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a b s t r a c t

Rice is a widely grown crop in the South and South-East Asia that leaves substantial

quantity of straw in the field. The aim of this paper is to assess the quantity of rice straw

produced, estimate Greenhouse Gas (GHG) emissions based on its current uses, and assess

its possible energy potential and related GHG emissions mitigation potential. Updated

statistics on rough rice production are used in this study in combination with the literature

values on Straw-to-Grain Ratio (SGR) to quantify the amount of rice straw produced in the

three countries of focus. It is estimated that 97.19, 21.86, and 10.68 Mt of rice straw residue

are produced in India, Thailand, and the Philippines, respectively.

In India, 23% of rice straw residue produced is surplus and is either left in the field as

uncollected or to a large extent open-field burnt. About 48% of this residue produced is

subjected to open-field burning in Thailand, and in the Philippines it is 95%. The GHG

emissions contribution through open-field burning of rice straw in India, Thailand, and the

Philippines are 0.05%, 0.18%, and 0.56%, and the mitigated GHG emissions when generated

electricity is used would be 0.75%, 1.81%, and 4.31%, respectively, when compared to the

total country GHG emissions.

ª 2009 Elsevier Ltd. All rights reserved.
1. Introduction crop cultivation is one of the sources for biogenic Greenhouse
Since 1990s research related to rice crop, energy, and envi-

ronment is investigated. Ito et al. emphasised on the devel-

opment of low-cost production and value-added technology

in rice crop cultivation [1]. Over the recent years, climate

change is recognised as a threat to the development, and rice
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Gas (GHG) emissions. Therefore, the impact on climate change

could be minimised through the use of residues, i.e. straw and

husk produced from rice cultivation. The production of

ethanol from grain was thought as a solution to reduce

dependence on transportation fossil fuel, however, at least for

rice grain the situation is far from reality. In addition, the
.
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Table 1 – Cropping pattern across India, Thailand, and the Philippines for seasonal variation analysis.

Country January February March April May June July August September October November December

India (Winter) Dry season (summer) Wet season (autumn) Wet/dry

Philippines Dry season (first half) Wet season (second Half)

Thailand season (second yield) Wet season (major harvest) Dry-

Table 3 – Current uses of rice straw in different states of
India [11].

State Total rice
straw

produced
(kt)

Surplus
(kt)

Domestic
use (kt)

Other
activities

(kt)

West Bengal 16,009 1601 8477 5931

Uttar Pradesh 12,548 3137 6781 2630

Andhra

Pradesh

11,312 1131 10,181

Punjab 10,436 8349 1015 1073

Tamil Nadu 6803 680 1380 4743

Orissa 6288 629 1674 3986

Bihar 5584 1117 3078 1389

Chhattisgarh 4844 484 1984 2376

Assam 4280 428 3852

Karnataka 3539 177 3362

Haryana 3037 2429 398 209

Maharashtra 2621 262 2358

Jharkhand 2279 456 1823

Madhya

Pradesh

1623 162 1083 378
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demand for food has created a significant variation in the

price of rice. Few countries wherein rice is a basic dish of

a meal are importing rice. Rice husk is used currently for

power generation in few countries of Asia. In the similar way

the use of rice straw residue is a major breakthrough than

using rice. The following sections of this paper will give an

estimate on the total quantity of rice straw produced per

annum, its current uses, energy potential, and avoided GHG

emissions if electricity is generated through direct combus-

tion technology.

The first step is to estimate the quantity of rice straw

produced using Straw-to-Grain Ratio (SGR) or Residue-to-

Product Ratio (RPR). SGR of 0.75 derived from other study [2]

is used which in general could be applied to the three

countries of focus under the study. Rice cultivation is a very

distributed activity, therefore field-based residue, i.e. rice

straw availability would also vary both in spatial and

temporal distributions; and practices in crop harvesting will

be useful while estimating the energy potential of rice straw.

Further, analysis on current uses would identify the actual

quantity used and its availability for other uses such as

electricity generation. The avoided GHG emissions are iden-

tified using the country-specific emission factor for an elec-

tricity grid system.

The scope of the research is limited to the GHG such as CH4

and N2O as these are released in the process of open-field

burning. The electricity generation potential from rice straw

would displace equal units of grid electricity which is based on

fossil fuel. Therefore, national grid emission factor is consid-

ered to estimate the avoided CO2 emissions in the three

countries of focus.
Table 2 – Derived data including modification of GIS
maps.

Parameter India Thailand Philippines

Data source –

rice

crop

production

[4–6] [7] [3]

Data analysed /

averaged

over past

6 years

(1999–2000 to

2004–2005)

5 years

(2002–2006)

5 years

(2002–2006)

Resolution District level Provincial level Provincial

level

Number of

polygons

605

(adopted as per

Government of

India official

information [9])

77

(includes one

polygon for

Songkhla lake)

80
2. Methodology

An average of past few years’ data was analysed in order to

minimise variation of rice straw availability annually, and

similarly for representing spatial distribution. The most

recent year’s data are presented for seasonal availability.

