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Abstract Emergy theory and method are used to
evaluate the contribution of irrigation water, and the
process of its utilization, in three agricultural systems. The
agricultural systems evaluated in this study were rice,
wheat, and oilseed rape productions in an irrigation
pumping district of China. A corresponding framework
for emergy evaluation and sensitivity analysis methods
was proposed. Two new indices, the fraction of irrigation
water (FIW), and the irrigation intensity of agriculture
(IIA), were developed to depict the contribution of
irrigation water. The calculated FIW indicated that
irrigation water used for the rice production system
(34.7%) contributed more than irrigation water used for
wheat (5.3%) and oilseed rape (11.2%) production systems
in a typical dry year. The wheat production with an IIA of
19.0 had the highest net benefit from irrigation compared
to the rice (2.9) and oilseed rape (8.9) productions. The
transformities of the systems’ products represented
different energy efficiencies for rice (2.50E+ 05 sej$J–1),
wheat (1.66E+ 05 sej$J–1) and oilseed rape (2.14E+ 05
sej$J–1) production systems. According to several emergy
indices, of the three systems evaluated, the rice system had
the greatest level of sustainability. However, all of them
were less sustainable than the ecological agricultural
systems. A sensitivity analysis showed that the emergy
inputs of irrigation water and nitrogenous fertilizer were
the highest sensitivity factors influencing the emergy
ratios. Best Management Practices, and other agroecolo-
gical strategies, could be implemented to make further
improvements in the sustainability of the three systems.

Keywords emergy, evaluation, irrigation, agriculture,
sustainability

1 Introduction

Continued climate variability, population growth, and
rising food prices, are issues that present ongoing
challenges to the achievement of food and water security
in many countries (Gohar et al., 2013). China is among
those that are racing to develop potential adaptation
strategies to achieve these two goals (Larson, 2013).
Irrigation improvement has been identified as an important
adaptation strategy (Connor et al., 2012). The strong
relationship between crop revenue and irrigation provides
evidence of the importance of irrigation in past and future
poverty alleviation in China (Huang et al., 2006). Yet,
irrigated agriculture, as the major user of water and land
resources in China and other countries, is facing the risks
of water scarcity and environmental issues (Chen et al.,
2011; Özerol et al., 2012). Modernization of irrigation
systems has become a worldwide trend, intended to
increase water productivity through gains in crop yield,
and reductions in the use of irrigation water (Playán and
Mateos, 2006; Chen et al., 2011). The Chinese government
issued its first national outline for agricultural water-saving
development (2012–2020) in December, 2012. According
to this plan, the size of the irrigated area will increase from
9.25E+ 08Mu (1Mu = 667 m2) in 2012 to 1.00E+ 09Mu
in 2020, and the efficiency of irrigation water use will rise
from 0.50 in 2012 to 0.55 in 2020. The investment in
agricultural water-saving and irrigation improvement
projects is estimated increase greatly in the near future.
Therefore, the scientific analysis of these project proposals
is of vital importance in order to ensure high efficiency in
the use of investments. Quantifying the contribution of
irrigation water and the sustainability of irrigated agricul-
ture plays a major role in the cost–benefit analysis of these
projects, and decisions regarding policy in irrigation
development.
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Several methods have been used in previous studies to
estimate the contribution, benefit, or value of irrigation
water. These can be classified, mainly, into the following
categories: conventional market-based approaches, alter-
native or replacement cost approaches, observed, indirect
or implicit, or revealed preference approaches, and stated
preference approaches (Jiang, 1998; Blamey et al., 1999;
Faux and Perry, 1999; Shen et al., 1999; Kim and Schaible,
2000; Reca et al., 2001; Barton, 2002; Seyam et al., 2002;
Tsadilas and Vakalis, 2003; Jabeen et al., 2006; Hussain et
al., 2007; Chen et al., 2009b; Hussain et al., 2009).
However, these methods mainly focus on the economic,
social, cultural, or environmental value of irrigation water
using a monetary unit. The monetary valuation of natural
capital may be useful in demonstrating its economic value;
but it is insufficient to measure the intrinsic worth of the
life-support function of the ecosystem (Costanza et al.,
1998). Natural resource overexploitation and ecosystem
degradation are often justified using monetary valuation of
natural capital as the only parameter driving human action
(Pulselli et al., 2011). Thus, the development of a set of
indicators that can be used to determine the value of
irrigation water is needed, that provide results that are
robust and meaningful in guiding decision making, but
simple enough to be computed with resource and data
constraints (Hussain et al., 2007). A unifying approach
with an objective, uniform unit of measure, can help to
solve this and other problems, such as that of determining
solar energy units (emergy) and land equivalents (ecolo-
gical footprints) (Patterson, 2002; Chen et al., 2009b; Chen
et al., 2011).
Emergy is the available energy, of a specific type, that is

