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Abstract: When organic practices may have negative environmental effects, understanding the
trade-offs between the economic and environmental outcomes of organic agriculture is essential
in its promotion. This paper examines whether organic rice was planted in Japanese rice farms
using the combined application of a multi-objective genetic algorithm and life cycle assessment.
A modeled farm with 30 hectares (ha) of paddy fields is constructed using information from an
agricultural management handbook. The planted crops considered are environmentally friendly rice
with reduced use of chemical fertilizers and synthetic pesticides, organic rice, conventional wheat,
and conventional soybeans. A bio-economic farm model with both economic and environmental
objectives is created. The Pareto-optimal solutions indicate that the planted area of organic rice
is 2.3 ha, at best, in the modeled farm. The cultivation of organic rice is likely to be constrained
compared with that of environmentally friendly rice, and even though it produces an increase in
income, it does not necessarily exert positive effects on the environment. The findings suggest that
when organic farming has negative impacts, countermeasures against problems that emerge through
its practice should be included in the essential requirements for subsidization.

Keywords: bio-economic farm model; multi-objective optimization; organic rice; direct payment
subsidy; manure application

1. Introduction

Despite potentially lower yields, the premiums paid for the produce of organic agri-
culture can make it significantly more profitable than conventional agriculture [1]. Further-
more, in most cases, organic agriculture is more environmentally friendly than conventional
agriculture because organic farming systems may employ agronomic, biological, and me-
chanical methods in place of chemical inputs [2,3]. For example, organic agriculture can
improve various environmental indicators such as carbon, nitrogen, water footprints, and
soil organic carbon [4,5]. Public health might also be influenced by the positive environ-
mental effects of organic cultivation [6]. Consequently, the promotion of organic agriculture
helps contribute to the establishment of economically and environmentally sustainable
farming systems. However, organic agriculture can also have some negative environmen-
tal effects, such as nitrogen pollution resulting from the overuse of animal manure and
increased methane emissions from paddy fields because of organic fertilization [3,7]. For
this reason, the trade-offs between the economic and environmental outcomes of organic
agriculture should be considered in its promotion.

Combining both economic and agroecological models into a single analytical frame-
work, bio-economic farm models can analyze these trade-offs between economic and
environmental objectives [8]. However, before optimizing these bio-economic farm mod-
els, life cycle assessment (LCA), which can help quantify the environmental impacts of
a product [9], is usually required to formulate environmental performance for agricul-
tural production [10]. To construct these bio-economic optimization models, mathematical
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programming, especially linear programming focusing on a single objective (e.g., income
maximization), has often been employed [11,12]. However, because realistic decision mak-
ing always depends on more than a single factor, multi-objective optimization is a better
way forward [13].

Consequently, evolutionary approaches such as multi-objective genetic algorithms
(MOGAs) have become the primary tools to solve real-world multi-objective problems [14].
In recent studies, MOGAs have been applied to bio-economic farm models with multiple
objectives to be optimized [10]. Although classical multi-objective optimization methods
that work according to preference-based strategies may provide subjective solutions to
the user, MOGAs have the advantage that they do not require the user to prioritize, scale,
or weigh objectives [14,15]. Therefore, MOGAs are better techniques for building realistic
bio-economic farm models for organic agriculture including conflicting objectives.

To assess the trade-offs between economic and environmental performance in organic
farming, many studies have applied bio-economic farm models [16-28]. As discussed by
Janssen and van Ittersum [11] and Reidsma et al. [12], mathematical programming with a
single economic objective has been the most popular technique in these studies (e.g., [16]),
although a few models have simultaneously addressed both economic and environmental
objectives [19,21,22,26]. However, although these have focused on a range of organic crop
and livestock production systems, in relation to organic rice, which is the key organic
cereal in Asia [29], few studies have employed bio-economic farm models. Although
Delmotte et al. [30] have evaluated organic rice farming in France using a regional bio-
economic model, bio-economic approaches considering the trade-offs between economic
and environmental outcomes to assess organic rice farming in Asian countries have not
been conducted at the farm level.

In Japan, organic certification has been conducted by the Japanese Agricultural Stan-
dard (JAS) system since 1999 [31]. In 2020, the total area of organic farmland under JAS
organic certification was 12,027 hectares (ha) (including 3062 ha of paddy fields), which
accounted for 0.3% of the total cultivated area (some 4397 thousand ha) [32]. At present,
Japanese organic rice production remains very small, but Japan, as a country where rice
is the staple food, has sufficient capacity to increase supply, given the potential demand
for organic rice in the future. To promote environmental protection activities such as pre-
venting global warming and conserving biodiversity, direct payments for environmentally
friendly agriculture in Japan support farming practices aimed at reducing or ceasing the
use of chemical fertilizers and synthetic pesticides [33]. Under these direct payments, the
inputs of chemical fertilizers and synthetic pesticides must be < 50% of the conventional
level in the region [33], for which supported farmers can receive 8000-120,000 JPY /ha [33].
The subsidy for organic farming is the largest (120,000 JPY /ha), and 20,000 JPY /ha is added
to the subsidy when supported farmers practice an effective way of sequestering carbon
in the soils (e.g., manure application) along with soil diagnostics [33]. In 2020, the total
supported area was 80,789 ha (including 10,986 ha of organic farming) [34].

This paper examines whether organic rice was planted in Japanese rice farms using a
bio-economic farm model and the combined application of MOGA and LCA. This approach
has proved useful in maximizing economic objectives and minimizing environmental
objectives simultaneously (e.g., [35,36]). Given that organic rice farming is not necessarily
positive for environmental mitigation [37], this is vital for better understanding the trade-
offs between economic and environmental outcomes in its promotion. It is conjectured that
the planted area of organic rice is likely to be limited when its production does not create a
win-win situation for both economic and environmental aspects.

2. Materials and Methods
2.1. Direct Payments for Environmentally Friendly Agriculture in the Shiga Region

The Shiga region, which is in the central part of Japan and includes the country’s
largest lake (Lake Biwa), was the location of Japan's first direct payments for environmen-
tally friendly agriculture at the prefecture level in 2004 [38]. In 2020, the total supported area
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in Shiga was the second largest (12,978 ha including 346 ha of organic farming) in Japan,
whereas its subsidized area for rice was the largest (12,622 ha) in Japan [34], with approxi-
mately 40% of the total cultivated area of rice in this region allocated to environmentally
friendly rice production [39]. The supported farmers have primarily produced environ-
mentally friendly rice with the reduced use of chemical fertilizers and synthetic pesticides
in conjunction with integrated pest management, mechanical weeding of paddy field dikes,
and prolonged midseason drainage in exchange for a payment of 40,000 JPY /ha [38—40].
With environmentally friendly rice production, farmers must have complied with require-
ments that the frequency of the use of synthetic pesticides based on active ingredients (a.i.)
is <7 and that the nitrogen input from chemical fertilizers is < 40 kg N/ha [41].

