
Introduction

Since global warming was attributed to fossil-fuel
and land use related to human activities19, socioeco-
nomic policymaking around the world has been shifting
towards environmental conservation and sustainability
rather than only the pursuit of economic prosperity. To
achieve these political aims, it is important to under-
stand the environmental impacts incurred from agricul-
tural and industrial production, for example, the emis-
sions of greenhouse gases (GHGs). Life cycle assess-
ment (LCA)20, 21 is a useful framework to quantify and
assess the environmental impacts of GHGs emitted at
each stage of commodity production, ranging from “cra-
dle” (mining of minerals and fossil fuels) to “grave”
(disposal or recycling) or “gate” (of the farm or fac-
tory). Quantified emission gases, which are developed in
a life cycle inventory (LCI) database, are aggregated in
CO2-equivalents to evaluate their midpoint impact on
global warming, and when necessary, they are further

aggregated with other toxic substances into broader
categories to investigate their final impacts on human
health and social welfare12. Initially adopted in industrial
sectors, process LCA (also referred to as bottom-up
LCA) has recently been applied to agricultural produc-
tion systems for rice1, 10, vegetables13, 40, and biomass
production24, 29, 34. Application of LCA is not limited to a
single crop variety. Since Haas8, LCA has also been ap-
plied at a farm scale6, 9. Farm-scale LCA shows techno-
logical interactions between crop productions and the
resultant GHG emissions, allowing us to design more
environmentally friendly farming systems from a tech-
nological point of view. However, the technological in-
formation needs economic ground. This can be under-
stood better when one imagines that one of the tasks of
policymakers is to create economic incentives for pro-
ducers.

The linkage between LCA and economic analysis
has traditionally been examined by means of input-
output (IO) analysis28. Besides its ability to fully ac-
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count for background processes in commodity produc-
tion, IO-based LCA (also referred to as top-down LCA)
can analyze interactions between economic activity and
environmental impact through a sensitivity analysis of
environmental impacts induced by economic incentives,
especially changes in exogenous demand for commodi-
ties33. A shortcoming of this approach is that it cannot
evaluate policy measures, such as area-based subsidies,
which are frequently adopted in the agricultural sector
to economically motivate farmers. This shortcoming is a
direct consequence of the simplified assumptions that IO
analysis imposes on the general equilibrium model of
economy (e.g., fixed prices and no consideration for
land use). It is therefore necessary to generalize the
activity-based economic model so that agricultural poli-
cies that are actually implemented can be taken into
consideration4. In addition, IO-based LCA is not well
suited for the analysis of production of specific com-
modities (e.g., tomatoes produced at a particular farm)
because IO tables, often produced by central and local
governments, are too aggregated to represent a specific
commodity or producer. Process LCA, however, was de-
veloped for commodity-specific LCA but it lacks the ca-
pacity to analyze economic activity.

The objective of this study was to integrate process
LCA into an activity-based microeconomic production
model that has been widely employed in bio-economic
farming studies2, 14, 23. Doing so would enable us to
quantify environmental impacts induced by economic
incentives imposed on individual producers. The eco-

nomic incentives may include price changes, technologi-
cal innovations and area-based governmental supports
that are beyond the scope of IO-based LCA. In this ap-
proach, however, traditional normative activity analysis
hardly reproduces the observed input variables (referred
to as the “reference point”), as is often the case with the
linear programming (LP) model widely used for farm
management14. Consequently, the resultant LCA deviates
from the original LCA that is evaluated at the reference
point. In this study, an attempt was made to bridge the
gap between the theoretically derived LCA and the
original process LCA by introducing positive mathe-
matical programming (PMP), which was established by
Howitt16. The proposed framework was then applied to
crop farming systems in Hokkaido in northern Japan to
consider its potential for analyzing area-based farming
policy.

