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Abstract 

Global warming and environmentally hazardous, which mainly caused 

by the dominant role of fossil fuels in the energy mix, was forced the 

government and policy-makers to rethink about shifting away from fossil 

fuels toward a new source of energy, which called green, renewable and 

eco-friendly ones. In Cambodia, to overcome this problem the 

government has initiated the National Strategic Plan for Green Growth 

2013-2030 (NSPGG) to reach 1.8 Mt CO2 by 2030 compared to the 

Business as Usual. Owning high potential in waste agriculture to 

generate electricity in Cambodia, developing this source of energy could 

act as a way to achieve the goal. It worth to be noted that increasing the 

share of biomass in electricity generation highly depends on the results 

of an economic, technical, and environmental feasibility study using the 

Cost-benefit Analysis (CBA). In this regard, the Levelized Cost of 

Electricity (LCOE) was employed for six common biomass technologies. 

The results showed replacing coal with biomass in three technology 

namely, Direct Co-firing, Direct Combustion, and Anaerobic Digestion 

biomass options up to 30% are cost-effective since they provided quite 

big fuel cost saving and CO2 emission reduction.   

Key Words: Electricity Generation, Cambodia, Cost-benefit Analysis, 

Biomass options, the Levelized Cost of Electricity,  

Student ID: 2017-26962 
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Chapter 1. Introduction 

 

1.1 Background 

Emerging several problems, such as global warming and 

environmental hazards, caused by the higher share of fossil fuels in 

the energy mix, have forced the governments and policymakers into 

rethinking about new energy resources, known as clean, renewable 

and sustainable energy. In this respect, increasing the share of 

renewable energies is considered as a priority. According to the high 

share of power sector (especially, power generated from the fossil 

fuel combustion, which, is responsible for 70% of the world’s CO2 

emissions)(UNEP, 2007), generating electricity from clean/ 

renewable energies could play a vital role in reaching the goal of 

protecting the environment.  

The government of Cambodia has also placed more attention 

on this issue and initiated the National Strategic Plan for Green 

Growth 2013-2030 (NSPGG) to reduce the CO2 emissions. More 

precisely, the government intends to reach 1.8Mt CO2 (16%) by 2030 

compared to the baseline (NGCC, 2013). One of the most important 

channels to achieve this goal is shifting away from fossil fuels 

towards renewable energy. Among all renewable energies, biomass 

has a specific place, on account of the country’s high potential for it. 
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Figure 1. Breakdown of Cambodia’s Energy Mix 2015 (%) 

Source: Cambodia National Energy Statics 2016 (General Department of 

Energy and General Department of Petroleum, 2016) 

To overcome the problems related to climate change and 

environmental hazard, specifically CO2 emissions, to achieve the 

goals of energy security (as the main goal of energy policy), to 

enhance market competitiveness and to obtain a sustainable market 

and supply chain, the government decided to initiate a strategy in the 

biomass sector. The main objective of the abovementioned strategy 

document is maximized utilization of alternative (such as agricultural 

residues) and non-forest biomass and supply chain (MME, 2013). 
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1.2 Research Questions and Objectives 

The main purpose of this research is to examine costs, 

economic benefit, and CO2 emission reduction for biomass options 

in Cambodia (cost-benefit analysis) empirically. Moreover, this 

thesis focuses on comparing existing coal power plants with various 

biomass options including (co-firing system). More to the point, the 

biomass was selected because they are cheap and are easy to access.  

In addition, some recommendations will be made for Cambodia’s 

government following some quantitative and simple simulations 

based on the cost-benefit analysis results. 

 

To achieve the objective of this research, I want to answer the 

following questions: 

1. What kind of biomass technologies are economically feasible 

in Cambodia?  

2. What are the benefits of employing different types of biomass 

in electricity generation?  

3. How many air pollutants (CO2 emissions) can be decreased 

due to the development of biomass energy in Cambodia? 
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1.3  Scope and Organization of the Study 

This thesis consists of six chapters. Chapter 1 explains the 

background. Chapter 2 presents Cambodia’s energy situation and 

biomass potential in electricity. Chapter 3 briefly reviews the 

previous literature regarding cost-benefit analysis of biomass options 

in electricity generation. Chapter 4 calculates the levelized cost of 

electricity generation of conventional energy (coal) and some 

biomass technologies and compares them. Additionally, I add a 

simple simulation analysis to examine the effects of various 

electricity fuel mix scenarios in Chapter 5. The thesis ends with the 

conclusion, recommendation, limitation of the research and scope for 

the future studies in Chapter 6. 

  

 

 

 

 

 

 

 



5 

 

Chapter 2. Cambodia’s Energy Situation 

and Biomass Potential in Electricity 

2.1 Cambodia’s Electricity Situation 

In 2016, the national electrification rate increased to 74.74%, 

while the electrified households in urban areas were almost 100% and 

about 65% of the total households in rural areas (Dalgleish et al., 

2016). 

Due to the economic development, there is an increased 

electricity demand in Cambodia; according to the available data from 

Eletricité du Cambodge (EDC), electric power generation increased 

from 5,698GWh in 2015 to 6,612GWh in 2016, up to 16%, while the 

total consumption increased to 914GWh in 2016. About 80.5% of the 

electricity (4,289GWh) is generated in Phnom Penh, whilst only 

19.5%, or 1,821GWh, was produced in provinces in 2016 (Dalgleish 

et al., 2016). 

Cambodia imports electricity from Thailand, Vietnam, and 

Laos. The import from Vietnam is at 22kV through a number of 

connections and at 230kV through Vietnam – Takeo – Phnom Penh 

230kV line. Similarly, imports from Thailand are at 22kV through a 

number of connections and at 115kV through Thailand - Banteay 

Meanchey - Battambang and Siem Reap line. The imports from Laos 

are 22kV to Steung Treng. The voltage is raised to 35kV and supplied 

to the Preah Vihear area through a 115kV line charged at 35kV 

(Baxter, Hastings, Law, & Glass, 2008). 
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 As shown in Figure 2, the total installed capacity of Cambodia 

in 2016 was 2,107MW, consisting of hydro (930MW), coal 

(535MW), fuel oil (248MW), biomass (6MW), and power 

imported from neighboring countries (388MW) including Thailand, 

Vietnam, and Laos (Dalgleish et al., 2016). 

In 2016, total energy generation mix by sources shows hydro 

shares 38.81%, coal 35.82%, fuel oil 5.97%, biomass 0.5%, and 

imports from neighboring countries 18.91%, as seen in Figure 3 

(Dalgleish et al., 2016). As a result of domestic power source 

development, there has been a  dramatically reducing in energy 

imports from neighboring countries, from 62% in 2010 to 19% in 

2016, as well as fuel oil consumption from 34% in 2010 to 6% in 

2016, and the annual generation growth is around 19% compared 

to 2015. 
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Source: Eletricité du Cambodge (EDC Annual Report, 2016)

2011 2012 2013 2014 2015 2016

Coal 7 7 110 110 368 535

Hydro 11 223 512 682.1 927 930

Fuel (HFO +Do) 230 227 227 177 218 248

Biomass+ Solar 0 0 14.57 16.57 16.57 6

Import 263 293.8 293.8 333.8 416.5 388

0
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Figure 2.Power Installed Capacity 
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 Source: Eletricité du Cambodge (EDC Annual Report, 2016) 
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“Due to the importance of environmental issues and the critical 

role of power generation, the government has initiated several 

strategic plans. Among  them, we refer to the National Strategic Plan 

on Green Growth (2013-2030)” (NGCC, 2013), “the Cambodia 

Climate Change Strategic Plan (2014-2023) (Cambodia’s INDC, 

2015), and the Intended Nationally Determined Contribution (INDC), 

which was prepared pursuant to the Paris Agreement (2015)” 

(Growth & Assessment, 2018). 

Figure 4 shows the carbon dioxide emission from fossil fuel 

combustion (including oil, coal, natural gas and others) in electricity 

and heat production sectors in Cambodia from 2005 to 2016 (IEA 

Statistics).1  The total CO2 emissions from 2005 slightly increased 

from 1.06 to 1.69 million tonne in 2008. From 2009, the trends of 

carbon dioxide emissions have slightly decreased over four years 

from 1.39 to 0.67 million tonnes. However, in 2014, the amount of 

CO2 emissions suddenly jumped from 1.22 to 9.3 million tonnes, 

which was nine times bigger than 2016. In the past, CO2 emissions 

were caused by conventional fuels (oil) and electricity generation and 

these days, for the sake of extending the use of coal power plant to 

fulfill the national electrification, the amount of CO2 emissions has 

been increased (IEA Statistics) 1. 

 

Nowadays, global warming issues and contribution of 

greenhouse gas emissions are contradicted to the government policy 

                                            
1 IEA Statistics (CO2 emission from fuel combustion 2007 edition  to 2018 edition) 
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implication. Moreover, the government commits to reducing the CO2 

emission issues according to international guidelines. In this 

connection, the reduction in CO2 emission and encouraging 

developing renewable energy is a critical policy implication.  
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Figure 4. CO2 Emission from Fossil Fuel Combustion in Electricity and the Heat Production Sector in Cambodia 

Source: IEA Statistics (CO2 emission from fuel combustion 2007 to 2018) 
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2.2 Biomass Energy Technologies 

Biomass is an organic material made from plants or animals. 

