
 

Optimization of Biomass Power Plants Based on Rubber Wood 
 

 

 

by 

 

 

 

Kraiwit Thampanyasakul 

 

 

 

A thesis submitted partial fulfillment of the requirements for the  

degree of Master in 

Industrial and Manufacturing Engineering 

 

 

 

Examination Committee: Assoc. Prof. Erik L.J. Bohez (Co-Chairperson)  

Dr. Huynh Trung Luong (Co-Chairperson) 

Dr. Mongkol Ekpanyapong 

Dr. Surachai Sanitjai (External Expert) 

 

 

 

Nationality: Thai 

Previous Degree: Bachelor of Engineering in Electrical Engineering 

King Mongkut's University of Technology Thonburi 

Thailand 

 

 

   

Scholarship Donor:  Royal Thai Government Fellowship 

 

 

 

Asian Institute of Technology 

School of Engineering and Technology 

Thailand 

May 2017



ii 

ACKNOWLEDGEMENTS 

 

I would like to express the my deepest gratitude to my supervisor advisor, Assoc. Prof. 

Erik L.J. Bohez for his valuable guidance, attentive supports and devoted time 

throughout the period of process of dissertation. Besides, he kindly recommended me 

about the special study in topic of "Review of Solar drying systems" which also used in 

this research. 

 

I would like to express my sincere thanks to Dr. Huynh Trung Luong who co-

chairperson of committee members. He gave worthy feedback and suggested the Datafit 

program that used to find the regression model in this thesis. 

 

Next, I would like to specifically thank Dr. Surachai Sanitjai, the external expert from 

the King Mongkut’s University of Technology Thonburi (KMUTT). He taught me how 

to optimize the boiler efficiency and the principle of boiler performance. In addition, he 

invited me to join the training course about “Optimization of boiler efficiency by tune 

up burner”. 

 

I am thankful to Dr. Mongkol Ekpanyapong for his kindness and willingness to serve as 

the examination committee member. 

 

Moreover, I am highly indebted to Mr. Wanlop Thampanyasakul (Managing Director), 

Mr. Kittipong Tirapun (Deputy Managing Director) and other staffs in Songkhla 

Biomass Power Plant (SKB), Thailand for all support about information and knowledge 

throughout the research process. 

 

Finally, I am thankful to all faculty members, staffs, seniors and friends in Industrial 

and Manufacturing Engineering at AIT. 



iii 

ABSTRACT 

 

Nowadays, the power plant that used renewable energy sources for generating electric 

power. Biomass is the one of renewable energy sources which comes from organic 

materials. In Songkhla province of southern Thailand, there is the largest rubber 

plantation in the country. The waste rubber wood from plantation and furniture 

manufacturing was purchased as fuel for electricity generation in Songkhla biomass 

power plant (SKB). The problem was found that rubber wood chips was placed on the 

open storage yard for sun drying, which the moisture content of materials was increased 

by rainfall in rainy season. As a result, the overall efficiency was reduced.  

 

This research aims to optimize the boiler efficiency of SKB by adjusting the relevant 

variables. From the historical data, the regression model was built by Datafit program to 

find optimized heat rate and the most influence variable. The obtained results showed 

that the moisture content is the most impact on heat rate. Thus, it should be reduced to 

get better boiler efficiency. 

 

The solar dryer was recommended for drying the materials, which has three types such 

as direct-type, indirect-type and mixed-mode. The lowest payback period of solar dryer 

is direct-type in around three years.  

 

Keywords: Rubber wood, Regression model, Moisture content, Solar dryer, 

Biomass power plant 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background 

 

Currently, most power plants in Thailand consume mainly fossil fuels such as coal, oil 

and natural gas in generating electricity process. However, these fuels will be depleted 

within 40 to 50 years later and not enough for requirement in energy consumption. As a 

result, the Thai government has to import them from other countries, which have 

extremely high price. Moreover, the emissions from burning fossil fuels cause global 

warming effect as well as toxic air and water. Thus, the renewable energy sources (i.e. 

hydropower, solar, biomass, etc.) are used to replace fossil fuels consumption. 

 

Biomass is the most common energy sources which popularly used in the developed 

countries (McKendry, 2002). It is organic material that is derived from plant or creature 

matters such as crops, woods and agriculture, animal and organic industrial wastes 

(Saidur et al, 2011). In power plant, these biofuels are used in combustion process to 

provide heat for making steam in boiler. 

 

Krukanont and Prasertsan (2004) presented that the single largest rubber plantation 

region in the world is Southern Thailand. The rubber trees have the milky-white latex 

fluid that runs out of the bark. However, when rubber trees have aged 20 years or above, 

the latex fluid will not come out. Therefore, the rubber trees in that aged will be cut 

down and transformed to become the furniture or wood chips. The waste woods from 

making furniture are slab woods that cannot transform to be sawn timber. Furthermore, 

wood stumps are usually destroyed by useless burning. 

 

Currently, there is the biomass power plant in Songkhla province in Southern Thailand, 

namely Songkhla biomass co. ltd (Figure 1.1), which used only rubber wood chips as 

biofuel. 

 

 
 

Figure 1.1 Sonkhla biomass co. ltd 

 

The Songkhla biomass power plant has power capacity of 9.9 MW and the objective to 

increase consumption of renewable energy from 10 to 20 percentages in 2022. There are
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three types of woods that Songkhla biomass purchased i.e. wood chips that come from 

the chopped wood factory, slab woods that come from furniture factory and stump 

woods left from rubber tree farms. Additionally, The Songkhla biomass has policy to 

use waste woods (slab and stump woods) for combustion process. All of wood types are 

collected in storage yard that used open air solar drying method to dry these woods. 

However, the problem was found in burning process of boiler. In this paper, the 

optimization method is applied for improve efficiency and effectiveness of the boiler in 

Songkhla biomass power plant, which is affected from relevant variables in burning 

process. 

 

1.2 Statement of the problems 

 

Generally, the boiler that is designed for using with biomass burning has a same process 

or step i.e. drying, volatiles evolution, volatiles ignition, volatiles combustion, flame 

extinguish and char combustion, respectively (Figure 1.2). 

 

 
 

Figure 1.2 Each processes in combustion chamber of boiler 

 

In Figure 1.3, it illustrates the stationary sloping grate type of boiler which is used in 

Songkhla biomass power plant. At drying process in the combustion chamber, rubber 

wood chips will be dried to remove the mass water inside them by making moisture 

evaporation until they ignite. The heat energy that is lost for vaporization of the water 

mass will affect to steam flow rate and thermal efficiency. Although, the steam flow 

rate can be optimized by adjusting primary and secondary air in combustion chamber 

and feeding rate of fuels, they have side effects which cause to decreasing of thermal 

efficiency in the end. For instance, increasing fuel feed rate will rise the unburnt matter 

in bottom ash and enlarging of air for burning completely which may cause excess air 

that involves high stack loss, positive pressure and loss energy in fan usage. The 

unstable combustion effect is main cause of increasing pile firing which leads to 

increase of unburnt biofuels, lower pressure of steam than expectation and high fuel 

feed rate. Therefore, it can be solve by adjusting the relevant variables such as reducing 

the moisture content in rubber wood chips, controlling the primary and the secondary 

air in combustion chamber and improving size of rubber wood chips to be smaller. 
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Figure 1.3 Principle of a sloping grate combustor (Retrieved from 

http://capitalenergy.biz/?p=8860) 

 

The Songkhla Biomass Co. Ltd has used rubber woods in burning process for heating 

boiler. The main cost of this plant is fuel cost that spends around 26.67 percentages of 

income from selling electricity. Therefore, the fuel preparation has to be improved for 

decreasing this cost by increasing the efficiency in burning process. 

 

In fuel preparation process, the problem that was found is the rubber woods having high 

moisture content about 42 percentages and it can be jumped above 50 percentages in 

raining season. The high moisture content affects burning efficiency as the energy of 

heating is lost for vaporization of water in the wet wood chips.  

 

For example, one ton of rubber wood chips have 10% moisture content on the wet basis 

that means in one ton of rubber wood chips, it has 100 kg of the water mass inside. 

When the wood chips are burned, the energy will be lost in evaporation process of water 

inside the wood chips. The heat of vapor water at 100
o
C and 101.3 kPa is 2,257 kJ/kg. 

Therefore, the heat energy requires to evaporate 100 kg of moisture is: 

 

                               
 

Furthermore, at 10% moisture content on the wet basis, the dried rubber wood is 900 kg 

in one tons of wet rubber wood chip. The nominal higher heating value (HHV) of a 

rubber wood is 17.9 MJ/kg (Krukanont and Prasertsan, 2004). Thus, the heat energy that 

is generated from burning rubber wood chip is: 

 

                                
 

If the moisture content of wood chips enlarges, the heat requirement for vaporization of 

water in the wood chips will increase. Moreover, the producing heat from combustion 

of rubber wood will also decrease as shown in Figure 1.4. Consequently, the extra 

energy in vaporization of water can be reduced by drying process for removal the mass 

of water. 
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Figure 1.4 The heat requirement for vaporization of water and energy content of 

rubber wood in different moisture content  

 

As mentioned earlier, the wood chips have to be dried for reducing the mass of water in 

them. However, the Songkhla Biomass has only open air storage yard for keeping all 

the woods and drying them by solar radiation, which cannot protect them from falling 

rain.  Therefore, storage building has to be built for solving this problem and may be 

built as solar dryer to remove humidity in the woods. 

