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Abstract: In Japan, greenhouse gas emissions from rice production, especially CH4 emissions
in rice paddy fields, are the primary contributors to global warming from agriculture. When
prolonged midseason drainage for mitigating CH4 emissions from rice paddy fields is practiced
with environmentally friendly rice production based on reduced use of synthetic pesticides and
chemical fertilizers, Japanese rice farmers can receive an agri-environmental direct payment. This
paper examines the economic and environmental effects of the agri-environmental direct payment on
the adoption of a measure to mitigate global warming in Japanese rice farms using a combined
application of linear programming and life cycle assessment at the farm scale. Eco-efficiency,
which is defined as net farm income divided by global warming potential, is used as an integrated
indicator for assessing the economic and environmental feasibilities. The results show that under
the current direct payment level, the prolonged midseason drainage technique does not improve
the eco-efficiency of Japanese rice farms because the practice of this technique in environmentally
friendly rice production causes large economic disadvantages in exchange for small environmental
advantages. The direct payment rates for agri-environmental measures should be determined based
on the condition that environmentally friendly agricultural practices improve eco-efficiency compared
with conventional agriculture.

Keywords: optimization model; global warming; linear programming; life cycle assessment;
eco-efficiency; rice

1. Introduction

Agri-environmental payments are one of the few politically sustainable forms of government
support to agriculture [1]. They encourage management practices that benefit the environment, and
provide economic incentives for the adoption of eco-efficient systems to farmers [2,3]. In European
countries, since the 1980s, the management of landscapes, biodiversity, natural resources, the soil,
and genetic diversity have been supported by agri-environment schemes [2]. In Japan, although
agri-environmental payments have primarily been used to improve water pollution, they have recently
been used for global warming mitigation as part of the environmental targets [4,5].

The increased atmospheric concentrations of greenhouse gases (GHGs) caused by human activities
have contributed to global warming [6]. In agricultural production, fossil fuel combustion, enteric
fermentation, manure management, flooded paddy fields, nitrogen inputs in the soil, etc., are emission
sources of CO2, CH4, and N2O [7]. Of these GHGs, CH4 has a greater impact on global warming
than CO2 and is the second largest driver of radiative forcing, which is a measure of the net change
in the energy balance of the Earth system in response to some external perturbation [6]. One of the
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dominant anthropogenic sources of CH4 is rice cultivation [6]. In Asian countries, where rice is a staple
food, CH4 emissions from rice paddy fields are a significant component of total GHG emissions from
agriculture [8]. In Japan, CH4 emitted from rice paddy fields is the third largest contributor (23%) to
global warming from the agricultural sector [7], and, thus, its reduction will mitigate GHG emissions
from agriculture.

There are several effective strategies for reducing CH4 emissions from rice paddy fields, such as
altering water management, applying soil amendments, and improving organic matter management [9].
Of these, prolonged midseason drainage, which is supported by the Japanese agri-environmental
payment program, is one of several simple and feasible management strategies for mitigating CH4

emissions from rice paddy fields [4,10]. However, because both reductions of CH4 emissions and
rice yields come from prolonging midseason drainage [9,10], both the environmental and economic
feasibility should be considered when assessing this technique.

To determine the trade-off between the economic and environmental feasibilities of adopting
environmental measures and/or evaluate the economic and environmental impacts of policy changes,
previous studies have applied optimization models at the farm scale to rice farms [11,12], arable
farms [13,14], arable and livestock farms [15,16], and dairy farms [17–20]. Of these, Glithero et al. [13],
Nakashima [14], and Van Calker et al. [19] evaluated GHG emissions as an ecological indicator;
however, their analyses did not include rice paddy fields, which are an important source of CH4

emissions. On the other hand, in Chono et al. [11] and Senthilkumar et al. [12], only nitrogen was taken
into account as a pollutant emitted from rice paddy fields. Consequently, previous studies have not
addressed the problems of adopting mitigation measures to global warming in rice farms.

This paper examines the economic and environmental effects of agri-environmental direct
payments on mitigating global warming in Japanese rice farms. Three primary GHGs (CO2, CH4,
and N2O) emitted from Japanese rice farms, which might cultivate not only rice but also wheat and
soybeans under the rice production adjustment program [21], were taken into account as contributing
to global warming. A prolonged midseason drainage technique was selected as a measure to mitigate
global warming, because it primarily reduces CH4 emissions in rice paddy fields. The economic,
environmental, and integrated feasibilities of prolonging midseason drainage are assessed using net
farm income, global warming impact, and eco-efficiency (net farm income per unit of global warming
impact), respectively.

Two research questions are addressed in the paper. The first is whether Japanese rice farms have
some advantages in producing environmentally friendly rice under the current conditions. The second
is how Japanese rice farms are affected when the direct payment for environmentally friendly rice
production is increased gradually.

The paper is structured as follows. Section 2 describes the materials and methods for building an
optimization model and assessing GHG emissions. Section 3 presents the results of net farm income,
global warming impact, and eco-efficiency, followed by discussion in Section 4 of our findings in
relation to the two research questions. Section 5 provides concluding remarks.