Biomass resources include agricultural and forestry residues, 

municipal solid wastes, industrial wastes, and earthly and aquatic 

crops grown solely for energy purposes. In general, biomass has 

lower heat content than coal fuel and high investment costs, limited 

potential and, thus, electricity producers may not have the essential 

incentives to switch from coal to biomass fuels. Even so, there are at 

least two reasons to deliberate biomass as a substitute for coal to 

generate electricity (IEA, 2015). 

 

2.3 Biomass Potential of Cambodia 

 

In terms of sources, biomass energy can be classified into two 

major categories Duku, Gu, & Hagan, 2011; Milbrandt, 2009). The 

first category of biomass resource comes from agricultural 

production and household, such as crop residues, forest residues, 

municipal solid waste, and industrial organic waste. The other 

biomass resource category is from human planted biomass sources, 

such as energy crops, energy forest, and alga microorganism that can 

be utilized for biomass fuels (Ravindranath et al., 2005) 
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2.3.1 Crops Residue 

 

Recently, cattlemen have become more interested in 

harvesting and utilizing corn residue. In Cambodia, corncob and corn 

straw are mainly available in the countryside and are sometimes 

available for free (Figure 5).  

Rice straw is abundantly available in the rural areas. Paddy 

crops are harvested by cutting the plants, leaving around 15 to 20 

centimetres of straw and roots in the field. The paddy grains are 

threshed out from the plant manually or using the threshing machine. 

The resulting rice straw is piled and left in the field to get dry. In the 

next step, the dried straw is bunched in sizes of around one kg or 

more. The farmers themselves use some of these bunched rice straw, 

mostly for cattle feeding and vegetable growing (mushrooms), etc. 

For this, the agriculturalists transport the necessary number of straw 

bunches from the field to their house manually or on bicycle or power 

tillers (cow or buffalo). Some residual amount of such waste is sold 

to other consumers, mostly from the farm itself. Some of such wastes, 

especially short fibres and dust, is also being burnt amenably in the 

field. Most of the rice straw, however, is burnt in the fields and the 

ash is used as organic fertilizer by the farmers (NCPO-C, 2012)2 

(Figure 6). 

                                            
2 (NCPO-C, 2012). Report on Overall Assessment of Waste Agricultural Biomass in 

Cambodia 
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Figure 5. Maize (stalk) Plantation 

Source: (NCPO-C, 2012)2 

 

Figure 6. Rice Straw After Harvest 

Source: (NCPO-C, 2012)2 
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According to the UNEP Project on Waste Agricultural Biomass, 

about 140 billion metric tonnes of biomass is generated from 

agriculture. This leads to a substantial reduction in greenhouse gas 

(GHG) emission in two ways: first, it controls methane emissions 

from rotten waste biomass and carbon dioxide from the burning; 

second, it replaces dirty energy source with clean energy from waste 

biomass. Moreover, reducing dependency on fossil fuels, reducing 

greenhouse gases emissions, and bringing renewable energies to the 

rural area can be considered as other advantages of generating 

biomass from agriculture (Chandak, 2010).  

In Cambodia, crops that generate a significant quantity of 

wastes include rice, cassava maize, sugarcane, and soybean and old 

rubber wood residue.2 The main alternative energy biomass sources 

are presented in Table 1. According to the estimation of the National 

Cleaner Production Office of Cambodia (NCPO-C, 2012), more than 

8 million tons of waste agriculture biomass produced in 2011. The 

corresponding energy content is about 118,000TJ. Theoretically, it 

means that wood could be entirely replaced by alternative biomass 

sources.  

The potential energy generation from waste agricultural 

biomass is illustrated in Table 1. Residues, including rice husk, rice 

straw, corn cobs, corn stalk, cassava stalks and bagasse from sugar, 

could be processed as biomass. The potential of biomass in 

generating electricity is 18,852GWh annually (Sarasy, 2015). 
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Table 1. Potential of Waste Agricultural Biomass in Cambodia 

Biomass sources Agriculture 

Residues Biomass 

(MT) 

Potential Energy 

Generation (TJ) 

Rice Husk  2.37 30,450 

Rice Straw  2.90 40,560 

Corn cobs  0.18 2,990 

Corn stalks 1.44 24,190 

Cassava stalk 0.71 12,060 

Bagasse from sugar 

cane processing 

0.26 1,730 

Source: (NCPO-C, 2012)3 

2.3.2 Forestry Residue (Wood) 

 

While more than half of Cambodia leftovers forested, there 

has been serious deforestation over the last several decades. In 1960, 

forests covered 73% of the total land area of the country, but this had 

been diminished to around 50% or less by 2010. Around 95% of the 

population utilizes wood fuel for cooking purposes (FAOSTAT, 

Rubber production areas: Department of Agriculture at Kampong 

Cham Province). 

Logging residues establish woody residues that persist after 

wounding in the forest area, such as tops and branches. Logging 

residue calculations require the amount of industrial round wood 

production and an average recovery rate (RR), which is generally 
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estimated since logging can be done in many ways.  

Wood residues in Cambodia, along with their calculated 

potential energy values, are given below. The profile of biomass from 

agricultural production (i.e. WAB-Waste Agricultural Biomass) and 

wood residue sources in Cambodia and its potential as an energy 

source, both for thermal and electrical.
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Table 2. Potential of Forestry Residue (Wood) in Cambodia 

Source Production 

(10
6

CUM) 

Logging 

Residue 

(10
6

CUM) 

LHV 

(GJ/m
3

) 

Potential 

Energy 

(10
6

GJ) 

Million Tonne Oil Equivalent 

(MTOe) 

Rubber 

- Primary wood 

- Secondary wood 

0.016b  

2.8 

1.7 

 

186 

186 

 

50.4 

30.6 

 

1.2 

0.73 

Total    81 1.93 

 
18.89 MJ=4516 kcal/kg; a: tones/hectare; b: hectare 

Source of wood production: FAOSTAT, Rubber production areas: Department of Agriculture at Kampong Cham Province. 
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Figure 7. Biomass Potential Energy 

Source: (NCPO-C, 2012)3 

As shown in Figure 7, three significant biomass potentials, 

namely rice straw, maize (stalk), and wood, are accounted in the 

highest share. More precisely, the highest potential of LHV is wood 

at about 81GJ, followed by rice straw at 40.56GJ and maize (stalk) is 

quite low at 24.19GJ. 

 

2.3.3 Biomass Power Technologies in Cambodia 

 

There are several biomass technologies for power generation, 

namely direct combustion, gasification, anaerobic digestion, and co-

firing (Breeze, 2014).  
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2.3.3.1 Direct Combustion 

 

The direct combustion technologies of biomass residue are the 

most widely used and established application whereas the 

gasification and pyrolysis are continually in development stage 

(Shafie, Mahlia, Masjuki, & Ahmad-Yazid, 2012). It contributes to 

over 97% of bio-energy production worldwide.  

In theory, combustion can be reversed to any type of biomass 

resources, but common practices are feasible in less than 50% 

moisture. The main combustion system can be eminent to fixed bed 

combustion, fluidized bed combustion, and combustion (Breeze, 

2014). 

2.3.3.2 Gasification 

Gasification is a thermal breakdown of the biomass particles 

into gas with existing oxidation agent (air, oxygen, water, carbon 

dioxide, etc.). By transforming biomass into a gas, it can be made 

accessible in a broad range of energy devices. Gasification is the 

intermediate step between pyrolysis and combustion. The gas can be 

used in more efficient power generation system, called combined 

cycles, which are combined steam turbine and gas turbine. 

Gasification has been skillful for many years (IEA, 2012). 

The Gasification in Cambodia dates back to 2003. The first 

pilot project relating to village electrification was installed in 

Anglong Tha Mey, Banan District, Battambang province. The system 

produced electricity from locally developed biomass fuelwood and 
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corn cob. This preliminary project functioned for over three years and 

effectively demonstrated among the farmers and villagers the 

potential and benefits of growing biomass fuelwood and generating 

electrical energy for indigenous consumption at about 30% of the 

cost of the producing electricity with diesel-fueled generators. 

Gasification process has been transformed over the years and 

bears relevance in present times with its importance in captive 

power generation and reducing the dependency on fossil fuels. 

There are 150 gasifiers installed in Cambodia utilizing wood 

and rice husk as fuel. The installed gasifiers are used by industries 

such as rice mills, brick, and ice factories for their captive 

consumption and by Rural Electricity Enterprise (REE) to provide 

electricity to nearby towns and villages.  

In Cambodia, biomass gasifiers use forest wood or rice husk, 

the main by-product of rice milling, to generate enough mechanical 

and electrical energy to power their on-site operations. In ice 

factories, gasifiers are used to generate syngas, which is then fed 

into a generator to produce power to run compressors and other 

utilities. Gasifiers are used in brick kilns to generate power to run 

machines like extruders and for plant lighting.  