 

The solar dryer is the application of solar energy for drying materials as a requirement. 

Nowadays, the wood chips are dried by open air solar drying method which has some 

severely drawbacks; for example, animal or insect infestation and weather effects. The 

quality of wood chips has been reduced that means the quantity of wood chips loading 

in the furnace will be increased. As a result, fuel cost from purchasing wood chips also 

enhance following the volume of wood chips in burning process. Moreover, using only 

solar radiation is not enough for reduce moisture content as a requirement. Thus, this 

research will evaluate feasibility to apply solar dryer for improved drying process. 

However, the storage building has high capital cost and the cost will be increase if solar 

dryer system is added in storage building. The researcher has to consider about payback 

period if the storage building is built for improve efficiency which reduce the purchase 

woods cost. 

 

1.3 Objectives of the Research 

 

The main objective of this thesis is to optimize the boiler efficiency of the Songkhla 

Biomass power plant by controlling relevant variables such as moisture content in 

rubber wood chips, oxygen in combustion and remained carbon in bottom ash. The 

approach aims to build mathematical model of the relevant variables for finding 

optimized efficiency of boiler. The specific objective is to evaluate building solar dryer 

for storage and drying rubber wood chips before putting them in combustion process, 

which the total extra money from improving efficient by reduced moisture should be 

higher than capital and operating cost. 
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1.4 Scope and limitations 

 

The scope and limitations of this study includes: 

 

1. This research is based on the Songkhla biomass power plant. 

2. The study mainly highlights on burning process in combustion chamber of 

boiler, which does not survey the whole process in power plant. 

3. The biofuel in this research only focuses on rubber woods. 

4. Cost analysis and performance values based on available data from the 

company.  

5. The solar dryer building has limitation about areas (2,000 m
2
). 



 6 

CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Overview of biomass power plant 

 

Amen-Chen et al (2001) said that biomass is a renewable and alternative source that 

produces low sulfur and nitrogen when compared to fossil fuels such as coal, oil and 

natural gas. Resource of biomass includes agriculture crops and their by-products, 

woods, food processing, aquatic plants and animal wastes and municipal solid waste 

(Demirbas, 2001). Commonly, biomass is used to burn for generating energy in various 

applications, for example, cooking, heating homes and producing steam for industrial 

usage or generated electricity. Moreover, burning biomass for produced energy emits 

biogenic carbon dioxide that has less impact of global warming effect than carbon 

dioxide from burning fossil fuels (Gunn et al, 2012).  

 

Currently, the studies on fossil fuel consumption which affects the greenhouse effect 

and the depletion of exhaustible resources have been researched (Hoel and Kverndokk, 

1996). As a result, biomass power plant is considered for reducing fossil fuel 

consumption in generating electricity process. In general power plant, the beginning 

process is extraction of raw materials i.e. the coal mining, oil platforms and wood 

plantations. Afterwards, the materials will be pulverized or refined to be proper fuels 

before loading into the furnace. In the furnace, the combustion of the fuels is providing 

energy to boil the water for producing steam. Subsequently, the steam moves through 

the turbine and rotate the generator. Finally, the magnetic field will cross the coils 

inside generator, which the electric power is generated. There are some case studies 

about biomass power plant as the following: 

 

Mann and Spath (2001) presented that the biomass co-firing in a coal-fired power plant, 

which wood residues are added to burn with coals in combustion process. Therefore, 

emissions of SO2, NOx, non-methane hydrocarbons and carbon monoxide are reduced 

with co-firing. Moreover, resource consumption and solid waste production are much 

less for systems using co-fire. 

  

McIlveen-Wright et al (2001) illustrated that wood-fired combustion plants allow 

probable features such as low emissions and low capacity costs. However, the activity 

of any wood-fired power generation system can be affected by various factors, for 

instance, wood moisture content, plantation yield and afforestation level. According to 

these factors, wood combustion plants can be commercially competitive at some sizes 

with optimization. Therefore, combustion systems may be ignored to find more efficient 

technology for power generation with wood as the fuel, which the main attentions are 

focused on low cost wood and sustainable resources. 

 

Mandoe (2013) presented that the solid biomass fuels have an important higher capacity 

of volatile matter than fossil fuels, such as coal. As a result, operating process of 

biomass power plant has more difficult and complicated when compared to the power 

plant that uses fossil fuels in burning process. Moreover, in three types of biomass fuels 

i.e. solid, liquid and gas, the hardest operating process is the solid biomass fuels. 

Generally, in the burning process, the volatiles of biomass fuels are ignited for 

providing heat energy (Figure 2.1). The liquid and gas biomass fuels are easier to be 

burned than the solid biomass fuels as the solid matter has to be controlled by providing
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air or feeding fuel rates for getting a good and constant burning. As a result, the biomass 

power plants that load the solid fuels in burning process requires high operating 

techniques for getting stable operation. 

 

 
 

Figure 2.1 The combustion of solid biomass fuels (Mandoe, 2013) 

 

2.2 Rubber wood 

 

 
 

Figure 2.2 The usage of rubber tree parts (Forest management and forest products 

research office and royal forest department ministry of natural resources and 

environment, 2005) 
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Li and Fox (2012) said that the rubber trees or Hevea brasiliensis are native to the 

Amazon basin. They are perennial crop that belong to the botanical family 

Euphorbiaceae and the genus Hevea. The main economically important of the rubber 

trees is the milky-white latex fluid that is the primary source of natural rubber. When 

the rubber trees reach five or six years of age, the latex fluid can be harvested by 

tapping deep enough to the vessels without harming the growth of the rubber trees. This 

process, namely “rubber tapping”, receives the latex fluid from the rubber trees until 

their aged between 25 and 30 years. At this range of age, they are cut down as the 

production of latex fluid decreases and depletes. Currently, the rubber woods can be 

transformed to become the furniture or something else as shown in Figure 2.2. 

 

Li and Fox (2012) presented that the mapping of mainland Southeast Asia which shows 

traditional and non-traditional rubber tree plantation areas as shown in Figure 2.3. It is 

clearly that the largest traditional plantation areas are southeastern Vietnam, southern 

Myanmar and southern Thailand.  

 

 
 

Figure 2.3 The mapping of rubber wood plantation in mainland Southeast Asia 

between 2007 and 2009 (Li and Fox, 2012) 

 

In the south of Thailand, the whole rubber tree plantation area in each province is 

shown in Table 2.1 (Krukanont and Prasertsan, 2004). The largest rubber planting area 

is Songkhla province, which is calculated by the program. Although, the rubber trees, 

which are cut down after depleted latex, can be converted into furniture, there are still a  
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lot of waste woods from plantation and furniture process. Generally, only 10% of rubber 

wood becomes to the end products or the furniture. In other words, 90% are the rubber 

wood remains, which consist of 54% small branches that normally burnt down in the 

field, 32% wastes at sawmills and 4% wastes in furniture factories (Prasertsan and 

Vanapruk 1998). Therefore, these waste woods can be used in biomass power plant for 

distributed electricity. 

 

 Table 2.1 List of selected provinces planting rubber in areas (Krukanont 

and Prasertsan, 2004) 

 

Province 
Rubber areas as 

registered (km
2
) 

Rubber areas 

calculated digitally 

(km
2
) 

Differences (%) 

Suratthani 2660 2501 -6 

Nakornsrithammarat 2250 2240 0 

Trang 1695 1769 +4 

Patthalung 822 867 +5 

Satoon 450 443 -2 

Songkhla 2640 2687 +2 

Yala 1512 1304 -14 

Pattani 434 457 +5 

Narathiwas 1424 1335 -6 

 

Prasertsan and Vanapruk (1998) presented the annual availability of rubber wood 

remains of 710,700 tons in the plantation and 422,300 tons at sawmills that can be 

transported to the nearly power plants for sustainable operations if transportation cost is 

affordable. Krukanont and Prasertsan (2004) showed the potential locations of rubber 

wood fired power plants in the south of Thailand. There are eight power plants that have 

less range of the fuel procurement area than 35 km and high wood waste availability. 

The potential locations are tabulated in Table 2.2 that Songkla has the highest wood 

waste availability with a total quantity of 468 tons per square kilometer per year from 

the two power plants. 

 

Table 2.2 Potential locations in Southern Thailand for rubber wood fired power 

plants (Krukanont and Prasertsan, 2004) 

 

Power 

plant 

No. 

Province location 

Power plant 

radius  

(km) 

Wood waste 

availability 

(ton*km
-2

* 

year
-1

) 

Power plant 

capacity 

(MW) 

Optimal unit 

cost of wood 

wastes  

(US cent/ton) 

1 Suratthani 35 109 19.1 195.72 

2 Suratthani 30 234 24.7 247.25 

3 Nakornsrithammarat 30 229 24.5 245.97 

4 Trang 25 237 24.8 248.01 

5 Songkhla 30 159 21.7 222.83 

6 Songkhla 25 309 27 262.98 

7 Yala 30 164 21.9 224.90 

8 Narathiwas 30 186 22.8 233.12 
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However, the rubber wood has a moisture content of around 40% that is wet basis 

percentages of total mass (Koopmans and Koppejan, 1997). For example, in 100 kg of 

rubber wood, there are 60 kg of wood mass and the 40 kg left is the water mass inside it. 

