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Abstract: This study investigates the feasibility of rice straw for energy production in Cambodia. The
potential areas for a 10 MW biomass-fired power plant installation are estimated based on rice straw
availability displayed in a graphic information system (GIS). The discounted cash flow (DCF) method
on the profitability index (PI) was executed by Mathlab software, which was used to determine the
period of the power plant profitability. The reduction of CO and CO, emissions from the proposed rice
straw biomass-fired power plant with 10 MW capacity was calculated and compared with the coal-
fired power plant and open field burning. Prey Veng, Takeo, and Battambang are potential provinces
that have an estimated rice straw source of 804,796 t/annum, 720,040 t/annum, and 603,273 t/annum,
respectively. Within a 20-year project, the biomass-fired power plant can reach profitability between
six and ten years with the operation of the rice-straw price of 20 USD/t to 40 USD/t. The total
energy produced by these potential areas is 1251 GWh/annum, with a CO, emission avoidance of
1.06 million t/annum compared to the coal-fired power plant operation. Simultaneously, the emission
savings of the biomass-fired power plant compared to open-field burning are 0.61 million t/annum
of CO, and 0.02 million t/annum of CO in the study site. The findings are prospectively essential for
further designing of a small-scale biomass-fired power plant in Cambodia.

Keywords: biomass; biomass energy; Cambodia; CO, emission; rice straw

1. Introduction

Cambodia is a country that depends on agriculture, where eighty percent of the
population consists of farmers who work in rice production [1]. After harvesting, abundant
rice straw is burnt or left out to decompose in the field without proper treatment because
of its low value. The quantity of rice straw burning in the open field is about 30% of annual
rice straw production [2]. Biomass is a part of energy in terms of producing electricity
from agricultural waste [3]. Biomass is a carbon-neutral renewable energy source that
has several advantages for use in the energy sector as pure feed stock or a co-gasification
source, namely large reserves, renewable sources, high reactivity, low pollutant emissions,
and high alkali and alkaline earth metal content [4,5]. Biomass gasification for power
production with clean technology is a practical alternative to fossil fuels. Mohammad et al.
investigated a biomass integrated gasification combined cycle based on olive pits as fuel by
conventional and advanced exergy, exergoeconomic, and exergoenvironmental analyses [6].
In order to further reduce CO, emissions, biomass is considered as a replacement fuel for
coal in the oxy-fuel combustion power plant, and the proposed process becomes a type
of bioenergy with carbon capture and storage (CCS) [7]; biomass gasification was used
as fuel as an oxygen carrier in the chemical looping combustion process [8]; and co-firing
biomass and coal in power plants with CCS was studied by life-cycle cost assessment as an
efficient measure for deep decarbonization in the energy sector [9]. In the study [10], the
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biomass gasification process is investigated and analyzed considering 23 different kinds of
biomass sources. Because of the greatest exergy destruction rate of the rice husk among the
selected biomasses, rice biomass-fired power plants’ sources should consider the optimized
tar combustion in thermodynamic analysis. Rice straw and rice husk were considered
as biomass for energy production [11]. Gadde et al. stated that they burned 48% of rice
straw production in Thailand, 30% was unused, 15% was fed to animals, 5% was used for
agricultural activities, and the rest of the rice straw was used for other purposes [12]. In
the Philippines, people burned 95% of generated rice straw, and 5% was used for other
activities. Based on these experiences of rice straw management, without the presence
of a bioenergy power plant, the amount of rice straw available is around 80% to 95% of
generated rice straw [13]. Therefore, it is a suitable opportunity to install a rice straw-fired
power plant in Cambodia. According to an earlier report, the share of coal in power
generation is 30% of global CO, emissions [14]. Rice straw burning in an open field is a
kind of non-controlled combustion [12]; because of emission reduction and CO,-neutral
energy resources, biomass is considered a renewable energy source [15]. The co-firing
biomass helps to cut down the net CO; pollution from coal combustion [16]. These studies
reflect evidence that the biomass application is a part of emission savings.

In Cambodia, electricity depends on two primary power sources including domes-
tic power production and international power importation. The international imported
power capacity is 980.75 MW [17]. The total installed capacity and power production
are 3896.77 MW and 12,498.66 GWh, respectively. In 2020, the installed capacity of do-
mestic power sources was 2916.02 MW. This power production is based on traditional
power plants, namely coal-fired power plants (675 MW) and fuel oil-fired power plants
(643.95 MW) and renewable energy sources, namely hydropower plants (1329.70 MW),
solar power plants (236.80 MW), and biomass-fired power plants (30.57 MW). The total
installed capacity percentage equivalence is 23.15% and 22.08% for non-renewable sources,
and 45.60%, 8.12%, and 1.05% for renewable sources, respectively.

According to the purchasing cost of electricity in 2020 by Electricity of Cambodia
(EDC), the country has purchased electrical energy from the local power plants with
the highest maximum cost in biomass- and fuel oil-fired power plants, which equal to
0.122 USD/kWh and 0.158 USD/kWHh, respectively. In the case of minimum cost, the same
situation can be observed with 0.095 USD/kWh and 0.132 USD/kWHh, as shown in Table 1.