Method

Howitt’s16 PMP approach begins with the following
LP model (see Table 1 for definitions of the variables
and parameters):

x
Max�t px − t cx�
s.t. Ax � b,

x � xo + ε,
x � 0, (1)

where the inequality including ε is called the calibration

Table1. Definition of variables and parameters

Variables

x a (n × 1) vector of primal variables that are defined as land area allocated to each crop production [LP, QP]

λ a (m × 1) vector of dual variables associated with fixed but allocatable resource constraints [LP] where the number
of resources needs to be fewer than that of primal variables, i.e., n > m

θ a (m × 1) vector of dual variables associated with resource constraints [QP]

ρ a (n × 1) vector of dual variables associated with calibration constraints [LP]

Parameters

p a (n × 1) vector of revenues per unit area [LP, QP]

c a (n × 1) vector of accounting costs per unit area [LP]

A a (m × n) matrix of input/output coefficients [LP, QP]

b a (m × 1) vector of resource constraints, which is set as b = Axo [LP, QP]

d a (n × 1) vector of linear cost coefficients to be calibrated [QP]

Q a (n × n) symmetric and positive semi-definite matrix of quadratic cost coefficients to be calibrated [QP]

Observations and etc.

xo a (n × 1) vector of observed primal variables (i.e., the reference point) [LP, QP] They are positive by nature.

ε a (n × 1) vector of small positive numbers [LP]
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constraint; parameters p, c and A are specified on the
basis of farm management data (see the next section for
a description of the specification procedure frequently
used in the field of farm management); and b is speci-
fied under the assumption that b = Axo.

The calibration constraint makes the LP model op-
timize at the reference point (i.e., x* = xo), and ρ* is an
indicator of whether or not the LP model reproduces the
reference point. If ρ* is a non-zero vector, the LP model
without the calibration constraint deviates from the ref-
erence point and is interpreted as a “false” model. The
PMP approach introduces a nonlinear objective function
to absorb the deviation, measured by ρ*, of the LP
model from the reference point. The nonlinear program-
ming model used in this study follows the quadratic
programming (QP) model for simplicity (see Table 1 for
definitions):

x
Max�t px − t dx − 0.5 t xQx �
s.t. Ax � b,

x � 0. (2)

Given that parameters p, A and b are defined in the
same way as in the LP model (1) and that θ* = λ*, the
sufficient and necessary condition for the optimization
of both the LP model (1) and QP model (2) derives
equation (3):

c + ρ* = d + Qxo . (3)

Equation (3) shows how parameters d and Q should be
calibrated for the QP model (2) to be optimized at the
reference point. Equation (3) is indefinite because the
number of elements of d and Q (i.e., n + 0.5n (n + 1))
exceeds that of the equations (i.e., n), which is why the
calibration problem has been called “ill-posed”37. How-
itt16 dealt with this problem by imposing two assump-
tions. The first is to restrict Q to a diagonal matrix,
which reduces equation (3) to:

ci + ρ*
i = di + qii xo

i (i = 1, 2, ..., n). (4)

The second is to introduce the relation of ci with the

“true” cost function C(x) = Σ n
i=1(di xi + 0.5qii x2

i ), such
that:

ci xo
i = di xo

i + 0.5qii�xo
i�2⇔ ci = di + 0.5qii xo

i . (5)

Equations (4) and (5) have a unique solution of di and
qii (i = 1,2,…,n):

di = ci − ρ*
i , (6)

qii =
2ρ*

i

xo
i

. (7)

Calibrated with these parameters, the QP model (2) is
optimized at the reference point and thereby reproduces
the GHG emissions originally quantified at the reference
point, as follows:

GHG emissions = t ex* = t exo , (8)

where e is a (n × 1) vector of emission factors per unit
area of environmental pollutants (e.g., CO2 and N2O)
that are incurred from agricultural production. The
quantified emissions are then aggregated into a midpoint
category (global warming in this study) and, when and
if necessary, they are further aggregated with other
harmful substances into broader categories, called end-
points, to evaluate their final impacts on human health
and social welfare12.