The drying process is required to reduce the mass of water for receiving more efficient 

without lost energy in evaporation process when the wood is burned. 

 

2.3 Overview of boiler efficiency 

 

In this research, the important process that affects to the overall efficiency of biomass 

power plant is the process in boiler system. The efficiency of boiler can be improved by 

adjusting the heat rate in the boiler system.  

 

Saidur et al (2011) presented that biomass can be burned directly without any chemical 

process to generate steam for rotating turbine and making electricity. Thus, the 

producing steam process at boiler is the important part in power plant. The performance 

test is used to check and measure efficiency of boiler. 

 

In the performance test for analyzing and measuring system of steam, there are four 

systems being categorized by steaming process as follows, generating steam system, 

distribution system of steam, steam usage system and reuse steam system. The 

efficiency of boiler can be found by collect the information at generating steam system. 

  

In generating steam system, the efficiency of boiler is computed by using JIS:B8222 

standard which uses with indirect combustion method. The five types of loss in the 

boiler system have to be measured such as stack loss, CO loss, unburnt loss, radiation 

loss and un-account loss as shown in Figure 2.4. Furthermore, the two types of heating 

value are collected. The first value is higher heating value (HHV) that is the overall 

heating energy. The second value is lower heating value (LHV) which is the heat energy 

that can be used to generate steam. 

 

 
 

Figure 2.4 Energy losses in generating steam system 

 

Wienese (2001) presented that the efficiency of a boiler is the energy provided to the 

boiler feed water in heat transfer process to superheated steam as a percentage of the 

energy in the fuel. For using BS 845 standard, there are two ways to practice for doing  
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the method i.e. direct method and indirect or loss method. 

 

In direct or input-output method, the boiler efficiency is defined directly as the 

difference between the energy in steam and the energy in boiler feed water as a 

percentage of the energy in fuel, which shows in the equation below: 

 

                     
                                     

           
          (1) 

 

The necessary advantage of the direct method is easy to calculate as it takes any losses 

which occur during any periods. However, this method needs to acquire the accurate 

consumption of fuel, which is very difficult to collect in fact (Zetao et al, 2015). 

 

The indirect method defines the boiler efficiency by focusing on the energy lost, which 

the direct method highlights on energy made. The equation form is: 

 

                     
                         

           
           (2) 

 

The data of energy losses are collected such as unburnt loss, flue gas loss, radiation loss, 

etc. As a result, the indirect method is more practical than the direct method since the 

main energy loss sources cannot be found in the direct method (Zetao et al, 2015). 

 

Furthermore, Carvalho et al (2013) illustrated the boiler efficiency which is calculated 

by using an indirect method that measuring the losses occurring in the boiler as follows. 

 

                                                           (3) 

 

In case of burning rubber wood chips, the rubber wood chips which has high moisture 

content will not have enough heat value for usage in boiler as the whole heat value in 

them is only consumed for vaporization of water. As a result, they will incompletely 

burn and extinguish in the end. Therefore, the method that is recommended in 

generating steam system to improve efficiency of boiler is reducing the moisture of 

biofuels before feeding in the combustion chamber. The most common technique for 

drying the materials is using solar drying process. 

 

2.4 Principle of boiler performance 

 

The performance test refers to JIS 8222:1993 standards which are indirect combustion 

method. The data are collected and calculated for analyzing boiler system in power 

plant. The efficiency of boiler will show an improvement by using optimization method. 

 

2.4.1 Combustion efficiency 

 

                                                    (4) 

 

In the equation of combustion efficiency, the unburnt carbon loss (           ) includes 

the unburnt carbon in flue gas and unburnt carbon in bottom ash. 
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2.4.2 Thermal efficiency 

 

The devices that can produce heat energy from burning can be computed to find the 

thermal efficiency by using heat loss method as shown in equation below:  

 

                                                                     (5) 

 

2.4.3 Boiler efficiency 

 

From JIS:B8222 standards, the boiler efficiency can be calculated by using equation 

below: 

 

                   (  
                                   

   
)            (6) 

 

From Dulong’s formulas, the higher heating value (HHV) and the lower heating value 

(LHV) of solid fuel for dry basis can be computed from the equation below: 

 

               (     (  
 

  
))                              (7) 

 

                                             (8) 

 

Where:    is the percentage of carbon in total composition of fuel (%) 

    is the percentage of hydrogen in total composition of fuel (%) 

    is the percentage of oxygen in total composition of fuel (%) 

    is the percentage of sulfur in total composition of fuel (%) 

      is the moisture content on the dry basis (decimal, dry basis) 

 

Furthermore, the equations of the HHV and the LHV of solid fuel for dry basis are: 

 

                  
   

   
                (9) 

 

                  
   

   
        (10) 

  

In Eq. 6, the five loss energy values can be found by using equations below: 

 

2.4.3.1 Stack loss 

 

The temperature and volume of gas leaving the boiler affect to the stack loss, which 

involves both excess air and stack temperatures. 

 

                                          (11) 

 

Where:    is the volume of flue gas per mass of fuel (kg-flue/kg-fuel) 

     is the latent heat of flue gas (J/(kg·K)) 

     is the temperature of the flue gas (
o
C) 

     is the ambient air temperature (
o
C) 
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2.4.3.2 Unburnt loss 

 

The unburnt loss, which is the het energy loss from incomplete burning, can be 

measured from bottom ash and fly ash at the end of burning process. 

 

                                       (12) 

 

Where:     is the composition of carbon that is not burnt in bottom ash  

   compared carbon in fuel (mass % w.b.) 

 

2.4.3.3 CO loss 

 

The CO loss is relates to composition of CO in flue gas and the amount of excess air in 

burning process. 

 

                                          (13) 

 

Where:     is the quantity of flue gas in theory (m
3
/kg) 

    is the excess air ratio 

     is the quantity of dry air in theory (m
3
/kg) 

     is the composition of CO in dry flue gas in percentage of volume 

   (%) 

 

2.4.3.4 Radiation and unaccount loss 

 

From the standards, the radiation loss (    ) and unaccount loss (          ) can be 

assumed as ten percentages of HHV value. 

 

2.5 Principle of moisture content 

 

Ekechukwu (1999) presented that the moisture content in a product can be indicated in 

decimal or percentage of wet or dry basis. The moisture content on the wet basis is the 

mass of water in a product per unit weight of the undried product as shown in equation 

below: 

 

         
  

     
                   (14) 

 

While the moisture content on the dry basis is the mass of water in a product per unit 

weight of the dry material in a product as shown in equation below: 

 

 

         
  

  
                   (15) 

 

The relationship between the moisture contents on the wet and dry basis is presented in 

Figure 2.5, which are interrelated in equations as follows: 

 

          *
 

       
+                               (16)
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        *
 

       
+                      (17) 

 

 

 

Figure 2.5 Relationship between moisture contents on wet and dry basis 

(Ekechukwu, 1999) 

 

2.6 Overview of solar drying 

 

 Ekechukwu (1999) described that drying is an ordinary process that used to remove 

moisture from the materials. One of the most common applications for drying is solar 

drying by using solar radiation. Generally, solar dryers are widespread applications in 

agriculture for food and crop drying, which save energy consumption from using fossil 

fuels or biomass in drying process. Solar drying system can be classified into two 

groups, namely, passive and active solar drying system (Ekechukwu and Norton, 1999). 

Furthermore, solar dryers can be also categorized into four types, i.e. direct-type, 

indirect-type, mix-mode and hybrid (Fudholi et al, 2010). 

 

2.6.1 Classification of solar drying 

 

As mentioned earlier, there are two main types of solar drying system (passive and 

active solar drying system) and three sub-types i.e. direct-type, indirect-type and mix-

mode (Ekechukwu and Norton, 1999). In Figure 2.6 illustrates solar dryer in each 

design that shows the different exposed position to solar radiation together with inlet 

and outlet airflows. 

 

Belessiotis and Delyannis (2011) presented the same particular parts between passive 

and active solar drying systems as the following: 

 

 Area for drying the materials, e.g. chamber, cabinet and tunnel. 

 Heating system to generate the hot air, e.g. solar collector. 

 Air circulation system to remove humidity, e.g. chimney and fans. 

 Control and measurement systems, e.g. anemometer and thermometer. 
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In Table 2.3, it presents the comparison between passive and active solar drying systems 

that shows briefly advantages and disadvantages of each system. 

 

 
 

Figure 2.6 Each type of solar dryers (Ekechukwu and Norton, 1999) 

 

Table 2.3 The Difference between passive and active solar drying systems 

 

Passive solar drying Active solar drying 

Using natural air circulation 
Using forced air circulation such as 

fans, etc.  