Table 1. Purchasing cost of electricity in Cambodia in 2020.

Power Plants Solar-Based Coal-Fired Biomass-Fired Hydro  Fuel Oil-Fired

Maximum cost

USD/kWh 0.090 0.091 0.122 0.084 0.158
Minimum cost
USD/kWh 0.081 0.076 0.095 0.062 0.132

In addition, Cambodia has also purchased electrical energy from neighboring coun-
tries, namely Thailand, Laos, and Vietnam, with an overall maximum cost of 0.129 USD/kWh
and a minimum cost of 0.081 USD/kWh. Throughout the observation, the purchasing
price of energy from the biomass-fired power plant was still lower than the fuel oil plant
and the maximum cost of imported energies. Cambodia commonly harvested rice twice
per year, during rainy and dry seasons. The potential of rice-grain production among
the provinces could reach 1.2 million tons on average based on rice-grain production of
the Ministry of Agriculture, Forestry, and Fisheries of Cambodia data from 2010-2019.
This residue throughout rice production is considered as a potential biomass source for
running the biomass-fired power plant. Therefore, this study is conducted to figure out the
estimated rice straw resource and the potential areas in Cambodia that are appropriate to
apply biomass-fired power plants from the rice straw resource. The economic investment
and determination of the profit period of the proposed power plant by the variation of rice
straw cost, distribution cost, and purchasing price of electricity are analyzed. Additionally,
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the estimation of energy production and emission savings of the biomass-fired power plant
application in comparison with coal-fired power plants and open field burning is reported.

2. Materials and Methods
2.1. Calculation and Map Representation of Rice Straw Resource

The quantity of rice straw was calculated using the following equation [12]:
Qrs = Prr X SGR @

where Qrs—Quantity of rice straw (kt a1y Prr—Rough rice production (kt a— ).

This equation is applicable for Asian countries in general, with the straw-to-grain ratio
(SGR) equal to 0.75. Rice straw management in Cambodia is similar to the overview of rice
straw management in the two Asian countries, Thailand and the Philippines. By expecting
that only 85% of annual rice straw production is available for the bioenergy option, the
equation above has been modified and reposted:

Spmd(i) = PR (i) x SGR x Awvailability ()

where S5 ()—Amount of rice straw in a specific province (t/year); PR (i)—Amount of
rice-grain production in a specific province (t/year). The estimation of rice straw quantities
was calculated from the average grain production, which is presented in Supplementary
Data, Table S1.

Indicator Index Resources (IIR) is a method to scale down the quantity of rice straw to
a small number from zero to one. It is represented as a factor to indicate the level of rice
straw in the GIS map. The indicator index resources (IIR;) in a specific province are shown
using the following equation:
Residue;

[IR; = ——orouei
' Residuepy

®)

2.2. Business and Power Flow Model

In this analysis, the business scenario was that the biomass power plant had sold
the produced electricity to the wholesale customer target EDC. Thus, the levelized cost
of electricity (LCOE) was considered using customers’ experience purchasing electricity
from the local biomass plant. The type of businesses in which biomass-fired power plants
sold electricity to the household customers and in which the wholesale customer delivered
electricity to their customers are not in the scope of this study, as shown in Figure 1.

Biomass-Fired Power Plant Sal Wholesale Customers
Produce Electricity a< »| Electricity of Cambodia
’ (EDC)
Not in The Scope L
:' B 2 e Sale [
1
! 1
1| Household Customers EDC Customer "
1 1
' 1
| T ] - - - - o omom m omeomomomom W

Figure 1. Block diagram of business model.

Commonly, the power plants always divide the produced electricity to use on the
site. According to the paper [18], the selected generator size (PCgen) was 11.50 MW, and
electrical consumption onsite purposes (PCongite) of 1.50 MW for providing 10 MW to the
grid system (PCnet) is shown in Figure 2. The specifications of the generator with 11.5 MW
capacity is provided in Table 2.
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Biomass-Fired Power Plant Sell to Grid 10 MW R \g]lh()](_:s_alc ?(ljlstobmg_rs
> ectricity of Cambodia
Generator 11.50 MW PCNet = PCGen _ PCOnsite

(EDC)
\ 4
On Site Consumption
1.50 MW
Figure 2. Block diagram of power flow model.
Table 2. The specifications of generator [18].
Description Unit Quantity
Generator Capacity kW 11,500.00
Inlet Steam Pressure ata 67.00
Inlet Steam Temperature °C 485.00
Inlet Enthalpy kcal/kg 807.70
Inlet Steam Flow Rate t/h 51.60
Amount of Steam Consumption kg/kWh 4.49
Efficiency % 23.80
Operation Rate % 80.00

The zone of possible agreement (ZOPA) of LCOE is the area of negotiation between
vendors and purchasers. Table 3 describes the overall LCOE of Electrical of Cambodia, the
target customer, in different situations such as trading price, domestic purchasing price,
and international purchasing price. Throughout the comparison of this LCOE, the expected
LCOE for this analysis is upwards of 5% and 10% from the local biomass purchasing price.

