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ABSTRACT
Malaysia is blessed with abundant biomass residue that can potentially be used as a source of electricity generation. One of them is paddy residues. Annually about 3.66 million tonne of paddy residue is left in the fields. Towards year 2020 this value is forecasted to increase to 7 million tonne per year due to emerging technology development in agriculture industries. Paddy residue can potentially be used as feedstock fuel for electricity generation in Malaysia. However, the techno-economic study on paddy residue based power generation for Malaysia condition is still limited. Therefore, this thesis explores the non-technical aspect regarding the potential in using paddy residue, rice husk and rice straw in power generation. In particular LCA (Life Cycle Analysis) and three dimensional integrated economic, energy and environment was employed.  The paddy residue can potentially contribute about 2.26% to the total Malaysia’s electricity generated in 2013. The evaluation of rice husk and rice straw based power generation was compared with coal and natural gas electricity generation. Paddy residue power plants not only could solve the problem of removing rice straw from fields without open burning, but also could reduce GHG emissions that contribute to climate change, acidification, and eutrophication, among other environmental problems. The GHG emission saving from coal based electricity generation is 1790 g CO2-Eq / kWh and 1050 g CO2-Eq / kWh for natural gas power generation. This study had also focussed on paddy residue co-firing at existing coal power plant in Malaysia. The investigation covered the aspects of economic, environmental impact and energy. Co-firing paddy residue with coal power plant become most attractive study due to availability of biomass feedstock, reduce dependency on fossil fuel and GHG emission. Analysis of GHG emissions and energy consumption throughout the entire co-firing paddy residue life cycle was based on selected coal power plant capacity output. This thesis also analyses the implication of paddy residue use under different co-fired ratios, transportation systems and CO2 emission prices. The reduction of GHG emissions was found to be significant even at a lower co-firing ratio. This study evaluates the economic feasibility of rice straw life cycle in electricity generation starting with rice straw collection to electricity generation in Malaysia. For an assumption of 20 years, the cost of electricity generated (COE) are between RM 0.72 / kWh to RM 0.53 / kWh for 20 MW to 500 MW respectively. Considering the COE and fuel cost parameters the optimum design can be achieved with plant capacity 150 MW. A sensitivity analysis on financial feasibility shows that the most influences parameter to the NPV is the sale price. Therefore, this study serves as guideline for further investigation on paddy residue based power generation and helps the policy maker, industrial and financial sector in making the decision for understanding the pro and contra of its implementation in Malaysia.  















ABSTRAK
Malaysia kaya dengan sumber biojisim yang boleh digunakan untuk menghasilkan tenaga elektrik. Salah satunya adalah bahan sisa tanaman padi. Secara tahunan, sebanyak 3.66 juta tan bahan sisa tanaman padi ditinggalkan di sawah. Menjelang 2020, dijangkakan sisa tanaman ini akan meningkat kepada 7 juta tan setahun kerana kemajuan teknologi didalam industri pertanian. Bahan sisa tanaman padi ini boleh digunakan untuk menjadi bahan bakar bagi penghasilan tenaga elektrik di Malaysia. Walaubagaimanapun, terdapat kekangan sumber kajian didalam aspek ini. Sehubungan dengan itu, tesis ini akan mengkaji mengenai isu yang berkaitan dengan potensi penggunaan bahan sisa tanaman padi ini bagi penghasilan tenaga elektrik di Malaysia. Analisis kitaran hayat yang menghubungkan 3 dimensi iaitu aspek ekonomi, tenaga dan alam sekitar akan dibincangkan. Sisa tanaman padi berpotensi untuk menyumbang sebanyak 2.26% daripada keseluruhan tenaga elektrik yang di jana pada 2013 di Malaysia. Penilaian penggunaan sisa tanaman padi yang melibatkan sekam dan jerami untuk penghasilan tenaga elektrik turut  dibandingkan dengan penggunaan arang batu dan gas asli untuk menghasilkan tenaga yang sama. Lojikuasa yang berasaskan sisa tanaman padi bukan hanya dapat mengatasi masalah pembakaran jeramimalah dapat mengurangkan pencemaran udara yang menyebabkan perubahan iklim, pengasidan, entropikasi yang menyumbang kepada masalah alam sekitar. Penjimatan pembebasan gas hijau adalah sebanyak 1790 g CO2-Eq / kWh and dengan arang batu dan 1050 g CO2-Eq / kWh  dengan gas asli. Kajian ini juga memfokuskan kepada campuran sisa tanaman padi dengan arang batu didalam loji kuasa arang batu yang sedia ada. Campuran ini memberi kesan positif kerana limitasi terhadap sumber bahan bakar, kebergantungan terhadap bahan fosil dan pembebasan gas rumah hijau. Analisis ini dijalankan terhadap loji kuasa arang batu yang terpilih di Malaysia yang melibatkan variasi nisbah campuran, faktor pengangkutan dan harga pelepasan gas karbon dioksida. Pengurangan gas rumah hijau dapat dilihat walaupun pada nisbah campuran yang rendah. Ekonomi analisis yang melibatkan kos kitaran hayat dijalankan untuk menilai kebolehlaksanaan jerami padi di dalam penghasilan tenaga elektrik yang mana kajian kitaran ini bermula dari peringkat pengumpulan jerami sehingga terhasilnya tenaga elektrik di Malaysia. Kos penghasilan tenaga elektrik adalah diantara RM 0.72 / kWh ke RM 0.53 / kWh  untuk janakuasa 20MW sehingga 500 MW. Berdasarkan parameter COE dan kos bahan api rekabentuk optimum boleh dicapai dengan kapasiti janakuasa 150 MW. Analisis sensitiviti yang paling mempengaruhi parameter NPV adalah harga jualan tenaga elektrik. Sehubungan dengan itu, kajian ini menyediakan garis panduan untuk kajian lanjut mengenai penggunaan sisa tanaman padi didalam penghasilan tenaga elektrik bagi aspek bukan teknikal. Di harapkan kajian ini dapat membantu sektor kerajaan, sektor industri dan sektor kewangan didalam membuat keputusan dengan merujuk kepada kebaikan dan keburukan implimentasi loji ini di Malaysia.
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NOMENCLATURE
	Symbol
	Description
	Unit

	
	Availability
	

	
	Area served
	km2

	
	Average distance 
	km

	
	Availability factor
	

	
	Average rice straw production
	tonne

	
	Burning fraction of carbon
	

	BRS
	Baled rice straw
	

	
	Carbon content fraction of diesel
	Mass C mass diesel-1

	
	Capital cost
	RM

	
	Emission price of equivalent carbon dioxide
	RM

	
	Carbon content of diesel for transportation
	

	
	National average cost of coal
	RM

	CDEP
	Depreciation cost
	

	CF
	Diesel consumption
	

	
	Emission price of equivalent CO2
	RM

	
	Cost of rice husk
	RM

	CRM
	Repair cost and maintanance
	

	
	Transport personal cost
	

	

	Catchment area 
Circulating fluidized bed
	km2

	CP
	Driver cost
	

	CRF
	Fuel saving cost
	

	CT
	Transportation cost
	

	d
	distance
	

	da
	Average distance
	

	
	Volume of diesel combusted
	L

	
	Density of diesel
	kg L-1

	
	Travel Distance
	km

	
	Diesel oil consumption
	L ha-1

	
	Energy
	MJ ha-1

	
	Avoided GHG emissions from burning rice straw in the fields
	

	
	Avoided GHG emission from displaced coal power
	

	
	Coal CO2 emission
	

	
	Greenhouse gas emissions during coal burn alone
	kg

	
	Emission pollutant (CH4 or N2O)
	

	
	GHG emission from rice straw based power generation
	

	
	Transportation emission of CO2
	

	
	Tractor CO2 emission
	

	EC
	Energy consumption
	

	
	Emission factor of CO2
	

	
	Emission factor (CH4 or N2O)
	

	
	Boiler loss
	

	
	Electricity output power from rice straw
	MW

	
	Energy productivity
	

	EPR
	Potential of electricity generation
	

	
	Energy ratio
	

	
	Rice straw power plant CO2 emission
	

	ESC
	Energy coal saving
	

	
	Energy unit of diesel oil
	MJ L-1

	F
	Diesel price
	

	
	Fuel combustion
	L

	
	Volume of diesel combusted for transportation
	

	
	Farmland factor
	

	
	Fraction oxidised of diesel for transportation
	

	GWP
	Global warming potential
	

	h
	Hour
	

	
	Harvested area
	ha

	
	Heat content of diesel for transportation
	

	
	High heating value
	MJ kg-1

	KP
	Kapar Power Plant
	

	L
	Load
	

	LAS
	Labour average salary
	

	LC
	Labour cost
	

	
	Low heating value
	MJ kg-1

	LT
	Life time
	

	MC
	Maintenance cost
	

	MP
	Manjung Power Plant
	

	
	Molecular weight of carbon
	

	
	Molecular weight of CO2
	

	
	Overall efficiency of the plant
	

	
	Collection efficiency
	

	
	Net energy
	

	
	Net plant heat rate
	MJ kWh-1

	OC
	Overhead cost
	

	
	Carbon content in rice straw
	

	
	Paddy production
	kg

	
	Production quantity of rice husk
	kg

	

	Production quantity of rice straw
Pulverized fuel 
	Kg


	Q
	Quantity
	

	
	Electricity generated
	kWh

	
	Electricity generated by co-firing
	kWh

	
	Electricity generated by burning rice husk alone
	kWh

	
	Rice 
	kg

	
	GHG emission reduction
	

	
	Rice husk co-firing ratio
	

	RF
	Repair factor
	

	
	Straw yield
	tonne km-2

	
	Specific cost for vehicle transport
	RM km-1

	
	Specific energy
	

	SF
	Fuel saving
	

	
	Straw to grain ratio
	

	SOX
	Sulphur Oxide
	

	Sub
	Subsidy
	

	
	Plant operating hour
	h

	
	Transportation to collection centre
	

	
	Transportation to power plant
	

	TCC
	Total collection cost
	

	
	Total consumption hour trip
	

	TPC
	Total plant cost
	

	
	Vehicle capacity
	kg vehicle-1

	
	Weight 
	kg

	
	Total consumption hour trip
	

	
	Weight of rice husk used in co-firing
	kg

	
	Weight of coal used in co-firing
	kg

	
	Yield
	Tonne km-2

	
	
	





Subscript
	Symbol 
	Description

	0,PP→POWER
	No collection centre, paddy production to power plant

	2,CC→POWER
	Two collection centre, collection centre to power plant

	2,PP→CC
	Two collection centre, paddy production to collection centre

	3, PP→CC
	Three collection centre, paddy production to collection centre

	4,CC→POWER
	Four collection centre, collection centre to power plant

	
	Collection centre to Kapar Plant

	
	Collection centre to Manjung Plant

	CO
	Co-firing

	CO2
	Carbon dioxida

	COAL
	Coal

	CH4
	Methane

	I
	Input

	L
	Lorry

	N2O
	Nitrous Oxide

	O
	Output

	
	Paddy production to collection centre

	PG
	Power generation

	RH
	Rice husk

	RS
	Rice straw

	RSC
	Rice straw collection

	T
	Truck
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CHAPTER 1: INTRODUCTION

The whole world is facing the same phenomena in energy industries regarding the global environmental issues, fluctuation of oil prices and depletion of fossil fuel resources. The main human activity that emit green house gases (GHG), mainly CO2, are combustion of fossil fuel for energy and transportation sectors. In 2012, about 30,062 Million tonne of CO2 was generated by energy sector across the world (Enerdata, 2012). In United State, electricity sector is the most notable contributor of CO2 emission with 38% of the total CO2 emission (IEA, 2013). China is the highest ranked country having CO2 emission of 171% increment since the year 2000 (IEA, 2009b). Malaysian energy industries mostly depend on fossil fuel resources for electricity generation. From 1990 until 2004, total CO2 emission is increased by 221% in Malaysia, and fossil fuel consumption contributed most to the increment of CO2 emissions (Muis et al., 2010).
The world is shifting to renewable energy (RE) as an alternative of fast depleting fossil resources and global warming issues. Since 2000, the consumption of renewable sources shows a growing growth pattern in the global clean energy sector. According to (IEA, 2009b), power generation from hydro, wind, solar and other renewable sources exceeded the power generation  from gas and would be twice of that from nuclear source by 2016. Even though, the renewable energy consumption is increasing, the developing countries are still far behind. Countries start setting new targets for penetration of more percentage on RE consumption; Australia is targeting 45 TWh of electricity by 2020, Japan targets to install 14 GW of solar photovoltaic capacity by 2020 and 53 GW by 2030. China and European countries adopted its target to reach a 20% share of renewable energy in final consumption by 2020. The German government trumped the world by setting a target of 50% renewable energy by 2050 (Ho et al., 2009).
The most prevalent forms of renewable energy are solar, biomass, hydro, bio-fuel and geothermal. Among potential sustainable sources, biomass resources are possibly the world’s largest and most sustainable, comprising approximately 220 Billion oven –dry tones of annual primary production (Bakos et al., 2008). Annual world rice production in 2011 is 721.4 Million tonne, and 90.48% is from Asian country (Hanafi et al., 2012). This production will create 973.89 Million tonne of rice straw in the fields (Kadam et al., 2000). Only 20% of world rice straw production is purposely used and the remaining is still not fully utilized (Hanafi et al., 2012).  
The penetrations of renewable energy depends on several factors, such as, resource characteristics, geographical, techno – economic (scale, labour factor), and institutional (policy, legislation)  (Vriesa et al., 2007). The study in agricultural biomass in Canada state that a market incentives and policy mandates has a big impact on the type of bio-energy feedstock and GHG emissions (Tingting et al., 2014). Renewable sources of energy vary widely in their cost-effectiveness and in their availability across the countries.
On the other hand, the main difficulties of the biomass exploitation are caused by the need to establish an efficient logistic system, the low energy density, the seasonal production and variation of quality (Michopoulos et al., 2014). Performing an environmental and economic investigation of biomass based energy system can ensure long term profitability (Jungingera et al., 2006). As worldwide population increases, industrializing economics will need to diversify energy sources turning to those that are sustainable and affordable.
 

1.1	Background
As a tropical country, Malaysia has an abundance of biomass resources that could be utilized for reducing fossil fuel consumption. It makes biomass a highly promising option; compared to others various sources of renewable energy in Malaysia. The government of Malaysia encouraged the utilization of biomass resources to attain energy independence through its National Green Technology Policy (Shekarchian et al., 2011). The residue from agriculture crop used for power generation is still low compared to other biomass resources. About 14 mills have already used agriculture waste for energy demand both for steam and electricity with total capacity amount 1567.2 MW. One potential green application is using paddy residue to generate electricity. The potential of electricity generation from paddy residue is 5652.4 GWh which is 5.4% from the total electricity demand in Malaysia. Unfortunately, the development of paddy residue for electricity generation remains low in Malaysia. Rice husk-based power generation only amounted to 1.38 MW in 2009 (Energy Commission, 2009).  Malaysian government is planning to build a 12 MW rice straw based power plant in the northern region. However, worldwide development of straw utilization for energy conversion has been studied for more than 10 years; research has examined adoption of straw technology from a small scale (<200 kW) to a large scale (>100 MW) and focused on to improve the combustion efficiency and reduce the pollutant emissions (Suramaythangkoor & Gheewala, 2010). Currently, about 130 straw power plants have been established in Denmark, and many more of these power plants have been set up in other European countries. The UN has listed the power generation by straw as a key element in combating environmental problems (Wei-hua et al., 2009).  
In 2012 the production of rice straw in Malaysian fields was 5,084,130 tonnes (Department of Statistics, 2009). Unfortunately, the burning of rice straw remains the current cultural practice of  disposal in Malaysia (Nori et al., 2008). One major problem of open-field straw burning is atmospheric pollution because about 1521.53 kg CO2-Eq is produced from the open burning of one tonne of crop residue. These burning crops polluted air and increased human respiratory ailments (Xu et al., 2010). Besides the potential to increase air quality issues, utilization of rice straw for power production also results in a reduction of greenhouse gas (GHG) emissions and reduced dependency on fossil energy (Suramaythangkoor & Gheewala, 2008). 
The environmental aspect of rice straw-based power generation is important to be analysed because that aspect is a key consideration for technology investment. Rice straw-based power generation potential can be assessed with respect to both environmental and economic concerns based on Malaysian situation before a feasibility study is conducted.   

1.2	Problem statement
Paddy residues provide a great potential in generating electricity in Malaysia. According to Abdullah and Yusup (2010), paddy residue provides major potential as fuel for biomass based electricity generation after palm oil and wood residue in Malaysia due to ample availability of the paddy residue , and with continuous development of biomass energy conversion technologies (Lim et al., 2012). However, a commercialization and utilization of paddy residue in generating electricity is still limited. Until today, open field burning is the most common practice of handling the paddy residue in Malaysia  that is causing  environmental pollution and human hazard (Lim et al., 2012). The generation of electricity from biomass faces various environmental, technological and social challenges (Evan et al., 2010). According to Asadullah (2014), the limitation of biomass energy in commercial scale is due to challenge associated with supply chain and conversion technologies. Inspite of technical issues, the economic issue is the biggest challenge in biomass based power generation such as the pricing of power generated (Thomas & Ashok, 2013). According to Salman and Razman (2014) the most important criterion in developing  renewable energy in Malaysia is the economic aspect. Several studies have assessed the economic and environmental issues (Bryana et al., 2008), unfortunately most of them are focused on local condition. According to Jungingera et al. (2006); Ruiz et al. (2013) biomass resources supply is a complex intrinsic characteristic feedstock which needed a local condition analysis due to period of availability and scattered geographical distribution. The comprehensive studies on economical and environmental aspect of its application can motivate the penetration of paddy residue as one type of fuel in Malaysia mixed electricity generation. This can reduce the dependency on current conventional fuels in energy sector, and at the same time be an initiative in encouraging the development of sustainable energy in Malaysia as stated in Malaysia’s portfolio.

1.3	Objective of the study
The primary objective of this study is to assess the potential of paddy residue in generating electricity in Malaysia by techno-economic feasibility study. The first step is to analyse the Malaysia’s electricity generation pattern and figure out the potential of paddy residue in generating electricity as an option for achieving the government target in increasing the renewable energy consumption in near future. The objectives of the study are summarized as follows:
i. To analyse the potential of  paddy residue  as fuel in electricity generation from energy, environment and economic aspect,
ii. To analyse the energy, environmental and economical aspects of the paddy residue, its preparation as feedstock into electricity generation and co-firing using life cycle assessment (LCA) then compared with coal electricity generation,
iii. To develop a life cycle cost and estimate the economic and environmental impact toward the logistic of paddy straw power generation, 
iv. To identify the optimum analysis of paddy residue based power plant related to economic and environment aspect. 

1.4	Contribution of the study
The original contribution in this study is the techno-economic and environmental analysis of power generation from paddy residue in Malaysia. Therefore, the study focused on life cycle assessment and economic analysis of paddy residue based power generation. Thus, it contributes greatly on the area of energy saving, global warming emissions reduction and also the economic saving of using paddy residue.
The summary for contribution of the research is as follows:
· Propose a method to encourage the development of paddy residue in energy sector.
· Develop a life cycle cost model and engineering economic analysis for paddy residue based electricity generation and comparative analysis with coal power generation.
· Predict the potential energy saving and emission reduction by using paddy residue in electricity generation in place of fossil fuel.
· Calculate the potential saving and subsidy cost for the implementation of paddy residue in electricity generation.
· Present a guideline for further investigation on implementation of paddy residue in power generation sector.
There are a number of research papers which have been published in the international journals and conference proceedings from the outcome of this study. Moreover, this study has been presented for discussion with other researchers in several national and international conferences.

1.5	Thesis Outline
The thesis presents an integrated approach for techno-economic and environmental analysis of power generation from paddy residue in Malaysia. The thesis is divided into five chapters and the organization of the thesis is as shown below:
Chapter 1 provides an introduction to the research background, problem statement, objectives, and contribution of the study and thesis outline.
Chapter 2 presents a literature review that consists of an overview of related studies regarding biomass energy in electricity sector. A comprehensive review is done to examine its relation with this study. A god number of recent journal articles, conference paper, and research report have been reviewed.
Chapter 3 is the research methodology that consists of life cycle assessment system boundary, method to conduct the cost analysis, method to analyse the cost saving, and subsidy cost with the implementation of paddy residue based power generation.
Chapter 4 presents the result obtained from the research methodology carried out. The results and discussion included the potential of paddy residue into electricity generation in Malaysia, analysis on paddy residue preparation as feedstock, the co-firing at existing coal power plants, life cycle cost model and economic analysis, logistic cost and environmental analysis, the optimum allocation of paddy residue power plants and forecasting of the potential of electricity generated toward the sensitivity analysis.
Chapter 5 is the conclusion of this study which consists of the concluding remarks and recommendation for future work. 


















CHAPTER 2: LITERATURE REVIEW

2.1	Introduction
Energy is required in almost all of our daily activities such as agricultural sector, transportation, telecommunication and industrial sector that influences the economic growth. The economic growth in Malaysia is dependent on uninterrupted supply of energy. In 2009, the industrial sector accounted for 43% of the total energy consumed. For the energy sector the main form used are gas and electricity. Electricity energy sector in Malaysia is forecasted to grow, and the demand for electricity is expected to increase from 91,539 GWh in year 2007 to 108,732 GWh in year 2011 (Chandran et al., 2010; EPU, 2010; Koh & Lim, 2010). Accordingly, it is projected that by 2020, the final energy demand in Malaysia will reach 116 MTOE based on annual growth rate of 8.1% (Keong, 2005). Figure 2.1 illustrate  Malaysia’s forecasted electricity generation mix for 2012 until 2030 (Energy Commission, 2011b).

Figure 2.1: Malaysia’s forecasted electricity generation mix for 2012-2030.


2.2	Malaysia’s renewable energy scenario
Malaysia has various energy resources such as oil, natural gas, coal and renewable energies like biomass, solar and hydro. However, the electricity industry is dominated by fossil fuel consumption. Many researches showed that combustion of fossil fuel for electricity generation produces greenhouse gas emission, which have resulted in extreme changes in global climate (Halim, 2009). The main sources of GHG emission is due to dependency on fossil fuel in generating electricity (Shekarchian et al., 2011) . Generally, it has a causal relationship between the energy use and pollutant that have a negative impact to the environment (Ang, 2008). Among them, coal based power generation increased in Malaysia from 9.7% in 1995 to 30.4% in 2009. From 1990 to 2004, the total CO2 emission in Malaysia increased by 221% and more than half of the total increments in CO2 emission is contributed by fossil fuel consumption (Muis et al., 2010). The emission of greenhouse gases is predicted to increase from 43 Million tonnes in 2005 to 110 Million tonnes in 2020 (Mahlia, 2002) .
As a tropical country, Malaysia is rich in biomass resources that can be explored and utilized to reduce the dependency on fossil fuel consumption. Malaysian government had promoted the utilization of biomass resources through the implementation of National Green Technology Policy, which purposely aims to provide sustainable energy consumption and energy dependent (Abdel-Mohdy et al., 2009; Mokhtar, 2002), at the same time biomass energy consumption can increase the income level (Bildirici, 2013).  The utilization of renewable energy is a strategic option to improve the long term energy security and environment protection in Malaysia (Abdul & Lee, 2005; Gan & Li, 2008). Biomass becomes the highest potential source of renewable energy in Malaysia (Ong et al., 2011) and  fulfils the increasing energy needs while preserving the environment. 

2.2.1	Renewable energy consumption
Nowadays, renewable energy sources are one of the most widely used sources apart from the conventional energy sources. For example, China brought its total renewable capacity to 226 GW by adding 37 GW of renewable energy (Singer, 2011). In 2008, Germany’s primary renewable energy consumption was around 7.3% and it is predicted to reach 33% by 2020 (Horne et al., 2009). The electricity generation based on renewable sources for different regions in 2009 is summarized in Table 2.1. The ratio of energy consumption to renewable energy consumption in ASEAN countries is around 16.63% and for Europe is 23.54%. Biomass is the second highest of renewable energy contribution with 7.23% under the hydro energy.

Table 2.1: The electricity generation based on renewable energy in different regions (IEA, 2012)
	Region
	Biomass
	Geothermal
	Solar
	Hydro
	Tidal
/Wave
	Wind
	Total

	
	GWh

	ASIA
	13,817
	19,773
	584
	861,850
	0
	45,727
	941,751

	Europe
	126,791
	5,983
	14,119
	530,440
	497
	134,516
	812,346

	Japan
	21,429
	2,889
	2,758
	82,129
	0
	2,949
	112,154

	USA
	79,002
	17,046
	2,616
	662,370
	33
	78,799
	839,866

	World
	288,113
	66,672
	20,997
	3,328,627
	530
	273,153
	3,978,092



Biomass is a highly potential energy source to be explored as renewable energy. For Malaysia the biomass energy is becoming the highest potential sources of renewable energy (Ong et al., 2011).

2.2.2	Malaysia’s potential biomass resources
Biomass energy is the energy derived from living matter such as field crops and trees, as well as agriculture and forestry wastes and municipal solid wastes (Hinrichs & Kleinbach, 2006). Malaysia is endowed with abundant supplies of biomass resources. Biomass in Malaysia is by products with no or low profit generated from agriculture waste or industrial waste. In Malaysia, the main sources of biomass come from domestic wastes, agriculture residue, animal wastes, wood chips and effluent sludge. Biomass is a sustainable energy because it does not add carbon dioxide to the atmosphere as it absorbs the same amount of carbon in growing as which it releases when burned as fuel.
In 2009, Malaysia’s palm oil production was 7,656,000 tonnes, which is equal to 39% of the world production. These generated a significant Malaysia is the second largest palm oil producer in the world amount of palm oil waste either in the plantation or in the mills. About 60% of the palm fibres and shells, which are considered as the waste, are utilized as the boiler fuel in the mill to generate steam and electricity (Mokanatas, 2010). Malaysia has 532 mills that work in palm oil sectors. Among these mills, only ten mills have fully utilized the palm oil waste as the fuel resources. Table 2.2, shows the amount of palm oil productions and the potential energy that can be generated by palm oil waste.

Table 2.2: Palm oil production and its potential energy generation (MPOB, 2009)
	Year
20
	Production
	EFB
	Fiber
	Shell
	EEFB
	EF
	ES
	ETOTAL

	
	Mtonne
	PJ

	00
	48.05
	20.57
	7.06
	2.35
	127.59
	51.97
	37.13
	216.69

	01
	50.98
	21.82
	7.49
	2.49
	135.37
	55.14
	39.39
	299.90

	02
	50.88
	21.78
	7.48
	2.49
	135.12
	55.04
	39.31
	229.47

	03
	55.37
	23.69
	8.14
	2.71
	147.03
	59.89
	42.78
	249.71

	04
	57.39
	24.56
	8.44
	2.81
	152.38
	62.07
	44.34
	258.79

	05
	60.66
	25.96
	8.92
	2.97
	161.07
	65.61
	46.87
	273.54

	06
	63.83
	27.32
	9.38
	3.13
	169.48
	69.04
	49.32
	287.84

	07
	78.60
	33.64
	1.16
	3.85
	208.71
	85.01
	60.73
	354.45

	08
	87.87
	37.56
	1.28
	4.29
	233.00
	94.91
	67.79
	395.71

	09
	90.07
	38.55
	1.32
	4.41
	239.17
	97.42
	65.59
	406.18



Malaysia’s wood processing industry can be considered as one of the biomass resources for power generation. This industry is one of the largest untapped biomass and co-generator potentials in the country. Malaysia only has five mills that are using wood wastes as fuel which are producing between 900 kW to 10 MW of energy. Figure 2.2 shows Malaysia’s production of primary communities (KPPK, 2009). This created abundant of potential residue that can be utilized as biomass resources.


Figure 2.2: Malaysia production of primary communities (KPPK, 2009)

Malaysia’s agriculture sector contribution to GDP in 2010 was 10.6%. This means that, this sector significantly provides to economic development of Malaysia. The main agriculture crops in Malaysia are rubber, paddy, coconut and cocoa. Among these crops, the most interesting to study in depth is utilization of paddy residue as biomass resources.



2.2.3	Paddy residue as biomass resources in Malaysia
Rice straw and rice husks are the main residues from paddy cultivation, generated during the harvesting and milling process. Malaysia is one of the leading producers of paddy. It has gained 0.48 Million tonne of rice husk (UNDP, 2002) with 3,176,593.2 tonnes production  of rice straw  in a year (Malaysia Economics Statistics, 2011) due to the emerging technological development in agro-industry. Malaysia’s agriculture department is targeting to improve the productivity of the paddy sector from the current yield from 3 to 5 tonnes per hectare to around 8 tonnes per hectare in 2012 and 9 to 10 tonnes per hectare by 2020 (NCER, 2007). Figure 2.3 shows the time line of paddy and paddy residue production from, 1980 to 2010 (Department of Statistic, 2011). If the target is achieved with 10 tonnes per hectare, the output of paddy will be increased to 6,575,474.8 tonnes per year. According to national news agency (BERNAMA, 2013), 200,000 ha idle land in Malaysia will be used for paddy plantation. This will increase to about 30% of paddy production.


Figure 2.3: Paddy and paddy residue production, 1980-2011(Malaysia Economics Statistics, 2011)
Goverment of Malaysia under the National Agriculture Policy has introduced the granary area for the systematic paddy plantation in Malaysia. Granary area refers to major irrigation schemes up to 4000 hectares of paddy plantation. There are eight Granary Areas in Malaysia, namely Muda Agriculture Development Authority (MADA), Kemubu Agriculture Development Authority (KADA), Kerian-Sungai Manik Integrated Agriculture Development Area, Barat Laut Selangor Integrated Agriculture Development Area, Seberang Perak Integrated Agriculture Development Area, Penang Integrated Agriculture Development Area, North Terengganu Integrated Agriculture Development Area (KETARA) and Integrated Agriculture Development Kemasin Semerak. Figure 2.4 shows the paddy production in Granary area in 2011 (Malaysia Economics Statistics, 2011). Half of the total paddy production is from MADA area.


Figure 2.4: Paddy production in Granary Area in 2011(Malaysia Economics Statistics, 2011)

About 40% of total paddy production is from the northern region of Malaysia which is called the rice bowl of Malayisa. Northern region covers several granary areas such as, MADA, IADA P.Pinang and IADA Seberang Perak. 
2.2.4	Energy aspect of biomass resources
Paddy seedlings are planted twice a year in Malaysia, in main season and off season. The main season paddy plantation in Northern region is defined as paddy which has a commencement month of planting between August to February of the following year. 
However, there is no significant difference regarding the tillage energy, fertilizing consumption and harvesting energy between the main season and off season (Bockari-Gevoa et al., 2005). Figure 2.5 shows the paddy harvesting calendar in Peninsular Malaysia.
[image: http://www.bernas.com.my/images/stories/pics/harvesting_cal.gif]
Figure 2.5: Paddy harvesting calendar in Peninsular Malaysia (BERNAS, 2013)

The current practice on paddy plantation in Malaysia is based on four stages, which are land preparation, crop establishment, crop management and harvesting. Figure 2.6 shows the stages of paddy plantation in Malaysia. The paddy field is usually ploughed twice before sowing or planting. The ploughing technique  uses tractor and power tiller. After irrigation water is introduced, around of puddling and land travelling is done. Crop establishment can be done either by direct seeding or transplanting. Direct seeding is a broadcasting of pre-germinated rice seed directly into the field using agriculture machinery. Transplanting method is planting 25 to 35 day old seedling into the main field by manual labour or mechanical transplanter using seedling sown on trays. Crop management is a method to protect the plantation, fertillizer application and weed control. The last stage is harvesting after the paddy has grown for 105  to 120 days from starting of seedling day.

Figure 2.6: Stages of paddy plantation at Malaysia

One potential green application is using paddy residue to generate electricity. The potential of electricity generation from paddy residue is 5652.4 GWh that is 5.4% from total electricity demand in Malaysia. Unfortunately, development of paddy residue for electricity generation remains low in Malaysia. Rice husk-based power generation was only 1.38 MW in 2009  (Energy Commission, 2009). While, rice straw consumption as fuel in biomass energy plants is still not available not only in Malaysia, but also in Southeast Asia (Carlos & Khang, 2008). Utilization of rice straw for generating electricity remains in the discussion phase in Malaysia with plans on the drawing board for 12 MW capacity of electricity using rice straw as a fuel (MADA, 2011a).
The rice straw is left in the paddy field and rice husk is generated in the rice mill. Malaysia has 231 operating rice mills with 174 in peninsular Malaysia and 57 mills in East of Malaysia (Wong et al., 2010). The main process of rice milling is to remove the husk/bran layer and produce white rice. Here the rice husk becomes the by product of this process. Consequently, rice husk accounts for 22% of weight of the paddy and 78% of weight is received as rice (Mohamad Yusof et al., 2008). Only four rice mills operated in Malayisa use rice husk in generating electricity for their own consumption with the total capacity of 6.18 MW under Small Renewable Energy Programme (Energy Commission, 2009). In the northern region of Malaysia, only two rice mills uses their residues to generate electricity. That means, eventhough  large amount of paddy residue is produced, the utilization is still limited. Both  mills consume up to 240 tonne of rice husk per day, or approximately 86,400 per annum for generating a capacity of 700 kW to 1500 kW of electricity. Both of these residues are discharged by landfill and open burning rice straw. The open burning of rice straw  still remains as the cultural and current practice of its disposal in Malaysia (Nori et al., 2008).

2.2.4.1	Development of rice straw disposal management 
About 80% of rice straw industries in the world are applying improper disposal management that causes pollution. Rice straw is rarely used as sources of renewable energy (Binod et al., 2010) and open burning is a common practice applied in majority of Asian countries (UNEP, 2009). Table 2.3 lists the current rice straw disposal management across the world.
China and California have already utilized rice straw as the resource for heat and power production. In China, various projects in Jiangsu Province have a typical size of 12-25 MW electrical capacity per power plant with 50% to 60 % of rice straw as a fuel (Robert, 2009).
The major challenges that are faced by rice straw are economical, technological and organization issues. In California, the researchers focused on economic study on utilizing leached rice straw as fuel for existing biomass boilers (Jenkins et al., 2000).

Table 2.3: Lists the current rice straw disposal management across the world
	Country
	Practice
	Sources

	Indonesia, Philippines
	Straw is heaped into piles at threshing sites and burned after harvest
	(Dobermann & Fairhurst, 2002)

	Thailand, China, Northern India
	All straw remains in the field and rapidly burned in situ
	(Dobermann & Fairhurst, 2002)

	India, Bangladesh, Nepal
	Straw removed and used for cooking, fodder and stable bedding
	(Dobermann & Fairhurst, 2002)

	Valencia  (Spain)
	A project for rice straw blankets to dry farming
	(ECORICE, 2006)

	California
	Burning the rice straw due to low cost disposal method
	(Kadam et al., 2000)

	Thailand
	Annually, 8.5-14.3 M tonne about 90% of  rice straw is burned in the fields 
	(Suramaythangkoor & Gheewala, 2008),(Tipayarom & Oanh, 2007)

	Malaysia
	Open burning practice of rice straw
	(Ahmad, 2010),(Nori et al., 2008)



2.2.4.2	Technology conversion for rice straw energy production
The use of rice straw as a fuel requires knowledge of its heating value (Vargas-Morenoa et al., 2012). There are many studies regarding the model of predicting the ultimate and proximate analysis. Table 2.4 lists the studies related to rice straw heating value model.