used in transformations, directly and indirectly, to make a
product or service (Odum, 1996; Yan and Odum, 2001;
Lan et al., 2002). Emergy evaluation is used to account for
different forms of energy and resources, including both
free environmental, and purchased inputs (Yan and Odum,
2001; Chen and Chen, 2011). Emergy evaluation has
suffered a lot of resistance and criticism. The issues have
included theoretical arguments, problems with transfor-
mity calculations, accounting procedures, co-products or
splits treatment, uncertainty and sensitivity. Even so, it has
become a frequently used holistic approach that provides a
uniform unit of measure for valuating ecosystem goods
and services (Hau and Bakshi, 2004; Sciubba and Ulgiati,
2005; Mayer, 2008; Ingwersen, 2010; Li et al., 2011a;
Rugani and Benetto, 2012). Emergy evaluations of
contributions of water at different levels of the global
and regional hydrological cycle, and the energy conversion
process, could also be evaluated using the approach
proposed in this study (Chen et al., 2009b).
The emergy concept has been used in numerous studies

to evaluate different aspects of water (Brown and
McClanahan, 1996; Odum, 1996; Buenfil, 2001; Kang
and Park, 2002; Chen et al., 2008; Chen et al., 2009a, b;
Chen and Chen, 2009; Lv and Wu, 2009; Brown et al.,

2010; Chen et al., 2011; Chen et al., 2012; Shao et al.,
2013), and has also been applied to the analysis of different
agricultural systems on many scales (Bastianoni et al.,
2001; Lefroy and Rydberg, 2003; Cavalett et al., 2006;
Chen et al., 2006; Chen and Chen, 2006; Martin et al.,
2006; Rydberg and Haden, 2006; Jiang et al., 2007; Zhang
et al., 2007; La Rosa et al., 2008; de Barros et al., 2009; Lu
et al., 2010; Chen and Chen, 2012; Lima et al., 2012;
Zhang et al., 2012). However, this technique has rarely
been used to evaluate irrigation and its linkage to irrigated
agriculture development (Chen et al., 2011; Chen et al.,
2013). Chen et al. (2013) reported an emergy evaluation of
irrigation water from the perspective of the irrigation water
production process (Chen et al., 2013). This report focuses
on emergy analysis applied to the utilization process of
irrigation water for different agricultural productions. The
current study will help to understand the contribution of
water to the whole process of irrigation water production
and utilization.
The main objectives of this study were: (i) to compare

the emergy contributions of irrigation water in the
production of three different irrigated crops, and (ii) to
evaluate the corresponding agricultural systems with
regard to their resource use, productivity, environmental
impact and overall sustainability. The three systems
studied were rice, wheat, and oilseed rape productions, in
an irrigation pumping district in China. The typical
features associated with the irrigated plain areas in
southern China, small irrigation pumping districts, and
major irrigated crops, were represented by these three
systems. The remainder of this paper is organized into the
following sections. Section 2 presents a brief overview of
the study area, the data source, and the emergy evaluation
and sensitivity analysis methods, including several emergy
indices. Results are then presented and discussed in
Section 3. Section 4 concludes by summarizing the main
results and pointing to some implications based on the
emergy evaluations.

2 Methods

2.1 Study area and data

The study area is located in Hongqiao Town, in Taixing
City of the Jiangsu Province, China (31°55'N, 119°38'E). It
is in the northern subtropical maritime monsoon climate
zone, where irrigation is essential for agricultural produc-
tion, especially in dry years. The main irrigated crops are
rice, wheat and oilseed rape. Irrigation is accomplished by
pumping water from the local river, and then distributing it
via concrete-lined canals into the farmlands. The local river
was mainly extracting water from the lower Yangtze River
in dry seasons. The main data for the production of these
three crops, under the condition of a satisfied demand for
water, were averaged using the annual data from field
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surveys conducted from 2008 to 2011(Table 1). Since
water availabilities mainly depend on the sum of rainfall
and irrigation use, the data for rainfall and irrigation
requirements (No. 2 and No. 3 in Table 1) in a typical dry
year were used to evaluate the contribution of irrigation
water. A typical hydrological year was selected based on
the monthly average rainfall from 1954 to 2010 (TWCB,
20111)). These data were used to evaluate the irrigated
agricultural systems. Irrigation water production was
addressed using the evaluated results, from a nearby
irrigation pumping district, adopted from a previous report
(Chen et al., 2013).