Table 3. The LCOE of trading and purchasing of electricity in Cambodia.

Tariff on Levelized Cost of Electricity in Cambodia (USD/kWh)

Tradin Domestic International
& Purchasing Purchasing
MYV Customers 0.110-0.150
LV Customers 0.093-0.178
Biomass Plant 0.095-0.122
Fuel Qil Plant 0.132-0.158
Thailand, Vietnam, 0.081-0.129
and Laos

Source: The data of trading and purchasing electricity in Cambodia is retrieved from Electricity of Cambodia (EDC).

2.3. Amount of Rice Straw Requirement in Operation

The rice straw requirement to operate the biomass-fired power plant is defined in
Equation (4) [19]. In this study, the rice straw requirement was variated with the rank of
time operation in 6000-8000 h:

Ex36xt

Sprod = S THV @

where S,,,;—Rice Straw Requirement (t); E = PCgen—Electricity Output (MW); t—Time
Operation (h); LHV—Low Heating Value (M] /kg); and y7—Efficiency of Generator (%).
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2.4. Initial Cost of Operation
2.4.1. Rice Straw Cost

The specific cost of rice straw in Thailand was about 20-23 USD/t. This cost included
some activities of rice straw preparation such as rolling rice straw in the field, collecting
and loading rice straw rolls into the truck, transporting rice straw to the power plant
site, dropping down and arranging the rice straw in the storage at the site [20]. Ghana’s
specific rice straw cost varied from 39 USD/t to 47 USD/t, which is the same as preparation
activities in Thailand’s case [21]. The total rice straw cost can be found using Equation (5),
with the unit rice straw cost from 20 USD/t to 50 USD/t:

RSC = S,,,0g x UCS )

where RSC—Total Rice Straw Cost in Operation (USD); S;,,ps—Rice Straw Requirement (t);
and UCS—unit Cost Rice Straw (USD/t).

2.4.2. Installation Cost

Biomass installation cost has varied by the region of the installation site. The intention
to reduce the economy of installation has the side effect of increasing the local pollutant
emissions. Installation of combined heat and power (CHP) generators have resulted in a
higher capital cost. However, it can provide higher overall efficiency (80-85%). The ability to
produce heat and steam (hot water) through the district heating network is the pivotal point
for economic savings. In 2019, the global weighted average of the total installed biomass-
fired cost was 2241 USD/kW. This cost was based on bioenergy experience from different
countries and regions such as Europe, North America, Asia, and South America [22]. The
installation cost of a biomass-fired power plant with the variation of unit installed capacity
is calculated by Equation (6):

IC = PCq,y x UCI (6)

where IC—Installation Cost (USD); UCI[—Unit Installation Cost (USD/kW).

2.4.3. Maintenance and Operation Costs

Fixed maintenance and operation costs (M&OC) variated from 2% to 6% of the total
installed cost per year, depending on the size of the power plant. This cost included labor,
insurance, maintenance, and routine plant components such as boilers, gasifiers, feedstock
handling equipment, etc. [22]. In this study, the selected M&OC with 4% of installation cost
was chosen for economic analysis. Equation (7) was used to calculate the maintenance and
operation costs.

M&OC = IC x Percentage (7)

where M&OC—Maintenance and Operation Cost (USD); IC—Installation Cost (USD).

2.4.4. Distribution Cost

Distribution cost is the considering cost of the distribution medium voltage (MV)
system from the power producer to the national grid system in Cambodia. The unit cost in
one kilometer (LUCD) has been designed based on the standard of JICA in Cambodia. The
price of equipment has been adapted from the price list of Electricity of Cambodia. The
relation of distribution cost and distribution length is shown using the equation as follows:

DC = Length x UCD (8)

where DC—Distribution Cost (USD); Length—The distance of MV line (km); and UCD—Unit
Cost of Distribution in 1 km (USD/km).

Table 4 illustrates the equipment and corresponding price in a price list to install
medium voltage distribution in one kilometer.
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Table 4. The unit cost of medium voltage distribution in one kilometer.

Equipment (I)
Name Unit  Quantity  Price/Unit (USD) Total Price (USD)
Concrete Pole MV-12 m, 3 kN Pole 11 156.40 1720.40
Concrete Pole MV-12 m, 9 kN Pole 2 327.21 654.42
Crossarm 2.20 m Set 15 37.37 560.55
Pin Insulator and Fitting, 24 kV Set 33 10.98 362.34
Preformed Tie for Pin Insulator
with Cable 150 mm2 Pcs 33 1.99 65.67
String Insulator and Fitting, 24 kV Set 6 13.93 83.58
Preformed Tie for String Pes 6 979 58.74
Insulator with Cable 150 mm? ’ ’
Partially Insulated Cable
AL 1 % 150 mm2, 24 kV m 3000 1.65 4950
Total (I) 8455.70
Vat (10%) 845.57
Total (I') = Total (I) + VAT (10%) 9301.27
Labor (II)
Install Concrete Pole MV-12 m, 3 kN Pole 11 60 660
Install Concrete Pole MV-12 m, 9 kN Pole 2 70 140
Install Crossarm and Insulator Set 15 5 75
Install Partially Insulated
Cable Al- 1 x 150 mm? m 3000 0-80 2400
Total (II) 3275
VAT (10%) 327.50
Total (IT") = Total (IT) + VAT (10%) 3602.50
Grand Total = Total (I’ + IT") 12,903.77

Span = 80 m, not including transformer cost.