Gasifiers installed in ice factories and rice millers would 

consume at least 46kt of wood and 117kt of rice husk. Gasification 

to provide electricity generation and to run brick molding machines 

might also consume significant amounts of biomass energy. 
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Therefore, gasification enables to produce sync-gas to generate 

electricity to run compressors or rice mills. 

2.3.3.3 Anaerobic Digestion 

Anaerobic digestion is a process which takes place in almost 

any biological material that is decomposing and is preferred by warm, 

wet, and airless circumstances. The resulting gas consists of methane 

and carbon dioxide and is referred to as biogas. The biogas can be 

used, after clean up, in internal combustion engines, micro-turbines, 

gas turbines, fuel cells, and Stirling engines or it can be elevated to 

bio methane for distribution (Breeze, 2014). 

 

2.3.3.4 Co-firing 

Co-firing compromises a near-term solution to reduce CO2 

emissions from conventional fossil fuel power plants. Despite 

developing viable alternative technologies in decreasing CO2 

emissions in the long term, they endure in the early to mid-stages. 

The co-firing technologies can be classified into three types (IRENA, 

2013): 

i. Direct co-firing. 

Direct co-firing is the simplest, cheapest, and most common 

option. Biomass can either be pulverized jointly with the coal (less 

than 5% in terms of energy content) or pre-milled and then led 

separately into the same boiler. Common or separate burners can be 
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used, with the second option enabling more elasticity with regard to 

biomass category and quantity (Figure 8). 

 

Source: IRENA, 2013 

ii. Indirect co-firing. 

Indirect co-firing is a less mutual process whereby a gasifier 

transforms the solid biomass into a fuel gas that is burnt with coal in 

the same boiler. Though more expensive because of the additional 

technical equipment (the gasifier), this option allows for a greater 

diversity and higher proportions of biomass to be used. Gas cleaning 

and filtering are needed to remove gas impurities before burning, and 

the ashes of the two fuels stay detached (Figure 9). 

Figure 8. Direct Co-firing Plant 
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Source: (IRENA, 2013) 

iii. Parallel co-firing. 

Parallel co-firing entails a separate biomass boiler which 

supplies steam to the same steam cycle. This method allows for high 

biomass percentages and is commonly used in pulp and paper 

manufacturing facilities to make use of by-products from paper 

products such as bark and waste wood (Figure 10). 

Figure 9.Indirect Co-firing Plant 
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Source: (IRENA, 2013) 

Co-firing more than 20% of biomass in terms of energy content 

is technically feasible today (Cremers, 2009). The co-firing mix also 

relies on the type of boiler available. However, pulverized fuel 

combustion is much more prevalent and, in some specific pulverized 

coal-fired installations, a 100% conversion from coal to biomass has 

been demonstrated (Cremers, 2009). 

  

 

 

 

Figure 10. Parallel Co-firing Plant 
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Chapter 3. Literature Review 

This chapter reviews the cost-benefit analysis of biomass in 

electricity generation in several countries and regions using different 

methodology. 

Sagani et al. (2019) investigated the techno-economic and 

environmental feasibility of generating electricity from agricultural 

biomass residues, especially from tree pruning. In this regard, they 

conducted their research in nine diverse geographically separated 

areas of the Greek territory. To achieve this goal, they proposed an 

integrated methodology to evaluate the potential of tree pruning 

biomass-fired power plants. Moreover, to test the effects of economic 

parameters value on investment recovery time, they employed a 

systematic sensitivity analysis. Their results showed that reduction in 

either investment cost or bio-fuel prices and an increase in energy 

sale price play a crucial role in the sustainable operation of biomass-

fired power plants. Furthermore, the results from real-world data 

confirmed that generating electricity using direct combustion of 

pruning residues is beneficial in terms of optimizing usage of fossil 

fuels and lowering the level of CO2 emissions.  

(Cardoso, Silva, & Eusébio, 2019) examined a biomass 

gasification power plant of 11MW in Portugal by using economic 

analysis in both it and greenhouse gas emission reduction. The results 

showed the gasification power plant’s disadvantages in high capital 

investment cost. Therefore, special consideration had to be 
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considered for investors. 

(Kis, Pandya, & Koppelaar, 2018) provided a novel wide-

ranging bottom-up process chain framework, which is employed for 

19 electricity generation technologies including 12 life-cycle phases. 

They assessed four metrics in each life cycle, including material 

consumption, energy return ratios, job requirements, and GHG 

emissions. Their results suggested that future low carbon electricity 

generation would benefit from a combination of biomass and CCS 

technology in all kinds of combustion power technologies.  

(Zang, Jia, Tejasvi, Ratner, & Silva Lora, 2018) provided the 

techno-economic comparative analysis of eight Biomass Integrated 

Gasification Combined Cycle (BIGCC) systems. The 

aforementioned systems incorporate technology options of biomass 

gasification, power generation, and CO2 emissions control. The 

results showed that the Levelized Cost of Electricity is ranged 

between 13.1¢/kWh to 25.9¢/kWh. The air gasification BIGCC 

system would be able to compete with the current electricity 

generation when biomass price is lower than 10$/tonne. Moreover, 

the additional CO2 capture and storage technology has the potential 

to reduce the LCOE of the BIGCC system when the CO2 emission 

price is higher than 90$/tonne. Furthermore, to present the 

uncertainty of simulation and the impacts of other key economic 

variables on the LCOE, the authors employed sensitivity analysis and 

Monte Carlo method, respectively.  
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(Furubayashi & Nakata, 2018) analyzed the economic 

feasibility costs and CO2 emissions reduction of wood biomass co-

firing in the Tohoku region of Japan. The results examined that the 

chip production consumes the lowest energy consumption of 3.8GJ/t, 

the lowest supply cost of 1558JPY/GJ, and the higher CO2 reduction 

of 252 × 103 t CO2/y. However, the pellet production was 

1643JPY/GJ and 229 × 103 t CO2/y. 

(Wu & OuYang, 2017) studied the co-gasification of coal 

(IGCC) system and biomass by using the cost-benefit analysis. The 

result showed that the results of biomass blending ratio on technical 

and economic indicators were nonlinear. The changing in the co-

firing ratio of 0 to 50%, income ratio (IRR) and NPV were increased 

to decrease. Moreover, the fuel price and economic indicator were 

opposite in direction. 

(Stich, Ramachandran, Hamacher, & Stimming, 2017) 

investigated the techno-economic potential of the power generation 

from biomass residue in Southeast Asia using a cost optimization 

model. Indeed, they intended to estimate the cost-effective options of 

power generation from biomass residue through several biomass 

conversion technologies in respective countries. Their results 

demonstrated that Indonesia has the highest potential (407TWh), 

followed by Thailand (194TWh) and Vietnam (153TWh). The 

maximum potential for generating electricity from biomass residues 

in these countries was obtained as 360TWh. The power generation 

costs vary in the wide range from less than 40USD/MWh to more 
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than 200USD/MWh. 

(You, Tong, Armin-Hoiland, Tong, & Wang, 2017) studied the 

oil palm biomass gasification of electricity generating in Indonesia 

rural area analyzed by the cost-benefit (CBA) method. This study 

compared based on the current diesel generating practice and biomass 

gasification. The result showed that biomass gasification was 

economically feasible and considerable for policy implication. 

However, (Field, Tanger, Shackley, & Haefele, 2016) examined 

the uncertainty estimation for four real-world gasification power 

systems at rice mills in rural area Cambodia. The results showed that 

mitigating GHG emissions and recovering initial capital investment 

during one year is the optimal way to reduce diesel fuel use by up to 

83%.  

(Groth & Scholtens, 2016) studied the differentiation in driven 

mechanisms between the power plant project proposal of natural gas 

(CHP) and biomass energy by using Cost Benefit Analysis in EU 

countries, Denmark and the Netherlands. The result proved that fuel 

costs and emission valuation were different driven mechanisms. The 

Netherlands result was less significant than Denmark due to the 

differences in policy. 

(Khorshidi, Florin, Ho, & Wiley, 2016) analyzed the biomass 

co-firing with a natural gas power plant at the level of 4%, 20% and 

40% and three biomass gasification technologies by using cost-

benefit analysis. The high fuel ratio that could benefit might be less 

of an incentive. On the other hand, the low heating value uneconomic 
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in biomass gas co-firing was also examined. 

Zhang and Chen (2016) analyzed an urban biogas project by 

using benefit-cost analysis. The result of modified cost-benefit 

analysis showed that the combining energy theory is feasible with 

conventional CBA and revealed the real cost and benefit of urban 

biogas projects.  

Liu, Johnson, and Altman (2016) examined the economic 

feasibility of biomass co-firing in Missouri, US. The result proved 

that the cost of biomass co-firing generating was higher in all 

assumptions due to the transportation costs. However, the small scale 

was more feasible for avoided increased transporting cost. 

