, and the RH was 60% – 85%. The temperature 

reached the set value of 43oC and RH was 60% during the daytime but RH exceeded the set 

point by 5% during the night. Figure 54a shows the average kiln temperature and ambient 

temperature. During the nighttime, the temperature was higher than the ambient temperature, 
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by up to 8 oC. This increase in the temperature inside the kiln was dependent on the internal 

fan speed; i.e. at 600 rpm (21Hz), the temperature inside the kiln was higher than ambient by 

4.7±1.2 °C, at 800 rpm/28Hz by 8.0±1.7 °C, and at 1000 rpm/35Hz r by 12.1±0.6 °C (Phonetip, 

2016). This was also found by Khater et al; (2004). Thus, initial setting values for the 

temperature should consider the applied fan speed, which could affect the temperature gradient. 

 

Figure 53: Temperature and relative humidity conditions in a simulation kiln 

The simulated temperature, at steps 1, 2, 3 and 4 (From 10 AM – 5 PM), were the same as the 

actual temperature of the solar kiln, with an error of less than 2 oC (Figure 54b). The absolute 

differences in temperature were 2 ºC, 1 ºC, 2 ºC and 0 ºC, respectively for step 1 through step 

4. However, the kiln temperature during nighttime varied considerably; i.e. the absolute 

difference was 3 ºC at Step 5; 4 ºC at Step 6 and Step 7; 5 ºC at Step 8, and 3 ºC at Step 9. 

Comparing this result with the previous study by Phonetip et al; (2017d), using an intermittent 

drying method, the variation of absolute temperature was from 2 ºC – 7 ºC during daytime 

which was 5 oC higher than in the current simulation study. This implies that the simulation 

produced results that were consistent with solar drying rather than the simple intermittent 

method. However, it would be better to have a cooling/venting system installed in the 

conventional kiln when conducting simulation drying, to allow the kiln temperature to reach 

ambient temperature during the nighttime. As discussed above, it was not possible for the kiln 

temperature to reach the ambient temperature levels, due to the effect of the fan speed on 

temperature. Thus, switching off the fan could reduce the temperature and provide savings in 

energy consumption. 
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Figure 54: Simulation of temperature and relative humidity inside kiln and ambient 

temperature (a) and the actual temperature inside the solar kiln and the simulated temperature 

(b). 

The MC of the boards decreased from the initial MC of 80% to fibre saturation point (fsp) 25% 

during 28 days (Figure 55). The drying rate was 2 times slower than the rate established in 

Salem et al; (2016) for 27 mm thick boards. The average rate of drying from fsp to 13% was 

0.2% per day, which was similar to the drying rate in the intermittent drying (Phonetip et al., 

2017c) and the solar drying (Phonetip et al., 2017d). It took 82 days to reach 13% at the end of 

drying. The error bars in Figure 55 indicate the variation of MC in the sample boards, at each 

assessment time during the experiment. 
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Figure 55: Decrease of average Moisture Content of timber boards 

Figure 56 shows the drying profiles of the boards as a function of time and distance from the 

centre of the board. based on the measured data and the results of the simulation using Equation 

(23. Measurement of MC profile at 9, 16 and 22 days were faster by 5% at the middle board 

than predicted by the model. After drying for 36 days and 46 days the drying rates were faster 

than predicted (i.e. 13% and 10%). These variations in MC may be caused by the coring method 

used in taking the core samples (Phonetip et al., 2017c). In the earlier study, the authors stated 

that the “drilling process generated steam when taking the core samples, causing variation in 

the MC profile to occur”. Therefore, the drying rate in the middle of the board dried faster than 

the model predicted, because the effect of taking the core could have contributed to some 

acceleration in the core drying.  

 

Figure 56: Drying profile as a function of time and distance from the centre of the board 

based on the measured data and the results of the simulation 

After drying for 9 days, the average MC at the case of the boards had reached fsp. This was 

also similar to findings in (Phonetip et al., 2017c; Phonetip et al., 2017d). When the MC in 

9 days 

16 days 

22 days 

36 days 

46 days 

82 days 
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case boards was 45% – 75%, the drying rate was estimated to be about 3.9±1.2% /day. When 

case boards dropped below 30% MC, the drying rate was less than 0.2±0.1%/day (Figure 57).  

The drying rate at the case boards, based on measured data, was 50% faster than the drying rate 

predicted using the mathematical modelling (Figure 56). Considering the anatomical structure 

of E. delegatensis (Figure 58), the ray cells (8–14/mm2) are  long and thin on tangential 

longitudinal section (Illic, 1997). Thus, free water could easily move and evaporate from 

boards’ surfaces faster than expected using Equation (23. Therefore, optimization of the 

mathematical modeling would require further work by considering the anatomical structure of 

the E. delegatensis species. 

    

Figure 57: Drying rate at the case boards above fiber saturation point-fsp (a) and below fsp 

(b) 

 

 

Figure 58: Ray cells on tangential longitudinal section (Illic, 1997) 

There was no surface check formation when the first assessment was made on the 9th day (Table 

11). Six sample boards out of the total of seven showed no surface checking when the 

assessment was made on the 16th, 22nd, 36th, and 46th days and at the end of drying. Only one 

sample board had surface checks with a maximum depth of 13 mm when the board had a MC 

gradient of 44±20% at the 16th day of drying. The surface checks developed up to 17 mm deep 

(a) 
(b) 

Ray cells 
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at an MC gradient of 26±14%, based on the assessment on the 22nd day. The surface checking 

appeared more slowly than in both the intermittent drying and solar drying processes by 6 days 

(Phonetip et al., 2017c; Phonetip et al., 2017d). A transverse section of the sample board with 

surface checking was carefully examined and it was found that the sample was a back-sawn 

board.  High shrinkage in a tangential direction (i.e. 8.5%) of Eucalyptus delegatensis (Bootle, 

2005)  could contribute  to the surface checking. 

The high shrinkage of many hardwoods and some softwoods make them extremely difficult to 

dry without degrading, especially with  back-sawn boards (Roza & Mills, 1997; FPL, 2010). 

This implies that applying a temperature up to the maximum of 43 ºC could help minimize 

surface checking for quarter-sawn boards but may not be suitable for back-sawn boards. Thus, 

sawn-board pattern should be tested by numerical simulation, which was introduced by Hasan 

& Langrish (2014) for further validation. 

Internal checking was found when boards were assessed on the 16th, 22nd, 36th, and 46th day. 

The number of checks and the percentage loss of the total cross section area analyzed (40 cm2) 

at the assessment days were: 8 (0,04%), 6 (0.02%), 25 (0.03%) and 9 (0.03%) respectively, as 

presented in Table 11. Based on AS/NZS 4787:2001 (AS/NZS, 2001), the loss area due to the 

internal checking on cross section was graded “A/B” (Table 12) which was consistent with 

previous findings (Phonetip et al., 2017c; Phonetip et al., 2017d). 

Table 11. Assessment of surface and internal checking during drying 

Defects 
Drying time (day) 

Initial stage 9 16 22 36 46 

Depth of surface checking (mm)/sample 0 0 13/1 5/1 17/1 3/1 

Number of internal checking/sample 0 0 8/1 6/3 25/1 9/2 

Mean percentage loss of cross section 

caused by internal checks (%) 
0 0 0.04 0.02 0.03 0.03 

 

At the end of drying, timber quality was assessed based on AS/NZS 4787:2001 (Table 12). 

Loss of area due to internal checks on the transverse section, stress residual and collapse were 

graded as Class “A/B”. Bow was under the permissible level of 10 mm. Spring, twist, end 

checking and cupping were under the permissible level of 5 mm. The average compressive and 

tensile strain was equalized at 0.2 mm/mm. 
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Table 12. Timber quality assessment after drying based on AS/NZS 4787:2001 

Quality parameters Quality classes 

Loss of area of internal checks (%) 0.0/ Class “A/B” 

Stress residual (mm) 0.9±0.1/ Class “B” 

Collapse (mm) 0.0/ Class “A/B” 

Bow (mm) 1.3±0.7/UPa* 

Spring (mm) 1.1±0.3/UPb 

Twist (mm) 2.2±0.3/UPb 

End checking (mm) 0.0/UPb 

Cupping (mm) 1.4±0.4/UPb 

Average compressive strain 

(mm/mm) 
0.2 

Average tensile strain (mm/mm) 0.2 
*Note: Under the permissible (UPa) level for the bow of 10 mm, and UPb level for the spring, twist, 

end checking, cupping of 5mm. 

5.1.4 Conclusion 

Drying of Eucalyptus delegatensis board using the simulation of a solar kiln in Vientiane, Laos 

took 82 days from the initial MC of 80% to 13% under oscillated drying conditions. Simulating 

solar kiln conditions using a conventional kiln was possible with less than 2oC of error during 

daytime and 5oC at nighttime. During nighttime, the kiln temperature was affected by ambient 

conditions and the speed of internal fans. To get a similar temperature to the actual temperature 

in solar kilns, the internal fans should be switched off or an air cooling system should be 

installed to allow the kiln temperature to reach ambient level during the nighttime. 

The predicted model described the MC profile during drying. Due to variation in the MC profile 

predicted by the model, when compared with the measured data, the anatomical structure of 

timbers should be considered as another parameter for improving the model. 

The surface checks formed at the 9th day of assessment but appeared on only one back-sawn 

board out of the total of seven sampled boards. Internal checks were very small in shape. 

Timber quality after drying to 13% was determined based on the assessment of drying quality 

AS/NZS 4787:2001. The internal check, stress residual and collapse were graded as class “A”. 

Bow, spring, twist and end check were under permissible levels. The tensile and compressive 

strain was equalised at the average of 0.2 (mm/mm). 
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NOMENCLATURE 

Symbol Description Units 

∆T Absolute different values  oC 

𝑻𝒔𝒊 temperature at a specific step in the simulated reality oC 

𝑻𝒂𝒊 temperature at a specific step in the actual measurement oC 

M The different value between the MC and EMC % 

𝑴𝟎 The different value between the initial MC of the boards 

and EMC 

% 

D The diffusion coefficient m2/s 

t Time Day(s) 

x The spatial coordinate m 

𝑩𝒏 The amplitudes of the sinusoidal functions that for the MC 

profile 

% 

The roots of 𝛽𝑛 ∙ 𝑡𝑎𝑛(𝛽𝑛) =
ℎ∙𝑙

𝐷
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5.2 Using a conventional laboratory kiln as a simulation of a solar cyclic 

drying 

This sub-section 5.2 has been accepted and publsihed as below: 

Phonetip, K.; Ozarska, B.; Belleville, B. and Brodie, G. (2017). Using a conventional 

laboratory  kiln as a simulation of a solar cyclic drying. The poster 

presented at the 2017 IUFRO All-Division 5 (Forest Products) Forest Sector  

Innovations for a Greener Future. Vancouver, Canada on 12-16 June 2017. 

 

 

Abstract 

This study aims to monitor the development of surface and internal checking in Eucalyptus 

delegatensis boards (100 x 40 x 900 mm) during drying in a conventional laboratory kiln using 

a schedule which simulated cyclic drying conditions in a solar kiln. The temperature was 

changed between 18-45oC with 60% relative humidity (RH) for 9 hours during the day, after 

which the RH was set at 80% with ambient temperature for 15 hours until the kiln restarted and 

the cycle was repeated for next days until 16 days. After that, the RH during the day was 

changed to 40% until all boards reached 12% moisture content (MC). One board was assigned 

for monitoring the checking during the drying process. Each face of the cross cut section was 

scanned with the image resolution of 600 dpi. ImageJ software was used to observe the 

checking. The results showed that there was no checking in boards from the start of drying 

until the 10 days. This result was different to the solar kiln where the checking was observed 

at the 9 days of drying. The drying took 45 days until the MC in the boards reached 12% while 

the drying time in the solar kiln was 87 days. 
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5.2.1 Introduction 

This study aimed to monitor the development of moisture content profile and, surface and 

internal checking in Eucalyptus delegatensis boards (100 x 40 x 900 mm) during drying in a 

conventional laboratory kiln using a schedule which simulated cyclic drying conditions in a 

solar kiln. 