2. Materials and Methods

2.1. Agri-Environmental Direct Payment Program in Japan

The direct payment program for environmentally friendly agriculture in Japan, which was
started in 2011, aims to support farming practices for global warming mitigation and biodiversity
conservation [4]. Supported farmers can receive 30,000–80,000 yen per ha when they select any one
of cover cropping, manure application, or local special practices with crop production based on
reduced use of synthetic pesticides and chemical fertilizers, and use of organic agriculture [4,22]. They
primarily cultivate crops based on reduced use of synthetic pesticides and chemical fertilizers, defined
as reductions in the frequency of synthetic pesticide application and in chemical nitrogen fertilizer
inputs to less than 50% of the levels seen in conventional agriculture [4]. The supported land area for
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the practices associated with reduced use of synthetic pesticides and chemical fertilizers covers 74% of
the total area (51,114 ha) supported by this program [23].

In the Shiga region, which is located near Kyoto and includes Lake Biwa, the largest lake in
Japan, the prefecture’s direct payment subsidies for environmentally friendly agriculture based on
reduced use of synthetic pesticides and chemical fertilizers have been paid to farmers since 2004,
which is earlier than for the rest of Japan [5]. The Shiga region has the largest supported area (8639 ha)
for the practices associated with reduced use of synthetic pesticides and chemical fertilizers in the
present program [23], of which approximately 90% is used for rice production [24]. The local special
practice with reduced use of synthetic pesticides and chemical fertilizers that includes integrated pest
management, mechanical weeding at paddy field dikes, and prolonged midseason drainage with
cutting furrows covers 7049 ha [24], and its direct payment per hectare is 40,000 yen [22]. In this paper,
this practice was selected as a prolonged midseason drainage technique to be assessed.

2.2. Farm Modeling

Previous studies have undertaken farm modeling based on combination of existing
literature [11,13,14,17–19], existing models [15,16,20], or farm surveys [12]. In this paper, a combination
of existing literature, especially farm management handbooks, was used for farm modeling [14]. Data
on crop production activities, land use activities, and labor inputs were collected as fundamental
information required for farm modeling [13,14,17–19].

Table 1 presents an overview of the modeled farm. To generate enough net farm income,
the modeled farm had 27 ha. The planted crops were rice produced conventionally or using
environmentally friendly principles and wheat and soybeans produced conventionally under the rice
production adjustment program. Continuous rice cultivation and a two-year rice–wheat–soybean
rotation were taken into account in the cropping patterns. The labor force was comprised of two
family members in addition to the minimum number of temporary workers for mechanical weeding at
paddy field dikes to avoid labor shortages. Although most agricultural operations in the modeled farm
were performed by family and temporary workers, several operations were entrusted to agricultural
contractors. When addressing the two research questions dealt with in this paper, comparisons were
made between the modeled farm with conventional rice production (CR farm) and the modeled farm
with environmentally friendly rice production (EFR farm).

Table 1. Overview of the modeled farm 1.

Item Characteristics

Farmland area 27 ha (1 ha privately owned; 26 ha leased)

Planted crops CR or EFR (VEV, EV, MV, and LV)
CW (MV) and CS (MV and LV) under the rice production adjustment program

Cropping patterns Continuous rice cultivation every year
Rice–wheat–soybean rotation every two years

Labor force
Two family members
Minimum number of temporary workers for mechanical weeding at paddy field
dikes in early June, early July, late July, mid-August, and late September

Entrusted operations

Chemical control of pests and diseases in CR production
Chemical pest control in EFR production
Chemical disease control in CW production
Grain drying in CW and CS production

CR = conventional rice, EFR = environmentally friendly rice, CW = conventional wheat, CS = conventional
soybeans, VEV = very early variety, EV = early variety, MV = medium variety, and LV = late variety; 1 The
modeled farm was built using the farm management handbook [21] and modified after personal communication
with Shiga Prefecture [24]. Because the cultivation protocols for conventional rice were not included in Shiga
Prefecture [21], they were developed by modifying those of environmentally friendly rice by reference to the
old protocols [25].
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As noted, environmentally friendly rice production with reduced use of synthetic pesticides and
chemical fertilizers was based on the local special practice including integrated pest management,
mechanical weeding at paddy field dikes, and prolonged midseason drainage with cutting furrows.
There were differences in pesticide application, fertilizer use, and water management between
conventional and environmentally friendly rice production (Table 2). Prolonged midseason drainage
performed in environmentally friendly rice production contributes to mitigating CH4 emissions in
paddy fields, which occur under anaerobic conditions by the action of microbes [7,10].

Table 2. Differences in operations between conventional and environmentally friendly rice production 1.

CR EFR

Pesticide application

Chemical seed disinfection
Fungicide injection into nursery
soil at seeding
Herbicide application soon
after transplanting
Two chemical pest and disease
control treatments

Hot water disinfection for seeds
Use of fungicide and insecticide
mixtures in nursery boxes
Herbicide application at the time
of transplanting
One chemical pest
control treatment

Fertilization Chemical fertilizers
Soil amendments

Organic-inorganic
compound fertilizers
Soil amendments

Period of midseason drainage 2 7 days 14 days

CR = conventional rice and EFR = environmentally friendly rice; 1 [21,22,25,26]; 2 Labor inputs for prolonged
midseason drainage were deemed the same as those for conventional midseason drainage because differences
between them in water management operations such as patrols for water monitoring were very small [22,26].