2.5. Biomass-Fired Power Plant Profit

Initial profit before tax payment (IP) is the amount of income the biomass-fired power
plant is expected to acquire at the end of the year. The IP in USD could be calculated
with the multiplication of the amount of electricity that plant sold to the customer (PCngr)
in kilowatts by the time operation of the power plant (f) in hours and by the LCOE in
USD/kWh that was in ZOPA. Equation (10) shows the calculation of IP. However, in the
middle process of generating and selling electricity, some tasks such as maintenance and
operating the power plant (M&OC) in USD and purchasing rice straw (RSC) in USD were
considered extra work. Thus, the additional cost (ADC) is obtained using Equation (9):

ADC = RSC + M&OC ©)

IP = (PCngr X t x LCOE ) — ADC (10)

In this analysis, the post profit after tax payment (EAT) followed the tax system in
Cambodia. For the types of businesses that earned an annual income over 150,000,000
Riel, equal to 36,585.36 USD (1USD = 4100 Riel), the tax reduction is 20% of annual in-
come [23]. Moreover, the tax reduction was selected as 20% of the annual income as shown
in Equation (11):

EAT = IP — (IP x 20%) (11)

2.6. Discounted Cash Flow on Profitability Index

Discounted cash flow was the method applied to estimate the investment value in
the present time by predicting the expected money value that would be generated in the
future. The profitability index (PI) was the ratio of the total discounted future value of
benefits over the initial investment cost in the present time. PI was used to indicate the
investment profitability for other similar investments. PI also had a relation to net present
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value (NPV). Therefore, when the number of the PI was greater than one, it meant that the

NPV was bigger than zero. As a result, the investment has had profitability. Otherwise,

when PI was less than one, it meant that the NPV was less than zero. Therefore, the project

has not created any profitability [24]. The simplification of Equation (12) was written as

Equation (13):

_ YP L CFDyx (1+k)"
Iy

where PI—Profitability Index; Ip—Initial Investment; CFD;—available Cash Flow; n—Lifespan
of the Project Investment (year); t—Considered Period (year); and k—Discounted Rate (%).

PI

(12)

PI(j) = Z; Present Value Cash Inflow (j) 13)
1) = " Present Value Cash Out flow

where j—Year of investment.

In this study, PI has been used to indicate the estimated year that the power plant
would begin receiving profits with the internal rate of return (IRR) greater or equal to 10%
of initial investment or cash outflow. In this case, it was similar that PI was greater or equal
to 1.1. The executed method was coded in Matlab 2018 and followed by the flowchart in

Figure 3.
1

DC(Length)= Length x UCD

i

x UCD

!

PV_ (DC)= IC +DC

Out

Spra(D= (E x 3.6 x t)/(n x LHV)

!

RSC(UCS)- S,,,, x UCS

!

M&O C= IC x 4%

!

ADC(RSC)= RSC + M&O C

i

NET

!

EAT(IP)= IP—(IP x 20%)

!

Forn=1,23,...... ,N
PV, =EAT/(1+i)"

IC= PCg,

N

IP(LCOE,t)= (PC,,, x t x LCOE)—ADC

PV, =PV, +PV +PV,] NO Yes |Show The Year=n
it Vi END

Figure 3. Algorithm for the calculation of the profitability index.
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Discounted rate is the percentage of reduction in the value of profit or money from
the future time backward to the present time. The interest rate from the loan was 8.8%
observing the change value of the money in the local bank of Cambodia in 2019 [25]. The
value of the interest rate has been chosen as the discount rate in this study.

Throughout the previous study, the time operation for biomass-fired power plants
started from 6500 h up to 7008 h or more. The rice straw purchasing unit variated from
20 USD/t to 47 USD/t, and the lifetime project was around 20 years, as presented in Table 5.

Table 5. Corresponding parameters from previous studies.