2.2. Farm Modeling

In this paper, the modeled farm was based on a large-scale family-run rice farm
in the Shiga region using information from an agricultural management handbook [42],
modified using personal communication with a representative in Shiga Prefecture [43].
Shiga Prefecture [42] described such a rice farm as one of the agricultural management
entities that play a key role in the region’s crop production. Because farmers who produce
environmentally friendly rice with the reduced use of chemical fertilizers and synthetic
pesticides have a strong interest in providing consumers with safe and secure crops [44],
they are likely to hold a typically positive attitude about organic farming. Therefore, it
was assumed that environmentally friendly rice and/or organic rice were produced in the
modeled farm. In the Shiga region, the main soil types of paddy fields are gley soils (53.5%)
and gray lowland soils (30.7%) [45]. For the climatic conditions in Otsu (prefectural capital),
the climate normals (1991-2020) of annual mean temperature and annual precipitation
were 15.1 degrees Celsius and 1566.6 mm, respectively [46]. However, Shiga Prefecture [42]
did not include information on the soils and climatic conditions of the modeled farm.

Table 1 details the characteristics of the modeled farm. The modeled farm had 30 ha of
paddy fields. The planted crops were environmentally friendly rice, organic rice, conventional
wheat, and conventional soybeans. Environmentally friendly rice had four varieties. However,
organic rice included only an early variety 2, which was a dominant variety for organic rice
cultivation in the Shiga region [43]. The cropping patterns included repeated cultivation of rice
every year and a two-year rotation of three crops (environmentally friendly rice, conventional
wheat, and conventional soybeans). Because organic rice must be continuously cropped to
maintain organic certification, it was excluded from the crop rotation. The main labor force
was two family members, with temporary workers employed for the mechanical weeding of
paddy field dikes to avoid labor shortages [38]. Most operations were practiced by family and
temporary workers, but several operations were entrusted to others.

Table 1. Characteristics of the modeled farm.

Characteristics

Farmland area

30 ha (1 ha privately owned and 29 ha leased)

Planted crops EFR (EV 1, EV 2, MV, and LV), OR (EV 2), CW (MV), and CS (MV and LV)
Continuous EFR cultivation every year
Cropping patterns Continuous OR cultivation every year

EFR-CW-CS rotation every two years

Labor force

Two family workers
Temporary workers for mechanical weeding of paddy field dikes in early June,
early July, late July, mid-August, and late September

Chemical pest control in EFR production

Entrusted operations Chemical disease control in CW production

Grain drying, processing, and shipping in CW and CS production

EFR—environmentally friendly rice; OR—organic rice; CW—conventional wheat; CS—conventional soybeans;
EV—early variety; MV—medium variety; LV—late variety. Source: [42,43].
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Table 2 lists the primary operational differences between environmentally friendly
and organic rice production. Environmentally friendly rice was produced based on the
reduced use of chemical fertilizers and synthetic pesticides in conjunction with integrated
pest management, mechanical weeding of paddy field dikes, and prolonged midseason
drainage. Organic rice was cultivated in accordance with organic certification standards,
including no use of chemical inputs and soil improvements such as manure application
(without soil diagnostics). Here, cow manure application was adopted to improve organic
paddy soils and provide organic rice with nutrients. In environmentally friendly rice
production, this technique was not practiced because manure application was not obligated
for the certification [41]. The direct payments for environmentally friendly rice and organic
rice were 40,000 and 120,000 JPY /ha, respectively [40].

Table 2. Primary operational differences between environmentally friendly and organic rice production.

Operation EFR OR
Nursery soils mc!udmg a §mall amount of Fermented rapeseed meal for raising seedlings
chemical fertilizers
Fertilization Grained 100% organic fertilizer from animal and

reganic/inorganic compound fertilizer .
Organic/inorganic compo eritizers plant materials

Fused silicate phosphate fertilizer Cow manure

Pest and disease control

Hot water disinfection for seeds Hot water disinfection for seeds
Fungicide and insecticide mixtures for raising
seedlings (clothianidin and isotianil)
Insecticide (dinotefuran)
Decreased density of stink bugs by mechanical =~ Decreased density of stink bugs by mechanical

weeding of paddy field dikes weeding of paddy field dikes
Herbicide (imazosulfuron, pyraclonil, and . .
bromobutide) Multiple puddling
Weed control Deep flooding management
Use of rice bran and soybean wastes
Mechanical and hand weeding
Midseason drainage Prolonged (14 days) Normal (7 days)

EFR—environmentally friendly rice; OR—organic rice. Source: [40,42,43].

2.3. LCA Methodology
2.3.1. Goal and Scope Definition

The goal of this LCA was to identify environmental indicators for the bio-economic
farm model. The functional unit, which enables different systems to be treated as func-
tionally equivalent [9], was defined as 1 ha of farmland area because the variables of crop
production for the bio-economic farm model were referenced to an area-based unit.

Figure 1 illustrates a simplified flowchart of the crop production systems in the
modeled farm. These systems comprised on- and off-farm stages. As with Masuda [38], the
system boundaries were set to cradle-to-farm gate. In the on-farm stages, all farm works
from operations before seeding/transplanting to drying, processing, and shipping for
harvested crops were considered, but any operations after shipping such as transportation
were not included. In the LCA calculations, the main causes of environmental impacts
for rice, wheat, and soybeans were considered [38,47], but several environmental factors
were not evaluated. Farm capital and common inputs in the modeled farm were not
included because they did not affect the decisions of crop selection in the bio-economic
farm model. Biological nitrogen fixation was also excluded because it was not considered
in Japan’s greenhouse gas inventory report [48]. Soil carbon sequestration was not assessed
because Shiga Prefecture [42] had no information on soil characteristics for the modeled
farm. When multiple outputs were yielded in a product system, environmental impacts
should be partitioned into different products [9]. However, because each crop production
system had a single output, allocation was not applied.
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Off-farm stages

On-farm stages

Environmentally friendly rice production system

Energy, COs, CHs,

Fossil fuels Energy, Fossil fuels —>
Electricity COy, N20, NOx, and SO«
Seeds CHa Chemical fertilizers NoO, NHs
Chenmical fertilizers —> N O, I:> Organic fertilizers —> N d b O
Organic fertilizers g Incorporated crop residues and Fabs
Pesticides NOx,
. . Pesticides —> Active ingredients
Agricultural services and SOy
Rice straw —> CHy
Organic rice production system
Fossil fuels Energy, Fossil fuels __, Energy, COz, CH;,
Electricity COy, N20, NOx, and SO«
Seeds CHa Organic fertilizers (including cow NoO, NHs
Organic fertilizers —> ’ I:> manure and organic wastes) —> ' y
X . NZO, . N and P205
(including cow Incorporated crop residues
manure and NOx, Rice straw
organic wastes) and SO« c > CHs
ow manure
Conventional wheat production system
Fossil fuels Energy. Fossil fuels __, Energy, COz, CHs,
Electricity CCz, N2O, NO, and SOy
Seeds CH, = Chemical fertilizers N>O, NH;,
Chemical fertilizers N2O, Incorporated crop residues N and P,Os
A Plestlclldes . NO, Magnesium carbonate fertilizer —> CO;
gricultural services and SOy Pesticides —> Active ingredients
Conventional soybean production system
Energy, . Energy, COz, CHa,
; Fossil fuels —>
Fo;sn Luels COq, N2O, NOx, and SO
eeds
CHs, i ili N20, NH
Chemical fertilizers N2O :> Inco(r:h:rrerl:gc? Is:aortmrzeesri?jues PO
Pesticides 2 P P N and P,0s
Agricultural services NOx, Mixed magnesium fertilizer —> CO;
and SOy Pesticides —> Active ingredients

=

=

=

=

Environmentally
friendly rice

Organic rice

Conventional
wheat

Conventional
soybeans

Figure 1. Simplified flowchart of the crop production systems in the modeled farm. A frame border

of each system shows the system boundary of LCA.