Application

1. Data
Many farm-scale applications of LCA have been

conducted in Europe6, 9, 35, 39, but only a few have been
conducted in Japan30. Koga, Sawamoto and Tsuruta27

conducted one such study in the Tokachi region of Hok-
kaido in northern Japan. They developed Tier 2 LCI
data (according to the Intergovernmental Panel on Cli-
mate Change [IPCC] guidelines) of total GHG emis-
sions (CO2, N2O and CH4) from production systems of
representative crops grown in the region (i.e., winter
wheat, sugar beets, adzuki beans and potatoes) and cab-
bage. The crop production systems were analyzed in the
cradle-to-gate system boundary where three categories
of GHG source or sink were taken into consideration:
(1) background processes (i.e., off-farm emissions) of
manufacturing agricultural materials, such as chemical
fertilizers, biocides (pesticides and herbicides), and agri-
cultural machinery; (2) on-farm fuel-consuming opera-
tions, such as tractor-based field operations, truck trans-
portation and mechanical grain drying; and (3) agricul-
tural soils that emit CO2 and N2O to and absorb CH4

from the air. The soil-derived emission of CO2 and N2O
and the absorption of CH4 were estimated from field
trial data for two types of tillage cropping systems,
plow-based conventional tillage (CT) for all the five
crops and reduced tillage (RT) for winter wheat, sugar
beets and adzuki beans26, 27. As described in Koga,
Sawamoto and Tsuruta27, “[u]nder CT systems, typical
of the Tokachi region in Hokkaido, fields were har-
rowed twice … in early spring for soil preparation and
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plowed once … after harvesting to incorporate crop
residues into the soil. Under RT cropping systems, …
fields were harrowed once and plowing was omitted. In
addition, extra-spraying of a non-selective herbicide was
required because weed control after harvesting was, in
most cases, a significant problem under RT production
systems.” The estimated GHG emissions in the crop
production systems were aggregated, using the 100-year
global warming potentials, in CO2-equivalents (Table 2).
Based on the LCI data, Koga, Sawamoto and Tsuruta27

concluded that as much as 64% to 76% of the total
GHG emissions, well over the sum of off-farm and fuel-
related on-farm emissions, were soil derived and that
“[t]otal greenhouse gas emissions could be significantly
reduced by the adoption of RT systems, mainly as a re-
sult of greater C sequestration in the RT soil than in the
CT soil and from fuel saving because plowing was
omitted.”

Their findings and contributions to GHG mitigation
technologies are undoubtedly valuable, as widely recog-
nized in IPCC. However, when it comes to actual exten-
sion of the RT systems, we need to be aware of the im-
portance of examining whether or not the alternative
tillage systems are economically feasible. In this study,
the economic feasibility was analyzed by using the
PMP-based LCA method discussed in the previous sec-
tion. To conduct the analysis, the LCI data were coupled
with farm management data − income, material cost, la-
bor hours and land-use patterns − in the region (Table
3). Data for income, material cost and labor hours in
CT systems were obtained from the Department of Ag-
riculture of the Hokkaido Government3, while RT data
were estimated on the basis of CT data as follows. In

RT systems, fuel consumption and labor hours related to
tractor-based field operations are lower in comparison to
those of CT systems, but fuel consumption, herbicide
use and labor hours for chemical application are
higher27. To estimate the net management data in RT
systems, this study assumed that the total fuel cost and
labor hours were proportional to fuel consumption ana-
lyzed by Koga et al.25 in CT and RT systems. Herbicide
costs in RT systems were assumed to increase by 5,500
yen ha−1 for each crop, as in Koga, Sawamoto and Tsu-
ruta27. These assumptions derived net increases in mate-
rial cost for RT systems and net reductions in labor
hours. The net increases in material cost for RT systems
were estimated to be 3,362, 3,338 and 3,343 yen ha−1

for winter wheat, sugar beets and adzuki beans, respec-
tively, and the net reductions in labor hours were 5.4,
46.7 and 30.0 hours ha−1. Other data for RT systems
were assumed to be equal to those of CT systems.
Land-use pattern data (i.e., the reference point) for the
CT farming were provided by the Japan Agricultural
Cooperatives in the Tokachi region. The reference point
(land-use data) and GHG emission factors were then
substituted into equation (8) to derive the original LCA
at farm scale, and 292.935 t CO2 year−1 of GHG emis-
sions were estimated to be produced by the farming sys-
tems.

2. Calibration and introduction of RT systems
Although the Japanese government did not adopt

agricultural soils and agricultural land-use change as
GHG sinks for the first commitment period of the
Kyoto Protocol, an increasing amount of attention is
now being paid to C sequestration by agricultural soils

Table 2. CO2-equivalent GHG emissions from conventional tillage (CT) and reduced tillage (RT) crop production
systems in the Tokachi region of Hokkaido

Data are from Koga, Sawamoto and Tsuruta27 and in t CO2 ha−1 year−1.