2.3. Linear Programming Model

The farm-scale optimization model used in this paper has the form of a standard linear
programming model. When farmers behave to maximize net farm income under the constraints
for land use activities and labor inputs, the problem for the modeled farm is expressed as

maximize NFI “
11
ÿ
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where NFI is the net farm income (million yen); ai is the ith crop income (million yen per ha); xi
is the ith crop-planted area (ha); yj is the jth input of temporary workers (hours); hk is the family
labor input in the kth term (hours); bik is the labor input required for the ith crop in the kth term
(hours per ha); and zk is the input of temporary workers in the kth term (hours). The subscript
i refers to planted crops: very early-, early-, medium-, and late-maturing rice varieties produced
conventionally (i = 1, 2, 3, 4, respectively); very early-, early-, medium-, and late-maturing rice varieties
produced on environmentally friendly principles (i = 5, 6, 7, 8, respectively); a medium-maturing
wheat variety produced conventionally (i = 9); and medium- and late-maturing soybean varieties
produced conventionally (i = 10, 11, respectively). In the subscript j, the inputs of temporary workers
in early June, early July, late July, mid-August, and late September are numbered, respectively, from
one to five. Because every month was divided into three (early, middle, late) terms, Equation (8) is
comprised of 36 functions (k = 1, . . . , 36).

To calculate net farm income in Equation (1), the payments to temporary workers, fixed and
common costs, and deduction of the direct payment for rice production are subtracted from the total
crop income. The crop income coefficients (ai) are shown in Table 3. The hourly wage of temporary
workers as the coefficient of yj was 1000 yen [21]. The fixed and common costs and deduction of the
direct payment for rice production were 16.55 million yen [21] and 7500 yen [27], respectively.

Equations (2)–(7) indicate the constraints for land use activities. Because the growing season of rice
(April–September) overlaps with that of either wheat (October–June) or soybeans (June–November),
the total planted area of rice and wheat or soybeans is 27 ha or less (Equations (2) and (3)) [21]. The
cropping patterns adopted are continuous rice cultivation and/or a two-year rice–wheat–soybean
rotation. When a two-year rice–wheat–soybean rotation is selected, wheat is planted after harvesting
rice, and soybeans are cultivated following wheat harvesting [21]. Thus, the wheat-planted area
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cannot exceed the rice-planted area (Equation (4)), and the soybean-planted area cannot exceed the
wheat-planted area (Equation (5)). However, a medium-maturing soybean variety can be planted in
up to 70% of wheat-cultivated land, which is harvested in mid-June when the first field operation (soil
amendment application) for a medium-maturing soybean variety is performed (Equation (6)) [21].
The planted area for rice cannot exceed two-thirds of total farmland because of the rice production
adjustment program (Equation (7)) [21].

Table 3. Yields and crop income coefficients (t per ha; million yen per ha).

CR EFR CW CS

VEV EV MV LV VEV EV MV LV MV MV LV

Yield 1 5.1 5.4 5.7 5.1 4.6 4.9 5.2 4.6 3.6 2.0 2.0
Gross income 2 0.95 1.10 1.07 0.95 0.92 1.06 1.04 0.92 0.04 0.18 0.18

Subsidy 3 0.075 0.075 0.075 0.075 0.115 0.115 0.115 0.115 0.796 0.539 0.539
Production cost 4 0.31 0.32 0.31 0.31 0.37 0.37 0.37 0.36 0.32 0.27 0.27

Crop income 5 0.71 0.86 0.84 0.72 0.67 0.81 0.79 0.67 0.52 0.44 0.44

CR = conventional rice, EFR = environmentally friendly rice, CW = conventional wheat, CS = conventional
soybeans, VEV = very early variety, EV = early variety, MV = medium variety, and LV = late variety; 1 It was
assumed that the yields of conventional rice with normal midseason drainage were 106.0% [28] and yields of
environmentally friendly rice with prolonged midseason drainage were 96.2% [10] of those of environmentally
friendly rice with normal midseason drainage [21]. Conventional wheat and soybean yields were derived from
Shiga Prefecture [21]; 2 Gross income for each crop was calculated by multiplying the yield by the unit price.
The unit prices for conventional rice, environmentally friendly rice, conventional wheat, and conventional
soybeans were 188–203, 200–217, 12.2, and 87.8–88.7 yen per kg, respectively [21,28]; 3 The income stabilization
program for farmers and the direct payment program for environmentally friendly agriculture were taken into
account in the subsidies [22,24,27]; 4 [21,25,29]; 5 Crop income = Gross income + Subsidy ´ Production cost.