Kim, Paudel, and Snyder (2015) examined the physical 

feasibility of biomass feedstock using the transportation model and 

cost of biomass co-firing employing Levelized Cost of Coal-Fired 

Electricity Generation in Utah, USA. Their empirical findings 

confirmed that, in high carbon prices, low biomass prices and high 

emission reduction potential, 5% of biomass co-firing is feasible 

economically. However, the low emission reduction potential might 

not be economically feasible and the medium and high emission 

reduction potential was economically feasible with moderate carbon 

prices. Finally, the authors concluded that the cost-benefit ratio 

widely relied on biomass and carbon credit price and their method 

could be feasible for any region.  

O’Mahoney, Thorne, and Denny (2013) examined the 

feasibility of producing 30% co-firing of peat and biomass by 2015 
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in Ireland. they calculated costs, benefits (in terms of reducing CO2 

emissions), and present value to meet the above-mentioned target. 

Their results showed that Ireland has 50% of the required resources 

to achieve this goal. Indeed, the net cost of doing so is greater than 

the current cost. They concluded that, although combining national 

resources with imported biomass is possible technically, its is not 

possible to achieve at a reasonable cost.  

Khorshidi, Ho, an Wiley ( 2013) examined the cost-benefit 

analysis of co-firing biomass with a coal power plant to reduce the 

GHG emissions. The analysis proved that incentive of the carbon 

price and renewable energy certificate could be a cost-effective 

option of CO2 emission reduction in Australia. 

Zamalloa, Vulsteke, Albrecht, and Verstraete (2011) examined 

anaerobic digestion system of microalgae for biomass energy using 

cost-benefit analysis. The result proved that the levelized cost of 

energy by the process line “algae biomass – biogas – total energy 

module” would be accounted in €0.170–0.087kWh−1, which could 

benefit into a carbon credit of about €30tonne−1 CO2 (eq). 

(Basu, Butler, & Leon, 2011) studied the various co-firing 

options to coal power plant by using cost benefit analysis concept. 

The results performed that the internal rate of return (IRR) of direct 

co-firing was double than indirect co-firing. Moreover, indirect co-

firing investment was costly. In Addition, the CO2 emission 

reduction of co-firing reduced the existing power plant. 
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 (Shafie et al., 2012) proved that high potential of biomass 

residues generated for electricity were benefit in economic, 

environmental and political also. However, the technology was stilled 

need to develop the biomass policy implication. 

(Johansson, Lehtveer, & Göransson, 2019) examined the 

biomass electricity system with negative CO2 emissions in various 

biomass sources. The analysis proved that biomass power plant with 

CCS combine to natural gas turbines was low cost-effective. 

Moreover, biomethane-fired with CCGT was most flexible in excess 

biomass sharing.  

(Mukhopadhyay, 2004) studied the biomass gasification power 

plant in four villages of Chottomollakhali Island, India by using 

simple cost benefit analysis. The results showed efficiently that 

internal rate of return (19%), cost benefit ratio 1.89% and payback 

period (7 years) of the project, respectively.  

The C-B analysis on anaerobic digestion plant was examined 

with various biomass sources in Pakistan. The analysis of calculated 

that the average energy cost was 0.315 $/kWh for all fuel sources and 

the cost-benefit ratio was 1,2, IRR (19.7%) and shirt payback period 

by (Rasheed, Khan, Yasar, Su, & Tabinda, 2016). 

(Voets, Kuppens, Cornelissen, & Thewys, 2011) studied the 

economics of electricity and heat production by gasification or flash 

pyrolysis in Belgium. The 10MW capacity of flash pyrolysis was 

profitable; however, the gasification for electricity production was 

not feasible. Even though, the capacity 20MW over was facing the 
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variable uncertainty.   

(Shafie, 2016) reviewed to the industrial-scale biomass power 

generation by using fuel source of paddy residue. In this study 

concluded that the paddy residue source for power generation was 

big challenged by proper management in economic study and policy 

implication. 

(Mudavanhu, Blignaut, Nkambule, Morokong, & Vundla, 2016) 

studied that woody biomass electricity generation for benefit –cost 

analysis. The results showed that economic indicator of net present 

value was positively effective and Rooikrans woody biomass were 

feasible than diesel generator. 

Abe et al. (2007) studied biomass gasification by rice husks and 

cashew nut in the rural area of Cambodia using cost-benefit analysis. 

The authors concluded that the biomass cost per unit generation was 

lower than in diesel when more than 13% in the plant capacity factor. 

Therefore, they suggested studying different types of biomass in 

Cambodia.  

Briefly, from the aforementioned studies, the main benefits 

from employing biomass technology in generating electricity than 

conventional fuels (oil, natural gas, and coal) can be summarized as 

follows: (1) low cost in biomass fuel; (2) more variety of biomass 

fuel; (3) low initial investment costs; (4) biomass fuel contribution 

ratio in co-firing technology; (5) least transportation cost; (6) achieve 

in CO2 emission reduction; and (7) reducing dependency on fossil 

fuel.  
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Typically, some countries import biomass fuel to achieve the 

goal of reducing CO2 emission, even though they have a reliable 

electricity generation system with fulfilled electrification. Ironically, 

in the Cambodia case, we have enough potential of biomass fuel 

around the country, variety of biomass fuel sources, unreliable 

electricity generation, and dependency of imported coal fuel.  

Moreover, Abe et al. (2007) suggested to study the variety of 

biomass fuel sources electricity generating in Cambodia, Kim et al. 

(2015) and Sagani et al. (2019) proved that biomass electricity energy 

reduced the CO2 emission reduction and Stich et al. (2017) examined 

the biomass potential  in the ASEAN region. In Cambodia, small-

scale biomass electricity in rural area has been developed; however, 

large scale biomass electricity generating is still awaited. In this 

connection, large scale biomass power plant, biomass fuel of WAB, 

rice straw and forestry residue of wood and existing coal power plant 

import fuel saving and CO2 emission reduction analysis are 

contributed in this research.  
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Chapter 4. Methodology and Basic Results 

(B-C Analysis) 

4.1 Levelized Cost of Electricity Generation (LCOE) 

Model  

 

“Cost-benefit analysis (CBA) is an approach that is used for 

estimating the strengths and weaknesses of several project 

alternatives. In general, the aim of CBA is to compare projects along 

their net present value. CBA is used to find out if a particular project 

is a sound investment and whether the decision to go ahead with a 

project can be justified in terms of costs and resources. It also can be 

used as a feasibility study. CBA can also be used to calculate and 

compare the costs and benefits of a public project or of projects with 

a mixed public-private nature (Beria, Maltese, & Mariotti, 2012)”. 

 Firstly, it is required to calculate the levelized costs of 

electricity for various generation options. Moreover, the amount of 

carbon dioxide avoided for biomass options is also calculated. Finally, 

sensitivity analysis of changing interest rate is calculated.  

The term “LCOE”, also known as Levelized Energy Cost 

(LEC), is the net present value of the unit-cost of electricity over the 

lifetime of a generating asset (Varro, Head, Power Markets, & Ha, 

2015).  
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On the other hand, the sum of cost, such as capital costs, 

operating and maintenance cost and fuel cost to generate one unit of 

(kWh) or (Mwh) needs to be established. 

The LCOE model is an economic analysis by unit cost of 

electricity generating. LCOE is carried out by each of the electricity 

generating technologies, including biomass technologies. Firstly, 

LCOE and LCOE break down unit cost (2013 USD/Mwh) of each of 

the technologies, such as in investment cost, operating and 

maintenance cost, and fuel cost in fuel efficiency. In this research two 

biomass fuels (rice straw and wood) are used in the entire analysis.  

Typically, the cost of electricity generation, known as $/MWh 

or $/KWh, is calculated based on investment cost (initial cost) the 

initial capital and investment (building a power plant and a boiler), 

operating and maintenance costs (O&M), and fuel costs. A total 

levelized cost of electricity generation (LCOE) is computed by 

equation (1) (Kim et al., 2015),  

𝐿𝐶𝑂𝐸 = ∑(𝐼𝑡 + 𝑀𝑡 + 𝐹𝑡) ∗ (1 + 𝑟)−𝑡 / ∑ 𝐸𝑡 ∗ (1 + 𝑟)−𝑡…………………… (1) 

Where: 

𝐼𝑡= investment cost in USD per kW 

𝑀𝑡= operation and maintenance cost in USD per kW 

𝐹𝑡= fuel cost in USD per kW 

r= discount rate (%) 

𝐸𝑡= generating electricity in kWh 

t= time, year in project lifetime 
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4.2 Data and Assumptions  

 

The discount rate reveals the risk of an investment. By 

definition, also known as hurdle rate, capital investment cost is the 

expected rate of return for investment. In other words, this is the 

interest percentage that an investor anticipates receiving over the life 

of an investment. The higher the investor’s risk, the larger the 

discount rate has to be, to compensate for this risk.  

The discount rate in Cambodia is fixed at 10% as set by 

government (James & Francisco, 2015) and I use 10% as a basic 

interest rate in this study. However, this rate is nominal and can be 

floating with monetary value change. Therefore, the sensitivity 

analysis is worked out on discount rates of 3% and 7%.  