Table 2.4: Studies related to rice straw heating value model
	Calorific Value (MJ/kg)
	LHV (MJ/kg)
	HHV (MJ/kg)
	References

	10.24
	
	
	(Prasertsan & Sajjakulnukit, 2006)

	
	15.03
	
	(Jagtar Singh et al., 2008)

	
	14
	
	(Butchaiah Gadde et al., 2009)

	
	
	14.71
Experimental works on California rice
	

	
	
	15-17
	(Foday Robert Kargbo et al., 2010)

	
	HHV-212.2H(%W)-0.8(O(%W)+N(%W))
	
	(Valerio et al.)

	
	34.8c+93.9h+10.5s+6.3n-10.8o-2.5w
(in %)
14
	
	(Butchaiah Gadde et al., 2009)

	14.97
Crushed rice straw in China
	
	
	(Fu et al., 2012)

	16.1
(smash rice straw in China)
	
	
	(Chou et al., 2009)

	
	
	17.8 in Denmark
	(Kadam et al., 2000)



Even though the moisture content of straw is usually more than 60% on wet basis, Malaysian dry weather can quickly dry down the straw to its equilibrium moisture content to about 10-12% (Abdel-Mohdy et al., 2009). 
In general the commissioning of straw power plants during for the past decade used grate boilers (Zbogar et al., 2006). Based on commercial application , direct combustion and thermo chemical conversion are the most promising technology for rice straw heat and power generation (Suramaythangkoor & Gheewala, 2010)  due to flexibility to the fuel characteristics, less sensitivity to slagging/fouling and reduction of the complexity of straw preparation . Typically, direct combustion can be grouped into  fixed bed and fluidized bed combustion systems (Lim et al., 2012) . A study by Bakker et al. (2002), shows that leached rice straw can result in significant improvement of elemental composition and ash fusibility on fluidized bed combustion characteristics. Problem that occurs in fluidized bed combustor fuel by rice straw blend due to aggregation issue is reported as a result of a detailed chemical and petrography study (Huanpeng Liu et al., 2009; Thy et al., 2010).

2.2.5	Economical aspect of biomass resources
Typically, there is a a relationship between economic and technology parameters, according to Jungingera et al. (2006), the unit cost of a technology decreases with increasing diffusion of the technology into the market.
Biomass power generation projects are necessary to perform economic analysis to ensure long term profit. The finding from Bildirici (2013), indicated that biomass energy consumption can stimulus the economy growth for the country. But according to Jungingera et al. (2006), it is dificult to compete with fossil fuel due to the high production cost. Table 2.5 listed the worldwide study on economic factors of biomass based power generation. 
Price of biomass resource are important factor for effective use and successful implementation key of biomass energy in this region (Yoon Lin Chiew  et al., 2011). The literature of electricity cost from biomass based electricity generation is shown in Table 2.6. The study from Korea state that, the gasification gas engine ranging from 0.5 MW to 5 MW is more profitable than combustion system (Moon et al., 2011).


Table 2.5: The worldwide studied on economic factor in biomass based power production
	Country
	Focus
	Type
	References

	China
	Cost of straw based power generation
	Straw;rice, wheat,rape,corn
	(Zhang et al., 2013)

	Thailand
	Electricity generation cost,NPV
	Rice straw
	(Delivand, Barz, Gheewala, et al., 2011)

	Global
	Calculate the NPV over capacity range from 5 MW to 50 MW
	All biomass
	(Caputo et al., 2005)

	Global
	Electricity cost calculated equal to 0.073€/kWh at 50 MW and 0.146€/kWh at 1 MW
	Wood chip
	(Bridgwater et al., 2002)

	Australia
	Measuring the NPV,MIRR,EAE
	Green biomass
	(Bryana et al., 2008)



Table 2.6: Electricity cost from biomass based electricty generation  
	Year
	Author
	Fuel
	Country
	Technology
	Capacity (MW)
	Cost 
($/kWh)

	2002
	Bridgwater et al.
	Wood chip
	Europe
	Pyrolysis
	20
	0.1136

	2002
	Wu et al.
	Rice husk
	China
	Gasification
	1
	0.0425

	2003
	Kumar et al.
	Agriculture residue
	Canada
	Combustion
	450
	0.0503

	2003
	Kumar et al.
	Whole forest biomass
	Canada
	Combustion
	900
	0.0472

	2003
	Kumar et al.
	Forest residue
	Canada
	Combustion
	137
	0.0630

	2007
	Nouni et al.
	Wood
	India
	Gasification
	540×10-3
	0.30-0.55

	2009
	Dwivedi and Alavalapati
	Bio-energy crop
	India
	Gasification
	0.1
	0.15

	2010
	Kumar
	Corn
	USA
	Gasification
	-
	0.1352

	2011
	Delivand et al.
	Rice straw
	Thailand
	Direct combustion
	5-20
	0.0676-0.0899

	2011
	Rendeiro et al.
	Forest residue
	Brazil
	Thermoelectric
	0.05
	0.7640

	2011
	Yagi and Nakata
	Thinned wood
	Japan
	Gasification
	0.3
	0.2

	2012
	Dassanayake and Kumar
	Triticale straw 
	Canada
	Direct combustion
	300
	0.0763±0.00476

	2012
	Upadhyay et al.
	Forest harvest residue
	Canada
	Gasification
	50
	0.0604-0.0623


The biomass total cost is dependent on local condition such as fuel cost and labor cost (Delivand, Barz, & Gheewala, 2011; Jungingera et al., 2006).

2.2.6	Environmental aspect of biomass resources
As a tropical country, Malaysia has an abundance of biomass resources that could be utilized for reducing fossil fuel consumption. The commitment of government to the development of RE is by introducing the Five Fuel Diversification Policy in 1999 by addition of RE as the fifth source of fuel in Malaysia (Mohamed & Lee, 2006). Currently, the government of Malaysia encourages the utilization of biomass resources to attain the energy independence through its National Green Technology Policy (Shekarchian et al., 2011). In 2010, Malaysia introduced the National Renewable Energy Policy. However, the development of RE in Malaysia is still in the early stage and it is estimated that, by utilizing only 5% of renewable energy in the energy mix could save the country by RM 5 Billion over a period of five years (Hashim & Ho, 2011).

2.3	Paddy residue co-firing at existing coal power plant
Malaysia’s energy sector increases the utilization of coal for electricity generation with 80.12% up from 2000 to 2008. The rise of coal consumption affecting  the pattern of CO2 emission in Malaysia due to the effectiveness of Malaysia’s power plants is only about 35% to 40% with the remaining chemical energy converted into heat (Mahlia, 2002). Coal consumption in electricity generation contributes the highest emission factor with 1.1993 kg/kWh compared to others fossil fuel combustions (Mahlia, 2002). 
In this backdrop, co-firing technique comes handy to tackle the coal dependency and rising environment alarms. Co-firing is a technique of adding a base fuel in this case coal, with a dissimilar fuel (biomass), which is an extension of fuel blending practices common to the solid fuels community (Tillman, 2000). Co-firing biomass and coal gives great advantages to less dependence on fossil fuel and reduces the GHG emission (Easterly & Burnham, 1996; Hein & Bemtgen, 1998; Sami et al., 2001). Even feeding a small amount of biomass resources into the boiler could reduce nearly all air emissions (Mann & Spath, 2001). The co-firing biomass with existing coal power plant appears to be most economical and the optimal option for increasing biomass energy utilization  (Hughes, 2000), which is beneficial to the environment. Implementation of co-firing gives some advantages which are increasing boiler efficiency, reduction of cost and GHG emission (Demirbas, 2003). Co-firing also shows an improvement of net energy balance due to the fact that biomass residue combustion consumes less energy compared to mining and transportation of coal (Mann & Spath, 2001). Co-firing paddy residue with coal can avoid the problem of continuity of paddy residue supply due to seasonal production of paddy and more economic compared to their fired alone (Rodrigues et al., 2003). Therefore, this comparatively becomes less risky for utilization,as they still rely on coal as the base fuel in case of interruption of paddy residue supply (Berggren et al., 2008). The capacity of co-firing ratio used is normally up to 20% of biomass mix (Demirbas, 2003). But co-firing at lower ratio does not pose threat or major problem to the boiler operation (Basu et al., 2011) and this will reduce the modification cost of the power plant. 

2.3.1	Current status biomass co-firing
Globally, there are around 150 initiatives of power plants where biomass is co-fired in boilers that uses coal as the main fuel (IEA, 2009a). About 67% of these are from European country mainly in Germany, Finland and UK (Hansson et al., 2009). Table 2.7 lists the current capacity of different biomass type co-fired with coal across the world (IEA, 2009b) . The maximum percentage of biomass that can be fed to the existing fuel feeding system is determined by type of boiler used (Se & Assadi, 2009). According to Se and Assadi (2009) , the summary is result from some pilot plant tests on co-firing different types of biomass resource to the existing coal power plant, indicating that the co-firing is the best choise for low investment of CO2 reduction and also has  a reduction on SOX and NOX emission depending on the type of fuel.

Table 2.7: Current capacity of different biomass types co-fired with coal across the world (IEA, 2009b)
	Country
	Boiler
	Output (MW)
	Primary Fuel
	Co-fired Fuel

	Canada
	PF
	2382
	Lignite,pulverised coal,blended coal
	Wood pellet, dry distiller grain, agriculture residue,grain screenings

	Denmark
	PF,CFB, Grate
	770.6
	Coal, pulverised coal
	Straw, wood chips,wood waste

	Finland
	BFB,CFB,PF
	983.5
	Coal, pulverised coal
	Wood waste,paper waste, biomass

	Germany
	Grate, PF
	813
	Pulverised coal, lignite
	Straw, wood,sewage sludge,straw pellets

	Norway
	CFB
	26
	Coal
	Wood

	Spain
	CFB
	50
	Coal
	Wood waste

	Sweden
	CFB,PF
	1343.5
	Coal,pulverised coal
	Wood,wood waste,pellet

	UK
	PF
	2035
	Pulverised coal
	Various wood,olives,shea,PKE

	USA
	CFB,Grate,PF
	6496
	Lignite,pulverised coal
	Wood,urban wood waste,sawdust and tree trim, wood residue, willow,woodchips,sludge,switchgrass,seed corn, soy bean, tyres,hardwood sawdust,railroad ties,waste paper sludge



Recent data show a rising pattern of coal consumption especially in electricity generation. Coal use increased by 80.12% from 2000 to 2008 in Malaysia, and coal consumption for electricity generation contributed the most to GHG emissions with 1.1993 kg/kWh (Mahlia, 2002). Electricity generation and emission patterns in Malaysia from 1976 to 2008 has indicated that the high dependence of Malaysia on fossil fuel in electricity sector is the main cause of the country’s GHG emissions (Shekarchian et al., 2011).
The co-firing of biomass along with coal in the existing power plants appears to be most economical with large scale application (IEA, 2009b)  and optimal option for increasing biomass energy utilization (Hughes, 2000; Suramaythangkoor & Gheewala, 2008) while also benefitting the environment. Biomass co-firing has been successfully demonstrated in over 228 installations worldwide and most of these plants are located in Finland, USA, Germany, UK and Sweden (Al-Mansour & Zuwala, 2010). However, there are about 17 on-going projects on biomass co-firing (commercial projects) throughout the worlds (IEA, 2009b). Table 2.8 lists the commercial projects (on-going) on direct co-firing type with coal as the primary fuel (IEA, 2009b). Implementation of co-firing offers some advantages including increased boiler efficiency, reduction of cost and lowering of GHG emissions (Demirbas, 2003). Co-firing also improves the net energy balance because biomass residue combustion consumes less energy when mining and transportation of coal are factored into the economic analysis (Mann & Spath, 2001). Utilization of rice straw co-firing with coal is one solution to reduce such costs and also to reduce dependency on fossil fuel resources.




Table 2.8: Current commercialized project (on-going) on direct co-firing type with coal as primary fuel (IEA, 2009b)
	Country
	Plant Name
	Boiler
	Output (MW)
	Co-fired Fuel

	Denmark
	Ensted
	Grate
	40
	Straw, wood chips

	Denmark
	Grenaa Co-Generation Plant
	CFB drum type
	18.6
	straw

	Denmark
	Randers Cogeneration Plant
	Grate (spreader stoker)
	52
	Wood chips

	Finland
	Kantvik Plant
	Grate
	4
	HFO, peat

	Finland
	Lohja Heating Plant
	BFB
	22
	Biomass, REF,HFO

	Finland 
	Naantali CHP Plant
	PF
	260
	Biomass

	Finland
	Pori Mill
	CFB
	12
	Biomass, HFO,LFO

	Finland
	Salo Power Plant
	BFB
	16
	Biomass, peat, REF,HFO,LFO,BGAS

	Finland
	Sakyla Power Plant
	Grate
	9
	HFO, BGAS,Peat

	Finland
	Linnankatu power plant
	PF
	35
	HFO, LFO, Biomasss

	Finland
	Vaskiluoto power plant
	PF
	258
	BIOMASS, HFO, LFO

	Sweden
	Stora Enso Fors Mill
	CFB
	9.6
	Wood, Bark

	UK
	Welsh Power Group
	PF
	363
	PLASTICs, various agri-products

	USA
	Bay Front Station
	Grate
	44
	Wood, shredded rubber, railroad ties

	USA
	City of Tacoma Steam Plant
	BFB
	18
	Wood, refused derived fuel (RDF)




2.3.2	Composition of co-fired fuel
The identification and characterization of chemical properties of biomass resources is the most important task before co-firing in coal power plant (Saidur et al., 2011) due to the different characterizations of both fuels. Biomass has high moisture content of up to 60% while coal has very low moisture content from 6 to 10%. Table 2.9 and Table 2.10 lists the ultimate and proximate analysis of different studies.

Table 2.9: Ultimate analysis of different studies
	
	C
	H
	N
	O
	CI
	S
	HHV(MJ/kg)
	Ref.

	Lignite
	65.20
	4.50
	1.30
	17.50
	0.40
	4.10
	
	(Acma, 2003)

	Rice Husk
	35.60
	4.50
	0.19
	33.40
	0.08
	0.08
	13.24
	(Wilson et al., 2011)

	
	49.30
	6.10
	0.80
	43.70
	
	0.08
	
	(Vassilev et al., 2010)

	
	47.80
	5.10
	0.10
	38.90
	
	
	
	(Saidur et al., 2011)

	
	38.50
	5.20
	0.45
	34.61
	
	
	
	(Channiwala & Parikh, 2002)

	
	26.69
	2.88
	0.21
	70.05
	
	0.17
	15.89
	(Gracia et al., 2012)

	
	37.90
	5.20
	0.14
	27.70
	
	0.61
	14.8(CV)
	(Yusof et al., 2008)

	Rice Straw
	50.10
	5.70
	1.00
	43.00
	
	0.15
	
	(Vassilev et al., 2010)

	
	38.45
	5.28
	0.88
	
	
	
	
	(Huang et al., 2009)

	
	38.24
	5.20
	0.87
	36.26
	
	0.18
	
	(Jenkins et al., 1998)

	
	40.60
	5.28
	
	43.08
	
	
	
	(Parikh et al., 2007)



Table 2.10: Proximate analysis of different studies
	
	VM
	FC
	Ash
	Moisturise
	Ref

	Rice Husk
	61.81
	16.95
	21.24
	
	(Channiwala & Parikh, 2002)

	
	73.00
	13.30
	13.70
	7.27
	(Gracia et al., 2012)

	
	59.20
	14.60
	26.20
	8.80
	(Wilson et al., 2011)

	
	56.10
	17.20
	16.10
	10.60
	(Vassilev et al., 2010)

	
	62.95
	13.40
	18.50
	10.40
	(Yusof et al., 2008)

	Rice Straw
	65.47
	15.86
	18.67
	
	(Jenkins et al., 1998)

	
	59.40
	14.40
	18.60
	7.60
	(Vassilev et al., 2010)

	
	72.70
	11.80
	15.50
	
	(Parikh et al., 2007)



2.3.3	Malaysia existing coal power plants
Table 2.11 lists generation capacities of Malaysian coal power plants (Industri Pembekalan Elektrik di Malaysia, 2009; Oh, 2010). It seems that majority of coal power plants are located in the west coast of Peninsular Malaysia which contributes the highest emission rate of CO2 emission (Lai et al., 2011). Generally, the coals in Malaysia have heat values ranging between 5000 to 7000 kcal/kg (Ministry of Energy Green Technology and Water, 2009). 

Table 2.11: Lists generation capacities of Malaysian coal power plants (Industri Pembekalan Elektrik di Malaysia, 2009; Oh, 2010)
	Name
	Location
	Capacity (MW)
	Region
	Annual Consumption, million tonnes

	Jimah
	NS
	2×700
	Central
	3.50

	Kapar
	Selangor
	2×300;2×500
	Central
	4.00

	Manjung
	Perak
	3×700
	North
	6.00

	Mukah
	Sarawak
	270
	Sabah/Sarawak
	1.20

	PPLS
	Sarawak
	110
	Sabah/Sarawak
	0.70

	Sejingkat
	Sarawak
	100
	Sabah/Sarawak
	0.65

	Tanjung Bin
	Johor
	3×700
	South
	5.25



2.4	Biomass supply chain
Abundance of paddy residue creates a major problem for agriculture waste management. Open burning of rice straw is common practice applied in the many countries of the world, especially in Asia. However, these biomass resources can be used for generating electricity and heat and also be used in transportation sector. Unfortunately, the main barriers in utilizing these resources for energy supply are the high cost of the respective supply chain (Ruiz  et al., 2013) or logistic constraints (Caputo et al., 2005; Meyer et al., 2014). In addition to the expense, the handling and transport of biomass resource to the power plant induces a variety of economic, energy and environment implication (Meyer et al., 2014). The larger fraction of cost in biomass energy generation originates from the logistics operations (Rentizelas et al., 2009), especially from low density biomass fuels like straw (Delivand, Barz, & Gheewala, 2011). The logistics of biomass agricultural community consist of multiple harvesting, storage, pre-processing and transport operation (Ravula et al., 2008). The long-term availability of biomass, the cost of generated energy, and environmental impacts of biomass are among the important factors that need to be assessed in the feasibility study of a bio-energy project (Mobini et al., 2011). However, the detailed cost analysis of logistics operations of rice straw in developing countries is scarce (Delivand, Barz, & Gheewala, 2011). The case of rice straw power plants in China shutting down due to logistic issue of fuel supply proves that the logistic study is important for feasibility project. According to Gold and Seuring (2011), about 12.9% of researches regarding the logistic issues are focusing in Asian countries. Table 2.12 lists the biomass logistic issues in prior studies.

Table 2.12: Biomass logistic issue in prior studies
	Type
	Country
	Focus
	Result
	Ref

	Straw (Bale)
	Thailand
	Cost
	$18.75/tonne for small bale
$19.8 /tonne for large bale
	(Delivand et al., 2011)

	Cotton
	USA
	Cost
	$19.65 Mg-1 to $ 41.26 Mg-1, depends on yield and distance
	(Ana & Searcy, 2012)

	Straw(bale)
	China
	Cost
	The rice straw ready at power plant 338.55 RMB Yuan/ tonne
	(Zhang et al., 2013)

	Woody(vine pruning)
	Spain
	Economic and environment 
	Maximum cost €11.05/tonne and 0.69% of the total CO2 avoided
The cost does not include the collection and preparation stage.
	(Ruiz  et al., 2013)

	Wood
	Japan
	Economic
	Wood supply cost is estimated to be 14000 yen per tonne 
	(Kamimura et al., 2012)

	Rice straw
	Taiwan
	Cost and carbon emissions
	The range is between $ 77.9/Mg to $108/Mg and CO2 emission is between 161.88kg CO2/dry Mg to 266.72 kg CO2/dry Mg
The distance is between 4.2 km to 38 km
	(Chiueh et al., 2012)



2.5	Life cycle Assessment
One way to assess these concerns is through Life Cycle Assessment (LCA). LCA is a process that evaluates the environment impact for the entire period of its life cycle (Kasmaprapruet et al., 2009). Some papers use the life cycle to analyse the different indicators regarding rice straw based power generation. Table 2.13 lists the literature of rice straw based energy production.

Table 2.13: The literature of rice straw based power production
	Country
	Year
	Aim
	Paper

	Thailand
	2013
	GHG analysis of bio-DME production
	(Silalertruksa et al., 2013)

	Sweden
	2013
	The performance of energy and economic of rice straw based bio-refinery
	(Ekman et al., 2013)

	Thailand
	2012
	Impact of socio-economic variable for electricity and ethanol production
	(Delivand et al., 2012)

	Japan
	2012
	Techno-economic and environmental evaluation of bio-ethanol production
	(Roy et al., 2012)

	China
	2011
	The energy study of bio-fuel industries
	(Shie et al., 2011)

	China
	2010
	Analysis of direct and indirect environmental impact
	(Hongtao Liu et al., 2010)



Moreover, there are number of studies carried out to evaluate the life cycle of rice straw based power generation for ethanol and electricity production. For this study, life cycle analysis of energy consumption was used and environmental impact to the global warming potential of rice straw based power production in Malaysia was analysed. The environmental aspect of rice straw-based power generation is important to be analysed because that aspect is a key consideration for technology investment. Information on environmental aspect should be disseminated to fully understand the direction of Malaysia’s future energy (Ali et al., 2012). Rice straw-based power generation potential can be assessed with respect to both environmental and economic concerns based on the Malaysian situation before a pilot study is conducted.   
According to Chauhan et al. (2011), application of the LCA method is helpful in analysing (and helpful in decreasing) environment effects. LCA methodology is gaining attention for measuring the environment impact of the use of biomass as energy sources. Majority of the researchers have agreed that this method is the best tool for estimation of GHG emissions (Sebastián et al., 2011)   and helpful for environmental improvement (Anoop et al., 2010). Some papers that use LCA method are willow based electricity generation (Heller et al., 2004), agriculture crop CHP (Kimming et al., 2011), wood waste in cogeneration plants (Perilhon et al., 2012) and some others. Although, some papers have already covered application of LCA of biomass system to electricity generation, the outcomes are varied according to the approaches used such as the functional unit and system boundaries. Table 2.14 indicates a literature on LCA applied into biomass system electricity generation. This definitely, proves that the results are varied between each study depending on the aim of study and also the coverage of system boundaries.  The main limitation of LCA is that the assumptions and choice of allocation method made throughout the study can affect the results too (Perilhan et al., 2012). 










Table 2.14: Literature on LCA applied into biomass system electricity generation
	Year
	Country
	Process
	Comments
	Author

	1999
	Germany
	10% co-firing straw and residual wood
	Using three different systems to identify the environment impact of co-firing. FU: 1kWh
Result: co-firing reduce the environment impact: 35-37 g CO2/kWh
	(Hartman & Kaltschmitt, 1999)

	1999
	Italy
	IGCC with poplar
	Comparison the environment impact between IGCC with poplar and conventional fossil fuel alone
Include the system boundaries for poplar exclude the conventional fossil fuel
FU: 1 MWh.
Result: 110 kg/MWh
	(Rafaschieri et al., 1999)

	2004
	Italy
	IGCC with biomass
	LCA was applied for biomass energy production only.
FU:1 MJ Result: 170 kg CO2/MWh
	(Corti & Lombardi, 2004)

	2005
	Italy
	IBGCC 
	Comparison between LCA of biomass and LCA of IGCC
Adapt the result to analyse the LCA of IBGCC. FU:1 MJ
Result: 130 kg CO2/MWh
	(Carpentieri et al., 2005)

	2010
	Spain
	Combustion of Poplar and Ethiopian Mustard
	Both energetic crops were compared to natural gas
System boundaries: cultivation, harvest, transport, generation, disposal 
FU: 10 MW, 25 MW, 50 MW
Result: Poplar has less impact than Ethiopian Mustard when used for energetic purpose
	(Butnar et al., 2010)

	2012
	France
	CHP using wood waste
	Comparison between 2 MW and 10 MW of electricity generated from CHP wood waste. System boundaries: wood storage-transport-power generation
FU:1 MJ electricity generated
Result: CO2 emission from 10 MW is less than CO2 emission from 2 MW 
	(Perilhon et al., 2012)

	Table 2.14, continued


	Year
	Country
	Process
	Comments
	Author

	2013
	Taiwan
	Bio-char co-firing with coal
	System boundaries: rice straw collection until system co-firing
FU:1 kWh electricity generation
Result: 1.04 kg CO2-eq/kWh for 10% and 0.99 kg CO2-eq/kWh for 20% co-firing
	(Yu Fong Huang et al., 2013)



2.6	Malaysia’s energy policy scenario
Malaysia Green Technology sector built on April 9th, 2009 aims to conserve the natural environment and resources, which minimises the negative impact of human activities. Under the energy sector different types of programme are listed to encourage the development of green technology in Malaysia. Table 2.15 listed the programme/projects implementation in guiding the future development of RE in Malaysia.













Table 2.15: Programme implementation in guiding the future development of RE in Malaysia
	Year
	Programme
	Aim

	2011
	Renewable Energy Act
	To establish and implement a special tariff system to catalyse the generation of renewable energy

	2011
	Sustainable Energy Development Authority
	To establish the Sustainable Energy Development Authority of Malaysia

	2011
	Fit-in Tariff
	To buy the electricity produced from RE

	2010
	Green Technology Financing Scheme
	RM 1.5 Billion fund for producer and user of green technology

	2009
	National Green Technology and Climate Change Council (MTHPI)
	Formulate policy

	2009
	Malaysia Green Technology
	To conserve the natural environment and resources, which minimises the negative impact of human activities

	2009
	National Renewable Energy Policy and Action Plan
	Enhances the utilization of indigenous RE resources

	2001
	Small Renewable Energy Power Programme (SREP)
	Encourages the utilization of RE in power generation

	2000
	Centre for Education and Training in Renewable Energy Efficiency (CETREE)
	Increases the level of knowledge and awareness on the energy efficiency

	
	Clean Development Mechanism (CDM)
	Gives financial contribution to the projects of reducing GHG emissions



Under Malaysia Green Technology there are incentives and regulations used to encourage the consumption of RE in energy sector. Table 2.16 shows three incentives provided by the government of Malaysia to accelerate the development of RE.





Table 2.16: Three incentives provided by the government of Malaysia to accelerate the development of RE


From 2011, the Feed-in Tariff (F-i-T) is being implemented in Malaysia to ensure that renewable energy becomes a viable and sound long term investment for the company.  Table 2.17 illustrates the F-i-T rates for biomass. 

Table 2.17: F-i-T rates for biomass (16 years duration)
	(a) Installed capacity (MW)
	F-i-T Rates (RM/kWh)

	
	2013
	2014
	2015

	i. 1 to 10
	0.3085
	0.3069
	0.3054

	ii. 11 to 20
	0.2886
	0.2871
	0.2857

	iii. 21 to 30
	0.2687
	0.2673
	0.2660

	(b) Bonus FiT rates
	
	
	

	i. Use of gasification technology
	0.0199
	0.0198
	0.0197

	ii. Use of steam based electricity generating systems with overall efficiency of above 14%
	0.0100
	0.0099
	0.0099

	iii. Use of locally manufactured or assembled gasification technology
	0.0100
	0.0099
	0.0099

	iv. Use of municipal solid waste as fuel source
	0.0982
	0.0964
	0.0947



CHAPTER 3: METHODOLOGY

3.1	Introduction
This research started with an investigation on extensive literature review based on biomass energy. The potential of paddy residue in the scope of energy production was investigated. The surveys and interviews were used in investigating the current condition on paddy residue management in Malaysia. Then, the LCA (Life Cycle Assessment) and LCC (Life Cycle Cost) were carried out to evaluate the environment and economic impacts. The required equations and mathematical model were developed while the collected data during the survey are presented in this thesis.

3.2	Research design
Survey and interview were conducted to investigate and obtain information concerning the current condition of paddy residue which are, rice husk and rice straw in Malaysia. Government agencies like MADA (Muda Agriculture Development Authority), BERNAS (Padiberas National Berhad), SSM (Companies Commission of Malaysia), JAS (Department of Environment), DOA (Department of Agriculture), Department of Statistics, and PTM (Malaysia Energy Commission) were involved in the process of obtaining the rightful information. This study outline is shown in a flow chart presented in Figure 3.1. The electricity production and coal consumption data for Malaysia is obtained from PTM and Department of Statistics. Qualitative survey is involved with the MADA and JAS for in-depth study related to the development of paddy industries in Malaysia and its environment impact.  A series interview survey was done with  MADA on paddy residue management in their area. The overall finding is used to generate the future strategic for developing paddy residue based power generation in Malaysia.
The overall structure of the research design is show in Figure 3.2. This research focused on analyzing the utilization of paddy residue in Malaysia from three viewpoints; energy, environment and economics under the LCA scheme. The economic and environment impacts are analyzed using LCA scheme from this combustion. Then, the paddy residue co-firing to the existing coal power plant is applied to analyze the economic and environment impact. Furthermore, the result obtained is compared with the fossil fuel based power generation in terms of emission and cost-effectiveness. The most critical part in the process is the logistic issue, and then the optimum design output with minimum emission and cost are identified
 (
Literature Search
Data Collection
Quantitative Survey 
Qualitative Interview
Field survey
Web based +
P
ostal
Interview 
(Face to face)
Survey finding
Findings
Future strategic
)
 (
Literature Search
Data Collection
Quantitative Survey 
Qualitative Interview
Field survey
Web based +
P
ostal
Interview 
(Face to face)
Survey finding
Findings
Future strategic
)Figure 3.1: Flow chart process for the study

 (
BIOMASS POWER PLANT
) (
TRANSPO
-
RTATION OF RICE HUSK
) (
RICE MILL
) (
TRANSPORT
-
ATION
 OF PADDY
)FFFFF

 (
ECONOMICAL
)
 (
PADDY PLANTATION
)

 (
EXISTING COAL POWER PLANT
) (
TRANSPO
-
RTATION OF RICE STRAW
) (
COLLECTI
-
ON CENTRE
) (
TRANSPO
-
RTATION OF RICE STRAW
)
 (
ELECTRICITY
) (
RICE STRAW COLLECTI
-
ON
)


 (
ENVIRONMEN
T
AL
)
 (
COAL
)



 (
Figure 3.2: The overall structure of the research design
)	Figure 3.2: Overall structure of research design
106

3.2.1	Population
This study employed a case study approach which allows the LCA and LCC analyses and used location-specific data, thus providing a more rigorous environmental and economic analysis. The results also provide more relevant information needed for any actual government decision making. According to Yimin (2010) , case study is important because any commercial scale in bio-energy system needed to be considered the resource availability; cost, technology, current government policy, and all this parameter have to be assured of their substantial difference from one location to others.  The study area was chosen in Northern area of Malaysia for high production rate of paddy. This area is known as a granary area of Malaysia. Granary areas refer to major irrigation schemes (areas greater than 4,000 hectares) and recognized by the Government in the National Agricultural Policy as the main paddy producing areas (Department of Agriculture, 2012). About 61.2% of paddy production in 2011 is from the Northern region of Malaysia (Department of Agriculture, 2012). Figure 3.3 shows the map of paddy production in Malaysia (red points represent the paddy production area).

[image: ]
Figure 3.3: Map of paddy areas in Malaysia (MADA, 2012)

MADA (Muda Agricultural Development Authority) area is the exact location chosen due to large planted area for paddy production. MADA has the highest production of paddy with 52% among other granary areas in Malaysia (Department of Agriculture, 2012). Figure 3.4 represents the MADA areas in the Northern region of Malaysia. 
[image: ]
Figure 3.4: Map of MADA area (MADA, 2012)

3.2.2	Questionnaire
3.2.2.1	Survey on rice husk based power generation life cycle
A set of questionnaire with six questions was used in order to review availability and consumption of rice husk in the mill operated in Northern region of Malaysia (Appendix B). 
In 2011, there were 105 rice mills registered in the Northern region under SSM. The sample size of 83 rice mills for this study is based on the sample table by Cavana et al. (2001) . Among these only 44 rice mills take part in the survey. About 46% respondents were not willing to take part in the survey and some mills were not reachable. The convenience sampling was used due to the exploratory phase studied in investigating the current uses of rice husk (Cavana et al., 2001). 
Selected lorry drivers from BERNAS customer were chosen for investigating the condition of paddy transportation (Appendix C). The surveys were sent to all 18 BERNAS mills customers in Northern area. In each mill the selected lorry drivers were given the questionnaire based on their willingness to response. A set of questionnaire were given to the paddy lorry driver related to their normal distance travelled and the capacity of their lorry. The data were used for analysis of rice husk and rice straw transportation process. For rice straw transportation the questionnaires were sent to selected MADA areas carrying out rice straw collection and transportation.

3.2.2.2	Survey of rice straw based power generation life cycle
Simple answering session of the questionnaire through telephone was conducted with 27 DFO (District Farmer’s Organisation) Managers in MADA areas to determine the number of areas that are organising rice straw collection. Resulted from these, only two zones were found to organise the rice straw collection and then picked as a sample for this study. Table 3.1 shows the sample survey for rice straw collection.

Table 3.1: Sample survey for rice straw collection
	Zone
	Unit
	Area (km2)

	II
	B
	37.79

	IV
	F
	35.97





3.2.3	Interview
The analysis has found that, only one rice mill which uses rice husk in generating electricity. The in-depth interview was carried out with Ban Heng Bee Rice Mill officials.
The interview session was done with the Senior Engineer for, Irrigation and Drainage of MADA to get information regarding the management of paddy plantation, starting from land preparation, crop establishment, and crop management to the harvesting of paddy.
Rice husk combustion data were taken from interviews (Appendix D) with selected rice mill that utilizes rice husk to generate electricity, which in this case is Ban Heng Bee Rice Sdn. Bhd.  located in Pendang, Kedah.
The interviews with the Operation Manager of rice straw collection were conducted during January to March of 2011 in MADA area. Interviewees were known by the result of the survey, personal communication and literature searches in this field of research. Then, the interviewees were contacted by telephone and/or in person to provide them with some background of the research and to see whether they are willing to take part. The meeting times were then arranged if they accepted the invitation. To obtain data needed for the study, the interviewees were asked to answer questions in relation to rice straw production processes, rice straw collection, and current potential customers of rice straw within their industries. The interview questions are shown in Appendix E. Summary of all the interview sessions are presented in Table 3.2. 






Table 3.2: Summary of all the interview sessions
	Position
	Date
	Aim

	Boiler Engineer
	5 August 2010
	To study the process involved in the power generation control
Site visit

	Operation Manager
	12 November 2010
	To study the use of rice husk in electricity generation

	Operation Manager
	January –April 2011
	Rice straw production process



3.3	Data prediction
The polynomial curve fitting method was used to estimate and predict the long time series. With this method, the correlation between variable x as a function of available data and response y can be illustrated. This method seeks to find a smooth curve that best fits the data but does not necessarily pass through all the data points. Mathematically, a polynomial of order k in x is an expression in the following form:
                                                                               (3.1)
Thus, equation 3.1 is used to predict the potential of paddy residue based power generation trend. The same concept also applies to determine the energy, environment, and economic saving projection. This method is well known application for data prediction (Shekarchian, 2012). The same concept is being used by several author to estimate the production data (Mahlia, 2001; Mahlia, 2002; Shekarchian, 2012). Table 3.3 shows the collected data from (Department of Statistics, 2009), (MADA, 2012) and (Energy Commission, 2011). 