Time Rice Straw’s o Low Heat . Project
. Initial Cost Discount Rate g
Operation Cost (USD) Value (%) Lifetime References
(h/year) (USD/1) (MJ/kg) ? (Year)
- - - 15.03 - - [26]
- - - 14 - - [12]
6570 20-23 - - 9 20 [20]
>7008 - 20,833,333 * - - 20 [18]
6500 3947 - - 11 20 [21]
- - - - - 21 [27]
-, no value is detected, *, not include distribution cost.
The experience from previous studies was essential in selecting parameters for analysis.
Table 6 illustrates the parameters that have been used to analyze the economic model in
this study.
Table 6. Parameters for analyzing.
. . . , Unit Unit . Levelized
Analysis I?l;'mt Tlmc? Rice Straw’s Installation Distribution Low Heat Discount Cost of
Parame- Efficiency Operation Cost Value Rate . .
ters (%) (h) (USD/b) Cost Cost (MJ/kg) %) Electricity
(USD/KW) (USD/km) & (USD/kWh)
Value 23.8 6000-8000 20-50 2141 12904 14.515 8.800 0.128;0.134

2.7. Estimated Energy from Rice Straw Residue

Garba et al. stated that converting rice straw or rice husk to electrical energy re-
quired the residue to electrical energy conversion factor (RECF) of 0.588 [11]. Therefore,
Equation (14) poses the conversion of rice straw to electrical energy:

EPstrae = Strawp,g x REFC (14)

where EPgy,,—Electricity production from rice straw (million MWh/annum); Strawp,,;—
Amount of rice straw production in a specific area (million t/annum); and RECF—Residue
to the electrical energy conversion factor.

2.8. Emission Avoidance
2.8.1. Emission Avoidance between Coal and Rice Straw Biomass Plant

Emission factors produced by the application of rice straw bioenergy plants was
reported in the work [28]. Within a life cycle assessment (LCA) to produce 1 kWh of
electricity, the rice straw has gone through three stages, namely paddy farming, rice straw
collecting, and transportation to the power plant. Paddy farming pollution occurred with
some activities such as fertilizer utilization, operation of the machine in land preparation,
and irrigation. Meanwhile, the pollution from the second stage was caused by rice straw
management methods such as mechanical harvesting and balling the rice straw. The
transportation of rice straw consisted of two steps of collection, namely field-storage and
power plant-storage. This study analyzed 58 km in the base case and 250 km in each stage
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within the length of transportation. The comparison between the emission factor of rice
straw and coal illustrated in Table 7 and Equation (15) was the calculated equation of
emission avoidance between coal-fired and rice straw-fired power plants:

EA (x)CoalfBiomass = PCGen Xt x AF (x) (15)

where EA (X)coal-Biomass—Emission avoidance of X pollutants element (kg); x—Name of
pollutants element; and AF (x)—Avoidance factor of X element between coal and rice straw.

Table 7. Emission avoidance factor between coal and rice straw in producing 1 kWh [19].

Emission Avoidance Factor for 1 kWh Electricity Generated (kg/kWh)

Emission
Components CO: co CH, N20
Coal Power 1.210 2.130 x 1074 1.640 x 1073 2.020 x 108
Rice Straw 0.360 2.880 x 1073 1.600 x 102 2.860 x 1074
Avoidance Factor 0.850 —2.667 x 1073 —14.360 x 1073 —2.859 x 10~%

2.8.2. Emission Avoidance between Open Field Burning and Rice Straw Biomass-Fired
Power Plants

Burning rice straw in the open field was a non-controllable combustion type. Gadde et al.
stated the formula to calculate the number of pollutants [13] as below:

Emission (x)Opened Field = QRS X EF(X) X Feo (16)

where Emission (x)opened Fieli—Quantity of emission (kg); QRS—Quantity of rice straw burn
in the open field (t); EF (x)—Emission factor of x element (kg/t); and Fc,—Combustion
Factor (0.8).

The combustion factor (F¢,) in the procedure referred to the amount of rice straw that
was wholly burned, and the emission factor is illustrated in Table 8.

Table 8. Emission released from rice straw open field burning [6].

Rice Straw Emission Factor of Open-Field Burning (kg/t)

Emission CO, CcO CHy N,O
Unit 1460 34.70 1.20 0.07

Equation (17) is the expression of emission avoidance calculation between rice straw
open field burning and biomass-fired power plants:

ESOpened Field—Biomass = Emission (x)Open Field — EmiSSiOn(x)Biomass (17)

where ESopened Field-Biomass—Emission avoidance between opened field burning and biomass-
fired power plant (kg); Emission (X)open Fiely—Emission of x element from opened field
burning (kg); and Emission (x)pjomuass—Emission of x element from the biomass-fired power

plant (kg).

3. Results
3.1. Biomass Resources

The total estimated amount of rice straw was 6.157 million t/annum. Within the
25 provinces, the highest rice straw production was 804,796 tons, while the lowest rice
straw production was 7299 tons, as shown in Figure 4.

Figure 5 shows the availability of rice straw in the geography of Cambodia. From the
overall look, within the classification of five IIR classes, three provinces that contained the
highest IIR, 0.74-1, are Prey Veng, Takeo, and Battambang. In the northeast and southwest,
Stung Treng, Ratanakiri, Mondulkiri, and Koh Kong provinces produce the lowest rice
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the IIR classification. The areas in the center of the country, Siem Reap, Pursat, Kampong
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Figure 4. Annual rice straw estimation in 25 provinces of Cambodia.
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The rice straw amount to feed the biomass-fired power plant with power output of
10 MW was variable based on the time operation. The annual rice straw amount was
71.90 kt at 6000 h and 95.87 kt at 8000 h. Increasing 500 h of time operation has adjusted
about 6 kt of rice straw from the previous amount.