Provincial level data are considered in the case of Thailand
Gujarat 1370 137 979 254

Kerala 777 78 278 421

Uttaranchal 650 162 487

Tripura 636 64 572

Jammu and

Kashmir

628 502 61 65

Manipur 479 48 431

Nagaland 298 30 268

Meghalaya 208 21 188

Rajasthan 183 37 100 47

Arunachal

Pradesh

170 17 153

Goa 161 16 145

Mizoram 149 15 134

Himachal

Pradesh

131 105 13 13

Pondicherry 93 9 19 65

Andaman

and

Nicobar

34 3 30

Sikkim 24 2 22

Total 97,192 22,289 27,320 47,584



Table 4 – Rice straw ultimate analysis.

# Component Unit Valuea

Thailand rice
straw [15]

California rice
straw [16]

C Carbon kg kg–1 0.3817 0.3520

H hydrogen kg kg–1 0.0502 0.0479

S Sulphur kg kg–1 0.0009 0.0017

N Nitrogen kg kg–1 0.0058 0.0080

O Oxygen kg kg–1 0.3528 0.3392

w Moisture kg kg–1 0.1000 0.1000

a The values are on ash-free basis.
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and the Philippines, whereas district level data for India.

Therefore, Geographic Information System (GIS) maps

represent the information to the respective polygon level.

The seasonal variations must be considered to see the

availability pattern over a year, and Table 1 indicates the

information on cropping pattern in the three countries

under study.

Seasonal availability of a residue very much influences

its usage pattern, thus it is an important analysis while

suggesting alternative uses. Information on data source

[3–8] and data analysis details are given in Table 2. The
Table 5 – Sowing and harvesting periods in major rice growin

# Region/State Autumn

Sowing Harvesting

1 Northern region

1.1 Haryana

1.2 Punjab May–Aug Sep–Nov

1.3 West U.P.

1.4 Himachal Pradesh June–July Sep–Nov

1.5 Jammu & Kashmir – –

2 Western region

2.1 Gujarat – –

2.2 Maharashtra – –

2.3 Rajasthan – –

3 North-east region

3.1 Assam Mid Feb–Apr June–July

4 Eastern region

4.1 Bihar May–July Sep–Oct

4.2 East M.P. June–Aug Mid Sep–Mid Dec

4.3 Orissa May–June Sep–Oct

4.4 East U.P. May–July Sep–Nov

4.5 West Bengal Mar–June July–Nov

(Broadcasting)

May–June

(Transplanting)

5 Southern region

5.1 Andhra Pradesh Mar–April July–Aug

5.2 Karnataka May–Aug Sep–Dec

5.3 Kerala April–June Aug–Oct

5.4 Tamil Nadu

Sonavari April–May July–Aug

Kar May–June Aug–Sep

Kuruvai June–July Sep–Oct
following sub-sections would detail the methodology fol-

lowed to estimate the quantity of rice straw produced,

identifying the possible energy potential and subsequently

the avoided emissions if electricity is generated from rice

straw.
2.1. Estimation of rice straw produced

The amount of rice straw produced could be derived using the

following equation:

QRS ¼ PRR� SGR (1)

where in QRS¼ quantity of rice straw (kt a–1), PRR ¼ rough

rice production in kt a–1, and SGR¼ Straw-to-Grain Ratio.

Eq. (1) could be used for Asia in general. However, the

amount of rice straw produced in India could be estimated by

using Eq. (2) as it needs multiplying rice production data by

a factor of 1.5 to translate in terms of rough rice [10] and

equate with other country data analysis.

QRS ¼ PR� 1.5 � SGR (2)

where in PR ¼ rice production in kt a–1.
g states in India [5].

Winter Summer

Sowing Harvesting Sowing Harvesting

– – – –

– – – –

Apr–July Sep–Dec – –

June–Aug Oct–Dec – –

June–July Oct–Dec – –

July–Aug Oct–Dec – –

June–Aug Nov–Dec Dec–Feb May–June

July–Sep Nov–Dec Jan–Feb May–June

– – – –

June–Aug Dec–Jan Dec–Jan May–June

July–Aug Nov–Dec Jan–Feb Apr–June

Apr–June Nov–Dec Oct–Feb Apr–May

(Broadcasting)

July–Aug

(Transplanting)

May–June Nov–Dec Dec–Jan April–May

June–Oct Nov–March Dec–Feb April–July

Sep–Oct Jan–Feb Dec–Jan March–Apr

Early Samba Late Samba

June–July Nov–Dec Oct–Nov March–Apr

Samba Navarai

July–Aug Dec–Jan Dec–Jan April–May

Thaladi/Pishanam

Sep–Oct Dec–Jan – –



Fig. 1 – Seasonal variation and distribution of rice straw produced (kt) in India in 2004–2005: (a) wet season and

(b) dry season.
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2.2. Harvest practice of rice crop in the three countries

2.2.1. India
The North and North-Western parts, especially Punjab and

Haryana, are dominated by rice–wheat crop rotation. As wheat

straw is preferred as fodder for cattle, farmers generally do not

use rice straw and prefer open-field burning. However, in

Southern part of India, rice straw is used as a fodder, and – to
a smaller extent – used in paper factories or as building

materials in the construction of house or other applications.