5.2.2 Objective 

This study aimed to monitor the surface and internal checking in boards dried in the mimic 

condition of the solar kiln when the temperature was well under 45oC, assess the rate of the 

drying batch according to the schedule. 

5.2.3 Methods 

The conventional laboratory kiln “Model No. F311-2-25-CI-F” (Figure 59) has been used for 

simulating drying process conducted in a solar kiln. The drying schedule used in the solar kiln 

(Figure 60) conducted in a previous study is shown on Figure 61. The drying schedule in the 

laboratory kiln (Figure 62) was divided into 9 steps for one day cycle (24 hours) then repeated 

for 16 days. The temperature oscillated between 18-45oC with 60% relative humidity (RH) for 

9 hours during the daytime, after which the RH was set at 80% with ambient temperature for 

15 hours until the kiln restarted. After 16 days the RH during the day was changed to 40% until 

all boards reached 12% moisture content (MC). One board was assigned for monitoring the 

MC profile and the formation of checking during the drying process (Figure 63). Cross cut 

sections and cores were taken from the center of the board towards their ends to investigate the 

formation of the checking. Each face of the cross cut section was scanned using a HP Deskjet 

1510 series scanner with the image resolution of 600 dpi. ImageJ software was used to observe 

the checking. 
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Figure 59: Laboratory kiln 

 

Figure 60: Solar kiln 

 

Figure 61: Oscillation of temperature in the solar cyclic drying 

10

15

20

25

30

35

40

45

50

0 6 1218 0 6 1218 0 6 1218 0 6 1218 0 6 1218 0 6 1218 0 6 1218 1 7 1319 1 7 1319

T
em

p
er

at
u
re

 i
n
si

d
e 

th
e 

so
la

r 

k
il

n
 (

C
) 

Clock time (hour)



  

Page 129 of 203 

 

 

Figure 62: Drying schedule for the laboratory kiln 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 63: Sample board 
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5.2.4 Results 

There were no surface and internal checks found in the crosscut section in the board during the 

entire drying.  

 

 

 

 

 

 

 

 

Figure 64: The development of MC profile 

 

 

 

 

Figure 65. Scanned sections of crosscut surface 

 

5.2.5 Discussion 

The results showed that there was no checking in boards from the start of drying until the 16  

days and until 45 days. This result was different to the results obtained in the solar kiln study 

where the checking was already observed at the 9 days of drying. It is suggested that the 

checking in boards dried in the solar kiln could occur when the temperature was higher than 

45oC during the seven of nine days of the drying time in summer.  

The drying in the laboratory kiln took 45 days until the MC in the boards reached 12% while 

the drying time in the solar kiln was 87 days. 
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Chapter 6. Identifying Suitable Locations for Solar Kilns 

This chapter has been published in Bioresources Journal as bolow: 

Phonetip, K., Ozarska, B., Brodie, G., Belleville, B., & Boupha, L. (2018). Applying a GIS-

based fuzzy method to identify suitable locations for solar kilns; BioRes. 13(2), 2785-

2799. 

 

 

Abstract 

The aim of this study was to identify suitable locations for solar kilns in Vientiane, the capital 

of Laos, based on geographical and climatic conditions and restricted areas. The criteria of the 

parameters, which were incorporated with Fuzzy membership functions, were used to create 

layers in the ArcGIS environment to draw maps of suitability. Climatic parameters, based on 

the Fuzzy method, were used to investigate the period of productive performance for solar 

kilns. The results showed a range of possible locations. The most suitable locations were in flat 

areas near roads. They were far from protected areas, rivers, and flood prone areas. The most 

productive performance period for operating solar kilns was from November until May. 
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6.1 Introduction 

A Geographic Information System (GIS) is a powerful tool to analyze spatial data. It has been 

widely used by many researchers in suitability studies for site selection, often in combination 

with other analytical tools, such as the Fuzzy Theory, which was introduced by Zadeh (1965). 

The Fuzzy set is an object class with a continuum of membership grades. A set of the 

membership function is assigned to each object, with a membership grade ranging between 

zero and one. This method has been incorporated with GIS tools to select suitable sites for solar 

and wind farms (Effat 2013; Uyan 2013; Asakereh et al; 2014; Yunna and Geng 2014; Aly et 

al; 2017). However, applying such methods to identify suitable sites for solar kilns for wood 

processing industries has not yet been defined. 

Solar drying has been considered as an environmentally friendly process because it reduces 

carbon dioxide emissions by using solar radiation to generate heat. In contrast, steam kilns 

usually use firewood (Redman, 2016), and such kilns emit up to 60% of the wood mass as 

carbon dioxide (Wibe, 2012). 

Solar kilns were introduced as a suitable drying method in tropical latitudes, where the solar 

radiation and temperature are high (Simpson & Tschernitz, 1984). However, a detailed analysis 

of several parameters, such as geographical and climatic conditions and restricted areas, are 

still required to select the most suitable sites for solar kilns because the geographical latitudes 

and climatic patterns of each location are slightly different and can affect drying time. For 

example, Hasan and Langrish (2014) predicted that solar drying of Tasmanian eucalyptus 

(Eucalyptus obliqua) boards from a moisture content (MC) of 30% down to 10% was faster in 

Brisbane (Australia) than in Melbourne (Australia) by 10 d. This was because the solar 

radiation in Brisbane was higher than in Melbourne during the spring. Thus, the temperature 

inside the solar kiln in Brisbane reached 55°C, which was 10°C higher than in the one in 

Melbourne. However, geographical conditions have not yet been considered as potential 

parameters that may affect drying conditions. 

Defining and selecting parameters for suitable locations for solar kilns is necessary to ensure 

efficient performances. A standard drying process usually uses heat, relative humidity (RH), 

and air velocity to dry timber. However, as stated above, solar kiln drying is usually affected 

by geographic and climatic conditions, i.e. the temperature inside the kiln is affected by the 

ambient temperature and solar radiation (Phonetip et al; 2017a). The level of heat at the surface 
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of materials decreases when the wind speed increases (Reddy et al. 2016). Areas with low 

humidity offer a productivity performance for solar kilns (Ong, 1997). For example, according 

to Phonetip et al; (2017b), decreasing the RH level to 40% can dry boards faster than when the 

conditions are maintained at 60% RH. Taking advantage of a low ambient RH could result in 

several benefits, such as lowering the consumption of water and energy. Therefore, a RH less 

than or equal to 40% should be regarded as the most suitable RH level for solar kilns. 

Vientiane was selected as the study area. It is located within the tropical region of Laos. 

Vientiane was chosen because there are many wood processing factories in this location; more 

than in any other region of Laos. Seventy-two companies are registered as members of the Lao 

Furniture Association (Lao Furniture Association, 2017). There is an increasing interest in 

using solar kilns among timber companies in Laos (Phonetip, 2014). According to Laos 

National standards, wood processing factories are required to have kiln dryers (MoIC, 2009), 

and all timber should be processed before the products are exported (MoIC, 2016). Using solar 

kilns could contribute to reducing the operational costs of wood processing. 

A ‘smart’ solar kiln, which has been used for drying timber boards by Phonetip et al; (2017a), 

allows for control of the drying conditions. For example, the temperature and RH level (up to 

90%) can be controlled. The available heat depends on the ambient temperature level and can 

reach 50 °C in Melbourne.  

Because solar kilns can dry timber faster than air drying (Armstrong, 1914), using smart solar 

kilns in combination with existing conventional kilns can shorten drying times, which means 

lower operational costs. Identifying suitable locations to maximize drying performances is an 

important factor in solar kiln installation. 

The objectives of this study were to identify suitable locations for solar kiln installation and to 

recommend drying periods during different seasons of the year that would offer optimal drying 

performances. 

6.2 Experimental 

6.2.1 Materials 

Vientiane, the capital city of Laos, is located in the central part of the country at 18° 4' 52.72" 

N and 102° 35' 43.66" E ( 

Figure 66). It has a total land area of 3292 km2. Existing data and digital maps from various 
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organizations were utilized for the evaluation process. The data set included the aspect and 

slope percentage, which were generated from a Digital Elevation Model (DEM), roads, rivers, 

and conservation areas consisting of national biodiversity conservation areas (NBCAs) and 

forest protected areas. This data was derived from the Faculty of Forestry Science (2017). The 

temperature data was sourced from Climate Engine (2017). Precipitation, daylight hours, and 

cloud cover were sourced from the Surface Meteorology and Solar Energy (NASA, 2017). The 

solar radiation data was obtained from World Bank Group (2016). Flooding areas in ‘shapefile’ 

form were provided by the Mekong River Commission. The map layer of flooding areas was 

combined with rivers. The wind speed data was sourced from Fick & Hijmans (2017). The RH 

data was downloaded from University of East Anglia (2017). All of the original maps had 

global and regional scales, which were processed by clipping and masking for the Vientiane 

boundary using ArcGIS 10.4.1 (Version: 10.4.1.5686; Esri, Redlands, CA, USA). 

 

 

 

 

 

 

 

Figure 66: Study site (Vientiane, the capital city of Laos) 

6.2.2 Methods 

Classification criteria for identifying suitable locations 

Suitable locations for solar kilns can be determined using three parameters based on the 

geographical, climatic, and restricted area data sets. These parameters should offer benefits for 

solar kilns (greenhouse type) used for drying timber (Phonetip et al; 2017a). The geographical 

conditions included the slope percentage to indicate the optimal slope level. Another condition 

was the slope aspect, which indicates areas with better exposure to high solar radiation. The 

climatic conditions included temperature, solar radiation, RH, wind speed, cloud cover, 

daylight, precipitation, and solar intensity across the annual seasons (i.e. solar azimuth and 

solar elevation). The restricted area data set included NBCAs, forest protected areas, and 
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distances from high flood risk zones. Additionally, suitable locations should be positioned near 

roads for convenient access. 

Fuzzy membership functions were utilized to create all the layers of the suitability map. Each 

layer represented a map of parameters that contained values between zero and one. 

The Fuzzy results for each layer, based on input raster maps, were calculated through the Map 

Algebra expression tool in the ArcGIS software. The assigned criteria were for the benefit of a 

specific type of solar kiln (Solarkilns Pty Ltd, Kilsyth, Australia). For instance, Phonetip et al; 

(2017a) found that a solar radiation value of 0.2 kWh/m2/d can result in a temperature between 

30°C and 40°C inside this type of solar kiln.  

Therefore, Fuzzy membership functions for solar radiation were expressed as Equation (24. 

This was based on values between 0.2 kWh/m2/d and 0.4 kWh/m2/d being regarded as 

moderate. If the value was greater than 0.4 kWh/m2/d, it was assigned the most suitable level 

(one); otherwise, it was the least suitable (zero). The authors also suggested that an ambient 

temperature of 25°C could result in kiln temperatures ranging from 25°C to 45°C. This was 

expressed in Equation (25, which was used to calculate the Fuzzy value of the temperature 

layer, 

Sr(x)={

1              x>0.4
x-0.2

0.4
        0.2≤x≤0.4

0       Otherwise

 (24) 

t(x)={

1                   x≥25
x-5

25
            20≤x<25

0           Otherwise

 (25) 

where Sr(x) and t(x) are the Fuzzy membership values for the solar radiation (kWh/m2/d) and 

temperature (°C), respectively. 