An exchange rate is the price of a nation’s currency in terms of 

another currency. Therefore, the national currency exchange rate of 

2013 is used in this analysis. 

In a typical case, the co-firing biomass power plant efficiency 

was 37% in 2015, which is an important key factor to construct the 

economic model (Varro et al., 2015). In fact, 37% plant efficiency is 

used in all technology to be consistent (Table 3). Depending on the 

plant efficiency, the fuel consumption varies, such as the higher the 

plant efficiency, the lower the fuel consumption. After setting up the 

plant efficiency, the existing coal power plan fuel requirement in 

million tonnes of coal is estimated annually.  
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The plant capacity factor of biomass is varied from 85%-95%; 

however, depending on fuel type and geographic region, plant 

capacity they coincide at 75%. On the other hand, comparing in all 

biomass technology has to be consistent, with 75%  used in this 

analysis (Ilas, Ralon, Rodriguez, & Taylor, 2018). 

Table 3. Plant Efficiency and Plant Capacity Factor 

Plant Type and 

Technology 

Generation Efficiency 

(%)2015 

Capacity Factor 

Gasification  

 

 

373(%) 

 

 

 

754(%) 

Direct Combustion 

Anaerobic Digestion 

Direct Co-firing 

Indirect Co-firing 

Parallel Co-firing 

Source: https://www.oecd-ilibrary.org/ and https://www.irena.org/ 

In this study, project lifetime of 30 years (Varro et al., 2015) is 

used in all types of generation technologies options and project 

commencement year is assumed to be 2019 (Table 4).  

  

 

 

                                            
3 (Varro et al., 2015) 

 
4 (Ilas et al., 2018) 

 

https://www.oecd-ilibrary.org/
https://www.irena.org/
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Table 4. Project Lifetime and Cost Year 

Plant Type and 

Technology 

Project Lifetime 

(years) –time(t) 

Project 

Commencement 

(year) 

Gasification  

 

 

304 

 

 

 

2019 (Assumption) 

 

Direct Combustion 

Anaerobic Digestion 

Direct Co-firing 

Indirect Co-firing 

Parallel Co-firing 

Source: https://www.oecd-ilibrary.org/ 

Moreover, coal price, additional biomass co-firing plant cost, 

fuel cost of rice straw and wood costs in USD/tonne are converted to 

constant USD by using the national inflation rate 2013, currency 

exchange rate, etc. For the currency exchange rate, one USD to 

Cambodia Riels was 3,995 (KHR/USD) in 2013 (World Bank), and 

inflation rate was 2.9% (World Bank). Therefore, all costs are 

adjusted to real USD in this analysis (Table 5). 

 

 

 

 

 

 

 

https://www.oecd-ilibrary.org/
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Table 5. List of Assumptions Used for Current Study 

 Description Data Sources 

Existing coal power plant 

technology 

Pulverized 

coal 

combustion 

(PCC) 

 (Dalgleish et al., 

2016) 

Cost year  2013  World Bank 

Discount rate (%)  10 

(James & 

Francisco, 2015) 

Currency exchange (2013) 

rate(KHR/USD) 3,995 World Bank5  

Inflation rate (2013) % 2.9 World Bank6 

 

“In typical, CO2 emission from biomass is controversial. 

Carbon dioxide emissions are said to be carbon neutral if they are 

combustion products of biomass or bio-based materials. Carbon-

neutral CO2 has zero carbon footprint because it has no net effect on 

the biosphere’s carbon concentration. Biomass, when combusted, 

releases carbon dioxide which in turn is readily absorbed by plants—

the source of biomass. Through this cycle, plants remove carbon from 

the atmosphere, and carbon is released back to the atmosphere when 

plants are burned. This balance makes biomass-derived carbon 

neutral” (Demirbas, 2004).  

                                            
5 http://wdi.worldbank.org/ 
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“European Commission Guidance Document on Biomass 

issues in the EU ETS MRR Guidance document No. 3, updated 

November 2017 listed that apparently, based on visual or factory 

evidence, no analytical procedure needs to be applied to demonstrate 

the purity of members of Group 1, plants and parts of plants and 

Group 2, biomass wastes, products and by-products. In Group1- 

plants and parts of plants are listed as straw, hay and grass, leaves, 

wood, roots, stumps, bark, crops, e.g. maize and triticale. Group 2 — 

biomass wastes, products and by-products are defined as industrial 

waste wood (waste wood from woodworking and wood-processing 

operations and waste wood from operations in the wood materials 

industry) used wood (used products made from wood) and products 

and by-products from wood-processing operations wood-based waste 

from the pulp and paper industries, e.g. black liquor (with only 

biomass carbon) crude tall oil, tall oil and pitch oil from the 

production of pulp forestry residues, etc.” (EU, 2017). 

Under the guideline of CO2 emissions from fossil fuel 

combustion, the coefficient of CO2 emissions is varied from the 

factors of region regulation, technology, fuel quality, and fuel 

combustion utilization systems. Typically, Cambodia is a non-OECD 

country, even though CO2 emission guidelines have to be considered 

as OECD countries. Therefore, the CO2 emission coefficient factor 

from electricity generation source (0.00094 tonne CO2/kwh) is used 

in this analysis (IEA, 2018) (Table 6). 
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Existing power plants of 1300MW generate electricity per 

8541000000Kwh/year with 75% capacity factor. Therefore, 

Cambodia contributes 8.02million tCO2/year annually.  

Table 6. Existing Coal Power Plant Data 

Description Data Sources 

Pulverized coal 

combustion (PCC) 

1300MW installed 

Capacity 

(Dalgleish et al., 

2016) 

Fuel type Coal (Sub-

bituminous) 

(Dalgleish et al., 

2016) 

Coal fuel quality 

(kcal/kg) 

4958 Cambodia National 

Energy Stastis 

20166 

Coal emission 

factor (gCO2/kwh)  940 (IEA, 2018) 

4.3 Options of LCOE Model  

There are six options of biomass technologies, such as direct 

combustion, gasification, anaerobic digestion, and co-firing (direct 

co-firing, indirect, parallel co-firing) (Table 7). In developing each of 

the biomass technologies, the most important and simple way is 

considered as the generating cost (unit cost) in each technology. In 

the LCOE model calculation, initial investment costs, operating and 

maintenance costs and biomass fuel costs are major input factors. In 

fact, the decision-making perception of LCOE value ($/Mwh) in each 

of the biomass technologies measures the economic feasibility. The 

                                            
6 Source: (General Department of Energy and General Department of Petroleum, 2016) 
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unit generating electricity cost is calculated over the entire project 

life. 

In order to develop the LCOE calculation, two kinds of biomass, 

agriculture-based residue (rice straw, maize stalk) and forestry-based 

residue (wood) are considered in analysis.  

However, the potential and consumption capacity of biomass 

in Cambodia is of limited quantity for maize stalk biomass in this 

analysis. Therefore, rice straw and wood fuels are selected for 

detailed analysis.  

Table 7. Biomass Technical Option of the LCOE Model 

Biomass 

Options 
Direct 

Comb

ustion 

Gasifi

cation 

Anaer

obic 

Diges

tion 

Direct 

co-firing 

Indirect 

co-firing 

Parallel 

co-firing 

Biomass 

Fuel 

Options 

RS/M/

W 

RS/M

/W 

RS/M

/W 

RS/M/W

+ 

Coal 

RS/M/W

+ 

Coal 

RS/M/W

+ 

Coal 

Where: RS-Rice Straw, M-Maize Stalk, W-Wood  

 

4.4 Data by the Options  

The Caloric Value of each of the fuels is necessary in energy 

generating analysis. Among the three major biomass sources, wood’s 

caloric value is the highest at 18MJ/kg, followed by maize (stalk) 

with 16.8MJ/kg and rice straw with 14MJ/kg is the lowest. Table 8 

defines the caloric value of biomass fuel source and coal fuel in 

Cambodia.  
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Fuel cost of imported coal of 100 $/tonne, rice straw 37.4 

$/tonne and wood 39.6 $/tonne are used in this analysis (Table 8). 

Therefore, the fuel option unit cost of biomass is transformed rice 

straw, 25 $/MWh, and wood, 21 $/MWh, respectively (Table 12 ). 

Table 8. Caloric Value of Biomass Fuel Sources 

Type of Biomass LHV (MJ/kg) 
Caloric Value 

(kcal/kg) 

Rice straw 14 3343 

Maize stalk 16.8 4012 

Wood 18 4299 

Source: (Nun, Chandak, & Va, 2011) 

Table 9. Fuel Cost Biomass and Coal 

Fuel Cost (Coal) ($/tonne) 1007 

Fuel Cost (Rice Straw) ($/tonne) 37.48 

Fuel Cost (Wood) ($/tonne) 39.68 

Source: Stich et al. (2017) and Department of Energy Development, MME 
 

Moreover, the initial investment costs (unit cost) $/Mwh in 

each of the biomass technologies are shown in Table 10. The unit cost 

of direct co-firing, 12$/Mwh, is the lowest and is followed by direct 

combustion and anaerobic digestion technology. The two 

technologies of parallel co-firing and gasification are 55$/Mwh and 

                                            
7 Source: Department of Energy Development, Ministry of Mines and Energy 
8 Source: (Stich et al., 2017)   
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49$/Mwh, the highest investment costs, respectively.  