2.2.2. Thailand
In the North and North-Eastern parts, farmers prefer open-

field burning of the residue. However, in Southern part, rice

straw is used as a fodder and would be collected by the

farmers. Farmers in the central part of Thailand prefer to burn



Fig. 2 – Rice straw density (t haL1) with reference to district area in India in 2004–2005: (a) wet season and (b) dry season.
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the rice straw due to wet conditions (rain/flooding at the time

of harvest) and added collection expenses.

2.2.3. The Philippines
Largely farmers cut only panicle part of the rice crop leaving

large amount of biomass in the field. This is primarily due to

added expenses in the rice straw management, and only

a very marginal amount of straw is used for mushroom

cultivation, fodder applications, etc. This practice of
harvesting rice crop would change when farmers realise an

income through the sale of rice straw.
2.3. Analysis of the current usage pattern of rice straw

The percentage of an indicated rice straw current use is

multiplied with the quantity of straw produced in each

country, which is obtained using Eqs. (1) and (2) as applicable.



Fig. 3 – Average spatial distribution of rice straw: (a) annual production (kt) (1999–2000 to 2004–2005) and (b) density with

reference to district area in the year 2004–2005 (t haL1).
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Secondary data are used for the analysis on current uses of

rice straw. As per the data received from the National Biomass

Resource Assessment (NBRA) Programme, the availability and

use of rice straw varies widely across India. The data could be

seen in Table 3 and indicate that 28% of rice straw is used for

domestic uses. Among the domestic uses, only about 5–60% is

used as domestic fuel and this number varies from state to state

considerably. About 49% of the straw is used for other activities,

which include fodder and thatching applications. Only 23% of
the total rice straw is currently surplus, of this, the state of

Punjab and Haryana alone constitute 48% and could be used for

energy applications [11]. The intensive rice–wheat crop rotation

in these states does not allow retaining the crop residues in the

field for an extended duration, hence it is often open-burnt.

In Thailand, 48% of the produced rice straw is burnt in the

field. About 30% is unused, 15% is used as animal feed, 5% is

used as organic fertiliser, 1.5% is traded (sold), 0.18% is used as

fuel, and 0.27% is used for other activities [12].



Table 6 – The 20 highest rice straw-producing districts in
India.

# State District Average annual
rice straw

production (kt)

1 West Bengal Barddhaman 2099

2 Andhra Pradesh West Godavari 1704

3 West Bengal West Midnapore 1677

4 Punjab Sangrur 1630

5 Andhra Pradesh East Godavari 1529

6 West Bengal East Midnapore 1240

7 West Bengal Birbhum 1189

8 West Bengal Bankura 1119

9 Punjab Ludhiana 1110

10 West Bengal Murshidabad 1104

11 Andhra Pradesh Krishna 1086

12 Punjab Amritsar 1070

13 West Bengal South 24 Parganas 1055

14 Punjab Firozpur 1015

15 Punjab Patiala 995

16 Andhra Pradesh Guntur 981

17 West Bengal Nadia 943

18 West Bengal Hugli 853

19 West Bengal North 24 Parganas 837

20 West Bengal Uttar Dinajpur 691

Table 7 – Summary on current uses of rice straw in India.

Surplus (kt) Domestic uses (kt) Other activities (kt)

India 22,289 27,320 47,584
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In the case of Philippines, personal interviews as well as

questionnaire survey were conducted due to the lack of reli-

able data. The personal interviews were targeted specific to

experts in the post-harvest technology and biomass and bio-

energy [13]. The survey indicated that about 95% of the rice

straw produced is burnt in the field and only 5% of the rice

straw is used for other activities such as animal feed,
Table 8 – Annual possible energy potential from rice straw, pe
avoided emissions when used for electricity generation.

Country PJ TWha Country-
specific

emission
factor (t CO2

MW h–1) [23]

GHG
emissions

from
open-field
burning

(t CO2e a–1)

A
em
t

el
ge
(t

India

(only surplus at 100%

collection efficiency)

311.6 21.6 0.84 566,165 1

India

(only surplus at 50%

collection efficiency)

155.8 10.8 0.84

India

(surplusþ 50% of other

activities)

644.2 44.7 0.84 3

a Assuming an overall combustion efficiency of 25% for electricity gener

b Most recent data available is for the year 2002.
mulching material in onion production (November–March),

and as a medium to grow mushrooms.

2.4. Lower Heating Value (LHV) of rice straw

The Lower Heating Value (LHV) is an important parameter that

is required in the analysis of energy potential from the avail-

able rice straw. The parameters essential for identifying LHV of

a fuel are indicated in Table 4 (ultimate analysis of rice straw).

Eq. (3) is used for deriving LHV of solid fuels (MJ kg�1) [14]

LHV¼ 34.8cþ 93.9 hþ 10.5sþ 6.3 n – 10.8o – 2.5 w (3)

where in c – carbon, h – hydrogen, s – sulphur, n – nitrogen,

o – oxygen, and w – moisture are indicated in volume

percentage.