Because the effects of the wind speed on the heat loss for this specific solar kiln were not 

available, the value was obtained from Reddy et al; (2016). The study found that when the 

wind speed over an object increased, the heat loss in that object increased. Thus, to store heat 

in the solar kiln for longer periods, the wind speed outside the solar kiln needs to be lower. 

Equation (26 was used to map the Fuzzy value of the wind speed, 
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Ws(x)={

    1               x≤2
4-x

2
        2<x≤4

 0    Otherwise

 (26) 

where Ws(x) is the Fuzzy membership value for the wind speed (m/s). 

The percentage of cloud cover affects the amount of solar radiation received, with solar 

radiation increasing when the sky is clear (Tzoumanikas et al; 2016). Long daylight hours 

usually provide the potential for more solar radiation. The solar azimuth and solar elevation 

obtained from the Sun path chart program from University of Oregon (2017) indicated a high 

solar exposure. Therefore, the suitability levels, as in Equation (27, (28, (29, and (30, were used 

for the percentage of cloud cover, daylight hours, degree of solar azimuth, and solar elevation, 

respectively.  

Clv(x)={

1                   x≤35
50-x

15
              35≤x≤50

0           Otherwise

 (27) 

Dl(x)={

1                x≥12
x-2

12
     10≤x≤12

0       Otherwise

 (28) 

Sa(x)={

1         180<x≤230
x-30

180
      150<x≤180

0        150>x>230

 (29) 

Se(x)={

1          70≤x≤90
x-20

70
       50≤x<70

0        Otherwise

 (30) 

 

where Cv(x), Dl(x), Sa(x), and Se(x) are the Fuzzy membership values for the cloud cover (%), 

daylight (h), solar azimuth (°), and solar elevation (°), respectively. 

During the timber drying process, a lower RH and higher temperature are used to reduce the 

wood MC. Phonetip et al; (2017b) found that drying timber using a solar kiln at 60% RH from 

a green condition to 12% was 50% slower than at 40% RH when the temperature oscillated 

from 15°C to 45°C. Thus, it appeared that a lower RH is more suitable than a high RH. 
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Therefore, the RH was modelled as Equation. (31. Various studies revealed that higher amounts 

of precipitation reduce the downward shortwave radiation that reaches the surface of the earth, 

and thus leads to surface cooling (Zhao & Khalil 1993; Stuart & Isaac 1994; Trenberth and 

Shea 2005; Wu et al; 2013). However, how the level of precipitation affects the diurnal 

temperature is not currently known; therefore, the range of precipitation data in the study region 

was utilized and categorized into the three classes, which are expressed in Equation (32. 

RH(x)={

1                x≤40
65-x

25
      40≤x≤65

0         Otherwise

 (31) 

Pc(x)={

1              x≤5
8-x

3
         5≤x≤8

0     Otherwise

 (32) 

 

where RH(x) and Pc(x) are the Fuzzy membership values for the RH (%) and precipitation 

(mm/d), respectively. 

Flat areas that provided easy and low-cost access are suitable locations for solar kilns. The 

most suitable locations are where the slope is less than 10% and moderate suitability is where 

the slope is not greater than 15%. The slope percentage classification (Equation (33) was 

derived from Asakereh et al; (2014). South-, southeast-, and southwest-facing aspect locations 

are the most suitable as solar radiation is the highest in these directions. In this case, the solar 

azimuth derived from the Sun path chart program (University of Oregon 2017) was considered 

for modelling the most suitable level in the Fuzzy calculation, as shown in Equation (34. 

Slope(x)={

1                 x≤10
15-x

5
          10<x≤15

0          Otherwise

 (33) 

Aspect(x)=

{
 
 

 
 

x-80

30
         80≤x<110

1           110≤x≤250
x-360

-30
        250<x≤280

 (34) 

where Slope(x) and Aspect(x) are the Fuzzy membership values for the slope (%) and aspect (°), 

respectively. 
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Five hundred meters is allowed as a buffer zone for NBCAs and forest protected areas. This 

value was based on the Forestry Law of Laos (NAL, 2007). The Fuzzy membership values in 

Equation (35 were assigned based on the NBCA restrictions. Another restriction was that solar 

kilns should not be installed within 500 m of rivers because flooding may occur. The Fuzzy 

membership values in Equation (36 were assigned based on locations near rivers. Locations 

within 500 m of flood-prone areas were restricted, which was assigned in Equation (37. 

Suitable locations should not be further than 1 km from access roads, as was assigned in 

Equation (38, 

NBCA(x)= {
1     x≥500

0     x<500
 (35) 

Rv(x)= {
1     x≥500

0     x<500
 (36) 

Fd(x)= {
1     x≥100

0     x<100
 (37) 

Rd(x)={

1                       x<500
1000-x

500
       500≤x≤1000

0                 Otherwise

 (38) 

where NBCA(x), Rv(x), Fd(x), and Rd(x) are the Fuzzy membership values for the NCBAs (m), 

rivers (m), flood areas (m), and roads (m), respectively. 

All of the layers were processed based on the assigned criteria and overlay using the Fuzzy 

membership functions and Fuzzy Overlay Tools in ArcGIS 10.4.1, followed by the modeling 

shown in Figure 70 in the Appendix section to visualize the suitability map. 

Productive performance of the solar kilns 

After the suitable locations were defined, the climatic conditions were the main criteria that 

were used to analyze the productive performance period for solar kilns. The parameters 

included the average temperature (t), RH, precipitation (Pc), solar radiation (Sr), daylight (Dl), 

solar azimuth (Sa), solar elevation (Se), wind speed (Ws), and cloud cover (Cv). The monthly 

mean values for each parameter, which are presented in Table 13, were derived from POWER 

Surface Meteorology and Solar Energy (NASA, 2017). The final MC of the timber exposed to 

atmospheric conditions was determined using the equilibrium moisture content (EMC) as a 

function of the dry bulb temperature, wet bulb depression, and RH (Oliver, 1997). The Fuzzy 
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method was utilized and manipulated using a standard spreadsheet (Excel 2016, Microsoft, 

Redmond, WA, USA). The monthly average for the Fuzzy values were estimated using 

Equation (39,   

Fi̅=
∑ Fi

n
i=1

N
 (39) 

where 𝐹�̅� is the average Fuzzy value for a specific month, Fi is the Fuzzy value of the input 

climatic parameters (temperature, cloud cover, solar radiation, RH, precipitation, solar 

azimuth, solar elevation, daylight, and wind speed) for each month (these values were derived 

from Equations (24 through (32, and N is the number of parameters used. 
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Table 13. Monthly climatic conditions in Vientiane 

Month t (°C) Cv (%) Sr (kWh/m2/d) RH (%) Pc (mm/d) Sa* (°) Se (°) Dl (h) Ws (m/s) EMC (%) 

Jan 20.9 32.2 4.6 62.6 0.36 140.0 52.0 11.1 2.63 11 

Feb 23.1 34.9 5.2 59.4 0.75 160.0 62.0 11.5 2.68 11 

Mar 25.2 43.5 5.6 62.2 1.45 180.0 72.0 12.0 2.73 11 

Apr 26.0 54.2 5.8 73.6 3.04 205.0 84.0 12.5 2.40 14 

May 26.5 73.6 5.1 79.0 6.60 224.0 87.0 12.9 2.00 15 

Jun 26.4 85.7 4.4 81.8 7.39 230.0 85.0 13.1 2.19 16 

Jul 26.1 87.0 4.1 82.0 7.83 224.0 87.0 13.1 2.09 16 

Aug 26.0 85.0 4.2 81.7 9.61 205.0 84.0 12.7 1.97 16 

Sep 25.4 72.9 4.5 79.9 7.49 180.0 72.0 12.2 1.79 16 

Oct 23.7 56.5 4.7 75.9 3.57 160.0 62.0 11.7 2.34 15 

Nov 21.8 41.0 4.6 68.5 1.14 140.0 52.0 11.3 2.58 13 

Dec 19.9 29.9 4.5 63.8 0.52 130.0 48.0 11.0 2.60 12 

* The Solar azimuth values used in Table 13 and Equation. (33 are subtracted from the values of the degree of sunset and sunrise 
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6.3 Results and discussion 

The outputs of the Fuzzy values are illustrated in Figure 67. The darker areas represent the 

most suitable locations (Fuzzy value close to one) where solar kilns should be installed, while 

the lighter areas indicate unsuitable locations (Fuzzy value close to zero). 

The slope aspect (Figure 67a) was determined through the most suitable aspect from the 

southeast to southwest according to the solar azimuth input value (Equation 29). The lowest 

Fuzzy value was 0.9. This implied that most of the locations within Vientiane received optimal 

solar exposure. Most of the slopes (Figure 67b) that were steeper than 15% were found in 

mountainous areas, which are protected areas; the remaining areas should be suitable, as the 

slope was less than 15% and more than 500 m from conservation areas, as stipulated by NAL 

(2007). The restricted areas (Figure 67c) consisted of NBCAs, forest protected areas, flooding 

zones, and rivers, which were clipped into a layer of restriction. 

Vientiane had a high solar radiation value (Figure 67d), i.e. a Fuzzy value of one was found for 

the entire area because the average annual solar radiation was higher than 4 kWh/m2/d (World 

Bank Group, 2016), which was higher than the required criteria (> 0.2 kWh/m2/d) that was 

suggested by Phonetip et al; (2017a). The high temperature level (Figure 67e) was also 

adequate for heating solar kilns, as the minimum Fuzzy value was 0.9. The Fuzzy values for 

the temperature and solar radiation confirmed the earlier suggestion made by Simpson & 

Tschernitz (1984) that tropical latitudes were the most suitable locations to implement solar 

kilns because the solar radiation and temperature levels are high. 

The maximum wind speed (Figure 67f) in Vientiane was 1.9 m/s according to the data from 

Fick & Hijmans (2017). The minimum Fuzzy value was 0.6, which was beneficial because the 

wind speed has to be low based on the criteria used in the Fuzzy calculation by Reddy et al; 

(2016). However, it was undeniable that one area may be different from another, in terms of 

the effect of wind speed. For example, the wind speed increases in desert areas, which may 

increase heat because of the influence of heatwaves. This implied that the suggestion made by 

Reddy et al; (2016) might not be suitable for all geographical conditions. Hence, the Fuzzy 

membership expression in the map algebra may be revised accordingly in future works. 

The road map (Figure 67g) was created with the aim of locating road network accessibility. 

Suitable locations should not have been more than 1000 m away from roads. This was clearly 

mapped using Equation 38. 
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The available scale of the RH map (Figure 67h) covering the study site had a very low 

resolution. However, the range of RH values was higher than the specified requirements. For 

instance, the average annual RH ranged from 74% to 80%, while the required criteria used in 

the Fuzzy membership function, based on suggestions made by Phonetip et al; (2017b), had a 

maximum RH of 65%. When this layer was added using Equation (31 with the Fuzzy 

membership tool, the Fuzzy value was unable to be calculated. For example, the continuum 

grade from -3.40282e+038 to 3.40282e+038 is the default range in ArcGIS software. Because 

the Fuzzy value lay outside this range, it gave a NULL result.  
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Figure 67: Fuzzy values of the aspect (a), slope (b), restricted areas (c), solar radiation (d), 

temperature (e), wind speed (f), roads (g), and relative humidity (h) 
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In this case, the RH layer could not be used for further map processing because the Fuzzy 

overlay function multiplied all of the values of the combined layers. Thus, the RH data was not 

suitable. This suggested that using the RH or any other layers that contained NULL value on a 

small scale, like the geographical size of Vientiane, was not possible. However, it might be 

useful on a larger scale, where the RH has a range of values lower than 65% across the study 

site, as required by the Fuzzy membership function noted in Equation (31. 