CT RT

Winter
wheat

Sugar
beet

Adzuki
bean

Potato Cabbage Winter
wheat

Sugar
beet

Adzuki
bean

Off-farm emissions from manufacturing agricultural materials 0.800 1.724 0.994 0.880 1.182 0.817 1.742 1.011

On-farm emissions from fuel-consuming operations 0.826 0.606 0.424 0.738 0.670 0.702 0.481 0.300

CO2 emissions from agricultural soils 4.910 4.910 4.910 4.910 4.910 3.810 3.810 3.810

N2O emissions from agricultural soils 0.451 0.417 0.158 0.145 0.763 0.436 1.358 0.214

CH4 absorption to agricultural soils 0.020 0.034 0.042 0.033 0.037 0.057 0.058 0.051

Total 6.967 7.623 6.444 6.640 7.488 5.708 7.333 5.284

Total reduction by RT − − − − − 1.259 0.290 1.160

(18.1%) (3.8%) (18.0%)
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and land-use changes as the second commitment period
approaches (post 2012). Reduced and no-till practices
are expected to be effective means to reduce GHG emis-
sions31.

In this study, an area-based subsidy, a potential
policy measure to support RT systems31, was introduced
to the PMP-based farm LCA model. The QP model (2)
was calibrated using the CT system data. The RT sys-
tems were then introduced along with governmental
support in the form of area-based subsidy.

Using farm management data for CT systems, the
LP (1) and QP (2) models can be respectively specified
as follows:

x1,x2,x3,x4,x5
Max 753,600x1 +935,000x2 +808,800x3 +990,000x4

+4,350,000x5 −325,081x1 −348,739x2 −157,862x3

−278,474x4 −3,421,280x5

s.t. x1 + x2 + x3 + x4 + x5 <− 41.51,
14.8x1+128.6x2+82.5x3+117.3x4+1,714.0x5 <− 8,465.1,

x1 <− 11.65 (1 + 10−6 ),
x2 <− 12.27 (1 + 10−6 ),
x3 <− 5.82 (1 + 10−6 ),
x4 <− 8.73 (1 + 10−6 ),
x5 <− 3.04 (1 + 10−6 ),
x1 >− 0, x2 >− 0, x3 >− 0, x4 >− 0, x5 >− 0.

(9)

x1,x2,x3,x4,x5
Max 753,600x1 +935,000x2 +808,800x3 +990,000x4

+4,350,000x5 −
i=5

i=1
Σ di xi − 0.5

i=5

i=1
Σ qii x2

i

s.t. x1 + x2 + x3 + x4 + x5 <− 41.51,
14.8x1+128.6x2+82.5x3+117.3x4+1,714.0x5 <− 8,465.1,
x1 >− 0, x2 >− 0, x3 >− 0, x4 >− 0, x5 >− 0.

(10)

The LP model (9) is optimized at (ρ*
1 , ρ*

2 , ρ*
3 , ρ*

4 , ρ*
5 ) =

(0, 157742, 222419, 285007, 500201)≠0, which means
that the LP model does not reproduce the reference
point without calibration constraints (without the con-

Table 3. Economic data for a farm-scale crop production systems in Hokkaido

CT data are from the Department of Agriculture, Hokkaido Government3.
RT data were estimated on the basis of data in Koga et al.25 and Koga, Sawamoto and Tsuruta27.

CT RT

Winter
wheat
(x1)

Sugar
beet
(x2)

Adzuki
bean
(x3)

Potato

(x4)

Cabbage

(x5)

Winter
wheat
(x6)

Sugar
beet
(x7)

Adzuki
bean
(x8)

Income

Price (yen t−1) 157 17 337 30 87 157 17 337

Yield (t ha−1) 4,800 55,000 2,400 33,000 50,000 4,800 55,000 2,400

Revenue (yen ha−1) 753,600 935,000 808,800 990,000 4,350,000 753,600 935,000 808,800

Material cost (yen ha−1)