By using Eq. (3) and ultimate analysis values, LHV for rice

straw could be derived as 14 and 13 MJ kg�1 for the case of rice

straw sample in Thailand [15] and California [16], respectively.

Indeed the LHV of rice straw would vary from 12.5 to 16.5 MJ

kg�1 depending on the ash content. On a conservative basis

LHV is used in the calculations, i.e. 14 MJ kg�1 of rice straw.

2.5. Amount of rice straw available for energy purposes

Combine the quantity of rice straw used as (i) burnt in the

field, (ii) surplus, and (iii) residue available, whichever is

applicable specific for a country, to estimate the amount of

rice straw residue available for energy.

2.6. Related GHG emissions

The amount of rice straw subjected to open-field burning is

considered in the analysis of GHG emissions for Thailand and

the Philippines, whereas surplus amount produced for the

case of India. CO2 emissions from open-field burning are not

considered as its net influence is zero. The emissions are

calculated using Eq. (4) and the Emission Factor (EF)
rcentage contribution of GHG from open-field burning, and

voided
issions

hrough
ectricity
neration
CO2 a–1)

Total country-
specific GHG

emissions
(t CO2)b [24]

%
contribution
from open-

field burning

% of avoided
emissions

when
used

for electricity
generation

8,176,369 1,218,928,500 0.05 1.49

9,088,184 1,218,928,500 0.75

7,578,696 1,218,928,500 3.08

ation.



Fig. 4 – Seasonal variation and distribution of rice straw

produced in Thailand in 2006: (a) wet season and (b) dry

season.

Fig. 5 – Rice straw density (t haL1) with reference to

province area and its distribution in Thailand in 2006: (a)

wet season and (b) dry season.
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considered for CH4 as 1.2 g kg�1 of dry fuel [17] and N2O as

0.07 g kg�1 of dry fuel [18].

Emissiona¼ EFa� fC o�QSFB (4)

where in Emissiona¼ emission concentration of a in t a–1,

EFa¼ emission factor (gram of pollutant per kg of dry straw) of

a, fCo¼ combustion factor, 0.80 (fraction of the mass com-

busted during the coarse of a fire) (default value as per IPCC

2006 guidelines, vol. 4, Table 2.6 [19]), QSFB ¼ amount of rice

straw subjected to open-field burning in kt a–1, a¼ type of

emission (CH4 and N2O).
Therefore, only CH4 and N2O are the two gases taken into

account and expressed in CO2e (CO2 equivalent) by consid-

ering Eq. (5), with the respective Global Warming Potential

(GWP) of CH4 as 25 and N2O as 298 as per IPCC fourth assess-

ment report [20].

EmissionGHG ¼ [EmissionCH4

�GWPCH4� þ ½EmissionN2O � GWPN2O� ð5Þ

where in EmissionGHG¼GHG emissions expressed in CO2

equivalent (t CO2 e a–1), EmissionCH4¼ CH4 emissions in tonne,



Fig. 6 – Average spatial distribution of rice straw: (a) annual

production (kt) (2002–2006) and (b) density with reference

to province area (t haL1) in the year 2006.

Table 9 – The 10 highest rice straw-producing provinces
in Thailand.

# Province Average rice
straw production (kt)

1 Nakhon Sawan 1208

2 Suphan Buri 1142

3 Phichit 867

4 Chai Nat 804

5 Phitsanulok 766

6 Nakhon Ratchasima 717

7 Surin 706

8 Ubon Ratchathani 693

9 Buri Ram 645

10 Roi Et 638

Table 10 – Current uses of rice straw in Thailand.

Animal
feed
(kt)

Burnt
in the
field
(kt)

Fuel
(kt)

Organic
fertiliser

(kt)

Sold
(kt)

Others
(kt)

Residue
available

(kt)

Thailand 3283 10,451 39 1178 310 59 6538
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GWPCH4¼Global Warming Potential of CH4 is 25 as per the

IPCC fourth assessment report [20], EmissionN2O ¼ N2O emis-

sions in tonne, GWPN2O¼Global Warming Potential of N2O is

298 as per the IPCC fourth assessment report [20].

Two scenarios were analysed, i.e. scenario 100% and

scenario 50% based on the Collection Efficiency (CE) to

produce electricity through direct combustion technology.

Scenario 100% indicates that the entire residue subjected to

open-field burning would be collected and is used for elec-

tricity generation, which is a theoretical maximum energy

potential. To be pragmatic, especially in the case of rice straw,

only 50% of the total available residue could be collected

(which is Collection Efficiency – CE) from the field [21, 22] for
energy-related activities. To summarise, the data analysis

would give information on the GHG emissions through

open-field burning and avoided GHG emissions through

replacement of fossil fuel-based grid electricity (through two

CE scenarios) for a country.
3. Results

3.1. For the case of India

3.1.1. Seasonal variation along with the distribution of rice
straw produced
The sowing and harvesting period of rice crop in India is

detailed in Table 5. Since seasonal variation could be observed

from North and North-Eastern part to South of India,

accordingly this would have an influence on the agricultural

statistics data representation.