The results of overlaying all of the layers using the Fuzzy overlay tool are illustrated on the 

map in Figure 68. The map can be used as a guide for the selection of locations for installing 

solar kilns within Vientiane. Most of the identified suitable locations were adjacent to roads 

and far from NBCAs, forest protected areas, flood prone areas, and rivers. It should be noted 

that, for the reasons outlined above, the RH layer was not included in this suitability map. 

 

Figure 68: Suitability map for solar kilns in Vientiane, Laos 

This method improved the depth of understanding of the effect of related geographical 

parameters. The locations that could offer faster drying were those areas that were exposed to 

higher amounts of solar radiation and temperatures. Hence, the slope aspect was one of the 

parameters that determined the areas that met the requirement of higher radiation. For instance, 

the suitable aspect degree was between 110° and 250° for Vientiane (University of Oregon 

2017). From these results, a method for identifying suitable locations for solar kilns could be 
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incorporated with the numerical simulation tool introduced by Hasan & Langrish (2014) for 

further validation and site comparisons. 

To maximize the optimal performance for the simulation of solar drying using a conventional 

kiln, which was introduced by Phonetip et al; (2017b), utilizing climatic conditions should 

account for the slope aspect where there is a high solar radiation exposure. 

The monthly productive performance for solar kiln use in Vientiane is shown in Figure 69. The 

analysis of the data used Fuzzy values for the temperature, RH, precipitation, solar radiation, 

daylight, solar azimuth, solar elevation, wind speed, and cloud cover. The results showed that 

over the period of December to May, the Fuzzy values ranged from 0.69 to 0.80, and the 

maximum value was reached in March. This period corresponded to the dry season in 

Vientiane. However, considering the average Fuzzy value in each month, the minimum value 

was 0.63, which was titled as a high membership of Fuzzy set “one”. Thus, an adequate 

productive performance level of solar kilns was possible from June to October. Additionally, 

EMC values considered as the final MC in boards could be reached (Oliver, 1997) are also 

given in Figure 69. Thus, lower EMC values indicate faster drying rates. The EMC values were 

calculated based on the monthly temperature and RH in Vientiane (Table 1). It can be seen that 

the mean maximum EMC was 16% (May to October). This implied that the drying rate of 

timber during the rainy season is slower than in the dry season because the EMC was 5% lower 

(i.e. EMC = 11%). Based on the results, the most highly recommended period for drying is 

between November and May. 

 

Figure 69: Monthly productive performances of solar kilns in Vientiane, Laos 
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6.4 Conclusion 

This study described a method that used the combined tools of GIS and Fuzzy theory to identify 

the most suitable locations for solar kilns in Vientiane, based on variables of geographical and 

climatic conditions and restricted areas. The results showed that the ideal locations were those 

with a flat topography (i.e. slope of less than 15%), high temperature, and high solar radiation 

levels. More precisely, the best locations ranged from southeast- to southwest-facing aspects 

with good road access that were far from flood risk zones and rivers and away from restricted 

access areas. This method can be applied to different geographical regions and local seasons. 

A few suggestions or considerations were cropped up when applying this method. First, the 

wind speed parameter used in this analysis will vary across different regions. Therefore, 

exploring the effect of the wind speed on the heat loss of the materials is recommended. Second, 

the Fuzzy membership values assigned based on the required values should not be higher or 

lower than the available levels. Otherwise, the results could turn to NULL value, which 

occurred for the RH, as has been discussed in this paper. 

The most productive period for performance of solar kilns in Vientiane based on the Fuzzy 

values was determined to be November to May. 

As the dimension data of 3D buildings in Vientiane was not available to be used in calculating 

the effects of shade from buildings, this parameter could not be assessed. It is recommended 

that site visits be undertaken to ensure that the identified suitable locations are not impeded by 

tall buildings or other nearby infrastructures before installing solar kilns. 
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Figure 70: A1. GIS tool and fuzzy model for the determination of suitable locations for solar kilns (without the RH layer) 

RH was not included in producing suitability map 



  

Page 153 of 203 

 

Chapter 7. Synthesis 

This dissertation discusses simulating solar kiln conditions using intermittent drying schedules 

in a conventional kiln and develops a model for better understanding solar drying and 

identifying suitable locations for solar kilns. The methodology is outlined in Figure 15 of 

chapter 1. The study was developed on the basis of a preliminary experiment which 

investigated the process of drying Eucalyptus delegatensis in a newly installed solar kiln at 

Burnley campus, the University of Melbourne, Australia. The second stage involved 

assessment of timber quality by comparing two intermittent drying schedules using 

conventional laboratory kilns. Following that, one of the intermittent drying schedules was 

applied to a solar drying kiln process. The final experiment involved a new technique for 

simulating solar kiln conditions using conventional kilns. In addition, the study implemented a 

case study for identifying suitable locations for solar kilns in Vientiane, Laos. 

The preliminary experiment, described in section 2.1 is one of the most important stages of this 

PhD study.  It was undertaken with the aim to investigate the solar kiln’s capability and to 

assess timber quality at the end of drying. This experiment was conducted in Melbourne during 

summer. The results, published in Phonetip et al; (2018), describe the problems that occurred 

and are summarised as follows: 

- The relative humidity in the kiln was not able to reach the set value (60%) during the 

daytime because the spray nozzle did not work properly. 

- The design of the solar kiln housing is very important to ensure the capability of the 

solar kiln conditions are well maintained. As a result, this type of solar kiln requires 

further improvements to insulation because temperature distribution was not uniform. 

The drying rate varied at different parts of long boards inside the kiln. For example, the 

final MC at the end of timber stack was lower than in other sections, where the end 

section was positioned near the heat collector (black/white plastic sheet). 

- Airflow varied from 0.5 – 1 m/s. This indicated that a baffle should be installed as an 

adjustable baffle will allow uniform airflow circulation. 

- Measuring internal check was quite difficult as the sizes of checks were very fine. Using 

a digital calliper did not provide an accurate measurement. 

- Timber quality at the end of drying was assessed based on AS/NZS: 4787:2001: internal 

check and stress residual were graded as Class “C”; MC gradient was 0.6% between 

core and case boards; bow, spring and cupping were under permissible limits, however 
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the level of twist exceeded the permissible amount; and the maximum collapse was 2.5 

mm. 

As the internal checking measurement using a digital calliper has been raised as one of the 

problems, a further study was conducted and a new technique using ImageJ software was 

introduced as it is believed this could be more accurate compared with the digital calliper 

technique. Therefore, Phonetip et al; (2017c) developed an ImageJ method to measure the size 

of internal and surface checking on boards (see section 2.2). The authors found that the 

percentage loss of cross-section due to internal checks, as determined by ImageJ, was 0.07%, 

which was one third of the value that was determined using the digital calliper method. 

However, regarding the Australian and New Zealand standard for timber quality (AS/NZS 

4787:2001), ImageJ and Calliper methods both resulted in the same timber classification. 

As outlined in chapter 2, Phonetip et al; (2016) show that the temperature fluctuations in a 

solar kiln were similar to those found by Yuniarti (2015) and Yuniarti et al. (2015) using 

intermittent drying in a small-scale conventional kiln. Therefore, understanding the effects on 

timber quality and timber checking from two different intermittent drying schedules is essential 

for developing the drying process in solar kilns in further studies. The study used identical 

conditions during the heating phase at 45oC/60% relative humidity (RH), except for RH during 

the non-heating phase (80% and 90%). The results, discussed in chapter 3 or (see Phonetip et 

al; (2018)), show that timber quality with RH=90% applied during the non-heating phase 

(Schedule 1) was not significantly different at the end of the drying schedule to the drying 

schedule with RH=80% (Schedule 2). The moisture gradient, residual drying stress, internal 

check, and collapse of timbers used in Schedule 1 and Schedule 2 both produced class ‘A’ 

timber. Spring, cupping, and bow were under the permissible limit, whereas twist in Schedule 

2 was not. End check was determined to be class ‘C’ for Schedule 1 and class ‘B’ for Schedule 

2.  

Thus, for energy saving and to avoid operating a mist system, RH was set at 80% during 

nighttime for the experiment in a solar kiln (chapter 4). The purpose of this study was to 

understand the effects of temperature oscillation inside the solar kiln, and assess surface and 

internal checking development in boards during the drying process. The results, published in 

Phonetip et al; (2017a), show that the oscillation of temperature inside the solar kiln does not 

respond to the intermittent drying schedule. For instance, the temperature gradient between the 

temperature oscillation in the conventional kiln and the solar kiln was 7oC. Drying took 87 days 

in the solar kiln to get 40 mm thick boards of initial MC of 65% to 12% MC. The surface check 
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formation on boards in the solar kiln occurred when the observation was made at day 9. This 

is a similar finding to the results using the conventional kiln where the surface check formation 

occurred after the same length of drying time. Hence, mimicking the oscillation conditions of 

actual temperature inside a solar kiln using a conventional kiln has been suggested for future 

testing. 

In fact, the changes of temperature and relative humidity (RH) conditions can be manipulated 

in a conventional kiln over a 24-hour cycle. Such an approach, described in chapter 5, could 

obviously provide a better understanding of solar drying characteristics rather than using 

intermittent drying schedules, which are based on heating and non-heating modes (Phonetip et 

al., 2018). Apart from that, being able to simulate solar kiln conditions could be a useful tool 

for those regions that have a long rainy season. The results outlined in chapter 5 show that 

simulated temperature using the conventional laboratory kiln as a simulator for solar kilns was 

possible with less than 2oC of error during daytime and 5oC at nighttime. During nighttime the 

kiln temperature was affected by ambient conditions and the speed of internal fans. To get a 

better agreement of temperature between the kiln temperature and ambient temperature, the 

internal fans should be switched off or the simulator should be equipped with a cooler to allow 

the kiln temperature to reach ambient level during nighttime.  

In addition, mathematical modelling has been used to describe the phenomenon of MC profile 

during drying in the simulation as a representation of a real solar kiln. However, as described 

in chapter 5 (section 5.1), further improvement of the mathematical model is still required 

based on improved coring method and wood anatomical properties. There were no surface 

checks formed on boards, which were found by Phonetip et al; (2017a) in solar kiln drying. 

This could be caused by the simulated temperature being well under 43oC.  Internal checks 

were very fine in shape, and the maximum area of loss was 0.3% of the total area of 4,498mm2 

of transverse section. The internal check, stress residual and collapse were graded as class “A”. 

Bow, spring, twist and end check were under permissible levels. The tensile and compressive 

strain was equal at the average of 0.2 (mm/mm). 

Since there is no surface check on the quarter sawn boards, the authors continued to develop a 

schedule for faster drying time (Phonetip et al., 2017b). Therefore, in another simulation, the 

conventional laboratory kiln has been used for simulating the drying conditions of a solar kiln, 

as described in section 5.2. The drying schedule in the laboratory kiln was repeated for 16 days. 

The temperature oscillated between18-45oC with 60% relative humidity (RH) for 9 hours 
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during the daytime, after which the RH was set at 80% with ambient temperature for 15 hours 

until the kiln restarted. After 16 days the RH during the day was changed to 40% until all 

boards reached 12% MC. The results showed that there was no checking in boards from the 

start of drying until 16 days and until 45 days. This result was different to the results obtained 

in the solar kiln study where checking was observed after 9 days of drying. Checking in boards 

dried in the solar kiln may have occurred when the temperature was higher than 45oC during 

seven of nine days of the drying time in summer (Phonetip et al., 2017a). 

