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Abstract

Breeding of rice varieties with low carbon dioxide equivalent (CO,¢e) emission is essential in reducing global
greenhouse gas (GHG) emissions. In this study, we compared the gross CO,e emission of two newly developed
green super rice (GSR) varieties with elite hybrids and nationally released farmer-cultivated varieties from
production to post-production in the dry and wet seasons in Laguna, Philippines. The average gross CO,e emission
was 17.9 tons CO,e ha™ or 2.98 tons CO,e ton™' rice (production 82%, post-production 18%). Contributing to this
total were soil emissions at 72%, the use of chemicals at 5%, burning of rice straw at 3%, cooking at 12%, and
transportation at 5%. The average social cost of carbon (SCC) per ton of rice was estimated at $119. Increasing
grain yield per unit area with shorter growth duration decreased CO,e emission of rice per unit of weight.
Cultivation of rice varieties GSR8 and GSR2 emitted 37.0% lower CO,e than the popular inbred varieties.

Keywords: carbon dioxide equivalent, carbon sequestration, soil emission, social cost of carbon, green super
rice

1. Introduction

Rice CO,e emission is defined as the total set of GHG emissions from a unit area (ha) of a rice field and is
calculated as carbon dioxide equivalent (CO,¢). These GHGs include carbon dioxide (CO;), methane (CH,), and
nitrous oxide (N,O). CO,e describes the potentials of a given GHG in contributing to global warming using the
functional equivalent amount or concentration of CO, as a reference.

By 2050, global cereal production requirements are expected to grow by 70.0%. Annual cereal production will
increase to 3 billion tons from 2.1 billion tons in 2009, all of which need to be produced with reduced resources
and without straining the environment (FAO, 2009) through the emission of greenhouse gases (GHG). In 2010,
agriculture contributed 8.5 Gt CO,e yr' of GHG emission (FAO, 2009, IPCC, 2007). The largest contributors to
agricultural emissions are enteric fermentation (38%), manure left on pasture (14%), synthetic fertilizer (13%),
biomass burning (11%), rice cultivation (9%), manure management systems (7%), organic soils (5%), crop
residues (3%), and manure applied to cropland (2%) (IPCC, 2007).

Rice production is often linked to 9% of the total GHG emissions in agriculture, which primarily occurs during
the long periods of flooding in lowland rice cropping systems (Berners-Lee, 2010; IPCC, 2007). Lowland rice
production emits the largest CO,e at 4.0 kg CO,e per kilogram of rice. This is roughly four times higher CO,e
than that from corn production, which is the next highest emitter (Berners-Lee, 2010). CH,4, which is released
during paddy rice production, makes up the principal component of the large CO,e emission of rice (Nalley et al.,
2011).
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CO, is emitted directly by applications of machines (from fuels and lubricants) and labor in both production and
post-production levels. Production level includes all agricultural activities such as the application of inputs
(seeds, chemicals, fertilizer) and irrigation, whereas post-production level includes transport, storage, drying,
milling, retailing, and cooking. The production of machines, buildings, and inputs emits CO, indirectly.

The lowland rice grown in flooded environments, the submerged parts of the plant, and the soil microorganisms
respire anaerobically, leading to CH, emission. In contrast, upland rice fields that are not flooded emit low
amounts of CHy, estimated at 2 g per kg of rice (Kagi et al., 2010). A single mid-season drainage reduces CHy
emissions from 149 to 102 million tons of C, bringing about a reduction of 138 million tons of CO,e (Wassmann
et al., 2010).

N,O emission increases after paddy fields are drained, especially in soils where higher amounts of nitrogen (N)
fertilizer are applied. The seasonal emissions of N,O under continuously flooded rice fields were estimated at
0.002 ton N,O ha™ in the wet season (WS) and 0.003 ton N,O ha™ in the dry season (DS) (Gaihre et al., 2014). A
single mid-season drainage generally tends to decrease CH, emissions up to 46.0% and increase N,O emissions
up to 3.4% compared to continuously flooded paddy fields (Wassmann et al., 2010).

Among the viable approaches to reduce GHG emission in rice production is the use of high-yielding rice varieties
that are more environment friendly as they require less inputs such as fertilizer, pesticides, and irrigation water,
thereby emitting lower amounts of GHGs and helping improve environmental sustainability. Newly developed
green super rice (GSR) varieties are resource use-efficient, especially on water and fertilizer, and they also possess
key survival traits such as tolerance for drought, salinity, and flooding. This makes it important to see the relative
performance of these GSR cultivars against high-yielding hybrid varieties and improved inbred rice varieties
(Marcaida et al., 2014).

The high-yielding and short-duration GSR varieties also possess tolerance for multiple biotic (blast, bacterial leaf
blight, and brown planthopper) and abiotic (less irrigation, drought, and low fertilizer inputs) stresses (Ali et al.,
2013). GSR2 and GSR& are drought-tolerant rice varieties (Marcaida et al., 2014; Ali et al., 2013) and are therefore
highly suitable for alternate wetting and drying conditions.

The estimated cost of the damages caused by each ton of CO,e emission released into the atmosphere is expressed
as the social cost of carbon (SCC). The US government has endorsed a ‘central’ estimate of $40 per ton of CO,
(Tollefson, 2015). The Philippines contributes a relatively smaller amount to the total global GHG emissions
(0.27%) as the total harvested area of rice production in 2013 was only 4.4 M ha. However, CO,¢ emission left by
rice crop cultivation has not been well documented especially in the Philippines (Mendoza et al., 2014).

This necessitates the development of rice varieties with lower CO,e emissions by directly increasing grain yield
per unit area, especially under aerobic conditions, with shorter crop duration. In this study, we tried to determine
the quantity of the CO,e emission for rice covering all operations and inputs from production to post-production as
well as to identify the CO,e emission “hot spots” and corresponding SCC. Also, the study aimed to determine the
CO,e emission of the newly bred GSR cultivars as compared to the CO,e emission of popular rice hybrid and elite
inbred rice varieties.