It could be summarised that few states represent the data

either in kharif and rabi or three seasons such as autumn,

winter (autumn and winter could be grouped under kharif),

and summer (could be represented as rabi). Therefore, the

above information is primarily represented as total amount of

rice straw residue produced in wet season (which includes

kharif, autumn, and winter) and dry season (rabi and summer)

[6]. Fig. 1 indicates the details on the rice straw production

(both seasonal variation and spatial distribution), and Fig. 2

gives the information on density of rice straw produced, i.e.

tonnes of rice straw produced with respect to the district area

in India.

3.1.2. Spatial distribution of rice straw
The states of West Bengal, Andhra Pradesh, and Punjab are

the hot spots for rice straw production that cover the top 20



Table 11 – Annual possible energy potential from rice straw, percentage contribution of GHG from open-field burning, and
avoided emissions when used for electricity generation.

Country PJ TWha Country-
specific

emission factor
(t CO2 MW h–1)

[25]

GHG emissions
from open-

field burning
(t CO2 e a–1)

Avoided
emissions
through

electricity
generation (t

CO2 a–1)

Total country-
specific GHG

emissions
(t CO2)b [24]

% contribution
from open-

field burning

%of avoided
emissions

when used for
electricity
generation

Thailand (at 100%

collection

efficiency)

237.5 16.5 0.51 425,225 8,390,203 231,546,484 0.18 3.62

Thailand (at 50%

collection

efficiency)

118.8 8.2 0.51 4,195,101 231,546,484 1.81

a Assuming an overall combustion efficiency of 25% for electricity generation.

b Most recent data available is for the year 2002.
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districts. However, in the states of Punjab and Haryana, rice

straw is available only in the wet season, and storage

mechanism is required for its use over a year. However, in

the case of Andhra Pradesh and West Bengal the situation is

quite different as the rice straw is almost available round the

year and is not required to secure its storage (refer Fig. 1 for

details). The average of six years data was analysed in esti-

mating the average annual rice straw production across

India. Fig. 3(a) indicates the production data in kt and Fig. 3(b)

indicates the straw production density in the year 2004–2005.

Table 6 represents the top 20 rice straw-producing districts in

India.

3.1.3. Current uses of rice straw
The amount of rice straw residue produced in India annu-

ally is 97.19 Mt on an average over six years (1999/2000–

2004/2005), and Table 7 indicates the current uses of rice

straw by considering the recent data from NBRA programme

[11].

3.1.4. Rice straw available for energy applications
Among the applications, burnt in the field, surplus, and

residue available, whichever is applicable for a country is

considered in the analysis of rice straw energy potential.

Surplus quantity of rice straw data from Table 7 is multi-

plied with LHV of rice straw, i.e. 14 MJ kg�1, and theoretical

energy potential from rice straw in India is shown in Table 8.

In addition to surplus quantity, if 50% of the rice straw

currently used in other activities is diverted for energy appli-

cations, then the theoretical energy potential would be 644.2

PJ per annum. Assuming the overall efficiency of electricity

generation through direct combustion to be 25%, the elec-

tricity generated would be 21.6 and 44.7 TWh for scenario

100% CE and scenario 100% CE plus 50% of other activities,

respectively. For the case of scenario 50% CE, the electricity

generated would be 10.8 TWh.

3.1.5. GHG emissions and climate change mitigation potential
It would be unreasonable to assume that all the surplus

rice straw is subjected to open-field burning in India. The

states of Punjab and Haryana alone contribute to 48% of

total surplus which is subject to open-field burning. Uttar
Pradesh also contributes 14% of the total rice straw

surplus, which is also entirely subject to open-field burning

[11]. The intensive rice–wheat crop rotation in these states

does not allow retaining the crop residues in the field for

an extended duration. Therefore, 13,915 kt is estimated to

be open-field burning in India (62% of surplus amount in

Table 7).

The country-specific EF of 0.84 t CO2 MW h–1 for India is

sourced from Central Electricity Authority, Ministry of Power

[23], and the total GHG emissions are from World Develop-

ment Indicator 2006 (WDI) developed by the World Bank [24]

for the year 2002. The avoided emissions would be 1.49% for

scenario 100% CE. The other two scenarios, i.e. 50% CE and

100% CE plus 50% of other activities would be 0.75% and 3.08%,

respectively. The contribution of GHG emissions from rice

straw open-field burning would be 0.05% when compared to

the total country GHG emissions, refer to Table 8 for more

details on the analysis.

3.2. For the case of Thailand

3.2.1. Seasonal variation along with the distribution of rice
straw produced
The rough rice statistics data in Thailand were represented as

major harvest and second harvest. Major harvest would be

from May/June until November/December. Second harvest is

from December/January until May/June. Accordingly the data

are represented as wet season (major harvest) and dry season

(second harvest). Fig. 4 indicates the rice straw production

data (both seasonal variation and spatial distribution) in the

year 2006 and Fig. 5 gives the information on density of rice

straw produced, i.e. tonnes of rice straw produced with

respect to the province area in Thailand.