The results of the case study areas are shown in Table 9. Three provinces in the
case study areas, Prey Veng, Takeo, and Battambang provinces, could produce rice straw
amounts 804,796 t/annum, 720,040 t/annum, and 603,273 t/annum, which can feed
biomass-fired power plants with the capacity of 10 MW from 11 to 8, 10 to 8, and 8
to 6 times, respectively, due to the time operation from 6000-8000 h. The resource of rice
straw from Prey Veng, Takeo, and Battambang provinces could generate potential electricity
of approximately 473 GWh, 423 GWh, and 355 GWh, respectively.

Table 9. Rice straw resources and electricity generation in case study area.

Parameters Prey Veng Takeo Battambang
Rice Straw Resources (ton/annum) 804,796 720,040 603,273
Rice Straw Open Field Burning (ton/annum) 241,439 216,012 180,982

Scale of Rice Straw at Time Operation 6000 h (time) 11 10 8
Scale of Rice Straw at Time Operation 6500 h (time) 10 9 8
Scale of Rice Straw at Time Operation 7000 h (time) 10 9
)
)

7
Scale of Rice Straw at Time Operation 7500 h (time 9 8 7
Scale of Rice Straw at Time Operation 8000 h (time 8 8 6
Potential of Electricity Generation (GWh/annum) 473 423 355

3.2. Economic Analysis
3.2.1. Cash Outflow

The relation between cash outflow and distribution length is shown in Figure 6. This
distribution system was connected to the national grid from the biomass power plant. At
5 km of distribution length, the cash outflow was about 24.686 million US dollars (mIn
USD). Extension length distribution to 20 km increased the cash outflow to 24.879 mln USD.
The amount of cash outflow raised 64,520 USD in every addition of the medium voltage
distribution of 5 km.

10 Cash Outflow
2488 =

2486 P

2,484 - -’ i

2482 | ~

2478 P |

2,476 | . 1

Cash Outflow (US $)

2.474 L4

24724 ’ g

247} |

v
2.468 L
5 10 15 20

Distribution Distance (km)

Figure 6. The relation of cash outflow and distribution length.

3.2.2. Annual Profit after Tax Payment

Annual profit after tax payment was the amount of expected income that the power
plant could make at the end of the year. Figure 7 shows the earned income relation of
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biomass-fire power plant with different time operations, rice straw costs, and the LCOE

that sold to the largest customers.
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Figure 7. The annual earnings after tax payment.
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At the LCOE of 0.128 USD/kWh, the 10 MW biomass-fired power plant could make
the EAT 4.20 mln USD when invested with rice straw cost of 20 USD/t at 6000 h of
operation time. The EAT dropped to 2.47 mln USD when the rice straw cost was raised
to 50 USD/t. The EAT reached 5.87 and 3.56 mIn USD at rice straw cost 20 USD/t and
50 USD/t, respectively, when the operating hours were increased to 8000 h per year. Adding
rice straw cost 5 USD/t in each time operation 6000 h, 6500 h, 7000 h, 7500 h, and 8000 h
and decreased the EAT by 0.29, 0.31, 0.34, 0.36, and 0.38 mIn USD, respectively. Adjusting
500 h of time operation resulted the growth of EAT as shown in Table 10.

Table 10. The growth of EAT when adjusting 500 h of time operation.

Time Operation Adjustment (h) Rice Straw Cost (USD/t) EAT Growth (mIln USD)
500 20 0.42
500 25 0.39
500 30 0.37
500 35 0.35
500 40 0.32
500 45 0.30
500 50 0.27

At the LCOE 0.134 USD/kWh, the lowest operation time, 6000 h, could make EAT
4.49 mln USD for rice straw cost 20 USD/t. Simultaneously, the EAT dropped to 2.77 min
USD when the rice straw was increased, at a cost 50 USD/t. Adjusting the time operation
to 8000 h per year, the EAT grew to 6.25 mln USD and 3.95 mIn USD for rice straw costs
of 20 USD/t and 50 USD/t. Adding rice straw cost 5 USD/t in each time operation from
6000 h to 8000 h, and the EAT went down correspondently 0.29, 0.31, 0.34, 0.36, and 0.38 mIn

USD. Increasing 500 h of operation time could grow the EAT by 0.44, 0.42, 0.39, 0.37, 0.34,
0.32, and 0.30 mIn USD corresponding to the level cost of rice straw at 20 USD/t, 25 USD/t,
30 USD/t, 35 USD/t, 40 USD/t, 45 USD/t, and 50 USD/t, respectively.
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Stepping up the LCOE from 0.128 USD/kWh to 0.134 USD/kWh, or about 5%, boosted
the EAT in each cost of rice straw by 2.88, 3.12, 3.36, 3.60, and 3.86 mIn USD at the different
time operations, 6000 h, 6500 h, 7000 h, 7500 h, and 8000 h.