Equations (8)–(14) represent the constraints for labor inputs. Table 4 shows the labor input
coefficients (bik) in Equation (8). Because the amount of available labor is 59.5 h per week per family
worker [21], in Equation (8), the available labor inputs (hk) of the two family workers are 158.7 h in
each term of February, 170.0 h in that of a month with 30 days, and 175.7 h in that of a month with
31 days. The total minimum working hours of the temporary labor force in mechanical weeding at
paddy field dikes do not exceed 79 h (Equation (9)), which enables the modeled farm to cultivate
27 ha. The minimum temporary labor force of the CR and EFR farms is the same because there are
no differences in the labor input coefficients between conventional and environmentally friendly rice
production when performing mechanical weeding at paddy field dikes. The labor input coefficient of
mechanical weeding at paddy field dikes is five hours per ha [21,24]. Temporary workers can engage
in only mechanical weeding operations (Equations (10)–(14)) [21].

Table 4. Labor input coefficients (hours per ha) 1.

CR EFR CW CS

VEV EV MV LV VEV EV MV LV MV MV LV

January
Early 0 0 0 0 0 0 0 0 1.6 0 0

Middle 0 0 0 0 0 0 0 0 0 0 0
Late 0 0 0 0 0 0 0 0 0 0 0

February
Early 0 0 0 0 0 0 0 0 0 0 0

Middle 0 0 0 0 0 0 0 0 0 0 0
Late 0 0 0 0 0 0 0 0 0 0 0

March
Early 0 0 0 0 0 0 0 0 1.6 0 0

Middle 0 0 0 0 0 0 0 0 0 0 0
Late 4.4 1.5 2.5 2.5 5.3 1.5 3.4 3.4 0 0 0

April
Early 6.5 2.7 8.3 8.3 6.5 3.6 8.3 8.3 0 0 0

Middle 5.8 7.6 5.7 5.7 5.8 7.6 5.7 5.7 0 0 0
Late 17.6 9.6 6.9 5.3 17.6 9.6 6.9 5.3 0 0 0

May
Early 5.6 4.7 14.8 16.5 4.0 4.7 14.8 16.5 1.6 0 0

Middle 3.0 9.8 4.6 4.6 3.0 9.0 3.0 3.0 0 0 0
Late 4.0 10.8 4.0 4.0 4.0 10.0 4.0 4.0 0 0 0
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Table 4. Cont.

CR EFR CW CS

VEV EV MV LV VEV EV MV LV MV MV LV

June
Early 11.3 11.3 10.5 10.5 11.3 11.3 10.5 10.5 5.0 0 0

Middle 0 0 4.8 4.8 0 0 4.8 4.8 4.6 2.3 0
Late 4.6 3.0 0 0 4.6 3.0 0 0 2.0 11.1 1.3

July
Early 8.0 9.6 8.0 8.0 8.0 9.6 8.0 8.0 0 0 12.1

Middle 3.0 3.0 4.6 3.0 3.0 3.0 4.6 3.0 0 2.6 0
Late 8.0 8.0 8.0 9.6 8.0 8.0 8.0 9.6 0 7.6 7.6

August
Early 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 0 0 2.6

Middle 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 0 1.9 1.9
Late 21.3 8.6 3.0 3.0 21.3 8.6 3.0 3.0 0 0 0

September
Early 0 10.6 3.0 3.0 0 10.6 3.0 3.0 0 1.9 1.9

Middle 0 5.1 11.2 3.0 0 5.1 11.2 3.0 0 1.9 0
Late 0 0 10.1 15.2 0 0 10.1 15.2 0 5.0 6.9

October
Early 0 0 0 6.1 0 0 0 6.1 8.9 0 0

Middle 0 0 0 0 0 0 0 0 6.4 0 0
Late 0 0 0 0 0 0 0 0 8.1 4.0 0

November
Early 0 0 0 0 0 0 0 0 8.1 5.0 0

Middle 0 0 0 0 0 0 0 0 0 0 0
Late 0 0 0 0 0 0 0 0 0 0 9.1

December
Early 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 0 0 0

Middle 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 0 0 0
Late 0 0 0 0 0 0 0 0 0 0 0

CR = conventional rice, EFR = environmentally friendly rice, CW = conventional wheat, CS = conventional
soybeans, VEV = very early variety, EV = early variety, MV = medium variety, and LV = late variety;
1 Labor input coefficients were calculated by summing the working hours of operations performed in each
term [21,24,25].

Equations (15) and (16) are the nonnegativity constraints of the variables. The optimization model
was solved using XLP Version 2.47 [30]. When solving the linear programming problems, the variables
of environmentally friendly rice production were not taken into account in the CR farm, and those of
conventional rice production were excluded in the EFR farm.

2.4. Life Cycle Assessment

Life cycle assessment (LCA) can play a useful role in environmental management in relation
to products [31]. The goal of the present LCA was to calculate the total global warming potential
(GWP) in the modeled farm. Because the optimized crop-planted areas were obtained by solving
the optimization model, the GWP intensities for crop production were referenced to an area-based
functional unit (per ha). Furthermore, the GWP intensity from the fixed and common costs was
calculated. On- and off-farm emissions of three primary GHGs (CO2, CH4, and N2O) were taken
into account. The system boundary was the farm gate of the modeled farm (Figure 1). There was
no allocation of GHG emissions between outputs and by-products because all crop residues were
assumed to be contained in the farmland. A soil carbon budget in paddy fields has a positive or
negative impact on GWP evaluation [32]. However, carbon sequestration or loss in the soil were
excluded because of the lack of detailed data on soil conditions in the modeled farm based on farm
management handbooks [21,25].