3.2.2. Spatial distribution of rice straw
The rice straw availability is round the year in the central

provinces of Thailand, especially Nakhon Sawan, Suphan

Buri, Phichit, Chai Nat, and Phitsanulok. Although the

production of rice straw is high in some of the North-

Eastern provinces (such as Nakhon Ratchasima, Surin, Ubon

Ratchathani, Buri Ram, and Roi Et), it is available only

towards the end of wet season at the time of harvest. The



Fig. 7 – Seasonal variation and distribution of rice straw

produced in Philippines in 2006: (a) wet season and (b) dry

season.
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average of five years data was analysed for identifying the

annual rice straw production across Thailand, Fig. 6(a)

indicates the production data in kt and Fig. 6(b) indicates the

straw production density in the year 2006. Table 9 repre-

sents the 10 highest rice straw-producing provinces in

Thailand.

3.2.3. Current uses of rice straw
The total amount of rice straw residue produced in Thailand is

21.86 Mt annually. Table 10 indicates the current uses of rice

straw by considering the percentage of current uses data from

the Department of Alternative Energy Development and Effi-

ciency (DEDE) in Thailand [12].

3.2.4. Rice straw available for energy applications
For the case of Thailand, the residue ‘‘burnt in the field’’ and

‘‘residue available’’ are considered in the analysis by multi-

plying the respective rice straw quantity data from Table 10

with the LHV of rice straw, i.e. 14 MJ kg�1. The theoretical

maximum energy potential is 237.5 PJ per annum as shown in

Table 11. Assuming the overall efficiency of electricity gener-

ation through direct combustion to be 25%, the electricity

generated would be 16.5 and 8.2 TWh for scenario 100% CE

and scenario 50% CE, respectively

3.2.5. GHG emissions and climate change impact
The country-specific EF of 0.51 t CO2 MW h–1 for Thailand is

sourced from the recently submitted Project Design Docu-

ment (PDD) registered under United Nations Framework

Convention on Climate Change (UNFCCC) [25] and the total

GHG emissions are from the World Development Indicator

2006 (WDI) developed by the World Bank [24]. The avoided

emissions would be 3.62% for scenario 100% CE and 1.81% for

scenario 50% CE. The contribution of GHG emission from rice

straw open-field burning would be 0.18% when compared to

the total country GHG emissions. Refer to Table 11 for more

details on the analysis.

3.3. For the case of the Philippines

3.3.1. Seasonal variation along with the distribution of rice
straw produced
The annual rough rice statistics data are primarily categorised

as semester 1 (January–June) and semester 2 (July–December).

This information was again sub-divided into three-month

intervals and represented as quarters, refer Table 1 for more

details. The information could be represented as wet season

(semester 2) and dry season (semester 1). The rice straw

production (both seasonal variation and spatial distribution)

in wet and dry seasons could be seen in Fig. 7. Fig. 8 gives the

information on density of rice straw produced, i.e. tonnes of

rice straw produced with respect to the province area in the

Philippines.

3.3.2. Spatial distribution of rice straw
The rice straw availability is round the year in the Central

Luzon, Cagayan Valley, Ilocos Region, and Western Visayas

which are in North and central part of Philippines. These are

also the regions where rice straw production is high. The

average of five years data was analysed for identifying the
annual rice straw production in the Philippines. Fig. 9(a)

indicates the production data in kt and Fig. 9(b) indicates the

straw production density in the year 2006. Table 12 represents

the 10 highest rice straw-producing provinces in the

Philippines.

3.3.3. Current uses of rice straw
The total amount of residue produced in Philippines is

10.68 Mt annually on an average over five years (2002–

2006), and the rice straw current uses data are represented

in Table 13.



Fig. 8 – Rice straw density (t haL1) with reference to province area and its distribution in Philippines in 2006: (a) wet season

and (b) dry season.
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3.3.4. Rice straw available for energy applications
In the case of Philippines, the residue burnt in the field is

almost 95%, and thus leads to most of the residue available for

energy by multiplication of the respective rice straw quantity

data from Table 13 with the LHV of rice straw, i.e. 14 MJ kg�1.
The theoretical maximum energy potential is 141.8 PJ per

annum as shown in Table 14. Assuming the overall efficiency

of electricity generation through direct combustion to be 25%,

the electricity generated would be 9.8 and 4.9 TW h at scenario

100% CE and scenario 50% CE, respectively.



Fig. 9 – Average spatial distribution of rice straw: (a) annual production (kt) (2002–2006) and (b) density with reference to

province area (t haL1) in the year 2006.
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3.3.5. GHG emissions and climate change impact
The country-specific EF of 0.64 t CO2 MW h–1 for Philippines is

sourced from the recently submitted PDD registered under

UNFCCC [26], and the total GHG emissions are from WDI 2006

developed by the World Bank [24]. The avoided emissions
would be 8.61% for scenario 100% CE and 4.31% for scenario

50% CE. The contribution of GHG emissions from rice straw

open-field burning would be 0.56% when compared to the

total country GHG emissions, refer to Table 14 for more

details.



Table 14 – Annual possible energy potential from rice straw, percentage contribution of GHG from open-field burning, and
avoided emissions when used for electricity generation.