Having a good drying schedule for the solar kiln does not mean that it will be applicable for all 

locations, because of variation in geographical and climatic conditions. Solar kilns have been 

introduced as a suitable drying method in tropical latitudes, where solar radiation and 

temperatures are high (Simpson & Tschernitz, 1984). However, a detailed analysis of several 

parameters, such as geographical and climatic conditions and restricted areas such as the 

national biodiversity area, flood prone area and etc, is still required to select the most suitable 

sites for solar kilns because the geographical latitudes and climatic patterns of each location 

can affect drying time. For example, Hasan and Langrish (2014) predicted that solar drying of 

Tasmanian eucalyptus (Eucalyptus obliqua) boards from a moisture content (MC) of 30% 

down to 10% was faster in Brisbane (Australia) than in Melbourne (Australia) by 10 days. This 

is because the solar radiation in Brisbane is higher than in Melbourne during the spring. Thus, 

the temperature inside the solar kiln in Brisbane reached 55°C, which was 10°C higher than 

the one in Melbourne. However, geographical conditions have not yet been considered as 

potential parameters that may affect drying conditions.  

The objectives of the study (chapter 6) were to identify suitable locations for solar kiln 

installation and to recommend drying periods during different seasons of the year that would 

offer optimal drying performance. This study applied GIS and Fuzzy theory to identify the 

most suitable locations for solar kilns in Vientiane, based on variables of geographical and 

climatic conditions and restricted areas. The results showed that the ideal locations were those 

with a flat topography (i.e. slope of less than 15%), high temperature, and high solar radiation 

levels. More precisely, the best locations ranged from southeast-facing to southwest-facing 

aspects with good road access that were far from flood risk zones and rivers and away from 

restricted access areas. This method can be applied to different geographical regions and 

according to their local seasonal climates. The most productive performance period for solar 

kilns in Laos based on Fuzzy value is suggested to be in November, December, January, 
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February, March, April and May. As the 3D dimension data of buildings in Vientiane was not 

available to be used in calculating the effects of shade from buildings, it was recommended 

that site visits should be undertaken to ensure that the identified locations are not obstructed by 

tall buildings or other nearby infrastructures before installing solar kilns. 

In summary, this study has demonstrated that intermittent drying cannot be a good simulation 

of solar drying conditions. However, the study successfully developed a new method, based on 

simulating solar kiln conditions using conventional kilns, that is a more accurate technique. 

The model for identifying suitable locations for solar kilns using a GIS-based Fuzzy method is 

believed to be applicable for all regions. However, the effect of wind speed may vary from one 

location to another. 

Further work is required, as outlined below: 

▪ The type of solar kiln used in this study needs to be improved in order to maintain the 

required set values of temperature, such as heat insulation as outlined in chapter 2 or 

(see (Phonetip et al., 2018)). 

▪ The accuracy of water spray should be improved.  The kiln should be provided with a 

window which can be automatically open to ensure no excessive temperature during 

daytime. 

▪ The kiln should be provided with an automatically opening window. 

▪ The coring technique for determining MC profile using drill press machine needs to be 

improved. Investigating an optimal speed lower than 415 rpm should be undertaken 

because the currently used speed of 415 rpm has generated steam when taking core 

samples with MC greater than fibre saturation point. This could result in an error in the 

drying rate (chapter 5). 

▪ Mathematical modelling for predicting moisture content profile needs to be further 

investigated by applying an improved method of samples coring and by incorporating 

wood anatomy properties (chapter 5). 
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Appendices 

Appendix 1 Preliminary Experiment 

1.1 Photos of greenhouse solar kiln 

 

Greenhouse solar kiln body 

 

Controller Unit 

 

Timber stack inside the greenhouse solar kiln 

 

 

 

Ambient 

temperature and 

relative humidity 

sensors 
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1.2 Docking individual sections at 200 mm interval along 2400 mm boards  

  Sample ID: 1          Sample ID: 2 

  

  Sample ID: 4      Sample ID: 5 
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  Sample ID: 6      Sample ID: 8 

  

 

  Sample ID: 9       Sample ID: 10 
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  Sample ID: 12      Sample ID: 13 

  

 

  Sample ID: 14      Sample ID: 16 
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  Sample ID: 17      Sample ID: 18 

  

 

  Sample ID: 20     Sample ID: 21 
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  Sample ID: 22    Sample ID: 24 

  

 

  Sample ID: 25     Sample ID: 26 
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  Sample ID: 28     Sample ID: 29 

  

 

  Sample ID: 30     Sample ID: 32 
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  Sample ID: 33    Sample ID: 34 

  

 

  Sample ID: 36    Sample ID: 37 
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  Sample ID: 38    Sample ID: 40 

  

 

  Sample ID: 41    Sample ID: 42 
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  Sample ID: 44     Sample ID: 46 

  

  Sample ID: 48 
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1.3 Tensile and compressive strains of 12 samples 
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1.4 Residual drying stress of 12 samples 
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Appendix 2 Intermittent Drying Using Conventional Laboratory Kilns 

2.1 Conventional kilns 

   

Conventional kiln No. 1   Conventional kiln No. 2 
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2.2 Predicting temperature inside the laboratory kiln using recharge and discharge 

curve for intermittent drying schedules 

Schedule 1: 

function [] = InterMit1() 

  

% Read the raw time and temperture data from the Excel data files 

temp = xlsread('InmtSched1.xlsx', 'Sched1', 'F2:F27061'); 

time = xlsread('InmtSched1.xlsx', 'Sched1', 'C2:C27061'); 

  

% Create a new figure to display the data 

figure; 

  

% Plot the raw data first - use small  

plot(time, temp, 'go',... 

'MarkerSize',3,... 

'MarkerEdgeColor','b',... 

'MarkerFaceColor',[0.5,0.5,0.5]); 

  

hold on; 

  

% Plot the remnant over night cooling in the first 500 minutes of the 

% data 

t1 = 0.0:1.0:500.0; 

  

TempRise = (45 - 19) .* exp(- 0.006 .* (t1 + 430)) + 19; 

plot(t1, TempRise, 'r-', 'LineWidth',2); 

  

% Plot the rising curve of the intermittant temperature 

  

t2 = 500:1.0:1000; 

  

TempRise = (45 - 19) .* (1 - exp(- 0.02 .* (t2 - 500))) + 19; 

plot(t2, TempRise, 'r-', 'LineWidth',2); 

  

% Plot the cooling curve in the data after 1000 minutes 

t1 = 1000.0:1.0:1436.0; 

  

TempRise = (45 - 19) .* exp(- 0.006 .* (t1 - 1000)) + 19; 

plot(t1, TempRise, 'r-', 'LineWidth',2); 

  

xlabel('Elapsed Time (Minutes)','fontsize',12,'fontweight','b' ); 

ylabel('Kiln Temperature (^oC)','fontsize',12,'fontweight','b'); 

  

hold off; 

  

end 
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Schedule 2: 

 

function [] = InterMit2() 
  
temp = xlsread('InmtSched2.xls', 'Sched2', 'F2:F27193'); 
time = xlsread('InmtSched2.xls', 'Sched2', 'C2:C27193'); 
  
figure; 
  
plot(time, temp, 'go',... 
'MarkerSize',5,... 
'MarkerEdgeColor','b',... 
'MarkerFaceColor',[0.5,0.5,0.5]); 
  
hold on; 
  
% Plot the remnant over night cooling in the first 500 minutes of the 
% data 
t1 = 0.0:1.0:500.0; 
  
TempRise = (43 - 16) .* exp(- 0.006 .* (t1 + 430)) + 16; 
plot(t1, TempRise, 'r-', 'LineWidth',2); 
  
% Plot the rising curve of the intermittant temperature 
  
t2 = 500:1.0:1000; 
  
TempRise = (43 - 16) .* (1 - exp(- 0.01 .* (t2 - 500))) + 16; 
plot(t2, TempRise, 'r-', 'LineWidth',2); 
  
% Plot the cooling curve in the data after 1000 minutes 
t1 = 1000.0:1.0:1436.0; 
  
TempRise = (43 - 16) .* exp(- 0.006 .* (t1 - 1000)) + 16; 
plot(t1, TempRise, 'r-', 'LineWidth',2); 
  
xlabel('Elapsed Time (Minutes)','fontsize',12,'fontweight','b' ); 
ylabel('Kiln Temperature (^oC)','fontsize',12,'fontweight','b'); 
  
hold off; 
  
end 
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2.3 Observation of internal and surface checks during drying 

Schedule 1: 

MC > 40% MC > 30% MC > 25% MC > 15% MC > 12% 

 

 

 

 

 

 

 

 

 

 

 

 

 

Schedule 2: 

MC > 40% MC > 30% MC > 25% MC > 15% MC > 12% 
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Appendix 3 Drying Timber in The Solar Kiln 

3.1 Predicting temperature inside the solar kiln using recharge and discharge curve 
 

function [] = SolarModel_1d() 

  

% This function models the temperature inside an experimental solar 

% wood drying kiln, based on models developed in: 

  

% Brodie, G. 2005. Microwave timber heating and its application to  

%solar drying. Unpublished PhD thesis. Melbourne: University of Melbourne,  

% Faculty of Land and Food Resources 

  

% The function compares the resulting model to measured data stored in 

% an Excel file called: ScalSolar.xlsx 

  

%Inputs 

  

% DayNum = the day of the year - 1 = January 1st 

% Note: Day zero is invalid.  

  

DayNum= 363; % the measured data used in this model was 29th December 2015 

  

% Read the raw data from the Excel file 

  

temp = xlsread('ScalSolar.xlsx', 'solarKiln condition', 'E1819:E1961'); 

time = xlsread('ScalSolar.xlsx', 'solarKiln condition', 'D1819:D1961'); 

  

% Create a new figure to display the data and model 

  

figure; 

  

% Plot the raw tempertaure data 

  

plot(time, temp, 'go',... 

'MarkerSize',4,... 

'DisplayName',' Measured data',... 

'MarkerEdgeColor','b',... 

'MarkerFaceColor',[0.5,0.5,0.5]); 

  

hold on; 

  

% Define time span of interest 

  

t2 = 400.0:1.0:1150.0; 

  

% Determine the angular velocity of the earth - assume a 24 hour day 

  

w = 2 .* pi ./ (24 .* 60 .* 60); 
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% Geographic latitude of Burnley Campus in Melbourne (in Radians) 

  

Lat = - 37.833 .* pi ./ 180; 

  

% These calculations are based on some equations derived by: 

% Spencer, J. W. 1971. Fourier series representation of position  

% of the sun. Search. 2(5):  172. 

  

OrbAngle = 2 .* pi .* (DayNum - 1) ./ 365; % Determine the earth's location in its orbit 

  

% Calculate the solar declination - i.e. the location of the sun's 

% footprint on the earth's surface 

  

Decline = 0.006918 - 0.399912 .* cos(OrbAngle) + 0.070257 .* sin(OrbAngle) - ... 

    0.006758 .* cos(2 .* OrbAngle) + 0.000907 .* sin(2 .* OrbAngle) - ... 

    0.002697 .* cos(3 .* OrbAngle) + 0.00148 .* sin(3 .* OrbAngle); 

  

% Calculate the inverse distance from the sun squared  

RsqInverse = 1.000110 + 0.034221 .* cos(OrbAngle) - 0.001280 .* sin(OrbAngle) - ... 