2.2 Emergy evaluation and sensitivity analysis methods

Quantifications of the contribution of irrigation water were
analyzed to produce an emergy evaluation of irrigated
agricultural systems. Emergy assessments for agriculture
can follow the same procedure as was presented originally.
The general methodology of emergy analysis can be found
in detail in the original work (Odum, 1996), and in a series
of emergy folios (Odum, 2000; Odum et al., 2000; Brown
and Bardi, 2001; Brandt-Williams, 2002). The first step for
an emergy evaluation is to draw energy systems diagrams,
using specific symbolic modeling language (Odum, 1996).
This is necessary to identify various sources of flows and
major processes in the system, and to depict the
environmental base and its connection to the economy.
An aggregated system diagram of a typical irrigated system
in China that produces rice, wheat, or oilseed rape, is
presented in Fig. 1. In addition to irrigation water, the
inputs to an irrigated agriculture production system are
generally aggregated into the following categories: 1)

renewable resources (sunlight, wind and rain) (R), 2)
nonrenewable resources (soil erosion) (N), 3) purchased
materials (fertilizers, pesticide and seeds) (M), and 4)
services (machinery service and labor) (S). The metabo-
lism of energy and materials in this system is thereby
characterized by the combination of R, N, M and S. The
total emergy yield (Y) is theoretically equal to the total
emergy used (Y = R + N +M+ S). System outputs are the
products of rice, wheat and oilseed rape respectively.
The second step is to establish emergy tables (Tables 2–

4). All of the material and energy flows, presented in the
energy systems diagram, are converted into solar emjoules
(sej) using transformities (Odum, 1996). These transfor-
mities are derived mainly from previous studies that used
emergy evaluations (Odum, 1996; Brandt-Williams,
2002). The global emergy baseline of reference in this
study is 15.83E+ 24 sej$yr–1. The new transformities for
rice, wheat and oilseed rape, as the systems’ products,
could be calculated by dividing the total emergy yield (Y)
in the specific system by the energy or mass of each
product. The third step is to calculate emergy indices in
order to evaluate the sustainability of a system (Table 5).
Several emergy indices have been introduced to assess
agriculture: (a) the emergy yield ratio (EYR), EYR = Y/(M+
S), the total emergy used per unit of emergy invested; (b)
the emergy investment ratio (EIR), EIR = (M+ S)/(R + N),
the emergy investment needed to exploit one unit of local
renewable and nonrenewable resource; (c) the environment
loading ratio (ELR), ELR = (M+N+ S)/R, the total non-
renewable and imported emergy used per unit of local
renewable resource; and (d) the environmental sustain-
ability index (ESI), ESI = EYR/ELR, the emergy yield per
unit of environmental loading (Odum, 1996; Brown and

1) TWCB (2011). The planning report on agricultural water conservancy projects in Taixing City. Taixing Water Conservancy Bureau (TWCB)

Table 1 Main data for rice, wheat and oilseed rape production (1Mu = 667 m2)

No. Item Rice Wheat Oilseed rape

1 Growth stage 10 June –15 September Early November – Early May Early October –Late May

2 Rainfall in the growth stage/mm 423 224 257

3 Irrigation water/(m3$Mu–1) 470 40 80

4 Irrigated area/Mu 876 568 120

5 Annual yield/(kg$Mu–1) 510 400 180

6 Nitrogenous fertilizer/(kg$Mu–1) 13.0 12.0 9.5

7 Phosphate fertilizer/(kg$Mu–1) 1.2 0.4 0.8

8 Potash fertilizer/(kg$Mu–1) 0.0 0.1 0.0

9 Compound fertilizer/(kg$Mu–1) 9.0 11.2 8.0

10 Pesticide/(kg$Mu–1) 2.0 0.4 0.4

11 Seeds/(kg$Mu–1) 1.0 14.5 0.3

12 Machinery service/(CNY$Mu–1) 180 90 30

13 Labor/(CNY$Mu–1) 161 104 228
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Ulgiati, 1997; Ulgiati and Brown, 1998; Chen et al., 2006;
Jiang et al., 2007; Chen et al., 2011). Besides these indices,
two new indices were developed to assess the emergy
contribution of rationed irrigation water in a typical dry
year. These were calculated as follows:
The first new index scales irrigation water input to an

emergy basis for the irrigated agricultural system. The
fraction of irrigation water (FIW) is computed as% of total
emergy used (U) arising from irrigation water (RI):

FIW ¼ RI=U : (1)

The second new index, irrigation intensity, provides a
cost-benefit ratio for irrigated agriculture. The irrigation
intensity of agriculture (IIA) compares the emergy yield
from agriculture (irrigated crops) (Y) to the emergy in
irrigation water (RI):

IIA ¼ Y=RI : (2)

The above two indices depict the emergy contribution of
irrigation water from two perspectives: (i) FIW is a
measure of the emergy input of irrigation water to
agricultural production, and (ii) IIA is the emergy cost-
benefit ratio of irrigation water. Since irrigation water is
considered to be a component of both inputs and outputs of
the irrigated agricultural system, it appears in both the
numerator and denominator of the calculation formulae for
FIW and IIA. Values of FIW and IIA that approach one
indicate the most deleterious situation found in agricultural
production. The higher the value of FIW, the greater the
contribution of irrigation water to the irrigated agriculture
system being considered. A large IIA value indicates a high
contribution to productivity from irrigation water use; but
it cannot indicate the pressure that irrigation water use
places on the environment.
In order to depict environmental pressure resulting from