2. Materials and Methods
2.1 Data Collection

This study was conducted during the wet season (May to October) of 2014 and dry season (November to March)
of 2015 in seven different locations in the province of Laguna, Philippines. Four locations were in the town of
Sta. Maria, latitude 14°50'9"N longitude 121°43'29"E; two in the town of Majayjay, latitude 14°13'92"N
longitude 121°47'13"E; and one in the town of Famy, latitude 14°47'19"N longitude 121°48'51"E. These
locations were flood-free and the farmers had a good history of cooperation with the International Rice Research
Institute (IRRI). Interviews with 77 rice farmers, who mostly used conventional farming systems (Table 1), and
three rice millers at the different locations were undertaken to determine the CO,e emission for rice production
(from land preparation to selling unmilled rice) and post-production (from transportation to drying and milling to
cooking). The farmers were divided into two groups, GSR (those who planted the GSR variety seeds from IRRI)
and non-GSR (those who planted their own variety seeds). Table 1 shows the distribution of farmers who
participated in the study.
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Table 1. Distribution of farmers surveyed for the CO,e emission study in seven rice-growing villages in Laguna,
Philippines

Town Barangay Number of GSR farmers Number of non- GSR farmers
Sta. Maria Bagumbayan 5 5
Cambuja 10 8
Coralan 5 10
Talangka 2 5
‘Majayjay Munting Kawayan 8 4
Oobi 3 2
Famy Baltoe 6 4
“Total 39 < I

The study focused on the quantification of CO,e emission from the start of cultivation of two high-yielding,
short-duration, irrigated GSR varieties. GSR2 (IR83142-B-19-B) is a variety tolerant of drought and low input,
whereas GSR8 (GSR IR1-8-S6-S3-Y2) is a variety tolerant of multiple abiotic stresses such as drought, salinity,
and flooding. Both are suitable for acrobic soils (Ali et al., 2013). The CO,e emission of their cultivation were
compared with emission from the cultivation of three elite inbreds (PSBRC11, PSBRCI18, and PSBRC216) and
two hybrid rice cultivars (SL9 and SL7), which are normally planted by farmers. Both GSR cultivars were bred
at the International Rice Research Institute (IRRI). A completely randomized design was used for the
experimental plot layout for data on grain yield, growth duration (transplanting to harvesting), and CO,e
emission in 77 farmers’ fields in seven locations with three replicates per location in both the WS and DS. Each
replicate plot comprises a crop cut area of 1 m® (1 m x 1 m), which was selected randomly within the treatment
plot of a given variety. There was no cropping calendar offered and the farmers were free to use their own
cropping calendar.

The farmers were divided into two groups: GSR (those who planted the GSR varieties) and non-GSR (those who
planted their own varieties). The surveys were done during two different stages of the rice growth season: at 6
weeks (or 42 days) after transplanting and at harvest time. The CO,e emission at the production level included
the emissions from the production of inputs, the embedded energy of machines, labor, and diesel fuel and
lubricant. The final grain yield and total above-ground harvested biomass weight were obtained during harvest.
The CO,e emission at the post-production level included emissions from drying (sun drying/mechanical drying),
milling, hulling, storing, transporting, retailing, and cooking. It was estimated by taking the sum of all emissions
of labor, machinery, and diesel fuel in each and every operation. The energy conversion coefficient for rice
production (Table 2) was used to convert the collected data from the farmers’ survey into energy, expressed as
MCal, into liter diesel oil equivalent (LDOE) and into CO,e emission. The CO,e of CH4 and N,O emission was
estimated using methods described in previous studies carried out at IRRI (Gaihre et al., 2014), one of which
involved a field experiment conducted during the 2010 WS and 2011 DS under irrigated conditions.

Table 2. The energy coefficients used for rice production

Input Unit Energy MCal Reference

Labor Hour 0.58 Ozkan et al. (2004)
Machinery kg 15.7 Traas et al. (2012)
Diesel fuel Liter 11.4 Pimentel et al. (1980)
Gasoline Liter 10.14 Pimentel et al. (2008)
Electricity KWh 2.863 Pimentel et al. (1980)
Lubricant Liter 11.96 EIA (Energy Information Administration) (2013)
Fertilizer N kg 20.52 McLaughlin et al. (2000)
Fertilizer P kg 4.14 Pimentel et al. (2006)
Fertilizer K kg 3.26 Pimentel et al. (2006)
Seed kg 4.28 Pimentel et al. (2006)
Chemicals kg 100 Pimentel et al. (2006)
Dam Season ha™ 220 Taghavi et al. (2011)
Canal Season ha™! 258 Taghavi et al. (2011)
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2.2 Data Analysis

Analysis of variance (ANOVA) was carried out to test the significance across varieties in terms of grain yield,
growth duration (from transplanting to harvesting), and CO,e emission from production to post-production.
Tukey’s Honest Significant Difference test, on the other hand, was used for pairwise mean comparison. Both
tests uses a = 0.05 level of significance. All analyses were done using the Plant Breeding Tools (PBTools)
software integrated in R statistical programming language. The statistical analysis of CH4 and N,O emission was
estimated using previous studies carried out at IRRI during the 2010 WS and 2011 DS (Gaihre et al., 2014).

The net CO,e balance of rice production was estimated by taking the sum of the CO, emissions from: (1) rice
production to post-production, (2) CH4 and N,O gases, and (3) burning of rice straw, and then subtracting the
carbon sequestration.