The environmental indicators considered were energy consumption (EC), global warm-
ing potential (GWP), acidification potential (AP), eutrophication potential (EP), and pesti-
cide use (PU). EC, GWP, AP, and EP are the main environmental concerns in Japanese rice
production [37,47].

2.3.2. Input and Output Data

As shown in Table 3, the input and output data on the crop production systems were
collected. Unless otherwise noted, these data were obtained from Shiga Prefecture [42] and
through personal communication with a representative in Shiga Prefecture [43].
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Table 3. Input and output data on the crop production systems (per ha).

EFR OR CW CS
(EV1) (EV 2) MV) (LV) (EV 2) MV) MV) (LV)
Off-farm inputs
Fossil fuels (Thousand JPY) 49.6 489 452 44.6 55.1 20.0 19.8 19.8
Electricity (kWh) 77.3 69.2 52.9 52.9 77.9 5.0 0 0
Seeds (Thousand JPY) 21.0 171 15.6 21.9 22.8 30.4 43.5 435
Chemical fertilizers (Thousand JPY) 123.8 119.6 119.6 119.6 0 144.6 110.0 110.0
Organic fertilizers (Thousand JPY) 53.0 56.4 56.4 56.4 153.0 0 0 0
Pesticides (Thousand JPY) 59.3 59.3 59.3 59.3 0 31.2 62.4 624
Agricultural services (Thousand JPY) 17.8 17.8 17.8 17.8 0 125.8 63.0 63.0
On-farm inputs
Fossil fuels
Diesel oil (L) 174.7 174.7 174.7 174.7 179.7 201.3 200.7 200.7
Kerosene (L) 180.0 150.0 90.0 90.0 150.0 0 0 0
Gasoline (L) 121.4 131.4 136.4 131.4 179.2 15.0 15.0 15.0
Premixed fuel (25:1) (L) 195 20.8 20.8 20.8 221 7.3 6.0 6.0
Motor oil (L) 20.0 20.0 20.0 20.0 20.0 10.0 10.0 10.0
Fertilizers
N (kg N) 78.2 80.3 80.3 80.3 209.5 234.0 42.0 42.0
N from chemical fertilizers ! 51.7% 48.2% 48.2% 48.2% 0% 100% 100% 100%
P,0s5 (kg P,05) 782 60.5 60.5 60.5 215.7 30.0 108.0 108.0
Dolomite (kg CaMg(CO3)2) 0 0 0 0 0 1000 740 740
Incorporated crop residues
(kg N) 46.6 49.5 52.4 49.5 424 29.5 29.5 29.5
P,05 (kg P205) 35.2 37.4 39.6 37.4 32.0 8.1 59 59
Pesticides
Active ingredients (kg ai.) 1.6 1.6 1.6 1.6 0 15 2.7 2.7
Organic matter
Rice straw (kg C) 2652 2818 2983 2818 2412 0 0 0
Cow manure (kg ©) 0 0 0 0 2753 0 0 0
Main outputs
Yield (kg) 4618 4906 5195 4906 4200 3600 2000 2000

EFR—environmentally friendly rice; OR—organic rice; CW—conventional wheat; CS—conventional soybeans;
EV—early variety; MV—medium variety; LV—late variety. 1 To meet the inorganic nitrogen input criterion (up
to 40 kg N/ha [41]), the amount (40.4 kg N/ha) of nitrogen from chemical fertilizers for the early variety 1 of
environmentally friendly rice was rounded down to the nearest decimal in its certification. Shiga Prefecture
determined that the conventional level of inorganic nitrogen application for rice production is 90 kg N /ha [43].
Therefore, even with the above handling, the rule that the nitrogen input from chemical fertilizers was < 50% of
the conventional level in the region was satisfied.

The inputs for the off-farm stages related to indirect environmental impacts were fossil
fuels, electricity, seeds, chemical fertilizers, organic fertilizers, pesticides, and agricultural
services. Except for electricity in kilowatt-hours (kWh), the cost data of all inputs were
collected. For environmentally friendly rice production, the cost of organic/inorganic
compound fertilizer was divided between chemical and organic fertilizers depending on
their nitrogen content. However, a small amount of chemical fertilizers included in nursery
soils was excluded because it was difficult to identify the cost attributable to chemical
fertilizers in the cost of nursery soils. For organic rice production, because the rice bran
and soybean wastes used for the control of weeds can also return nutrients to the soil, they
were included in organic fertilizers. However, the cost of soybean wastes generated in the
modeled farm was deemed zero.

In the on-farm stages, fossil fuels, fertilizers, incorporated crop residues, pesticides,
and organic matter were identified as the direct inputs contributing to the environmental
impacts. Furthermore, crop yield data as the outputs were collected. The types of fossil
fuels directly consumed were diesel oil, kerosene, gasoline, premixed fuel, and motor oil.
The inputs of diesel oil, kerosene, gasoline, and premixed fuel were obtained by aggregating
each type of fuel consumption used in different farm works excluding entrusted operations.
For motor oil, its total use was applied. The constituents of fertilizer application were
nitrogen (N), phosphorus pentoxide (P,Os), and dolomite. The N input data for the
chemical and organic fertilizers were collected separately because of differences in the NHs
emission coefficients. The inputs of N, P,Os, and dolomite were calculated by multiplying
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the fertilizer application rates by their content rates. The N and P,O5 content rates were
derived from Shiga Prefecture [45] for cow manure, AAFS [49] for rice bran, the Ministry of
Education, Culture, Sports, Science and Technology of Japan [50] and Ogawa et al. [51] for
soybean wastes, and personal communication with a representative in Shiga Prefecture [43]
for the rest. The dolomite content rates of magnesium carbonate fertilizer for conventional
wheat and mixed magnesium fertilizer for conventional soybeans were from GIO and
MOE [48].

All crop residues generated were assumed incorporated into the soil. The crop yields
on an actual weight basis were converted into the outputs of crop residues (husks, stems
and leaves, stubbles, and roots) on a dry matter basis [50,51]. The N and P,Os inputs of crop
residues were calculated by multiplying the dry matter yields of crop residues by the nutri-
ent content rates on a dry matter basis [51]. The direct inputs of pesticides were based on
the weight of active ingredients. To quantify the active ingredients contained in pesticides,
the Safety Data Sheets were obtained from the pesticide makers’” websites [52-60].

Rice straw and cow manure were assumed to affect the direct CH4 emissions from the
paddy fields [48]. The organic carbon input of rice straw was calculated by multiplying the
dry matter yield by the carbon content rate on a dry matter basis [45,51]. For organic rice
production, the upper value (20 t/ha) of cow manure that was applicable to paddy fields
was used for soil improvement and nutrient supply [61]. The amount of organic carbon
in cow manure application was calculated by multiplying the dry matter weight by the
carbon percentage on a dry matter basis [45].

In this LCA, the crop yield data were used for calculating the outputs of crop residues.
Considering the effects of a decline in yield caused by prolonged midseason drainage, the
yield of environmentally friendly rice was assumed to be 96.2% [62] of the described value
in Shiga Prefecture [42]. The yields of organic rice, conventional wheat, and conventional
soybeans were from Shiga Prefecture [42], as described.