irrigation activities, the indices of ELR and ESI are helpful
for the sustainability analysis. At small scales, there is an

inverse relationship between these two indices because the
emergy yield (Y) from a specific irrigated crop production
system is assumed to be its total emergy use (U). Yet at
large scales, the two indices are relatively independent, due
to the difference between Y and U. Thus, these two indices
can be used for comparative purposes (e.g., the evaluation
of a system of integrated irrigation works across different
irrigated crops), when evaluating the irrigation perfor-
mance of different irrigation districts. This study focused
on the emergy contribution of irrigation water to different
crop production systems within one irrigation district.
Emergy evaluation relies on extensive calculations with

large amounts of data. This possibly introduces uncertainty
(Voora and Thrift, 2010). Yet, averaged transformities have
been used frequently in specific case studies, with no
knowledge of the degree of the resulting output (Hau and
Bakshi, 2004; Voora and Thrift, 2010). The lack of
uncertainty analyses has hindered the wider application
and acceptance of this methodology (Li et al., 2011a).
Thus, uncertainty analyses should be incorporated into
emergy evaluations, via identifying sensitive variables and
estimating the extent of their impact, in order to guide
appropriate measures, and to avoid uncertainty. Several
scholars have described the sources of uncertainty in
emergy analysis, and used analytical and stochastic
methods for estimating this uncertainty (Ingwersen,
2010; Li et al., 2011a). In order to assess the effects of
variations in both transformities and emergy inputs on the
results, a sensitivity analysis was performed in this study.
This was accomplished by doubling, or halving, the annual
emergy of each input upon the emergy indices (Odum and
Odum, 2000; Martin et al., 2006; Li et al.,2011b).

3 Results and discussion

3.1 Emergy accounting and indices

The results of the emergy assessment of the irrigated
production systems of rice, wheat, and oilseed rape are
presented in Table 2, Table 3, and Table 4, respectively.
Figure 2 shows the main emergy inputs for the three
production systems, reflecting the emergy structure of each
system in a detailed way. Table 5 presents the emergy
indicators for these three systems. In Tables 2–4 the
different inputs required for these production processes
were converted to unified solar emergy, based on the
specific transformities. By totaling all of the inputs of the
rice system, the emergy assigned to the system’s yield was
1.92E+ 15 sej$yr–1, about two times larger than those for
wheat and oilseed rape systems (1.08E+ 15 sej$yr–1 and
1.01E+ 15 sej$yr–1). Emergy analysis of the irrigated rice
production system shows that the largest emergy flows
were associated with irrigation water (34.7%) and
nitrogenous fertilizer (27.4%). These two sources
accounted for 62.0% of the total emergy budget. Emergy

Fig. 1 Energy systems diagram for an irrigated agricultural
production system.
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in service and labor accounted for 28.1% of the total
emergy budget. In the irrigated wheat production system,
emergy in nitrogenous fertilizer (45.0%) was the single
largest driving force, followed by labor (15.2%), and
machinery service (13.2%). In the irrigated oilseed rape
production system, nitrogenous fertilizer (38.0%) was
again the largest emergy source, followed by labor (35.6%)
and irrigation water (11.2%). In emergy terms, rain, soil,
phosphate fertilizer, potash fertilizer, compound fertilizer,
pesticide, and seeds, were almost one order of magnitude
lower than the largest emergy sources in these systems.
The results in Fig. 3 indicate that water and nutrients with a
great percentage of energy input are the principal limiting
factors for crop yields in irrigated agricultural production
systems (Pimentel and Pimentel, 2007). An emergy
evaluation of a corn system in the USA showed similar
results, reporting that irrigation and fertilizers accounted
for 95% of purchased resources (Martin et al., 2006).
Therefore, to some extent, research results indicate that

large gains in crop yields are highly dependent on
irrigating and fertilizing.
The transformities for each product in this study (rice,

wheat, and oilseed rape) were calculated by dividing the
total emergy flow in each irrigated production system by
the available energy of the outputs in joules. Transformity
indicates the energy efficiency of production (Brown and
Ulgiati, 1997). It also provides a measure of value, given
the assumption that systems operating under the con-
straints of the maximum emergy principle generate
products that stimulate the production process at least as
much as they cost (Odum, 1996; Cavalett et al., 2006). The
calculated transformities for rice, wheat and oilseed rape
were 2.50E+ 05 sej$J–1, 1.66E+ 05 sej$J–1, and 2.14E+
05 sej$J–1 respectively (Table 5). These values indicate that
grain production, in the wheat system, required nearly
33.6% less emergy than in the rice system, and 22.4% less
emergy than in the oilseed rape system. However, the
relative efficiencies of these production systems, as

Table 2 Emergy evaluation of the irrigated rice production system (1Mu = 667 m2)