The formula used in estimating the net CO, emissions are as follows (Equation 1):
COzene: = (COye P + COye Pp + COye S + COse Sb) — COze Se @)

Where, CO,ey,; (ton) = net CO,e emission of 1 ha unmilled rice; CO,e P (ton) = CO,e emission from 1 ha of rice
crop at production stage; CO,e Pp (ton) = CO,e emission from 1 ha of rice crop at post-production stage; CO,e S
(ton) = COye of soil CH4 and N,O emitted from 1 ha of rice crop; CO,e Sb (ton) = CO,e emitted from burning
the straw of 1 ha of rice crop; and CO,e Se (ton) = total amount of CO, sequestrated in 1 ha of rice crop.

The collected data for CO,e from rice production to post-production were converted into energy expressed as
MCal or conversion coefficient of energy (Table 2) and liter diesel oil equivalent (LDOE). The coefficient of
MCal to LDOE is (11.4)"". The CO,e emission was computed by multiplying the LDOE/unit input or operation
by 3.98 kg CO, LDOE™". The CO, emission from 1 L diesel oil in agriculture equals 3.94 kg CO, L™ and is the
sum of the direct (3.71 kg CO, L") and the indirect emissions (0.23 kg CO, L™") (IPCC, 2006).

2.2.1 CO,e Emission of Labor

The coefficient of labor works duration to energy was 0.58 MCal hr'. For the farmers’ survey, the total hours of
labor incurred for production and post-production of 1 ha rice (production: land preparation, seedling preparation,
planting, agronomic management operations, and harvesting, and) and (post-production: sun-drying, milling,
storing, transporting, retailing, and cooking) were estimated as follows (Equation 2):

hr % 0.58 x 3.98

COel= 11.4 x 1000 &)
Where, CO,e L (ton): = CO,e emission of labor; 4r =: Labor work duration in 1 ha rice field; 0.58 = coefficient
of labor to energy (MCal); 11.4 = coefficient of MCal to LDOE (li); 3.98 = coefficient of LDOE to CO,e (kg);
1,000 = coefficient of kilogram to ton.

2.2.2 CO,e Emission of Machinery

The embedded energy (for manufacture, maintenance, and repair) of powered machinery per kilogram weight of
machine is 15.7 MCal kg"'. The lifespan of machinery used in the estimate was 15 years (Traas, 2012). The
collected data for rice farm and post-production machinery included machine capacity, weight of machine, and
number of seasons per year.

The embedded energy of rice farm machinery for production and post-production of 1 ha rice per season was
estimated as follows (Equation 3):

W x15.7 % 3.98
LT *xS§x Cx11.4 %1000

CO.e M= 3)

Where, COe M (ton) = CO,e emission of machinery; W (kg) = weight of machines; LT (year) = lifespan of
machine; S = number of seasons per year; C = capacity of machine (area where machine was used); 15.7 =
coefficient of machinery to energy (MCal); 11.4 = coefficient of MCal to LDOE (li); 3.98 = coefficient of LDOE
to CO,e (kg); 1,000 = coefficient of kilogram to ton.

2.2.3 CO,e Emission of Fuel, Electricity, and Lubricant

Some cropping activities that included plowing, harrowing, threshing, and winnowing in production and milling,
transporting, and cooking at post-production required diesel fuel, lubricant, and electricity. The estimated LPG
consumption for cooking 1 ton of rice was about 86 kg (Anoopa et al., 2007) and the LPG energy value was
estimated at 11.01 MCal kg™'. The energy consumed for cooking 1 ton of milled rice was estimated at 946.9
MCal.
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2.2.4 CO,e Emission of Material Inputs

The energy coefficient for the production and manufacture per unit of input is given in Table 2. The energy value
of inputs such as fertilizer, seeds, and chemicals for 1 ha rice was computed by simply multiplying the weight of
each input to the corresponding energy coefficient.

2.2.5 CO,e Emission of Storage

Based on the minimum estimates of energy used for a low-rise flat building, the energy used for storage of
products at room temperature is estimated as 0.006 MCal M~ day™'. Building lifespan is estimated to be about 50
years (Hastoe Housing Association, 2010). The volume of 1.0 kg paddy is 1.6 liters and the volume of 1.0 kg
white rice is 1.1 liters (Rice Knowledge Bank, 2013). The energies used for the storage of 1 ton paddy and white
rice were calculated at 0.009 and 0.007 MCal t" day™, respectively.

2.2.6 Soil CO,e Emission

CH, and N,0 emissions were measured using the closed chamber technique. The gas samples were taken from
each chamber and were directly injected into the Gas Chromatograph with flame ionization detector (FID). The
emission rates of CHy and N,O were determined from the slope of the linear regression curves of CH,and N,O
concentrations against chamber closure time.

The average daily emissions of CH4 and N,O gases under continuously flooded rice fields were estimated at 4.08
kg CH, ha' d™"and 0.0175 kg N,O ha™ d”', respectively, in the WS and 5.58 CH, ha™ d" and 0.0275 kg N,O ha
d', respectively, in the DS (Gaihre et al., 2014). Single mid-season drainage generally tends to decrease CH,
emissions up to 46.0% and increase N,O emissions up to 3.4% as compared to continuously flooded paddy fields
(Wassmann et al., 2010).

The CO,e of CH4 and N,O over 100 years is 25 and 298 times that of CO,, respectively (Cummins, 2006). The
CO,e of CH4 and N,O emission from production of 1 ha rice was estimated using the following equation
(Equation 4):

_ (Wcn,) x GWP x D) + (Wn,0) ¥ GWP x D)
CO,eS= 1000 4)

Where, COe S (ton) = soil emission of 1 ha rice; Wcn, (kg) = weight of CH4 emitted from 1 ha rice per day;
W0y (kg) = weight of N,O emitted from 1 ha rice per day; GWP = global warming potential, CH4 = 25 and
N,O =298; D = number of days from transplanting to harvesting; 1,000 = coefficient of kilogram to ton.