2.3.3. Energy Consumption and Environmental Load Emissions

Indirectly consumed energy on a net calorific value basis and emitted environmen-
tal loads (CO,, CHy, N7O, NOy, and SOy) in the off-farm stages were calculated using
the embodied global energy and air-emission coefficients (per million JPY) based on the
purchaser price for household consumption expenditures or the producer price in the
input-output tables [63]. Of these coefficients, the CH; and N,O emission coefficients
on a CO, equivalence basis were recalculated in terms of CH and N,O, respectively, by
dividing them by the early CO,-equivalence factors (21 for CH4 and 310 for N,O) [64,65].
For electricity, the coefficients per unit of money were converted into per kWh [63,66].

In the direct use of fossil fuels, energy, CO,, CHy, N»O, NOy, and SO, were considered.
Directly consumed energy on a net calorific value basis for each fuel type was calculated
using 95% of the gross calorific coefficient [48,67]. The emission coefficients of greenhouse
gases (CO,, CHy, and N,O) and acidifying pollutants (NO, and SOy) for each fuel type
were derived from Japan’s greenhouse gas inventory report [48,68] and the NIAES’s LCA
manual [69], respectively. However, given the lack of data, the NOy and SO, emissions
from motor oil were calculated based on the emission coefficients of fuel oil B, which has
similar coefficients for energy and CO, as motor oil [48].

Environmental loads from nutrient inputs in farmland included N;O and NH3 emitted
into the air and N and P,Os5 leached into water. The N,O-N emission coefficients to
nitrogen inputs were 0.31% for fertilization in rice production, 0.62% for fertilization in
wheat and soybean production, and 1% for crop residue incorporation [48]. The NH3-N
emission coefficients to nitrogen inputs were 4-8% for chemical fertilizers [70], 2% for
organic fertilizers [71], and 0.9% for crop residues [72]. The outflow rates to N and P,Os
inputs were 30% [48] and 0.6% [73], respectively. Furthermore, in conventional wheat and
soybean production, CO, emissions from dolomite fertilizers were considered. The CO,—C
emission coefficient to dolomite inputs was 13% [48].
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Direct CHy4 emissions from irrigated rice production were calculated using the following
equation estimated under the conditions of a fast drainage rate, intermittent drainage, and
the Tokai—Kinki regions (including the Shiga region): DCE = 6.2 + 0.05603 x TOM, where
DCE is the amount of CHy—C emitted directly from paddy fields (kg CHs—C/ha/year) and
TOM is the total of organic matter such as rice straw and cow manure (kg C/ha/year) [48,74].
Furthermore, to reflect the suppressive effect on CH, emissions based on prolonged mid-
season drainage, the CH4 emissions for environmentally friendly rice production were
assumed to be 69.5% of the calculated values [62]. Finally, the CH4 emissions from paddy
fields were 143.4-160.6 kg CH,/ha/year for environmentally friendly rice production and
394.1 kg CHy /ha/year for organic rice production.

Following GIO and MOE [48], which provided the CH4 emission factors for Japanese
paddy fields from compost and incorporated rice straw, the organic carbon inputs of rice
straw and cow manure were used in the CHy calculations. The organic carbon inputs
of all organic fertilizers (including organic/inorganic compound fertilizers) except cow
manure were excluded because the organic carbon contents of several fertilizers such as
organic/inorganic compound fertilizers and grained 100% organic fertilizer were unclear.
Given that the actual weights (0.6 t/ha for environmentally friendly rice and 2.2 t/ha for
organic rice) of all organic fertilizers except cow manure were considerably less than that
(20 t/ha) of cow manure, this approach is unlikely to have a significant impact on the
calculated values of CHy. Because Itoh et al. [62] reported that the GWP of N,O emissions
at most sites was much smaller than that of CH, emissions, the negative effects on N,O
emissions of prolonged midseason drainage were not considered.

The coeftficients for calculating energy consumption and environmental load emissions
are detailed in Table S1 (Supplementary Material).

2.3.4. Impact Assessment

This LCA had five environmental impact categories. EC was aggregated on a net
calorific value basis. In the GWP calculation for one hundred years, the CO,-equivalence
factors of CO,, CHy, and N, O were 1, 28, and 265, respectively [75]. AP was characterized
using the SO,-equivalence factors: 0.7 of NOy, 1 of SOy, and 1.88 of NHj3 [9]. For EP,
the POy4-equivalence factors for NOy, NH3, N, and P,Os were 0.13, 0.35, 0.42, and 1.34,
respectively [9]. Because the toxicity characterization methods [9,76] did not cover all the
toxic substances that were applied in the modeled farm, PU was expressed as the total
weight of active ingredients [16,17]. Given that PU does not reflect different toxic levels of
active ingredients, it can be technically regarded as an environmental externality indicator
or a resource use indicator [16] rather than an environmental impact indicator. To identify
how each environmental objective affects the decisions of crop selection in multi-objective
optimization, these environmental impacts were not integrated into a single environmental
impact index.

2.4. Crop Incomes and Labor Inputs of the Modeled Farm

Crop income (per ha), defined as the difference between the total crop revenue includ-
ing subsidies and the total variable cost, corresponded to the coefficient of an economic
objective function in the bio-economic farm model. Each type of crop revenue was cal-
culated by multiplying the crop yield (Table 3) by the unit price [42]. The production
of environmentally friendly and organic rice and conventional wheat and soybeans was
supported by direct payments for environmentally friendly agriculture [33,40] and farming
income stabilization measures [77,78], respectively. The total variable cost for each crop
comprised the costs of LCA inputs (energy, seeds, fertilizers, pesticides, and agricultural
services), other production materials, crop insurance, sales commission, shipping, and
organic certification [42,43].

Furthermore, to calculate the net farm income of the modeled farm, the data on
fixed and common costs, which were excluded in the LCA evaluation, were also collected.
The fixed costs included depreciation and repair expenses for agricultural machines and
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facilities, motor vehicles and transport equipment, and farm implements used across
multiple years [42,79]. The common costs comprised the costs of rented farmland, land
improvement and water use, taxes and dues, and social insurance [42]. To construct the
coefficients for the labor constraints in the bio-economic farm model, the operation-by-
operation working hours per ha of family workers and temporary workers were aggregated
by term [42,43]. Entrusted operations were excluded from the labor constraints.

2.5. Multi-Objective Optimization Model
2.5.1. Bio-Economic Farm Model with Multiple Objectives

In this paper, a bio-economic farm model with multiple objectives was built by append-
ing environmental objectives to a classical linear programming model with an economic
objective. The environmental objectives corresponded to the environmental impact cate-
gories (EC, GWP, AP, EP, and PU) of LCA. Therefore, the bio-economic farm model is a
multi-objective optimization model with six objectives.

Many optimization procedures have been developed to solve multi-objective optimiza-
tion problems [15]. In this paper, a MOGA, which is the most popular heuristic approach
to multi-objective optimization problems [14], was applied for solving the multi-objective
bio-economic farm model.

2.5.2. Multi-Objective Genetic Algorithm

When solving multi-objective optimization problems, a perfect multi-objective solution
that simultaneously optimizes each objective function is almost impossible [14]. Therefore,
a set of solutions that cannot be improved with respect to any objective without worsening
at least one other objective is investigated in multi-objective optimization [14]. These
solutions are known as Pareto-optimal solutions, and the frontier formed by these solutions
is then a Pareto frontier [15].