    0.000719 .* cos(2 .* OrbAngle) - 0.000077 .* sin(2 .* OrbAngle); 

  

% Calculate solar altitude in the sky 

  

SinAlt = ( sin(Lat) .* sin(Decline) + cos(Lat) .* cos(Decline) .* cos(w .* (t2 + 600) .* 60)); 

  

Atmos = 0.7; % Atmospheric transmission coefficient for clear day 

  

% Determine the solar power falling onto the ground 

  

Solar = 1353 .* Atmos .* SinAlt ./ RsqInverse; 

  

% Solar Power to Kiln Temperature coefficient - Note: This parameter is 

% estimated to approximate the temperature range in the kiln 

%    KilnCoefficient = 0.027;  

KilnCoefficient = 0.035;  

  

% Daily Minimum Temperature 

MinTemp = 16; 

  

% Calculate the kiln temperature 

  

%    KilnTemp = KilnCoefficient .* Solar + 22;  

KilnTemp = KilnCoefficient .* Solar + MinTemp;  

  

% Pull out the starting and finishing temperatures from the modelled kiln 

% heating phase temperature for use in the over night cooling phase 

  

endpoint = length(KilnTemp); 

  

StartTemp = KilnTemp(1); 
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EndTemp = KilnTemp(endpoint); 

  

% Plot the kiln temperature from sunrise to sunset 

plot(t2, KilnTemp, 'k-', 'LineWidth',2, 'DisplayName',' Recharge curve'); 

  

% Plot the remnant over night cooling in the first 400 minutes of the 

% data - i.e. the temperature before sunrise 

  

t1 = 0.0:1.0:400.0; 

  

CoolingRate = 0.004; % Accounts for nighttime heat loss from kiln 

 %    TempFall = (EndTemp - StartTemp) .* exp(- 0.006 .* (t1 + 300)) + StartTemp; 

TempFall = (EndTemp - StartTemp) .* exp(- CoolingRate .* (t1 + 300)) + StartTemp; 

plot(t1, TempFall, 'k--', 'LineWidth',2,'DisplayName',' Discharge curve before sunrise'); 

  

% Plot the cooling curve in the data after sunset 

t3 = 1150.0:1.0:1438.0; 

  

%    TempFall = (EndTemp - StartTemp) .* exp(- 0.006 .* (t3 - 1150)) + StartTemp; 

TempFall = (EndTemp - StartTemp) .* exp(- CoolingRate .* (t3 - 1150)) + StartTemp; 

  

plot(t3, TempFall, 'k:', 'LineWidth',2, 'DisplayName',' Discharge curve after sunset'); 

  

% Lable the axes 

xlabel('Elapsed Time (Minutes)','fontsize',12,'fontweight','b', ... 

'FontName','Times New Roman' ); 

ylabel('Kiln Temperature (^oC)','fontsize',12,'fontweight','b', ... 

'FontName','Times New Roman' ); 

xticks(0:120:1440); 

  

grid on; 

  

end 
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3.2 Observation of internal and surface checks during drying 

 

MC > 40% MC > 30% MC > 25% MC > 15% MC > 12% 
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3.3 Drying stress residual measurement at the end of drying 
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3.4 Compressive and tensile strains measurement at the end of drying 

 

       

 

 

 

 

 

 



  

Page 182 of 203 

 

Appendix 4 Simulating Solar Kiln Conditions Using Conventional Laboratory Kiln 

4.1 Mathematical modelling the development of moisture content profile during drying 

A diffusion model was used to forecast the MC profile in the drying boards. The one-

dimensional diffusion equation is defined as: 

∂M

∂t
=D

∂
2
M

∂x2
  (40) 

Where: M is 𝑀𝑐 − 𝐸𝑀𝐶; EMC is the equilibrium moisture content; t is time; x is the spatial 

coordinate; and D is the diffusion coefficient (m2/s).  

In the case of a board (where −𝑙 ≤ 𝑥 ≤ 𝑙 ), with evaporation at the surfaces, the boundary 

conditions of the problem are: 

∂M

∂x
|
x=0

=0  (41) 

D
∂M

∂x
|
x=l

=-hM|x=l (42) 

M|t=0=Mo  (43) 

Where Mo is Mi-EMC; and Mi is the initial moisture content of the boards. 

Using separation of variables, the diffusion equation will have a solution of the form: 

M=X(x)T(t) (44) 

Substituting Equation 40 gives: 

X(x)
∂T(t)

∂t
=DT(t)

∂
2
X(x)

∂x2
 (45) 

Dividing both sides of the equation by M, gives: 

1

T(t)

∂T(t)

∂t
=

D

X(x)

∂
2
X(x)

∂x2
 (46) 

These can be separated into two ordinary differential equations by putting each side of the 

equation equal to a constant, say −𝜆2. Therefore: 

1

T(t)

∂T(t)

∂t
=-λ

2
D  (47) 

And  

∂
2
X(x)

∂x2
=-λ

2
X(x) (48) 

The solution to Equation 47 is T(t)= e-λ
2
D t , while Equation 48 is a wave equation with a 

solution of the form X(x)=A sin(λx)+B cos(λx). Therefore: 

M=[A sin(λx)+B cos(λx)]∙e-λ
2
D t (49) 

The most generic solution is:  
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M=∑ [An sin(λnx)+Bn cos(λnx)]∙e-λn
2
D t∞

n=1  (50) 

Applying the boundary condition in Equation 41 gives: 

dM

dx
|
x=0

=∑ [An λncos(λnx) -Bnλn sin(λnx)]∙e-λn
2
D t∞

n=1 |
x=0

=0 (51) 

For this to be satisfied, the An’s must all be zero. Therefore: 

M=∑ Bn cos(λnx) ∙e-λn
2
D t∞

n=1  (52) 

Applying the boundary condition in Equation 42 gives: 

D∑ [-Bnλn sin(λnx)]∙e-λn
2
D t∞

n=1 |
x=l

=-h∑ Bn cos(λnx) ∙e-λn
2
D t∞

n=1 |
x=l

  

Therefore: 

-∑ [DBnλn sin(λnl)]∙e-λn
2
D t∞

n=1 =-∑ hBn cos(λnl) ∙e-λn
2
D t∞

n=1   

Or 

∑ Dλn sin(λnl)∞
n=1 =∑ h cos(λnl)∞

n=1 =0  

If βn=λn∙l , then an individual term in the series is defined by: 

𝛽𝑛 ∙ 𝑡𝑎𝑛(𝛽𝑛) =
ℎ∙𝑙

𝐷
  (53) 

Tables for values of n, which satisfy Equation 53, are presented in Crank (1979).  

Therefore: 

M=∑ Bn cos (
β

n
x

l
) ∙e

-
βn

2
D t

l
2∞

n=1  (54) 

Finally, the values of Bn can be determined by applying the boundary condition in Equation 

42: 

Bn=
1

l
∫ Mo cos(

β
n
x

l
) ∙dx

l

-l

 

Bn=
Mo

β
n

[sin(β
n
) - sin(-β

n
)] 

Bn=
2Mo

β
n

sin(β
n
) 

Therefore: 

M=∑
2Mo

β
n

sin(β
n
) ∙ cos (

β
n
x

l
) ∙e

-
βn

2
D t

l
2∞

n=1  (55) 

 In its final form, the drying equation is: 

Mc-EMC

Mi-EMC
=∑

2

β
n

sin(β
n
) ∙ cos (

β
n
x

l
) ∙e

-
βn

2
D t

l
2∞

n=1  (56) 
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4.2 Matlab codes-using equation (23 (Appendix No. 4.1) to predict moisture content 

profile based function of drying time. 

function varargout = Predict_MCProfile_GUI(varargin) 

%% This function has been developed by Khamtan Phonetip.  

% a Ph.D student at the University of Melbourne on June 2017. It used to predict the 

Moisture 

% content profile content of Eucalyptus delegatensis board during drying in 

% a simulation of solar drying using conventional laboratory kiln based on 

% Laos' climatic conditions. 

%% PREDICT_MCPROFILE_GUI MATLAB code for Predict_MCProfile_GUI.fig 

%      PREDICT_MCPROFILE_GUI, by itself, creates a new PREDICT_MCPROFILE_GUI 

or raises the existing 

%      singleton*. 

% 

%      H = PREDICT_MCPROFILE_GUI returns the handle to a new 

PREDICT_MCPROFILE_GUI or the handle to 

%      the existing singleton*. 

% 

%      PREDICT_MCPROFILE_GUI('CALLBACK',hObject,eventData,handles,...) calls the 

local 

%      function named CALLBACK in PREDICT_MCPROFILE_GUI.M with the given input 

arguments. 

% 

%      PREDICT_MCPROFILE_GUI('Property','Value',...) creates a new 

PREDICT_MCPROFILE_GUI or raises the 

%      existing singleton*.  Starting from the left, property value pairs are 

%      applied to the GUI before Predict_MCProfile_GUI_OpeningFcn gets called.  An 

%      unrecognized property name or invalid value makes property application 

%      stop.  All inputs are passed to Predict_MCProfile_GUI_OpeningFcn via varargin. 

% 

%      *See GUI Options on GUIDE's Tools menu.  Choose "GUI allows only one 

%      instance to run (singleton)". 

% 

% See also: GUIDE, GUIDATA, GUIHANDLES 

  

% Edit the above text to modify the response to help Predict_MCProfile_GUI 

  

% Last Modified by GUIDE v2.5 06-Jun-2017 22:44:43 

  

% Begin initialization code - DO NOT EDIT 

gui_Singleton = 1; 

gui_State = struct('gui_Name',       mfilename, ... 

               'gui_Singleton',  gui_Singleton, ... 

               'gui_OpeningFcn', @Predict_MCProfile_GUI_OpeningFcn, ... 

               'gui_OutputFcn',  @Predict_MCProfile_GUI_OutputFcn, ... 

               'gui_LayoutFcn',  [] , ... 

               'gui_Callback',   []); 

if nargin && ischar(varargin("<Solar drying of timber- a review_A.pdf>,")) 

gui_State.gui_Callback = str2func(varargin("<Solar drying of timber- a review_A.pdf>,")); 
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end 

  

if nargout 

[varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:}); 

else 

gui_mainfcn(gui_State, varargin{:}); 

end 

% End initialization code - DO NOT EDIT 

  

  

% --- Executes just before Predict_MCProfile_GUI is made visible. 

function Predict_MCProfile_GUI_OpeningFcn(hObject, ~, handles, varargin) 

% This function has no output args, see OutputFcn. 

% hObject    handle to figure 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

% varargin   command line arguments to Predict_MCProfile_GUI (see VARARGIN) 

  

% Choose default command line output for Predict_MCProfile_GUI 

handles.output = hObject; 

  

% Update handles structure 

guidata(hObject, handles); 

  

% UIWAIT makes Predict_MCProfile_GUI wait for user response (see UIRESUME) 

% uiwait(handles.figure1); 

  

% --- Outputs from this function are returned to the command line. 

function varargout = Predict_MCProfile_GUI_OutputFcn(hObject, eventdata, handles)  

% varargout  cell array for returning output args (see VARARGOUT); 

% hObject    handle to figure 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

  

% Get default command line output from handles structure 

varargout{1} = handles.output; 

  

% --- Executes on button press in Graph. 

function Graph_Callback(hObject, eventdata, handles) 

% hObject    handle to Graph (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

% Input variables for initial MC profile of 8 layers. 