Item
Raw data a) Solar transformity Solar emergy

Value Unit Value Unit Value Unit

Renewable resources (R) 7.10E+ 14 sej$yr–1

Sunlight 7.73E+ 11 J$yr–1 1.00E+ 00 sej$J–1 b) 7.73E+ 11 sej$yr–1

Wind, kinetic energy 4.60E+ 08 J$yr–1 2.45E+ 03 sej$J–1 b) 1.13E+ 12 sej$yr–1

Rain, geopotential 1.66E+ 07 J$yr–1 1.68E+ 04 sej$J–1 c) 2.78E+ 11 sej$yr–1

Rain, chemical 1.39E+ 09 J$yr–1 3.10E+ 04 sej$J–1 b) 4.32E+ 13 sej$yr–1

Irrigation water 2.31E+ 09 J$yr–1 2.88E+ 05 sej$J–1 d) 6.67E+ 14 sej$yr–1

Nonrenewable resources (N) 2.03E+ 12 sej$yr–1

Soil loss 1.64E+ 07 J$yr–1 1.24E+ 05 sej$J–1 b) 2.03E+ 12 sej$yr–1

Materials (M) 6.72E+ 14 sej$yr–1

Nitrogenous fertilizer 1.30E+ 04 g$yr–1 4.05E+ 10 sej$g–1 e) 5.27E+ 14 sej$yr–1

Phosphate fertilizer 1.20E+ 03 g$yr–1 3.70E+ 10 sej$g–1 e) 4.44E+ 13 sej$yr–1

Potash fertilizer 0.00E+ 00 g$yr–1 2.92E+ 09 sej$g–1 e) 0.00E+ 00 sej$yr–1

Compound fertilizer 9.00E+ 03 g$yr–1 4.70E+ 09 sej$g–1 f) 4.23E+ 13 sej$yr–1

Pesticide 2.00E+ 03 g$yr–1 2.49E+ 10 sej$g–1 e) 4.98E+ 13 sej$yr–1

Seeds 2.60E+ 07 J$yr–1 3.36E+ 05 sej$J–1 f) 8.74E+ 12 sej$yr–1

Services (S) 5.40E+ 14 sej$yr–1

Machinery service 2.59E+ 01 $$yr–1 1.10E+ 13 sej$$–1 g) 2.85E+ 14 sej$yr–1

Labor 2.32E+ 01 $$yr–1 1.10E+ 13 sej$$–1 g) 2.55E+ 14 sej$yr–1

Total emergy yield (Y) 1.92E+ 15 sej$yr–1

Output (O)

Rice 7.70E+ 09 J$yr–1 2.50E+ 05 sej$J–1 h) 1.92E+ 15 sej$yr–1

a) The data sources are from Table 1. The methods of energy transformation refer to (Odum, 1996).
b) Transformities from (Odum et al., 2000).
c) The transformity from (Brown and Bardi, 2001) multiplied by 1.68.
d) The transformity from (Chen et al., 2013) multiplied by 1.68.
e) Transformities from (Brandt-Williams, 2002).
f) Transformities from (Jiang et al., 2007) multiplied by 1.68.
g) The emergy/dollar ratio of China in 2008 is 1.10E+ 13 sej/$ (http://www.cep.ees.ufl.edu/nead/data.php#). The exchange ratio between CNY and US$ in 2008 is
6.9444.
h) Calculated in this study.
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indicated by their higher transformities, are lower than
those of the rice-vegetable rotation, organic rice-duck
mutualism, rice-wheat rotation, and biogas-linked agro-
systems (Xi and Qin, 2009; Lu et al., 2010; Chen and
Chen, 2012).
Of particular interest are FIW and IIA values (Table 5),

which quantify irrigation water as a component of the
overall resource basis. The FIW value for the rice system
indicates that irrigation water represented nearly 34.7% of
total emergy use. This is far higher than the FIW values that
were calculated for the wheat system (5.3%) and the
oilseed rape system (11.2%). This indicates that irrigation
water was a more significant contributor to rice than it was
for the other two crops. Correspondingly, irrigation water,
the highest emergy flow in the rice system, had an annual
flow of 6.67E+ 14 sej$yr–1. This is nearly twelve times
larger than in the wheat system, and six times larger than in
the oilseed rape system (Tables 2–4). The IIA index (2.9)
suggested that for each unit of irrigation water, 2.9 units of
rice production were possible. This value was much lower

than those for the wheat and oilseed rape systems. The
wheat production system had the highest net benefit (19.0)
from irrigation water. In contrast, the IIA (8.9) for the
oilseed rape system was moderate.
Other summary indices for these three systems include

the synthesis indices EYR, EIR, ELR and ESI (Table 5).
EYR, the emergy yield ratio, reflects the ability of a process
to exploit local resources by investing outside resources in
order to make further contributions to the economy. This
index was found to be 1.59 for the rice system, 1.08 for the
wheat system, and 1.17 for the oilseed rape system. These
values were higher than the 1.0 for the balance between the
system’s output and input from the economy (Odum,
1996). These results indicate that intensive conventional
agricultural systems have EYR values lower than two
(Odum, 1996; Ortega et al., 2005; Agostinho et al., 2008).
The values of the emergy investment ratio (EIR) were