Genetic algorithms (GAs), being search and optimization techniques based on the
mechanics of natural selection and natural genetics [15,80], are well suited for solving
multi-objective optimization problems [14]. GAs work with the coding of the parameter
set and include three operators, namely, reproduction, crossover, and mutation [80]. The
reproduction operator makes duplicates of good solutions and eliminates bad solutions in
a population [15]. Because the reproduction operator cannot create any new solutions in
the population, crossover and mutation operators yield new solutions [15]. The crossover
operator recombines together good substrings from two good strings, and the mutation
operator alters a string locally [15]. The GA circulative procedure through these operators
is continued until the termination criterion is satisfied [15].

2.5.3. Model Formulation

The MOGA-based bio-economic farm model has one economic objective to be maxi-
mized and five environmental objectives to be minimized under the constraints of land use,
labor inputs, and nonnegativity. The multi-objective optimization problem for the modeled
farm is expressed as follows (Supplementary Material, Table S2):

8 5
Minimize — TCI = — (Z cincyx; — 1500 y]->, 1)
i=1 j=1
8
Minimize TEC = ) _ ec;x;, )
i=1
8
Minimize TGWP =) _ gwp;x;, 3)
i=1
8

Minimize TAP = ) ap;x;, (4)
i=1



Sustainability 2023, 15, 10059 10 of 22

8

Minimize TEP = ) _ ep;x;, 5)
i=1
8
Minimize TPU = Y _ pu;x;, (6)
i=1
subject to
X1+ x2 +x3 + x4 + x5 + x5 = 30, 7)
—(x1+x2+x3+x1) +x6 <0, ®)
—Xg + X7+ x5 =0, )
8
Y labyx; — z < flab(k =1, ... ,36), (10)
i=1
y1 if the term is early June,
Yo if the term is early July,
N & if the term is late July,
k™) yuif the term is mid-August, '
ys if the term is late September,
0 otherwise
—4(x1+x2+x3+ x4+ x5) —5xg +y1 <0, (11)
f4(X1 +X2+X3+X4+X5) +1y2 <0, (12)
—4(x1 —|—x2—|—x3+x4+x5) —2.5(X7+x8) +y3 <0, (13)
—4(x1+x2+x3+x4+x5) +y4 <0, (14)
—25(x7+xg) +y5 <0, (15)
x; > 0,Vi, (16)
y; = 0,Vj, 17)

where x; is the planted area (ha) of the ith crop; y; is the jth input (hours) of temporary
workers; zj is the input (hours) of temporary workers in the kth term; TCI (JPY), TEC
(G)), TGWP (kg CO; eq.), TAP (kg SO, eq.), TEP (kg POy eq.), and TPU (kg a.i.) are the
total values of crop income, EC, GWP, AP, EP, and PU, respectively; cinc;, ec;, gwp;, ap;, ep;,
and pu; are the coefficients per ha of crop income, EC, GWP, AP, EP, and PU for the ith
crop, respectively; lab is the labor input coefficient (hours/ha) for the ith crop in the kth
term; and flaby is the maximum possible input (hours) of family labor in the kth term. The
subscript i is the type of planted crop: environmentally friendly rice (an early variety 1,
i = 1; an early variety 2, i = 2; a medium variety, i = 3; and a late variety, i = 4), organic rice
(an early variety 2, i = 5), conventional wheat (a medium variety, i = 6), and conventional
soybeans (a medium variety, i = 7 and a late variety, i = 8). The subscript j refers to the inputs
of temporary workers in early June (j = 1), early July (j = 2), late July (j = 3), mid-August
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(j = 4), and late September (j = 5). Because every month was divided into early, middle, and
late terms, Equation (10) includes 36 functions (k=1, ..., 36).

Equations (1)—(6) are the objective functions. In Equation (1), TCI to be maximized is
calculated by subtracting the total wage of temporary workers from the total crop income.
Therefore, TCI technically indicates the sum of family earnings and fixed and common
farming costs. The hourly wage coefficient (1500 JPY /hour) of temporary workers was
from Shiga Prefecture [42]. Given the use of MATLAB, Equation (1) is multiplied by -1 to
convert the maximization problem into a minimization problem [81]. For Equations (2)-(6)
to be minimized, these environmental coefficients were derived from the results of the LCA.

Equations (7)—(9) represent three cropping patterns in the modeled farm. Equation (7)
imposes the constraint that the sum of the planted areas of environmentally friendly rice,
organic rice, and conventional wheat corresponds to the total farmland area (30 ha) of the
modeled farm because there is an overlap in the growing seasons between rice cultivated
in April-October and wheat raised in October—June [42]. Equation (8) decides whether
environmentally friendly rice cultivation is converted into conventional wheat production.
Equation (9) shows that the succeeding crop of conventional wheat is conventional soybeans
(planted in June-December) [42]. To avoid the adoption of fallowing, Equations (7) and (9)
have equality signs. These constraints yield the following solutions for the variables.
The total area of environmentally friendly rice is equal to the sum of the area cropped
continuously every year and the area cultivated in the first year for the two-year rotation
of three crops. The area of organic rice is organically planted every year. The areas of
conventional wheat and conventional soybeans denote these cropping areas in the second
year for the two-year rotation of three crops.

Equations (10)-(15) provide the labor input constraints. Equation (10) means that, in
each term, the total labor input for crop production cannot exceed the total labor supply
of family members and temporary workers. The labor input coefficients were derived
from Shiga Prefecture [42] and personal communication with a representative in Shiga
Prefecture [43]. Given that the available labor input per family worker is 59.5 h per week,
the maximum possible labor inputs from two family workers are assumed to be 158.7 h per
term in February, 170 h per term in a month with 30 days, and 175.7 h per term in a month
with 31 days [38,42]. Equations (11)—(15) represent the constraints that the temporary
workers engage in only mechanical weeding of paddy field dikes in early June, early
July, late July, mid-August, and late September, respectively. The labor input coefficients
(hours/ha) of mechanical weeding for paddy field dikes (4 for rice, 5 for wheat, and 2.5
for soybeans) were from Shiga Prefecture [42]. Finally, Equations (16) and (17) are the
nonnegativity constraints for x; and y;, respectively.

Growing rice for family consumption was not considered in the MOGA-based bio-
economic farm model, although such small amounts of consumption can be managed by
introducing and/or modifying constraints in an optimization model. Because a large-scale
rice farm was assumed in this paper, this handling did not have a major effect on the
optimized results.

In this paper, MATLAB Version R2022a, including the Global Optimization Tool-
box [81], was used for building the MOGA-based bio-economic farm model. The solver
of “gamultiobj” created a set of solution points on the Pareto front based on a controlled
elitist GA, which is a variant of a nondominated sorting GA (NSGA-II) [15,81]. The options
for “gamultiobj” were not changed. However, for reproducibility, the random number
generator was set to default. Furthermore, the standard linear programming model based
on TCI maximization was also performed to compare with the MOGA results.

3. Results
3.1. Economic Performance of the Modeled Farm
Table 4 provides the crop incomes and labor inputs of the modeled farm. The crop

incomes (thousand JPY /ha) were 635-824 for environmentally friendly rice, 1319 for organic
rice, and 790-896 (per year) for the two-year rotation of the three crops. The labor inputs
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(hours/ha) were 111.8-120.4 for environmentally friendly rice, 142.6 for organic rice, and
97.2-101.5 (per year) for the two-year rotation of the three crops. Over the three cropping
patterns, organic rice production yielded the highest crop income but demanded the largest
labor input. The total annual cost of fixed and common inputs used for calculating the net
farm income based on the MOGA results was 19,399 thousand JPY.

Table 4. Crop incomes and labor inputs of the modeled farm.

Crop income !