The total GWP is calculated as

TGWP “
11
ÿ

i“1

GWPix1i ` GWPFCC (17)

where TGWP is the total GWP intensity (t CO2 eq.); GWPi is the ith GWP coefficient for crop production
(t CO2 eq. per ha); x’i is the ith model-optimized planted area (ha); and GWPFCC is the GWP intensity
from the fixed and common costs (t CO2 eq.).
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Figure 1. A simplified flowchart of crop production in the modeled farm.

Tables 5 and 6 show the data collected for the present LCA. On-farm GHGs were emitted from
fossil fuel combustion, nitrogen input, agricultural lime application, and rice paddy fields. The
GHG emissions from fossil fuel combustion were calculated using the CO2, CH4, and N2O emission
factors [7]. For nitrogen input, the N2O emission factors were 0.31% N2O-N in fertilization for rice
production, 0.62% N2O-N in fertilization for wheat and soybean production and nitrogen fixation by
soybean cultivars, and 1.25% N2O-N in crop residue incorporation [7]. The CO2 emission factor of
magnesium carbonate fertilizers was 13% CO2-C [7]. The CH4 emission rate from rice paddy fields
with conventional midseason drainage was 181.2 kg per ha per year, weighted by the ratios of soil
types in the Shiga region [7,33], while that with prolonged midseason drainage was assumed to be
reduced to 69.5% [10]. Variation in the N2O emissions resulting from prolonged midseason drainage
was not taken into account because N2O emissions from rice paddy fields, in terms of GWP-based
CO2 equivalent, were much smaller than CH4 emissions [10]. Off-farm emissions of CO2, CH4, and
N2O were calculated using the cost data and the embodied global environmental burden coefficients
based on the purchaser price of household consumption expenditure or producer price in 2005 [34].

Table 5. Inventory data on crop production in the modeled farm (per ha).

CR EFR CW CS

VEV EV MV LV VEV EV MV LV MV MV LV

Fossil fuel (L) 1

Gasoline 126.0 131.0 136.0 141.0 121.0 126.0 131.0 136.0 25.0 15.0 15.0

Diesel oil 182.0 182.0 182.0 182.0 182.0 182.0 182.0 182.0 185.0 161.0 161.0

Premixed fuel (25:1) 15.8 15.8 15.8 15.8 14.8 14.8 14.8 14.8 7.2 6.4 6.4

Motor oil 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 10.0 10.0 10.0

Kerosene 180.0 150.0 90.0 90.0 180.0 150.0 90.0 90.0 0 0 0

Production cost
(thousand yen) 2

Seed 16.5 18.0 16.5 16.5 16.5 18.0 16.5 16.5 30.4 31.5 32.5

Chemical fertilizer 107.5 107.5 107.5 107.5 125.9 125.9 125.9 125.9 97.2 79.4 79.4

Organic fertilizer 0 0 0 0 50.8 50.8 50.8 50.8 0 0 0

Pesticide 58.3 58.3 58.3 58.3 64.6 64.6 64.6 64.6 28.6 53.1 53.1

Fossil fuel 64.8 62.9 58.2 58.9 63.9 62.0 57.3 58.0 26.2 22.7 22.7

Electricity 0.9 0.8 0.6 0.6 0.9 0.8 0.6 0.6 0.001 0 0

Agricultural service 34.6 34.6 34.6 34.6 17.3 17.3 17.3 17.3 126.0 63.0 63.0

Shipping bag 12.7 13.5 14.3 12.7 11.5 12.3 13.0 11.5 0 5.3 5.3

Others 19.6 19.6 19.6 19.6 19.6 19.6 19.6 19.6 14.7 15.7 15.7
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Table 5. Cont.