In fact, the lowest initial investment cost of direct co-firing is 

most favorable. Moreover, the operation and maintenance costs are 

expending annually. O&M costs are a main factor in costs analysis. 

Similarly, direct co-firing O&M cost is 5$/Mwh, followed by direct 

combustion, 12$/Mwh, anaerobic digestion, 13$/Mwh, and indirect 

co-firing, 14 $/Mwh (Table 11 ). Summarizing the overall cost in all 

kinds of biomass technologies, the direct co-firing technology has 

least cost in both initial investment costs and O&M costs. Therefore, 

under the data options, direct co-firing’s overall cost is the most 

favorable in this analysis.  

Table 10. Initial Investment Cost (Unit cost-$/Mwh) 

 

Biomass 

Option 
Direct 

Comb

ustion 

Gasific

ation 

Anaer

obic 

Direct  

co-firing 

Indirect 

co-firing 

Parallel 

co-firing 

$/Mwh 31 49 34 12 34 55 

Source: calculated by author and obtained by Stich et al. (2017) and Varro 

et al. (2015) 

Table 11. O$M Cost (Unit cost-$/Mwh) 

 

Biomass 

Option 

Direct 

Comb

ustion 

Gasific

ation 

Anaer

obic 

Direct 

co-firing 

Indirect 

co-firing 

Parallel 

co-firing 

$/Mwh 12 23 13 5 14 23 

Source: calculated by author and obtained by Stich et al. (2017) and Varro 

et al. (2015) 

 



46 

 

Table 12. Biomass Fuel Options 

 

Fuel Option Rice Straw Wood 

 

$/Mwh 25 21 

Source: Stich et al. (2017) and Varro et al. (2015) 

Co-firing Rate Hypotheses 

Obviously, biomass co-firing with coal is significant in two 

sharing types; mass basis and energy basis (Kommalapati, Hossan, 

Botlaguduru, Du, & Huque, 2018). This analysis is based on biomass 

potential of Cambodia and mass basis is primary. Therefore, the 

requirement of biomass blending ratio is 10%, 20% and 30% in 

maximum. Based on the mass blending equation, the output heat rate 

is calculated. The mass basis to heat basis equation (2) input is as 

follows (Femp, 2004): 

𝐻𝑏 = 𝑀𝑏 𝑥
𝐻𝑉𝑏

𝑀𝑏
100

𝑥𝐻𝑣𝑏 + (1 −
𝑀𝑏
100

) 𝑥𝐻𝑣𝑐
… … … … … … … … . . (2) 

Where Hb is the percentage of heat basis (biomass) 

 HVc is the average heating value of coal 

 HVb is the average heating value of biomass 

 Mb is the percentage of mass basis (biomass) 

Therefore, the heat basis of biomass is transformed by mass 

basis as 10%, 20% and 30%. However, depending on the caloric 

value of biomass rice straw and wood, the heat basis varies. In this 

analysis, coal (sub-bituminous), rice straw and wood caloric values 

are 4,958(kcal/kg), 3,343(kcal/kg) and 4,299(kcal/kg), respectively. 
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Therefore, 10%, 20% and 30% mass basis to heat basis are shown in 

Table 13. However, this analysis is based on mass basis. Therefore, 

biomass requirements are also based on mass basis. Biomass 30% is 

the maximum rate sharing ratio in this paper. 

Table 13. Co-firing Rate Biomass with Coal 

Types of Biomass 10% 

Mass Basis 

20% 

Mass Basis 

30% 

Mass Basis 

Rice Straw 
6.89% 

Heat Basis 

14.28% 

Heat Basis 

22.22% 

Basis 

Wood 
8.70% 

Heat Basis 

17.64% 

Heat Basis 

26.86% 

Heat Basis 

Source: Calculated by author and obtained by Femp (2004)  

 

4.5 LCOE Analysis by Each of the Biomass 

Technologies 

Table 14, Table15, Table16 and  

Table17 show LCOEs of various technology options and the 

breakdown of the LCOES by cost categories. 

Obviously, various biomass technologies have various 

investment costs and various O&M costs; however, the fuels costs 

are the same. Moreover, depending on fuel ratio in co-firing, the 

LOCE values vary.  

Table 14 shows the biomass technologies of direct combustion, 

anaerobic digestion and gasification of LOCE. Direct combustion 

LCOE with wood fuel is 63$/Mwh and 68$/Mwh with rice straw. In 

which, anaerobic digestion technology of wood fuel is 68$/Mwh. 
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Therefore, the direct combustion technology with rice straw fuel 

LCOE is cheaper than anaerobic digestion technology. However, 

among the three technologies, gasification LCOE is highest at 

97$/Mwh (rice straw) and 93$/Mwh (wood), respectively.  

However, other co-firing technologies in the three technology 

options of LCOE are shown in Table15 (Direct co-firing),  Table16 

(Indirect co-firing) and   

Table17 (Parallel co-firing). 

Depending on the co-firing ratio, the LCOE are varied, among 

three co-firing methods, by comparing these three co-firing 

technologies, 10% co-firing in direct co-firing technology LCOE is 

61$/Mwh (rice straw) and 60$/Mwh (wood), respectively. 

Meanwhile, indirect co-firing technology LCOE has both fuel at 

121$/Mwh. However, parallel co-firing technology LCOE is 

90$/Mwh (rice straw) and 89$/Mwh (wood), respectively.  

Clearly, among these three technologies, the direct co-firing 

technology LCOE is the cheapest, even at 10% biomass co-firing. 

Similarly, of the 20% and 30% biomass co-firing in these three 

technologies, direct co-firing is the cheapest.  

Nevertheless, comparing the direct combustion technology and 

direct-co-firing technology, the direct co-firing technology LCOE is 

cheaper than direct combustion, even in a 10% biomass co-firing 

scenario. In this connection, among the six technologies, the direct 

co-firing technology LCOE is the most economically feasible.  
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 In summary, the direct co-firing technology has to be 

considered as the most economic efficient, because of (i) least 

investment cost, (ii) least O&M cost, and (iii) least LCOE. 
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Table 14. LCOE Breakdown in Each of the Technologies 

Technology 

 
Type of Fuel 

 Investment Cost 

($/Mwh)  

O&M Cost 

($/Mwh) 

 Fuel Cost  

($/Mwh)  

LCOE  

($/Mwh) 

Direct Combustion 
Rice Straw 

31 12 
25 68 

Wood 21 63 

Gasification 
Rice Straw 

49 23 
25 97 

Wood 21 93 

Anaerobic Digestion 
Rice Straw 

34 13 
25 72 

Wood 21 68 

Source: Calculated by Author 
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Table15.LCOE Breakdown in Direct Co-firing Technologies by Fuel Ratio 

Technology Type of Fuel 
 Investment Cost 

$/Mwh  

O&M Cost 

$/Mwh 

 Fuel Cost 

$/Mwh(Coal)  
Fuel Cost 

$/Mwh(Biomass)  

LCOE 

$/Mwh 

Direct Co-firing 

LCOE Coal PCC-

DirectCofir RS10% 

12 5 

41.0 
2.52 61 

LCOE Coal PCC-

DirectCofir W10% 
2.1 60 

LCOE Coal PCC-

DirectCofir RS20% 

36.4 
5.0 59 

LCOE Coal PCC-

DirectCofir W20% 
4.2 58 

LCOE Coal PCC-

DirectCofir RS30% 

31.9 
7.6 57 

LCOE Coal PCC-

DirectCofir W30% 
6.2 55 
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    Table16.LCOE Breakdown in Indirect Co-firing Technologies by Fuel Ratio 

Technology Type of Fuel 
 Investment Cost 

$/Mwh  

O&M Cost 

$/Mwh 

 Fuel Cost 

$/Mwh(Coal)  

 Fuel Cost 

$/Mwh(Biomass)  

LCOE 

$/Mwh 

 

 

 

 

 

 

 

Indirect Co-firing 

 

 

 

 

 

 

 

LCOE Coal PCC-

IndirectCofir RS10% 

55 23 

41.0 
2.5 121 

LCOE Coal PCC-

IndirectCofir W10% 2.1 121 

LCOE Coal PCC-

IndirectCofir RS20% 
36.4 

5.0 119 

LCOE Coal PCC-

IndirectCofir W20% 4.2 118 

LCOE Coal PCC-

IndirectCofir RS30% 
31.9 

7.6 117 

LCOE Coal PCC-

IndirectCofir W30% 6.2 116 
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Table17. LCOE Breakdown in Parallel Co-firing Technologies by Fuel Ratio 

Technology 

 
Type of Fuel 

Investment Cost 

$/Mwh  

O&M Cost 

$/Mwh 

 Fuel Cost 

$/Mwh (Coal)  

 Fuel Cost $/Mwh 

(Biomass)  

LCOE 

$/Mwh 

Parallel Co-firing 

LCOE Coal PCC-

ParaCofir 

RS10%+90% Coal 

33 14 

41.0 
2.5 90 

LCOE Coal PCC-

ParaCofir 

W10%+90% Coal 2.1 89 

LCOE Coal PCC-

ParaCofir 

RS20%+80% Coal 
36.4 

5.0 88 

LCOE Coal PCC-

ParaCofir 

W20%+80% Coal 4.2 87 

LCOE Coal PCC-

ParaCofir 

RS30%+70% Coal 
31.9 

7.6 86 

LCOE Coal PCC-

ParaCofir 

W30%+70% Coal 6.2 84 
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4.6 Sensitivity Analysis  

The sensitivity analysis in biomass fuel discount rate is 

calculated in this analysis.  