Table 3.3: Paddy production, electricity and coal consumption data
	Year
	Paddy production (tonne)
	Electricity generation (ktoe)
	Coal consumption (ktoe)

	1990
	              1884984
	                 1979
	                513

	1991
	   1926354
	2283
	599

	1992
	2012732
	2521
	672

	1993
	2104447
	2987
	487

	1994
	2138788
	3362
	598

	1995
	2127271
	3909
	712

	1996
	2228489
	4421
	727

	1997
	2119615
	4977
	740

	1998
	1944240
	5220
	767

	1999
	2036641
	5609
	608

	2000
	2140904
	5955
	991

	2001
	2094995
	6112
	977

	2002
	2197351
	6384
	1086

	2003
	2257037
	6748
	1212

	2004
	2291353
	7075
	1305

	2005
	2314378
	7108
	1348

	2006
	2187519
	7740
	1335

	2007
	2375604
	8385
	1361

	2008
	2353032
	8423
	1713

	2009
	2511043
	9091
	1613

	2010
	2464831
	9791
	1826



3.4	Paddy residue life cycle assessment (LCA)
Life cycle assessment (LCA) methodologies were used to evaluate the paddy residue life cycle purposely for power generation. As paddy residue rice husk and rice straw, both are evaluated in LCA method. The paddy residue preparation emission was determined using LCA software which is Modular Open Source Software for Sustainability Assessment, (Open LCA 2007-2011) version 1.2. Figure 3.5 show the Open LCA version 1.2 interface. This software can design and build a fast, reliable, high-performance, modular framework for sustainability assessment and life cycle modelling (openLCA, 2007).

[image: ] 
Figure 3.5: Open LCA version 1.2 interface

The LCA methodology is essentially the collection of data for input and output of each process in the system boundary. If the boundary is set too narrow some important impacts may be undetected, however if the boundary is too broad, impacts other than the interested one may be included (Blengini & Busto, 2009). Most researchers decide the boundaries for bio energy LCA started from crop grown (input) until energy production (Davis et al., 2009; Nguyen et al., 2008; Ramjeawon, 2008; Suramaythangkoor & Gheewala, 2008). The methods used to achieve the first objective regarding the life cycle analyses of paddy residue preparation are literature review, questionnaire and interview. LCA analysis requires a lot of data, and unfortunately not all data can be taken on site. Malaysia is still behind in LCA analysis compared to Thailand, US and other countries in Europe where they have built a databank for LCA analysis. Therefore data from other source are needed to analyse the 3E impact to the preparation of paddy residue. These data were taken from varieties of literature sources like journal, books, conference paper, government organization statistic, reports, organization statistic, news papers and websites. However, certain data are cited from some international database such as United States Inventory Database and Australia Database. Tibor and Feldman (1996), indicated that there is a chance that not all data required for the LCA study are provided from particular industry, but often assumptions need to be made to help assessing the environmental impact.

3.4.1	LCA of rice husk based power generation
Life cycle analysis is used in assessing the economic, environmental and energy impact to the rice husk combustion in generating electricity. LCA is the collection of data for the input and output indicated in the system boundary. The system boundary used for rice husk life cycle is shown in Figure 3.6. The processes are paddy farming, rice milling, transportation and power generation. The functional unit used for rice husk based electricity generation was 1.5 MWh power plants. 1.5 MWh power plant is choosen due to available data and experience received from 1.5 MWh rice husk boiler installed in Northern region of Malaysia.

[image: D:\My Documents\data analysis\graph.png]
Figure 3.6: System boundary for rice husk based electricity generation
3.4.1.1	Collected data for rice husk based power generation
Most data from paddy production areas are located in the ‘rice bowl of Malaysia’, which include the states of Kedah, Penang, Perlis and North of Perak. Rice husk preparation contains of paddy farming, rice milling and transportation. This involves data collection for inputs and outputs of the process indicated in Figure 3.5. Some data were taken from literature sources, and it was assumed that these data are the same as the data used in Malaysia for the technology chosen for the study. A paper by Morrow et al. (2008), indicates that there is a chance that not all data required for an LCA study are provided from one particular industry, but often assumptions need to be made to help assess the environment impacts. However, certain data are cited from some international database such as United State Inventory Database, Australian Database and SimaPro software programme. Paddy farming processes involve the input data of fertilizers, pesticides and mechanical field operations. Input data to the rice mill are from BERNAS rice mill and literature. The input data for transportation of paddy to rice mill are from literature and also from questionnaire answered by selected paddy lorry drivers in the Northern area of Malaysia. The summary of the processes in the life cycle of the rice husk combustion and their data sources are presented in Table 3.4.









Table 3.4: Three processes of the life cycle of rice husk combustion and their data sources
	Process
	Subsystem
	Sources of data

	1. Paddy field
	Fertilizer
	Malaysia rice bowl farm, Literature (FOASTAT, 2007)

	
	Pesticides
	(MADA, 2012), Literature data (FAO, 2007)

	
	Mechanical field operations
	Questionnaire to selected farmer, Literature (Bockari-Gevoa, 2005)

	
	Irrigation
	Interview session (Senior Engineer, Irrigation
and drainage service, MADA)

	2. Rice mill
	Electricity consumption
	Questionnaire to selected rice mill, Literature (Kasmaprapruet, 2009)

	
	Rice husk combustion 
	BERNAS rice mill, Literature (Kasmaprapruet, 2009 )

	
	Transportation
	Data from questionnaire to selected paddy lorry driver

	3. Electricity from rice husk fuel
	Rice grain and rice husk
	(Department of Statistics, 2009), Literature(Yossapol, 2008)

	
	Water consumption and electricity generation
	Interview session (Boiler engineer, selected rice mill) and Literature (Jittima-Prasra, 2009)



Table 3.5 shows the three processes involved and the main assumptions. The assumptions were made on the basis of the obtained data from different sources as discussed previously.  Table 3.6 shows the material input data for the analysis. Life cycle inventory for the rice husk electricity generation were mainly collected from one specific rice husk boiler. Some data were taken from LCI database due to limited data source in Malaysia. According to Tibor and Feldman (1996), there is chance that not all data are provided from one industry; sometimes assumptions are needed to be made to help the assessment of environmental impact. 



Table 3.5: The three processes involved and main assumptions made
	Process
	Applied value

	1. Paddy Field
	One hectare produces 3800 kg of paddy, which is equal to 836 kg of rice husk

	
	Farming area involves 12 hectare of paddy fields

	2. Rice Mill Processing
	10 km distance as base case

	
	Electricity energy used is 139.98 kWh

	
	Only consider the rice husk as the output of the rice mill

	3. Transportation
	Transport of paddy using 1 tonne of lorry and transport of rice husk using the truck with 25-30 tonne 

	4. Electricity Generation
	Amount of rice husk combustion was 1652 kg



Table 3.6: Energy equivalents of inputs and output in paddy plantation
	Process
	Input(Unit)
	Energy equivalent (MJ)
	Reference

	Machinery
	Machinery(h)
	62.70
	(Yilmaz et al., 2005)

	
	Agriculture machine(kg)
	62.70
	(Canakci & Akinci, 2006)

	Fuel
	
	
	(Pishgar-Komleh et al., 2011)

	
	Petrol(l)
	46.30
	

	
	Diesel(l)
	47.80
	

	Water
	Water
	0.63
	(Yilmaz et al., 2005)

	Labour
	Male(h)
	1.96
	(Pishgar-Komleh et al., 2011)

	Chemical fertilizer
	
	
	(Pishgar-Komleh et al., 2011)

	
	N(kg)
	78.10
	

	
	P2O5(kg)
	17.40
	

	
	K2O(kg)
	13.70
	

	Biocide
	
	
	(Pishgar-Komleh et al., 2011)

	
	Insecticide
	229.00
	

	
	Herbicide
	85.00
	

	Seeds 
	Seeds(kg)
	14.70
	(Pishgar-Komleh et al., 2011)





Table 3.7: LCI material input/output
	Process 
	Unit
	Input
	Output

	Paddy Field 
	kg/ha
	
	

	Fertilizers
	
	
	

	Nitrogen, N
	
	55.00
	

	Phosphorous,P2O5
	
	22.00
	

	Potassium,K2O
	
	15.00
	

	Herbicides
	l/ha
	270.00
	

	Insecticide
	kg/ha
	25.00
	

	Diesel
	MJ/ha
	83.42
	

	Petrol
	l
	69.52
	

	Transportation
	kg*km
	33600.00
	

	Seed
	kg
	140.00
	

	Water
	m3
	144000.00
	

	Human
	h
	670.82.00
	

	Machinery
	h
	573.51
	

	Agriculture machine
	h
	521.37
	

	Rice grain
	kg
	
	3800.00

	Rice Milling Process
	
	
	

	Rice grain
	kg
	3800.00
	

	Rice husk
	kg
	
	836.00

	Electricity
	kWh
	139.98
	

	Transportation
	kg*km
	218800.00
	

	Electricity Generation
	
	
	

	Rice husk
	kg
	1652.00
	

	Electricity Output
	MWh
	
	1.50



In order to have better analysis of energy consumption for paddy plantation pattern, the energy ratio(energy use efficiency), energy productivity, specific energy and net energy were calculated as given in equation 3.2 to equation 3.5 (Pishgar-Komleh et al., 2011).








3.4.1.2	Analysis method of rice husk life cycle
Rice husk lifecycle involves three main processes, which are paddy production, rice milling, transportation and electricity generation as shown in Figure 3.6. The transportation of rice husk becomes the sub process of rice milling. A 1 tonne lorry is used to transport the paddy to mill, and a large truck is used to move the rice husk to the power plant. 
About 20-30% of paddy weight becomes rice husk after milling (Lim et al., 2012). In this analysis 20% conversion rate is used to estimate rice husk production from paddy, which is based on the experience from local mills (Zamil, 2010; Zulkifli, 2010). Equation 3.6 is used to calculate the rice husk availability in Malaysia.
                                                                                                           (3.6)

The LCI material input/output for paddy production is presented in Table 3.7. To run a 1.5 MWh electricity capacity power plant on full load, a steady supply of 10032 kg of rice husk is needed each day. The functional unit is 1.5 MWh electricity. The functional unit is chosen by referring to the output capacity from the only rice husk boiler installed in the Northern region. The rice husk needed to obtain 1.5 MWh electricity is calculated based on equation 3.7.


The emission data for coal and natural gas based power generation used the database from NREL (NREL, 2012) and Malaysia Department of Environment (DOE, 2012a). 



3.4.2	LCA of rice straw based power generation
The life cycle assessment methodologies are used to evaluate the life cycles of electricity generated from rice straw combustion. The system boundaries for rice straw based power generation study are shown in Figure 3.7. The functional unit used in this study is 1 kWh of electricity generated by rice straw. The steps involved in the process include: paddy production, rice straw collection, rice straw transportation and power generation. Figure 3.6 shows the schematic presentation of steps involved in this study. For each step, the energy consumption and GHG emission were calculated. Figure 3.8 and 3.9 are the system boundaries for coal and natural gas based power generation.
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Figure.3.7: System boundaries for rice straw-based power generation
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Figure 3.8: System boundaries for coal based power generation

[image: C:\Users\DC7700\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\GAS.PNG]
Figure 3.9: System boundaries for natural gas based power generation

3.4.2.1	Collected data for rice straw based power generation
This study focuses on the Northern region of Malaysia encompassing the states of Perlis, Penang, Kedah and Perak covering an area of 17,816 km2. Current agriculture activities in the Northern region are cultivation of paddy with almost 42% out of 800,000 hectare agriculture land. About 61.2% of paddy productions in Malaysia are from the Northern region areas (DOE, 2012b). Table 3.8 shows the availability of rice straw for each state in 2011 (MOA, 2013).




Table 3.8: Availability of rice straw in Northern Region of Malaysia, 2011
	State
	Area (ha)
	Paddy Production (tonne)
	Rice straw production (tonne)
	Maximum Availability of Plant Capacity (MW)

	Perlis
	  52,075
	232,674
	174,505.50
	19.94

	Kedah
	215,930
	878,430
	658,822.50
	75.31

	Penang
	  25,564
	144,613
	108,459.80
	12.39

	Perak
	  82,150
	323,445
	242,583.80
	27.73



The paddy production processes requires fertilizer, pesticides, mechanical field operation and irrigation. Data were drawn both from (Bockari-Gevoa et al., 2005; Chauhan et al., 2011; FOASTAT, 2007; openLCA, 2007) and from questionnaires sent to selected farmers in the northern region of Malaysia. 
The rice straw collecting process uses Baler machine, tractor and stump cutting machine (MADA, 2011b). The process consists of two steps which are cutting the rice straw using the Baler and tractor machine, and then flattens the field using the stump cutting machine. The baling method is used because it is less expensive compared to other methods (Kadam et al., 2000; Kargbo et al., 2009). The data to analyse was taken from (MADA, 2004; MADA & JAS, 2004) and an interview session with Manager MADA at the B11 area. Emissions for rice straw collection were calculated based on the machine’s diesel combustion. It consumes 7L of diesel per hectare of paddy field for all machinery needed with baling technique.
Rice straw transportation consists of two processes which are from rice straw field to collection centre and from collection centre to power generation (refer Figure 3.5). For estimation of both the to and fro transportation distance a unit of rice straw, it is assumed that the rice straw is distributed uniformly in the whole catchment area. Equation 3.8 Delivand, Barz, Gheewala, et al. (2011) is used to estimate the rice straw catchment area. 
						       
It is also assumed that each district consist a rice straw collection centre and state have the rice straw power plant in the centre. Table 3.9 shows the parameter used for transportation process based on catchment area and data from Table 3.8.

Table 3.9: Parameter used for transportation process
	State
	T1PP>CC (km)
	T2CC>POWER (km)

	Kedah
	 15.29
	55.49

	Penang
	   8.91
	15.45

	Perak
	 23.24
	81.78

	Perlis
	-
	15.91



Paddy straw-based electricity generation is a new system that has not yet reached its decommissioning age (Hongtao Liu et al., 2010); this means that the data sources are limited. For power generation, the energy consumption and emissions data were taken from Jittima-Prasra (2009), and rice husk-based electricity generation was taken from Ban Heng Bee Rice Mill, Pendang Kedah. According to Suramaythangkoor and Gheewala (2008), rice straw-based power generation can be evaluated by referring to current conditions of feasible rice-husk power plants operating in Malaysia. Today, almost all rice straw is burned in Malaysia (Ahmad, 2001). Use of rice straw in power generation could reduce the GHG emissions from open burning. Equation 3.9 is used to calculate the GHG emission reduction (Suramaythangkoor & Gheewala, 2008). GHG emission from open burning is calculated using equation 3.10 from (Butchaiah Gadde et al., 2009).

 
The emission data for coal and natural gas based power generation used the database from NREL (NREL, 2012) and Malaysia Department of Environment (DOE, 2012a). Table 3.10 shows the main process of life cycle of rice straw co-firing and their data sources.

Table 3.10: Main process of life cycle of rice straw co-firing and their data sources
	Process
	Subsystems
	Sources of data

	1.  Paddy production
	Fertilizers
	Northern paddy farm area

	
	
	Literature data (FOASTAT, 2007)

	
	Irrigation
	Interview session(Senior Engineer, Irrigation and drainage service, MADA)


	
	Mechanical field operations
	Questionnaire of selected farmer in Northern region 


	
	
	Literature  (Bockari-Gevoa et al., 2005)

	
	Pesticides
	(MADA, 2012)

	
	
	(FAO, 2007)

	2.Rice straw collection
	Mechanical equipment
	Four case projects of rice straw in MADA area

	3.Rice straw      transportation
	Transportation system
	Four case projects of rice straw in MADA area

	4. Power generation
	Rice straw bale combustion
	Wood waste combustion

	
	Electricity generation
	



3.4.2.2	Analysis of rice straw lifecycle
Life cycle analysis of electricity production from rice husks involves two steps; rice straw preparation and power generation. Energy consumption and emission of all processes for paddy straw-based power generation were identified using material and energy balances. (See Figure 3.7).


(a) Rice straw preparation
Rice straw preparation involves paddy farming process, collecting rice husks and transporting them to the power plant. Total energy consumption for the paddy farming process is 12225.97 MJ/ha (Bockari-Gevoa et al., 2005). The amount of rice straw production is derived using equation 3.11 (Butchaiah Gadde et al., 2009). The value of SGR is 0.75 (Butchaiah Gadde et al., 2009).

Energy consumption for rice straw collection considers diesel consumption in machinery (Saga et al., 2010). Rice straw collection in Malaysia uses the baling technique because the method is simple and involves less cost. The average mass of a rice straw bale is 450 kg. Equation 3.12 is used to calculate the energy consumption for rice straw collection.

Energy unit of diesel used is 47.8 MJ L-1. Data were taken from MADA B11, Kedah that has reported that 7L diesel was used per hectare of paddy fields, including all machinery needed in rice-straw collection using the baling technique.
Transportation involves the process of transporting rice straw from paddy production to collection centre (T1PP>CC) and collection centre to power plant (T2CC>POWER). The majority of vehicles used to transport material from Malaysian paddy fields have a capacity of between 1 to 3 tonnes per load (Abdullah, 2006). In this analysis the T1PP>CC link uses a light truck (lorry) of below 1.5 tonne capacity with 2 fitted bales of rice straw per vehicle (lorry). Rice straw transportation energy is calculated from energy unit of diesel (43.1 MJ L-1), fuel consumption (5.5 km L-1), average distance (100 km) and the amount of rice straw (4853.1 kg ha-1). The transportation of rice straw bale from the collection centre to the power plant, T2CC>POWER consumes truck with 40’8” which has 4km L-1 (Martensson, 2003) fuel consumption and is able to carry 20 bales per truck.
The CO2, CH4 and N2O emissions from transportation are calculated based on equation 3.13 and 3.14 (EPA, 2008a).


                                                                                                          
(b) Rice straw based power generation
Electricity output power from rice straw, EORS is calculated based on equation 3.15 (Delivand, Barz, & Gheewala, 2011). HHVRS and LHVRS are 16.28 MJ/kg and 15.34 MJ/kg based on collected after harvest (Domalski et al., 1986).


The natural gas based generation offers a net thermal efficiency over 55% (KeTTHA, 2011). The emission of CO2 emission is 0.32 kg per kWh, calculated by equation 3.16 (EPA, 2008b).


Since Malaysia still does not possess rice straw based power generation the emission factor for rice straw fire was assumed as dry wood combustion in the boiler, which was taken from USEPA External Combustion Report (EPA, 2003). Table 3.11 shows the resultant emission factor used for rice straw fired boiler.



Table 3.11: Emission factor for rice straw fired boiler
	Emission Species(kg/kWh)
	N2O
	CH4
	SOX
	NOX
	CO

	Emission factor
	2.01×10-5
	3.25×10-5
	3.87×10-5
	7.58×10-4
	9.28×10-4



3.4.2.3 Impact assessment
Actually, there is hardly any standard procedure set of environment impact categories applied (Kalinci et al., 2012). According to Muench and Guenther (2013), the majority of bio-energy LCAs studies applied the midpoint impact categories which use the Centrum voor Milieukunde Leiden (CML) method. In this paper, for the life cycle impact assessment, the CML 2001 method was used and the environmental impacts considered include acidification, climate change, eutrophication, toxicity and summer smog. In general, the different methodologies give similar characterization results for impact categories such as climate change and acidification (Corstena et al., 2013). Table 3.12 lists the environmental impact categories of CML baseline (Corstena et al., 2013).











Table 3.12: Environmental impact categories of CML baseline (Corstena et al., 2013)
	Environmental impact category
	Relevant emissions
	Unit

	Acidification
	Sulfur dioxide SO2
	kg SO2 equivalents

	
	Nitrogen oxides NOx
	

	
	Hydrochloric acid HCL
	

	
	Hydrofluoric acid HF
	

	
	Ammonia NH3
	

	Climate change
	Carbon dioxide CO2
	kg CO2 equivalents

	
	Nitrous oxide N2O
	

	
	Methane CH4
	

	
	Chlorofluorocarbon CFCs
	

	
	Hydrochlorofluorocarbon HCFCs
	

	Eutrophication
	Phosphate PO43−
	kg PO43− equivalents

	
	Nitrogen oxides NOx
	

	
	Nitrogen
	

	
	Nitrates NO3
	

	
	Ammonia NH3
	

	Toxicity
	Arsenic 
	kg 1,4-dichlorobenzene (DB)

	
	Chromium equivalents VI
	

	
	Benzene
	

	
	Hexachlorobenzene
	



3.5	Paddy residue co-firing in existing coal power plant
This analysis involves rice husk and rice straw co-firing at different coal power plant. The main process is nonthing, but continuity of the previous method, with added cofiring analysis at the power generation.

3.5.1	Rice husk co-firing in existing coal power plant
The most potential rice husk co-firing with the existing coal power plant in Malaysia is Kapar Venture Sdn. Bhd. The nearest paddy production is from Barat Laut Selangor Integrated Agricultural Development Area (IADA-BLS) with 37,460 hectare paddy planted area (DOA, 2012). This coal power plant is supplied with availability of paddy area with an average hauling of about 30 km. The system boundaries include the process of power generation, fuel supply and transportation. Figure 3.10 shows the life cycle scheme for the co-firing power generation. . Co-firing life cycle involve two life cycle production- for rice husk and for coal. The rice husk life cycle production involves paddy farming, rice milling and the transportation. Conversely, the coal cycle production includes coal production at mine along with transportation. Both these methods are applied in existing coal power plant for co-firing technique. The emissions are determined and also costs are evaluated for each process which are then included in the system boundary. Functional unit used is 1 kWh of electricity output combination of coal electricity and rice husk electricity.
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Figure 3.10: Life cycle scheme for the co-firing power generation

The ratio between the total amounts of rice husk (QRH) to the net plant heat rate (NPHR) is corresponding to the electricity generated (QELEC) (Qin et al., 2006). The average value of 17.4 MJ/kWh was used as a default net plant heat rate of rice husk fired alone. The HHV for rice husk that is used in this study is 15.8 MJ/kg (Han, 2004).
                                                   

The relationship of co-firing electricity generated and corresponding co-firing fuel needed (WCO) is expressed by the following equation (Qin et al., 2006). Based on this equation the quantity of coal and rice husk needed can be calculated. The heat rate of co-fired rice husk is examined using  equation 3.18 (Tillman, 2000). The rice husk co-firing ratio and boiler loss are calculated based on equation 3.19 and equation 3.20.
 



3.5.1.1	Analysis method of rice husk cost lifecycle
Rice husk is a by-product obtained from rice mill. Due to this fact, the cost components exclude the processes involved before the rice mill processing. Here, the cost of rice husk preparation includes the fixed cost (buying from rice mill owners) and the transportation cost. The fixed cost is calculated based on the result from questionnaire sent to the selected rice mill, data from MADA and BERNAS. The average fixed rice husk cost is RM 100/ tonne at the mill. Literatures were used (Abdullah, 2006; Kasmaprapruet et al., 2009) to calculate the component of transportation cost. The overall cost for rice husk preparation used is RM 0.50/kg.
Economic analysis on rice husk electricity is used to calculate the CO2 emission price. CO2 emission price is included to allow rice husk for competing with coal. CO2 emission price is calculated by using the following formula.
For rice husk co-fired with coal (Qin et al., 2006);


3.5.2	Rice straw co-firing at existing coal power plant
In order to analyse the environmental and economic implication of using rice straw as fuel for feeding with coal in the boiler, a full life cycle assessment was used. The full chain energy analysis of rice straw starting from paddy production to electricity generation at power plant was analysed precisely. 

3.5.2.1	Goal and scope definition
The goal of using life cycle assessment is to identify the contribution of environment impact towards the co-firing of rice straw at existing coal power plant available in Malaysia. The functional unit is defined from the most potential existing coal power plant capacity output which are 6132000 MWh (Manjung Power Plant, MP) and 2628000 MWh (Kapar Power Plant, KP). Environmental impact of Rice straw preparation is measured by harmul emissions related to the climate change, such as  CO2, CH4 and N2O which are expressed as CO2 equivalent tones (tCO2-Eq). Climate change gives the highest contribution to the environmental impact during the paddy residue preparation compared to other environmental conditions (such as ozone layer and eco-toxicity). Two existing coal power plant in Malaysia are being used as the case study for co-firing based on their availability of rice straw. 





3.5.2.2	 System boundary and data source
Figure 3.11 shows the system boundary of rice straw co-firing at existing coal power plants. Major operating units located inside this system are paddy production, rice straw collecting, rice straw transportation and power generation. 
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Figure 3.11: Flow diagram of life cycle co-firing rice straw

3.5.2.3	Inventory analysis
This section explains how the collected data were adapted to the LCA model and gives details on assumptions that were made. The inventory data were compiled using the Open LCA Framework. However, certain data were cited from some international database such as United State Inventory Database, Australian Database and SimaPro software programme. Rice straw power generation in Malaysia is still under research development. Currently Malaysia is generating electricity using rice husk for own consumption but the consumption of rice straw as a fuel is still in planning board. Therefore, the data for rice straw combustion used is from wood combustion. Development of rice straw co-firing with existing coal power plants is not commercialized yet even though other biomass resources, like wood chip are already in commercialized state. About 77 power plants across the world apply the wood co-firing technique with output capacity between 20 MW to 2035 MW (IEA, 2009b).
(a) Paddy production
Malaysia’s paddy plantations are planting two times a year, categorized into off season and main season. However, there is no significant difference among the tillage energy, fertilizing energy and harvesting energy between both seasons (Bockari-Gevoa et al., 2005). This study used the average data to indicate both seasons. Mechanical field operation data are derived from fuel consumption from land preparation machinery, plant protection machinery and harvesting machinery.

(b) Rice straw collection
Rice straw collection after harvest paddy residue could be accomplished by the use of baler machine and tractor. The data were taken from five sites of rice straw collection in the Northern region of Malaysia. This area uses field baling technique with push-type baler. Each baler can produce bales weighing about 450 kg each. After harvesting, rice straw must be dried for baling process, normally two to three days after harvested. Rice straw are taken when the water content of the straw is less than 25% (Kadam et al., 2000).
In this study an SGR ratio of 0.75 (Butchaiah Gadde et al., 2009) is used to estimate the straw residue yields per area through equation 3.22.

                                                                                                           
Based on the availability of rice straw according to the nearest availability supply of rice straw, the most suitable co-firing coal power stations are Kapar Power Station and Manjung Power Station. Logistic analysis are related to the spatial distribution of rice straw  for which a contant distribution over the circular catchment area is assumed with the power plant at the centre (Delivand, 2011). The optimization of rice straw area served and radius distance are estimated using equation 3.23 (Delivand, Barz, & Gheewala, 2011). This is a common application in many other studies (Delivand, 2011; Kadam, 2000; Dornburg, 2001; Caputo, 2005 ;Bakos, 2008). 



Both the coal power plants are situated near the sea. The availability factor of paddy farm is assumed to be 25% (deduction of 50% sea, and 25% of infrastructure condition). Farmland factor of 50% due to the weather condition which may cause inaccessibility to collect the rice straw is also applied. The collection efficiency is estimated at 40% (Petrolia, 2008).
Rice straw fired alone at the Manjung Power Station is unable to be achieved due to limitation of rice straw supply. The electricity generated from rice straw is calculated using equation 3.24 (Qin et al., 2006). HHV employed in this analysis is 14.71 MJ/kg (Calvoa et al., 2004) and NPHR for rice straw fired alone is 17.4 MJ/kWh (Qin et al., 2006). The average electricity generated from rice straw fired alone is 3.92 GWh. The rice straw co-firing needed is calculated using equation 3.25. Boiler loss is determined by equation 3.21.



Availability of rice straw to co-fire with coal was up to 30% ratio for north region and 20% for central region.
(c) Rice straw transportation
Bale rice straw was applied to analyse transportation sector. Two transportation paths considered were paddy production (PP) to the collection centre (CC) and the CC to coal power plants. Transportation emissions was calculated using the GHG Emissions from transportation or mobile sources, Version 2.3 software (Protocol, 2011). Paddy production to collection centre route is considered for 1 tonne lorry capacity that occupies 2 bales rice straw per lorry. A small size lorry is use due its better convenience to transmit through small road with short distance.
It was assumed that lorry with a capacity of 1.5 tonne was used for moving rice straw from paddy production to collection center as most of vehicles used to transport paddy in Malaysia is between 1 to 3 tonne load capacity (Abdullah, 2006). Transportation of rice straw from the collection centre to existing coal power plant (MP/KP) is using the truck with size 40’8’. Truck transportation would be the most feasible option in the residue collection systems, since trucks have a high degree of mobility (Kadam et al., 2000) . Transportation of rice straw from paddy production to the coal power plant, in Malaysia, modelled according to the routes, the type of transport and distances shown in Table 3.13.

Table 3.13: Average hauling distance for the two studied region
	Region
	Path
	Lorry /Truck
	Average Hauling Distance, km

	North
	PP → CC
	Lorry 1.5 tonne
	17.77

	
	CC→MP
	Truck 40’8’
	314.90

	Central
	PP→ CC
	Lorry 1.5 tonne
	15.99

	
	CC→KP
	Truck 40’8’
	104.30





(d) Power generation
The environmental impact relevant to the rice straw co-firing were taken from the US LCI database based on wood waste combustion and inventory data from Ecoinvent. The analysis of co-firing rice straw uses equation 3.26 to obtain the amount of rice straw needed for electricity generation. Both coal power plants are situated near the sea, so the availability factor of paddy farm was assumed to be 25% (that includes a deduction of 50% for being located by the sea and a deduction of 25% for infrastructure condition).The farmland factor was estimated at 50% due to weather conditions that may cause inaccessibility to collect rice straw. The collection efficiency estimated is   40% (Petrolia, 2008). Availability of rice straw to co-fire with coal was a 30% ratio for the north region and 20% for the central region.
Figure 3.12 shows the flow diagram of coal life cycle when used in electricity generation. It is used to analyse the life cycle assessment of dedicated coal based electricity generation, in order to make the comparison between co-firing with rice straw and coal alone based electricity generation. The data taken from US LCI database and inventory data from Ecoinvent referred to bituminous coal electricity generation at power plants. The relationship for electricity generation and coal needed for electricity generation can be examined using equation 3.26. The applied parameter is based on Manjung Power (MP) Plant technical characteristics (Salim, 2004). 
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Figure 3.12: Flow diagram of dedicated coal based electricity generation life cycle

3.5.2.4 GHG emission evaluation criteria analysis
The greenhouse gases CO2, CH4 and N2O are emitted during combustion of diesel in tractors which carries baler machine. The estimation of CO2 from tractor diesel combustion (EPA, 2008a)  was estimated using the equation 3.27 . Equation 3.14 is used to estimate the CH4 and N2O emissions. Power generation produces air-born emissions including CO2, SOX, NOX and CH4. CO2 emissions from combustion of coal fire alone was estimated using equation 3.28 (Suramaythangkoor & Gheewala, 2008) .
  
                                 

3.5.2.5	Life cycle impact assessment
The impact assessment method used in this study was CML 2001 based on problem oriented approach (Frischknecht et al., 2007). The used impact assessment categories in this study cover climate change by carbon dioxide emission, eutophication as a result of nitrous oxides emission, acidification from sulfur dioxide and human toxicity arising from hydrogen fluorine and other inorganic chemicals such as beryllium. 


3.5.2.6	Cost analysis on rice straw co-firing
The commercialization of biomass (rice straw) co-firing faces difficulty because the economics are not favourable; biomass costs are higher than coal costs (Hughes, 2000). Economic evaluation of each co-firing option based on savings in fuel cost arises from price differences of coal and biomass, and income generated through the sale of emission credits (Basu et al., 2011). The analysis involves calculating the total operating costs and total capital investment in order to determine the additional cost due to CO2 mitigation.
Operating cost was determined based on two components: purchased rice straw cost (PCRS = CRS × MRS) (Caputo et al., 2005)  and total rice straw transport cost (TCRS = CTV + CTP). Total transportation cost of rice straw relates to the annual travel distance (DT, in km year-1), cost per vehicle and the fee paid for transport personnel. Rice straw transportation has two segments: from paddy production to the collection centre and from collection centre to existing coal power plant. Annual travel distance was determined through the average distance drawn from the optimization of rice straw served in equation 3.29. Therefore, the total annually travelled distance (DT) was estimated as:


Hence, transport vehicle cost is (CTV = DT ×SCTP)  Transport personnel cost was assumed to be:


In calculating the transport personnel cost, the following assumptions were made. Working hours per year was estimated to be 3120 h year-1. The respective time consumption for lorry and truck for moving rice straw to the power plant were 0.5 h trip-1 and 48 h trip-1. Time consumed for lorry and truck deliveries to the KP (Kapar Plant) respectively would be a h trip-1 and 8 h trip-1. 
Capital cost strongly depends on the amount of rice straw to co-fire power plants and whether the rice straw can be fed to the existing coal boiler via the existing feeding system or requires separate feeding system (De & Assadi, 2009). Modification cost with assumed rice straw feeding to the existing boiler is RM 150000 per MW of power generated (Hughes, 2000; Qin et al., 2006; Se & Assadi, 2009). The capital cost (CC) for rice straw co-firing using existing feeding systems was calculated using following equation:
         

Total rice straw co-firing costs are (CRS = PCRS + TCRS + CC). The CO2 emission price (Qin et al., 2006)  was calculated using equation 3.32.


Average coal cost is RM 0.3348 per kg (Abdullah, 2009).

3.6	Life cycle cost model and economic analysis	
The life cycle costs (LCC) are summation of power plant generation cost, transportation cost and rice straw collection cost which consists of capital cost, operating cost, salvage cost and feedstock cost for each process are shown in Figure 3.5. The data derived from literature, report and interview session were used in determining the economic feasibility of rice straw combustion in Malaysia. In this study, data were collected from Northern region area which applies the collection of rice straw. 
3.6.1 Power plant generation cost
Figure 3.13 is plotted based on the available data (Boukis et al., 2009; Bridgwater et al., 2002; Broek et al., 1996; Caputo et al., 2005; CleanTech, 2014; Dornburg & Faaij, 2001; Energynet, 2012; Jorgenson et al., 2011; Jungingera et al., 2006; Lako, 2010; Mitchell et al., 1995) on different biomass combustion the graph on efficiency against the plant capacity. Most of the data are taken from real plant operation and rest are estimated from scolarly studies. The best fit regression curve is shown on the figure and the efficiency of the biomass combustion  are calculated using equation 3.33. Previously, the ratio of construction of large biomass power plant is poor, so it is difficult to make accurate prediction of their efficicney at large scale combustion (McIlveen-Wright et al., 2013). The efficiency increases in large plants with capacity >15MW (Boukis et al., 2009). However, due to limited data available for large scale biomass power plant the result were less accurate. 


[bookmark: _GoBack]Figure 3.13:  System efficiency as a function of plant capacity.
The plant capital cost includes the equipment, building constructions and land area. The financing of biomass plant construction can be complicated because many conversion technologies are still in pilot scale (Annette Evans et al., 2010). Figure 3.14 is plotted based on the limited available data on financial aspect of biomass based power generation in the Asian countries (CDM, 2014; COGEN3, 2014). The data are taken from the biomass power plant built in Asian countries (sources). The experience curve describe historic trends that may be extrapolated to forecast future cost reductions (Jungingera et al., 2006). The concept used in experience curve has already been applied in various energy models such as Machteld van den Broek et al. (2009). However, case studies reveal sufficient difficulties to devise empirical curves for investment costs of biomass, more specifically in the case of rice straw fuelled power plant due to lack of detailed data (Jungingera et al., 2006). Figure 3.15 shows the variation of biomass power plant cost for Asian countries. The total plant capital cost for circulating bed combustor and boiler is calculated using equation 3.34. This equation is taken from the graph plotted based on available data.