2.4.7 CO,e Emission of Straw Burning

GHG emissions from rice straw burning were measured using a combustion stove that had a vertical chimney
that was connected to a chamber equipped with a fan to mix gases (Hossain & Park, 2012). The gas samples
were taken from the chamber and measured by directly injecting into the gas chromatograph with FID. The
emission factors (EF) of CH; and N,O per ton of dried burnt rice straw were estimated at 3 and 0.07 kg,
respectively (Chang et al. 2013). Only 90% of the straw was burned and 10% remained in the field (IPCC, 1997).
The CO,e of CH4 and N,O emission from the burning of 1 ha rice straw was determined by using the following
equation (Equation 5):

CO.e b= (EFcu,) x W x GWP x 0.91)04;55170\,20) x W x GWP % 0.9) )
Where, CO,e Sb (ton ha'l) = CO,e of CH, or N,O from straw burning of 1 ha rice; EFcp.or (v.:0) = €mission
factor of CH, or N,O (kg) from burning of 1 ton straw; W (ton ha™") = weight of straw that was burned (ton ha™);
GWP = global warming potential, CHy = 25 and N,O = 298; 0.9 = completely burnt straw; 1,000 = coefficient of
kilogram to ton.

2.4.8 Carbon Sequestration in the Rice Field

After harvest, the parts of the rice crop that are left in the field include (a) the dry root biomass, which is
estimated using the root/shoot ratio with a range of 0.05 to 0.08 (Gowda et al., 2012), and an average of 0.035
(Suralta, 2015; Gowda et al., 2012) multiplied to the total above-ground dry biomass; (b) straw left uncut, which
is calculated from the sampling of uncut straw per unit area (1 m”) expressed on a per hectare basis; and (c) 10%
of the straw that was not fully burned (IPCC, 1997). Total carbon sequestration in the rice field is determined by
using the following equation (Equation 6):

~ (Wr+ Ws)x 0.4%0.15% 3.7

COse Se = 1000 6)
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Where, CO,e Se (ton) is the total amount of CO, sequestrated in the soil as soil organic matter; W (kg ha™) is
the weight of root biomass = 0.035 x above-ground biomass; Ws (kg ha™) = weight of the rice straw left uncut
and unburnt after harvesting; 0.4 = carbon content of rice dried straw (moisture content was 14%); 0.15 =
humus-C part of soil organic matter after decomposition (Batjes, 1996); 3.7 = CO,/C conversion of the weight of
C to CO,.

2.5 Social Cost of Carbon (SCC)

The US government has endorsed a ‘central’ estimate cost of $40 per ton of CO, (Tollefson, 2015). Using this
toll on carbon, SCC was estimated by multiplying the carbon emitted by 1 ton rice to the cost of carbon at $40
(Equation 7).

SCC($) = CF x$40 (7

Where, SCC ($) = social costs of CO,e per ton of rice production to post-production; CO,e (ton) = CO, emission
from 1 ton rice production to post-production.

3. Results
3.1 Life Cycle Inventory (LCI)

The life cycle inventories of farmers in Laguna, Philippines were obtained from surveys in the 2014 WS and
2015 DS. The farmers mostly used conventional farming systems (Table 3). The rice cultivation in Laguna,
Philippines was limited to one cropping per season. The dry season was from early November to mid-December
and harvest was on March. The wet season started in May and June, and cultivation finished by the end of
October. Most of the farms were irrigated by canals and the farmer’s calendar was managed by the National
Irrigation Administration (NIA). Lowland rice production required a well-leveled field. Land preparation
includes plowing and harrowing (by small tiller) and leveling (by buffalo). In mountainous regions, farmers were
unable to use machines. During the dry season, water drainage occurred 3 to 4 times per season and some areas
suffered from water deficit. During the wet season, farms were flooded for a whole season and few of the farms
were affected by typhoon and submergence.

Urea and NPK were the most consumable fertilizer for Laguna rice farmers. About 3 to 4.4 liters of herbicide
and insecticide in 2 to 3 applications were consumed per hectare. Farmers applied more fertilizer, pesticide, and
seeds in the dry season than in the wet season (Table 3). Machinery use was limited to small machines such as
tiller, thresher (carried by jeep,) and a small blower. This increased labor requirements at different stages of
production to 581 hours per hectare.
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Table 3. Life cycle inventories (LCIs) of rice cropping per hectare during the 2014 wet and 2015 dry seasons

Unit Land preparation  Seedling preparation Planting Crop Management Harvest Total
Dry Season
Labor hr 118.3 54.7 82 85.2 24139  581.6
Machine Mcal/s 39 15.6 54.6
Fuel 1 194.6 324.7 519.3
Lubricant 1 15.07 9.6 8.55
Seed kg 553 55.3
Fertilizer N kg 114.6 114.6
Fertilizer P kg 20 20
Fertilizer K kg 17.9 17.9
Pesticide 1 44 4.4
Irrigation Mcal/s 148.5 148.5

Wet Season

Labor hr 118.3 54.7 82 85.2 24139  581.6
Machine Mcal/s 39 15.8 54.6
Fuel 1 194.6 324.7 519.3
Lubricant 1 15.07 9.6 24.6
Seed kg 53 53
Fertilizer N kg 97.2 97.2
Fertilizer P kg 15.5 15.5
Fertilizer K kg 11.6 11.6
Pesticide 1 3 3
Irrigation Mcal/s 148.5 148.5

3.2 CO;e Emission Sources

The average gross CO,e emission was estimated to be 17.9 tons CO,e ha™!, of which 14.6 tons COe ha™ is
emitted from rice production (82%) and 3.2 tons CO,e ha™ from post-production (18%). Contributing to this
total rice CO,e emission were soil emissions at 12.8 tons CO,e ha™ (72%), the use of fertilizers and pesticides at
0.9 ton CO,e ha (5%), burning of rice straw at 0.5 ton CO,e ha” (3%), cooking at 2.1 tons CO,e ha™ (12%),
and transportation at 0.95 ton CO,e ha™ (5%) (Figure 1).