Fertilizers 93,290 199,756 82,268 72,750 192,900 93,290 199,756 82,268

Seeds and seedlings 23,333 20,774 20,100 155,904 50,000 23,333 20,774 20,100

Biocides 35,770 82,849 48,369 41,110 0 41,270 88,349 53,869

Miscellaneous materials 0 36,993 0 0 3,162,620 0 36,993 0

Fuels 5,888 8,367 7,125 8,710 15,760 3,750 6,205 4,968

Others 166,800 0 0 0 0 166,800 0 0

Total 325,081 348,739 157,862 278,474 3,421,280 328,443 352,077 161,205

Land allocation (ha),
i.e., the reference point

11.65 12.27 5.82 8.73 3.04 − − −

Required labor (hours ha−1) 14.8 128.6 82.5 117.3 1,714.0 9.4 81.9 52.5

Land (ha) Labor (hours)

Resource constraints 41.51 8,465.1
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straints, the LP model is optimized at (x*
1 , x*

2 , x*
3 , x*

4 ,
x*

5 ) = (0, 0, 0, 39.26, 2.25)). Substituting the optimized
variables (ρ*

1 , ρ*
2 , ρ*

3 , ρ*
4 , ρ*

5 ), the parameters (c1 , c2 ,
c3 , c4 , c5 ), and the reference point (xo

1 , xo
2 , xo

3 , xo
4 , xo

5 )
for equations (6) and (7) yields (d1 , d2 , d3 , d4 , d5 ) =
(325081, 190997, -64557, -4533, 2921079) and (q11 ,
q22 , q33 , q44 , q55 ) = (0, 25711.82, 76432.65, 64835.51,
329079.61). The calibrated parameters optimize QP
model (10) at the reference point, reproducing the origi-
nal LCA.

To introduce RT systems to the calibrated QP
model, the quadratic cost functions of RT systems were
specified in such a way that average cost functions ver-
tically shift from those of CT systems by the net in-
creases in material cost (i.e., 3,362, 3,338 and 3,343 yen
ha−1 for winter wheat, sugar beets and adzuki beans, re-
spectively). In addition, because crop rotation is com-
monly practiced in the region, land use for winter
wheat, sugar beets, adzuki beans and potatoes was re-
stricted to their respective reference points. The total
subsidy payment was assumed to be proportional to the
reduction in the amount of CO2-equivalent GHG emis-
sions. Because switching from CT to RT systems re-
duces GHG emissions by 1.259, 0.290 and 1.160 t CO2

ha−1 year−1 for winter wheat, sugar beets and adzuki
beans, respectively (Table 2), the subsidy payment was
formulated as SR (1.259x6 + 0.290x7 + 1.160x8), where
SR denotes the subsidy rate (yen t CO2

−1), which can be
interpreted as the price of the CO2 reduction, namely
the “carbon price” for producers. The farm model for
the subsidy policy simulation was expressed as follows:

x1 ,x2 ,x3 ,x4 ,
x5 ,x6 ,x7 ,x8

Max 753,600x1 +935,000x2 +808,800x3 +990,000x4

+4,350,000x5 +753,600x6 +935,000x7 +808,800x8

−(325,081x1 +190,997x2 −64,557x3 −4,533x4

+2,921,079x5 +328,443x6 +194,335x7 −61,214x8 )
−0.5 (25,711.82x2

2 +76,432.65x2
3 +64,835.51x2

4

+329,079.60x2
5 +25,711.82x2

7 +76,432.65x2
8 )

+SR (1.259x6 +0.290x7 +1.160x8 )

s.t. x1 + x2 + x3 + x4 + x5 + x6 + x7 + x8 <− 41.51,
14.8x1+128.6x2+82.5x3+117.3x4+1,714.0x5

+9.4x6+81.9x7+52.5x8 <− 8,465.1,
x1 + x6 <− 11.65,
x2 + x7 <− 12.27,
x3 + x8 <− 5.82,
x4 <− 8.73,
x1 >− 0, x2 >− 0, x3 >− 0, x4 >− 0, x5 >− 0,
x6 >− 0, x7 >− 0, x8 >− 0.