Figure 3.14: Biomass power plant generation cost

Figure 3.15: Asian countries biomass power plant cost


The production costs involve the component of labour cost, maintenance cost and overhead cost. The number of labour required for power plant process was derived from equation 3.35 (Bridgwater et al., 2002) and the average salary is RM 3125 for Northern area (Statistics Department, 2013). The maintenance and overhead cost are 2.5% and 2% of total plant capital cost respectively (Bridgwater et al., 2002)as shown in equation 3.36 and equation 3.37. The total plant cost (TPC) for the power plant generation process is calculated based on equation 3.38.






3.6.2 	Rice straw collection cost
Rice straw collection cost involves the components of machinery, fuel, labour and twine costs. Total annual machinery costs are the summation of fixed cost and operating cost. Fixed cost includes depreciation, interest and insurance (Painter, 2011). The depreciation cost is calculated through equation 3.39 (Delivand, Barz, & Gheewala, 2011; Painter, 2011).


Operating cost includes the annual repair and maintenance of machinery, calculated using equation 3.40 and equation 3.41 (Delivand, Barz, & Gheewala, 2011; Huisman et al., 1997; Painter, 2011). The parameters used to determine the operating cost are listed in Table 3.14.

Table 3.14: Major parameter for the machinery (Painter, 2011)
	Machinery
	Estimated life (h)-years
	RFV
	Repair Factor

	
	
	
	RF1
	RF2

	Tractor 
	(3750)-15
	27.08
	0.01
	2.0

	Round Baler
	(3750)-15
	23.00
	0.43
	1.0






Average consumption of diesel is given by equation  3.42 (Painter, 2011)


Table 3.15 presents the result for machinery operating cost for B-II area based on interview session from project manager of B-II area (Sabri, 2012). Based on the data taken from (Sabri, 2012) and (Malik, 2012) the total rice straw collection cost estimated using equation 3.43.


Table 3.15: Machinery operating cost (in RM)
	Machine
	Cost 
	Depreciation
	Repair Cost
	PTO
	Fuel Cost
	Total

	
	RM

	New Holland
	75000
	3646.00
	49218.80
	96.30
	1898.50
	59814.70

	Fiat
	60000
	2916.80
	393750
	80.00
	1576.80
	47909.70

	Farm track
	50000
	2430.70
	32812.50
	67.10
	1323.10
	39933.90

	Dongfeng
	65000
	3159.90
	42656.20
	80.00
	1576.80
	51770.80

	Baler
	100000
	5133.30
	107500.00
	
	
	



3.6.3	Transportation rice straw to collection centre cost (TC1)
The transportation cost from paddy field to collection centre is given by equation 3.44, which are related to transportation distance, lorry capacity and personnel cost for driver (Chiueh et al., 2012; Leboreiro & Hilaly, 2011). The driver’s commission is based on number of bales ,which is RM 5 per bale (Sabri, 2012). It was assumed that 1 tonne lorry is used for transportation to collection centre in which diesel consumption was 0.105 litre/km. Two balers of rice straw were assumed to be loaded per lorry, representing 450 kg per bale. The diesel price was RM 1.80 per litre (MIDA, 2013).


3.6.4	Collection centre cost
Collection centre is aimed to maintain the quality of rice straw bale at the desired level. Certain studies located the on- side collection centre (Huisman et al., 1997; Leboreiro & Hilaly, 2011), while several author have considered intermediate collection centre between the field and power plant (Cundiff & Marrsh, 1995; Delivand, Barz, & Gheewala, 2011; Jagtar Singh et al., 2011; Sultana & Kumar, 2011b; Tatsiopoulos & Tolis 2003). It was assumed that the collection centre is available at the current location of rice straw collection under MADA management. The centre of unit was assumed as the location of collection centre (storage). The currently available collection centres are at B-II and F-IV. Collection of rice straw in this area is small in quantity, which is used for feeding the animal. The cost of collection centre (storage) is the sum of storage site and considers the cost of dry matter lost during storage (Turhallow et al., 2009). The type of storage facilities also affects the storage cost. The baler is usually stored in open storage since round bale can tolerate exposure to rain and weather condition (Gold & Seuring, 2011).

Where annual capital cost (RM), PP is purchase price (RM), is interest rate and n is life of investment year. The total collection centre cost, TCC is calculated as in equation 3.47. 


DML is dry matter loss in the collection centre in tonne. 

3.6.5	Transportation of rice straw from CC to power plants cost (TC2)
Transportation of rice straw to power plant is derived from equation 3.48. The driver cost depends on distance travelled which is RM 4 per km. The truck weighing 3.5 tonnes or 40’ length is used to transport the baler (Malik, 2012; Sabri, 2012).The average fuel consumption is 0.27 litres per km (Chiueh et al., 2012). The baler capacity per truck is 36 balers.



3.6.6	Salvage cost
The salvage value is the remaining value of the component and asset of rice straw based power generation at the end of the project life time. The present value of salvage cost calculated as equation 13 (Ong et al., 2012), with annually depreciate rate, d= 10%.

3.6.7	Contingency
About 70% of the total capital cost required is borrowed from a bank with an annual interest rate of 5% for 10 years. From 1997 to 2011, interest rate in Malaysia has gradually decreased from 9.65% (1998) to the sideway range between 2%-3% (from 1999-2011) (BNM, 2014; Thang, 2009). The prevailing interest rate charged by most bank in Malaysia is between 4.0% to 5.0% (Nee, 2014) and it depend on the base lending rate which reported by Central Bank of Malaysia (Trading Economics, 2014). Moreover, the interest rate have an effect on the economy as a whole, the stock and bond markets inflation and recessions (Seabury, 2014). Also the interest rate give impact to the annuity value which mean increase the interest rate give high value of annuity value and reduce the interest rate lowering the annuity value. Equation 3.49 is used to calculated the annuity (Boukis et al., 2009). Table 3.16 shows the project financing costs. 


Table 3.16: Project financing costs
	Project financing
	20 MW
	30 MW
	50 MW
	70 MW
	100 MW

	Equity (RM 106)
	9.09
	12.60
	19.00
	24.90
	33.20

	Dept 
(RM 106)
	21.20
	29.40

	44.30

	58.10

	77.50

	Annuity, An 
(RM 106)
	2.75
	3.80

	5.74

	7.53

	10.00





3.6.8	Sale of electricity (ES)
The electricity will be sold to the Tenaga National Berhad at 21.25 RM cents/kWh. It was assumed that all the gross electricity generated is sold to TNB. The sale value of the projected plants were estimated to be 37.2, 55.8, 93.1, 130 and 186 million RM / yr for plant capacities of 20, 30, 50, 70 and 100 MW respectively. 
Cost of generated electricity (COE) is the ratio of total cost consumption including the capital cost, fuel, and operation to the net electricity generation in RM/kWh. 

3.6.9	Evaluation of the power plant economics
Discount Cash Flow (DCF) analysis was used to evaluate the value of rice straw power generation based on time value of cash. Net Present Value (NPV) over the project life time is analysing for project profitability. NPV is the total investment and future cash for the entire life cycle at a particular discount rate. This is a valuable indicator because it can show the time value of money. The positive NPV becomes an attractive option for the rice straw based power generation projects. A discount rate of 8% was used to evaluate the project fiscal measures. 
  
  


Where G is the gross benefit, ES is sale of the electricity, C is the expenses with the total operating cost minus the annuity, N is the net profit after tax, TR is the tax rate and  CF is the process operation cash flows for the entire life time of the project. The NPV is calculated through equation 3.53 and 3.54.


Where TCC is the total capital cost, df is the cumulative discount factor, r is the discount rate (8%), and n is the project life time (20 years). Tax exemption of the Inland Revenue Board of Malaysia is assumed 25% (LHDN, 2013).

3.7	Logistic cost analysis
A model of a rice straw power plant has been developed for an exemplary study in Malaysia. This case examines a paddy plantation under the Muda Agricultural Authority Development (MADA), in Kedah, which is the main area for paddy plantation in Malaysia. About 60% of paddy plantations are within this area. For the convenience of MADA management, the area is divided into 4 zones: I, II, III and IV. Each zone is broken down into several units. Simple answering session of the questionnaire through telephone was conducted with Managers in MADA areas to determine the number of zone that are organising rice straw collection. Currently, there are four pilot projects for rice straw collection under MADA management with overall production of 2880 tons in 2011, utilizing only 0.33% of total available rice straw in the MADA area. Two projects are located in zone IV, and one project in zone II and III each. Unfortunately, zone I is not included in the rice straw projects due to limitation in feedstock supply and uninterested managerial staff. However in zone III all the collection process of rice straw was done by the contractor. The MADA organization was not involve in all process include in the system boundary. Resulted from these, only two zones (Zone II and Zone IV) were found to organise the rice straw collection and then choosen as the sample for this study. The schematic of rice straw logistic system is shown in Figure 3.16. The model includes all physical and logical components such as machinery for rice straw collection, transportation type, fuel and labour, which affect the logistics cost of rice straw. The overall process from the collection of rice straw at the paddy field to the transportation of the bale to the power plant is covered in this paper. Costs are based on Malaysia Ringgit (1RM=$0.31). 
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Figure 3.16: An overview of logistic model

The baseline model was developed for nominal 10 MW capacity power plant. An annual demand was calculated using equation 3.15 (Delivand, Barz, & Gheewala, 2011). Table 3.17 lists the assumptions made for this analysis.











Table 3.17: Assumed parameter for estimation of the rice straw demand
	Assumption
	
	Reference

	Rice straw demand
	
	

	Power capacity
	10 MW
	

	Annual operating hour 
	8760 (365 days × 24 hour)
	

	Overall efficiency of power plant 
	23%
	(Delivand, Barz, & Gheewala, 2011)

	LHV of rice straw
	13.55 MJ/kg
	(Ahmad et al., 2013; EPA, 2007)

	Moisture content
	11%
	(Delivand, Barz, & Gheewala, 2011; Prasertsan & Sajjakulnukit, 2006)

	Annual rice straw demand(db)
	97863.63
	

	Actual annual rice straw demand 
	108628.6
	

	Cost of Collection Centre(storage) 
	
	

	Interest rate 
	3% 
	(Tradings Economics, 2012)

	DML for open side structure 
	3-10% 
	(Shinners et al., 2007)

	Investment year 
	20 years 
	(Turhallow et al., 2009)

	Capital Cost 
	RM 122.28 / m2 
	(Khalid, 2008)



3.7.1	Estimated rice straw availability and area
The rice straw availability was estimated using SGR (Straw to grain ratio). In this study equation 3.11 was used with a  0.75 ratio to estimate the availability of rice straw (Butchaiah Gadde et al., 2009) . Table 3.18 indicates the paddy production for each zone in the studied area (MADA, 2012).




Table 3.18: Paddy production in 2011 (MADA, 2012)
	Zone
	Unit
	Area (km2)
	Paddy production(tonne)
	Rice straw availability (tonne)
	Maximum availability of plant capacity (MW)

	I
	
	186.76
	219,835.20
	164,876.40
	18.85

	
	A
	38.47
	
	
	

	
	B
	34.96
	
	
	

	
	C
	16.89
	
	
	

	
	D
	39.72
	
	
	

	
	E
	56.72
	
	
	

	II
	
	316.16
	377,052.42
	282,789.32
	32.33

	
	A
	28.66
	
	
	

	
	B
	37.79
	
	
	

	
	C
	38.55
	
	
	

	
	D
	40.21
	
	
	

	
	E
	38.78
	
	
	

	
	F
	35.23
	
	
	

	
	G
	29.40
	
	
	

	
	H
	26.47
	
	
	

	
	I
	41.07
	
	
	

	III
	
	213.76
	238,406.53
	178,804.89
	20.44

	
	A
	43.56
	
	
	

	
	B
	32.97
	
	
	

	
	C
	36.15
	
	
	

	
	D
	44.28
	
	
	

	
	E
	31.48
	
	
	

	
	F
	25.32
	
	
	

	IV
	
	248.90
	313,688.67
	235,266.50
	28.89

	
	A
	34.32
	
	
	

	
	B
	23.39
	
	
	

	
	C
	37.02
	
	
	

	
	D
	37.59
	
	
	

	
	E
	44.93
	
	
	

	
	F
	35.97
	
	
	

	
	G
	35.68
	
	
	



[image: ]Logistic cost is related to spatial distribution of rice straw. For this study, the assumption was made that the collection centre and power plant locations were at the centre of a circular catchment area. The distance of collection centre (da, T1) and power plant (da, T2) was calculated using equation 3.55 and equation 3.56. For each component, this number was divided into subcomponents based on real allocations of Muda Agricultural Authority Development (MADA) management. Each unit was assumed to have a collection centre, and the optimal power plant location was assumed to be in the centre of each zone. The optimal analysis based on minimum emission was carried out for both identified zone. The best location of rice straw plant was considered by the maximum availability (A) of rice straw in each unit and geographical location distribution (L) of each unit. Figure 3.17 shows the location map and the detailed description of method A and L. 
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Figure 3.17: The location map and the detailed description of method A and L.

The maximum rice straw availability and suitable location are used in determininig the optimum power plant design.


                                                                       


3.7.2	Data collection
The in-depth interview sessions were carried to obtain data for each zone that had implemented rice straw collection as a mini project. Three project managers of rice straw management in MADA areas were interviewed to examine their current management process for rice straw. Only two of the units managed their own rice straw; these were B-II and F-IV. The others  subcontracted to manage collection process. 

3.7.2.1	System cost analysis
Rice straw collection or harvesting is done two twice every year. It takes about 20 to 35 days for collecting the rice straws in the fields. It needs a sunny day for the harvesting. A tractor and baler was used for cutting process. The rice straws are cut and collected using GEHL 2480 machine drawn by FarmTrack tractor after drying about 1 to 2 days in the fields for reducing the water content of bale. The normal size of bale is 450 kg. Rice straw collection costs include the cost of fuel, twine, labour and machinery. A set of survey question is sent to the MADA unit regarding the total cost of rice straw bale collection. The cost parameter in the analysis uses the average value of the result obtained from the survey.
Cost for each process was calculated based on equation 3.43 to equation 3.48. The cost parameter in the analysis uses the average value from the result obtained from the survey.



3.7.2.2	Environmental analysis
The life cycle emission is calculated based on system boundaries in Figure 3.12. The emissions from rice straw collection process are from fossil fuel consumption in the tractor. The amount of diesel consumed is taken from survey, which is 7 L per hectare paddy fields, including all machinery needed in rice straw collection using the baling technique. According to this, the diesel consumption in rice straw collection process is calculated using equation 3.57. Average rice straw production in the case study is 19.8 bales per hectare. The CO2 emission is calculated based on fuel combustion using equation 3.58 (EPA, 2008a) . The  equation 3.59 and 3.60 were used to calculate the N2O and CH4 gases emission (AQMD, 2008). The average tractor hour consumption per rice straw bale ready at paddy field is 0.6.


                                                                                    

The CO2 emission from transportation T1 and T2 was calculated based on equation 3.61 and equation 3.62. While the CH4 and N2O emission is referred in equation 3.63.


 

The environment impact assessment is using CML 2001. The Global warming potential relative to CO2 for CH4 and N2O are 21 and 310 (Solomon et al., 2007).
3.7.3	Optimum supply of power generation
The Logistic Model adapted from Simple Plant Location Problem (SPL) was applied in order to obtain the optimum location of power plant. The following equation was derived to minimize the cost for logistic analysis of rice straw to the power plant. 
Minimize  
It is specified as follows:
n = number of zone in which a plant may be located (4 zone)
m = the number of available collection centre (storage)
fi = summation of collection cost and collection centre cost (storage cost) of having a plant site i, for i=1.2..n.
cij = average summation transportation cost (T1and T2) of assigning from collection centre j to a plant site i, for 1=1,2,..n and j=1,2, ..m.
Within the approach the parameter of LHV(IRRI, 2009) and derived equation from (Butchaiah Gadde et al., 2009) was used to measure the optimum power generation.

3.7.3.1	The optimum number of collection centre
Four transportations schemes to haul bale rice straw to power plant with different number of collection centre were considered. The plant and collection centre was assumed to be at origin. 
The first transportation scheme denoted as scheme I assumed that there is no collection centre. The rice straw bale is directly sent to the power plant from the paddy production (rice straw collection process). The distance from paddy production to the power plant is derived by:
                                                                                            

However, scheme 1 is not a realistic design because the entire rice straw bale is directly sent to the power plant without considering the storage facilities.
The second transportation scheme (scheme II) considers that, there are two collection centres in the middle of the area. The rice straw is transported to the power plant in a straight line with minimum distance.
                                                                     

The third transportation scheme, scheme III assumes the rice straw bale is transported along the right side of the triangular form by radius of collection centre. The paddy production area is divided by three zones, and in the middle of each zone are located the collection centres. The power plant was assumed to be at the origin of the triangle.
   
  								
The last transportation scheme, scheme IV assumes that there are four collection centres for each zone and the power plant location is in the middle of the overall area.
                                                                                            
                                                                     

3.8	Optimum allocation of co-firing paddy residue
The analysis is based on the existing coal power plants in Malaysia that suited with nearest availability of biomass resources in this case rice husk.  Two coal power plants were chosen as case studies which are located in Manjung, Perak (4°9’44”N, 100°38’48” E) and Kapar, Selangor (3°7’1” N, 101°19’1” E). There are much more biomass resources in this area like palm oil residues, paddy residues and coconut residues. The objective is to minimize the total cost, emission and distance. The optimization problem was solved using mathematical programming (APPENDIX E). The LINGO software was used to achieve the objective. To optimize the allocation, data from Figure 3.15 to Figure 3.18 were used as optimization variables. The data were taken from selective literatures.

3.8.1	Constraints parameter for allocation optimization in the case study
There are several restrictions in optimization of the allocation in this study. The amounts of rice husk and coal required was computed based on co-firing ratio, power demanding and plant size.  The relationship between the rice husk and coal required versus co-firing ratio is shown in Figure 3.18.

[image: ]
Figure 3.18: Relationship between the rice husk and coal required versus co-firing ratio

Varying co-firing ratio affects the cost and greenhouse gases emission. An increase in the   co-firing ratio would also stimulate the production cost due to the cost of rice husk usage and the cost of modification plant will rise. When more rice husk is co-fired with coal the GHGs emission will decrease with the increase of the number of co-firing ratio. Both, relationship on co-firing ratio to the cost and GHGs emissions are shown in Figure 3.19.
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Figure 3.19: Relationship of co-firing to the (a) cost and (b) GHGs emissions.
Power demand is shown as a function of co-firing ratio and plant size in Figure 3.20. As the power plant size increases the power demand also increase.
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Figure 3.20: Power demand as a function of (a) co-firing ratio and (b) plant size
Production cost is also affected by plant efficiency. Increased plant efficiency will reduce the production cost. Their relationship is shown in Figure 3.21. 
[image: ]
Figure 3.21: Effect of plant efficiency on the electricity production cost

3.9	Potential energy saving and environmental impact
3.9.1	Potential energy and fuel saving
The amount of coal fuel reduction is the real potential of paddy residue in electricity generation for a given year. The coal fuel saving can be defined as the following equation:
                                                                                   
For this study, coals from the sub-bituminous and bituminous rank are being studied due to the reason that Manjung Power Plant is utilizing a few brands of coal from these two coal ranks (Mazlini, 2008). Finally, the coal energy saving is calculated by the coal saving multiplied by the energy content of that coal as shown below in the equation with heat value, 23.33 MJ/kg (Alstom, 2012; Salim, 2004). 

Finally, the coal energy saving is the coal saving multiplied by the energy content of coal as shown below in the equation with heat value, 29.31 MJ/kg. 
                                                                                                      

The fuel saving cost was obtained by multiplying the fuel saving by predicted coal price as shown in equation 3.73. The projection of coal price is was taken from (EIA, 2013).
                                                                                                    

The projection of certified emission reduction price, PCER,i was calculated by equation 3.74. It was assumed that the certified emission price is RM 47 per ton CO2-Eq (Malaysia Energy Centre, 2009). 
                                                                                               

The projection of subsidy supply on conventional plant generation was assumed fixed as the current year situation which is RM 0.2024/kWh (TNB, 2013). Meanwhile the subsidy needed on paddy residue is based on the following equation. The conventional generation cost is RM 0.2308/kWh (Energy Commission, 2011a).
      

 3.10	Error analysis 
This thesis faced the error related to statistical error in data. The observation errors are those that reflect differences between the answers given the respondents and the true value (UK National Statistics, 2008). These are related to respondent factor and mode factor. The respondent factor related to different respondents have different levels of cognition the question and mode factor due to mode of collection also may lead to the error. For example the respondent may shorten their answer in telephone interviews compared with face- to-face interviews. While the none observation errors occur when data are not collected from the whole population. For example the coverage factor, when some subjects are part of the survey is for target population, but not included in the frame from which the survey sample were drawn.                                                                         



                                                                                 
















CHAPTER 4: RESULTS AND DISCUSSION

4.1	The potential of paddy residue into electricity generation in Malaysia 
Rice husk as the agro-industrial residues is a by-product during milling process. Therefore, the potential availability of rice husk in generating electricity was obtained through surveys sent to the rice mill owners. Table 4.1 shows the demographic characteristics of the respondents. Among the rice mill owners, only 2.9% uses the rice husk in power plants. This means that, there is a huge potential lost by not using the rice husk for energy purpose. The maximum electricity consumption for a rice mill is 800 MWh per year. This amount is impossible to be generated by each rice mill operated in Northern region due to limited rice husk supply. However, the current highest of rice husk installed plant capacity is only 450 kW (COGEN3, 2013).  

Table 4.1:	Demographic characteristics of the respondents
	Variable
	Item
	Frequency
	Percentage

	Company Established(years)
	1-15 
	7
	20.60

	
	16-30
	20
	58.80

	
	31-45
	4
	11.80

	
	46-60
	3
	8.80

	Paddy consumption (‘000 tonne)
	1-10
	22
	64.70

	
	11-20
	9
	26.50

	
	21-30
	2
	5.90

	
	>30
	1
	2.90

	Electricity consumption (RM ‘000/per year)
	20-80
	8
	23.50

	
	81-160
	12
	35.30

	
	161-240
	12
	35.30

	
	>240
	2
	5.90

	Use rice husk for electricity generation
	Yes
	1
	2.90

	
	No
	33
	97.10



Rice straw as the crop residue is the waste left behind on the field upon harvesting is measured using the equation 3.11. From the results of the survey, it is found that MADA collects of rice straw from only three areas. This only contributes 0.25% from the available rice straw. The remaining rice straws in the fields are left for burning or rotting. Table 4.2 shows the amount of rice straw collection in MADA area.
Table 4.2: Amount of rice straw collection in MADA area
	Area Block
	Collection (tonne)
	Total Potential(tonne)

	B-II
	1350.00
	282789.32

	C-III
	213.30
	178804.89

	F-IV
	585.00
	235266.50



Based on the result obtained, Table 4.1 and 4.2 show great potentials of applying the paddy residue in generating electricity since there is large amount of paddy residue left behind as waste. The total potential of paddy residue based power generation is predicted by applying the polynomial curve fitting method as shown in equation 3.1 with the assessment of existing historical data from 1980 to 2011. Based on the listed historical data of paddy production in Figure 2.3, and by using the equation 4.1 to determine the potential of electricity generated the paddy residue based electricity generation is projected by the following polynomial equation and the graph is illustrated in Figure 4.1. Where ‘y’ is represented the potentially paddy residue based electricity generation and x represented the years. Figure 4.1 shows the potential of paddy residue based power generation.

                                                                               (4.1)


Figure 4.1: Potential of paddy residue based power generation

The prediction of total electricity generation in Malaysia is estimated using equation 4.2, with historical data adapted from MEIH (2011) with  R2 value of 0.99. Here, the ‘y’ represents the Malaysia electricity generation and ‘x’ represented number of years.

                                                                         (4.2)

The quadratic equation as shown in equation 4.1 is the best fitting with R2=0.762. Thus, the potential of paddy residue based electricity generated and prediction of total electricity generation from 2013 to 2033 in Malaysia is forecasted using the equation 4.1 and equation 4.2 and the results are shown in Table 4.3. Table 4.3 illustrates the  paddy residue based power generation and total Malaysia’s electricity generation forecasted from 2013 to 2033. The maximum contribution of electricity generated from paddy residue in Malaysia is 2.26%.



Table 4.3: Paddy residue based power generation and total Malaysia’s electricity generation forecasted from 2013 to 2033
	Year
	Paddy Residue
(×106 MWh)
	Total Malaysia Electricity Generated (×108 MWh)
	Paddy Residue Contribution (%)

	2013
	2.73
	1.21
	2.26

	2014
	2.78
	1.27
	2.19

	2015
	2.83
	1.33
	2.13

	2016
	2.88
	1.39
	2.07

	2017
	2.93
	1.45
	2.01

	2018
	2.98
	1.52
	1.96

	2019
	3.03
	1.59
	1.91

	2020
	3.09
	1.66
	1.86

	2021
	3.14
	1.73
	1.82

	2022
	3.20
	1.80
	1.78

	2023
	3.26
	1.87
	1.74

	2024
	3.32
	1.94
	1.71

	2025
	3.38
	2.02
	1.67

	2026
	3.44
	2.10
	1.64

	2027
	3.51
	2.18
	1.61

	2028
	3.57
	2.26
	1.58

	2029
	3.64
	2.34
	1.56

	2030
	3.71
	2.42
	1.53

	2031
	3.78
	2.51
	1.51

	2032
	3.85
	2.59
	1.49

	2033
	3.93
	2.68
	1.46



4.2	Paddy residue preparation as feedstock into electricity generation using life cycle assessment, LCA
These results showed the assessment of Environment and Energy aspects to the paddy residue preparation as feedstock into electricity generation. The results are divided into two subtopics which are the assessment of 3E aspect to the rice husk as feedstock and the assessment of 3E aspect to the rice straw as feedstock into electricity generation.




4.2.1	Assessment of energy and environment for rice husk use in electricity generation
Assessment found a total average energy input and output calculated as 31,742.76 and 64,600 MJ ha-1 respectively. The energy input considered the fertilizer, chemical, fuel consumption, seed, water consumption and machinery use. These energy input and output are calculated based on data presented in Table 3.4. According to Freedman (1980), for all methods of rice production the energy output is greater  than the total consumption of energy input. Table 4.4 displays the average energy consumption of each input and output of paddy plantation in Malaysia per hectare. Table 4.5 indicates the input-output ratio in paddy plantation. To estimate the energy usage and economic aspect for rice husk preparation equation 3.2 to 3.5 is used. Energy requirement in paddy plantation is divided into two types, direct and indirect. Here, direct energy includes human labour, fuel and water consumption that are used during paddy production. Meanwhile the indirect energy includes the seeds, fertilizers, chemicals and machinery (Samavatean et al., 2011). Human labour and seeds are classified as renewable energy due to the fact that this energy can be replenished and the others are categorized as non-renewable energy due to the limited amount of this resource (Pishgar-Komleh et al., 2011). Table 4.6 illustrates the paddy plantation production cost. Table 4.7 summarizes the energy and economic analysis of paddy production prepared as feedstock. In this study, the paddy residue is assumed as waste in the paddy fields (rice straw) and agro-industrial by-product (rice husk). Table 4.4 to Table 4.7 illustrates the energy consumption and cost involved during paddy production in the field. For rice husk, the energy and cost analysis is presented in Table 4.8 to Table 4.9.


Table 4.4: Average energy consumption in paddy plantation in Malaysia
	Quantity
	Unit
	Quantity per unit area (ha)
	Total energy equivalent (MJ/ha)
	Percentage

	Paddy Field 
	kg/ha
	
	
	

	Fertilizers
	
	
	
	15.39

	Nitrogen, N
	
	55.00
	4295.50
	

	Phosphorous,P2O5
	
	22.00
	382.80
	

	Potassium,K2O
	
	15.00
	205.50
	

	Chemical
	
	
	
	25.27

	Herbicides
	L/ha
	27.00
	2295.00
	

	Insecticide
	Kg/ha
	25.00
	5725.00
	

	Fuel
	
	
	
	22.70

	Diesel
	MJ/ha
	83.42
	3987.48
	

	Petrol
	L
	69.52
	3218.78
	

	Seed
	kg
	140.00
	2050.00
	6.46

	Water
	m3
	12000.00
	7560.00
	23.82

	Human
	h
	670.82
	1314.81
	4.14

	Mechanical
	
	
	
	2.23

	Machinery
	h
	6.08
	381.22
	

	Agriculture machine
	h
	5.21
	326.67
	

	Total energy Input
	MJ/ha
	
	31742.76
	100

	Rice grain
	kg
	3800.00
	64600.00
	



Table 4.5: Energy input-output ratio in paddy plantation
	Item
	Unit
	Average, MJ/ha
	Percentage

	Energy Ratio
	-
	2.04
	

	Energy Productivity
	Kg/MJ
	0.12
	

	Specific Energy
	MJ/kg
	8.35
	

	Net Energy
	MJ/ha
	32857.24
	

	Direct Energy
	MJ/ha
	16081.07
	50.66

	Indirect Energy
	MJ/ha
	15661.69
	49.34

	Renewable Energy
	MJ/ha
	3364.81
	10.60

	Non Renewable Energy
	MJ/ha
	28377.95
	89.40

	Total Energy
	MJ/ha
	31742.76
	







Table 4.6: Paddy plantation production cost (RM ha-1)
	Items
	Energy use
(MJ/ha)
	Cost of input 
(RM/ha)
	Cost/ Energy use (RM/ha)

	Fertilizers
	4883.80
	99.40
	0.05

	Chemical
	8020.00
	726.12
	0.09

	Seed
	2050.00
	231.00
	0.11

	Machinery and Fuel
	7914.14
	1032.50
	0.13

	Human 
	1314.81
	1281.49
	0.97



Table 4.7: Energy and economic analysis of paddy production prepared as feedstock
	Parameter
	Unit
	Value

	Total Input Energy 
	MJ/ha
	31,742.76

	Total Output Energy
	MJ/ha
	64,600.00

	Total Cost of Input Energy 
	RM/ha
	3,370.51

	Gross Return of Output Energy 
	RM/ha
	4,932.78

	Net Energy Returns 
	RM/ha
	1,562.27

	Energy benefit Cost Ratio
	
	1.46

	Costs/unit of input energy 
	RM/MJ
	0.11

	Returns/unit of output energy 
	RM/MJ
	0.08



Table 4.8: Rice husk energy consumption during milling process
	Stages
	Electricity (W/ kg paddy)
	Electricity (MJ/ kg paddy)
	Rice Husk energy (kg/ kg paddy)
	Rice Husk energy (MJ / kg paddy)

	Parboiling
	4.10
	0.01
	0.17
	0.17

	Storage
	0.15
	5.5656×10-4
	-
	-

	Milling
	9.38
	0.03
	-
	-

	Total
	16.64
	0.05
	
	0.17



Table 4.9: Economic analysis of rice husk during milling process
	Item
	Cost (RM/ tonnes of paddy)

	Raw material
	166.07

	Drying Cost
	42.32

	Milling Cost
	28.00




The analysis of GHG emissions associated with rice husk production needs to be included in the process of paddy farming, rice milling and the transportation. Process of paddy farming includes the growth stage, harvest stage and transportation. Meanwhile process of rice milling is used to get the product of rice and by-product of rice husk. The contribution of GHG emissions is from chemical, fertilizers used and also the transportation system. Table 4.10 shows the amount of GHG emissions from two different processes of rice husk production. Based on result from Table 4.10 the overall rice husk preparation is still zero GHG emission due to the absorption of CO2 gas during paddy plantation. The zero GHG emission during the rice husk preparation is assumed when the radius of rice mill is below 12 km. 

Table 4.10: GHG emission from preparation of rice husk
	
	
	GHG emission (g)

	Process
(g/kg rice husk)
	Energy Consumption
 (MJ/ kg rice husk)
	CO2

	N20

	CH4

	SOX

	CO2-Eq


	Paddy Farming
	8.61
	-3496.51
	2.04
	122.80
	-
	-3371.67

	Rice Milling
	0.23
	3.27
	1.27
	0.12
	0.12
	384.73

	Transportation
	0.23
	2734.13
	0.07
	0.03
	6.10
	2755.74



4.2.1.1	Rice husk based electricity generation
Emission from rice husk combustion was calculated from paddy production until rice husk combustion (Figure 3.4). Table 4.11 indicates the emissions of gases for 1.5 MWh power plant which burns rice husk. Since all the carbon in the paddy field is recycled, rice husk electricity production will contribute to the net CO2 gas emissions only through fossil fuel inputs to agriculture and transport process. CO2 emission (fossil) is 69.4 kg, but the carbon, biogenic calculated are 4347 kg. This means that, the total emission of CO2 is zero due to consumption of CO2 in paddy fields. Since all the carbon in the rice production is recycled, the contribution of emission is contributed through transportation Usually, the distance between paddy field to the rice mill is from 2 km until 100 km. Figure 4.2, shows the emission of CO2, CH4, N2O and CO2-Eq towards the distance of transportation rice grain (single transportation). From the graph it seems the nitrous oxide and methane gas have the great impact on the total carbon dioxide equivalent where global warming potential relative to CO2 for CH4 and N2O are 21 and 310, respectively (Solomon et al., 2007). After 75 km the emission of CO2-Eq during life cycle rice husk based electricity generation is higher than emission of coal power plant. It stands for the radius of transportation of paddy to mills should be less than 75 km to get an advantage over coal power plant discharges.

Table 4.11: Emission from life cycle inventory of rice husk based power generation-1.5 MWh
	Emission species
	NOX
	SO2
	CO
	CO2
	N2O

	Unit (kg)
	53.69
	1.50
	96.36
	69.40
	8.37








Figure 4.2: GHGs emission varying with distance of rice mills

4.2.1.2	Environmental impact based on LCA methodology
Table 4.12 indicates the characterized results for 1.5 MWh capacity power plant using the CML 2001 impact assessment method. Roughly 97% of climate change impact is contributed by dinitrogen monoxide gases from a paddy plantation process. The acidification impact mostly caused by transportation and paddy plantation process. The paddy plantation process contributes more than 90% to the each environment impact assessment result. All the impact can be shortened by using the organic paddy plantation management where there is no chemical involve in paddy farming.

Table 4.12: Characterized results for 1.5 MWh of electricity
	Impact Parameter
	Unit
	Value

	Climate change
	kg CO2-Eq   to air
	2565.36

	Ozone depletion
	kg CFC-11-Eq
	0.01

	Eutrophication
	kg PO4-Eq to water
	14.88

	Acidification
	kg SO2-Eq to air
	69.78


	
Figure 4.3 to 4.4 shows the subdivision of the environmental index by impact category from the main process of electricity generated by rice husk using CML 2001. Even though, the paddy farming is the primary contribution of methane gas, the absorption of carbon dioxide through photosynthesis process can neutralize that. About 98% of the CO2 gases are contributing from transportation process.   