Low capital cost High capital cost 

Easy to install and operate Complicated to install and operate 

Not require electricity Have a electricity cost 

Difficult to control temperature 

and flow rate 

Use mechanical techniques for control 

temperature and flow rate 

 

2.6.1.1 Passive solar drying systems 

 

Currently, passive solar drying systems are still in primary practice in various countries 

especially in Asia and Africa (Belessiotis and Delyannis, 2011). In this system, hot air 

and humidity take place by natural air circulation that does not use mechanical 

techniques for controlling. As a result, the inlet air flow depends on the location of solar 

drying place.  
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Ekechukwu and Norton (1999) said that passive solar drying systems can be classified 

into two categories. The first category is the open air drying or the open sun drying 

which only spread the materials in a thin layer exposed to the sun. The second category 

is natural circulation solar dryers which include direct-type, indirect-type and mix-

mode. 

 

2.6.1.1.1 Open sun drying or open air drying 

 

Open sun drying is the traditional way to dry the materials in tropical countries. The 

materials are spread on the ground, floor or shelves, which directly expose to solar 

radiation and natural wind (Ekechukwu and Norton, 1999). Additionally, the materials 

can be protected from falling rain and other weather effects by using transparent plastic 

covered over the products. Figure 2.7 illustrates the overview of process in open sun 

drying. There are several drawbacks in open sun drying when it is compared with other 

solar dryers (Table 2.4). 

 

However, the advantages of open sun drying are (Ekechukwu and Norton, 1999): 

 Low capital cost. 

 Low running cost. 

 Not require fuel supplies in drying process. 

 

 
 

Figure 2.7 Process of open sun drying (Sharma et al., 2009) 

 

Table 2.4 Difference between the open sun drying and other solar dryers (Hii et al, 

2012) 

 

Open sun drying Other solar dryers 

Traditional method More recent invention 

Delayed drying Faster drying 

Problems of infestation by animals 

and insect. 
No infestation 

Inferior quality products Better quality products 

Drying possible only on sunny days Drying possible on all days 

Uneven drying Even/Uniform drying 

Space required is higher Low space required 
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2.6.1.1.2 Direct-type of passive solar dryers 

 

Direct-type solar dryers improve upon the open sun drying, which avoid the negative 

properties of the open sun drying such as weather effects and the material losses from 

animals and insects infestation. The features of direct-type of passive solar dryers are 

shown in Figure 2.8 and Figure 2.9 that presents cabinet-type dryers. 

 

 
Figure 2.8 Direct-type of passive solar dryer features (Ekechukwu and Norton, 

1999) 

 

 
Figure 2.9 Process of direct-type of cabinet solar dryers (Sharma et al., 2009) 
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Ekechukwu and Norton (1999) proposed the advantages of direct-type of passive solar 

dryers as follows: 

 

 They are simpler and cheaper in construction than both indirect-type and 

mix-mode for the same capacity. 

 They have a structure that can protect the materials from rains, dusts, insects, 

etc. 

 

On the other hand, the drawbacks of this type are: 

 

 Poor vapor removal that causes slow overall drying rates. 

 Still not possible to control of temperature and final moisture content. 

 The product may be harmed by solar radiation because it directly penetrates 

the materials. For example, the dried wood can catch fire in some hotspots. 

 Required large areas and stirring process for drying every position. 

 

2.6.1.1.3 Indirect-type of passive solar dryers 

 

In indirect-type solar dryers, the materials are placed in trays or shelves inside the turbid 

chamber that is heated by hot air from flowing air pass solar collector as shown in 

Figure 2.10 (Ekechukwu and Norton, 1999). As a result, the materials are not received 

heat directly from solar radiation (Figure 2.11). Consequently, the problem about wood 

catching fire will not occur in indirect-type. The indirect-type solar dryers have a 

separate unit termed as solar collector which is used for heating of the entering air into 

the chamber (Hii et al, 2012). The advantages of indirect-type of passive solar dryers 

are: 

  

 More effective and controllable than open sun drying and direct-type of 

passive solar dryers. 

 To prevent the materials from receiving solar radiation directly. 

 Less requirement of stirring the materials because indirect-type solar dryers 

can apply deep bed drying technique. 

 

However, the disadvantages of indirect-type of passive solar dryers are: 

 

 More capital and running cost since the structures are more complex than 

direct-type, which include piping loops, solar collector, etc. 

 Less efficiency and controllability when compared with indirect-type of 

active solar dryers. 

 

2.6.1.1.4 Mix-mode of passive solar dryers 

 

The mixed-mode solar dryers are combined the design of the direct-type and indirect-

type solar dryers. The solar radiation is used for drying the materials directly through 

transparent screens and pre-heated air in solar collector. Furthermore, mixed-mode solar 

dryers (Figure 2.12) have the structural features same as the indirect-type dryers, i.e. 

solar air heater, insulated ducts, drying chamber and chimney. Moreover, the 

temperature in chamber of mixed-mode solar dryers is higher than indirect-type solar 

dryers because the evaporative cooling does not occur in mixed-mode solar dryers 

(Simate, 2003). 
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Figure 2.10 Indirect-type of passive solar dryer features (Ekechukwu and 

Norton, 1999) 

 

 
 

Figure 2.11 Process of indirect-type passive solar dryers (Sharma et al., 2009) 
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Figure 2.12 Mix-mode of passive solar dryer features (Ekechukwu and Norton, 

1999) 

 

2.6.1.2 Active solar drying systems 

 

Forced convection solar dryers or active solar dryers are appropriate for large quantity 

of product (Belessiotis and Delyannis, 2011). Active solar drying systems apply 

mechanical techniques, like fans or pumps, for forcing the movement of heated air inlet 

and/or wet air outlet. Furthermore, the hybrid system is applied for avoiding some 

disadvantages of the passive solar dryers that use only solar energy as source. Thus, 

active solar drying systems are more efficient and controllability than the passive solar 

drying systems. On the other hand, active solar dryers are more complex and expensive 

than the passive solar dryers since they require fans, ventilators for air circulation and 

electricity supply. 

 

Ekechukwu and Norton (1999) mentioned that active solar dryers can be classified into 

four types, i.e. direct-type, indirect-type, mix-mode and hybrid solar dryers. 

 

2.6.1.2.1 Direct-type of active solar dryers 

 

 Direct-type of active solar dryers are designed similarly to the direct-type of 

passive solar dryers. However, the fans or pumps are used in direct-type of active solar 

dryers which solve the drawbacks of direct-type passive solar dryers (Figure 2.13). For 

instance, the wet air can be removed quickly to outside solar dryers and the moisture 

can be controlled by adjusting the air circulation. 
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Figure 2.13 Direct-type of active solar dryer (Ekechukwu and Norton, 1999) 
 

2.6.1.2.2 Indirect-type of active solar dryers 

 

As with the indirect-type of passive solar dryers, the solar collector and drying chamber 

are separate units in the indirect-type of active solar dryers (Ekechukwu and Norton, 

1999). The ventilators or fans are added in the system for moving the heated air from 

solar collector to the drying chamber and disposing this air to outside as shown in 

Figure 2.14. The advantages of indirect-type of active solar dryers are (Belessiotis and 

Delyannis, 2009): 

 

 Drying rate is high. As a result, the productivity increases as solar dryers can 

be loaded again within few hours. 

 Drying process can be controlled scientifically, which ensures the suitable 

moisture content of the final product. 

 Small surface areas requirement for the same quantity of material. 

 Less restricted by the location of solar dryers than the passive solar dryers. 

 

However, the one drawback of indirect-type of active solar dryers is the high initial 

capital and operation cost (Belessiotis and Delyannis, 2011). 

 

2.6.1.2.3 Mix-mode of active solar dryers 

 

Mix-mode designs combined some features of direct-type and indirect-type 

(Ekechukwu and Norton, 1999).  Mix-mode of active solar dryers comprise the indirect-

type parts such as solar collector, piping loops, fans or ventilators and a separate drying 

chamber. For drying chamber, it can absorb solar radiation directly as in design of 

direct-type solar dryers. In Figure 2.15, it presents the sectional view of the mix-mode 

of active solar dryer. 
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Figure 2.14 Indirect-type of active solar dryer (Ekechukwu and Norton, 1999) 

 

 
 

Figure 2.15 Mix-mode of active solar dryer (Mumba, 1995) 

 

2.6.1.2.4 Hybrid solar dryers 

 

 Belessiotis and Delyannis (2011) said that hybrid solar dryers combine solar 

radiation usage with auxiliary convectional source of energy such as fossil fuels and 

biomass (Figure 2.16). Fossil fuels and/or biomass are required for driven fans and the 

use of auxiliary heating sources which improve the efficiency of drying process 

(Ekechukwu and Norton, 1999). However, this type of solar dryers is unsuitable for the 

application in distant rural area and it has very high capital and running cost in 

comparison to other type solar dryers. 

 

2.6.2 Optimization of solar dryers 

 

Zomorodian et al (2007) presented a new approach employing solar radiation for paddy 

drying. The rough rice solar dryer, which applies a cross flow and the mix-mode active 
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type, consists of an auxiliary electric heating channel, six ordinary solar air heaters 

having 2 m
2
 surface area for each collector and tilting 45° towards the south, a drying 

chamber with an electro-mechanical rotary valve at the bottom of dryer bed and an air 

distributing system. There are two distinct factorial experiments in a completely 

randomized design with three replications for each treatment. The first experiment was 

performed with two factors, i.e. three levels of mass flow rate and two levels of 

discharge interval time. The second experiment was conducted with three factors, i.e. 

four levels of the moisture content of different places on dryer bed, three levels of mass 

flow rate and two level of discharging interval time. The data of the dryer capacity, the 

efficiency of collectors and the overall efficiency of the drying system are collected and 

evaluated. In conclusion, the mass flow rate and discharging interval time effects were 

very significant on rough rice moisture content along the dryer bed. The maximum 

capacity of the dryer had initial moisture content 27% dry basis down to 13% dry basis 

of final moisture content in 3 hours of drying period. The maximum overall efficiency 

of drying system was 21.24% with 55°C average drying air temperature and the 

auxiliary heating channel energy consumption during the drying process compared with 

solar energy was only 6–8%. 