Fertilizer and pesticide

5%
/ Others
—

2%
—— Straw burning
3%

Transportation

\\ 5%
Others

1%

Production Post-production

Figure 1. The components of CO,e emission sources per unit area (ha) from production to post-production
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3.3 Gross and Net CO,e Emission from Production to Post-Production

The net CO,e emissions were determined by subtracting the carbon sequestration from gross CO,e emissions.
The gross CO,e emissions of the varieties from rice production to post-production in the DS (20.60 tons CO, ha™
or 3.53 tons CO, ton™) and WS (15.11 tons CO, ha™ or 2.46 tons CO, ton™") were significantly different (p <
0.001) (Figure 2). Carbon sequestration was equivalent to 0.8 and 0.9 ton CO, ha in the DS and WS,
respectively.

The gross CO,e emissions of all the varieties at production level in the DS and WS were significantly different
(p < 0.001) and were estimated at 17.36 and 11.87 tons CO, ha™, respectively. The average of post-production
was 3.2 tons CO, ha™' of unmilled rice (Figure 2).

wet

dry

0 5 10 15 20 25
O Gross CO2e per unit area (ton'ha) from production to post production
O Gross CO2e per unit area (ton'ha) from production

O Gross CO2e per unit of Grain yield (ton/ton)

Figure 2. Relative gross CO, emission of rice under the wet and dry seasons from production to post-production

3.4 CO,e Emission at Crop Production Level

The CO,e emission of rice during the DS was 5.5 tons CO, ha™, 37% higher than in the WS. This was due to
more investments made by farmers in terms of inputs and late harvesting, which increased the CO,e emission of

cropping activities, and to higher temperature, which increased anaerobic respiration and CH4 emission (Figure
2).

The CO,e emissions of CH4 and N,O gases under continuously flooded rice fields were estimated at 102.0 kg
CH, ha'd"! and 5.2 kg N,O ha'd™, respectively, in the WS and 139.5 kg CHy ha'd!'and 8.2 kg N,O ha'd’,
respectively, in the DS (Gaihre et al., 2014).

Cropping activities in the DS and WS emitted 1.5 and 1.3 tons CO, ha™, respectively (Figures 3 and 4). The
group that emitted the highest CO,e, contributing 1.0-0.8 ton CO, ha™, was chemicals (fertilizers and pesticides).
Other contributors included fuel consumption of agricultural farm machines, laborers, the production and repair
of irrigation structures such as dams and canals, seeds, machinery, and lubricant (Figures 3 and 4).

The use of varieties possessing a combination of the key traits of early maturity and higher grain yield
production with drought tolerance could decrease CO,e emissions. Early maturity decreased soil CH4 and N,O
emissions per unit area (ha), production of higher grain yield decreased CO,e emission per unit of rice weight
(ton), and drought tolerance mitigates the effect of paddy field wetting and drying. The single mid-season
drainage system generally tends to decrease CH, emission up to 46.0% and increase N,O emission up to 3.4% as
compared to continuously flooded paddy fields (Wassmann et al., 2010).
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Gross CO,e of lharice production in dry season
17362 kg CO»e (100%)

B |
r T 1
Cropping Soil emission Straw burning
1449 kg COse (8.3%) 15409 kg COse (88.8%) 495.5kg COse (2.9%)
Labor -

- 11776 ke COme (0.67% CH, emission CH, emission
176 ke COx 067%) 14562kg COse (83.9%) 378.6kg COe(2.2%)

Machinary N,O emission N,O emission
13.81kg COe (0.08% 855kg COse (4.9%) 117 kg CO4e (0.7%)

Fuel and lubricant
132.3kgCO»e (0.76%)

Seeds
81.55kg CO»e (0.47%)

Fertilizer N
821.19kg COse (4.73%)

Fertilizer P
28.93kg CO»e (0.18%)

Fertilizer K
20.41kg COse (0.12%)

Pesticides
160.2kg COse (92%)

Irrigation
72.6 kg COse (0.45%)

Figure 3. Relative gross CO,e emission of production over 1 hectare rice field during dry season
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Gross CO,e of 1harice production in wet season
11873 kg CO»e (100%)

I |
I I 1
1950.0 g?gl:é; 10.5%) Soil emission Straw burning
T TE e - 10114 kg CO»e (85.18%) 509.0kg COse (4.3%)
| | Labor
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Figure 4. Relative gross CO,e emission of production over 1 hectare rice field during wet season

The CO, emission per unit area of yield clearly shows that both GSR2 (2.44 tons/ton) and GSR 8 (2.42 tons/ton)
produced a lower CO,e average than hybrids (SL9 and SL7) and inbreds (PSBRCI11, PSBRCI1S8, and
PSBRC216). GSR 2 was found to be significantly different than the hybrid by 0.74 ton/ton (p < 0.001) and
significantly different than the inbreds by 0.90 ton/ton (p < 0.001). GSR 8 was also found to be significantly
different from the hybrid by 0.76 ton/ton (p < 0.001) and significantly different than the inbred by 0.92 ton/ton (p
< 0.001). On the other hand, both GSR varieties were not significantly different in CO,e emission (p = 0.998).
Post-production data analysis shows that only GSR 8 and the inbred are significantly different (p < 0.030) in
terms of CO, emission at alpha = 5%. The variety GSR 2 had the lowest CO, emission with an average of 15.23
tons ha" among all the varieties, whereas the hybrids produced the highest, with an average of 19.46 tons ha™
from production to post-production. GSR 2 was also found to produce significantly different CO,e with an
absolute difference of 1.87 tons ha, 4.22 tons ha, and 1.52 tons ha™' from GSR 8 (p = 0.004), the hybrid (p <
0.001), and the inbred (p = 0.036), respectively. Figure 5 shows that majority of CO, emission were made during
production stage.
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Figure 5. Relative CO, emission of different rice cultivars per unit area from production to post-production

Note. Same letters indicate non-significant differences at 5% level of significance within each trait.