Table 18 and Figure 11 show the sensitivity analysis of each 

biomass technology by rice straw fuel. The direct co-firing is the least 

sensitive and indirect co-firing is the most sensitive. Similarly, Table 

18 and Figure 11 prove the direct co-firing is least sensitive among 

all kinds of biomass technologies.  

Moreover, the fuel sensitivity analysis of rice straw fuel and 

wood fuel are shown in  

Figure 13 and Figure 14. Even in fuel costs as sensitive as  

(+ or –) 50%, the direct co-firing is the least sensitive of the 

technologies. 

Typically, fuel costs are more sensitive than discount rate. 

However, both are two fragile costs, the direct co-firing has the least 

sensitivity of the technologies. 

Table 18. Sensitivity Analysis of Rice Straw Fuel by Discount Rate 

Technology 
LCOE Rice Straw 30% 

3% 7% 10% 

$/Mwh $/Mwh $/Mwh 

Direct co-firing 51 54 57 

Direct Combustion 53 61 68 

Anaerobic 56 65 72 

Parallel 70 79 86 

Gasification 74 87 97 

Indirect co-firing 90 105 117 
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Figure 11. Sensitivity Analysis of Rice Straw Fuel by Discount Rate 

 

Table 19. Sensitivity Analysis of Wood Fuel by Discount Rate 

Technology 
LCOE Wood 30%  

3% 7% 10% 

$/Mwh $/Mwh $/Mwh 

Direct co-firing 49 53 55 

Direct Combustion 48 56 63 

Anaerobic 51 60 68 

Parallel 68 77 84 

Gasification 69 82 93 

Indirect co-firing 89 104 116 
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Figure 12.Sensitivity Analysis of Wood Fuel by Discount Rate 

 

 
 

Figure 13. Fuel Cost Sensitivity Analysis in Rice Straw 
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Figure 14.Fuel Cost Sensitivity Analysis in Wood 
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Chapter 5. Further Simulation Results 

5.1 Weighted Levelized Cost of Electricity 

Generation (LCOE)  

To simulate cases of replacement of coal with various biomass 

options, the weighted LCOE is employed. From the weighted LCOE 

calculation, comparing overall unit costs of various cases of mixtures 

between coal technology and biomass options would be possible.  

 

5.1.1  Business-as-Usual (BAU) Scenario 

 

The selected period ranged from 2015 (as a base year) to 2030. 

The share of coal in total electricity generation in the BAU scenario 

(existing coal power plant of LCOE) was obtained from the Power 

Development Plan (PDP) of Cambodia and the related studies. 

Generating electricity from coal dated back to 2013 and, over five 

years, the installed power capacity reached to 520Mw. It is estimated 

that the total installed capacity of coal generation will reach 1300Mw 

by 2025. (Figure 15) (Dalgleish et al., 2016).  
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Figure 15. Coal-Fired Power Plant in Cambodia 

Source: Eletricité du Cambodge (EDC Annual Report, 2016) 

 

5.1.2  Biomass (Rice Straw) Sharing Scenario  

 

In the rice straw sharing scenario, there are three sub scenarios 

of rice straw biomass sharing, 10%, 20% and 30%. It is considered 

that each sharing of biomass will partly replace the BAU coal 

utilization. 

 

5.1.3  Biomass (Wood) Sharing Scenario  

 

In the wood biomass-sharing scenario, there are three-sub 

scenarios of wood biomass sharing, 10%, 20%, and 30%. It is 

considered that each sharing of biomass will partly replace the BAU 

coal utilization.  
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The weighted LCOE is calculated as follows 

Scenario 1: 10% of Biomass 

Weighted LCOE = 10% LCOE of Biomass Technology + 90% LCOE 

of BAU 

Scenario 2: 20% of Biomass 

Weighted LCOE = 20% LCOE of Biomass Technology + 80% LCOE 

of BAU 

Scenario 3: 30% of Biomass 

Weighted LCOE = 30% LCOE of Biomass Technology + 70% LCOE 

of BAU 

 

5.1.4  Results of Scenario  

 

The results show that replacement of coal with direct co-firing, 

direct combustion and anaerobic digestion biomass options up to 30% 

are cost-effective in 2013 constant USD. The reason is the quite big 

fuel cost saving from biomass to coal replacement. However, these 

three biomass technologies, gasification, parallel co-firing and 

indirect co-firing options still have a long way to go. It requires more 

technological development for the cost reductions.  
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Table 20.Weighted LCOE of 10% Biomass Rice Straw Sharing 

 PCC Direct 

Combustion 

Gasification Anaerobic 

Digestion 

Direct 

Co-firing 

Indirect 

Co-firing 

Parallel 

Co-firing 

Types BAU DC10% 

+PCC90% 

Gasi10% 

+PCC90% 

AD10% 

+PCC90% 

RS10% 

+Coal90% 

RS10% 

+Coal90% 

RS10% 

+Coal90% 

$/Mwh 73 72.02 75.01 72.46 61 121 90 

 

Table 21.Weighted LCOE of 20% Biomass Rice Straw Sharing 

 

 

PCC Direct 

Combustion 

Gasification Anaerobic 

Digestion 

Direct 

Co-firing 

Indirect 

Co-firing 

Parallel 

Co-firing 

Types BAU DC20% 

+PCC80% 

Gasi20% 

+PCC80% 

AD20% 

+PCC80% 

RS20% 

+Coal80% 

RS20% 

+Coal80% 

RS20% 

+Coal80% 

$/Mwh 73 71.53 77.50 72.41 59 119 88 
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Table 22.Weighted LCOE of 30% Biomass Rice Straw Sharing 

 PCC Direct 

Combustion 

Gasification Anaerobic 

Digestion 

Direct 

Co-firing 

Indirect 

Co-firing 

Parallel 

Co-firing 

Types BAU DC30% 

+PCC70% 

Gasi30% 

+PCC70% 

AD30% 

+PCC70% 

RS30% 

+Coal70% 

RS30% 

+Coal70% 

RS30% 

+Coal70% 

$/Mwh 73 71.04 79.99 72.36 57 117 86 

 

Table 23. Weighted LCOE of 10% Biomass Wood Sharing 

 PCC Direct 

Combustion 

Gasification Anaerobic 

Digestion 

Direct 

Co-firing 

Indirect 

Co-firing 

Parallel 

Co-firing 

Types BAU DC10% 

+PCC90% 

Gasi10% 

+PCC90% 

AD10% 

+PCC90% 

W10% 

+Coal90% 

W10% 

+Coal90% 

W10% 

+Coal90% 

$/Mwh 73 71.57 74.56 72.02 60 121 89 
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Table 24. Weighted LCOE of 20% Biomass Wood Sharing 

 PCC Direct 

Combustion 

Gasification Anaerobic 

Digestion 

Direct 

Co-firing 

Indirect 

Co-firing 

Parallel 

Co-firing 

Types BAU DC20% 

+PCC80% 

Gasi20% 

+PCC80% 

AD20% 

+PCC80% 

W20% 

+Coal80% 

W20% 

+Coal80% 

W20% 

+Coal80% 

$/Mwh 73 70.63 76.61 71.52 58 118 87 

 

Table 25. Weighted LCOE of 30% Biomass Wood Sharing 

 PCC Direct 

Combustion 

Gasification Anaerobic 

Digestion 

Direct 

Co-firing 

Indirect 

Co-firing 

Parallel 

Co-firing 

Types BAU DC30% 

+PCC70% 

Gasi30% 

+PCC70% 

AD30% 

+PCC70% 

RS30% 

+Coal70% 

RS30% 

+Coal70% 

RS30% 

+Coal70% 

$/Mwh 73 69.70 78.66 71.02 55 116 84 
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Figure 16. Scenario1 LCOE (Rice Straw) 

 

 

Figure 17. Scenario2 LCOE (Rice Straw) 
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Figure 18. Scenario3 LCOE (Rice Straw) 

 

 

Figure 19. Scenario1 LCOE (Wood) 
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Figure 20. Scenario2 LCOE (Wood) 

 

 

Figure 21. Scenario3 LCOE (Wood) 

 

73 70.637
76.61

71.52

58

118

87

0

20

40

60

80

100

120

140

PCC Direct

Cmbustion

Gasification Anaerobic

Digestion

Direct co-

firing

Indirect co-

firing

Parallel

Scenario 2 LCOE Biomass Technologies with 

Wood 20%

$/Mwh

73 69.70
78.66

71.02

55

116

84

0

20

40

60

80

100

120

140

PCC Direct

Cmbustion

Gasification Anaerobic

Digestion

Direct co-

firing

Indirect co-

firing

Parallel

Scenario 3 LCOE Biomass Technologies with 

Wood 30%

$/Mwh



67 

 

5.2 CO2 Emissions and the Emission Saving Cost 

 

5.2.1  Models  

 

As mentioned before, the installed power capacity will reach to 

1300Mw by 2025. Coal power plant will contribute CO2 emission to 

the air without protection for environmental impact consideration. 