MCiL1=str2num(get(handles.MCiL1,'String')); 

set(handles.MCiL1,'String',MCiL1); 

MCiL2=str2num(get(handles.MCiL2,'String')); 

set(handles.MCiL2,'String',MCiL2); 

MCiL3=str2num(get(handles.MCiL3,'String')); 

set(handles.MCiL3,'String',MCiL3); 

MCiL4=str2num(get(handles.MCiL4,'String')); 
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set(handles.MCiL4,'String',MCiL4); 

MCiL5=str2num(get(handles.MCiL5,'String')); 

set(handles.MCiL5,'String',MCiL5); 

MCiL6=str2num(get(handles.MCiL6,'String')); 

set(handles.MCiL6,'String',MCiL6); 

MCiL7=str2num(get(handles.MCiL7,'String')); 

set(handles.MCiL7,'String',MCiL7); 

MCiL8=str2num(get(handles.MCiL8,'String')); 

set(handles.MCiL8,'String',MCiL8); 

Dt=str2num(get(handles.Dt,'String')); 

set(handles.Dt,'String',Dt); 

  

% Measured data in average of all sample baords 

MC0= [56    82  87  90  94  92  86  58]; 

MC9= [24    45  71  82  80  66  40  21]; 

MC16= [20   28  43  60  60  44  29  18]; 

MC22= [19   27  36  47  46  34  24  18]; 

MC36= [14   16  18  19  18  17  16  14]; 

MC46= [14   15  14  14  15  14  14  13]; 

MC82= [12   12  12  12  12  12  12  12]; 

  

__________________________________________________________ 

% This is the bit that I have changed to match the proper model 

EMC = 0.119; 

Mo = 0.92; 

l = 0.02; 

D = 7.1e-6; 

B1 = 1.5708; 

B2 = 4.7124; 

B3 = 7.8454; 

B4 = 10.9956; 

  

if(Dt == 0)  

    Dt = 9; 

end 

  

%Equation used to predict MC at an interesting time of drying 

MCtL1 = 100 .* ((Mo - EMC) .* (2 .* sin(B1) .* cos(B1 .* (-0.015) ./ l) .* exp(-B1.^2 .* D .* 

Dt ./ l.^2) ./ B1... 

      + 2 .* sin(B2) .* cos(B2 .* (-0.015) ./ l) .* exp(-B2.^2 .* D .* Dt ./ l.^2) ./ B2 ... 

    + 2 .* sin(B3) .* cos(B3 .* (-0.015) ./ l) .* exp(-B3.^2 .* D .* Dt ./ l.^2) ./ B3 ... 

    + 2 .* sin(B4) .* cos(B4 .* (-0.015) ./ l) .* exp(-B4.^2 .* D .* Dt ./ l.^2) ./ B4) ... 

    + EMC); 

  

MCtL2 = 100 .* ((Mo - EMC) .* (2 .* sin(B1) .* cos(B1 .* (-0.010) ./ l) .* exp(-B1.^2 .* D .* 

Dt ./ l.^2) ./ B1... 

      + 2 .* sin(B2) .* cos(B2 .* (-0.010) ./ l) .* exp(-B2.^2 .* D .* Dt ./ l.^2) ./ B2 ... 

    + 2 .* sin(B3) .* cos(B3 .* (-0.010) ./ l) .* exp(-B3.^2 .* D .* Dt ./ l.^2) ./ B3 ... 

    + 2 .* sin(B4) .* cos(B4 .* (-0.010) ./ l) .* exp(-B4.^2 .* D .* Dt ./ l.^2) ./ B4) ... 

    + EMC); 
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MCtL3 = 100 .* ((Mo - EMC) .* (2 .* sin(B1) .* cos(B1 .* (-0.005) ./ l) .* exp(-B1.^2 .* D .* 

Dt ./ l.^2) ./ B1... 

      + 2 .* sin(B2) .* cos(B2 .* (-0.005) ./ l) .* exp(-B2.^2 .* D .* Dt ./ l.^2) ./ B2 ... 

    + 2 .* sin(B3) .* cos(B3 .* (-0.005) ./ l) .* exp(-B3.^2 .* D .* Dt ./ l.^2) ./ B3 ... 

    + 2 .* sin(B4) .* cos(B4 .* (-0.005) ./ l) .* exp(-B4.^2 .* D .* Dt ./ l.^2) ./ B4) ... 

    + EMC); 

MCtL4 = 100 .* ((Mo - EMC) .* (2 .* sin(B1) .* cos(B1 .* (0.0025) ./ l) .* exp(-B1.^2 .* D .* 

Dt ./ l.^2) ./ B1... 

      + 2 .* sin(B2) .* cos(B2 .* (0.0025) ./ l) .* exp(-B2.^2 .* D .* Dt ./ l.^2) ./ B2 ... 

    + 2 .* sin(B3) .* cos(B3 .* (0.0025) ./ l) .* exp(-B3.^2 .* D .* Dt ./ l.^2) ./ B3 ... 

    + 2 .* sin(B4) .* cos(B4 .* (0.0025) ./ l) .* exp(-B4.^2 .* D .* Dt ./ l.^2) ./ B4) ... 

    + EMC); 

MCtL5 = 100 .* ((Mo - EMC) .* (2 .* sin(B1) .* cos(B1 .* (0.0025) ./ l) .* exp(-B1.^2 .* D .* 

Dt ./ l.^2) ./ B1... 

      + 2 .* sin(B2) .* cos(B2 .* (0.0025) ./ l) .* exp(-B2.^2 .* D .* Dt ./ l.^2) ./ B2 ... 

    + 2 .* sin(B3) .* cos(B3 .* (0.0025) ./ l) .* exp(-B3.^2 .* D .* Dt ./ l.^2) ./ B3 ... 

    + 2 .* sin(B4) .* cos(B4 .* (0.0025) ./ l) .* exp(-B4.^2 .* D .* Dt ./ l.^2) ./ B4) ... 

    + EMC); 

MCtL6 = 100 .* ((Mo - EMC) .* (2 .* sin(B1) .* cos(B1 .* (0.005) ./ l) .* exp(-B1.^2 .* D .* 

Dt ./ l.^2) ./ B1... 

      + 2 .* sin(B2) .* cos(B2 .* (0.005) ./ l) .* exp(-B2.^2 .* D .* Dt ./ l.^2) ./ B2 ... 

    + 2 .* sin(B3) .* cos(B3 .* (0.005) ./ l) .* exp(-B3.^2 .* D .* Dt ./ l.^2) ./ B3 ... 

    + 2 .* sin(B4) .* cos(B4 .* (0.005) ./ l) .* exp(-B4.^2 .* D .* Dt ./ l.^2) ./ B4) ... 

    + EMC); 

MCtL7 = 100 .* ((Mo - EMC) .* (2 .* sin(B1) .* cos(B1 .* (0.010) ./ l) .* exp(-B1.^2 .* D .* 

Dt ./ l.^2) ./ B1... 

      + 2 .* sin(B2) .* cos(B2 .* (0.010) ./ l) .* exp(-B2.^2 .* D .* Dt ./ l.^2) ./ B2 ... 

    + 2 .* sin(B3) .* cos(B3 .* (0.010) ./ l) .* exp(-B3.^2 .* D .* Dt ./ l.^2) ./ B3 ... 

    + 2 .* sin(B4) .* cos(B4 .* (0.010) ./ l) .* exp(-B4.^2 .* D .* Dt ./ l.^2) ./ B4) ... 

    + EMC); 

MCtL8 = 100 .* ((Mo - EMC) .* (2 .* sin(B1) .* cos(B1 .* (0.015) ./ l) .* exp(-B1.^2 .* D .* 

Dt ./ l.^2) ./ B1... 

      + 2 .* sin(B2) .* cos(B2 .* (0.015) ./ l) .* exp(-B2.^2 .* D .* Dt ./ l.^2) ./ B2 ... 

    + 2 .* sin(B3) .* cos(B3 .* (0.015) ./ l) .* exp(-B3.^2 .* D .* Dt ./ l.^2) ./ B3 ... 

    + 2 .* sin(B4) .* cos(B4 .* (0.015) ./ l) .* exp(-B4.^2 .* D .* Dt ./ l.^2) ./ B4) ... 

    + EMC); 

  

MCt=([MCtL1, MCtL2, MCtL3, MCtL4, MCtL5, MCtL6, MCtL7, MCtL8]); 

MCi=[MCiL1 MCiL2 MCiL3 MCiL4 MCiL5 MCiL6 MCiL7 MCiL8]; 

Distance=[2.5 7.5 12.5 17.5 22.5 27.5 32.5 37.5]; 

plot(Distance, MCi,'.','DisplayName', 'Init MC'); 

hold on; 

plot(Distance,MC9,'*','DisplayName',' Measured data (9 days)'); 

plot(Distance,MC16,'d','DisplayName',' Measured data (16 days)'); 

plot(Distance,MC22,'o','DisplayName',' Measured data (22 days)'); 

plot(Distance,MC36,'x','DisplayName',' Measured data (36 days)'); 

plot(Distance,MC46,'+','DisplayName',' Measured data (46 days)'); 

plot(Distance,MC46,'^','DisplayName',' Measured data (82 days)'); 

  

plot(Distance,MCt,'-', 'DisplayName',' Simulation'); 
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xlabel('Distance from the top surface to another of thick board 

(mm)','fontsize',10,'fontweight','b'); 

ylabel('Moisture Content (%)','fontsize',10,'fontweight','b'); 

legend('show'); 

legend('Initial MC','Measured data (9 days)','Measured data (16 days)','Measured data (22 

days)',' Measured data (36 days)',' Measured data (46 days)',' Measured data (82 days)',' 

Simulation' ); 

grid on; 

  

function edit1_Callback(hObject, eventdata, handles) 

% hObject    handle to edit1 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

  

% Hints: get(hObject,'String') returns contents of edit1 as text 

%        str2double(get(hObject,'String')) returns contents of edit1 as a double 

  

  

% --- Executes during object creation, after setting all properties. 

function edit1_CreateFcn(hObject, eventdata, handles) 

% hObject    handle to edit1 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    empty - handles not created until after all CreateFcns called 

  

% Hint: edit controls usually have a white background on Windows. 

%       See ISPC and COMPUTER. 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

set(hObject,'BackgroundColor','white'); 

end 

  

function edit5_Callback(hObject, eventdata, handles) 

% hObject    handle to edit5 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

  

% Hints: get(hObject,'String') returns contents of edit5 as text 

%        str2double(get(hObject,'String')) returns contents of edit5 as a double 

  

% --- Executes during object creation, after setting all properties. 

function edit5_CreateFcn(hObject, eventdata, handles) 

% hObject    handle to edit5 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    empty - handles not created until after all CreateFcns called 

  

% Hint: edit controls usually have a white background on Windows. 

%       See ISPC and COMPUTER. 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

set(hObject,'BackgroundColor','white'); 
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end 

  

function edit6_Callback(hObject, eventdata, handles) 

% hObject    handle to edit6 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

  

% Hints: get(hObject,'String') returns contents of edit6 as text 

%        str2double(get(hObject,'String')) returns contents of edit6 as a double 

  

% --- Executes during object creation, after setting all properties. 

function edit6_CreateFcn(hObject, eventdata, handles) 

% hObject    handle to edit6 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    empty - handles not created until after all CreateFcns called 

  

% Hint: edit controls usually have a white background on Windows. 

%       See ISPC and COMPUTER. 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

set(hObject,'BackgroundColor','white'); 

end 

  

function edit7_Callback(hObject, eventdata, handles) 

% hObject    handle to edit7 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

  

% Hints: get(hObject,'String') returns contents of edit7 as text 

%        str2double(get(hObject,'String')) returns contents of edit7 as a double 

  

% --- Executes during object creation, after setting all properties. 

function edit7_CreateFcn(hObject, eventdata, handles) 

% hObject    handle to edit7 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    empty - handles not created until after all CreateFcns called 

  

% Hint: edit controls usually have a white background on Windows. 