 

 
Figure 2.16 The drying chamber features of hybrid solar dryers (López-Vidaña, 

2013) 

 

Simate (2002) proposed a comparison of optimized mixed-mode and indirect-mode 

natural convection solar dryers for maize. The simulation models of these solar dryers 

were validated with results from a laboratory solar dryer with experiments by solar 

simulator at the University of Newcastle upon Tyne, UK. In this research, it combines 

the solar drying simulations and the cost of the dryer materials for finding the 

techniques that provide minimum drying cost. In summary, optimization offered a 

shorter collector length for the mixed-mode solar dryer (1.8 m) than for the indirect-

type solar dryer (3.34 m) of the identical grain capacity (90 kg). Furthermore, the drying 

cost, annual cost and initial cost of the mixed-mode dryer are lower than those of the 

indirect-mode. However, the quantity of drying grain obtained from the mixed-mode for 

the whole year is less than indirect-type, which the drying costs of the mixed-mode and 

the indirect-type are 12.76 and 16.05 US$/ton, respectively. 
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CHAPTER 3 

METHODOLOGY 

 

The purpose of this research is to build mathematical model for optimizing boiler 

efficiency of Songkhla biomass power plant. In this chapter, the steps of methodology 

are shown as the flow chat in Figure 3.1. The program that was used to find the 

mathematical model is DataFit version 7.1. The historical data was collected from 

Songkhla biomass power plant and was solved by DataFit program to find the 

regression models. In the result, the best regression model that has high coefficient of 

determination (R
2
) was used to find the optimized efficiency of boiler in Songkhla 

biomass power plant. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 The flowchart of methodology 

 

3.1 Collecting data from SKB 

 

In this thesis, the researcher went to the Songkhla biomass power plant (SKB) in Chana 

district, Songkhla in Thailand and collected the historical data from the operating 

department of SKB. However, the data in some months are missing because of 

management plan of power plant.   

 

3.2 Select the variables from historical data 

 

The historical data were collected over seven months, which are May, July, August, 

September, October, November and December. In historical data, there are four 

variables of X values that can be used to find relative result with regression analysis, 

Select the variables 

from historical data 

Applying the DataFit program to find 

regression model of these variables 

Checking the regression model  

Optimized the model to 

improve the efficiency 

Cost benefit analysis 

Collecting data from SKB 
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which are: 

 

 Induced draft fan temperature (
o
C) or Stack temperature 

The induced draft fan temperature or stack temperature is the temperature of gas leaving 

the boiler which can be computed to be the heat loss from the boiler. The high value of 

stack temperature has effect on reducing of boiler efficiency. 

 

 Average furnace temperature (
o
C) 

The furnace temperature is the temperature in the combustion chamber. 

 

 The percentage of O2 (%) 

The percentage of oxygen in air that is consumed in burning process has effect on 

completely burning process. 

 

 The percentage of moisture in fuels (%) 

The percentage of amount of water in the rubber wood affects to the burning process 

that the heat value will be lost for evaporation of these water. 

 

In this research, these variables are put as values of X axis in DataFit program as shown 

in Table 3.1 below: 

 

Table 3.1 The variables that are put in DataFit program 

 

Induced draft fan temperature (
o
C) X1 

Average furnace temperature (
o
C) X2 

The percentage of O2 (%) X3 

The percentage of moisture in fuels (%) X4 

 

 Heat rate (kJ/kWh) 

 The heat rate can be computed by the equation below: 

 

                
                   

            
                     (18) 

 

The heat rate can be presented as efficiency that the high value of heat rate affects to the 

decrease of efficiency. The heat rate is put in DataFit program as values of Y. 

 

3.3 Applying the DataFit program to find regression model of these variables 

 

From the historical data, the four variables such as induced draft fan temperature, 

average furnace temperature, %O2 and fuel moisture are put as the X axis and the heat 

value is put as the Y axis in DataFit program. The historical data are used to find the 

regression model of the whole year by applying seven months (such as May, July, 

August, September, October, November and December) because the data are missing in 

some months. In Datafit program, the data of seven months were put to solve the 

regression analysis. The result of regression analysis will illustrate the R-squared value 

that should be nearly the same as adjusted R-squared value and more than 0.9. Finally, 

the regression model from Datafit program can be used to find value of heat rate by 

changing four variables. 
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3.4 Checking the regression model with seven months 

 

After getting the equation of regression model, the regression model was checked by 

using in each month. The data of four variables in each month were put in equation to 

find the plotted model value. Then the correlation analysis was use to find the relation 

between the heat value from historical data and plotted model value. The coefficient of 

correlation (r) can be found by using Eq. 19. 

 

       
∑     ̅      ̅ 

√∑     ̅  ∑     ̅  
                  (19) 

 

The coefficient of correlation indicates the level of relation of two or more variables, 

which the value of coefficient of correlation is between -1.0 and +1.0 which the value is 

close to -1.0 and +1.0 means highest relation between variables if the value is 0 means 

no relation between them. A positive correlation presents the relation of variables 

increase or decrease in parallel. However, a negative correlation presents the relation 

that one variable increases when the other decreases.  

 

3.5 Optimized the model to improve the efficiency 

 

In Datafit program, the variables from the historical data will be solved to build the 

regression model. From the regression model, the equation will show the most 

influenced variable that affects to the heat rate. Furthermore, the Datafit program can 

evaluate the heat rate by adjusting the value of four variables, which displays the 

decrease of heat rate when rise or reduce some variables. 

 

3.6 Cost benefit analysis 

 

The specific objective in this research is to reduce the moisture content in the rubber 

wood chips as the high moisture content in wood chips is the important problem in fuel 

preparation process which increases the value of heat rate in burning process of boiler. 

The method that is applies to reduce the moisture content in rubber wood chips is using 

solar dryer for drying the materials before loading into the combustion chamber. 

However, the solar dryer has a high capital costs. Moreover, each type of solar dryer has 

different drying efficiency. Therefore, in this research, the benefit cost of extra energy 

from reducing the moisture content in rubber wood chips was compared with the capital 

costs of each type of solar dryer. The type of solar dryer that has the lowest payback 

period of the capital cost will be the best recommended one for Songkhla biomass 

power plant. 
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CHAPTER 4 

DATA COLLECTION 

 

4.1 Historical data from SKB 

 

In Songkhla biomass power plant (SKB), the data about boiler system are displayed on 

the monitor by operating system and collected by the engineers in operation department. 

The historical data are collected in paper form. The engineers of SKB collected the data 

every two hours. In this thesis, there are four variables that have the important effect on 

the heat rate of combustion in boiler system, such as induced draft fan temperature, 

average furnace temperature, oxygen in combustion and fuel moisture. Thus, in 

historical data, the researcher will focus on these four variables and the value of heat 

rate. Moreover the size of rubber wood chips is fixed constantly for every wood chips in 

this research. 

 

The historical data in SKB were collected in the whole year. However, there are some 

months that the data are missing by some reasons, for example, management plan and 

maintenance process. As a result, there are seven months (such as May, July, August, 

September, October, November and December) that can be used to find the regression 

model by Datafit program. 

 

The designed boiler efficiency and power plant efficiency of SKB from theory is 88% 

and 24.76%, respectively. However, the real efficiency of SKB is lower than the 

designed value, which is 18.75%, as the designed power plant efficiency did not include 

the effect of seasons and no closed system as the designed criterion. Moreover, the fuel 

consumption plan of SKB used 90% of rubber stump wood chip and 10% of rubber slab 

wood chip. On the other hand, the current fuel consumption used 50% of mixed wood 

chips of stump and slab and 50% of purchased rubber wood chip since both stump and 

slab wood have high moisture content and large-sized wood chips because of the 

grinder wood machine problem. 

 

Furthermore, this thesis focused on the fuel preparation process in SKB. First, the 

rubber wood chips, rubber slab woods and rubber stump woods are purchased and 

transported to the Songkhla biomass power plant. These materials are placed on the 

storage yard for open sun drying process around three day before sending to the next 

process. For the rubber wood chips, they can be transported to fuel hopper and storage 

silo directly before feeding to service silo and boiler system. For the rubber slab wood 

and rubber stump wood, they have to be transformed into wood chips by grinder wood 

machine before sending to fuel hopper and storage silo. Afterward, the wood chips are 

burned as the fuel in combustion chamber of boiler for turning boiling water into steam. 