Country PJ TW
ha

Country-specific
emission

factor (t CO2

MW h–1) [26]

GHG
emissions

from
open-field
burning
(t CO2 e

a–1)

Avoided
emissions
through

electricity
generation
(t CO2 a–1)

Total country–specific
GHG emissions

(t CO2)b [24]

% contribution
from open-

field burning

% of avoided
emissions

when
used

for electricity
generation

Philippines

(at 100% collection

efficiency)

141.8 9.8 0.64 412,803 6,345,154 73,657,391 0.56 8.61

Philippines

(at 50% collection

efficiency)

70.9 4.9 0.64 3,172,577 73,657,391 4.31

a Assuming an overall combustion efficiency of 25% for electricity generation.

b Most recent data available is for the year 2002.

Table 12 – The 10 highest rice straw-producing provinces
in Philippines.

# Region name Province Average rice
straw production (kt)

1 Central Luzon Nueva Ecija 835

2 Cagayan Valley Isabela 755

3 Ilocos Region Pangasinan 624

4 Western Visayas Iloilo 573

5 Cagayan Valley Cagayan 411

6 Central Luzon Tarlac 352

7 Bicol Region Camarines Sur 339

8 Central Mindanao North Cotabato 314

9 Eastern Visayas Leyte 313

10 Western Visayas Negros Occidental 280

Table 13 – Current uses of rice straw in Philippines.

Burnt in the field (kt) Others (kt)a

Philippines 10,146 534

a Animal feed, mulching material in onion production (November–

March), and as a medium to grow mushrooms.
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4. Conclusions

Undoubtedly, it could be concluded that there is a surplus

quantity 22.29, 17.0, and 10.15 Mt of rice straw produced in the

three countries, i.e. India, Thailand, and the Philippines,

respectively. The fundamental intricacy is in its physical

property of low density, and production is very distributed. In

the case of biomass, in this case rice straw, energy potential in

theory is different from the realisable energy due to the fact

that residue collection efficiency or capacity and its trans-

portation are challenging.

The energy potential from rice straw as renewable fuel is

311.6, 237.5, and 141.8 PJ, respectively, for India, Thailand, and

the Philippines at 100% Collection Efficiency (CE). Considering
the CE would be only 50%, the possible electricity generation

would be 10.8, 8.2, and 4.9 TWh in India, Thailand, and the

Philippines, respectively. Therefore, the avoided GHG emis-

sions would be 0.75%, 1.81%, and 4.31% when compared to the

overall country-specific GHG emissions for India, Thailand,

and the Philippines, respectively. The energy application of

rice straw would not only avoid GHG emissions, but also

reduce the other air-pollutant emissions, thus improving the

local air quality.

Rice straw needs compaction or baling at the field/site

before transporting to a decentralised/centralised location.

The machinery required for the collection and baling are

yet to be commercialised in the context of the three

countries under study. If available, the machinery is

expensive and its purchase is uneconomical for most rice

farmers. Sometimes, considerable effort is required in the

residue collection and this adds to the overall cost of straw

management. Therefore, the influence of these factors

needs to be analysed in detail and is beyond the scope of

this study. Due to these difficulties, rice straw is subjected

to open-field burning than incurring expenses for its

collection and use.
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Oldenbourg Verlag 1983.

[15] Energy for Environment Foundation. Biomass analysis.
Bangkok (Thailand): Energy for Environment Foundation,
http://www.efe.or.th/download/Heating%20Value.pdf>; 2007
[accessed in April 2007].

[16] Miles TR, Baxter LL, Bryers RW, Jenkins BM, Oden LL. Alkali
deposits found in biomass power plants: a preliminary
investigation of their extent and nature. Summary report.
Portland (OR, USA): Thomas R. Miles, Consulting Design
Engineer, <http://www.trmiles.com/alkali/Alkali_Report.
pdf>; 1995. p. 117 [accessed in March 2007].

[17] US EPA. Emission factor: documentation for AP-42, open
burning. In: Office of Air Quality Planning and Standards and
Office of Air and Radiation, editor. AP-42 database. North
Carolina: US Environmental Protection Agency; September
1992. p. 34.

[18] Andreae MO, Merlet P. Emission of trace gases and
aerosols from biomass burning. Global Biogeochem Cycles
2001;15(4):955–66.

[19] Aalde H, Gonzalez P, Gytarsky M, Krug T, Kurz WA, Lasco RD,
et al. Agriculture, forestry and other land use – generic
methodologies applicable to multiple landuse categories.
Hayama (Kanagawa, JAPAN): Institute for Global
Environmental Strategies (IGES) 2006;vol. 4.

[20] Forster P, Ramaswamy V, Artaxo P, Berntsen T, Betts R,
Fahey DW, et al. Changes in atmospheric constituents and
in radiative forcing. In: Solomon S, Qin D, Manning M,
Chen Z, Marquis M, Averyt KB, et al., editors. Climate
change 2007: the physical science basis contribution of
Working Group I to the fourth assessment report of the
Intergovernmental Panel on Climate Change. Cambridge
(United Kingdom) and New York (NY, USA): Cambridge
University Press, <http://www.ipcc.ch/pdf/assessment-
report/ar4/wg1/ar4-wg1-chapter2.pdf>; 2007 [accessed in
April 2008].