1.70, 11.96 and 6.03 for the rice, wheat, and oil seed rape
production systems, respectively. In contrast, the values of
EIR for integrated production systems of grains, pigs, and

Table 3 Emergy evaluation of the irrigated wheat production system (1Mu = 667 m2)

Item
Raw data a) Solar transformity Solar emergy

Value Unit Value Unit Value Unit

Renewable resources (R) 7.96E+ 13 sej$yr–1

Sunlight 1.43E+ 12 J$yr–1 1.00E+ 00 sej$J–1 b) 1.43E+ 12 sej$yr–1

Wind, kinetic energy 8.51E+ 08 J$yr–1 2.45E+ 03 sej$J–1 b) 2.09E+ 12 sej$yr–1

Rain, geopotential 8.77E+ 06 J$yr–1 1.68E+ 04 sej$J–1 c) 1.47E+ 11 sej$yr–1

Rain, chemical 7.37E+ 08 J$yr–1 3.10E+ 04 sej$J–1 b) 2.28E+ 13 sej$yr–1

Irrigation water 1.97E+ 08 J$yr–1 2.88E+ 05 sej$J–1 d) 5.68E+ 13 sej$yr–1

Nonrenewable resources (N) 3.75E+ 12 sej$yr–1

Soil loss 3.02E+ 07 J$yr–1 1.24E+ 05 sej$J–1 b) 3.75E+ 12 sej$yr–1

Materials (M) 6.90E+ 14 sej$yr–1

Nitrogenous fertilizer 1.20E+ 04 g$yr–1 4.05E+ 10 sej$g–1 e) 4.86E+ 14 sej$yr–1

Phosphate fertilizer 4.00E+ 02 g$yr–1 3.70E+ 10 sej$g–1 e) 1.48E+ 13 sej$yr–1

Potash fertilizer 1.00E+ 02 g$yr–1 2.92E+ 09 sej$g–1 e) 2.92E+ 11 sej$yr–1

Compound fertilizer 1.12E+ 04 g$yr–1 4.70E+ 09 sej$g–1 f) 5.26E+ 13 sej$yr–1

Pesticide 4.00E+ 02 g$yr–1 2.49E+ 10 sej$g–1 e) 9.96E+ 12 sej$yr–1

Seeds 3.77E+ 08 J$yr–1 3.36E+ 05 sej$J–1 f) 1.27E+ 14 sej$yr–1

Services (S) 3.07E+ 14 sej$yr–1

Machinery service 1.30E+ 01 $$yr–1 1.10E+ 13 sej$$–1 g) 1.43E+ 14 sej$yr–1

Labor 1.49E+ 01 $$yr–1 1.10E+ 13 sej$$–1 g) 1.64E+ 14 sej$yr–1

Total emergy yield (Y) 1.08E+ 15 sej$yr–1

Output (O)

Wheat 6.52E+ 09 J$yr–1 1.66E+ 05 sej$J–1 h) 1.08E+ 15 sej$yr–1

a) The data sources are from Table 1. The methods of energy transformation refer to (Odum, 1996).
b) Transformities from (Odum et al., 2000).
c) The transformity from (Brown and Bardi, 2001) multiplied by 1.68.
d) The transformity from (Chen et al., 2013) multiplied by 1.68.
e) Transformities from (Brandt-Williams, 2002).
f) Transformities from (Jiang et al., 2007) multiplied by 1.68.
g) The emergy/dollar ratio of China in 2008 is 1.10E+ 13 sej/$ (http://www.cep.ees.ufl.edu/nead/data.php#). The exchange ratio between CNY and US$ in 2008 is
6.9444.
h) Calculated in this study.
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fish, in southern Brazil ranged from 2.68 to 4.61, (Cavalett
et al., 2006) and that for the Chinese agricultural system
was 1.15 in 2004 (Jiang et al., 2007). The higher the EIR
value, the more resources have to be used from the local
economy. The results indicate that both rice and oilseed
rape production used more environmental inputs than did
wheat production. However, the EIR values also demon-
strate that wheat systems, which utilize more purchased
resources, might not be able to compete with the other two
systems.
The environmental load ratio (ELR) is a measure of the

environmental impact of a system. The reported ELR for
the Chinese agricultural system in 2004 was 2.96 (Jiang et
al., 2007). The rice system, with ELR of 1.71, (less than
3.0) is relatively low in environmental impact. The values
of 12.57 for the wheat system, and 6.25 for the oilseed rape
system, indicate more environmental impact on the part of
these two systems (Brown and Ulgiati, 1997).
The environmental sustainability index (ESI) is another

important ratio to consider. It indicates the environmental

sustainability of a system. The reported ESI for the Chinese
agricultural system was 2.96 in 2004 (Jiang et al., 2007).
The ESI of 0.93 for the rice system, close to 1.0, showed
that this system was energetic. In contrast, the calculated
values of ESI for the other two systems, much less than 1.0,
indicated that they were consumptive economic systems
(Brown and Ulgiati, 1997; Ulgiati and Brown, 1998). The
above indices also showed that the three agricultural
systems studied were less sustainable than other reported
ecological agricultural systems (Xi and Qin, 2009; Lu et
al., 2010; Chen and Chen, 2012).