Crop revenue
Yield
Unit price
Subsidy
Total variable cost
Total working hours

EFR OR CW CS
(EV1) (EV 2) MV) (LV) (EV 2) (MV) MV) (LV)
(Thousand JPY /ha) 635 824 795 719 1319 543 401 425
(Thousand JPY /ha) 1053 1246 1216 1138 1600 183 316 340
(kg/ha) 4618 4906 5195 4906 4200 3600 2000 2000
(JPY/kg) 228 254 234 232 381 51 158 170
(Thousand JPY /ha) 40 40 40 40 120 795 448 448
(Thousand JPY /ha) 457 462 461 459 402 435 363 364
(Hours/ha) 111.8 116.4 120.4 114.4 142.6 43.8 38.7 38.7

EFR—environmentally friendly rice; OR—organic rice; CW—conventional wheat; CS—conventional soybeans;
EV—early variety; MV—medium variety; LV—late variety. 1 Crop income = crop revenue + subsidy — total
variable cost.

3.2. Environmental Performance of the Modeled Farm

Table 5 details the LCA results for the various crop production systems. The EC, GWP,
AP, ED, and PU per ha for environmentally friendly rice were 36.0-39.6 GJ, 7808-8055 kg
CO; eq., 17.5-17.7 kg SO, eq., 18.9-19.8 kg PO, eq., and 1.6 kg a.i., respectively. The impacts
per ha of organic rice were 30.2 GJ for EC, 13,857 kg CO; eq. for GWP, 19.1 kg SO; eq. for
AP, 36.6 kg POy eq. for EP, and 0 kg a.i. for PU. For the two-year rotation of the three crops,
the annual values per ha of EC, GWP, AP, EP, and PU were 46.6-48.4 GJ, 7507-7631 kg CO,
eq., 33.7-33.8 kg SO, eq., 34.9-35.3 kg POy eq., and 2.9 kg a.i., respectively. In a comparison
of the three cropping patterns, given the poorer results for GWP and EP, organic rice
production did not necessarily involve any environmental advantage.

Table 5. LCA results of the crop production systems (per ha).

EFR OR CW CS

(EV1) (EV 2) MV) (LV) (EV 2) MV) MV) (LV)

EC (G) 39.6 38.4 36.0 36.0 30.2 30.3 26.9 26.9
Fossil fuels 55.6% 55.3% 52.8% 52.2% 78.0% 32.9% 36.8% 36.8%
Fertilizers 29.4% 29.8% 31.7% 31.8% 17.9% 37.7% 32.3% 32.3%
Pesticides 9.8% 10.1% 10.7% 10.7% 0% 6.7% 15.1% 15.1%
Others 5.2% 4.9% 4.7% 5.2% 4.2% 22.7% 15.8% 15.8%
GWP (kg COs eq.) 7822 7977 8055 7808 13,857 4108 3099 3099
Fossil fuels 20.7% 19.6% 17.4% 17.8% 12.5% 17.9% 23.6% 23.6%
Fertilizers 19.7% 19.0% 18.8% 19.4% 5.8% 62.0% 50.9% 50.9%
Pesticides 3.6% 3.6% 3.5% 3.6% 0% 3.6% 9.7% 9.7%

Paddy fields (CH,) 51.3% 53.4% 55.8% 54.5% 79.6% 0% 0% 0%
Others 4.7% 4.5% 4.5% 4.7% 2.1% 16.4% 15.9% 15.9%

AP (kg SO, eq.) 17.7 17.7 17.6 17.5 19.1 36.1 13.9 13.9
Fossil fuels 36.1% 36.2% 35.7% 35.5% 36.4% 13.5% 35.0% 35.0%
Fertilizers 51.8% 51.5% 51.8% 51.9% 57.8% 80.3% 48.4% 48.4%
Pesticides 4.7% 4.7% 4.8% 4.8% 0% 1.2% 6.3% 6.3%
Others 7.4% 7.5% 7.8% 7.7% 5.8% 5.0% 10.2% 10.2%
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Table 5. Cont.

EFR OR CwW (6]
(EV1) (EV 2) (MV) (LV) (EV 2) (MV) (MV) (LV)

EP
Fossil fuels
Fertilizers
Pesticides
Crop residues
Others

(kg POy eq.) 18.9 19.4 19.8 194 36.6 39.2 11.6 11.6

3.7% 3.6% 3.5% 3.5% 21% 1.4% 4.6% 4.6%
62.3% 61.2% 60.0% 61.3% 82.1% 88.4% 60.8% 60.8%
0.3% 0.3% 0.3% 0.3% 0% 0.1% 0.6% 0.6%
33.5% 34.7% 36.0% 34.7% 15.7% 9.9% 33.3% 33.3%
0.2% 0.1% 0.1% 0.2% 0.1% 0.3% 0.6% 0.6%

PU

(kg ai.) 1.6 1.6 1.6 1.6 0 1.5 2.7 2.7

1,500 T+

51,450 T

Total EC (GJ
rS
o
o

1,350 +

EFR—environmentally friendly rice; OR—organic rice; CW—conventional wheat; CS—conventional soybeans;
EV—early variety; MV—medium variety; LV—late variety; EC—energy consumption; GWP—global warming
potential; AP—acidification potential; EP—eutrophication potential; PU—pesticide use.

To identify environmental hotspots for the various crop production systems, contribu-
tion analysis, which calculates the overall contribution to the results of various factors [9],
was performed across all environmental impact categories except PU. For EC (fossil fuels
and fertilizers), AP (fertilizers and fossil fuels), and EP (fertilizers and crop residues), the
top two contributors were the same for each crop. However, for GWP, the largest contribu-
tor for environmentally friendly rice and organic rice was direct CH, emissions from paddy
fields, whereas that for conventional wheat and conventional soybeans was fertilizers.

3.3. MOGA Results

Figure 2 depicts the Pareto fronts between total crop income and each environmental
indicator based on the MOGA results. Each environmental objective was compared with
the economic objective, which was the most important concern for farmers. The number
of Pareto-optimal solutions was 188. The optimum values of total crop income, total EC,
total GWP, total AP, total EP, and total PU were in the ranges of 25,491-27,416 thousand JPY,
1365-1440 GJ, 227,117-242,098 kg CO; eq., 906-1015 kg SO; eq., 951-1058 kg POy eq., and
78.1-87.4 kg a.i., respectively. Using the scatter plots, it appears that an increase in total crop
income increased GWP, AP, and EP but decreased EC and PU. Table S3 (Supplementary
Material) provides information on all Pareto points.

1,300
25,000

25,500 26,000 26,500 27,000 27,500 28,000

Total crop income (thousand JPY)

Figure 2. Cont.
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Figure 2. Pareto fronts between total crop income and each environmental indicator based on the
MOGA results. Negative values of total crop income from Equation (1) were converted into positive
values. EC—energy consumption; GWP—global warming potential; AP—acidification potential;
EP—eutrophication potential; PU—pesticide use.

Table 6 describes the best Pareto point for each objective based on the MOGA results.
The results for minimum total EC, minimum total AP, and minimum total PU represent
an identical Pareto-optimal solution. Because organic rice production yielded the highest
crop income across three cropping patterns (Table 4), the standard linear programming
model based on income maximization provides the largest area (6.6 ha) of organic rice in
the optimized results. Conversely, the cultivation of organic rice, which did not necessarily
contribute to environmental mitigation (Table 5), was limited in the MOGA results affected
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by environmental objectives in addition to the economic objective. The MOGA results
demonstrate that in the modeled farm, the planted area of organic rice was 2.3 ha at
best even though income maximization was emphasized. When any of the minimized
environmental objectives were of importance, organic rice was very lowly cultivated (0.3 ha
or less).