3.2.3. Year of Profit Starting

The starting point of years of profit generated by the biomass-fired power plant from
rice straw is when the power plant can make profits greater than or equal to 10% of the
initial investment or cash outflow. Figures 8 and 9 represent the year that the power plant
starts making profits with the different scenarios of LCOE 5% and 10% of the local biomass
purchasing price. The length of medium voltage distribution is 5 km and 20 km. Within
each scenario, the variation in rice straw cost is from 20 USD/t to 50 USD/t, and operation
time varies from 6000-8000 h/annum present told the different years of profit starting.

Year of Profit Starting (5km distribution, LCOE=0.128) Year of Profit Starting (5km distribution, LCOE=0.134)
30y 30y
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20+ 20+
-
"
o
x* ® - * ®
15 15 |
o * * O * *
s x
¢ * ¢ *
- 2
10¢ ¢ ¥ 10¢ ¢ *
[ ] & w [ ] & *
e - ¢ e x ¢
o] L] (o] *
[s] o]
5 L 1 L 5 1 1
6000 6500 7000 7500 8000 6000 6500 7000 7500 8000
Time Operation (h) Time Operation (h)

Figure 8. Year of profit starting at 5 km of medium voltage distribution length.

The analysis of the 5 km distribution, which adjusted the LCOE from 0.128 USD/kWh
to 0.134 USD/kWh, did not change the year of profit starting. At the low time operation,
6000 h, the year of profits started in the 10th year when invested with the rice straw cost
of 20 USD/t. Concurrently, the year of profits was delayed to the 30th year when the rice
straw cost was increased to 50 USD/t. The year profits started dropped rapidly in the 6th
and 13th years, when the operation time rose to 8000 h corresponding to rice straw costs of
20 USD/t and 50 USD/t for LCOE 0.128 USD/kWh and 0.134 USD/kWh. Increasing the
time operation is essential to reduce the year that profits begin.

At the analysis scenario of 20 km of distribution length, the year of profits started at
the 10th year for a rice straw cost of 20 USD/t and at the 32nd year for a rice straw cost
of 50 USD/t. Increasing the 15 km by 75% of the distribution length delayed two years of
profits starting. When the time operation enlarged to 8000 h per year, the profit-starting
year began at the 6th and 13th years with the rice straw costs of 20 USD/t and 50 USD/t.
The year that profits started extended when the power plant operated at a low operation
but fuel biomass cost was high. However, the year of profits starting remained the same as
the analysis case with a 5 km distribution in the highest time operation even though the
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distribution length reached 20 km. The extension of distribution length resulted in adding
more cash outflow amounts. It illustrated that if the power plant could not reduce the cash
outflow, increasing the operation time could be an excellent solution to reduce the year
of profits starting. The expectation of receiving profit in the 5th year in this analysis was
unsuccessful within the conditions of time operation from 6000 h to 8000 h, rice straw fuel
costs from 20 USD/t to 50 USD/t, the length of distribution up to 20 km, and LCOE being
over 10% more than the local biomass purchasing price. Expanding the profit starting year
to year 10 could match the rice straw costs to 20 USD/t, 25 USD/t, 30 USD/t, 35 USD/t,
and 40 USD/t with the correspondent time operations from 6000 h to 8000 h, 6500 h to
8000 h, 7000 h to 8000 h, 7500 h to 8000 h, and 8000 h, respectively, in the lengths of 5 km
and 20 km distribution.

Year of Profit Starting (20km distribution, LCOE=0.128)  Year of Profit Starting (20km distribution, LCOE=0.134)
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Figure 9. Year of profit starting at 20 km of medium voltage distribution length.

3.3. Emission Avoidance of the Rice Straw Biomass versus Coal-Fired Power Plants and
Open-Field Burning

The operation of a rice straw biomass-fired power plant with 10 MW capacity com-
pared to coal-fired in a life cycle assessment (LCA) with the same time operation could
reduce CO; from 58.650 to 78.200 mIn Kg, but it injected CO 0.184 to 0.245 mln kg, CHy
0.718 to 1.321 mln kg, and N, O 0.019 to 0.026 mIn kg with the corresponding annual time
operation of 6000 h-8000 h. The variations in avoided emissions that depended on the time
operation is shown in Table 11. The estimation is that rice straw biomass application in
the case study provinces, Prey Veng, Takeo, and Battambang, can avoid CO; emissions as
compared to coal power plants by 402, 360, and 302 mln kg/annum, respectively.

The 10 MW biomass-fired power plant from rice straw could lower CO; from 59.145 to
78.860 mIn kg and CO from 1.797 to 2.396 mln kg compared to open-field burning. However,
it could release CH, from 1.035 to 1.380 mln kg and N»O from 0.015 to 0.020 mln kg with
the corresponding annual time operation from 6000 h to 8000 h as shown in Table 12. The
application of rice straw biomass-fired compared to open-field burning in the case study
regions, Prey Veng, Takeo, and Battambang, can reduce the emission of CO, by 231, 207,
and 173 mln kg, respectively, and CO by 6, 5, and 5 mIn kg, respectively.
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Table 11. Emission avoidance between coal- and rice straw-fired power plants.