[21] Koopmans A, Koppejan J. Agricultural and forest residues –
generation, utilization and availability. In: FAO, editor.
Regional consultation on modern applications of biomass
energy. Kuala Lumpur (Malaysia): FAO; 1997.

[22] Junginger M, Faaij A, van den Broek R, Koopmans A,
Hulscher W. Fuel supply strategies for large-scale bio-energy
projects in developing countries. Electricity generation from
agricultural and forest residues in Northeastern Thailand.
Biomass Bioenerg 2001;21(4):259–75.

[23] Verma VS, Arora DS, Gupta P, Kumar R, Brodmann U,
Stocker B, et al. CO2 baseline database for the Indian power
sector. In: CEA, editor. CO2 baseline database for the Indian
power sector. New Delhi: Central Electricity Authority,
Ministry of Power; 2007. p. 30.

[24] Development Data Center. World development indicators
2006. The World Bank; 2006.

[25] Resanond A. Phu Khieo bio-energy cogeneration project
(PKBC). UNFCCC, <http://cdm.unfccc.int/UserManagement/
FileStorage/WGO08AMCZHLV3HEOXGQPLUBD3ZOJ99>;
2007.

[26] Miles Austin. San Carlos renewable energy project. UNFCCC,
<http://cdm.unfccc.int/UserManagement/FileStorage/
OZAQ1M2TWH3XDFB9UMYIJBKCOZ2C0J>; 2006.

http://countrystat.bas.gov.ph%3E%3B
http://countrystat.bas.gov.ph%3E%3B
http://dacnet.nic.in/rice/Downloads/Hand-Book.pdf%3E%3B
http://dacnet.nic.in/rice/Downloads/Handbook-of-Statistics-2007.pdf%3E%3B
http://dacnet.nic.in/rice/Downloads/Handbook-of-Statistics-2007.pdf%3E%3B
http://www.faorap-apcas.org/india/busdirectory/doc/Rice.xls%3E%3B
http://www.faorap-apcas.org/india/busdirectory/doc/Rice.xls%3E%3B
http://www.faorap-apcas.org/thailand/busdirectory/search_results.asp%3E%3B
http://www.faorap-apcas.org/thailand/busdirectory/search_results.asp%3E%3B
http://www.irri.org/science/ricestat/index.asp%3E%3B
http://maps.gov.in/%3E%3B
http://www.irri.org/%3E%3B
http://www.efe.or.th/download/Heating%20Value.pdf%3E%3B
http://www.trmiles.com/alkali/Alkali_Report.pdf%3E%3B
http://www.trmiles.com/alkali/Alkali_Report.pdf%3E%3B
http://www.ipcc.ch/pdf/assessment-report/ar4/wg1/ar4-wg1-chapter2.pdf%3E%3B
http://www.ipcc.ch/pdf/assessment-report/ar4/wg1/ar4-wg1-chapter2.pdf%3E%3B
http://cdm.unfccc.int/UserManagement/FileStorage/WGO08AMCZHLV3HEOXGQPLUBD3ZOJ99%3E%3B
http://cdm.unfccc.int/UserManagement/FileStorage/WGO08AMCZHLV3HEOXGQPLUBD3ZOJ99%3E%3B
http://cdm.unfccc.int/UserManagement/FileStorage/OZAQ1M2TWH3XDFB9UMYIJBKCOZ2C0J%3E%3B%3B
http://cdm.unfccc.int/UserManagement/FileStorage/OZAQ1M2TWH3XDFB9UMYIJBKCOZ2C0J%3E%3B%3B
http://cdm.unfccc.int/UserManagement/FileStorage/OZAQ1M2TWH3XDFB9UMYIJBKCOZ2C0J%3E%3B%3B

	Rice straw as a renewable energy source in India, Thailand, and the Philippines: Overall potential and limitations for energy contribution and greenhouse gas mitigation
	Introduction
	Methodology
	Estimation of rice straw produced
	Harvest practice of rice crop in the three countries
	India
	Thailand
	The Philippines

	Analysis of the current usage pattern of rice straw
	Lower Heating Value (LHV) of rice straw
	Amount of rice straw available for energy purposes
	Related GHG emissions

	Results
	For the case of India
	Seasonal variation along with the distribution of rice straw produced
	Spatial distribution of rice straw
	Current uses of rice straw
	Rice straw available for energy applications
	GHG emissions and climate change mitigation potential

	For the case of Thailand
	Seasonal variation along with the distribution of rice straw produced
	Spatial distribution of rice straw
	Current uses of rice straw
	Rice straw available for energy applications
	GHG emissions and climate change impact

	For the case of the Philippines
	Seasonal variation along with the distribution of rice straw produced
	Spatial distribution of rice straw
	Current uses of rice straw
	Rice straw available for energy applications
	GHG emissions and climate change impact


	Conclusions
	Acknowledgments
	References