Table 6. Best Pareto point for each objective based on the MOGA results.

Maximum Total Minimum Minimum Minimum Minimum Minimum Standard
Crop Income Total EC Total GWP Total AP Total EP Total PU LP Model
Optimum values of objective
functions
Net farm income ! (Thﬁ,“;)a“d 8016 6315 6358 6315 6092 6315 8848
Total EC (G)) 1390 1365 1440 1365 1371 1365 -
Total GWP (kg CO; eq.) 242,098 231,893 227,117 231,893 229,929 231,893 -
Total AP (kg SO, eq.) 981 906 1015 906 909 906 -
Total EP (kg POy eq.) 1058 953 1052 953 951 953 -
Total PU (kg a.i.) 80.8 78.1 87.4 78.1 789 78.1 -
Optimum crop planted areas
EFR (EV 1) (ha) <0.001 1.793 4.181 1.793 2.136 1.793 4.557
EFR (EV 2) (ha) 11.558 13.893 10.819 13.893 13.901 13.893 0.858
EFR (MV) (ha) 2.312 1.645 <0.001 1.645 0.894 1.645 6.217
EFR (LV) (ha) <0.001 0.744 <0.001 0.744 1.303 0.744 0.058
OR (EV 2) (ha) 2.259 0.306 <0.001 0.306 0.023 0.306 6.620
CW (MV) (ha) 13.870 11.619 15.000 11.619 11.742 11.619 11.690
CS (MV) (ha) 4.141 2.935 4.290 2.935 2.999 2.935 3.856
CS (LV) (ha) 9.729 8.684 10.710 8.684 8.743 8.684 7.835
Optimum inputs of
temporary workers
Early June (Hours) 91.036 93.928 83.500 93.928 92.988 93.928 105.882
Early July (Hours) 64.519 62.518 60.000 62.518 60.485 62.518 73.239
Late July (Hours) 7.980 18.298 5.833 18.298 18.524 18.298 12.215
Mid-August (Hours) 0 11.137 <0.001 11.137 12.364 11.137 0
Late September (Hours) 0.066 6.080 0.009 6.080 6.203 6.080 0

EFR—environmentally friendly rice; OR—organic rice; CW—conventional wheat; CS—conventional soybeans;
EV—early variety; MV—medium variety; LV—late variety; EC—energy consumption; GWP—global warming
potential; AP—acidification potential; EP—eutrophication potential; PU—pesticide use; LP—linear programming.
1 Optimum net farm income = optimum total crop income—common and fixed costs (19,399 thousand JPY).

4. Discussion
4.1. Comparison of Economic and Environmental Outcomes between Organic and Environmentally
Friendly Rice

It is known that organic farming often has higher labor costs because of various
additional works (e.g., mechanical pest control in farm operations), but nonetheless remains
economically competitive with conventional agriculture when organic price premiums
are applied [1]. These characteristics of organic farming were also found in a comparison
between organic rice and environmentally friendly rice with the reduced use of chemical
fertilizers and synthetic pesticides (Table 4). Because the organic price premium more than
made up for the decrease in yield, crop income (1319 thousand JPY /ha) for organic rice
was much higher than that (635-824 thousand JPY /ha) for environmentally friendly rice.
By contrast, given the practices of many weed control systems (Table 2), the labor input
(142.6 h/ha) for organic rice was larger than that (111.8-120.4 h/ha) for environmentally
friendly rice. Thus, although the modeled farm provided an economic advantage with the
cultivation of organic rice, given limitations with the labor input, environmentally friendly
rice could not be replaced entirely with organic rice (Table 6).

Meier et al. [82] reported that, in many cases, organic agricultural products have lower
environmental impacts per unit area than conventional agricultural products. However,
such findings were not necessarily applicable to organic rice production. For example,
Hokazono and Hayashi [37], in a comparison of the environmental impacts of conventional,
environmentally friendly, and organic rice from a five-year on-farm trial in Japan, found
that organic rice has both positive and negative effects on environmental mitigation on a
unit area basis. A comparison of the LCA results between organic rice and environmentally
friendly rice also indicated that organic rice provides environmental advantages for the
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impacts per ha of EC and PU, but environmental disadvantages for those of GWP, AP, and
EP (Table 5).

The EC results supported the perception that organic farming usually reduces energy
consumption per unit area [2]. Compared with that (36.0-39.6 GJ /ha) for environmentally
friendly rice, improvement in the EC (30.2 GJ /ha) for organic rice resulted from the zero use
of chemical fertilizers and synthetic pesticides. In organic rice production, the avoidance of
chemical fertilizers contributed to a significant reduction in energy demands for fertilizer
inputs. Obviously, the energy input of synthetic pesticides was zero. However, a part
of these energy reductions was offset by energy use derived from the production and
application of organic fertilizers and fossil fuel combustion for weed control in paddy fields.

Organic rice delivered the best environmental performance for the PU (0 kg a.i./ha)
because synthetic pesticide application is prohibited in organic farming. Compared with
synthetic pesticide inputs (2.4-3.3 kg a.i./ha) for conventional rice in the Shiga region [83],
environmentally friendly rice provided lower PU (1.6 kg a.i./ha). Note that given the lim-
ited data availability, the weight of active ingredients served as the indicator of PU [16,17].
However, to evaluate better the environmental and ecological impacts of agrichemicals in
rice production, toxicity characterization would be better where possible (e.g., [84]).

By contrast, the GWP (13,857 kg CO; eq./ha) for organic rice was considerably worse
than that (7808-8055 kg CO, eq./ha) for environmentally friendly rice. This was caused by
a huge increase in direct CH, emissions from organic paddy fields, which were calculated
based on organic carbon inputs and midseason drainage manners [48,62,74]. Because cow
manure, in addition to rice straw, was applied in organic paddy fields, the total organic
carbon input (5165 kg C/ha) of organic rice was much larger than that (2652-2983 kg C/ha)
of environmentally friendly rice. Furthermore, unlike environmentally friendly rice pro-
duction, prolonged midseason drainage, useful for reducing direct CH4 emissions from
paddy fields [62], was not practiced in organic rice production because it was not included
in the essential requirements for the payment of the subsidy for organic agriculture [40].

The AP and EP (19.1 kg SO, eq./ha and 36.6 kg PO4 eq./ha, respectively) for organic
rice were also higher than those (17.5-17.7 kg SO; eq./ha and 18.9-19.8 kg PO, eq./ha,
respectively) for environmentally friendly rice. The main reason for these degradations
is that huge amounts of nutrient components were used in organic rice production. It is
noteworthy that cow manure supplied more than half of the nutrient inputs (56% for N and
57% for P»Os5) from the organic materials. Organic rice had a dramatically worsening EP
because of the nutrient outflows derived from cow manure. Notably, nitrogen that easily
leached with water substantially affected the increase in the EP. These results suggested that
zero use of chemical fertilizers does not necessarily achieve low-input nutrient management
in organic farmland.