3.2 Sensitivity analysis

By doubling or halving the specific emergy input values,
changes greater than 10% in EYR, ELR and ESI were
documented (Fig. 3). The emergy value for irrigation
water, when doubled or halved, resulted in a greater than
10% difference in emergy indices for many of the systems.
Doubling/halving the emergy of the irrigation water

Table 4 Emergy evaluation of the irrigated oilseed rape production system (1Mu = 667 m2)

Item
Raw data a) Solar transformity Solar emergy

Value Unit Value Unit Value Unit

Renewable resources (R) 1.40E+ 14 sej$yr–1

Sunlight 1.66E+ 12 J$yr–1 1.00E+ 00 sej$J–1 b) 1.66E+ 12 sej$yr–1

Wind, kinetic energy 9.91E+ 08 J$yr–1 2.45E+ 03 sej$J–1 b) 2.43E+ 12 sej$yr–1

Rain, geopotential 1.01E+ 07 J$yr–1 1.68E+ 04 sej$J–1 c) 1.69E+ 11 sej$yr–1

Rain, chemical 8.47E+ 08 J$yr–1 3.10E+ 04 sej$J–1 b) 2.63E+ 13 sej$yr–1

Irrigation water 3.94E+ 08 J$yr–1 2.88E+ 05 sej$J–1 d) 1.14E+ 14 sej$yr–1

Nonrenewable resources (N) 4.36E+ 12 sej$yr–1

Soil loss 3.52E+ 07 J$yr–1 1.24E+ 05 sej$J–1 b) 4.36E+ 12 sej$yr–1

Materials (M) 4.61E+ 14 sej$yr–1

Nitrogenous fertilizer 9.50E+ 03 g$yr–1 4.05E+ 10 sej$g–1 e) 3.85E+ 14 sej$yr–1

Phosphate fertilizer 7.50E+ 02 g$yr–1 3.70E+ 10 sej$g–1 e) 2.78E+ 13 sej$yr–1

Potash fertilizer 2.00E+ 01 g$yr–1 2.92E+ 09 sej$g–1 e) 5.84E+ 10 sej$yr–1

Compound fertilizer 8.00E+ 03 g$yr–1 4.70E+ 09 sej$g–1 f) 3.76E+ 13 sej$yr–1

Pesticide 3.50E+ 02 g$yr–1 2.49E+ 10 sej$g–1 e) 8.72E+ 12 sej$yr–1

Seeds 6.50E+ 06 J$yr–1 3.36E+ 05 sej$J–1 f) 2.18E+ 12 sej$yr–1

Services (S) 4.08E+ 14 sej$yr–1

Machinery service 4.32E+ 00 $$yr–1 1.10E+ 13 sej$$–1 g) 4.75E+ 13 sej$yr–1

Labor 3.28E+ 01 $$yr–1 1.10E+ 13 sej$$–1 g) 3.61E+ 14 sej$yr–1

Total emergy yield (Y) 1.01E+ 15 sej$yr–1

Output (O)

Oilseed rape 4.73E+ 09 J$yr–1 2.14E+ 05 sej$J–1 h) 1.01E+ 15 sej$yr–1

a) The data sources are from Table 1. The methods of energy transformation refer to (Odum, 1996).
b) Transformities from (Odum et al., 2000).
c) The transformity from (Brown and Bardi, 2001) multiplied by 1.68.
d) The transformity from (Chen et al., 2013) multiplied by 1.68.
e) Transformities from (Brandt-Williams, 2002).
f) Transformities from (Jiang et al., 2007) multiplied by 1.68.
g) The emergy/dollar ratio of China in 2008 is 1.10E+ 13 sej/$ (http://www.cep.ees.ufl.edu/nead/data.php#). The exchange ratio between CNY and US$ in 2008 is
6.9444.
h) Calculated in this study.
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increased/reduced the EYR by more than 10%, but only for
the rice and oilseed rape systems. Doubling the emergy
value for irrigation water, decreased the ELRs by more than
40%, and increased the ESIs by more than 80% across the
three systems. Yet the ELRs increased by more than 55%,
and the ESIs decreased by more than 35%, when the
emergy value for irrigation water was halved.
For the rice system, the other inputs that affected these

indices by more than 10% were nitrogenous fertilizer,
machinery service, and labor. For the wheat system,
besides irrigation water, four inputs (rain, nitrogenous
fertilizer, machinery service, and labor) altered at least two
of the three indices by more than 10% when their emergy
values were doubled and halved. For the oilseed rape

system, in addition to irrigation water, three inputs (rain,
nitrogenous fertilizer and labor) altered at least two of the
three indices by more than 10% when their emergy values
were doubled and halved..
The differences among the three indices within each

system revealed additional characteristics of these systems.
The large changes in the three indices that occurred with
changing inputs indicate that the uncertainty in transfor-
mities and annual input values potentially impacted the
results of this study. The observed impact, on key indices,
of changing the emergy value associated with irrigation
water demonstrates a high degree of sensitivity to
transformity and annual use of irrigation water, on the
part of the three systems. Levels of nitrogenous fertilizer in

Fig. 2 Structure of emergy inputs for the three irrigated agricultural systems.