The wastes of burning process are bottom ash and fly ash at ash pit and flue gas that 

was removed at chimney. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

 

5.1 The regression model 

 

The variables in historical data that used to find regression model are induced draft fan 

temperature, average furnace temperature, %O2 and fuel moisture. The regression 

analysis of whole year applied the historical data in seven months, for instance, May, 

July, August, September, October, November and December. In Figure 5.1, the 

historical data of seven months were put in the Datafit program as below:  

 

 Y = Heat rate (kJ/kWh) 

 X1 = Induced draft fan temperature (
o
C) 

 X2 = Average furnace temperature (
o
C) 

 X3 = Oxygen in combustion (%) 

 X4 = Fuel moisture (%) 

 

 
 

Figure 5.1 Putting the historical data in Datafit program 

 

After that, the historical data were solved by the Datafit program to get the regression 

model. From the result, The R-squared value (R
2
) of regression model is 0.9663 as 

shown in Figure 5.2. Moreover, the adjusted R-squared value (Ra
2
) is slightly different 

from the R-squared value about 0.00007. Thus, this regression model can be applied to 

find the heat rate from the four variables in historical data. Additionally, the equation of 

this regression model is illustrated in the next page. 
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                                           (20) 

 

Where:  Y  is Heat rate (kJ/kWh) 

  X1 is Induced draft fan temperature (
o
C) 

  X2 is Average furnace temperature (
o
C) 

  X3 is Percentage of oxygen in combustion (%) 

  X4 is Percentage of fuel moisture (%) 

 

 
Figure 5.2 The result of regression analysis of historical data in seven months 

 

In Figure 5.2 and Eq. 20, the most influence variable on the value of heat rate is the 

moisture content in the rubber wood chips (X4). The second and third influences are the 

percentage of oxygen and stack temperature, respectively. Lastly, the least influence 

variable is temperature at the furnace.   
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Besides, the reliability of this regression model is illustrated in Figure 5.3, which the 

angle between the data values resulted by the regression model and the data from 

historical data is nearly the same as 45 degrees. Consequently, the results from 

regression model are slightly different from the raw data. 

 

 
Figure 5.3 Plotted data between heat rate from historical data and regression 

model 

 

5.2 The correlation analysis 

 

The coefficient of correlation (r) was used to check the relation between the regression 

model from the whole year historical data and the value of heat rate from each month. 

The result of coefficient of correlation in each month is shown in Table 5.1. From the 

Table, the coefficients of correlation of each month are around 80-98 percentages, 

which mean the heat rate from historical data and plotted model value have a positive 

relation which the two values will increase and decrease in the same direction. Thus, the 

plotted model value can be used to predict the change of the heat rate in Songkhla 

biomass power plant. 

 

Table 5.1 the coefficient of correlation in seven month 

Months Coefficient of correlation (r) 

May 0.95233 

July 0.81264 

August 0.95572 

September 0.94032 

October 0.98668 

November 0.96487 

December 0.91811 
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5.3 Optimized the heat value by using the regression model 

 

As mentioned earlier, the most influence variable in the regression model is the fuel 

moisture. The relation between the fuel moisture and the heat rate from historical data is 

shown in Figure 5.4, which the x axis is the percentage of fuel moisture and the y axis is 

the value of the heat rate from historical data. The fuel moisture affects to the heat rate 

that increased fuel moisture will enhance the heat rate. the heat rate should be reduce to 

minimum value to get the highest efficiency of boiler as the heat rate means the total 

heat consumption per power output from generation. Therefore, the decrease of fuel 

moisture can reduce the total heat usage and accrue the power output for improving the 

efficiency of power plant. 

 

 
 

Figure 5.4 Plotted data between the fuel moisture and heat rate from historical 

data 

 

In Datafit program, the heat rate can be predicted by changing the percentage of fuel 

moisture and setting other variables at constant. For example, the other variables were 

set as below, which are the best values for getting the lowest heat rate from historical 

data. 

 

 X1 (Induced draft fan temperature, 
o
C) = 104 

 X2 (Average furnace temperature, 
o
C) = 899 

 X3 (Oxygen in combustion, %)  = 8.9 

 

Then the percentage of fuel moisture is varied from 20 to 42 with a difference of two 

between each term to find the value of heat rate. The result is shown in the Table 5.2. 

From the result, at the highest fuel moisture (42%) and lowest fuel moisture (20%), the 

heat rate is 16,802.7713 kJ/kWh and 9,729.9360 kJ/kWh, respectively. Therefore, the 

heat rate will decrease if the moisture content of rubber wood chips is reduced. 
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Table 5.2 Adjusting the percentage of fuel moisture to find the heat rate  

 

Fuel moisture (%) Heat rate (kJ/kWh) 

20 9,729.9360 

22 10,372.9210 

24 11,015.9060 

26 11,658.8910 

28 12,301.8761 

30 12,944.8611 

32 13,587.8461 

34 14,230.8311 

36 14,873.8162 

38 15,516.8012 

40 16,159.7862 

42 16,802.7713 

 

5.4 Optimized solar dryer by cost benefit analysis 

 

As mentioned earlier, In Table 5.2, the best value of moisture in the rubber wood is 

around 20 percent. Therefore, the fuel moisture should be controlled in this range for 

getting highest efficiency. One of the methods that can be used to reduce the moisture 

content in the bio-materials is solar dryer, which applies the energy from solar radiation 

in drying process. Currently, the open air drying has been used in Songkhla biomass 

power plant but this method has low efficiency in reducing the moisture and does not be 

able to protect the rubber woods from the weather effects such as rain, which will 

increase the moisture content of rubber wood chips. Therefore, the solar dryer is 

recommended for drying the rubber wood chips. The solar dryer has more drying 

efficiency than the open air drying. Moreover, the solar dryer can prevent the materials 

from the weather effects. However, the capital cost of solar dryer is extremely high, 

especially the indirect and mixed-mode type of solar dryer as they have very complex 

structure. Consequently, the payback period of each solar dryer was estimated in this 

research, which calculated from the total capital cost of solar dryer divided by the extra 

money from distributing more electrical energy. The generating electrical energy has 

increased because the heat loss was decreased from reducing the mass of water in 

rubber wood chips. 

 

In the scope of this research, the Songkhla biomass power plant has restricted area for 

building the solar dryer. For area 2,000 m
2
, the capital costs of each solar dryer were 

roughly estimated. The capital cost of direct-type is 7,300 baht per square meters 

(Department of Alternative Energy Development and Efficiency of Thailand, 2017). 

Besides, the indirect and mixed-mode type capital cost were computed and shown in 

Table 5.3 (Adelaja et al, 2010 and Weiss and Buchinger, 2012). The three type of solar 

dryers are the passive solar dryer or without ventilation machine.  

 

Afterwards, the extra money can be computed from energy loss in vaporization process 

of water in the rubber wood chips. The equation of the drying efficiency (  ) can be 

used to find the mass of water as shown in next page (Macedo et al, 1978). 
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Table 5.3 The capital cost of each solar dryer for 2000 m
2
 of area  

 

Type of solar dryers Capital costs (Baht) 

Direct-type 14,600,000 

Indirect-type 61,848,000 

Mixed-mode 76,966,400 

 

   
     

     
     ,                  (21) 

 

Where:     is the mass of water (kg) 

     is the latent heat of vaporization of water at atmospheric pressure  

   (kJ/kg) 

     is the intensity of solar radiation on a leaned surface (W/m
2
) 

     is the total area of the dryer which receive solar radiation (m
2
) 

 .   is the time of drying materials (second) 

 

Kumar et al (2016) presented that the drying efficiency of direct-type and indirect-type 

of solar dryers are 9% and 17.95%, respectively. Furthermore, the drying efficiency of 

mixed-mode solar dryer is 21.24% (Zomorodian et al, 2007). The latent heat of 

vaporization for water is 2,257 kJ/kg. The average intensity of solar radiation at 

Songkhla province in Thailand is 217.593 W/m
2
 (Department of Alternative Energy 

Development and Efficiency of Thailand, 2017). The total area of the solar dryer was 

limited at 2,000 m
2
. The drying time of solar dryer was assigned at three days or 

259,200 seconds for all solar dryers, which is the same number of days as solar air 

drying in general basic method of SKB. The evaluation of water weight that was dried 

by each solar dryer was determined in Table 5.4. Moreover, the final moisture content 

of 400 tons of rubber wood chips was computed after drying the materials by each solar 

dryer, which the initial moisture content is 42% from the worst case or the rainy season. 

 

Table 5.4 The evaluation of water weight loss in different solar dryers for 2,000 m
2
 

 

Type of solar 

dryers 

Drying 

efficiency 

(%) 

Mass of 

water 

(kg) 

Final moisture 

content (%) 

Direct-type 9 4,498.0146 40.88 

Indirect-type 17.95 8,971.0403 39.76 

Mixed-mode 21.24 10,615.3145 39.35 

 

The electrical energy that generated from extra heat energy being energy loss of 

vaporization of water in rubber wood chips is shown in Table 5.5. The heat energy loss 

of vaporization of water is the mass of water in rubber wood chips multiplied by the 

latent heat 2,257 kJ/kg. Then the generated electrical energy was calculated from 

converting the extra heat energy to be kilowatt-hour units and multiplied by the gross 

power output efficiency of Songkhla biomass power plant which is 18.75% from 

performance index report. 
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Table 5.5 The amount of extra electrical energy from applying solar dryers 

 

Type of 

solar dryers 

Energy loss of 

vaporization of water 

(MJ) 

The generated electrical 

energy (kWh) 

Direct-type 10,152.0190 528.7510 

Indirect-type 20,247.6379 1,054.5645 

Mixed-mode 23,958.7649 1,247.8523 

 

Finally, the payback period of each solar dryer is illustrated in Table 5.6. The Songkhla 

biomass sold the electrical energy at 5.04 baht per kilowatt-hour. However, there are 95 

days that have the rain (National Statistical Office of Thailand, 2017). Thus, the annual 

profit is the daily profit multiplied by 95 days because the solar dryer is applied only in 

the worst case in this research. Next, the payback period was estimated from total 

capital cost of solar dryer divided by annual profit from extra heat energy. The payback 

period of direct-type, indirect-type and mixed-mode of solar dryers are around 3, 6 and 

6 years, respectively. Therefore, the best recommended solar dryer from the result that 

has the lowest payback period is the direct-type of solar dryer. Furthermore, the 

cumulative annual profit and the payback period were plotted in Figure 5.6. 