CR EFR CW CS

VEV EV MV LV VEV EV MV LV MV MV LV

Nitrogen input (kg N) 3

Chemical fertilizer 80.0 80.0 80.0 80.0 40.0 40.0 40.0 40.0 148.0 20.0 20.0

Organic fertilizer 0 0 0 0 40.0 40.0 40.0 40.0 0 0 0

Nitrogen fixation
by legumes 0 0 0 0 0 0 0 0 0 121.1 121.1

Crop residue 30.2 32.1 34.0 30.2 27.4 29.1 30.9 27.4 19.5 9.6 9.6

Magnesium carbonate
fertilizer (t) 4 0 0 0 0 0 0 0 0 1.0 1.0 1.0

CR = conventional rice, EFR = environmentally friendly rice, CW = conventional wheat, CS = conventional
soybeans, VEV = very early variety, EV = early variety, MV = medium variety, and LV = late variety; 1 The
amounts of fossil fuels were calculated based on each cultivation protocol [21,25]; 2 The production costs,
apart from those of fertilizer and pesticide in conventional rice production (average in 2010–2012 [29]), were
calculated based on each cultivation protocol [21,25]. In environmentally friendly rice production, the cost of
organic–inorganic compound fertilizer was allocated between chemical fertilizer and organic fertilizer based
on their nitrogen contents. Others included the costs of nursery soil for rice production and crop insurance
for each crop, but they were excluded from the present LCA because there were no environmental burden
coefficients; 3 The nitrogen inputs of chemical and organic fertilizers were calculated based on each fertilizer
recommendation [21,26,35]. Those of crop residues were calculated using the dry-matter contents of yields (rice
84.5%, wheat 87.5%, and soybeans 87.5% [36]), the ratios of crop residues to harvested crops on a dry-matter
basis (rice 105.9%, wheat 144.9%, and soybeans 82.8% [37]), and the nitrogen contents of crop residues on a
dry-matter basis (rice 0.7%, wheat 0.4%, and soybeans 0.7% [37]). The nitrogen fixation rate of soybeans was
assumed to be equal to the total nitrogen contained in the yield and crop residue [7]. The nitrogen yields of
soybeans were calculated using the dry-matter content (87.5%) of yield [36] and the nitrogen content (6.4%) of
yield on a dry-matter basis [37]; 4 These values were cited from Shiga Prefecture [21].

Table 6. Fixed and common costs of the modeled farm (million yen per year) 1.

Item Cost

Steel-framed building 1.53
Timber-framed building 0.28

Steel pipe greenhouse 0.26
Agricultural machinery 10.49

Plastic material 0.28
Land improvement and water use 1.03

Others 2 2.69
1 These costs were taken from a Shiga Prefecture handbook [21]; 2 Others included the land rent, taxes and dues,
and other costs, but they were excluded from the present LCA because there were no environmental burden
coefficients. Land rent and taxes and dues, which did not contribute to off-farm GHG emissions, accounted for
93% of the cost in Others.

The CO2 equivalence factors for GWP were CO2 1, CH4 21, and N2O 310 on a 100-year time
horizon [38], which were equal to those used in studies by Nansai et al. [34] and the Greenhouse Gas
Inventory Office of Japan [7].

2.5. Eco-Efficiency

Eco-efficiency is a key concept that involves achieving more value from fewer inputs of materials
and energy and with reduced emissions, and is a means of making and measuring progress
toward economic and environmental sustainability [39]. Eco-efficient farming is concerned with
the efficient and sustainable use of resources in agricultural production and land management [3]. The
eco-efficiency indicators that were used to bring together net farm income and GWP were calculated as

EE “
NFImax

TGWP
(18)

where EE is the eco-efficiency (million yen per t CO2 eq.) and NFImax is the maximized net farm income
(million yen).
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3. Results

3.1. Global Warming Impact in the Modeled Farm

Table 7 shows the GWP intensities of each crop and for fixed and common costs in the modeled
farm. A contribution analysis was performed to identify environmental hot spots. Because the LCA
components such as system definition, GHG emission coefficients, and CO2 equivalence factors differ,
it is difficult to compare these results with the GWP intensities in previous LCA studies.

Table 7. LCA results of the modeled farm (kg CO2 eq. per ha for each crop; kg CO2 eq. for fixed and
common costs).

CR EFR CW CS FCC
VEV EV MV LV VEV EV MV LV MV MV LV

Seed 53 58 53 53 53 58 53 53 98 101 104

Fertilizer 1205 1205 1205 1205 1560 1560 1560 1560 1904 1338 1338

Pesticide 278 278 278 278 308 308 308 308 137 253 253

Fossil fuel 1718 1643 1476 1492 1698 1623 1456 1472 751 641 641

Electricity 26 23 18 18 27 24 18 18 0.04 0 0

Agricultural service 121 121 121 121 61 61 61 61 441 220 220

Shipping bag 45 48 51 45 41 44 46 41 0 19 19

CH4 from rice paddy fields 3804 3804 3804 3804 2644 2644 2644 2644 0 0 0

Nitrogen fixation
by legumes 0 0 0 0 0 0 0 0 0 366 366

Crop residue 184 196 207 184 167 177 188 167 119 58 58

Steel-framed building 6439

Timber-framed building 879

Steel pipe greenhouse 4584

Agricultural machinery 44,817

Plastic material 975

Land improvement
and water use 3587

Total 7435 7376 7213 7200 6560 6499 6335 6325 3449 2997 3000 61,282

CR = conventional rice, EFR = environmentally friendly rice, CW = conventional wheat, CS = conventional
soybeans, VEV = very early variety, EV = early variety, MV = medium variety, LV = late variety, and
FCC = fixed and common costs.

GHG emissions from environmentally friendly rice production were smaller than those from
conventional rice production. As noted in previous studies [40–44], the major contribution (40%–53%)
to GHG emissions from rice production came from CH4 emitted from rice paddy fields. Thus,
prolonged midseason drainage that can substantially reduce CH4 emissions from rice paddy fields [10]
is especially important for ensuring the environmental advantage for environmentally friendly
rice production.