Like most farmers in the Philippines, the farmers in the study sites in Laguna harvest rice by cutting the mature
crop a few inches below the panicles. The harvested parts of the rice crop with panicles are separated from the
grains and are mostly burned after complete drying. The average weight of the harvested part of the rice straw,
which is often burned after threshing, is estimated at 6.2 tons ha™ (Table 4). Only 90.0% of the harvested straw is
completely burned (IPCC, 1997). Much of the remaining straw in the field is returned to the soil and relatively
only a little is used as animal feed. The general estimation for the CO,e of CH, and N,O emissions from burning
of one hectare of rice straw was 0.5 ton CO, ha™'.

Table 4. Mean CO,e emission (CO,e in kg ha'l) due to CH, and N,O emission of straw burning

Unit Balitoc Coralan Cambuja Talangka Munting Kawayan Bagumbayan Oobi Mean
Weight of straw Tonha' 4.18 5.44 4.89 7.89 8.17 3.7 9.35 6.23
10% unburnt Tonha'  0.42 0.54 0.489 0.79 0.82 0.37 0.94 0.62
90% burnt straw Tonha' 3.76 49 4.40 7.10 7.35 3.33 8.42 5.61
CH,emission kg ha'! 10.16 13.22 11.88 19.17 19.85 8.99 2272 15.14
N,O emission kg ha'! 0.26 0.34 0.31 0.50 0.51 0.23 0.59 0.39
CO; eq of CHy4 kg ha'! 253.94 33048  297.07 479.32 496.33 224.78 568 378.56
CO; eq of N,O kg ha™! 78.47 102.13 91.80 148.13 153.38 69.46 175.5 11699

Total COeq kgha'! 33241 43261 38887 62744 64971 20424 7436 49555

3.5 Yield

In this study, rice crop production in some locations in the DS was affected by water shortages and diseases like
tungro. Due to severe drought in some locations, farmers were not able to harvest any yields while some were
not able to plant at all. However, the average grain yield production in the WS (6.55 tons/ha) and DS (5.50
tons/ha) were not significantly different (p = 0.07).
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The grain yield evaluation of the different rice varieties (Table 5) during the WS and DS in Laguna showed
significant differences between GSRS8 and inbred varieties (p < 0.05). GSR8 produced the highest grain yield
with an average of 7.0 tons ha”. In contrast, the difference in average grain yield between GSR2 and hybrid
varieties at 6.3 and 6.1 tons ha™, respectively, was not significant. The minimum grain yields produced by inbred
varieties were estimated at 5.0 tons ha™.

The average grain yields of the two GSR cultivars planted in the mountainous areas of Barangay Oobi and
Munting Kawayan in the town of Majayjay were significantly different (p < 0.05) from the grain yields obtained
in other locations (Balitoc, Cambuja, Coralan, Talangka, and Bagumbayan). For the GSR cultivars, the average
yields in the mountainous areas (Oobi and Munting Kawayan) were estimated at 9.0 and 8.5 tons ha’,
respectively, for GSRS, and 7.0 and 8.6 tons ha™', respectively, for GSR2. Inbred varieties produced 50.0-60.0%
lower yield than GSR varieties. In these two barangays, both GSR varieties recorded higher yields in the WS
than in the DS. Hybrid varieties were not planted in Oobi and Munting Kawayan. The average yield of the GSR
cultivars showed no significant difference in all other locations (Balitoc, Cambuja, Coralan, Talangka, and
Bagumbayan).

Table 5. Mean grain yield (ton ha™) of GSR and non-GSR varieties at 7 different locations in Laguna,
Philippines during the dry and wet seasons

Entries/season Bagumbayan Cambuja Coralan Balitoc ~Munting kawayan Oobi  Talangka Mean
GSR$ DS (Tonha™) 5.75 NP 6.5 5.8 7.21 754 778 6.76
WS (Ton ha™) 6.75 6.66 6.2 6.23 9.73 1036 4.95 7.27
‘Average  AS  (Tonhal) 625 666 635 615 847 895 636 701a
GSR2 DS  (Ton ha™) NP NP NP 5.08 NP 593  5.01 5.34
WS (Ton ha™) 5.97 5.57 5.89 5.68 8.64 8.13 5.5 6.48
Average (Tonha') 597 557 589 538 864 703 525 6.25ab
Hybrid DS (Tonha™) 4.57 6.98 442 7.96 NP NP NP 5.98
WS (Ton ha™) NP 5.41 6.74 NP NP NP NP 6.08
‘Average  AS  (Tonha') 457 ¢ 62 ss8 796 - - - 6.12ab
Inbred DS  (Tonha™) NP 4.72 5.58 5.47 3.35 3.16 552 4.63
WS (Ton ha™) NP 6.69 NP NP 6.26 313 NP 5.36
‘Average  AS  (Tonha) 571 558 547 481 305 ss2 502b
Mean (Ton ha™) 5.60 6.04 5.85 6.24 7.31 6.38  5.71 6.10

Note. Same letters indicate no significant difference at 5% level of significance. DS = Dry Season; WS = Wet
Season; AS = Across Season; NP = Not Planted.

3.6 The CO,e Emission of Rice at Post-Production

The average CO,e emission of 1 ton unmilled rice at post-production (Table 6) in the WS and DS was estimated
at 0.53 ton CO, ton™ of rice. Based on milling recovery (59.0%), the average CO,e emission of 1 ton milled rice
at post-production level in the WS and DS was estimated at 0.8 ton CO, ton” of milled rice. Cooking and
transporting to retailer contributed 66.7% and 27.3%, respectively, to the total CO,e emission at post-production,
whereas drying, milling, storage, and retailing contributed 3.6%.