 

Table 5.6 The payback period of each solar dryer 

 

Type of 

solar dryers 

Daily profit  

(Bath per day) 

Annual profit  

(Bath per year) 

Payback period 

(year) 

Direct-type 63,957.720 6,075,983.376 2.40 

Indirect-type 127,560.119 12,118,211.289 5.10 

Mixed-mode 150,940.219 14,339,320.768 5.37 

 

For the lowest heat rate value from Table 5.2, the three types of solar dryers in this 

research required more than three days to dry the rubber wood chips at around 20% 

moisture content. The different days for drying the materials of each solar dryer are 

shown in Table 5.7, which based on the initial moisture at 42% of 400 tons of rubber 

wood chips. From this table, the mixed-mode type having the highest drying efficiency 

requires drying time for reducing moisture content to about 20% less than the direct and 

indirect-type of solar dryers. The relation between the final moisture content and drying 

time of each solar dryer is presented in Figure 5.7. 

 

From the performance index report, the information about efficiency and heat rate are 

indicated below: 

 

Total heat consumption  = 1,522,766,709.70095 MJ 

Gross power output generation = 79,291.2  MWh 

Gross power output heat rate  = 19,204.74  kJ/kWh 

Gross power output efficiency = 18.75   % 
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Figure 5.5 The cumulative annual profit and payback period 

 

Table 5.7 The drying time of 400 ton of rubber wood chips for getting moisture 

content from 42% to 20% 

 

Type of solar dryers 
Drying 

time (day) 

Final moisture 

content (%) 

Direct-type 58 20.26 

Indirect-type 29 20.32 

Mixed-mode 24 20.77 

 

 
 

Figure 5.6 The final moisture content and drying time of each solar dryer 
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In Table 5.5, the energy loss of vaporization of water was changed to be the extra heat 

energy as the mass of water was reduced by applying the solar dryer. Moreover, the 

extra heat energy was converted to be the electrical energy in kilowatt-hour units. 

Therefore, the heat rate and efficiency were adjusted by the decrease of heat 

consumption and the rising power output generation as shown in Table 5.8. From the 

result, the gross power output efficiency was improved by using solar dryer in drying 

process. 

 

Table 5.8 The improving efficiency by using each solar dryer 

 

Type of 

solar dryers 

Total Heat 

Consumption 

( MJ) 

Gross Power 

Output 

Generation  

(MWh) 

Gross power 

output heat rate 

(kJ/kWh) 

Gross power 

output 

efficiency 

(%) 

Direct-type 1,512,614,690.69 79,819.95 18,950.33 19.00 

Indirect-type 1,502,519,071.79 80,345.76 18,700.66 19.25 

Mixed-mode 1,498,807,944.84 80,539.05 18,609.70 19.34 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

 

6.1 Conclusions 

 

This thesis studied the boiler efficiency of Songkhla biomass power plant or SKB which 

used the rubber wood chips as the fuels. The boiler efficiency can be optimized by 

adjusting the relevant variables. However, the doing of experiment cannot be done in 

this research as the SKB did not permit to adjust the variables in power plant for 

collecting data. Therefore, the regression analysis was applied to find the relation of the 

boiler efficiency and the relevant variables from historical data of SKB.  

 

In regression analysis, the Datafit program was used to solve the regression model. The 

relevant variables were recorded in historical data which were collected every 2 hours. 

From historical data, there are four important variables such as induced draft fan 

temperature, average furnace temperature, percentage of oxygen in combustion and 

moisture content of rubber wood chips, which has an effect on the heat rate of boiler 

system. Then the regression model was evaluated by historical data of the whole year. 

However, there are missing data of some months. Thus, the historical data of seven 

months such as May, July, August, September, October, November and December were 

used to find the regression model. From the regression model, the most influence 

variable is the fuel moisture. Then the second is oxygen in combustion chamber. Next, 

the third variable is stack temperature. Lastly, the temperature in furnace is the least 

influence variable to heat rate value. As the result, the heat rate will be decreased when 

the moisture content of the rubber wood chips is reduced. In historical data, the 

minimum value of the moisture content being 20% has 9,729.9360 kJ/kWh of heat rate 

from computing by regression model, which is a 42.09% decrease from 16,802.7713 

kJ/kWh of 42% moisture content. 

 

In the worst case or rainy season, the moisture content will rise to around 42% because 

the solar air drying method cannot protect the materials from the weather effects. Thus, 

the solar dryer should be applied to prevent the weather effects and reduce the moisture 

content of the rubber wood chips. From the special study of the researcher about 

“Review of Solar drying systems”, there are three types of solar dryers, which are 

direct-type, indirect-type and mixed-mode. The cheapest capital cost of solar dryer is 

direct-type and the highest efficiency of solar dryer is the mixed-mode type since the 

solar dryer that has the higher drying efficiency will come up with more expense.  

 

In this research, the cost benefit analysis was used to find the payback period of each 

solar dryer. In the worst case, the moisture content of rubber wood chips is 42%. 

Besides, the drying time is three days for 400 ton of wood chips in 2000 m
2
 of area. To 

sum up, the lowest payback period of three solar dryers is direct-type solar dryer that 

total profit from drying wood chips will pay the total capital cost in around 3 years. 

Furthermore, the gross power output efficiency of SKB will increase from 18.75% to 

19% if direct-type solar dryer is applied.  
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6.2 Recommendations for further work 

 

The recommendations of the further work can be described as follow: 

 

 The research has limitation about the doing of experiment. The regression model 

should be used to adjust the variables in the power plant and collect the data 

after operation. 

 

 There are several other methods such as solar kiln that can reduce the moisture 

content in the materials with more efficiency than the solar dryer. However, the 

expense will be high also. Thus, the payback period should be explained to find 

the best recommended method. 

 

 The solar dryer was only applied for the worst case or rainy season in this 

research. Thus, it will improve higher the annual profit and more efficiency if 

the solar dryer is used in other situations. 

 

 The size of rubber wood chip should be optimized before loading to the 

combustion chamber. 

 

 The waste gases being sent out of a chimney can be re-used to dry the rubber 

wood chips before loading in combustion chamber. However, the investment 

costs of duct structure for passing waste gases from the outlet chimney to the 

drying zone are substantially high price. Therefore, the efficiency and payback 

period of this method should be considered.
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APPENDIX A 

Performance Index of SKB in 2016 Part 1 

 

Item Description Code Unit Acc.