(11)

3. Results
When the subsidy rate was set at zero (i.e., SR = 0),

the QP model (11) was optimized at (x*
1 , x*

2 , x*
3 , x*

4 , x*
5 ,

x*
6 , x*

7 , x*
8 ) = (11.65, 6.20, 2.93, 8.73, 3.04, 0, 6.07,

2.89). Net profit increased by 1,584,924 yen (6.3%) and
GHG emissions decreased by 5.112 t CO2 year−1 (1.7%)
as compared with the CT systems, showing that the in-
troduction of RT systems could be beneficial not only
for reducing GHG emissions (as argued by Koga,
Sawamoto and Tsuruta27) but also for economic gain.
The simultaneous improvement both in the profitability
and environmental impact was a result of the adoption
of RT systems in the production of sugar beets and
adzuki beans, which occurred because the increased ma-
terial cost in the RT system was more than compensated
by the reduction in labor hours. The RT system was not
adopted for winter wheat at this subsidy rate, however,
because the labor-saving effect was not large enough to
offset the increased material costs. The above optimiza-
tion also showed that the argument by Koga, Sawamoto
and Tsuruta27 on the technological potential of RT sys-
tems to mitigate GHG emissions (18.1%, 3.8% and
18.0% mitigation in winter wheat, sugar beets and
adzuki beans, respectively) might be rather optimistic
once economic aspects are taken into consideration.
This implies that some form of economic incentive
might be necessary to fully exploit the potential of RT
systems.

A sensitivity analysis of the farm LCA model was
then conducted to examine the minimum subsidy rate at
which the RT system was adopted in winter wheat, the
most influential crop among the three in terms of GHG
emissions reduction (Table 2). The analysis showed a
drastic change in land allocation at the subsidy rate of
3,200 yen t CO2

−1, at which point the production of
winter wheat in RT systems completely replaced CT
winter wheat production (Table 4). The complete switch
from CT to RT systems in winter wheat production
brought about a sharp decrease in GHG emissions (Ta-
ble 5), but it also involved an increase in the total sub-
sidy payment (Table 6). Although the total subsidy pay-
ment jumped at the subsidy rate of 3,200 yen t CO2

−1,
the subsidy rate was found to be the most effective rate
from the standpoint of cost efficiency, measured by the
ratio of total subsidy payment to GHG emissions reduc-
tion (net policy effect) (Table 6).

Discussion

This study presented a conceptual farm model us-
ing PMP-based LCA to analyze an area-based subsidy
policy for farming systems in the Tokachi region in
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northern Japan. The static analysis found that the intro-
duction of RT systems could improve farm management
in terms of both economic gain and environmental im-
pact and that some economic incentives might be neces-
sary to fully exploit the technological potential of RT
systems to reduce GHG emissions. The subsequent
comparative static analysis showed a procedure for con-
sidering the tradeoffs among production configurations,
resultant GHG emissions and governmental expenditures
(Tables 4, 5 and 6). This type of analysis could help
policymakers design subsidy schemes to reduce GHG
emissions while also taking budgetary constraints into
consideration. Besides, the PMP-based LCA used here
is not limited to crop production or subsidy policy; it is
theoretically possible to enlarge the model to simulate
producers’ responses to changes in other parameters

Table 4. Sensitivity analysis of crop allocation in response to changes in the subsidy rate

Data in ha.

Table 5. Sensitivity analysis of annual CO2-equivalent GHG emissions in response to changes in the subsidy rate

Data in t CO2 year−1

Table 6. Cost efficiency of the subsidy scheme for GHG
emissions reduction

Subsidy
rate

(yen t CO2
−1)

CT RT Profit

(yen)

Increase
in profit

(yen)Winter
wheat

Sugar
beet

Adzuki
bean

Potato Cabbage Winter
wheat

Sugar
beet

Adzuki
bean

0 11.65 6.20 2.93 8.73 3.04 0.00 6.07 2.89 26,593,983 −

1,000 11.65 6.20 2.93 8.73 3.04 0.00 6.07 2.89 26,599,096 5,113

2,000 11.65 6.19 2.92 8.73 3.04 0.00 6.08 2.90 26,604,224 10,241

3,000 11.65 6.19 2.91 8.73 3.04 0.00 6.08 2.91 26,609,361 15,378

3,200 0.00 6.18 2.91 8.73 3.04 11.65 6.09 2.91 26,618,158 24,175

4,000 0.00 6.18 2.90 8.73 3.04 11.65 6.09 2.92 26,634,011 40,028

5,000 0.00 6.18 2.90 8.73 3.04 11.65 6.09 2.92 26,653,831 59,848

6,000 0.00 6.17 2.89 8.73 3.04 11.65 6.10 2.93 26,673,670 79,687

Subsidy
rate

(yen t CO2
−1)