The CO,e emission of post-production from 1 hectare of rice was directly related to the average yield of each
variety, increasing as the yield increased (Figure 5). The highest CO,e emission of post-production, which was
produced by GSR8 (3.75 ton CO,e ha™") was significantly higher (p = 0.03) than that by the inbred varieties (2.7
ton CO,e ha™). Between GSR2 (3.31 ton CO,e ha') and the hybrid varieties (3.24 ton CO,e ha™), CO,e
emissions were not significantly different (p = 0.998) and were comparable to GSR8 (p = 0.581) (Figure 5).
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Table 6. Mean CO,e emission of 1 ton of rice under post-production chain across wet and dry seasons

Transport to miller Sun drying Milling Storage Transport to retailer Retailer Cooking Total

kg CO, ton™
Labor 0.681 3.642 2337  0.537  0.402 4.566 201.47  213.636
Machinery 0.128 1.65 0.076 0.0025  1.856
Storage 0.503  0.205 0.0045 0.713
Fuel 17.533 15.186 216 32891  577.63
Lubricant 0.706 0.281 0.417 1.405
Total 1905 364 1996 074 21690 457 53038 79524
% 24% 0.46% 251%  0.09% 273%  57%  667%

Note. CO,e emission of transportation to retailer was estimated at 1.8 kg CO, ton” km™ with the rice mill
situated at a total distance of 120 km.

3.7 Social Cost of Carbon

In this study, SCC was estimated at $40 t' of CO,. In 1 ha of rice production in Laguna, where the average gross
emission was estimated at 17.85 tons CO,e, the SCC per hectare of rice field was estimated at $714.

The average SCC per ton of rice was estimated at $119. The SCC per ton of GSRS, GSR2, hybrid varieties (SL9
and SL7), and inbred varieties (PSBRC11, PSBRC18, and PSBRC216) were estimated at $96, $96, $128, and
$132 per ton, respectively. The two GSR varieties recorded the lowest SCC per ton of rice weight, with GSR8
giving an impressive lowest SCC with almost over 37% reduction as compared to the elite inbred rice varieties.

4. Discussion
4.1 Low CO,e Emission Varieties

The average CO,e emission in the production level of rice was equivalent to 82% (14.6 tons CO, ha™) of the
total rice CO,e emission from production to post-production. To decrease the CO,e emission per unit of rice
grain yield, farmers can use varieties with higher grain yield production per unit area. As shown in this study,
GSRS produced a significantly higher grain yield (7.0 tons ha™) than the other inbred varieties (5.0 tons ha™), at
the same time producing the lowest CO,e emission per ton of rice production. Farmers can also use varieties
with shorter growth duration as shown by GSR2, which was given significantly (p < 0.05) the shortest growth
duration in an average of 13.1 weeks (Figure 5). The CO,e emission at production level of GSR2 (11.9 ton CO,e
ha™') was significantly (p < 0.05) lower than that of GSR8 (13.4 ton COse ha™), inbred (14.1 ton CO,e ha™), and
hybrid varieties (16.2 ton CO,e ha) (Figure 5). GSR8 planted in the mountainous area (town of Majayjay)
produced 1.5-2.0 tons ha™ higher yield than its average yield in other locations (Table 5). The combination of the
two traits of early maturity and high yield production is the key to significantly decrease rice CO,e emission. The
yield production of GSR2 (6.3 tons ha™) was not significantly different from that of GSRS (7.0 tons ha™) (Figure
5) but, in terms of growth duration, GSR2 was one week shorter than GSR8. Another approach to drastically
decrease GHG emissions per unit of rice grain yield is to practice the alternate wetting and drying of paddy soils;
but this is largely more applicable to drought-tolerant and aerobic rice varieties. GSR2 and GSRS8 are
drought-tolerant rice cultivars (Marcaida et al., 2014; Ali et al., 2013) and are therefore highly suitable for
alternate wetting and drying conditions.

4.2 Soil CO,e Emission

The CO,e of CH,4 emissions from saturated soil accounted for 81-84% of the CO,e emission of rice at production
level (Figures 3 and 4). The challenge is how to reduce CH, emissions, especially in flooded paddy soils. Single
mid-season drainage in flooded paddy soils generally tends to decrease CH, emission up to 46.0% (Wassmann et
al., 2010). Interestingly, in this study, farmers in Barangay Talangka in the town of Sta. Maria were experiencing
severe water shortage, which led to several rounds of mid-season drainage. Drought-tolerant rice varieties, such
as GSR2 and GSR8, were able to persist in this condition (Ali et al., 2013).

The CO,e emission of N,O was estimated to be about 4-5% of the total CO,e emission at production level.
Approximately 1-5% of the nitrogen content of N fertilizer is released as N,O (Berners-Lee, 2010). Under
continuously flooded rice field conditions, the low concentration of oxygen in the soil tends to decrease N,O
emission. The peak emissions were observed after final drainage, when the concentration of oxygen in the soil
increased (Gaihre et al., 2014). Gaihre et al. (2014) reported that the consumption of 80 and 120 kg nitrogen
content of N fertilizer in the WS and DS, respectively, emitted 2.1 and 3.3 kg N,O per hectare or 1.3 and 2.1 kg
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N per hectare. Furthermore, they found that the average N,O emission from rice fields was estimated at 1.7% of
the consumed nitrogen content of N fertilizer. However, single mid-season drainage generally tends to increase
N,O emission up to 3.4% (Wassmann et al., 2010).

Development and use of early-maturing rice varieties decreased the CO,e emission per unit area at production
level (Figure 5). The average growth duration from transplanting to harvesting was 13.1 weeks for GSR2 and 14
weeks for GSR8. For inbred and hybrid varieties, an average duration of 14.2 and 15.4 weeks was observed.