Use of fertilizers was the primary contributor to the GWP intensities in both wheat (55%) and
soybeans (45%) produced conventionally. Because a large quantity of fertilizers is required for
high-yield wheat production with an increased grain protein content [45], chemical fertilizer production
and field emissions from fertilizer application are the environmental hot spots for conventional wheat
production [46–49]. Although some studies have indicated that diesel combustion is the major source
of global warming impacts on soybean production [50,51], the results of the present LCA confirmed
the impacts reported by Pelletier et al. [48]. The GWP intensity of agricultural machinery production,
which is the primary contributor to GHG emissions in farm capital [52], accounted for 73% of the total
GWP in fixed and common costs.
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3.2. Model-Optimized Results

The model-optimized results of land use and temporary workers were very similar between the
CR and EFR farms (Table 8). Under net farm income maximization, both farms selected early- and
medium-maturing rice varieties that generated larger crop incomes compared with very early- and
late-maturing rice varieties, and reduced rice cultivation to 50% of the total farmland because the total
crop income from a wheat–soybean rotation, which depended on a large subsidy, was greater than
that from a rice cultivation (Table 3) [53]. In both farms, family labor resources were exhausted in early
June, early July, and late July, and additional labor inputs from temporary workers were required to
avoid labor shortages in early June and late July.

Table 8. Model-optimized results.

CR Farm EFR Farm

Land use (ha)
CR (VEV) 0
CR (EV) 5.0
CR (MV) 8.5
CR (LV) 0

EFR (VEV) 0
EFR (EV) 5.0
EFR (MV) 8.5
EFR (LV) 0
CW (MV) 13.5 13.5
CS (MV) 8.6 8.6
CS (LV) 4.9 4.9

Temporary workers (hours)
Early June 43.5 43.5
Early July 0 0
Late July 35.5 35.5

Mid-August 0 0
Late September 0 0

Economic, environmental, and integrated indicators
Net farm income (million yen) 7.76 7.08

GWP (t CO2 eq.) 246.5 234.6
Eco-efficiency (million yen per t CO2 eq.) 0.031 0.030

CR farm = modeled farm with conventional rice production, EFR farm = modeled farm with environmentally
friendly rice production, CR = conventional rice, EFR = environmentally friendly rice, CW = conventional
wheat, CS = conventional soybeans, VEV = very early variety, EV = early variety, MV = medium variety, and
LV = late variety.

4. Discussion

4.1. Comparison between Two Modeled Farms

To address the first research question (whether Japanese rice farms have some advantages in
producing environmentally friendly rice under the current conditions), comparisons of net farm income,
GWP, and eco-efficiency between the CR and EFR farms were made based on the model-optimized
results under the current conditions (Table 8). The differences in the three indicators between the CR
and EFR farms were affected by different rice cultivation methods because the wheat and soybean
areas cultivated and the number of temporary workers hired in both farms were the same. Compared
with the CR farm, the EFR farm generated smaller net farm income, while it contributed to mitigating
global warming. From an eco-efficiency perspective, there was no advantage for the EFR farm.

The second research question examined whether net farm income, GWP, and eco-efficiency for
the EFR farm were improved by an increase in the direct payments for environmentally friendly
rice production (Figure 2). Even though the optimization problems were iteratively solved when the
direct payments increased from 40,000 (base) to 100,000 yen per ha, there were no changes in the
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model-optimized results of land use and temporary workers, as shown in Table 8. The net farm income
and eco-efficiency of the EFR farm were greater than those of the CR farm when the direct payments
were 91,000 and 64,000 yen per ha, respectively. However, the GWP intensities from the EFR farm were
the same under any level of direct payment because there were no changes in its land use pattern.
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Figure 2. Effects of gradually increasing direct payment levels on net farm income and eco-efficiency.
CR farm = modeled farm with conventional rice production; EFR farm = modeled farm with
environmentally friendly rice production.

These findings suggest that under the current level of direct payment, the practice of prolonged
midseason drainage in environmentally friendly rice production causes larger economic disadvantages
in exchange for smaller environmental advantages. If farmers pursue maximum agricultural profit as
assumed in the optimization model, conventional rice farmers should not switch to environmentally
friendly rice production with prolonged midseason drainage. Environmentally friendly rice farmers
will also find it difficult to adopt a prolonged midseason drainage technique because rice yield
reductions caused by prolonging midseason drainage are not compensated sufficiently by the current
direct payment.