1 Gross Power Output GPO MW 9.90

2 Export Power Output (EPC Contractor) : S$ 3,685 EPO MW 9.10

3 Gross Power Output Generation GPOG MWh 79,291.2000

4 House Load HL MWh 10,528.2670

5 RAT from PEA RAT MWh 302.6400

6 Station Service STn MWh 10,830.9070

7 Station Service STn % 13.66

8 Export Power Output Generation EPOG MWh 68,750.7760

9 Net Export Power Output Generation NEPOG MWh 68,448.1360

10 Service Charge from PEA @ 2% PEA MWh 1,368.9630

11 Period Hours PH Hrs 8,784.00              

12 Planned Outage Hours POH Hrs 217.15                 

13 Planned Available Hours PAH Hrs 8,566.85              

14 Forced Outage Hours FOH Hrs 396.98

15 Maintenance Outage Hours MOH Hrs 102.07

16 Unplanned Outage Hours UOH Hrs 499.05

17 Export Power Ouuput Derated MWh Losses - MWh 4,666.19

18 Net Equivalent Unit Derated Outage Hours EUDOH Hrs 512.77

19 Hrs 1,228.97

20 days 51.21

21 Available Hours or Service Hours AH or SH Hrs 8,067.80

22 Equivalent Available Hours EAH Hrs 7,555.03

23 Number of Event by Plant - Time 25

24 Number of Event by PEA - Time 111

25 Total number of Event - Time 136

26 Number of Attempted Unit Starts - Time 136

27 Number of Successful Unit Starts - Time 130

28 Planned Outage Factor POF % 2.47

29 Forced Outage Factor FOF % 4.52

30 Maintenance Outage Factor MOF % 1.16

31 Unplanned Outage Factor UOF % 5.68

32 Service Factor (Availability Factor) SF % 91.85

33 Equivalent Availability Factor EAF % 86.01

34 Reliability Factor RF % 88.19

35 Export Power Output Capacity Factor EPOCF % 86.01

36 Export Power Output Factor EPOF % 93.64

37 Biomass fuel Consumption - Ton 135,556.51

38 Gross Biomass fuel Consumption Rate - kg/kWh 1.709603

39 Export Biomass fuel Consumption Rate - kg/kWh 1.971709

40 Light Oil Consumption - Litres 121,887

41 Biomass fuel HHV - kJ/kg 11,200.70

42 Biomass fuel Heat Consumption MJ 1,518,328,228.58

43 Light Oil HHV - kJ/Litre 36,414.76

44 Light Oil Heat Consumption - MJ 4,438,481.12

45 Total Heat Consumption - MJ 1,522,766,709.70

46 Gross Power Output Heat Rate - kJ/kWh 19,204.74

47 Export Power Output Heat Rate : S$ 3,477 - kJ/kWh 22,149.08

48 Gross Power Output Efficency - % 18.75

49 Export Power Output Efficiency - % 16.25

50 Biomass fuel Price - Baht/kg 0.752743

51 Biomass fuel Cost Baht 102,039,249.32

52 Light Oil Price - Baht/Litre 21.55

53 Light Oil Cost Baht 2,626,111.73

54 Total Fuel Cost Baht 104,665,361.05

55 Gross Power Output Price per Unit - Baht/kWh 1.3200

56 Export Power Output Price per Unit - Baht/kWh 1.5224

รายงาน Performance Index ของโรงไฟฟ้าชวีมวล บรษัิท สงขลาไบโอแมส จ ากัด

ประจ าปี  2559

Total Outage Hours TOH
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APPENDIX B 

Performance Index of SKB in 2016 Part 2 

 
1. Fuel Analysis (As Provided By Client)

Item Description Values Unit Item Description Values Unit Item Description Values Unit

1 Total moisture 43.42            % 1 Total moisture 38.41            % 1 Moisture 38.41          %

2 Ash content 1.40               % 2 Ash content 0.91              % 2 Ash 0.91            %

3 Volatile matter 46.40            % 3 Volatile matter 50.74            % 3 Carbon 29.92          %

4 Fixed carbon 8.78               % 4 Fixed carbon 9.94              % 4 Hydrogen 6.41            %

5 Sulphur 0.06               % 5 Sulphur 0.10              % 5 Nitrogen 0.12            %

6 Gross calorific value 2,644.00       kcal/kg 6 Gross calorific value 2,968.00      kcal/kg 6 Total sulphur 0.10            %

7 Gross calorific value 11.07            MJ/kg 7 Gross calorific value 12.42            MJ/kg 7 Oxygen 62.55          %

8 Net calorific value 2,247.00       kcal/kg 8 Net calorific value 2,638.00      kcal/kg

9 Net calorific value 9.41               MJ/kg 9 Net calorific value 11.04            MJ/kg

Note : Boiler is to be designed to 100% Biomass. Fuel Oil is used as the start-up fuel

2. Maximum Continuous Rate Guarantee

Condition 1 : 90% rubber stump chip and 10% rubber slab chip

Condition 2 : 100% rubber stump chip

Guaranteed boiler capacity (MCR) 50                  t/hr

Design steam temperature 460               
o
C

Design steam pressure 54                  bar(g)

3. Boiler Efficiency Guarantee 88                  % Spec. main steam pressure 50 barA main steam temperature 450 
o
C

4. Fuel Consumption Guarantee

Condition 1 : 90% rubber stump chip 15,239          kg/hr 365,736       kg/day

Condition 1 : 10% rubber slab chip 1,443             kg/hr 16,682     kg/hr 34,632         kg/day 400,368   kg/day 400.37         Ton/day

Condition 2 : 100% rubber stump chip 16,932           kg/hr 16,932     kg/hr 406,368       kg/day 406,368   kg/day 406.37         Ton/day

5. Steam Turbine Guarantee 4.56               kg/kWh

6. Net Power Output Guarantee 9,100            kW Note : The net power output is inclusive of the estimated shredder system power consumption at an approximately 500 kW

7. Net Plant Heat Rate Guarantee 15,820          kJ/kWh Net Eff. 22.76                               %

8. Reliability Guarantee (Trial Run) 336               hrs 14           days

9. Availability Guarantee Dimensioning Data : annual operation hours 8,040 hrs/year (30 days for annual outage), annual full load operation 8,040 hrs/year, design lifetime 25 years

1st year 91.8% (8,040 hrs/year) 91.78            % Operation hours 8,040 hrs/year Unavailability 720         hrs/year 30                                  days/year

Availability (8,760 - C1 - C2) / 8,760 91.37            %

C1 Scheduled maintenance inspection 504                      hrs/year 252                                  hrs/time 10.50      days/time 2                                     time/year

C2 Unscheduled non-availability 256 hrs/year 10.67                               days/year

Rubber Stump Chip Rubber Slab Chip Ultimate Analysis
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APPENDIX C 

Paper Form of Historical Data in SKB 

 
Heat Rate Heat Rate

(BIDF-TT) (Ave-fur)
(BO2-AT) (BCO-AT) Wood chip Rubber Slab Root Timber WSM Total

01/5/2016 00:00

01/5/2016 02:00

01/5/2016 04:00

01/5/2016 06:00

01/5/2016 08:00

01/5/2016 10:00

01/5/2016 12:00

01/5/2016 14:00

01/5/2016 16:00

01/5/2016 18:00

01/5/2016 20:00

01/5/2016 22:00

02/5/2016 00:00

02/5/2016 02:00

02/5/2016 04:00

02/5/2016 06:00

02/5/2016 08:00

02/5/2016 10:00

02/5/2016 12:00

02/5/2016 14:00

02/5/2016 16:00

02/5/2016 18:00

02/5/2016 20:00

02/5/2016 22:00

Blowdown

 % (Valve)

Fuel Biomass (Tons)

Fuel 

moisture

%

CO2

Time MW

Induce draft fan 

Temp.

Average 

Furnace Temp

O2

kJ/kWh% Carbon kg/kWh
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APPENDIX D 

Heat Balance of Boiler System in SKB 
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APPENDIX E 

Fuel Preparation Process in SKB 
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APPENDIX F 

Boiler and Turbine System in SKB 
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APPENDIX G 

Solar Radiation of Songkhla Area in 2010 
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APPENDIX H 

Statistics of Rainfall in Songkhla from 2003 to 2005 

 

 

สถติปิรมิาณฝน ณ สถานอีตุนุยิมวทิยา จงัหวดัสงขลา พ.ศ.2546 - 2558

STATISTICS OF RAINFALL AT METEOROLOGY STATION, SONGKHLA PROVINCE: 2003 - 2015

2546 2547 2548 2549 2550 2551 2552 2553 2554 2555 2556 2557 2558

 ( 2003 )  ( 2004 )  ( 2005 )  ( 2006 )  ( 2007 )  ( 2008 )  ( 2009 )  ( 2010 )  ( 2011 )  ( 2012 )  ( 2013 )  ( 2014 )  ( 2015 )

ฝนรวม (มลิลเิมตร) 2,247.7   1,555.1   3,048.4   1,985.4   1,861.6   2,816.5   2,119.3   2,805.7   2,966.1   2,483.4   2,793.6   1,943.0   1,573.8   Total rain (millimeter)

จ านวนวนัฝนตก (วนั) 153    128    135    176    165    173    153    170    176    156    196    146    147    Number of rainy days (day)

ฝนสงูสดุ (มลิลเิมตร) 150.8      146.0      521.8      388.8      182.0      111.6      178.8      358.0      148.4      268.3      290.5      76.7        71.2        Daily maximum (millimeter)

ฝนรวม (มลิลเิมตร) 1,609.8   1,174.3   - 1,283.8   1,590.5   1,055.4   1,113.1   1,436.0   937.3      1,241.6   1,256.9   984.8      917.9      Total rain (millimeter)

จ านวนวนัฝนตก (วนั) 133    132    - 126    124    100    95    127    86    104    125    96    95    Number of rainy days (day)

ฝนสงูสดุ (มลิลเิมตร) 110.6      72.0        - 77.0        163.6      56.2        91.4        174.7      73.0        171.8      80.2        85.7        60.8        Daily maximum (millimeter)

ฝนรวม (มลิลเิมตร) 1,592.4   1,574.5   1,910.1   - 1,958.1   1,977.3   1,839.2   2,001.8   2,188.8   1,343.3   1,968.4   1,753.0   1,319.6   Total rain (millimeter)

จ านวนวนัฝนตก (วนั) 161    147    153    - 160    156    141    155    164    150    177    172    146    Number of rainy days (day)

ฝนสงูสดุ (มลิลเิมตร) 115.5      89.9        167.1      - 95.9        109.8      201.4      208.0      104.6      99.2        95.6        109.0      62.8        Daily maximum (millimeter)

                         ทีม่า: กรมอุตนุยิมวทิยา กระทรวงเทคโนโลยีสารสนเทศและการสือ่สาร                   

                    Source: Meteorological Department, Ministry of Information and Communication Technology                    

รายการ Item

สถานีอุตนุยิมวทิยาสงขลา Songkhla Meteorology Station

สถานีอุตนุยิมวทิยาสนามบนิหาดใหญ่ Hat Yai Airport Meteorology Station

สถานีอุตนุยิมวทิยาสะเดา      Sa Dao Meteorology Station