Figure 4.3: Relative contribution of the main process using CML 2001



Figure 4.4: Comparison of CML 2001 scores for the main process

4.2.1.3 Comparison with electricity with coal and natural gas
A study by Spath et al. (2000), had shown that the rate of production of CO2 from coal plant generating electricity in the US is about 1022 g/kWh. The CO2 emission for rice husk –derived electricity calculated in this study is 47 g/kWh. This value varies compared to other studies (Chungsangunsit et al., 2004; Thipwimon Chungsangunsit et al., 2010; Jittima-Prasra, 2009). Inconsistencies in the assumptions applied like efficiency terms, life–cycle inventory components and system boundaries are the main factors generating the variation in the LCA results (Davis et al., 2009). The characterized data of 1.5 MWh rice husk based power plant have been compared to the coal based and natural gas based power plant of same capacity. Figure 4.5 shows the comparison of LCIA data for the production of 1.5 MWh of electricity at plant. GHG emission is greatly reduced in rice husk based power plants while creating a higher impact on ecosystem quality compared to natural gas. This is due to higher methane emission in paddy plantation.  The life cycle data used for coal and natural gas-derived electricity were taken from NREL database.
Different location and also methodology applied in this study with the actual database causes the unsuitability of this result to be the definitive comparison. But comparison in the pattern of impact emission between three different fuel types can be seen. The rice husk-derived electricity provides more benefit for the categories of climate-change, fossil fuels resources and eco-toxicity compared to that of coal based power generation.
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Figure 4.5: Comparison of LCIA data for the production of 1.5 MWh power plant
4.2.2	Assessment of 3E to the rice straw as feedstock into electricity generation
Energy consumption and GHG emission was calculated in three stages of rice straw preparations which are paddy production, rice straw collection, and transportation to the power plant. Table 4.13 shows the GHG emissions  and energy consumption from rice straw preparation.

Table 4.13: GHG emissions and energy consumption from rice straw preparation
	Rice straw preparation stages
	Energy consumption (MJ/kg rice straw)
	GHG emission (g)

	
	
	CO2 
	Nitrous oxide 
	CH4 
	CO2-Eq 

	Paddy production
	2.52
	-1690
	0.99
	59.46
	-1629.55

	Rice straw collection
	0.11
	3.89
	9.75×10-5
	1.92×10-4
	3.89

	Transport
	0.87
	128.09
	3.01×10-3
	1.95×10-3
	128.09



Paddy production consumes the highest energy consumption by 72%, for rice straw preparation stages. This is identical with wheat crop study in Canada (Sultana & Kumar, 2011a), that consumed the highest energy in farming stages due to nitrogen based fertilizer. Consumption of fertilizer, pesticide and agriculture machinery used was the major contributor to the total energy consumed in paddy production (Noga & Tajima, 2011). Energy consumption of paddy production includes the direct and indirect energy. These include the fuel consumption and human load. The utilization of seeds, pesticide, fertilizer and also the machinery are categorized under indirect energy. Nevertheless, the paddy production process has a great advantage in relation to the global warming impact, due to absorption of carbon dioxide through photosynthesis (Renó et al., 2011).
Considering all the preparation stages of rice straw preparation, the highest emission to GHG was from transportation which totalling 57.48% of the CO2-Eq emission. The overall contribution of rice straw preparation to GHG emissions is 224.48 g CO2-Eq/kg rice straw or 261.3 g CO2-Eq/kWh. This emission is lower compared to cucumber production in Iran which is contributed 526.7 g CO2 per kg cucumber (Seyyed Hassan Pishgar-Komleh et al., 2013). The life cycle emission of corn stalk based bio-fuel production is obtained  16.15 g CO2 per kg corn with transportation distance 5.8 km (Hu et al., 2014). Other difference in emissions is likely due to difference between studies in farming location, type, allocation method, energy and emission coefficients (Miller & Kumar, 2013).
In spite of this, the overall rice straw preparation is still zero GHG due to consumption of CO2 gases for paddy farming plantation (photosynthesis process). Even though the energy consumption for paddy production is the highest, the CO2-Eq indicated a negative result due to CO2, BIOGENIC emission used in paddy plantation but it contributes almost all methane gases, which is 99.99% compared to other stages.   

4.2.2.1	Rice straw based electricity generation
Emission of rice straw-based electricity generation begins with paddy production and continues to power generation (Figure 3.6). Table 4.14 indicates the emissions of life cycle rice straw fired alone gases for 1kWh electricity generated. The obtained CO2-Eq emission is 0.845 kg CO2/kWh which is lower than wheat straw fired alone, 1.076kg CO2-Eq/kWh and brassica carinata fired alone with 1.086 kg CO2-Eq/kWh (Sebastián et al., 2011). CO2 emission results were obtained following  a study done in 1999 (Norton, 1999). About 42.6% GHGs emissions were contributed from CO2 gas. Rice-straw electricity generation had zero carbon emissions when CO2, BIOGENIC consumed is 1.67 kg/kWh. 


Table 4.14: Emission from life cycle rice straw-fired alone for 1kWh electricity generated
	Emission
	CO2
	CO
	CH4
	N2O

	Unit/kg
	0.36
	2.88×10-3
	1.63×10-2
	2.86×10-4




Figure 4.6: CO2-Eq emission between base case (58 km) and 250 km for each process
Table 4.15: Characterised results for LCA of 1 kWh of electricity (CML 2001)
	Impact parameter
	Value
	Unit

	Acidification
	6.78×10-3
	kg SO2-Eq

	Climate Change
	4.30×10-1
	kg CO2-Eq 

	Eutrophication
	1.46×10-3
	kg PO4-Eq 

	Toxicity
	1.41×10-3
	kg 1,4-DCB-Eq 

	Summer smog
	5.22×10-3
	kg formed ozone



Figure 4.6 shows the CO2-Eq emissions between base case (58km) and 250 km for each process of 1kWh rice straw-based power generation involved in the system boundaries. Transportation contributes 6% to the total CO2-Eq emission for the base case. With an increase in the distance of T1PP>CC and T2CC>POWER the contribution of transportation goes to 42%.The distance of rice straw bale transportation contributed to the global warming (0.1875% per km) is much higher than rice husk with 0.024% per km (Thipwimon Chungsangunsit et al., 2010) due to bulk condition of bale rice straw. The rice straw bales are transported in 1.5 tonne lorries, consuming a large amount of space, with only 2 bales per lorry. By using a larger truck for transporting bales, GHG emissions could reduce as a result of fewer trips taken. According to Devlin et al. (2013) , payload affects the total emission of biomass based power generation.  
Table 4.15 indicates the characterised results for 1 kWh of rice straw-based electricity generated. The CO2 gases cause climate change that contributes the highest impact to the environment as identical to LCA wood based electricity generation analysis in Japan (Tabata & Okuda, 2012) . Most of the process emitted the highest CO2 gases, except the paddy production which emitted the CH4 and N2O gases. SO2, NOX and NH4 all contribute to acidification (Kasmaprapruet et al., 2009). The highest contribution to both impacts comes from rice straw transportation with 42.42% for acidification and 77.66% for climate change. These values are considered lower than the value from coal-based power generation (0.3134 kg SO2-Eq/kWh). All the impact resulted from rice waste-based power generation are much lower compared to coal-based power generation (Chungsangunsit et al., 2004; Hartmann & Kaltschmitt, 1999; Prasana-A & Grant, 2011; Ramjeawon, 2008).
Table 4.16 indicates the impact potential of climate change. Transportation of rice straw has a significant effect to the climate change. The CO2 emission from rice straw based power generation will be equal to coal based power generation if the distance is more than 280 km/round. Hence, to get the advantage from climate change impact over the conventional power plant, the rice straw transportation to power plant should be less than 140 km. 


Table 4.16: Impact potential of climate change
	Distance, km/round
	Total amount emission, ×10-2 kg CO2-Eq/kWh
	From Transportation, 
×10-2 kg CO2-Eq/kWh

	50
	17.98
	3.02, 16.8%

	100
	27.05
	12.09, 44.7%

	200
	63.31
	48.34, 76.4%

	300
	123.74
	108.78, 87.9%




Figure 4.7: GHG emissions for LCA of 1 kWh of rice straw-based power generation

Figure 4.7 shows the GHG emissions of 1kWh rice straw based power generation for each process involved in the system boundaries. Almost 78% of CO2 emission is contributed by the transportation process. The rice straw bales are transported in 1 to 3 tonnes lorry consuming large space, where only 2 bales are loaded in each lorry. The truck to transport the bale can reduce the GHG emission due to fewer trips taken. The contribution of CO2 gas emission in three major stages: transportation (78%), power generation (15%) and rice straw collection (5%). The substances of SO2, NOX and NH4 contribute to acidification (Kasmaprapruet et al., 2009). The highest contribution to both impacts comes from rice straw transportation with 42.42% for acidification and 77.66% for climate change. These values are considered lower than the value from coal based power generation (0.3134 kg SO2-Eq/kWh). All the impact resulting from rice husk based power generation are much lower compared to coal based power generation (T. Chungsangunsit et al., 2004; Hartmann & Kaltschmitt, 1999; Prasana-A & Grant, 2011; Ramjeawon, 2008).

4.2.2.2	Comparison with coal and natural gas based electricity generation
Rice straw-based power generation contributes 0.845 kg CO2-Eq emission per 1 kWh of electricity generated. Open-burning rice straw contributes 1.38 kg CO2-Eq with an emission factor of 1460 g/kg (Gadde et al., 2009) whereas coal-based power generation contributes 1.25 kg CO2-Eq emission. Therefore, rice straw based power plants are saving is 1.79 kg CO2–Eq GHG emission per kWh. GHG emissions from rice straw-based power generation are less compared to contributions both from open burning and from coal-based electricity generation. The result obtained from  Hongtao Liu et al. (2010) indicates that straw based electricity generation also has far fewer GHG emissions than coal. The pulverized coal power plant obtained the GHG emissions about 1.3 kg CO2-Eq/kWh from the mining process to power production setting boundaries (Restrepo et al., 2012). 
The GHG emission saving from natural gas power generation is 1.05 kg CO2-Eq/kWh. Table 4.17 shows the GHG emission potential comparison for 1 kWh for the entire life cycle assessment. Table 4.18 indicates result of the comparison with other studies in straw based power generation. The result seems not identical due to system boundaries setting and input data source. It is identical with the conclusion from Soimakallio et al. (2011) , which indicates that the result or finding of LCA studies are difficult to compare due to research questions, method and data set selection give a significant impact to the outcome. 
The assumption and consideration of certain parameters depending on National level activities would generate different output. The size of straw bale transport also effects the total GHG emissions. The most significant impact are the biomass fired power station efficiency and also the resource transport distance (Sebastián et al., 2011).

Table 4.17: GHG emission potentials comparison for 1kWh for the entire life cycle assessment
	
	GHG emissions, g

	
	CO2
	NOX
	CO
	NH4
	N2O

	Paddy Straw
	360.00
	11.50
	2.88
	16.00
	0.28

	Coal
	1209.50
	3.98
	0.21
	1.64
	2.02×10-5

	Natural Gas
	446.88
	0.37
	0.31
	2.70
	8.17×10-3



Table 4.18: Comparison with other studies in straw based power generation
	
	This study
	(Delivand et al., 2012)
	(Hongtao Liu et al., 2010)
	(Sebastián et al., 2011)

	Country
	Malaysia
	Thailand
	China
	Spain

	Biomass Fuel
	Rice straw
	Rice straw
	Wheat straw
	Wheat straw

	Bale weight(kg)
	450
	
	15-18
	

	Collection centre distance (km)
	58(base)
	25-32
	20-42
	100

	Life cycle GHG reduction 
(g CO2-Eq/kWh)
	560
	193
	664
	1076 



If all rice straw generated in the fields were utilized fully for power generation, 1.93 million tonne of rice straw could generate 1809 GWh electricity in 2011. GHG emissions saving from coal- based electricity generation would be 1.03 Million tonne CO2-Eq. Figure 4.8 shows the graph of global warming potential saving from rice straw open burning and coal based power generations and the total Malaysia CO2 emission from electricity generation. Malaysia CO2 emission from electricity generation sector is showing an exponentially increasing pattern for each year. The study by Shekarchian et al. (2011) , indicates that the average annual growth rate of emission is 14.81% for CO2, 10.32% for SO2, 14.38% for NOX and 21.52 % for CO. According to ETP (2012) , Malaysia is one of the world’s fastest growing countries in terms of carbon emissions.  Before 2008, total CO2 emission was less than avoided global warming potential. In 2010, the CO2 emissions reached 101.64 million tonne. In 2011, the electricity generation sector contributed the highest source of global warming and acidification with N2O emissions and SO2 emission with 470292 tonne (61%) and 86497 tonne (46%) respectively, (Rahman et al., 2011). However, the rice straw based power generation applied can reduce the CO2 emission up to 1% of total CO2 emission in Malaysia. This small percentage of reduction will become more attractive in the future, as Malaysia strives to reduce its carbon foot print. 


Figure 4.8: Global warming potential saving from rice straw based power generations and total CO2 emission from Malaysia electricity production

Table 4.19 lists the GWP saving in Northern region of Malaysia based on rice straw availability. The total potential installed capacity in the Northern region is 132.4 MW which is 0.61% from the total installed generation capacity in peninsular Malaysia for 2011. Among the state in the northern region, Kedah provided the highest GWP saving which is 55.7% with 73.7 MW installed capacity.

Table 4.19: Potential in Northern region of Malaysia based on rice straw availability
	State
	Potential Capacity (MW)
	GWP Saving 
(Million tonne CO2-Eq per year)

	Kedah
	73.70
	0.41

	Penang
	12.10
	0.07

	Perak
	27.10
	0.15

	Perlis
	19.50
	0.11



4.2.2.3 Sensitivity analysis on life cycle of rice straw based electricity generation
The impact of different assumptions on the results can be measured by varying parameter and observing the subsequent changes. Sensitivity analysis was conducted to identify the effects of change in power plant size, distance and plant efficiency.
Plant efficiency gives significant result to the overall GHG emissions. Figure 4.9 shows the relationship between the plant efficiency and CO2-Eq. Their linear relationship is CO2-Eq per kWh = -0.023ŋ+1.061. An increase of 0.5% plant efficiency resulted in a reduction of about 2.3% of total GHG emissions. The plant efficiency could  vary with 2-3% depending on fuel moisture, boiler pressure drop and steam data (Pihl et al., 2010).  


Figure 4.9: Relationship between the plant efficiency and CO2-Eq emission

Rice straw transportation may have significant implications in optimizing the plant performance. Figure 4.10 shows the graph of LCA GHG emission for three different plant capacities (50 MW, 100 MW, and 150 MW) with varying distance of T1 and T2. The capacities of rice straw bale per lorry give significant impact to the total GHG emission for rice straw based power generation. Small capacity below 50 MW has the same pattern of GHG emission with distance.
The system boundary consists of two types of transportation links which are T1 (transportation of bale rice straw from paddy production to collection centre) and T2 (transportation of bale rice straw from collection centre to power plant). T2 have a slightly higher impact to GHG emissions compared to T1with varying distance and plant size parameter. Figure 4.11 shows the specific GHG emissions with varied distance.  At a shorter distance, T1 contributes more than T2 to the total GHG emission. After 110 km, T2 emission becomes more dominant than T1. In this case, the minimum GHG emissions can be obtained by designing the distance of collection centre to the power plant (T2) to be not more than 110 km. It shows the similar correction from the biomass haulage study in Ireland (Devlin et al., 2013). However, Umar et al. (2014),suggests nearly 78% of survey respondents believed that the plant site should be turned up within a 20 km radius from the resource points.
T1 has 0.97% increase for each 10 km increase, while T2 only has 0.13% increase with 10 km increase. This means that, for long distance it is better to use big size lorry capacity that can save the GHG emissions. The plant capacity gives an impact to the total GHG emissions with 4832.65 tonne CO2-Eq per MW. The GHG emissions change in distance with varied plant size is presented in Figure 4.12. Varying distance of T1 has more effect on CO2-Eq emissions compared to T2.
Figure 4.13 show the total GHG emission varies with distance for rice straw based power generation and coal based power generation. The maximum total distance should be below 235 km per trip for GHG emission to be below the coal based power generation.


Figure 4.10: LCA GHG Emissions for three different plant capacities (50 MW, 100 MW, and 150 MW) with varied distance of T1 and T2

Figure 4.11: Specific GHG emissions with varied distance

Figure 4.12: GHG emissions change in distance with varied plant size


Figure 4.13: Total GHG emissions vary with distance for rice straw based power generation and coal based power generation.

4.3	Paddy residue co-firing at existing coal power plant
Malaysia has several operating coal power plants with boiler output capacities ranging from 100 MW to 700 MW. Currently, coal for electricity generation in Malaysia is fully imported from other countries which include Australia (60%), Indonesia (30%), China (5%) and South Africa (5%). This will cause a major issue of supply risk in the future (TNB, 2012). However, proximate supply availability of rice straw for co-firing indicated that the most suitable co-firing coal power stations are the Kapar Power Station and the Manjung Power Station (KP and MP). The Manjung coal-fired power plant is located on a man-made island off the coast of Perak in Malaysia. It generates 2100 MW from three 700 MW units of steam turbine. According to Abd Rahman Adlansyah (2010) , one unit of boiler has already experienced the co-firing of pelletized EFB with 1% to 3% co-firing ratio for one week only due to storage problem and increased the slugging.   Kapar Power Plant is a major station in the Klang Valley region of Malaysia. This power station, which is fired by natural gas, oil and coal, is located 56 km west of Kuala Lumpur facing the Strait of Malacca. Table 4.20 indicates the availability of rice straw for the two regions studied. These coal power stations generated 300 MW and 700 MW electricity from two unit.

Table 4.20: Rice straw availability in the two studied region
	
	North
	Central

	Rice straw yield (tonne/km2)
	297.92
	368.19

	Availability factor
	0.25
	0.25

	Farmland factor
	0.50
	0.50

	Area served (km2)
	311535.40
	34176.20

	Radius distance (km)/one trip
	314.90
	104.30

	Suitable coal power station
	Manjung
	Kapar



4.3.1	Environmental analysis of rice husk co-firing at the existing coal power plant
The environmental analysis involved dedicated rice husk fired plant and co-fired with coal. Power generation using biomass or coal produces air borne emissions such as carbon dioxide (CO2), sulphur dioxide (SO2), nitrous oxide (N2O) and methane (CH4). Table 4.21 indicates the comparison of emission between the rice husk fired alone and coal fired electricity generation.

Table 4.21: Emissions from rice husk-fired alone and coal fired electricity generation
	Emission (g/kWh)
	CO2
	N2O
	CH4
	SOX
	NOX
	CO

	Rice Husk
	874.50
	9.32×10-3
	4.85×10-3
	2.95×10-3
	0.66
	7.16×10-3

	Coal
	984.00
	0
	7.92×10-3
	1.78×10-3
	2.48
	0.11



The most contribution of emission species come from CO2 for both rice husk and coal fired alone electricity generation. But rice husk based electricity generation emits the biogenic carbon dioxide (CO2, BIOGENIC) while coal is emitted from fossil carbon dioxide (CO2, FOSSIL). The CO2, BIOGENIC emission is 0.843 kg/kWh for dedicated rice husk plant. The total emissions for coal and rice husk are 0.986 kg and 0.032 kg per kWh electricity generated, respectively. This means, dedicated rice husk fired plants only contributes 3.1% of GHG emission compared to dedicated coal fired one. Meanwhile a study by Jaramillo (2007), had reported a production of about 0.952 kg/kWh CO2-Eq from coal based electricity generation.
A comparison of LCA between rice husk based electricity generation and coal based electricity generation is presented in Table 4.22. The system boundary for rice husk based power generation is shown in Figure 3.4. Coal based electricity generation is started from coal mine until electricity generation.

Table 4.22: Life cycle between rice husk and coal based electricity generation
	Electricity generation, 1kWh
	GHG emissions, g

	
	CO2
	N2O
	CH4
	CO2-Eq

	Rice Husk
	-1193.30
	3.74
	249.11
	-940.45

	Coal
	998.50
	7.62×10-5
	1.77
	1000.27



If the amount of CO2 needed for paddy growth is taken into account, the total CO2-Eq will result in a negative value as plants absorb CO2 in photosynthesis process to synthesize carbohydrates. The absorption of carbon dioxide through photosynthesis process create great advantage to the life cycle emissions (Renó et al., 2011). It is shown in LCA of rice husk based electricity generation, where it produces zero emission with boundary settings shown in Figure 3.4, starting from paddy farming until rice husk combustion in the boiler. However, the zero emission from rice husk based electricity generation could occur for the radius of transportation of paddy mills less than 75 km.

4.3.1.1	Rice husk co-fired with coal
Rice husk fired alone for large capacity power plants is not practical due to unsteady feedstock supply and transportation constraints. Co-firing rice husk with coal is a technique to reduce the pollutants such as NOX, SOX and GHG emissions (Kwong et al., 2007). None of coal power plant modification implements this technique so it is assumed that co-firing will occur in an existing coal power plant without plant modification. Hence, the output emission is from a combination of rice husk and coal fired alone in the function of rice husk and coal mass required. 
Co-firing 10% rice husk with coal to generate 1kWh of electricity requires 0.4183 kg coal and 0.0476 kg rice husk. Combustion of 5% to 10% of rice husk only needs a minor change in the handling equipment and the boiler is not noticeably debated (IEA, 2007). Global greenhouse emissions from co-firing 10% rice husk with coal that have been assessed as shown in Table 4.23. 

Table 4.23: GHG emissions from co-firing 10% rice husk with coal
	Emission species (g/kWh)
	CO2
	N2O
	CH4
	SOX
	NOX
	CO

	10%
	812.08
	8.86×10-4
	7.63×10-3
	2.81×10-2
	2.31
	8.4×10-2



Figure 4.14 shows the trend of CO2 emission with different co-firing ratio of rice husk. The stimulated relation gives a linear function during low co-firing ratio from 1% to 20% as:
                                                                     (4.3)

Figure 4.14: GHG emissions as a function of co-firing ratio

As referred above, co-firing is the best method to descend the GHG emission without serious technical and practical procedures. The GHG emission is reduced to about 12% to 26% depending on co-firing ratio value. Plant do not require any major modification except for rice husk handling for the co-firing ratio up to 10% (IEA, 2007). However, at 15% of co-firing ratio, a separate feeding system requires for rice husk injection port to the boiler (Mann & Spath, 2001). Even though the co-firing serves the great reduction in GHG emission, it also faces a challenge of security of consistent supply at higher co-firing ratio. The optimum logistic analysis is essential to reduce the emission from transportation.   
GHG emissions starts from paddy production until power generation between 10% to 100% rice husk co-firing with coal. This emission range is presented in Table 4.24. Overall life cycle, CO2-Eq for 10% rice husk firing was 0.916 kg/kWh which is 8.35% reduction compared to dedicated coal fired plant with 0.100 kg/kWh. The lifecycle GHG emission by changing the co-firing ratio to 5% is 0.946 kg/kWh which makes 5.37% deduction and 20% is 0.820 kg/kWh (17.94% deduction).

Table 4.24: Life cycle GHG emissions from rice husk fired alone and from 10% co-firing
	Emission species (g/kWh)
	CO2
	N2O
	CH4
	CO2-Eq

	Rice husk fired alone
	-1193.30
	3.74
	249.11
	-940.45

	10% rice husk co-firing
	862.08
	0.88
	53.74
	916.70



The impact on ecosystem and human health of dedicated coal fired and co-firing technique power plants is shown in Figure 4.15. The analysis is used for 767600 MWh of electricity produced which is equal to electricity capacity of Kapar Venture Sdn. Bhd. coal power plant.


Figure 4.15: Impact on ecosystem and human health of dedicated coal fired and co-firing technique power plants

CO2 emissions has severe impact on global warming, while nitrous oxide (NOX) causes acidification. Overall, all of GHG emissions from power plants has impact on ecosystems.  It seems that 10% of co-firing can reduce the entire impact factor to the ecosystem by almost 10.02% reduction of emission.

4.3.1.2	Economic analysis rice husk co-firing at existing coal power plant
Rice husk is by product from paddy processing in the mill. In this study, cost of rice husk preparation is assumed highly dependent on transportation cost of rice husk to the power plants. Since it was a by product, the cost analysis only involve the transportation cost from rice mill to power plant. Local rice husk transportation cost is RM 5/km (Adlansyah, 2011). In Malaysia the costs of rice husk now in the range RM 90 - RM 100/tonne. The overall rice husk production cost of RM 0.5/kg including the transportation cost and supplier cost (fixed cost). Figure 4.16 shows the linear relationship between the rice husk cost and increase the hauling distance. Higher value of co-fired ratio, RRH has higher impact on rice husk cost compare to lower RRH. 10% increase of RRH resulted 11.9% increase in rice husk cost. But the rice husk transportation cost is not significant in implementing the co-firing technique if the CO2 emission price is taken into account. 


Figure 4.16: Rice husk cost as a function of hauling distance

The analysis of the specific unit transportation cost of 10% and 20% co-firing ratio of rice husk is presented in Figure 4.17. The results of transportation analysis indicates that the unit cost of rice husk transport decrease with increasing the hauling distance for different co-firing ratio. It shows ta similarity pattern of results with some previous studies (Delivand, Barz, & Gheewala, 2011; Singh et al., 2010).


Figure 4.17: Unit transport cost for 5% and 20% co-firing ratio of rice husk

Table 4.25 indicates the cost of electricity output for 100 kWh and 500 kWh. Cost of power plant modification, maintenance and CO2 emission price is eliminated in calculation. RRH greater than 20%, cost for coal fired alone less than co firing technique. This is co-firing more than 20% need to added the cost of power plant modification. Power capacity affected the cost generating electricity output because of needed more transportation cost for hauling the rice husk to power plant.

Table 4.25: Cost generating electricity output
	Total Cost, RM
	100 kWh
	500 kWh

	10%
	14.94
	74.70

	15%
	15.60
	77.90

	20%
	16.80
	83.80

	Coal Fired Alone
	16.70
	83.70



Figure 4.18 shows the relation of breakeven cost between rice husk and coal costs. Taking the average coal cost of RM 0.33/kg, the breakeven rice husk cost must be RM 0.90/kg, RM 0.62/kg, RM 0.52/kg and RM 0.46/kg at co-firing ratios of 5%, 10%, 15% and 20%, respectively. In this analysis the rice husk cost use is RM 0.5/kg, which means co-firing at lower ratio 5% until 15% the breakeven rice husk cost is higher than real cost. With 20% co-firing ratio rice husk only matches when the cost of coal reaches RM 0.37/kg in this case, only 12% increase of coal cost. Moreover, the rice husk cost is fairly competitive with coal if the coal subsidy is cut by 12% from current cost. 


Figure 4.18: Effect on rice husk and coal cost as CO2 emission price breaks even

The relationships between the co-firing ratio on cost of co-firing is shown in Figure 4.19. With the increase in co-firing ratios, the costs of rice husk also rises, while the cost of coal and SOX credit decreases. The overall cost of co-firing capture all these trends and is an exponential decrease with co-firing ratio increase. The analysis did not include the modification cost as it was assumed as constant at RM0.09/ kWh for co-firing ratio lower than 15%. This was due to consideration that, no major modification is required except feeding equipment to boiler. This was due to no changes of feeding equipment to the boiler and the other parts (Hughes, 2000).


Figure 4.19: Effect of co-firing ratio on cost of co-firing

Figure 4.20 shows the CO2 emission price as a function of co-firing ratio. The resultant GHG emission price that would be required for co-firing to be cost competitive with coal is about RM 0.26/kg CO2, RM 0.28/kg CO2, and RM 0.33/kg CO2 at rice husk co-firing ration of 5%, 10% and 20% as can be referred to Figure 4.20. Such a cost is much higher than that of United States markets where it ranges between RM 0.013/kg until RM 0.208/ kg (EIA, 2003).


Figure 4.20: CO2 emission price as a function of co-firing ratio
Hauling distance is one of the limitations for biomass commercialization as an energy feedstock. Transportation costs constitute the distance between the production site and power plant. In this analysis, it is estimated that cost of transporting of rice husk in Malaysia is RM 5/km (Adlansyah, 2011). Since the transportation cost vary with distance, the CO2 emission price also vary with the distance. Figure 4.21 shows that, the CO2 emission price demonstrated as linear increase with the hauling distance that under the same parameters of paddy production. The slope of the equations increases with the increase of co-firing ratio. It means, co-firing with higher ratio is more sensitive to hauling distance than a lower ration. 

Figure 4.21: CO2 emission price as a function of the hauling distance of rice husk

Taken the CO2 emission price in the function of 20% co-firing ratio and 80 km hauling distance, the total CO2 emission price is at RM 0.773/kg CO2, which is highly applicable with the rice husk cost of RM 0.5/kg.

4.3.2	Environmental analysis of rice straw co-firing at existing coal power plant
Malaysia has seven operating coal power plants with capacity of each turbine output ranging from 100 MW to 700 MW. The availability of rice straw for co-firing purpose based on the nearest available supply of rice straw indicated that the most suitable co-firing coal power station are Kapar and Manjung Power Station (KP and MP). These coal power stations generate 300 MW and 700 MW for each turbine capacity, respectively.


4.3.2.1	Energy consumption and GHG emission for rice straw co-firing preparation
Life cycle of rice straw preparation involves the process of paddy production (PP), rice straw collection (RS-C), transportation of rice straw to the collection centre (CC) for each distinct and transportation of rice straw from CC to the existing coal power plant. Table 4.26 shows the energy consumption and GHG emissions of the entire life cycle of rice straw preparation. All the process stages involve 5% ratio of rice straw co-firing at existing coal power plant with the capacity of 700 MW (MP) and 300 MW (KP). Overall energy consumption for Manjung Plant (MP, North region) and Kapar Plant (KP, Central region) are 0.1113TJ/MWh and 0.1019 TJ/MWh respectively. The overall rice straw GHG emission (Figure 3.9) for both existing coal power plant (MP and KP) is -43.2 kg CO2-Eq/MWh. The current CO2 emission at Manjung Power Plant (MP) with unit capacity of 700 MW is 365.8 kg CO2/MWh (CARMA, 2007). Figure 4.22 shows the energy consumption for paddy residue with varied co-firing ratio. The highest energy consumption goes to rice milling process and rice straw collection process consumed the lowest energy consumption.  

Table 4.26: Energy consumption and GHG emissions for overall rice straw preparation
	Region
	Process
	Energy consumption, TJ
	GHG emissions, tonne

	
	
	
	CO2
	Nitrous oxide 
	Methane 
	CO2-Eq

	North
	PP
	455.47
	-305.5×103
	178.93
	10.75×103
	-295×103

	
	RS-C
	19.88
	703.09
	0.0176
	0.0347
	703.15

	
	TPP→CC
	27.96
	60.25
	5.94×10-4
	7.69×10-4
	60.25

	
	TCC→MP
	68.14
	11.59×103
	0.1004
	0.1406
	11.6×103

	
	Total
	571.45
	-293.1×103
	179.05
	10.75×103
	-282×103

	Central
	PP
	112.12
	-75.2E×103
	44.05
	2.65×103
	-72.5×103

	

Table 4.26, continued


	Region
	Process
	Energy consumption, TJ
	GHG emissions, tonne
	
	

	
	
	
	CO2
	Nitrous oxide 
	Methane 
	CO2-Eq

	
	TPP→CC
	6.20
	14.83
	1.46×10-4
	1.89×10-4
	14.83

	
	TCC→KP
	5.56
	2.85×103
	0.0247
	0.0346
	2.85×103

	
	Total
	128.77
	-72.2×103
	44.08
	2.65×103
	-69.5×103




Figure 4.22: Energy consumption for paddy residue with varied co-firing ratio

The major constraint of rice straw preparation is the hauling process to the existing coal power plants. Transportation system contributes about 93.8% GHG emission from overall rice straw preparation, mostly from transportation of rice straw to the existing coal power plant (MP/KP) due to long distance travelled using heavy truck type with average capacity of 7.5 to 17 tonne. Figure 4.23 shows the GHG emission percentage for each process involved in rice straw preparation. Each process involves major  contribution to the GHG emission from transportation of the rice straw from collection centre to existing coal power plant (TCC->MP/KP) with 93.8% of CO2-Eq, this is due  to long hauling distance (MP with 314.9 km and KP with 104.3 km). Each truck can transport 20 bales, which is equivalent to 9000 kg. In spite of this, the overall rice straw preparation still gives zero GHG emission due to the  consumption of CO2 gases for paddy plantation (photosynthesis process). The negative result of CO2 gases is due to biogenic carbon dioxide emission used in paddy production.
Figure 4.24 shows the GHG emission from different types of vehicle as a function of co-firing ratio. The difference of GHG emission is small compared to co-firing with high ratio. It is even explicit in Figure 4.24 that heavy duty truck vehicle emitted 99.48% more CO2 gases compared to light lorry vehicle due to the large capacity engine.

Figure 4.23: GHG emission percentage for each process involved in rice straw preparation



Figure 4.24: GHG emission from different types of vehicle as a function of co-firing ratio

4.3.2.2	GHG emission for power generation
Rice straw co-firing with coal will occur in an existing coal power plant with capacity 700 MW for MP and 300 MW for KP. The direct co-firing is used where rice straw is mixed with coal at the existing coal feeder and the fuel mixture is going to the existing coal mills that pulverize coal and rice straw together and distribute to the burner based on co-firing ration rate (Basu et al., 2011). For low co-firing percentage (less than 8%), the pre-blended coal and rice straw can be fired in existing facilities with minimum modification (Sami et al., 2001). The direct co-firing is identified as simple and with lower cost option. Based on the work by Demirbas (2003), for lower co-firing ratio of less than 8%, direct co-firing can be used and biomass can be combined with coal prior to the pulverisers. Demirbas (2004) had also indicated the difference in composition of coal and biomass in the aspect of physical properties, elemental composition, inorganic properties and proximate analysis. Co-firing biomass experiences the problem of deposition and corrosion depending on different forms of biomass fuel. A review paper by Sondreal et al. (2001), indicated that no corrosion was observed below 10% straw co-firing and no corrosion initiated by chlorine when observed at either co-firing level. But the opportunity of successful co-firing of rice straw is still high due to technical feasibility proven due to generation of 7000 MW by  wood products (Hughes, 2000).
Table 4.27 and Table 4.28 lists the GHG emissions at MP/KP for coal fired alone and 5% co-firing rice straw with coal. The result indicated that, there are 50 to 55% reduction for all gases that cause acid rain (SOX) and global warming (CO2, CO, CH4). However, Saidur et al. (2011) indicated that SO2 and CO2 reduction can be up to 75% and 93% respectively depending on the co-firing ratio. 