Time Operation (h)

Elements
6000 6500 7000 7500 8000
CO, 58.650 63.537 68.425 73.312 78.200
CcO —0.184 —0.199 —-0.214 —0.230 —0.245
CHy —0.718 —1.073 —1.155 —1.238 —1.321
N>O —0.019 —0.021 —0.023 —0.024 —0.026

Quantity of emission avoidance elements (x10° kg).

Table 12. Emission avoidance between open-field burning and rice straw-fired power plants.

Time operation (h)

Elements
6000 6500 7000 7500 8000
CO, 59.145 64.073 69.002 73.931 78.860
CcO 1.797 1.947 2.096 2.246 2.396
CHy4 —1.035 —-1.121 —1.207 —0.293 —1.380
N,O —0.015 —-0.017 —0.018 —0.019 —0.020

Quantity of emission-saving elements (x10° kg).

4. Discussion

Through analysis of three provinces, Prey Veng, Takeo, and Battambang, it was
determined that each can be the potential location for the installation of small-scale biomass-
fired power plants with rice straw. The estimated rice straw sources with 85% availability
are 804,796 t/annum, 720,040 t/annum, and 603,273 t/annum, respectively. Within the
analysis condition at the LCOE, the biomass-fired power plant sales to the grid are upwards
of 5% and 10% of the maximum local biomass purchasing at 0.122 USD/kWh. This power
plant cannot achieve the profit-earning statement for five years even though the rice straw’s
cost reached 20 USD/t. The profit-earning statement’s failure occurs when rice straw’s
price is greater than or equal to 45 USD/t at below ten recovery years, even when the
operation reaches 8000 h per year during the lifetime project of 20 years. As reported in the
study of a biomass-fired power plant from rice husks with 1 MW capacity in Cambodia [1],
the project’s lifetime and restoration periods were 15 years and 9 years when LCOE was
0.12-0.16 USD/kWh. The investment recovery period of a wood biomass-fired power plant
with 10 MW capacity was 5 years within a 20-year lifetime project in Sri Lanka [18]. The
project sponsor provided a significant business fund when the local partners invested only
10-30%. At the same power plant in Malaysia, the payback period was 5.84 years without
loan financing and 10.35 years in the case of 50% loan financing. The operation of the
power plant in high efficiency was a cause to save fuel biomass [27]. The reduced biomass
fuel amount in the process is a reason to decrease cash expended on purchasing biomass
fuel. Based on the records from the previous studies, biomass-fired power plant operation
could reach different regeneration periods because of the handled plant with specific
conditions. To reduce this period for profits in their initial years, incomes and expenses
must be increased and decreased, respectively, at the biomass-fired power plants. To
enhance the incomes, effective operation of the power plant, rice straw fuel cost reduction,
and enhancement of the time operation and LCOE are suggested. On the other hand, to
shrink the expenses, the power plant needs to reduce the length of distribution connecting
to the grid, providing funds instead of loading all investment financing from the bank. In
this study, the method for economic analysis is discounted cash flow (DCF). Unlike the
parallel analysis method, in which analyzers try to adjust the cost of expenses to avoid
their increase, the DCF uses the discounted rate to avoid the inflation value of money that
may occur in the future. Both methods focus on the same direction. The EAT, or income,
decreases annually and cares about the sensitivity analysis concept.

In the three best potential provinces, the total electrical energy produced by rice
straw biomass is approximately 1251 GWh/year, which equals 14.69% of domestic energy
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production and 31.38% of imported energy in 2020. In the present study, the application of
10 MW rice straw-fired power plants is estimated to avoid 1.06 mln t CO, /annum emissions
compared to the same power generation at the coal-fired power plant. It also produces
emission avoidance of 0.61 mIn t CO,/annum and 0.02 mln t CO/annum compared to
those from open-field burning. In terms of potential solutions, the energy generation from
the grid energy mix may be a tool that can balance the emissions. However, a cost-benefit
analysis should be carefully carried out in order to ensure national capacity, especially for a
developing country such as Cambodia.

5. Conclusions

Findings from this study are essential for the 10 MW biomass-fired power plant
planning in Cambodia. Our principal conclusions are presented, as follows:

(1) In the operation of biomass plants with profitability occurring in earlier years, it
is vital to aim at the factors that reduce the initial investment cost in the analysis.
However, the crucial points are to maximize the income.

(2) The two valuable points to boost the income are increasing the LCOE and the operation
time. Therefore, before operating small-scale biomass-fired power plants, how much
the LCOE can request from the customers within the zone of possible agreement
should be studied in detail.

(3) Enhancement of the time operation counts as the boosted factor. The amount of
annual electricity customers require and the study of biomass feedstock to feed the
power plant are critical points in the operation of the biomass-fired power plant.

(4) In the current study, the estimation was just based on rice-grain production to find the
potential rice straw residue, energy conversion, and emission avoidance. Nevertheless,
the actual situation should focus on the rice straw’s density collection to make the
biomass operation more practical.

(5) The application of rice straw conversion to bioenergy provides electrical energy and
emission avoidance. Moreover, worthless waste could be utilized by causing the
improvement of villagers’” economies.
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