Therefore, the existing coal power plant is considered as the BAU 

scenario in this analysis.  

Although Cambodia is a non-OECD country, the CO2 emission from 

fossil fuel combustion guideline of OECD would be considered. 

According to this instruction, the CO2 emission from coal-fired 

power plants is equal to 940gCo2/kwh. (IEA, 2018: OECD average). 

In this connection, the CO2 emission coefficient of this analysis is 

converted as 0.94 t CO2/Mwh.  

In this section, unit CO2 emissions and CO2 emission saving 

costs for various scenarios are calculated. CO2 emission saving cost 

is calculated as follows: 

“Unit” cost per unit of CO2 emission avoided is calculated as 

the net unit cost saving by a replacement of biomass divided by the 

CO2 emission reduction. 

For the alpha% of biomass sharing to existing BAU,  

Saved unit CO2 =0.94 (tCO2/Mwh) (BAU) x 

alpha %..................................................................................( 3) 
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And unit cost changed by the replacement is  

Unit cost changed = Weighted LCOE of Each scenario - LCOE 

of BAU (coal)……………………………………………... (4) 

Then the CO2 emission saving cost is  

Unit cost changed/ saved unit CO2….................................. (5) 

 

5.2.2  Results of CO2 Emissions 

Replacing biomass with coal (BAU) leads to reducing the CO2 

emissions, which calculates the “CO2 emission saving costs” 

($/tCO2). The results for each scenario are illustrated in Table 26.  

   Table 26. Unit tCO2 Emission Reduction (tCO2/kwh)  

Replacement 

Rate % to 

Coal(BAU) 

10%  

Biomass 

Replacement 

20%  

Biomass 

Replacement 

30%  

Biomass 

Replacement 

tCO2/kwh 0.000094 0.000188 0.000282 

Source: Calculated by Author 

As shown in Table 26, 10%, 20%, and 30% replacement of 

biomass reduce CO2 emission by 0.000094, 0.000188, and 0.000282 

tCO2/kwh, respectively. 

The CO2 saving cost for scenarios with rice straw and wood are 

shown in Figure 22 and Figure 23. 

In the case of direct co-firing, direct combustion and anaerobic 

digestion, the CO2 emission saving cost ($/tCO2) is a negative value, 

which means CO2 emission can be saved (reduced) with lower cost. 

However, in the case of gasification, indirect co-firing, and parallel, 
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replacing biomass with coal might have two advantages at the same 

time, namely CO2 emission reduction and cost reduction.  

 

 

Figure 22.CO2 Emission Saving Cost by Rice Straw Scenario 

 

Figure 23.CO2 Emission Saving Cost by Wood Scenario 
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Chapter 6. Overall Conclusion and 

Recommendations 

6.1 Conclusion  

Cambodia has high potential in generating electricity from 

different biomass options. In this research, waste agriculture-based 

biomass (rice straw) and forest residues of wood are considered as a 

primary potential. Typically, six types of biomass technology are 

prevalent in the world. These include direct combustion, gasification, 

anaerobic digestion, and co-firing (direct, indirect, and parallel). 

Owning lower costs (initial investment, O&M), easy to install and 

operate are among the biggest advantages of these technologies. Due 

to the crucial role of costs in cost-benefit analysis from the point of 

investment view and economic feasibility as well, three technologies 

out of six are feasible economically, namely direct co-firing, direct 

combustion and anaerobic digestion.  

Moreover, biomass electricity generation could lead to CO2 

emission mitigation in the world and Cambodia as well. However, 

the development of coal-fired power plants in Cambodia has led to 

increasing the level of CO2 emissions. To overcome this 

environmental problem, the government initiated the National 

Strategic Plan for Green Growth 2013-2030 (NSPGG). This plan 

intends to reduce the amount of CO2 emission to 1.8Mt by 2030 

compared to the BAU. In this respect, replacing biomass with coal to 

generate electricity up to 30% could be considered as a vital way to 
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obtain this goal and to reduce the fossil fuels (coal). Indeed, saving 

in CO2 emission and reducing energy dependency are the results of 

employing this strategy. 

The results showed replacing coal with biomass in three 

technologies namely, direct co-firing, direct combustion, and 

anaerobic digestion biomass options, by up to 30% are cost-effective 

since they provided quite big fuel cost saving and CO2 emission 

reduction. 

Moreover, in the case of direct co-firing, direct combustion and 

anaerobic digestion, the CO2 emission saving costs ($/tCO2) are 

negative value. Which means CO2 emission can be saved (reduced) 

with lower cost. However, in the gasification, indirect co-firing and 

parallel case, the biomass replacement can achieve CO2 emission and 

cost reduction at the same time. 

6.2  Recommendations  

 

Developing a green energy policy, replacing renewable energies with 

fossil fuel in generating electricity is one way to achieve this goal. 

Due to owning high potential in waste agriculture and wood residues 

of biomass to generate electricity in Cambodia, expanding usage of 

biomass could be considered as an option. Increasing the share of 

biomass in electricity generation highly depends on the results of 

economic, technical, and environmental feasibility study.  

In this point of view, in order to improve biomass agriculture 

residues and wood situation, it would be better if the Ministry of 
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Mines and Energy, on the behalf of the government, places more 

attention on initiating policies as follows: firstly, strengthening 

capacity building on biomass to implementers and awareness raising 

with relevant stakeholders. It needs better information sharing and 

extension of the technology on the benefits of bioenergy. Secondly, 

state institutions should be in close cooperation with development 

partners (like Non-Government Organizations) and the private sector 

to develop biomass technology. Moreover, development of an 

effective policy framework with the supportive policy may extend 

biomass markets. Thirdly, handling training courses to explain the 

economic (lower price) and environmental (lower pollution) 

advantages of generating electricity from biomass to society to 

encourage people to shift away from fossil fuels towards renewable 

energy, specifically biomass. 

 

6.3 Future Research and Limitations 

Due to underemployment of the Carbon Capture Storage (CCS) 

in ASEAN countries in general and Cambodia in particular, it would 

be useful to consider this in future study. Furthermore, CO2 emission 

from biomass is controversial and some scholars still argue about 

carbon neutral and carbon footprint (EU, 2017). Therefore, some 

studies should be conducted to evaluate the environmental impact of 

biomass. Calculating the GHG emissions, including NOx, SOx, etc., 

should be considered.  
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초 록 

화석연료의 남용이 지구온난화와 환경 오염의 주범으로 지목 

받으며, 정부와 정책 입안자들은 화석연료에서 벗어나 

새로운 자원에 주목하게 되었다. 녹색에너지로 불리는 

재생가능하고 환경 친화적인 에너지에 집중하게 된 것이다. 

이러한 문제를 극복하기 위해 캄보디아 정부는 

녹색성장국가전략 2013-2030 (National Strategic Plan for 

Green Growth)을 발표하고 2030년까지 탄소배출량을 

온실가스 배출 전망치 (Business as Usual) 대비 1.8Mt까지 

줄이도록 계획하였다. 캄보디아는 전력 생산을 위한 농업 

잔존물 활용에 높은 잠재력을 가지고 있어 이를 활용한 

에너지자원의 개발이 탄소배출량 감소 목적을 달성하기 위한 

방법이 될 수 있다. 따라서 비용편익분석 (CBA)을 통해 경제, 

기술, 환경적 실행 가능성을 확인하는 것은 전력 생산에서 

바이오매스 활용도를 높이기 위해 매우 중요하다. 

이를 위해 여섯 가지 바이오매스 기술에 대해 

균등발전비용(LCOE)을 추정하였다. 연구 결과 바이오매스 

기법 중 혼소 (Direct Co-firing), 직접 연소 (Direct 

Combustion), 그리고 혐기성 소화 (Anaerobic Digestion)의 

세가지 방법으로 석탄을 대체하는 것이 약 30% 정도 비용 

효과가 있는 것으로 나타났다. 이는 바이오매스 기술의 

상당한 비용 절감 효과와 탄소 배출량 절감 효과를 보여주는 

결과이다. 

 

주요어 : 전력생산, 캄보디아, 비용편익분석,바이오매스기술, 

균등발전비용 

학   번 : 2017-26962 
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