%       See ISPC and COMPUTER. 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

set(hObject,'BackgroundColor','white'); 

end 

  

function edit8_Callback(hObject, eventdata, handles) 

% hObject    handle to edit8 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

  

% Hints: get(hObject,'String') returns contents of edit8 as text 
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%        str2double(get(hObject,'String')) returns contents of edit8 as a double 

  

% --- Executes during object creation, after setting all properties. 

function edit8_CreateFcn(hObject, eventdata, handles) 

% hObject    handle to edit8 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    empty - handles not created until after all CreateFcns called 

  

% Hint: edit controls usually have a white background on Windows. 

%       See ISPC and COMPUTER. 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

set(hObject,'BackgroundColor','white'); 

end 

  

function edit9_Callback(hObject, eventdata, handles) 

% hObject    handle to edit9 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

  

% Hints: get(hObject,'String') returns contents of edit9 as text 

%        str2double(get(hObject,'String')) returns contents of edit9 as a double 

  

% --- Executes during object creation, after setting all properties. 

function edit9_CreateFcn(hObject, eventdata, handles) 

% hObject    handle to edit9 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    empty - handles not created until after all CreateFcns called 

  

% Hint: edit controls usually have a white background on Windows. 

%       See ISPC and COMPUTER. 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

set(hObject,'BackgroundColor','white'); 

end 

  

function edit10_Callback(hObject, eventdata, handles) 

% hObject    handle to edit10 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

  

% Hints: get(hObject,'String') returns contents of edit10 as text 

%        str2double(get(hObject,'String')) returns contents of edit10 as a double 

  

% --- Executes during object creation, after setting all properties. 

function edit10_CreateFcn(hObject, eventdata, handles) 

% hObject    handle to edit10 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    empty - handles not created until after all CreateFcns called 
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% Hint: edit controls usually have a white background on Windows. 

%       See ISPC and COMPUTER. 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

set(hObject,'BackgroundColor','white'); 

end 

  

function edit11_Callback(hObject, eventdata, handles) 

% hObject    handle to edit11 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

  

% Hints: get(hObject,'String') returns contents of edit11 as text 

%        str2double(get(hObject,'String')) returns contents of edit11 as a double 

  

% --- Executes during object creation, after setting all properties. 

function edit11_CreateFcn(hObject, eventdata, handles) 

% hObject    handle to edit11 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    empty - handles not created until after all CreateFcns called 

 % Hint: edit controls usually have a white background on Windows. 

%       See ISPC and COMPUTER. 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

set(hObject,'BackgroundColor','white'); 

end 

  

function Dt_Callback(hObject, eventdata, handles) 

% hObject    handle to Dt (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

  

% Hints: get(hObject,'String') returns contents of Dt as text 

%        str2double(get(hObject,'String')) returns contents of Dt as a double 

  

% --- Executes during object creation, after setting all properties. 

function Dt_CreateFcn(hObject, eventdata, handles) 

% hObject    handle to Dt (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    empty - handles not created until after all CreateFcns called 

  

% Hint: edit controls usually have a white background on Windows. 

%       See ISPC and COMPUTER. 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

set(hObject,'BackgroundColor','white'); 

end 

  

function edit13_Callback(hObject, eventdata, handles) 

% hObject    handle to edit13 (see GCBO) 



  

Page 192 of 203 

 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

  

% Hints: get(hObject,'String') returns contents of edit13 as text 

%        str2double(get(hObject,'String')) returns contents of edit13 as a double 

  

% --- Executes during object creation, after setting all properties. 

function edit13_CreateFcn(hObject, eventdata, handles) 

% hObject    handle to edit13 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    empty - handles not created until after all CreateFcns called 

  

% Hint: edit controls usually have a white background on Windows. 

%       See ISPC and COMPUTER. 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

set(hObject,'BackgroundColor','white'); 

end 

  

function edit14_Callback(hObject, eventdata, handles) 

% hObject    handle to edit14 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

  

% Hints: get(hObject,'String') returns contents of edit14 as text 

%        str2double(get(hObject,'String')) returns contents of edit14 as a double 

  

% --- Executes during object creation, after setting all properties. 

function edit14_CreateFcn(hObject, eventdata, handles) 

% hObject    handle to edit14 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    empty - handles not created until after all CreateFcns called 

  

% Hint: edit controls usually have a white background on Windows. 

%       See ISPC and COMPUTER. 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

set(hObject,'BackgroundColor','white'); 

end 

  

function MCiL1_Callback(hObject, eventdata, handles) 

% hObject    handle to MCiL1 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

  

% Hints: get(hObject,'String') returns contents of MCiL1 as text 

%        str2double(get(hObject,'String')) returns contents of MCiL1 as a double 

  

% --- Executes during object creation, after setting all properties. 

function MCiL1_CreateFcn(hObject, eventdata, handles) 
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% hObject    handle to MCiL1 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    empty - handles not created until after all CreateFcns called 

  

% Hint: edit controls usually have a white background on Windows. 

%       See ISPC and COMPUTER. 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

set(hObject,'BackgroundColor','white'); 

end 

  

function edit16_Callback(hObject, eventdata, handles) 

% hObject    handle to edit16 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

  

% Hints: get(hObject,'String') returns contents of edit16 as text 

%        str2double(get(hObject,'String')) returns contents of edit16 as a double 

  

% --- Executes during object creation, after setting all properties. 

function edit16_CreateFcn(hObject, eventdata, handles) 

% hObject    handle to edit16 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    empty - handles not created until after all CreateFcns called 

  

% Hint: edit controls usually have a white background on Windows. 

%       See ISPC and COMPUTER. 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

set(hObject,'BackgroundColor','white'); 

end 

  

function MCiL2_Callback(hObject, eventdata, handles) 

% hObject    handle to MCiL2 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

  

% Hints: get(hObject,'String') returns contents of MCiL2 as text 

%        str2double(get(hObject,'String')) returns contents of MCiL2 as a double 

  

% --- Executes during object creation, after setting all properties. 

function MCiL2_CreateFcn(hObject, eventdata, handles) 

% hObject    handle to MCiL2 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    empty - handles not created until after all CreateFcns called 

  

% Hint: edit controls usually have a white background on Windows. 

%       See ISPC and COMPUTER. 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 
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set(hObject,'BackgroundColor','white'); 

end 

  

function MCiL3_Callback(hObject, eventdata, handles) 

% hObject    handle to MCiL3 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

  

% Hints: get(hObject,'String') returns contents of MCiL3 as text 

%        str2double(get(hObject,'String')) returns contents of MCiL3 as a double 

  

% --- Executes during object creation, after setting all properties. 

function MCiL3_CreateFcn(hObject, eventdata, handles) 

% hObject    handle to MCiL3 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    empty - handles not created until after all CreateFcns called 

  

% Hint: edit controls usually have a white background on Windows. 

%       See ISPC and COMPUTER. 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

set(hObject,'BackgroundColor','white'); 

end 

  

function MCiL4_Callback(hObject, eventdata, handles) 

% hObject    handle to MCiL4 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

  

% Hints: get(hObject,'String') returns contents of MCiL4 as text 

%        str2double(get(hObject,'String')) returns contents of MCiL4 as a double 

  

% --- Executes during object creation, after setting all properties. 

function MCiL4_CreateFcn(hObject, eventdata, handles) 

% hObject    handle to MCiL4 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    empty - handles not created until after all CreateFcns called 

  

% Hint: edit controls usually have a white background on Windows. 

%       See ISPC and COMPUTER. 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

set(hObject,'BackgroundColor','white'); 

end 

  

function MCiL5_Callback(hObject, eventdata, handles) 

% hObject    handle to MCiL5 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 
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% Hints: get(hObject,'String') returns contents of MCiL5 as text 

%        str2double(get(hObject,'String')) returns contents of MCiL5 as a double 

  

% --- Executes during object creation, after setting all properties. 

function MCiL5_CreateFcn(hObject, eventdata, handles) 

% hObject    handle to MCiL5 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    empty - handles not created until after all CreateFcns called 

  

% Hint: edit controls usually have a white background on Windows. 

%       See ISPC and COMPUTER. 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

set(hObject,'BackgroundColor','white'); 

end 

  

function MCiL6_Callback(hObject, eventdata, handles) 

% hObject    handle to MCiL6 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

  

% Hints: get(hObject,'String') returns contents of MCiL6 as text 

%        str2double(get(hObject,'String')) returns contents of MCiL6 as a double 

  

% --- Executes during object creation, after setting all properties. 

function MCiL6_CreateFcn(hObject, eventdata, handles) 

% hObject    handle to MCiL6 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    empty - handles not created until after all CreateFcns called 

  

% Hint: edit controls usually have a white background on Windows. 

%       See ISPC and COMPUTER. 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

set(hObject,'BackgroundColor','white'); 

end 

  

function MCiL7_Callback(hObject, eventdata, handles) 

% hObject    handle to MCiL7 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

  

% Hints: get(hObject,'String') returns contents of MCiL7 as text 

%        str2double(get(hObject,'String')) returns contents of MCiL7 as a double 

  

% --- Executes during object creation, after setting all properties. 

function MCiL7_CreateFcn(hObject, eventdata, handles) 

% hObject    handle to MCiL7 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    empty - handles not created until after all CreateFcns called 
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% Hint: edit controls usually have a white background on Windows. 

%       See ISPC and COMPUTER. 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

set(hObject,'BackgroundColor','white'); 

end 

  

function MCiL8_Callback(hObject, eventdata, ~) 

% hObject    handle to MCiL8 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

  

% Hints: get(hObject,'String') returns contents of MCiL8 as text 

%        str2double(get(hObject,'String')) returns contents of MCiL8 as a double 

  

% --- Executes during object creation, after setting all properties. 

function MCiL8_CreateFcn(hObject, eventdata, handles) 

% hObject    handle to MCiL8 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    empty - handles not created until after all CreateFcns called 

  

% Hint: edit controls usually have a white background on Windows. 

%       See ISPC and COMPUTER. 

if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 

set(hObject,'BackgroundColor','white'); 

end 

  

% --- Executes during object creation, after setting all properties. 

function axes1_CreateFcn(hObject, eventdata, handles) 

% hObject    handle to axes1 (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    empty - handles not created until after all CreateFcns called 

  

% Hint: place code in OpeningFcn to populate axes1 

  

% --- Executes on button press in Reset. 

function Reset_Callback(hObject, eventdata, handles) 

% hObject    handle to Reset (see GCBO) 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

handles.output=hObject; 

set(handles.MCiL1,'String','0'); 

set(handles.MCiL2,'String','0'); 

set(handles.MCiL3,'String','0'); 

set(handles.MCiL4,'String','0'); 

set(handles.MCiL5,'String','0'); 

set(handles.MCiL6,'String','0'); 

set(handles.MCiL7,'String','0'); 
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set(handles.MCiL8,'String','0'); 

cla(handles.axes1,'reset'); 

set(handles.Dt,'String','0'); 

guidata(hObject,handles); 
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4.3 Observation of internal and surface checks during drying 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MC > 40% MC > 30% MC > 25% MC > 15% MC > 12% 
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4.4 Drying stress residual measurement at the end of drying 
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4.5 Compressive and tensile strains measurement at the end of drying 
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Appendix 5 Using a Conventional Laboratory Kiln as a Simulation of a Solar Cyclic 

Drying” 

5.1 A presentation poster at the 2017 IUFRO division 5 conference, international 

convention, Vancouver, BC 12-16 June 2017 
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5.2 Observation of internal and surface checks during drying 

  
Day 2 D.3 

  
D.4 D.5 

  
D.6 D.7 

  
D.8 D.9 

  
D. 10 D. 16 

  
D.17 D.21 

 

 

D.24 
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The end 