CT RT Total Reduced
emission

(net policy effect)Winter
wheat

Sugar
beet

Adzuki
bean

Potato Cabbage Winter
wheat

Sugar
beet

Adzuki
bean

0 81.166 47.263 18.881 57.967 22.764 0.000 44.511 15.271 287.823 −

1,000 81.166 47.263 18.881 57.967 22.764 0.000 44.511 15.271 287.823 0.000

2,000 81.166 47.186 18.816 57.967 22.764 0.000 44.585 15.324 287.808 0.015

3,000 81.166 47.186 18.752 57.967 22.764 0.000 44.585 15.376 287.796 0.027

3,200 0.000 47.110 18.752 57.967 22.764 66.498 44.658 15.376 273.125 14.698

4,000 0.000 47.110 18.688 57.967 22.764 66.498 44.658 15.429 273.114 14.709

5,000 0.000 47.110 18.688 57.967 22.764 66.498 44.658 15.429 273.114 14.709

6,000 0.000 47.034 18.623 57.967 22.764 66.498 44.731 15.482 273.099 14.724

Subsidy
rate

(yen t CO2
−1)

Total
subsidy payment

(yen)

Subsidy payment/
GHG emissions reduction

(yen t CO2
−1)

0 0 −

1,000 5,112 −

2,000 10,254 683,600

3,000 15,417 571,000

3,200 63,392 4,313

4,000 79,284 5,390

5,000 99,105 6,738

6,000 119,016 8,083
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(e.g., carbon taxation can easily be modeled).
In practice, however, several problems need to be

solved. Because the calibration equation (3) is ill-
posed37, a number of calibration methods exist to repro-
duce the reference point15, 18, 36. Table 7 shows the cali-
bration results obtained by applying these methods to
the data shown in Table 3. The calibrated models reach
the same optimum solution but derive different simula-
tion paths. Consequently, the LCA sensitivity analysis
produces different results. It is therefore important to
develop criteria to choose a method that could produce
feasible simulation paths. Better calibration methods
might moderate the “jump” that took place in the winter
wheat production and resultant GHG emissions (Tables
4 and 5) because of the linearity of the relevant cost
function (Table 7). In addition, this study assumed
quadratic programming for simplicity. It would be
worthwhile to use more flexible models17 and to com-
pare the simulation paths. Moreover, this study concen-
trated on the relationship between economic activity and
GHG emissions. For more comprehensive policymaking,
it would be important to extend the analytical frame-
work so that other environmental impacts (e.g. acidifica-
tion and eutrophication) could be taken into considera-
tion.

Conclusion

As demonstrated through its application to the
farming systems in the Tokachi region, PMP-based LCA
surpasses IO-based LCA in two ways. First, it is appli-
cable to LCA of the production of specific commodities.
Second, it can simulate environmental impacts induced
by economic incentives in addition to its ability to re-
produce the original LCA at farm scale. The economic
incentives may be price changes, technological progress
and area-based governmental policy that are beyond the
scope of IO-based LCA. These advantages could enable
producers to understand the relationship between profits
and environmental impacts and policymakers to imple-

ment agricultural/environmental policies that lead to
production systems that are well balanced in terms of
farmers’ economic gain, environmental soundness and
public cost. Although we have witnessed the develop-
ment of individual technologies effective in reducing en-
vironmental load, their introduction does not always im-
prove the welfare of society5, 7, 38, therefore constructing
a well-balanced production system should be the most
important target for policymakers. Moreover, since the
procedure considered in this study to integrate LCA into
activity-based microeconomic production was quite sim-
ple and did not hinder any stage of process LCA, it
might provide a practical way to expand the existing
LCA software (e.g., Life-cycle Impact assessment
Method based on Endpoint modeling, LIME22).
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