Table 4.27: GHG emission at Manjung Power Plant (MP) for coal fired alone and 5% co-firing rice straw with coal
	Emission, 
k tonne
	CO2
	N20
	CH4
	SOX
	CO

	Coal alone
	5190.06
	0.11
	0.05
	3.97
	0.66

	5% rice straw
	2325.66
	0.05
	0.02
	1.77
	0.32



Table 4.28: GHG emission at Kapar Power Plant (KP) for coal fired alone and 5% co-firing rice straw with coal
	Emission,
k tonne
	CO2
	N20
	CH4
	SOX
	CO

	Coal alone
	1277.63
	0.03
	0.01
	0.98
	0.16

	5% rice straw
	572.51
	0.01
	0.01
	0.44
	0.08



Figure 4.25 shows the CO2 emission reduction in k tonne and GHG emission per unit electricity generated as a function of co-firing ratio. With greater co-firing ratio the CO2 reduction is more drastic compared to reduction at GHG emission per unit electricity generated.  The reduction of CO2 in tonne can rise up to 77% at 20% co-firing ratio. The stimulated result gives a linear relation for low co-firing ratio (below) 20% in equation 4.4. 
                                                                                (4.4)
GHG emissions per kWh electricity generated also shows a linear relationship with 68.9% reduction at MP/KP power plants at 0.2 co-firing ratio. The relationship to the varied co-firing ratio function is given below,


Rice straw co-firing at MP/KP coal power plants indicated higher GHG reduction compared to switch grass co-firing of only 13.46% at 0.2 co-firing ratio. This comparison is from simulated result (Qin et al., 2006) where;



Figure 4.25: CO2 emission reduction in k tonne and GHG emission per unit electricity generated as a function of co-firing ratio

Figure 4.26 shows the result of environmental impact for three different types of combustion: dedicated coal fired, MP power generation and KP power generation. The characterized data for 6132000 MWh of coal alone electricity has been compared with the characterized data for 6132000 MWh co-firing rice straw based electricity generated. Four impact categories were considered: climate change, eutrophication, acidification and human toxicity. Coal power alone gives the highest impact for all categories. Co-firing can reduce all the impact categories by 73.22% (human toxicity), 92.54% (acidification), and 94.97% (climate change) and 98.83% (eutrophication). The climate change reduction is corresponded to the decline of CO2 emission. For all impact categories the utilization of rice straw co-firing at existing coal power plants provides a better environmental performance than dedicated coal based electricity generation (Hongtao Liu et al., 2010).
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Figure 4.26: Environmental impact for three different types of combustion: dedicated coal fired, MP power generation and KP power generation

Figure 4.27 presents the comparison for different component of rice straw preparation system towards the environmental impact. Rice straw combustion gives the highest impact for all categories. Transportation of rice straw is contributing the highest impact under the rice straw preparation. The summary of environmental impact associated with the co-firing rice straw is presented in Table 4.29. The result is based on MP power generation which has power generation capacity of 700 MW. In order to identify each component involved the paddy production output is set to be 4322259 kg of rice straw at field. The rice straw collection output is 9605 bale of rice straw. The rice straw production amount is 0.0742 kg CO2 per kg rice straw ready at fields equivalent to 296.38 kg CO2 per ha. The paddy productions also give a significant impact to the eutrophication due to emission of NOX and SOX through the use of fertilizer and chemical agriculture. Not only, paddy production contributes to climate change and eutrophication, it also creates a great advantage due to absorption of carbon dioxide through photosynthesis process (Renó et al., 2011) .
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Figure 4.27: Comparison for different component of rice straw preparation system towards the environmental impact







Table 4.29: Environmental impacts of rice straw preparation for MP (700 MW)
	
	Categories, Unit

	Environment system 
	Acidification,
kg SO2-Eq
	Climate Change, 
kg CO2-Eq
	Eutrophication,
kg NOX-Eq
	Human toxicity,
kg 1,4-DCB-Eq

	Paddy production
	8.22×103
	3.21×105
	1.63×104
	7.65×103

	Rice straw collection
	3.74×102
	2.78×104
	6.42×102
	1.72×104

	Transportation 1, TPP→CC
	1.82×102
	4.05×104
	3.13×102
	3.2×102

	Transportation 2, TCC→KP
	3.81×102
	9.84×104
	6.53×102
	6.66×102

	Rice straw combustion
	1.37×105
	1.05×107
	2.44×105
	2.06×105




4.3.2.3	Economic analysis on rice straw co-firing
Co-firing rice straw with coal is aimed to reduce the CO2 emission by coal power plants. But this technique induces some investment/costing issues due to biomass purchase, transport and modification of existing coal power plant. This section is to report the economic impact to the different variables. Figure 4.28 shows the effect of co-firing ratio on the cost of rice straw co-firing. The synthesized cost of co-firing is the adding of rice straw (operation cost and capital cost) minus the credit of SOX emission. Synthesize cost is parallel to the rice straw cost during co-firing and the overall cost of co-firing is contributed by rice straw cost. Without CO2 emission credit the co-firing cost shows a 93.29% rise from the baseline coal cost. Figure 4.29 indicates the co-firing ratio effect of reduction in CO2 and additional cost. With increasing co-firing ratio, the reduction of CO2 emission is increased to as large as coal replaced by rice straw and emitting the CO2 neutral rice straw. The additional cost rate also increases due to higher amount of feeding rice straw to the boiler (capacity cost and transportation cost). However, the effect of increasing the additional cost is predominant over the reduction in CO2 emission and this causes the increase of CO2 emission price that is shown in Figure 4.29.

Figure 4.28: Effect of co-firing ratio on the cost of rice straw co-firing


Figure 4.29: Co-firing ratio effect of reduction in CO2 and additional cost


Figure 4.30: Effect of co-firing ratio on the CO2 emission price and GHG reduction relative to coal fired alone

CO2 emission price is corresponding to the reduction of CO2 emission which is linearly increased with co-firing ratio. Figure 4.30 shows the effect of co-firing ratio on the CO2 emission price and GHG reduction relative to coal fired alone.
Thus, the number of co-firing of rice straw may be decided on the basis of available incentives for CO2 reduction (De & Assadi, 2009).

4.4	Life cycle cost model and economic analysis of rice straw based power generation
The specific operating cost is presented in Table 4.30. The preparation cost includes three processes; rice straw collection, collection centre and transportation. The transportation cost gives the significant impact about 60 % to the total operating preparation cost. About 83.4% from transportation process cost is from TC2. This cost can be reduced by putting nearest power plant location to the collection centre. Reduction the distance of TC2 can reduce the fuel cost up to 25% less which is RM 59.04 per bale ready at power plant gate. However, the TC1 which is the cost of bale rice straw transport from paddy fields to collection centre is only contribute 16.6% for 20 MW up to 29.3% for 500 MW to the total fuel cost.

Table 4.30: Specific operating costs of the projected power plants
	Plant Capacity (MW)
	20
	30
	50
	70
	100

	Efficiency 
		25.40
	27.20
	29.40
	30.90
	32.50

	Generated Electricity (MWh/yr)
	175200

	262800

	438000

	613200

	876000


	Fuel Demand (t/yr)
	179672
	2517831
	387531
	516512

	702161

	TPC 
(RM 106)
	33.60
	46.50
	81.10
	106.00

	141.00

	TCC
(RM 106)
	0.47
	0.66

	1.01

	1.34

	1.83


	TCCRS
(RM 106)
	0.32

	0.45

	0.69

	0.92

	1.25


	TTC
(RM 106)
	3.74
	5.25

	8.07

	10.80

	35.70




Figure 4.31 illustrated the operating cost and COE in the function of plant capacity. Increase the plant capacity reduces the operating cost per kW and also the cost of electricity generation (RM/ MWh). The pattern follow the previous study in Canada by Upadhyay et al. (2012) due to economic scale in production system. More than half of operating cost was contributed by transportation sector. The rice straw collection contributes  33% and the rest came from collection centre cost. These results are similar with the study by Leboreiro and Hilaly (2011), which reports that, the transportation cost contribute 57% and storage cost 10% to the total production cost. The reduction of COE is about 0.248% per MW plant capacity increase.


Figure 4.31: Operating cost and COE in the function of plant capacity



Figure 4.32: Relationship between plant capacity with fuel cost and COE

Figure 4.32 shows the relationship between plant capacity with fuel cost and COE. The COE parameter indicates the reduction pattern with the increase in plant capacity with a view to cost show. Their relationship expressed in equation 4.7 and equation 4.8 for fuel cost and COE respectively. Considering both parameters the optimum design can be achieved with plant capacity 230 MW.




To have a feasible business model for a power plant, plant size should be designed with 500MW or greater than that based on lower COE obtained compared to purchase price from TNB (Tenaga National Berhad) at RM 0.2125/kWh. The fuel cost is RM 78.64 per bale ready at 20 MW plant capacity. It can go up until RM 87.03 per bale at higher plant capacity (500 MW). This costs includes all the costs involved in the process from collection until at the plant gate. Since the transportation sector dominant the total fuel cost, increase the plant capacity also increase the fuel cost. The most component that influence the COE is the capital cost or investment cost. However this cost will reduce by time. Higher  plant capacity can reduce the cost of electricity generation by 0.08% to 3%. Small plant capacity had huge reduction compare to large plant capacity. Figure 4.33 illustrated the annual cash flow for 20 years plant life, starting from year 2013 to 2033. Figure 4.34 show the payback period on own capital with 20 MW, 70 MW and 100 MW plant capacity. The payback period for 70 MW is 3.5 years. At this time, the annual cash flow for 70 MW is RM 27.5 Million. The payback period is reduced when plant capacity increase follow the result taken from rice straw combustion in Thailand (Delivand, Barz, Gheewala, et al., 2011).

Figure 4.33: Annual cash flow for 20 years plant life (70 MW)

Figure 4.34: Project payback period on own capital (20 MW, 70 MW, and 100 MW)

The projects financial evaluation is shown in Table 4.31. Examining the effects of the scale on the COE over the considered range of capacities shows that, the calculated electricity generation costs for the biggest power plant (100 MW) is around 20.5% lower than the smallest one (20 MW). 

Table 4.31: Projects financial evaluation
	Criteria
	Plant capacity (MW)

	
	20
	30
	50
	70
	100

	NPV (RM 103)
	-16900
	7480
	-5590
	53700
	161000

	COE (RM/kWh)
	0.39
	0.36
	0.35
	0.33
	0.31



Figure 4.35 shows the relationship between the NPV and discount rate. 10% discount rates  are acceptable for plant size less than 20 MW. Otherwise, it needs higher discount rate which is almost 30% for the biggest plant size (100 MW) and 27% for 70 MW plant size. All these parameters are important in getting the profitability of power plant operation.


Figure 4.35: Relationship between NPV and discount rate

The sensitivity analysis on the critical parameter that influences the NPV is plotted in the Figure 4.36. The slopes of the line represent the relationship between NPV with the parameter; the steeper the slope of the line, the more influences the NPV. Sale price are the most significant to the NPV value follow by fuel cost. Discount rate has less influence on the result of NPV.

(a)

(b)

(c)
Figure 4.36: NPV sensitivity analysis on (a) 20 MW, (b) 70 MW and (c) 100 MW

4.4.1	Incentives and regulations in renewable energy resources
The analysis based on incentives applied from the national energy policy for the use of renewable energy resources suggests that the application of F-i-T for capacity installed less than 30MW could result in 70% of tax reduction from total income.
Figure 4.37 show the payback period after application the incentives on 70 MW plant capacities. The payback period is reduced from 6.5 years to 3.5 years. The NPV is increased to RM 269 Million due to 70% reduction of tax price, F-i-T for availability 30 MW plant capacity and bonus RM 0.01 per kWh due to the use of steam based electricity generation system with overall efficiency higher than 14%.

Figure 4.37:  Project payback period for own capital (Incentive applies)

4.5	Logistic cost and environment analysis
A model of a rice straw power plant has been developed for an exemplary study in Malaysia. This case examines a paddy plantation under the Muda Agricultural Authority Development (MADA), in Kedah, which is the main area for paddy plantation in Malaysia. Figure 3.16 shows an overview of the logistic model. The model includes all physical and logical components such as machinery for rice straw collection, transportation type, fuel and labour, which affect the logistics cost of rice straw. The overall process from the collection of rice straw at the paddy field to the transportation of the bale to the power plant is covered in this study. 
For the convenience of MADA management, the area is divided into 4 zones; I, II, III and IV. Each zone is broken down into several units. Simple answering session of the questionnaire through telephone was conducted with  Managers in MADA areas to determine the number of zone that are organising rice straw collection. Currently, there are four pilot projects for rice straw collection under MADA management with overall production of 2880 tonnes in 2011, utilizing only 0.33% of total available rice straw in the MADA area. Two projects are located in zone IV, and one project in zone II and III each. Unfortunately, zone I is not included in the rice straw projects due to limitation in feedstock supply and uninterested managerial staff. However in zone III all the collection process of rice straw was done by the contractor. The MADA organization was not involve in all process include in the system boundary. Resulted from these, only two zones (Zone II and Zone IV) were found to organise the rice straw collection and then had become the sample for this study. Costs are based on Ringgit Malaysia (1RM=$0.31). 

4.5.1	Cost of logistic operations
The analysis of cost of logistic is based on a baseline project that generates 10 MW of electricity with rice straw consumption of 108,629 tonne/year; according to the assumption made in Table 3.15. These calculations are based on 0.75 rice straw availability in the field. Table 4.32 lists the total collection cost of rice straw in the fields. The bale collection include baling of the straw in the paddy fields, hauling and loading the baled straw on the lorry, and uploading and stacking of bales at collection centre by the forklift. These include the machinery cost, fuel cost, labour cost and twine cost. The highest component was from labour cost that of tractor driver, forklift driver, supervision and other managerial cost. The average cost ready at collection centre is RM 19.89 per bale. According to Ebadian et al. (2013) , the low cost of delivery of biomass resources can be achieve when biomass producer (farmer) directly built business relationship with power plant, called farm-gate contract (Judd et al., 2012). This cost includes the sleaser cost which is RM 8 per bale, or the MADA will give back the money to farmer RM 69.50 per ha if they are not willingness to do the stamp cutting process (Malik, 2012; Sabri, 2012). This is the purchasing cost of the rice straw from the farmer. The driver is paid RM 5 per bale, which contributes 27.5% to the total rice straw collection cost. However the cost for driver could be reduced almost 90% if the payment system is either per hour basis or per season basis (Tatsiopoulos & Tolis, 2003). Total rice straw collection in Malaysia is lower than the rice straw collection in Thailand (Delivand, Barz, & Gheewala, 2011). The mass of a standard bale size is set at 450 kg and that of a big bale size at 600 kg.  The mass of bale have significant impact on the cost, as implied by Ebadian et al. (2013). Increasing the straw yield would reduce the cost of rice straw collection at field by about 50%. This sensitivity of rice straw collection costs is due to variation in costs with straw yield as shown in Figure 4.38. The simulation predicts that the standard bale size decreases by 73.1%, when yield is increased by 100%. Meanwhile, the big bale size decreases by 75% when the yield is increased by 100%. These results show similar patterns with the work by Gonzalez et al. (2011), mentioning that a high productivity of yield would reduce cost. Even though big bale size reduces collection cost, the bale creates a transportation problem due to the larger size. 


Table 4.32: Estimated rice straw collection cost at field
	Zone
	Cost (RM/bale)

	
	Fuel
	Labour
	Twine
	Machinery
	Total

	II
	1.79
	15
	1.64
	4.01
	22.43

	IV
	1.52
	26
	
	4.81
	32.33


 




Figure 4.38: Cost for field collection of rice straw in the function of straw yield

Table 4.33 indicates the total collection centre (storage cost) cost. This cost depends upon the building cost. The optimum collection cost is obtained by fully maximizing building capacity. Figure 4.39 shows the relationship between collection centre costs versus moisture and building cost. Zone II rice straw capacity output is 3600 bales, while Zone IV is 1500 bales. Total collection centre costs contribute 11% to the overall logistic cost. Increase of moisture loss also increases collection centre costs. It is similar with building cost; but building cost is most affected by the changing collection centre location (Ebadian et al., 2013).




Table 4.33: Total collection centre cost
	Zone
	Cost Building
	CA,CC
	CCC (RM/Dry Tonne)
	CCC (RM/Bale)

	II
	254459.79
	17103.69
	13.18
	8.48

	IV
	109049.30
	7329.83
	14.99
	9.65





Figure 4.39: Collection centre cost versus moisture (%) and building cost (RM/m2)

Transportation of rice straw considers transportation to collection centre (storage) and to power plant. The most significant affect to transportation cost comes from the distance variable. Transportation of rice straw to collection centre, T1 contributes 89.9% to the total cost. This is due to the small capacity of a 1 tonne lorry. That means the truck capacity has significant impact on the transportation cost. Large size trucks can reduce number of trips and increase the fuel consumption per trip hence reduces the transportation cost (Sultana & Kumar, 2011b). The same finding is stated by Tatsiopoulos and Tolis (2003) that, economies of scale can be achieved as the transport vehicle capacities increased. Even though truck capacity influences the transportation cost, more detailed local information such as the conditions of the road network and the terrain should be added to estimate the total transportation cost (Kamimura et al., 2012). Figure 4.40 shows the transportation cost associated with various travel distances.

Figure 4.40: Trend of transportation cost of various travel-distances


The most significant factor to the variation in TI (Transportation to collection centre) analysis is the driver cost. For T2 (Transportation to power plant), it is the lorry capacity. Increasing the lorry capacity by 40% can reduce the transportation cost to RM 4.4 per bale. Figure 4.41 shows the sensitivity analysis for T1 and T2.






(a)

(b)
Figure 4.41: Sensitivity analysis of the transportation system (a) T1 (Transportation to Collection Centre) and (b) T2 (Transportation to power plant)

(a) With minimum transportation distance

(b) Transportation distance 100 km
Figure 4.42: Breakdown logistic cost for Zone 1 and Zone IV

The minimum distance is designed with T1 is around 8.6 km to 8.7 km for both zone II and zone IV. While the distance of power plant to collection centre, T2 is between 15 km to 25 km. At this distance the contribution of transportation to the total logistic cost only 40%. This percentage is higher than the wood pellet transportation cost, which accounted 29.16% of the total cost due to consumption of the heavier trucks (Mobini et al., 2013). By looking at the various activities, the cost that contributes the most to the logistic costs is transportation, specifically when distance of transportation is increased. For 100 km distance, the transportation cost accounts for 54-64% of the total logistic cost. Collection and collection centre costs have less significant effects on the logistic cost at higher distance. The outcome is similar to that of solid biomass transport in Western European plantations (Hamelinck et al., 2005).  For this reason, it is important to identify the optimum location of power plant that could minimize the logistic cost. Figure 4.42 presents the graph for breakdown of logistic costs for Zone I and Zone IV. The total logistic cost, ready at power plant is between RM 39.95 per bale to RM 65.8 per bale. The relationship between distance and logistic cost of bale is shown in equation 4.9. However, employing a combination of multi-crops can reduce the transportation costs up to 50% (Maung et al., 2013).



Table 4.34 lists the comparative values of biomass logistic cost for others countries. Malaysia has the highest of rice straw logistic costs compared to others countries with direct comparison without currency exchange. Perhaps, the development of logistic industries needed serious consideration to encourage all stakeholders involved in this industry.The variation of logistic cost is due to different local condition parameter involved such as the fuel price, road condition, transportation technology and etc. It is important to study the biomass logistic based on local information database.  Moreover, R&D efforts are needed to come up with more integrated and holistic approaches given equal emphasis to all operations in the entire supply chain (Meyer et al., 2014). 


Table 4.34: Lists the comparison value of biomass logistic cost for others countries
	Country
	Malaysia
	Japan
	Thailand
	Spain

	Biomass Type
	Rice straw
	Forest residue
	Rice straw
	Woody Biomass

	Cost
	RM 39.95/bale to RM 65.8/ bale
	8-27 Thousand Yen/tonne
	USD 19-USD 20 /tonne
	€ 6-€17 /tonne

	Distance (km)
	24 to 100
	25-100
	13.96-55.79
	25-100

	Reference
	
	(Kamimura et al., 2012)
	(Delivand, Barz, & Gheewala, 2011)
	(Ruiz  et al., 2013)



4.5.2	Supply chain logistic emissions
In Table 4.35 detailed elementary emission for both zone, based on maximum availability and best location choice method is given. Table 4.35 shows the life cycle of logistic emission for different zone. And Table 4.36 shows the life cycle of logistic emission without collection centre. Table 4.36 The result has followed the system boundaries in Figure 3.12. For case of 10 MW plant capacities, the best option is to choose the maximum availability of rice straw. Zone F provides less emission compared to other zone with 0.0234 tonne CO2-Eq per bale, ready at power plant, which is less than 0.11% compared to zone B. The emission of CO2 in this analysis is due to fossil fuel consumption in rice straw collection and transportation. In crop residue gasification project, the largest emitter are from consumption of crop residue, electricity and steel (Yang & Chen, 2014). Based on result in Table 4.35 and Table 4.36, collection centre for rice straw storage can reduce the total life cycle emissions about 3.3%. 

Table 4.35: Life cycle of logistic emission for different zone (Figure 3.12)
	Zone
	Method
	Emissions, tonne

	
	
	CO2
	NOX
	CH4
	CO
	N2O

	B
	A
	5648.10
	76.77
	0.16
	25.06
	0.04

	
	L
	6078.24
	82.26
	0.17
	26.92
	0.04

	F
	A
	5642.07
	76.69
	0.16
	25.03
	0.04

	
	L
	5832.52
	79.12
	0.16
	25.86
	0.04


Table 4.36: Life cycle of logistic emission (No CC)
	Zone
	Method
	Emissions, tonne

	
	
	CO2
	NOX
	CH4
	CO
	N2O

	B
	A
	5837.61
	69.83
	0.19
	16.86
	0.03

	
	L
	6075.32
	72.43
	0.20
	17.48
	0.03

	F
	A
	5829.66
	69.74
	0.19
	16.84
	0.03

	
	L
	5826.96
	69.71
	0.19
	16.84
	0.03



Table 4.37 and Figure 4.43 show the comparison of environment impact assessment between with collection centre (CC) and without it (No CC). Hence, the application of collection centre can reduce all the environment impacts significantly.

Table 4.37: Environment impact assessment
	
	With CC 
	No CC 

	Climate change - kg CO2-Eq
	5885475.17

	10986924.53


	Toxicity – kg 1,4- DCB -Eq
	472618.43

	501398.46


	Eutrophication-kgNOX-Eq
	56287.76
	84393.33


	Acidification-kg SO2-Eq
	32808.73
	49240.83
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Figure 4.43: Comparison of environment impact assessment between with collection centre and without it
4.5.3	Optimum analysis
The analysis of optimum rice-straw based power generation with minimum costs has been done is Zone II and Zone IV. It was observed that Zone II optimum power is 8 MW and in Zone IV that is 12.22 MW. Total logistic cost for Zone II rice straw power is RM 74.07 per bale which is 11.07% less than Zone IV.  The limitation factors in term of collection and transportation made the rice straw power generating facilities tend to be small; most of the biomass projects are relatively small, 61% are less than 10 MW in Southeast Asia (Carlos & Khang, 2008). Table 4.38 shows the detailed results from the analysis of optimum power plant.

Table 4.38: Analysis of optimum power plant
	Area
	Zone II
	Zone IV

	Optimum Power (MW)
	8
	12.22

	Collection Centre
	Unit H- Kepala Batas
	Unit A4-Seri Pantai
Unit B4-Tun Adam Malik

	Cost (RM/bale)
	74.07
	83.90

	Number of bale required
	48607
	73810





Figure 4.44: Rice straw logistics costs scaling

Figure 4.44 shows logistic cost for different capacity output. The logistic cost increases with the increased size of plant capacity.  The reason for the cost variation for two zones is related to their straw yields, in which the general catchment area for zone II is 316.16 km2 while for zone IV it is 248.90 km2. For small capacity below 15 MW, the logistic costs for both zones appear to be similar and only distinguishable after 20 MW. 


Figure 4.45: Total transportation cost for different number of collection centre

Figure 4.45 shows the total transportation cost for different numbers of collection centre. Increasing the number of collection centres will increase the transportation cost. With respect to small power plant capacity of less than 10 MW, the number of collection centres is not significant with respect to the total transportation cost. Minimising the number of collection centres can minimize the transportation cost when the capacities of power plant increase. 

Figure 4.46: Reduction of CO2-Eq emission as a function of number of collection centres

The number of collection centres gives the significant impact to the GHG reduction. Figure 4.46 shows the reduction of CO2-Eq emission as a function of number collection centres. The relationship between the GHG emission and plant capacity as a function of collection centre can also be seen in Figure 4.47. Equation 4.10 to equation 4.13 is the estimation results from their relationship. Adding collection centre as a point for storing the rice straw bale can reduce the GHG impact. Even though the number of collection centre is increased, it does not give significant boost in the cost of electricity generation. Table 4.39 lists the cost and GHG emission as a function of collection centre. It seems that there is a reduction pattern for both costs of GHG emissions.

 					(4.10)
					(4.11)
   					(4.12)
 					(4.13)



Figure 4.47: Relationship between the emission reduction and plant capacity as a function of collection centre

Table 4.39: Cost of COE and emission rate with different number of collection centre
	Collection Centre
	Plant Capacity (MW)

	
	20
	30
	50

	
	COE (RM/kWh)
	CO2-Eq/kWh
	COE (RM/kWh)
	CO2-Eq/kWh
	COE (RM/kWh)
	CO2-Eq/kWh

	0
	0.4131
	0.8202
	0.3763
	0.7915
	0.3562
	0.7628

	2
	0.4158
	0.6852
	0.3872
	0.5692
	0.3872
	0.5563

	3
	0.4136
	0.5634
	0.3848
	0.4866
	0.3848
	0.4778

	4
	0.4133
	0.5041
	0.3845
	0.4465
	0.3845
	0.4398



4.6	Optimum allocation of paddy residue to existing coal power plant
This study considers the rice husk as a biomass resource and alternative of the fossil fuel sources like coal. To make a comparative analysis, both locations of paddy farm and coal power plant were identified. The existing coal power plant is located at Manjung, Perak (E1) and Kapar, Selangor (E2). The coal power plants were chosen based on nearest availability of rice husk supply. Paddy farm in the northern region is referred to as RH1, while for the southern region it is referred to as RH2 (Figure 4.45). Total electricity generated from both power plants are 4520 MW (Energy Commission, 2009). The maximum distance of rice husk supply was taken to be below 200 km for each power plant.

4.6.1	Case I
In this case two paddy farms and two existing coal power plants were used to achieve the total demand of 4520 MW. The data of simulation results are shown in Table 4.40. The demand of rice husk was higher than the supply sources (MOA, 2011) at full load of 4520 MW. Case I is unsuccessful if the biomass resources is totally supplied by rice husk. In this case, using another type of biomass resources such as palm oil residue and coconut residue can be adopted to achieve the objective of this study. Data from Adlansyah (2011) reported  that, Malaysia provides about 45,215,276 tonnne of palm mill residue. Hence, biomass co-firing with coal in case I capacity demand will require only 7% of total palm mill residue in Malaysia.

Table 4.40: Results for rice husk production and existing coal power plants
	Power Plant
	Demand (tonne)
	Co-firing Ratio
	Plant Size (MW)
	Electricity Production Cost (RM/kWh)
	GHG Emissions (g/kWh)

	E1
	10692425
	0.20
	2425
	3.29
	818

	E2
	10692414
	0.10
	2424
	1.70
	960



4.6.2	Case II
Optimization of rice husk as fuel co-firing with coal can meet the total demand of 400 MW. Table 4.41 presents the data for potentially co-firing electricity generated with rice husk and two existing plants. Figure 4.48 shows the allocation scheme for Case II. Power Plant (E1) takes the rice husk resource from northern paddy farm area, while for E2 the resource is from paddy farms surrounding the southern area.

Table 4.41: Results for rice husk supply to existing plants
	Power Plant
	Demand (tonne)
	Co-firing Ratio
	Plant Size (MW)
	Electricity Production Cost (RM/kWh)
	GHG Emissions (g/kWh)

	E1
	881849
	0.20
	200
	3.28
	818.00

	E2
	881849
	0.10
	200
	1.70
	960.50





[image: ]
Figure 4.48: Allocation scheme for two paddy farms and existing coal power plants

4.6.3	Case III
In this case, where a new plant is required to meet the demand, the optimization results are shown in Table 4.42 and Figure 4.49. New plant (E3) is operated with 70% co-firing ratio and the location is in the area of RH1 with a diameter of 21.54 km. The electricity production cost for new plant (E3) is higher compared to other co-firing power plants due to the need to added the capital cost in the plant and other additional costs including the labour and maintenance cost for operating the co-firing plant (Qin et al., 2006). But the GHG emissions from the new plant (E3) are reduced to almost 88.76% compared to coal power plant emissions (Woods et al., 2006).            
[image: ]
Figure 4.49: Allocation scheme for two paddy farms to existing coal power plants and a new power plant

Table 4.42: Results for rice husk supply to existing and new plants
	Power Plant
	Demand(Tonne)
	Co-firing Ratio
	Plant Size (MW)
	Electricity Production Cost (RM/kWh)
	GHG Emissions (g/kWh)

	E1
	661386 
	0.20
	140
	3.30
	818.00

	E2
	440924
	0.10
	120
	1.70
	960.50

	E3
	661386
	0.70
	140
	11.21
	105.50







4.7	Forecasting towards sensitivity analysis
4.7.1	Energy, environmental and economic impact
The impact of paddy residue consumption towards the energy saving is discussed in this section. Electricity generation from paddy residue is assumed to be able to replace the contribution of coal mix electricity generation in Malaysia. The prediction of coal consumption in power generation is using the data from Figure 2.1. Table 4.43 shows the coal saving and energy saving after consumption of paddy residue for power generation.
Table 4.43: Prediction of energy and fuel saving
	Year
	Prediction Coal Mix Generation
(×106 MWh)
	Coal saving
(×106 tonne)
	Energy saving
(×109 MJ)

	2013
	53.30
	1.38
	40.40

	2014
	56.00
	1.40
	41.00

	2015
	63.60
	1.42
	41.70

	2016
	66.60
	1.45
	42.50

	2017
	69.70
	1.47
	43.20

	2018
	72.80
	1.50
	44.00

	2019
	76.00
	1.53
	44.80

	2020
	77.50
	1.55
	45.60

	2021
	70.60
	1.58
	46.40

	2022
	73.50
	1.61
	47.20

	2023
	76.50
	1.64
	48.10

	2024
	79.50
	1.67
	49.00

	2025
	83.40
	1.70
	49.90

	2026
	86.60
	1.74
	50.90

	2027
	89.90
	1.77
	51.80

	2028
	93.20
	1.80
	52.80

	2029
	96.60
	1.83
	53.80

	2030
	80.20
	1.87
	54.80

	2031
	83.00
	1.90
	55.80

	2032
	85.80
	1.94
	56.90

	2033
	88.70
	1.98
	58.00



The impact of paddy residue substituted into Malaysia electricity generation mix is predicted in this section. The forecasting of GWP saving due to combustion of rice straw based electricity generation is estimated using equation 4.14, obtained from figure 4.8.  The total electricity sector contributing to CO2 emission is predicted by using equation 4.15. Thus, the GWP saving and paddy production needed to obtain the feedstock is presented in Table 4.44. For the next 21 years the average potential of paddy residue based electricity generation is 1.79% from the total Malaysia’s electricity generation. Thus, the GWP saving from this generation is 1394878.65 tonne CO2-Eq.
                                                                            (4.14)
                                                                (4.15)

Table 4.44: GWP saving and paddy production needed
	Year
	GWP Saving (×106 tonne)
	Total CO2 emission (×106 tonne)
	Paddy production needed (tonne/ha)

	2013
	1.07
	135.66
	4.31

	2014
	1.09
	144.76
	4.38

	2015
	1.12
	154.23
	4.46

	2016
	1.15
	164.08
	4.53

	2017
	1.18
	174.30
	4.61

	2018
	1.21
	184.89
	4.69

	2019
	1.23
	195.85
	4.78

	2020
	1.26
	207.18
	4.87

	2021
	1.30
	218.89
	4.95

	2022
	1.33
	230.96
	5.05

	2023
	1.37
	243.41
	5.14

	2024
	1.41
	256.24
	5.23

	2025
	1.44
	269.43
	5.33

	2026
	1.48
	283.00
	5.43

	2027
	1.52
	296.94
	5.53

	2028
	1.57
	311.25
	5.64

	2029
	1.61
	325.93
	5.74

	2030
	1.65
	340.99
	5.85

	2031
	1.70
	356.41
	5.96

	2032
	1.74
	372.21
	6.07

	2033
	1.79
	388.39
	6.19



However, the required paddy production will be increased to 6.19 tonne per hectare in 2033 with a 67.3% increase from 2012. This is a realistic target due to the government policy to improve the productivity of paddy to 9-10 tonne per hectare by 2020 (NCER, 2007). Thus, using the high yielding seed and gazing at the core granary area to protect the paddy lands are some initiative ways to achieve the target.
Using paddy residue as a fuel in the boiler can reduce the cost of coal based power generation by slashing the coal import. Table 4.45 shows the saving coal cost and certified emission reduction (CER) after substituting the paddy residue for electricity generation. 

Table 4.45: Coal cost saving
	Year
	Coal Price
(×10-3RM/kg)
	Coal Saving (×106RM)
	CER (×106RM)
	Total Saving (×106RM)

	2013
	14.99
	20.60
	50.19
	70.80

	2014
	15.20
	21.30
	51.38
	72.70

	2015
	15.20
	21.60
	52.62
	74.30

	2016
	15.68
	22.70
	53.92
	76.60

	2017
	15.72
	23.20
	55.28
	78.50

	2018
	15.70
	23.60
	56.68
	80.20

	2019
	15.66
	23.90
	58.15
	82.10

	2020
	15.84
	24.60
	59.67
	84.30

	2021
	16.00
	25.30
	61.24
	86.60

	2022
	16.32
	26.30
	62.87
	89.20

	2023
	16.54
	27.20
	64.55
	91.70

	2024
	16.73
	28.00
	66.29
	94.30

	2025
	16.91
	28.80
	68.08
	96.90

	2026
	17.14
	29.70
	69.93
	99.70

	2027
	17.35
	30.70
	71.84
	102.00

	2028
	17.51
	31.50
	73.79
	105.00

	2029
	17.74
	32.60
	75.81
	108.00

	2030
	17.98
	33.60
	77.87
	111.00

	2031
	18.17
	34.60
	79.99
	115.00

	2032
	18.34
	35.60
	82.17
	118.00

	2033
	18.52
	36.60
	84.41
	121.00



4.7.2	Paddy residue based electricity generation on breakeven cost
Figure 4.50 shows the COE and subsidy needed as a function of plant capacity. Small plant capacity size (less than 100 MW) needed higher amount of subsidy from the government, between RM 0.17/kWh to RM 0.07/kWh to compete with the conventional plant generation. However, plant capacity greater than 400 MW provides lower COE, and the cost is the same as the conventional plant. Lower plant capacity generated higher error value which is RM 0.02/kWh. However, increasing the plant capacity can reduce the error value to RM 0.01/kWh.

Figure 4.50:	COE and subsidy needed as a function of plant capacity
Even though, paddy residue based power generation needs the subsidy from government to compete with conventional plant, in the long term it gives more profit in terms of environmental preservation and ecosystem. Table 4.46 shows the comparison on paddy residue and conventional subsidy needed in Malaysia. Conventional subsidy referred to fuel subsidy for 2013; as the projection if fossil fuel price increases, the pattern of subsidy should also increase therefore the amount of government support for the fuel will be higher than in Table 4.46. Thus, the government can generate more income by using paddy residue and simultaneously reducing the environmental degradation.