In this paper, environmentally friendly rice with the reduced use of chemical inputs
and prolonged midseason drainage was compared with organic rice. Because this approach
might lead to unfair conclusions regarding the environmental impacts (especially GWP, AP,
and EP) for organic rice, the validity of a comparison between organic rice and environ-
mentally friendly rice was discussed by reviewing previous LCA studies that compared
organic rice and conventional rice. Hokazono and Hayashi [37] found that GWP, AP, and
EP per ha for organic rice, which needed large quantities of organic fertilizers and higher
amounts of fossil fuels for mechanical fieldwork, were greater than those for conventional
rice. Aguilera et al. [85] indicated that area-based GWP for organic rice had poorer environ-
mental performance than that for conventional rice because of increased CH,4 emissions
by the incorporation of rice straw and manure. Hokazono and Hayashi [86] showed that
continuous organic rice production, which applies a large amount of P,Os from organic
fertilizers, had an environmental disadvantage for land-oriented EP compared with con-
tinuous conventional rice production. These previous studies suggested that compared
with conventional rice cultivation, organic rice farming is not always a low-input farming
system and has possible negative environmental impacts because of intensive nutrient
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management. The implications obtained through this study showed similarity to those of
previous LCA studies that compared organic rice and conventional rice.

4.2. Policy Implication for Organic Rice Farming

Compared with other cropping patterns, organic rice production had an advantage in
the economic objective, but not necessarily in the environmental objectives. Although it
should be kept in mind that the LCA framework did not include environmental mitigation
measures (e.g., soil carbon sequestration), it had the worst effects on GWP and EP of all the
cropping patterns. Given these findings, it is difficult to promote organic rice farming with
the aim of environmental improvement. Even when intended to provide higher incomes,
as shown in Table 6, the planted area of organic rice is likely to be constrained in terms
of mitigating environmental degradation. At present, when farmers receive a subsidy for
organic rice farming under the direct payments for environmentally friendly agriculture,
they do not need to address any environmental measures that are not included in the
organic JAS system [33,40]. However, to enhance not only the economic sustainability
but also the environmental sustainability of organic rice production, some mitigation
measures for the environment, especially GWP and EP, should be included in the essential
requirements for its payment.

Prolonged midseason drainage practiced in environmentally friendly rice production
is an effective way to reduce GWP because it can suppress direct CH4 emissions from paddy
fields [62]. Although farmers can easily introduce prolonged midseason drainage [40],
given the risk of yield reduction [62], it is difficult for them to adopt this technique initially
without at least some incentive. Therefore, when prolonged midseason drainage is required,
a monetary mechanism making up for the reduction in yield should be included in the
direct payments for organic rice farming.

In the modeled farm, the application rate of cow manure, which was the main source
of carbon and nutrients in organic rice production, was equal to the maximum amount
(20 t/ha) of Shiga’s organic matter application standards [42,61]. Cow manure (3 JPY/kg)
was available at a lower cost than grained 100% organic fertilizer (99.5 JPY/kg) [42],
although these nutrient components were different. Because there is no information on
the soil characteristics for the modeled farm [42], whether the nutrient input levels are
appropriate is unclear. However, if the excessive use of cow manure is a concern, an
effective solution is making it mandatory for farmers to monitor soil nutrient conditions
using soil diagnostics when subsidizing organic rice farming. The appropriate use of cow
manure is useful for reducing not only CH, emissions but also nutrient losses. However, at
present, in direct payments for environmentally friendly agriculture, the implementation
of soil diagnostics is just one of the requirements for payment of an additional subsidy for
organic farming, given soil carbon sequestration practices, such as manure applications,
but is not mandatory [33].

Alternatively, because livestock manure applied to paddy fields is a significant factor
in soil carbon sequestration [87], any saving may diminish the carbon sink effect. However,
the benefit of soil carbon sequestration could be offset by the stimulation of CH, emissions
through cow manure application [88]. The reduced use of cow manure leads to decreasing
the range of on-farm pollutant emissions to the air (CH4, N>O, and NH3) and water (N
and P,0Os) in the LCA framework (Figure 1). Therefore, saving cow manure based on soil
diagnostics should improve the overall environmental impacts of organic rice, even though
the positive effect on carbon sinks is less.

From the perspective of the Pareto-optimal solutions, farmers have difficulty adopting
organic rice because of the risk of environmental degradation, but they might expand its
planted area when several environmental problems are mitigated by the direct payments
amended as mentioned above. However, in practice, they will not actively expand the
planted area of organic rice unless its production brings an increased economic advantage,
which is their main objective. Given that organic rice production remains very small in
Japan [32], some measures for enhancing organic price premiums and developing organic
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food markets should be required to promote the practical application of organic rice in
addition to these environmental policy improvements.

4.3. Limitations

The analysis has several limitations that are attributable to the use of an agricultural
management handbook [42] and static modeling of a large-scale family-run rice farm.
First, the large-scale family-run rice farm that was formulated as the MOGA-based bio-
economic farm model was just one of the farm types in the Shiga region. Given that, in
practice, many rice farms with different farming characteristics such as part-time farm
households and community-based farm cooperatives exist in the region, the applicability
of the findings to them should be carefully considered. Data collection based on a sample
survey will be required in future studies. Second, the results obtained depended on the
data from Shiga Prefecture [42] and the present farming environment. Note that changes
in the assumed conditions (e.g., fluctuations in agricultural product prices) can vary the
optimized results. Third, the analysis did not include significant effects on changes in
the soil parameters. For example, soybean cultivation in a paddy—upland rotation system
significantly influences soil nitrogen availability and soil carbon storage [89,90]. Because
the continuous application of cow manure improves soil fertility in paddy fields, it leads
to a reduction in nutrient inputs in the long term [45]. However, the changes in the
soil conditions that affect environmental impacts, in addition to the productivity and
profitability of crops, were not considered. Finally, soil conditions for the modeled farm
were unclear, and the MOGA-based bio-economic farm model was static. When long-term
on-farm trials to produce organic rice by combining the continuing use of a large amount
of cow manure with controls on direct CHy emissions from paddy fields are conducted in
Japan, they will provide interesting findings on variations in soil conditions.

5. Conclusions

In this paper, to assess organic rice farming in Japan, a bio-economic farm model,
including both economic and environmental objectives, was built through the combined
application of MOGA and LCA. In the bio-economic analysis, LCA was used for formulat-
ing the environmental objectives, and MOGA was applied for solving the multi-objective
optimization problem. The MOGA-based optimization results show that the cultivation of
organic rice is likely to be limited because compared with environmentally friendly rice
with the reduced use of chemical fertilizers and synthetic pesticides, while it increases
income, it does not necessarily improve the environment.

Given the environmental hotspots identified by LCA, the worsening environmen-
tal impacts of organic rice, especially global warming and eutrophication, were mainly
caused by the heavy use of cow manure and the absence of a countermeasure for the
direct CH4 emissions from paddy fields. Therefore, mitigation measures against these
problems, such as appropriate soil nutrient management, based on soil diagnostics and
CH,4 emission control through prolonged midseason drainage should be included in the
essential requirements for subsidizing organic rice production.

Even though there is scope for further research into overcoming several limitations
of this study, the findings suggest that when an economic benefit derived from organic
practices can be largely offset or canceled out by some environmental concern, organic
agriculture should be promoted carefully. This implication is useful for organic farmers
and policymakers on organic agriculture. Furthermore, when there are trade-offs between
economic and environmental objectives in organic rice farming, farmers need to choose a
compromise solution. This paper confirms that a MOGA that can provide many options for
decision makers is a useful technique for solving a multi-objective optimization problem
for a bio-economic farm model.
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