There are several reasons why a prolonged midseason drainage technique in producing
environmentally friendly rice is practiced in most of the areas supported by the direct payment
program for environmentally friendly agriculture in the Shiga region. First, regarding the technical
aspects, farmers who have produced environmentally friendly rice can easily adopt the local special
practices including integrated pest management, mechanical weeding at paddy field dikes, and
prolonged midseason drainage involving the cutting of furrows. This is because every technique
except for prolonged midseason drainage has already been introduced in the cultivation protocols
of environmentally friendly rice [21] and the operations of prolonged midseason drainage are much
the same as those of conventional midseason drainage [22,26]. Second, when farmers in the Shiga
region adopt environmentally friendly farming techniques, most of them primarily aim to supply safe
and secure agricultural produce and conserve the environment, including Lake Biwa [28,54]. Such
farmers appear to accept the risk of yield variations for environmentally friendly rice with prolonged
midseason drainage. Unlike the optimization model, the problem that they face may be expressed as a
multi-objective function [11,20], in which the weights of environmental factors are larger than those of
economic factors. However, when they are no longer able to endure such risk, they stop practicing
prolonged midseason drainage.
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The Ministry of Agriculture, Forestry and Fisheries of Japan does not elaborate on how to
determine the current direct payment rates for environmentally friendly agriculture [5]. Given
that the government gives farmers subsidy payments for agricultural environmental services to
provide economic incentives for the adoption of eco-efficient systems [3], the direct payment
rates for environmentally friendly agriculture should be determined based on the condition that
environmentally friendly agricultural practices improve eco-efficiency compared with conventional
agriculture. Thus, based on eco-efficiency indicators, an increase in the direct payment rate for
environmentally friendly rice production with prolonged midseason drainage is required to reduce
the risk of yield variations, and to provide the environmental benefit of reducing CH4 emissions from
rice paddy fields sustainably.

4.2. Sensitivity Analysis on the CO2 Equivalence Factors

Because the indirect GHG emission coefficients from Nansai et al. [34] were converted in terms
of CO2 equivalence using the characterization factors in the Greenhouse Gas Inventory Office of
Japan [7,55], 1 of CO2, 21 of CH4, and 310 of N2O on a 100-year time horizon were selected for GWP
assessment in this paper. In the sensitivity analysis, the GWP results that were recalculated using
the new CO2 equivalence factors, CO2 1, CH4 28, and N2O 265 on a 100-year time horizon [6], were
compared with those shown in Table 7.

When the new CO2 equivalence factors were used, the GWP results of conventional rice,
environmentally friendly rice, conventional wheat, and conventional soybeans were 8449–8684,
7195–7430, 3388, and 2944–2948 kg CO2 eq. per ha, respectively, and that of fixed and common
costs was 61,626 kg CO2 eq. The recalculated GWP intensities for rice production were greater than
the GWP results shown in Table 7 because a larger CO2 equivalence factor for CH4 contributed to
an increase in the GWP intensities for rice production with CH4 from rice paddy fields as the major
emission source. However, not much difference was found between the recalculated results and the
present results (Table 7) in other categories. Given the model-optimized results of land use (Table 8),
the GWP intensities of the CR and EFR farms under the new CO2 equivalence factors were 262.1 and
245.2 t CO2 eq., respectively.

As with the results of eco-efficiency shown in Table 8, the eco-efficiency value (0.030 million yen
per t CO2 eq.) of the CR farm in the recalculation was greater than that (0.029 million yen per t CO2 eq.)
of the EFR farm. Thus, even with the use of the new CO2 equivalence factors, the fact remains that an
increase in the direct payment rate is important for improving eco-efficiency in the EFR farm.

4.3. Eco-Efficiency Measurement Methodologies

In this paper, the eco-efficiency of the modeled farm was calculated by a combination of the
results of linear programming and LCA. This method enables us to measure an eco-efficiency
score with respect to each environmental impact category such as GWP. In contrast, to create a
comprehensive eco-efficiency indicator, other papers have proposed data envelopment analysis
(DEA)-based eco-efficiency using multiple environmental impacts or life cycle inventory data [56–59].
A number of studies have confirmed the effectiveness of a combined application of LCA and DEA in
aggregate eco-efficiency assessment of agricultural production (e.g., [57,60–62]). Although DEA-based
eco-efficiency measurement is useful for comprehensive eco-efficiency assessment, it requires a
large sample size for the DEA calculation. Compared with DEA-based eco-efficiency measurement,
eco-efficiency measurement from farm modeling based on farm management handbooks in this paper
has the advantage of lower data requirements.

5. Conclusions

The economic and environmental effects of agri-environmental direct payments when Japanese
rice farmers adopted a prolonged midseason drainage technique to mitigate global warming were
examined using a combined application of an optimization model and LCA at a farm scale. A modeled
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farm that produced environmentally friendly rice with prolonged midseason drainage was compared
with a modeled farm that produced conventional rice with normal midseason drainage. Eco-efficiency
was used as an integrated indicator for assessing the economic and environmental feasibilities.

The results showed that under the current direct payment level, a prolonged midseason drainage
technique has no benefit in improving the eco-efficiency of Japanese rice farms because the practice
of this technique in environmentally friendly rice production causes larger economic disadvantages
in exchange for smaller environmental advantages. In the adoption of this technique, an increase
in the direct payment rate is required to reduce the risk of rice yield variations, and to enhance
eco-efficiency. Because improvement of eco-efficiency in adopting agri-environmental measures is the
most important goal for agri-environmental payments, given budget constraints, the direct payment
rates for agri-environmental measures should be determined based on eco-efficiency improvement
compared with conventional agriculture.
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