4.3 Straw Burning and Straw Anaerobic Decomposition

In the Philippines, the present farming practice involves the burning of about 60-70% of the rice straw after
threshing. Some farmers also do not cut the rice straw properly, thereby leaving about 30-40% of the straw in the
field. This rice straw biomass gets incorporated into the soil during the following cropping season, resulting in an
increase in anaerobic decomposition and emission of CHy.

Some scientists believe that the CO, released during straw burning will be reabsorbed by photosynthesis in the
next cropping season and does not actually account for rice CO,e emission (Bockel & Tinlot, 2012). Their
studies have mostly focused on the CO, taken up, which is returned to the atmosphere in the form of CH, and
N,O. The CH4and N,O emission from burning of straw contributes 0.38 and 0.12 ton CO,e ha’l, respectively
(Table 4).

The mitigation strategy is to cut the straw as close to the ground level as possible and to gather the straw after
threshing. The gathered straw can be used as a fiber source or as particleboard. Straw particleboards have broad
applications owing to their rigidness, strength, and lower costs compared to plywood (Jeon et al., 2011). Paper
can also be successfully manufactured from cereal straw. Numerous private enterprises for straw and pulp are
now established worldwide. In fact, one of the more successful Philippine handmade rice straw paper
manufacturers is in Los Bafios, Laguna (IRRI, 2008).

Given these potentials, local governments and agricultural agencies should implement local ordinances and farm
policies that strictly prohibit rice straw burning. Burning could be allowed, but only for special purposes such as
for effective pest and disease control. A practice that may potentially mitigate GHG emissions is straw removal
through baling, which could reduce GHG emissions to as much as 30% (Garnache et al., 2011). The treatment of
rice straw as feedstock for heifer or cattle and spreading of decomposed manure in the same paddy where they
were harvested maintains the soil fertility balance while reducing CH4 emission. Rice straw is rich in
polysaccharides and has a high lignin and silica content but it is poor in protein. To improve the protein content
of rice straw, chemical and biological treatments can be used. Urea or NHj; is an example of a chemical treatment,
which currently seems to be more practical for on-farm use. Ligninolytic fungi (white-rot fungi), with their
extracellular ligninolytic enzymes, are used as a biological treatment for rice straw (Sarnklong et al., 2010).

4.4 Chemical and Fertilizer Requirements

Consumption of pesticides and fertilizers contributed 6% to 7% of the total CO,e emission at production level
(Figures 3 and 4). The development of cultivars with resistance to biotic stresses (pest and disease) and have a
low requirement for fertilizers has been seen to decrease the CO,e emission of cropping. Interestingly, the
high-yielding and short-duration GSR varieties also possess tolerance for multiple biotic (blast, bacterial leaf
blight, and brown planthopper) and abiotic (less irrigation, drought, and lower fertilizer inputs) stresses (Ali et al.,
2013). This also makes the GSR varieties adaptable to organic farming, where chemical fertilizers and pesticides
are not used at all. However, to maximise the grain yield of any variety, it is always recommended to follow
site-specific nutrient management.

4.5 Post-Production Emissions

The average CO,e emission at post-production level of rice was equivalent to 18% (3.2 tons CO, ha™) of the
total rice CO,e emission from production to post-production. Cooking and transporting of rice to retailer
contributed 66.7% and 27.3% of the total CO,e emission at post-production level, respectively.

4.6 Social Cost of Carbon

The average SCC per ton of rice was estimated at $119. The SCC rates per ton of GSR8, GSR2, hybrid varieties
(SL9 and SL7), and inbred varieties (RC11, RC18 and RC216) were estimated at $96, $96, $128, and $132 per
ton, respectively. This clearly shows that the CO,e emission of the newly released GSR cultivars, GSRS and
GSR2, were the lowest among the seven varieties studied. However, data on SCC on a per day basis could be
effective in understanding the importance of early duration, high-yielding, and drought-tolerant rice cultivars in
the current environmental conditions. Drought-tolerant rice varieties need to perform exceedingly well under
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both irrigated and drought conditions (Man et al., 2014) as several rounds of mid-season drainage could be
possible without losing grain yield while drastically reducing CH4 emissions from flooded paddy fields. This
could further reduce the SCC and provide the basis for developing future rice varieties with low CO,e emission.

5. Conclusions

The mean of the gross CO,e emission of rice per unit area in the dry and wet seasons from production to
post-production was estimated at 17.9 tons CO, ha or 2.98 tons CO, ton™ of rice. The contributors to this total
are as follows: soil emission (72%), the use of fertilizers and pesticides (5%), burning of rice straw (3%), and
post-production (18%).

Using early-maturing varieties and increasing the yield production per unit area are the key factors to decrease
the CO,e emission per unit of rice weight. The CO,e emission per unit grain yield from GSR8 and GSR2 was
37.0%, which was significantly lower than that from the popular inbred varieties. GSR8 gave the highest grain
yield production and emitted 5.0-37.0% lesser CO,e emission per unit of rice weight than other cultivars. The
grain yield production of GSR2 and hybrid varieties (SL9 and SL7) was not significantly different. However,
due to its early maturity trait, the CO,e emission of GSR2 was 33.0% lower than that of the hybrid varieties. The
inbred varieties produced lower yields but also produced the highest CO,e emission per unit of rice weight.

The average social cost of carbon (SCC) per ton of rice was estimated at $119. The SCC decreased in varieties
with lower CO,e emissions. In this study, GSR varieties with higher grain yield and shorter growth duration had
the lowest CO,e emission, that is, the SCC in GSR8 and GSR2 was 37.5% less than the SCC of the elite inbred
varieties tested. Deployment of low CO,e emission varieties such as GSR 8 (NSIC Rc 480) and GSR 2 (NSIC
Rc 434) on a large scale could be highly beneficial in reducing the impact of climate change, but this needs to be
augmented with proper crop management techniques such as alternate wetting and drying.
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