Table 4.46: Paddy residue and conventional subsidy forcast in Malaysia.
	Year
	Conventional Subsidy
(×104 RM)
	Paddy Residue Subsidy 
(×104 RM)
	Different Saving 
(×104 RM)

	2013
	55.30
	5.10
	50.30

	2014
	56.20
	5.20
	51.10

	2015
	57.20
	5.20
	52.00

	2016
	58.20
	5.30
	52.90

	2017
	59.20
	5.40
	53.80

	2018
	60.30
	5.50
	54.80

	2019
	61.40
	5.60
	55.70

	2020
	62.50
	5.70
	56.70

	2021
	63.60
	5.80
	57.80

	2022
	64.80
	5.90
	58.80

	2023
	66.00
	6.00
	59.90

	2024
	67.20
	6.20
	61.00

	2025
	68.40
	6.30
	62.20

	2026
	69.70
	6.40
	63.30

	2027
	71.00
	1.90
	69.10

	2028
	72.40
	1.90
	70.40

	2029
	73.70
	1.90
	71.80

	2030
	75.10
	2.00
	73.10

	2031
	76.50
	2.00
	74.50

	2032
	78.00
	2.10
	75.90

	2033
	79.50
	2.10
	77.30



The result includes some numerical error due to different scale of number. Figure 4.47 indicates the error percentage of each parameter involve in Table 4.44 to Table 4.46. The maximum error was received from coal price parameter which is 0.4%. The most accurate data is obtained from subsidy parameter, lied between range ± 0.1%. These errors occurred while rounding off the significant figure to the two significant figures for each parameter. In high precision work, uncertainties are sometimes stated with two significant figures. To reduce inaccuracies caused by rounding, any numbers used in subsequent calculations should normally retain at least two figures after point.

Figure 4.51: Error percentage for each parameter











CHAPTER 5: CONCLUSIONS

From the study, the following conclusions can be comprehended:
5.1	The potential of paddy residue as fuel into electricity generation
· In 2013, paddy residue had potential to generate 2.73 TWh of electricity, or 2.26 % of total electricity generated in Malaysia.  
· The total paddy residues available in the Northern region of Malaysia are 3,234 Million tonnes, which consists of 99.75% rice straw and 97.1% rice husk. 

5.2	Life cycle assessment comparison of paddy residue with conventional fossil fuel as feedstock for electricity generation 
· Energy consumption for paddy residue preparation is 2.52 MJ/kg for rice straw and 9.07 MJ/kg for rice husk. 
· The overall contribution of rice straw preparation to GHG emissions is 224.48 g CO2-Eq/kg rice straw. Meanwhile, rice husk provides zero GHG emissions if the radius of rice mill is below 12 km. 
· Rice straw power generation could save GHG emissions of approximately 1.79 kg CO2-Eq/kWh and rice husk based electricity generation, saves 1.03 kg CO2-Eq compared with coal power plant. 

5.3	Paddy residue co-firing with existing coal power plants
· The obtained result indicates paddy residue co-firing with coal is the best method to reduce the GHG emissions.
· The GHG emission is reduced up to 26%, depending on rice husk co-firing ratio value. Whereas, rice straw co-firing provides a greater reduction of GHG emissions of more than 50%.
· Rich husk is more cost competitive than rice straw in co-firing with coal that is RM 0.33/kg of CO2 at rice husk co-firing rations 20%. Rice straw co-firing indicates that without the CO2 emission credit the co-firing cost shows a 93.29% rise from baseline coal cost.

5.4	Economic analysis of electricity generation from paddy residue 
· The transportation cost covers the majority of total operating cost (82.5%). Collection centre and power plant location are the main parameters in total transportation cost. 
· The major component influencing the COE is the capital cost or investment cost. However, this cost will be reduced over time by introducing new technologies. 

5.5	Logistic analysis
· In the future, Malaysia can potentially generate power from small scale (less than 12 MW) rice straw-based power plants. 
· Minimising the number of collection centre (storage) is one solution to bring down the transportation costs with higher power plant capacity applications. 
· The logistic cost analysis study in this research could help to optimize the supply chain management in evaluating the economic profitability of biomass resources.



5.6	Optimum allocation
· Rice husk co firing with coal application is the best method to fully utilize paddy residue in generating electricity at low GHG emission. 
· Establishing a new plant can reduce the GHG emission with high electricity production cost.

5.7	Energy, environmental and economic impact forecasting for paddy residue consumption in electricity generation
· In 2013 the total energy, emissions and cost saving are 40.4×109 MJ, 1.069 Million tonne CO2-Eq and RM 7080 Million respectively.

5.8	Implication of the study
This study offers several recommendation to the development of paddy residue based power generation in Malaysia. Specifically, the results of study provided supporting information about the paddy residue disposal strategy in Malaysia for policy makers. Moreover, these can be applied as a guideline for management agencies in those parts of the study are that are interested in getting the profit from biomass energy application for conducting feasibility analysis, risk analysis, and life cycle analysis on the given supply chain.

5.9	Limitation of the study
Like many other empirical research, this study also has its limitations. Firstly, the survey area was limited to the paddy plantation under MADA (Muda Agriculture Development Authority) area in the Northern region of Malaysia. Secondly, in the life cycle inventory analysis, some of the data obtained from actual site but some were calculated based on some assumptions. This is because some data required for the research were unavailable. For example, since Malaysia still not available the rice straw based power generation the emission factor for rice straw fired was assumed as dry wood combustion in the boiler, which was taken from USEPA external combustion report. Finally, this study does not take into account the waste management of paddy residue combustion system, as these data were not unavailable at the time of study and also this process was not included in the system boundary of the study.

5.10	Recommendation
This study proposes several recommendations to obtain the optimum impact of paddy residue based power generation in the aspect of energy, technical and economic feasibility analysis as listed below;

1. Thorough investigation on performance of paddy residue in boiler combustion and optimized use of rice husk and coal in boiler should be carried out. Further research and study on boiler combustion is recommended in order to improve the energy performance, emission reduction as well as minimizing the cost.
2. Electricity capacity generated is highly dependent on the availability of paddy residue. A study on paddy production with a view to increase the power capacity can be very resourceful.
3. Modelling the comprehensive power plant location that gives the minimum environmental impact with maximum output is recommended. The collection centre that gives the optimum impact due to logistic issues should precisely be predicted.
4. The combination of paddy residue with other potential biomass resources like wood residue, rubber tree waste, pineapple leaf, and etc in the boiler should be investigated. The nearby agricultural waste could be utilized as the optimum way in developing the renewable source based electricity generation system.
It is hoped that this thesis will serve as a guideline in the implementation of paddy residue based electricity generation in Malaysia.
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SURVEY ON RICE HUSK POTENTIAL AT AGRICULTURE BASED INDUSTRIES IN NORTHER REGION, MALAYSIA

INSTRUCTION: This questionnaire consists of 2 sections. Please read the question carefully before answering them. When appropriate, tick the box or complete the answer in the space provided.
Section1: Company Profile
1. Name of company:____________________________________________________
2. Address		:____________________________________________________
3. Email		:____________________________________________________

Section 11:	Company Particular Sale
1. How long this mill operated?
· 1 to 15 years
· 16 to 30 years
· 31 to 45 years
· 46 to 60 years

2. How much tonne of paddy this mill bought per season? (thousand tonne metric)
· 1 to 10 
· 11 to 20
· 21 to 30
· > 30

3. How much rice production from this mill per season?(thousand tonne metric)
· 1 to 5
· 6 to 10
· 11 to 15
· > 16
4. How much your electricity consumption per season? (RM ‘000)
· 10 to 40
· 41 to 80
· 81 to 120
· > 120

5. Is this mill consumed rice husk in electricity generation?
· Yes
· No
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SURVEY ON TRANSPORTATION OF PADDY AMONG BERNAS RICE MILL-CUSTOMER (LORRY DRIVER) 


1. Minimum distance travel from paddy field to mill?(in km)
___________________________________________________________________
2. The hour you take to come at this distance?(in hour)
___________________________________________________________________
3. Maximum distance travel from paddy field to mill?( in km)
___________________________________________________________________
4. The hour you take to come at this distance? ( in hour)
___________________________________________________________________
5. Loaded of paddy per lorry? (in tonne)
___________________________________________________________________
6. How many trip per day?
___________________________________________________________________
7. How much your diesel consumption per week? ( in RM)
___________________________________________________________________
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INTERVIEW SESSION ON RICE HUSK AT RICE MILL BASED INDUSTRIES IN NORTHER REGION, MALAYSIA

INSTRUCTION: This interview consists of 3 sections. Please understand the question carefully before answering them. 
Section I: Company Profile
1. How much rice production from this mill per year?
2. The minimum and maximum distance of paddy fields to this mill?
3. How much electricity consumption in this mill? Which department the largest consumed of electricity?
4. Does the utilization of rice husk give the profit to the company?
5. How you know to use the rice husk for energy purpose?

Section II: Rice Husk Process
1. Can you explain how rice husk is used in the process?
2. Explain the procedure needed with rice husk cogeneration?
3. Explain the cost involve for this implementation?
4. Do the government support your company to use rice husk in the production process? It so, how?
5. How about your company handle with rice husk ash?

Section III: Recommendations
1. Can you give the opinion how to encourage others mill with rice husk based electricity generation?
2. What the benefit and barrier of using rice husk in the process?
3. What are the things needed to be changed/improved to allow rice husk to be used more effectively? In what way? Why? 
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INTERVIEW SESSION ON RICE STRAW SOURCES AT MUDA AGRICULTURAL DEVELOPMENT AUTHORITY (MADA) IN NORTHERN REGION, MALAYSIA

INSTRUCTION: This questionnaire consists of 5 sections. Please read the question carefully before answering them. When appropriate, tick the box or complete the answer in the space provided.
SECTION1:  PROFILE
1. Name	:__________________________________________________________
2. Position	:__________________________________________________________
3. Address	:__________________________________________________________
SECTION II: BACKGROUND
1. What is the total area of MADA area?
2. What is the total area of operating fields for rice straw intake?
3. The minimum and maximum distance of the rice straw intake process?
4. Rice straw production per year?
5. How many days the process of rice straw collection for each season?

SECTION III: RICE STRAW COLLECTION
A. Machine
	Name
	Type
	Price
	Year
	Fuel
	Capacity
	Life expectancy

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	


B. OPERATION COST
	Name
	Maintenance cost
	Number of worker
	Hour
	Paid

	Tractor
	
	
	
	

	Baler
	
	
	
	

	Stamp-cutting
	
	
	
	



SECTION IV: RICE STRAW TRANSPORTATION TO COLLECTION CENTRE (T1)
A. OPERATION
1. How many workers involve?
2. Deliver to subcontractor or manage by MADA?
3. How many hour working?
4. Size of bale? (W)___	(H)_____	(M)______
5. Estimated number of lorry required per seasons?

B. TRANSPORTATION
	Process
	Machine Name
	Capacity
	Fuel
	Number person in-charge
	# bale /lorry
	cost

	Loading
	
	
	
	
	
	

	Transport
	
	
	
	
	
	

	Moving out
	
	
	
	
	
	



SECTION V: COLLECTION CENTRE
1. What the total size of rice straw warehouse?
2. Number of loaded bale?
3. Number of worker?
4. Time rate of straw storage?

Appendix F
1. CODE FOR PADDY RESIDUE COFIRING AT EXISTING COAL POWER PLANT
!part1;
R=0.6;
HHV_RS=14.71;
HHV_COAL=21.5;!IN MJ;
EL=(0.0044*(R*100)*(R*100))+(0.0055*(R*100));
NPHR_COAL=10.9035;
NPHR_COFIRE=(10.9035-(EL/100));
ELEC_RS_ALONE=HHV_RS*W_RS/17.41;
ELEC_COAL_ALONE=5133333333;
W_COMBINE=5133333333*NPHR_COFIRE/HHV_COAL;
W_RS=R*HHV_COAL*W_COMBINE/HHV_RS;
W_COAL=W_COMBINE-W_RS;
!PART2;
RS_THERMAL=W_RS*HHV_RS;
COAL_THERMAL=W_COAL*HHV_COAL;
RS_ELEC=RS_THERMAL/NPHR_COFIRE;
COAL_ELEC=COAL_THERMAL/NPHR_COAL;
TOTAL_ELEC=RS_ELEC+COAL_ELEC;
COAL_FOR_ELEC=W_COAL/5133333333;
RS_FOR_ELEC=W_RS/5133333333;

!emission due to combustion in SI unit;
!coal alone;
fuel=8520*1000;!kg/day for 700MW;
W_COAL_ALONE=(5133333333*NPHR_COAL)/HHV_COAL;
CO2_COAL_ALONE=W_COAL_ALONE*HHV_COAL*0.1053;
SOX_COAL_ALONE=W_COAL_ALONE*HHV_COAL*8.0616E-5;
CO2_Coal=W_COAL*HHV_COAL*0.1053;
SOX_COAL=W_COAL*HHV_COAL*8.0616E-5;
NOX_COAL=W_COAL*HHV_COAL*2.6066E-4;
CH4_COAL=W_COAL*HHV_COAL*1.07488E-6;
N2O_COAL=W_COAL*HHV_COAL*2.14976E-6;
CO_COAL=W_COAL*HHV_COAL*1.3436E-5;
CO2_RS=W_RS*HHV_RS*0.08384;
SOX_RS=W_RS*HHV_RS*2.0154E-6;
NOX_RS=W_RS*HHV_RS*2.10677E-4;
CH4_RS=W_RS*HHV_RS*9.029E-6;
N2O_RS=W_RS*HHV_RS*5.5894E-6;
CO_RS=W_RS*HHV_RS*2.5797E-4;
!emission due to cofiring;
!emission from coal in cofiring;
CO2_C_COFIRE=COAL_FOR_ELEC*CO2_COAL;
SOX_C_COFIRE=COAL_FOR_ELEC*SOX_COAL;
NOX_C_COFIRE=COAL_FOR_ELEC*NOX_COAL;
CH4_C_COFIRE=COAL_FOR_ELEC*CH4_COAL;
N2O_C_COFIRE=COAL_FOR_ELEC*N2O_COAL;
CO_C_COFIRE=COAL_FOR_ELEC*CO_COAL;
!EMISSION FROM RICE STRAW IN CO FIRING;
CO2_RS_COFIRE=RS_FOR_ELEC*CO2_RS;
SOX_RS_COFIRE=RS_FOR_ELEC*SOX_RS;
NOX_RS_COFIRE=RS_FOR_ELEC*NOX_RS;
CH4_RS_COFIRE=RS_FOR_ELEC*CH4_RS;
N2O_RS_COFIRE=RS_FOR_ELEC*N2O_RS;
CO_RS_COFIRE=RS_FOR_ELEC*CO_RS;
!TOTAL EMISSION BY COFIRING;
CO2_COFIRE=CO2_C_COFIRE+CO2_RS_COFIRE;
SOX_COFIRE=SOX_C_COFIRE+SOX_RS_COFIRE;
NOX_COFIRE=NOX_C_COFIRE+NOX_RS_COFIRE;
CH4_COFIRE=CH4_C_COFIRE+CH4_RS_COFIRE;
N2O_COFIRE=N2O_C_COFIRE+N2O_RS_COFIRE;
CO_COFIRE=CO_C_COFIRE+CO_RS_COFIRE;
GHG_EMISSION=(CO2_COFIRE+SOX_COFIRE+NOX_COFIRE+CH4_COFIRE+N2O_COFIRE+CO_COFIRE);
GHG_EMISSION_PER_KWH=(CO2_COFIRE+SOX_COFIRE+NOX_COFIRE+CH4_COFIRE+N2O_COFIRE+CO_COFIRE)/TOTAL_ELEC;
!EMISSION DUE TO TRANSPORTATION;
!lorry transportation 13.5 t/trailer;!MANJUNG;
!bale_truck size 40'8' capacity/9000kg/truck; 
trailer_no=W_RS/9000;
CO2_t=trailer_no*0.577;
CH4_t=trailer_no*0.007;
N2O_t=trailer_no*0.005;
TOTAL_GHG_T=CO2_t+CH4_t+N2O_t;
!CHOP USE SMALL LORRY MAX 3000/lorry;
LORRY_NO=W_RS/3500;
CO2_L=LORRY_NO*0.192;
CH4_L=LORRY_NO*0.002;
N2O_L=LORRY_NO*0.002;
TOTAL_GHG_L=CO2_L+CH4_L+N2O_L;
!transportation pp to cc with 1 ton lorry;
!distance 17.77km;
trailer_no_CC=W_RS/900;
C02_CC=trailer_no*3;
CH4_CC=trailer_no*3.834E-05;
N2O_CC=trailer_no*2.958E-05;
TOTAL_GHG_CC=CO2_CC+CH4_CC+N2O_CC;

!KAPAR;
!lorry transportation 13.5 t/trailer;
!bale_truck size 40'8' capacity/9000kg/truck; 
trailer_no_K=W_RS/9000;
CO2_t_K=trailer_no*0.577;
CH4_t_K=trailer_no*0.007;
N2O_t_K=trailer_no*0.005;
TOTAL_GHG_K=CO2_t+CH4_t+N2O_t;

!LAST TOTAL;
TOTAL_CO2=CO2_COFIRE+CO2_L;
TOTAL_SOX=SOX_COFIRE;
TOTAL_NOX=NOX_COFIRE;
TOTAL_CH4=CH4_COFIRE+CH4_L;
TOTAL_N20=N2O_COFIRE+N2O_L;
TOTAL_CO=CO_COFIRE;
TOTAL_GHG=TOTAL_CO2+TOTAL_SOX+TOTAL_NOX+TOTAL_CH4+TOTAL_N20+TOTAL_CO;
!BREAKEVEN COST;
!COST CALCULATION;
C_COAL_PER_MWH=(0.3348*W_COAL)/4166.3;
BASELINE_COAL_COST=0.3348*W_COAL_ALONE/4166.3;
C_TRANSPORT_RS = trailer_no*5*314.9;
C_RS_PER_MWH=((0.0627*W_RS)+C_TRANSPORT_RS)/4166.33;
C_MODI=(187.5*3.55*RS_ELEC);
C_MODI_PER_MWH=C_MODI/4166.33;
CO2_COAL_ALONE=W_COAL_ALONE*HHV_COAL*0.1053;
GHG_EMISSION=(CO2_COFIRE+SOX_COFIRE+NOX_COFIRE+CH4_COFIRE+N2O_COFIRE+CO_COFIRE);
RM_GHG=((0.3348*W_COAL_ALONE)-(0.3348*W_COAL)-(0.0627*W_RS));
KG_GHG=(CO2_COAL_ALONE-GHG_EMISSION)/1000;
C_GHG=(RM_GHG/KG_GHG);
GHG_RELATIVE=GHG_EMISSION/CO2_COAL_ALONE;
!ECONOMIC ANALYSIS;
!OPERATING COST;
SCPRS=28.2/450;
CPRS=SCPRS*W_RS;
DT=(17.77*trailer_no_CC)+(314.9*trailer_no);
CTV=DT*5;
CTP_LORRY=10*((trailer_no_CC)*(((17.77/75)*2)/(10*26*12)))*((trailer_no_CC)/((trailer_no_CC)*((17.77/75)*2)/(10*26*12)));
CTP_TRUCK=100*((trailer_no)*(((314.9/75)*2)/(10*26*12)))*((trailer_no)/((trailer_no)*((314.9/75)*2)/(10*26*12)));
CT=CTV+CTP_LORRY+CTP_TRUCK;
TOC=CT+CPRS;
!CAPITAL COST;
COAL_WEIGHT=2840000000;
diff_coal=COAL_WEIGHT-W_COAL;
CCAPITAL=150*(W_RS*HHV_RS/((COAL_WEIGHT-DIFF_COAL)*HHV_COAL))*700E6;

CO2_REDUCT=3.67*DIFF_COAL*54*8000*0.001;
ASCCO2=(CCAPITAL+ACFUEL)/(CO2_COAL_ALONE-TOTAL_GHG);
!total cost;
COST_RS=(TOC+CCAPITAL);
COST_COAL=0.3348*W_COAL;
COST_W_SOX=(SOX_COAL_ALONE-SOX_COFIRE)*0.875;
COST_CO2=ASCCO2*(CO2_COAL_ALONE-TOTAL_GHG);

CODE FOR ALLOCATION STRATEGY WITH TWO EXISTING PLANTS AND A NEW PLANT
MIN=COST+GHG+DIST;
COST=COST_A+COST_B+COST_C;
COST_A=((COST1+_COST11)/2);COST_B=((COST2+COST22)/2);COST_C=((COST3+COST33)/2);
GHG=GHG1+GHG2+GHG3;
DIST=DIST1+DIST2+DIST3;
D_SW1_E1=2.414;
D_SW1_E2=3.657;
D_SW2_E1=7.071;
D_SW2_E2=2.828;
D_C1_E1=2.828;
D_C1_E2=1.414;
D1_SW1_N1=1;
D1_SW2_N1=7.810249676;
D1_C1_N1=3.605551275;
D2_SW1_N1=0.707106781;
D2_SW2_N1=7.778174593;
D2_C1_N1=3.535533906;
D3_SW1_N1=7.071067812;
D3_SW2_N1=1.414213562;
D3_C1_N1=2.828427125;
D4_SW1_N1=7.810249676;
D4_SW2_N1=1;
D4_C1_N1=3.605551275;
D1+D2+D3+D4=1;
@BIN(D1);
@BIN(D2);
@BIN(D3);
@BIN(D4);
A1+A2+A3+A4=1;
@BIN(A1);
@BIN(A2);
@BIN(A3);
@BIN(A4);
B1+B2+B3+B4=1;
@BIN(B1);
@BIN(B2);
@BIN(B3);
@BIN(B4);
A1=D1;A2=D2;A3=D3;A4=D4;A1=B1;A2=B2;A3=B3;A4=B4;
D_SW1_N1=D1_SW1_N1*D1+D2_SW1_N1*D2+D3_SW1_N1*D3+D4_SW1_N1*D4;
D_SW2_N1=D1_SW2_N1*B1+D2_SW2_N1*B2+D3_SW2_N1*B3+D4_SW2_N1*B4;
D_C1_N1=D1_C1_N1*A1+D2_C1_N1*A2+D3_C1_N1*A3+D4_C1_N1*A4;
COFIRE1>=0.05;
COFIRE1<=0.2;
COFIRE2>=0.05;
COFIRE2<=0.2;
COFIRE3>=0.05;
COFIRE3<=0.7;
PLANT_SIZE1>=25;
PLANT_SIZE1<=300;
PLANT_SIZE2>=25;
PLANT_SIZE2<=300;
PLANT_SIZE3>=100;
PLANT_SIZE1<=300;
PLANT_SIZE1+PLANT_SIZE2+PLANT_SIZE3=400;
SW_REQD1=69.28*COFIRE1-0.0511;
SW_REQD2=69.28*COFIRE2-0.0511;
COST11=0.0049*COFIRE1+0.0118;
COST22=0.0049*COFIRE2+0.0118;
COST33=0.0049*COFIRE3+0.0118;
COST1=-0.015*EFFICIENCY1+0.0203;
COST2=-0.015*EFFICIENCY2+0.0203;
COST3=-0.015*EFFICIENCY3+0.0203;
GHG1=-951.91*COFIRE1+1032.9;
GHG2=-951.91*COFIRE2+1032.9;
GHG3=-951.91*COFIRE3+1032.9;
!DEMAND1=7*10^7*COFIRE1+10^8;
!DEMAND2=7*10^7*COFIRE2+10^8;
!DEMAND3=7*10^7*COFIRE3+10^8;
DEMAND1=3*10^6*PLANT_SIZE1+30;
DEMAND2=3*10^6*PLANT_SIZE2+30;
DEMAND3=3*10^6*PLANT_SIZE3+30;
EFFICIENCY1=0.03*@LOG(PLANT_SIZE1)+0.3681;
EFFICIENCY2=0.03*@LOG(PLANT_SIZE2)+0.3681;
EFFICIENCY3=0.03*@LOG(PLANT_SIZE3)+0.3681;
QUANT_SW1_E1+QUANT_SW1_E2+QUANT_SW1_N1<=(SW_REQD1*100000000);
QUANT_SW2_E1+QUANT_SW2_E2+QUANT_SW2_N1<=(SW_REQD2*100000000);
QUANT_C1_E1+QUANT_C1_N1<=(COAL_REQD1*10000000);
QUANT_C1_E2+QUANT_C1_N1<=(COAL_REQD2*10000000);
QUANT_C1_E1=(1-COFIRE1)*(QUANT_SW1_E1+QUANT_SW2_E1+QUANT_C1_E1);
QUANT_C1_E2=(1-COFIRE2)*(QUANT_SW1_E2+QUANT_SW2_E2+QUANT_C1_E2);
QUANT_C1_N1=(1-COFIRE3)*(QUANT_SW1_N1+QUANT_SW2_N1+QUANT_C1_N1);
QUANT_SW1_E1+QUANT_SW2_E1+QUANT_C1_E1>=DEMAND1;
QUANT_SW1_E2+QUANT_SW2_E2+QUANT_C1_E2>=DEMAND2;
QUANT_SW1_N1+QUANT_SW2_N1+QUANT_C1_N1>=DEMAND3;
DIST1=QUANT_SW1_E1*D_SW1_E1+QUANT_SW2_E1*D_SW2_E1+QUANT_C1_E1*D_C1_E1;
DIST2=QUANT_SW1_E2*D_SW1_E2+QUANT_SW2_E2*D_SW2_E2+QUANT_C1_E2*D_C1_E2;
DIST3=QUANT_SW1_N1*D_SW1_N1+QUANT_SW2_N1*D_SW2_N1+QUANT_C1_N1*D_C1_N1;
END


















Land preparation


Crop establishment


Crop management


Harvesting













Incentives For The Use of Renewable Energy Resources


Pioneer status with tax exemption of 70% of statutory income for a period of 5 years or Investment Tax Allowance of 60% on the qualifying capital expenditure incurred within a period of 5 years with the allowance deducted each year of assessment to be set off against 70% of statutory income


Equipment used for the project will be given import duty and sales tax exemption if not produced locally. Equipment purchased from local manufacturer(s) will be given sales tax exemption


Accelerate Capital Allowance on Equipment to Maintain Quality of Power Supply


Companies which incur capital expenses on equipment to ensure quality of power supply is given Accelerated Capital Allowance for a period of 2 years. Thus, the annual allowance is increased from between 10% and 20% to 40%.


Extension of the Scope of Incentives For Energy Production From Renewable Source


To further promote the use of energy generated from renewable resources, equipment used by a company to generate such energy for its own comsumption is granted Accelerated Capital Allowance from between 4 and 8 years to 1 year. Thus, the annual allowance is increased from between 10% and 20% to 80%.
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Base on location


A2->B2->C2
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Base on maximum availability


D2->I2->C2







T1_Tech	-0.15000000000000024	-0.1	-0.05	0	0.05	0.1	0.15000000000000024	5.8032500000000002	5.8504999999999985	5.8977499999999985	5.9450000000000003	5.9922500000000003	6.0395000000000003	6.0867500000000003	T1_FuelPrice	-0.15000000000000024	-0.1	-0.05	0	0.05	0.1	0.15000000000000024	5.8032500000000002	5.8504999999999985	5.8977499999999985	5.9450000000000003	5.9922500000000003	6.0395000000000003	6.0867500000000003	T1_Distance	-0.15000000000000024	-0.1	-0.05	0	0.05	0.1	0.15000000000000024	5.8032500000000002	5.8504999999999985	5.8977499999999985	5.9450000000000003	5.9922500000000003	6.0395000000000003	6.0867500000000003	T1_LorryCapacity	-0.15000000000000024	-0.1	-0.05	0	0.05	0.1	0.15000000000000024	6.1117647058823534	6.05	5.9947368421051745	5.9450000000000003	5.9	5.8590909090909085	5.821739130434783	T1_DriverCost	-0.15000000000000024	-0.1	-0.05	0	0.05	0.1	0.15000000000000024	5.1949999999999745	5.4450000000000003	5.6949999999999745	5.9450000000000003	6.1949999999999745	6.4450000000000003	6.6949999999999745	% Variation

T1  Cost (RM/ Bale)


T2_Tech	-0.15000000000000024	-0.1	-0.05	0	0.05	0.1	0.15000000000000024	6.1293055555555345	6.1630555555553403	6.1968055555555255	6.2305555555555445	6.2643055555555245	6.2980555555555355	6.3318055555555555	T2_FuelPrice	-0.15000000000000024	-0.1	-0.05	0	0.05	0.1	0.15000000000000024	6.1293055555555345	6.1630555555553403	6.1968055555555255	6.2305555555555445	6.2643055555555245	6.2980555555555355	6.3318055555555555	T2_Distance	-0.15000000000000024	-0.1	-0.05	0	0.05	0.1	0.15000000000000024	5.2959722222222219	5.6074999999999955	5.919027777777778	6.2305555555555445	6.5420833333333333	6.8536111111111113	7.1651388888888645	T2_LorryCapacity	-0.15000000000000024	-0.1	-0.05	0	0.05	0.1	0.15000000000000024	7.3300653594771239	6.9228395061728385	6.5584795321637426	6.2305555555555445	5.9338624338626973	5.6641414141414055	5.4178743961352245	T2_DriverCost	-0.15000000000000024	-0.1	-0.05	0	0.05	0.1	0.15000000000000024	5.3972222222222221	5.6750000000000007	5.9527777777777775	6.2305555555555445	6.5083333333333524	6.7861111111111123	7.0638888888888856	% Variation

T2 Cost (RM/Bale)

II	Collection Cost,CC 	Collection Center,CCC	Transportation Cost, T TOTAL	20.439999999999987	8.48	12.55	IV	Collection Cost,CC 	Collection Center,CCC	Transportation Cost, T TOTAL	19.329999999999988	9.65	10.97	
Cost per bale (RM/bale)
II	Collection Cost,CC 	Collection Center,CCC	Transportation Cost, T TOTAL	20.439999999999987	8.48	36.880000000000003	IV	Collection Cost,CC 	Collection Center,CCC	Transportation Cost, T TOTAL	19.329999999999988	9.65	36.880000000000003	
Cost per bale (RM/bale)
ZONE II	5	10	15	20	25	30	35	1.6500000000000001	2.34	2.86	3.3099999999999987	3.7	4.05	4.38	ZONE IV	5	10	15	20	25	30	35	1.61	2.2799999999999998	2.79	3.22	3.6	3.94	4.26	Capacity-MW

Logistics costs-RM/bale


One collection centre	5	10	15	20	25	29.451830000000001	41.65117	51.012060000000005	58.903649999999999	65.856279999999998	Two Collection Centre	5	10	15	20	25	32.381740000000001	45.794700000000013	56.125380000000163	65.027919999999995	72.850949999999983	Three collection centre	5	10	15	20	25	32.221990000000012	45.582450000000001	55.978190000000012	64.867109999999997	72.823579999999978	Nine collection centre	5	10	15	20	25	31.950990000000001	45.346249999999998	55.759930000000011	64.587220000000627	72.629059999999981	Power Plant Capacity (MW)

Total Transportation Cost (RM/bale)

0	20	30	50	0.82018383229561165	0.79145036703998317	0.76279605839945819	2	20	30	50	0.68524540856364113	0.56916246152798156	0.55630675649179262	3	20	30	50	0.56344344888364739	0.48655025114967443	0.47771200953669546	4	20	30	50	0.5040804573419001	0.44645022710243282	0.43980011378302092	Plant Capacity (MW)

Emission (CO2-EQ/kWh)


0	
20	30	50	70	0.82018383229561165	0.79145036703998317	0.76279605839945785	0.74699840919532501	2	
20	30	50	70	0.68524540856364091	0.56916246152798156	0.55630675649179262	0.54955180857012464	3	
20	30	50	70	0.56344344888364739	0.48655025114967426	0.47771200953669546	0.47299946783157681	4	
20	30	50	70	0.5040804573419001	0.44645022710243282	0.43980011378302075	0.43624781393956957	Plant Capacity (MW)

Emission (CO2-Eq /kWh)


Hydro	2012	2015	2020	2021	2025	2030	14.4	13	21.9	14	55.1	55.5	Gas	2012	2015	2020	2021	2025	2030	107.4	112.1	112.3	45.1	93.8	91.6	Diesel	2012	2015	2020	2021	2025	2030	10	8	14	Coal	2012	2015	2020	2021	2025	2030	44.2	47.9	46.8	40.9	41.3	33.1	Nuclear	2012	2015	2020	2021	2025	2030	9.8000000000000007	17.8	Biomass	2012	2015	2020	2021	2025	2030	24	19	5	3	3	2	Year

Percentage Contribution (%)


COE	
500	400	300	250	200	150	100	80	70	50	30	20	0.22663375999999988	0.23618894000000001	0.24932393000000044	0.25815845599999998	0.26961487500001513	0.28475810000000001	0.30788212900002088	0.32121301000000002	0.32945804000001155	0.35198965200000032	0.37499485400000032	0.40628071500001239	Subsidy Needed	500	400	300	250	200	150	100	80	70	50	30	20	-4.1662400000000424E-3	5.3889400000000113E-3	1.8523930000000001E-2	2.7358455999999975E-2	3.8814874999999971E-2	5.3958100000000009E-2	7.7082128999999999E-2	9.0413009999999988E-2	9.8658040000006553E-2	0.12118965199999999	0.14419485399999998	0.17548071500000001	Plant Capacity (MW)

COE (RM/kWh)

Subsidy Needed (RM/kWh)

GWP Saving 	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	2026	2027	2028	2029	2030	2031	2032	2033	-0.20300004036213923	0.28743747038926692	-3.3984760001053951E-2	-0.23842799647090251	-0.33354953229261342	-0.32689154538651782	-0.22588813675466421	-3.7754406052618643E-2	0.23052887489660789	-0.17535172014535988	0.2528408464179851	3.250715990580369E-2	-9.5822766608509427E-2	-0.13892427541592109	-0.10326993546806112	4.9615372587504649E-3	0.17990557019066691	-0.18751360603770495	0.12057209526241069	-9.2725901274938446E-2	-0.2297990876972279	Total CO2 emission 	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	2026	2027	2028	2029	2030	2031	2032	2033	-0.2464001232087227	-0.16142021389354827	0.1550119373435874	5.1213331678176925E-2	0.17277533799212424	-5.9257472062704035E-2	-7.5618107162559789E-2	8.9550218798066822E-2	-4.9639925800171833E-2	-1.3282066929039894E-2	0.17232606374462683	9.436422919047957E-2	0.16193018613493518	1.0493176111265284E-3	-1.9595387861520461E-2	8.1229558802282706E-2	-1.9630171698530107E-2	-2.5279817938635516E-3	0.11753422259878175	5.8734621952865801E-2	0.10054337042102907	Paddy production needed 	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	2026	2027	2028	2029	2030	2031	2032	2033	-2.6619307739074682E-2	3.9876505647677411E-2	-7.0235272384964867E-2	9.3075899763360045E-2	8.2339312825484928E-2	-9.358073433882276E-2	-7.5150418962496345E-3	-8.417877730827103E-2	8.8713517981907922E-2	-9.6833514239706639E-2	-3.7714582861861613E-2	6.1871972489707348E-2	1.2039018231616025E-2	5.0411734248896603E-3	3.8572552929000643E-2	-6.7027801520985142E-2	4.4206690987240838E-2	1.851198354957902E-2	3.1128897218544751E-2	7.9947755407250673E-2	1.3845746406735188E-3	Coal price	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	2026	2027	2028	2029	2030	2031	2032	2033	0.40930888395963849	1.0074613422379797E-2	-1.2944748382357289E-2	0.12230430398267222	-0.15121667071386879	-0.28232520176481546	-4.5787012052227911E-3	1.549817321119888E-2	-0.13497404863523244	0.16389204899379051	-0.14565002874418687	-0.14808746284462876	-0.11234642345048777	0.1595196192447062	-0.24154474307367291	0.17498306380273382	-4.1192544193281312E-2	-0.25321255550986238	-0.18750286843048694	0.20647273715767242	0.22723591281127922	Coal Saving	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	2026	2027	2028	2029	2030	2031	2032	2033	-0.23593528691121768	3.0510627629329614E-3	0.28409238872633324	-8.5561160019493085E-2	0.28403258820959532	2.1718601241470438E-2	-0.18488648015341946	0.30480963293295388	0.19036230073781121	0.12406062350923161	0.10344062781032748	0.12609459393852188	0.18967621556771244	-0.28444252567549838	-0.13516650463042021	4.8240947327461967E-2	0.2637103587078003	-2.5648679601612111E-2	0.25797777184011317	5.2546993668823823E-2	-0.10933306768334342	CER	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	2026	2027	2028	2029	2030	2031	2032	2033	-2.3679410598314899E-2	-4.344643582387888E-2	4.2031584585463293E-2	3.9751891030877659E-2	-4.4090190375436621E-2	-2.6991145687473805E-2	8.3662528960138247E-2	-5.4511591744292404E-2	6.7237750626912174E-2	-4.8103780439471173E-2	-7.2475786567940917E-2	-1.2748186041280921E-2	-2.2382820826677852E-2	4.6973046561941956E-2	4.9857678465735432E-2	-8.5929469960197239E-3	8.4154263110310986E-3	-3.3416670068413611E-2	-4.4352092020892488E-3	-3.1878687248891591E-2	7.1480079806333719E-3	Con subsidy	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	2026	2027	2028	2029	2030	2031	2032	2033	2.4770889634715798E-2	8.7932688663681813E-2	2.4163390663583396E-2	1.1667202178985699E-2	4.7883439156826933E-2	-3.5612651560510931E-2	-6.9577653712447812E-2	-5.6531139641647674E-2	1.0536744321722319E-3	-5.3646887911369297E-2	-6.3003402627743191E-2	-2.9419986143528396E-2	4.4761241889714525E-2	1.3812129290040411E-2	2.4261064691740154E-2	-6.4359272971993522E-2	2.4744681462057126E-2	1.5512906040199812E-2	4.398825489088843E-2	-2.0154297035827776E-2	-4.5929291603236833E-2	Paddy Subsidy	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	2026	2027	2028	2029	2030	2031	2032	2033	4.7530302308627516E-2	-3.7906467635841004E-2	-7.0493398644807012E-2	-5.2809279859596728E-2	1.2591878452920023E-2	-5.8073703077046727E-2	-7.9642912554037493E-2	-5.4629827886029284E-2	1.4498609625854978E-2	-4.3377753161436224E-2	-5.5800998294440823E-2	-2.517713663613786E-2	4.6149682649778395E-2	-8.3975877603261568E-4	4.5948399433676852E-2	-0.18448874143973581	0.14186976212593341	-5.7580815359512304E-3	-0.1105797103239179	0.3067882687894446	-0.2006363017034459	Year

Error Percentage %


natural rubber('000 tonne)	2000	2005	2006	2007	2008	2009	928	1145	1284	1200	1072	918	palm oil '000 tonne	2000	2005	2006	2007	2008	2009	10842	14643	15881	15824	17734	17565	palm kernel oil '000 tonne	2000	2005	2006	2007	2008	2009	1385	1740	1956	1908	2131	2097	pepper'000 tonne	2000	2005	2006	2007	2008	2009	24	19	19	20	22	23	cocoa+tobacco	2000	2005	2006	2007	2008	2009	77.169999999999973	37.44	38.06	41.449999999999996	34.28	27.6	sawlogs'000m3	2000	2005	2006	2007	2008	2009	23075	22363	21983	22050	21004	17806	sawntimber'000m3	2000	2005	2006	2007	2008	2009	5556	5085	5138	5064	4491	3751	plywood'000m3	2000	2005	2006	2007	2008	2009	4434	3481	5440	5058	4904	3441	Year

 Tonne

 Tonne


Paddy Production	1980	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2015	2020	2044604	2019900	1883604	1734325	1571674	1952914	1718215	1626699	1696239	1743444	1884984	1926354.0000000002	2012732	2104447	2138788	2127271.0000000005	2228489	2119614.9999999977	1944240.0000000002	2036641	2140904.0000000005	2094995	2197351.0000000005	2257037.0000000005	2291353	2314377.9999999977	2187519.0000000005	2375603.9999999977	2353032	2511042.9999999977	2464831	5423072	6778840.0000000009	Rice Husk Production 	1980	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2015	2020	449812.88	444378	414392.88	381551.5	345768.28	429641.08	378007.3	357873.78	373172.58	383557.68	414696.48000000021	423797.88	442801.04	462978.33999999997	470533.36	467999.62	490267.58	466315.3	427732.8	448061.02	470998.88	460898.9	483417.2200000002	496548.13999999996	504097.66	509163.16	481254.18	522632.88	517667.04	552429.46000000043	542262.8199999989	1193075.8400000001	1491344.8	Rice Straw Production	1980	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2015	2020	1533453	1514925	1412703	1300743.75	1178755.5000000002	1464685.5	1288661.25	1220024.25	1272179.25	1307583	1413738	1444765.5	1509549	1578335.25	1604091	1595453.25	1671366.75	1589711.25	1458180	1527480.75	1605678	1571246.25	1648013.25	1692777.75	1718514.75	1735783.5	1640639.25	1781703	1764774	1883282.25	1848623.25	4067303.9999999977	5084130	Total paddy residue	1980	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2015	2020	1983265.8800000001	1959303	1827095.8800000001	1682295.25	1524523.78	1894326.58	1666668.55	1577898.03	1645351.83	1691140.6800000011	1828434.48	1868563.3800000001	1952350.0400000003	2041313.59	2074624.36	2063452.8700000003	2161634.3299999987	2056026.55	1885912.8	1975541.77	2076676.8800000001	2032145.1500000001	2131430.4699999997	2189325.8899999997	2222612.4099999997	2244946.66	2121893.4299999997	2304335.88	2282441.04	2435711.71	2390886.0699999998	5260379.84	6575474.8000000007	Year

Tonne


MADA
52%
IADA KEMASIN SEMERAK
1%
MADA	KADA	IADA KSM	IADA BLS	IADA P.PINANG	IADA SEB. PERAK	IADA KETARA	IADA KEMASIN SEMERAK	912321	201135	174563	210292	115189	70814	52711	20550	y = 4.4578ln(x) + 12.358

20	5	8	10	15	20	8	12	9	3	18	35	9	15	23	4	35	44	30	39	16	12	45	8	25	27	34	46	28	2	8	17	20	5	10	15	20	25	30	35	40	45	10	20	30	40	12.5	20	35	13.6	25	8.7000000000000011	20	20	8	2.4	1.83	25	9	25	38	30	43.9	30	9.7000000000000011	30	6	18	50	50	50	200	40	50	60	80	100	382.9	130	200	220	49.9	43.9	350	250	400	60	250	120	23.5	17.100000000000001	18.899999999999999	19.8	20.7	22.5	21	23	30	20	20	30	30	30	30	20	30	30	20	30	30	30	30	23	29	29	30	32	33	15	20	23	24	17	20	21	22	23	24	25	26	27	20	23	24	25	20.079999999999988	30	29.9	28.3	23.2	16.5	19.399999999999999	26.6	19	16	16.100000000000001	29.9	26.5	32	32	29.5	31.3	32	29	33	20	21	30	30	28	34	25	26	28	28	29	32.4	32	34	37.6	31.5	31.3	36	44	48	28	40	38	Plant Capacity (MW)
Plant efficiency % on LHV
Cost	
13	2	15	1.6500000000000001	10	11	6.5	23	2.5	41	41	1	8.9	9.8000000000000007	9.5	9.9	60	8	9.4	30	30	24	30	30	30	3	30	30	25	240	20	8	10	10	15	10	10	84782737.999999985	8243761.4900000002	6801103.2300000004	6453640.8199999994	22817536.500000004	54576000	44000000	100000000	12719562.899999997	146326766.3900001	146326766.3900001	8655949.5600000024	85952172.390000015	48236406	43536911.550000004	51675325	225842300	43939242.130000003	63568475.450000003	148755780	159187556.54000002	90730772.829999998	138151082.44000003	125524519.31999999	140349225.59999996	14404429.800000004	150508027.79999998	149560437.59999996	141640912.79999998	710352829.74000001	47771258.520000003	16111573.45000001	23604582.759999998	23599325.609999999	44297819.800000004	26118064.199999999	25992486.439999994	Plant Capacity (MW)
Power Plant Generation Cost RM
HP	MALAYSIA	THAILAND	CHINA	INDIA	6769.23	9657.5474595505748	5665.636512	2953.1879866666054	LP	MALAYSIA	THAILAND	CHINA	INDIA	1666.6666666666681	3568.9455217073169	3780.4488679165993	2013.9466812500011	MALAYSIA	THAILAND	CHINA	INDIA	5102.5633333333326	6088.6019378432447	1885.1876440833328	939.24130541666852	
Power plant cost (RM/kW)

Paddy Residue (MWh)	y = 706.6x2 - 1109x + 2E+06
R² = 0.762
1980	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	1843198.7554022991	1820928.2413793104	1698058.1806896555	1563484.0201149441	1416855.0783908046	1760540.7473563196	1548960.9477011499	1466459.799655173	1529149.71	1571704.7462068968	1699302.2427586208	1736597.06	1814466.3305747141	1897146.8759770151	1928105.0901149441	1917722.5808045978	2008970.0260919542	1910820.7408045982	1752721.1862069	1836020.1566666681	1930012.6519540241	1888625.9522988508	1980899.2980459775	2034705.8840229886	2065641.560804598	2086398.4659770119	1972035.8065517247	2141593.3531032759	2121244.8248275872	2263690.8332183897	2222030.980804598	2324520.0594251957	Total Electricity Generation (MWh)	y = 74089x2 + 1E+06x + 7E+06
R² = 0.990
1980	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	10048320	10792640	11781190	12758110	13746660	14944550	16130810	17421740	19352320	21515500	23015770	26551290	29319230	34738810	39100060	45461670	51416230	57882510	60708600	65232670	69256650	71082560	74245920	78479240	82282250	83898820	90016200	97517550	97959490	105728330	113869330	124975980	Year

Potentially Electricity Generation (MWh)

Malaysia Electricity Generation (MWh)

Carbon dioxide	5	10	25	50	60	75	80	69.402049139449858	136.97220566138918	339.68267522720652	677.5334578369019	812.67377088078354	1015.384240446598	1082.9543969685358	Nitrous oxide	5	10	25	50	60	75	80	8.3700314913139238	8.3717171087855071	8.3767739612002607	8.3852020485581793	8.3885732835013425	8.3936301359161067	8.3953157533876777	Methane	5	10	25	50	60	75	80	0.66187060469262504	0.66187060469262504	0.6644208698452001	0.66760870128592764	0.66888383386221861	0.67079653272665485	0.67143409901480666	Carbon dioxide equivalent	5	10	25	50	60	75	80	2577.5707162495978	2645.6431867780152	2849.9141539316629	3190.3434510342472	3326.5151698753198	3530.7727481368534	3598.8586075573762	COAL	5	10	25	50	60	75	80	3509	3509	3509	3509	3509	3509	3509	Distance, km

Emissions, kg



acidification potential 	Electricity Generation	Rice Milling	Transportation	paddy farming	1.0629966202060361E-3	4.8145329612451198	3.7496203934411909	91.434783648693326	climate change	Electricity Generation	Rice Milling	Transportation	paddy farming	2.5244665407058212E-3	5.7815267931106751E-2	2.7305360655201611	97.209124200009327	eutrophication potential 	Electricity Generation	Rice Milling	Transportation	paddy farming	1.0565769039061806E-3	4.7034185602425085	0.42962968928526357	94.865895173565477	human toxicity 	Electricity Generation	Rice Milling	Transportation	paddy farming	7.6272399951452761E-8	4.6426833539415364	95.35731656978605	0	stratospheric ozone depletion	Electricity Generation	Rice Milling	Transportation	paddy farming	0	100	0	
Percentage Contribution


Carbon dioxide	Electricity Generation	Rice Milling	Transportation	Paddy Farming	6.0600000000000001E-2	0	69.341449139450049	0	Nitrous oxide	Electricity Generation	Rice Milling	Transportation	Paddy Farming	1.3965000000000294E-5	0	1.6929581321061746E-3	0	Methane	Electricity Generation	Rice Milling	Transportation	Paddy Farming	0	0.46	4.3480800796500004E-5	502.36978336363978	Nitrogen dioxide	Electricity Generation	Rice Milling	Transportation	Paddy Farming	0	0	9.8995067734501826E-4	0	Sulfur dioxide	Electricity Generation	Rice Milling	Transportation	Paddy Farming	0	0	1.5	0	
Emissions, kg


BASE	PADDY PRODUCTION	RICE STRAW COLLECTION	TRANSPORTATION	POWER GENERATION 	200255487.90000001	2855680.79	20272729.600000001	138259867.22999999	250KM	PADDY PRODUCTION	RICE STRAW COLLECTION	TRANSPORTATION	POWER GENERATION 	200255487.90000001	2855680.79	250434054.87	138259867.22999999	Paddy Production	Carbon dioxide	 Nitrogen oxides	 Carbon monoxide	Nitrous oxide	 Methane	0	0	0	7.2000000000001704E-7	0	Rice Straw Collection	Carbon dioxide	 Nitrogen oxides	 Carbon monoxide	Nitrous oxide	 Methane	1.1360000000000261E-5	2.2200000000000633E-7	5.9000000000001719E-8	2.8500000000000693E-10	5.6400000000001604E-10	Transportation	Carbon dioxide	 Nitrogen oxides	 Carbon monoxide	Nitrous oxide	 Methane	1.2799999999999999E-4	8.5500000000001924E-7	2.0400000000000484E-7	3.2000000000001006E-9	2.0700000000000505E-9	Power Generation	Carbon dioxide	 Nitrogen oxides	 Carbon monoxide	Nitrous oxide	 Methane	4.0400000000000623E-5	6.5900000000001415E-7	0	9.3100000000002567E-9	0	Percentage Contribution

GWP Saving	y = 583.80x2 + 9,547.24x + 845,055.93
R² = 0.813
2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	864506.80498018279	801613.1798300189	878313.5838080789	901960.87425150431	915556.6998332364	924679.08770402439	874418.19500609033	948936.51814997697	939993.60654391849	1002596.7621389913	984287.80314885336	Malaysia Total CO2 Emission	 y = 186,086.35x2 + 4,076,266.97x + 51,225,655.73
R² = 0.98

2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	53080000	55500000	58764215.936100006	62258542.788800001	69467658.756200001	78043640.747999996	82893810.512000024	90124972.705600008	101137062.69250001	96044384.440300226	112005852.20910002	Year
GWP Saving (Tonne)

Malaysia total CO2 emission from electricity production (Tonne)

CO2-EQ	20	20.5	20.67	21	21.5	22	0.5950115536229823	0.5824501617124016	0.57831772544988069	0.57048693163204656	0.55908013070603058	0.54819182039241665	Plant Efficiency
GHG Emissions (CO2-Eq) kg
T1  50MW	10	20	30	40	50	60	70	80	90	100	240263.30381869368	242607.43633261908	244951.56884654408	247295.70136046939	249639.83387439448	251983.96638831971	254328.09890224462	256672.23141616868	259016.36393009505	261360.49644401998	T1 100MW	10	20	30	40	50	60	70	80	90	100	480526.60764538759	485214.87267323793	489903.13770108653	494591.40272893559	499279.66775677959	503967.93278463912	508656.19781248912	513344.4628403401	518032.72786818986	522720.99289604009	T1 150MW	10	20	30	40	50	60	70	80	90	100	720789.91147836007	727822.30902066012	734854.70656295936	741887.10410525836	748919.50164755981	755951.89918985637	762984.29673215898	770016.69427445636	777049.09181675967	784081.48935904936	T2 50MW	10	20	30	40	50	60	70	80	90	100	240595.94043497375	241240.42847717062	241884.91651936751	242207.16054046611	242529.40456156398	243496.13662485927	T2 100MW	10	20	30	40	50	60	70	80	90	100	481191.88087794743	482480.85696234083	483769.83304673462	484414.32108893117	485058.80913112801	486992.27325771825	T2 150MW	10	20	30	40	50	60	70	80	90	100	721787.82132727944	721787.82132727944	725654.74958074349	726621.4816441104	727588.21370747732	730488.4098975797	Distance (km)

T1 GHG Emission (tonne CO2-EQ)


T2 GHG Emission (tonne CO2-EQ)



T1	10	20	30	40	50	60	70	80	90	100	130	150	6.0002290589494572E-4	6.0506831167339114E-4	6.1011371746139034E-4	6.1515912323980312E-4	6.2020452901824594E-4	6.2524993479668822E-4	6.3029534057514134E-4	6.3534074635357332E-4	6.4038615213205517E-4	6.4543155791045798E-4	6.6056777524579023E-4	6.7065858680266991E-4	T2	10	20	30	40	50	60	70	80	90	100	130	150	5.8066377460171993E-4	5.8759961050889133E-4	5.9453544641602533E-4	6.014712823231422E-4	6.0840711823033312E-4	6.1534295413742939E-4	6.2227879004457087E-4	6.2921462595171419E-4	6.3615046185885708E-4	6.4308629776603943E-4	6.6389380548744132E-4	6.7776547730172114E-4	Distance (km)

Specific GHG emissions (tonne CO2-eq / kWh)

T1	50	100	150	200	2109.7192625326006	4219.4385250656633	6329.157788070268	8438.8770491863834	T2	50	100	150	200	2900.196189885377	5800.392379770994	8700.5885703059648	11600.78475824391	Plant Size (MW)

GHG Emissions change in distance (Tonne CO2-eq / Δ 10 km)  

Rice Straw Based Power Generation	50	100	150	200	300	400	450	460	470	475	500	263224.35586205323	289888.12121228839	316551.88648682128	343215.65183067753	396543.18251839548	449870.71331372438	476534.47866393492	481867.2317339814	487199.98480402841	489866.36133905215	503198.2440141702	Coal Based Power Generation	50	100	150	200	300	400	450	460	470	475	500	484998.93055608001	484998.9	484998.9	484998.9	484998.9	484998.9	484998.9	484998.9	484998.9	484998.9	484998.9	Distance (km)
GHG Emissions ton CO2-EQ

0	5.0000000000000093E-2	0.1	0.15000000000000024	0.2	984	897.5	812.1	732.6	653.1	Cofiring Ratio

CO2 Emission (g/kWh)

Coal Alone	Carcinogenic	Acidification	Ecotoxicity	Climate Change	77579.789999999994	1348456.35	69573	4163190.59	Cofiring 10%	Carcinogenic	Acidification	Ecotoxicity	Climate Change	70192.939999999988	1173279.42	62948.53	3745972.71	
Points



5%	10	20	30	40	50	60	70	80	90	100	1.1900000000000853E-3	2.3800000000000002E-3	3.5700000000000011E-3	4.7600000000000003E-3	5.9500000000000134E-3	7.1400000000000014E-3	8.3300000000000006E-3	9.5200000000000007E-3	1.0710000000000001E-2	1.1900000000000742E-2	10%	10	20	30	40	50	60	70	80	90	100	2.3800000000000002E-3	4.7600000000000003E-3	7.1400000000000014E-3	9.5200000000000007E-3	1.1900000000000742E-2	1.4280000000000001E-2	1.6660000000000261E-2	1.9040000000000681E-2	2.1420000000000002E-2	2.3800000000000002E-2	15%	10	20	30	40	50	60	70	80	90	100	3.5700000000000011E-3	7.1400000000000014E-3	1.0710000000000001E-2	1.4280000000000001E-2	1.7850000000000001E-2	2.1420000000000002E-2	2.4989999999999998E-2	2.8559999999999999E-2	3.2130000000000006E-2	3.570000000000001E-2	20%	10	20	30	40	50	60	70	80	90	100	4.7600000000000003E-3	9.5200000000000007E-3	1.4280000000000001E-2	1.9040000000000681E-2	2.3800000000000002E-2	2.8559999999999999E-2	3.3319999999999995E-2	3.808000000000001E-2	4.2840000000000003E-2	4.7600000000000003E-2	Hauling Distance (km)

Rice Husk Transport Cost (RM/ kg RH)

5%	10	20	30	40	50	60	70	80	90	100	1.1900000000001228E-5	5.9500000000005283E-6	3.9666666666669043E-6	2.9750000000001604E-6	2.3800000000001712E-6	1.9833333333335114E-6	1.7000000000001237E-6	1.4875000000000766E-6	1.3222222222223173E-6	1.1900000000001354E-6	20%	10	20	30	40	50	60	70	80	90	100	4.7600000000000134E-5	2.3800000000000412E-5	1.5866666666668179E-5	1.1900000000001228E-5	9.5200000000000766E-6	7.9333333333343354E-6	6.8000000000005066E-6	5.9500000000005283E-6	5.2888888888889134E-6	4.7600000000000933E-6	Hauling Distance (km)

Unit Transport Cost (RM/kg/km)

5%	0.2	0.30000000000000032	0.4	0.54780000000000062	0.82170000000000065	1.095599999999936	20%	0.2	0.30000000000000032	0.4	0.28700000000000031	0.43050000000000038	0.54400000000000004	Coal Cost (RM/kg)

Rice Husk Cost (RM/kg)

Coal	0	0.05	0.1	0.15000000000000024	0.2	0.30000000000000032	0.4	0.5	0.60000000000000064	0.70000000000000062	0.8	0.9	1	0.16739999999999999	0.14590000000000194	0.13800000000000001	0.13020000000000001	0.12230000000000002	0.10660000000000019	9.0900000000000022E-2	7.5200000000000003E-2	5.9500000000000032E-2	4.3800000000000013E-2	2.81E-2	1.2400000000000001E-2	0	Rice Husk	0	0.05	0.1	0.15000000000000024	0.2	0.30000000000000032	0.4	0.5	0.60000000000000064	0.70000000000000062	0.8	0.9	1	0	3.9980000000000016E-3	7.9970000000000024E-3	1.1900000000000762E-2	1.5900000000000001E-2	2.3900000000000001E-2	3.1900000000000005E-2	3.9900000000000005E-2	4.7900000000000012E-2	5.5900000000000012E-2	6.3899999999999998E-2	7.1900000000000006E-2	0.18480000000000021	SOX Credit	0	0.05	0.1	0.15000000000000024	0.2	0.30000000000000032	0.4	0.5	0.60000000000000064	0.70000000000000062	0.8	0.9	1	0	0	0	0	0	0	0	0	0	0	0	0	0	Cofiring Cost	0	0.05	0.1	0.15000000000000024	0.2	0.30000000000000032	0.4	0.5	0.60000000000000064	0.70000000000000062	0.8	0.9	1	0.16739999999999999	0.14989800000000394	0.14599700000000948	0.1421	0.13820000000000021	0.1305	0.12279999999999999	0.11510000000000002	0.10740000000000002	9.9700000000000066E-2	9.2000000000000026E-2	8.43E-2	0.18480000000000021	Cofiring Ratio

Cost (RM/kWh)


0.05	0.1	0.15000000000000024	0.2	0.30000000000000032	0.4	0.5	0.60000000000000064	0.70000000000000062	0.8	0.9	0.31670000000000031	0.32440000000001867	0.33120000000000038	0.3385000000000189	0.35670000000000002	0.38030000000001984	0.41320000000000001	0.46330000000000032	0.55010000000000003	0.73080000000002165	1.3721000000000001	Cofiring ratio

GHG emission Offset Subsidy (RM/kg)

5%	
10	20	30	40	50	60	70	80	90	100	0.32116547000001588	0.32718277000003093	0.33320007000001733	0.33924904	0.34526634	0.35128364000000001	0.35730094000001666	0.36331824000001722	0.36933554000000002	0.37538451000002926	10%	
10	20	30	40	50	60	70	80	90	100	0.31807420000002051	0.33040140000001672	0.34272860000000038	0.35508824000000438	0.36741544000000032	0.37976859200001761	0.39210228000001934	0.40442948000001488	0.41675668000000032	0.42911632000000038	20%	
10	20	30	40	50	60	70	80	90	100	0.30900000000000138	0.33490000000002101	0.36060000000000031	0.38640000000001862	0.41210000000000002	0.43784975000000032	0.46360960000000001	0.48936945000000032	0.51509545000002765	0.54085530000000004	Hauling Distance (km)

CO2 Offset Subsidy (RM/ kg CO2)

Transportation(RH)	0.05	0.1	0.15000000000000024	0.2	23968.480000000021	24698.1	25289.43	25853.71	Rice Milling(RH)	0.05	0.1	0.15000000000000024	0.2	73090.959999999992	75315.89	77119.13	78839.88	Transportation(RS)	0.05	0.1	0.15000000000000024	0.2	35717.699999999997	36804.960000000006	37686.160000000003	38527.050000000003	Rice straw collection	0.05	0.1	0.15000000000000024	0.2	10788.710000000006	11117.130000000006	11383.3	11637.29	Co-firing Ratio

Energy consumption (MJ)

MP/KP
MP	RS-C	TPP-	>	CC	TCC-	>	MP	703.15	60.25	11600	KP	RS-C	TPP-	>	CC	TCC-	>	MP	173.09	14.83	2850	
lorry	
0.05	0.1	0.15000000000000024	0.2	8.2148189999999985	16.423970000000001	24.622209999999889	32.804320000000004	truck	
0.05	0.1	0.15000000000000024	0.2	9.6002549999999989	19.193880000000135	28.77477	38.336790000000001	Cofiring Ratio

GHG emission,tonne

CO2 Emission reduction	
0.05	0.1	0.15000000000000024	0.2	1887.547	1620.6019999999999	1389.51	1194.444	GHG Emission 	
0.05	0.1	0.15000000000000024	0.2	0.4653931	0.40937910000000038	0.35988730000001606	0.31743500000000002	Cofiring Ratio

CO2 emission reduction,k tonne

GHG emission per unit electricity generated, kg/kWh

C_RS	0.1	0.2	0.30000000000000032	0.4	0.5	0.60000000000000064	12993070000	31063900000	58177230000	103880800000	198461200000	516116500000	C_COAL	0.1	0.2	0.30000000000000032	0.4	0.5	0.60000000000000064	706766000	585005100	463170500	341570700	220514100	100309100	C_SOX	0.1	0.2	0.30000000000000032	0.4	0.5	0.60000000000000064	2630915	3043506	1526758	3630229	3803839	3898598	Baseline Coal Cost	0.1	0.2	0.30000000000000032	0.4	0.5	0.60000000000000064	871590300	871590300	871590300	871590300	871590300	871590300	SYNTHE_COST	0.1	0.2	0.30000000000000032	0.4	0.5	0.60000000000000064	13697205085	31645861594	58638873742	104218740471	198677910261	516212910502	Cofiring Ratio

RM

Reduction in CO2	0.1	0.2	0.30000000000000032	0.4	0.5	0.60000000000000064	1155771000	1732367000	2309313000	2885147000	3458409000	4027638000	AC	0.1	0.2	0.30000000000000032	0.4	0.5	0.60000000000000064	203389700	533556300	859881600	1181513000	1497598000	1807285000	Cofiring Ratio
Reduction in CO2( M tonne / year)

Additonal Cost (RM/year)

CO2 Emission price	10	20	30	40	50	60	36.545330000000163	54.639410000000012	71.500010000000003	89.157619999999994	109.3399	134.1249	Relative	10	20	30	40	50	60	0.33995510000001472	0.25060090000000002	0.19154669999999999	0.16269539999999999	0.16364300000000001	0.19368279999999988	Cofiring Ratio
CO2 emission Price(RM/metric ton CO2)
GHG reduction of cofiring relative to coal firing alone(metric ton CO2/MWh)

Total Collection Centre Cost	20	30	50	70	80	100	1.2557077625570777E-2	1.1719939117199391E-2	1.0844748858447491E-2	1.0306588388780723E-2	1.0117009132420092E-2	9.8173515981735161E-3	Total Rice Straw Collection Cost	20	30	50	70	80	100	5.9360730593609592E-2	5.5555555555555455E-2	5.1369863013698634E-2	4.8760600130464023E-2	4.7945205479451775E-2	4.6461187214611892E-2	Total Transportation Cost	20	30	50	70	80	100	0.10730593607306002	0.10121765601217657	9.5205479452054848E-2	9.181343770384863E-2	9.0610730593607344E-2	8.8698630136987727E-2	COE	20	30	50	70	80	100	0.44126712328767131	0.41027397260273984	0.37614155251141529	0.35554468362688607	0.34815924657534225	0.33607305936073978	Plant Capacity (MW)
Operating cost per power capacity (RM/kWh)
COE (RM/kWh)
COE	
20	30	50	70	80	100	150	200	250	300	400	500	0.44126712328767131	0.41027397260273984	0.37614155251141529	0.35554468362688607	0.34815924657534225	0.33607305936073978	0.31605783866057841	0.30348173515983617	0.29374429223745424	0.28649162861491628	0.25990296803652968	0.2525799086757991	Fuel Cost (RM/Bale)	
20	30	50	70	80	100	150	200	250	300	400	500	78.643130497505453	79.139262224764082	80.064469606274727	80.606026284952577	80.938982308240881	81.391525924482764	82.534136046547275	83.472863781822127	84.046571484981285	84.786453019860744	86.023462190222958	87.032854316870058	Plant Capacity (MW)
COE (RM / kWh)
Fuel Cost (RM / Bale)
ANNUAL	0	34986110.870370284	32394547.102195021	29994951.020550728	27773102.796806227	25715835.922968712	23810959.187934004	22047184.433272216	20414059.660437245	18901907.092997447	17501765.826849476	16205338.728563841	15004943.267189203	13893465.988138152	12864320.359387198	11911407.740173303	11029081.240901195	10212112.260093715	9455659.5000867769	8755240.2778581269	8106703.9609797634	Year
Cumulative Cash Flow
70MW	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	-67759259.259259209	-32351165.980795376	434105.57333746622	30790838.493830942	58898924.531325005	84924930.121597171	109023083.44592339	131336188.37585078	151996470.71837711	171126361.77628168	188839223.86692771	205240022.09900701	220425946.38796943	234486987.39626807	247506469.81135935	259561546.121629	270723653.81632316	281058938.71881771	290628646.96186829	299489487.92765576	20MW	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	-30629629.629629623	-22879286.694101498	-15703043.235279161	-9058373.3659992181	-2905901.2648140932	2790832.162209183	8065585.3353788704	12949616.051276736	17471866.714145131	21659135.846430682	25536236.894843213	29126145.273002982	32450134.512039799	35527902.325962782	38377687.338854432	41016377.165606111	43459608.486671984	45721859.709881648	47816536.768409073	49756052.563341618	100MW	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	-83777777.777777731	-30794238.683127508	18264593.811919004	63689438.714739859	105749480.29142722	144693963.23280174	180753669.66000161	214142286.7222237	245057672.89094794	273683030.45458138	300187991.16164941	324729621.44597173	347453353.1907146	368493845.54695779	387975782.91385001	406014613.80912322	422717235.00844485	438182625.00782382	452502430.56279564	465761509.7803663	Year

Cumulative Cash Flow


20	1	5	10	20	30	53674741.813578524	25000927.435148347	4722257.8391920775	-13991786.320755236	-21971408.046810396	30	1	5	10	20	30	121100359.001001	66954777.238850042	28661986.885102645	-6676276.6186595615	-21744423.984646976	50	1	5	10	20	30	270436394.55943161	161670088.57785019	84748478.042756736	13761847.997999772	73359634.503354192	70	1	5	10	20	30	435960287.680704	268276316.99646914	149687007.83913711	40247601.177543111	-6417088.7002600608	100	1	5	10	20	30	699615993.82777596	439527144.38654017	255587338.75751331	85839632.724561572	13459634.503354192	Discount rate %
NPV


20 MW
Sale price	-50	-40	-20	0	20	40	50	-85500000	-58500000	-4390000	49700000	104000000	158000000	185000000	Capital cost	-50	-40	-20	0	20	40	50	69200000	65300000	57500000	49700000	41900000	34100000	30200000	Fuel cost	-50	-40	-20	0	20	40	50	164000000	141000000	95300000	49700000	4080000	-41500000	-64400000	Discount rate	-50	-40	-20	0	20	40	50	5360000	14200000	32000000	49700000	67500000	85200000	94100000	% Variation

NPV RM



70 MW
Sale price	-50	-40	-20	0	20	40	50	-174000000	-79400000	110000000	299000000	489000000	678000000	773000000	Capital cost	-50	-40	-20	0	20	40	50	352000000	342000000	321000000	299000000	278000000	257000000	246000000	Fuel cost	-50	-40	-20	0	20	40	50	635000000	568000000	434000000	299000000	165000000	30400000	-36800000	Discount rate	-50	-40	-20	0	20	40	50	96700000	137000000	218000000	299000000	380000000	461000000	502000000	% Variation

NPV RM


100 MW
Sale price	-50	-40	-20	0	20	40	50	-211000000	-75700000	185000000	465000000	736000000	1010000000	1140000000	Capital cost	-50	-40	-20	0	20	40	50	536000000	522000000	494000000	465000000	437000000	409000000	395000000	Fuel cost	-50	-40	-20	0	20	40	50	927000000	834000000	650000000	465000000	281000000	96200000	3950000	Discount rate	-50	-40	-20	0	20	40	50	162000000	223000000	344000000	465000000	587000000	708000000	768000000	% Variation

NPV RM


NPV	-70629629.629629508	-37879286.694101512	-7554895.0871309591	20523245.289692976	32147767.282901816	53951636.373057276	74140404.049127206	92833707.452895626	110142321.71564387	126168816.40337422	141008163.33645841	154748299.38560876	167470647.57926738	179250599.6104328	190157962.6022526	159541074.66462171	167649143.20798188	175156614.08146566	182107976.00135708	188544422.22347865	Year

Cumulative Cash Flow

standard bale	0.41677692511248676	0.18765638031694049	8.9111111111110919	10.688888888888888	big bale	0.41677692511248676	0.18765638031694049	6.6833333333333433	8.0166666666666728	straw yield (t/ha)
Collection Cost (RM/t)
Moisture Dependent	
8.48	8.58	9.2100000000000009	13	14	Building Cost dependent	
8.48	8.58	9.2100000000000009	174.86	213.87	Collection centre cost (RM/bale)

Moisture (%)

Building Cost(RM/m2)

T1	
5	10	15	20	25	30	35	40	45	50	12.972500000000124	25.944999999999986	38.917499999999997	51.89	64.862499999999983	77.834999999999994	90.807500000000005	103.78	116.7525	129.72499999999999	T2	
5	10	15	20	25	30	35	40	45	50	1.4563888888888901	2.9127777777777792	4.3691666666666666	5.8255555555551561	7.2819444444444494	8.7383333333332889	10.194722222222222	11.651111111111048	13.1075	14.563888888889124	T TOTAL	
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