Table 5 Emergy indicators for the irrigated agricultural systems

Emergy indicators Expression
Quantity

Rice Wheat Oilseed rape

Solar transformity/(sej$J–1) Tr = Y/E 2.50E+ 05 1.66E+ 05 2.14E+ 05

Emergy density/(sej$m–2) ED = U/area 2.88E+ 12 1.62E+ 12 1.52E+ 12

Fraction of irrigation water FIW = RI /U 34.7% 5.3% 11.2%

Irrigation intensity of agriculture IIA = Y/RI 2.9 19.0 8.9

Emergy yield ratio EYR = Y/(M+ S) 1.59 1.08 1.17

Emergy investment ratio EIR = (M+ S)/(R+N) 1.70 11.96 6.03

Environmental load ratio ELR = (M+N+ S)/R 1.71 12.57 6.25

Environmental sustainability index ESI = EYR/ELR 0.93 0.09 0.19
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these systems were another important input to which the
emergy ratios were sensitive. Similar sensitivity analysis
results were obtained by other emergy studies (Martin et
al., 2006; Li et al., 2011b), which provide a possible
direction for improving the systems evaluated.
Doubling and halving the inputs did not result in any

changes greater than 100% in the emergy ratios for the
wheat system, potentially revealing a characteristic specific
to that system. This was that inputs to the wheat system had
a more equal weight, compared to the rice and oilseed rape
systems. Changes greater than 100% in the rice and oilseed
rape systems demonstrate their heavy dependence on

Fig. 3 Sensitivity analysis results for the three irrigated agricultural systems (unit: %; emergy inputs with less than 10% change across
all the three emergy indices were not shown). (a) Rice production system, (b) Wheat production system, (c) Oilseed rape production
system.
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irrigation water. The lack of rain effects on the rice system
indicate the greater amount of emergy associated with
irrigation water needed for rice cultivation in a dry year.
The lack of machinery service effects observed in the
oilseed rape system reflected more emergy associated with
machinery service needed for the rice and wheat systems,
than for the oilseed rape system. The fact that doubling and
halving each input to the wheat system did not have more
than a 10% effect on the EYRs, was another indicator of the
greater importance, to this system, of efficiencies in the use
of all resources, when compared to the rice and oilseed
rape systems.

3.3 Discussion and policy implications

Emergy evaluation as a biophysical method can compare
the contribution of natural resources and ecosystem
services to a production process. It can identify “leakage”
in material and energy flows into or out of the system
(Mayer, 2008). The emergy accounting procedure used in
this study indicated that irrigation water and nitrogenous
fertilizer were the main emergy inputs into three irrigated
agricultural systems. A sensitivity analysis showed that the
same two emergy inputs were the most sensitive factors.
These results pointed toward optimization directions for
the three systems, (i.e., improving efficiency in the use of
irrigation water and nitrogenous fertilizer). Yet reducing
the emergy input of irrigation water, with a lower FIW and
higher IIA than before, could increase the ELR and
decrease the EYR and the ESI. The key point is that the
optimal irrigation quota, that balances irrigation water
supply and crop yield, may vary for different crops.
Considering the uncertainty of irrigation requirements in

different hydrological years, the feasible method was to
select a typical dry year to estimate the emergy contribu-
tion of irrigation water to crop production. In the irrigation
district studied, the efficiency in the production process for
irrigation water was relatively high, with the values of 98%
for pumping and 90% for distribution. Yet there was the
potential for water conservation in the fields. The current
composite irrigation quota in a typical dry year in this
district was 283.8 m3$Mu–1; while the corresponding
average water-saving irrigation quota in Jiangsu Province
by 2030 is estimated to be 207.9 m3$Mu–1(WRDJSP,
20131)). Some water-saving technologies in the fields
could be applied to achieve this goal. Some of these are,
improving water-saving irrigation programs, dry nursery
seeding and controlled irrigation for rice production, and
the water-fertilizer coupling technique. Applying emergy
evaluation to conventional irrigation efficiency indicators,
and irrigation experiment analysis, can help us to under-
stand the process of irrigation water production and
utilization in biophysical terms.

The calculated indicators showed that the rice system
had the greatest level of sustainability of the three systems.
This measure assumes that the objective function of
sustainability is that of obtaining the highest yield ratio,
while minimizing environmental loading (Ulgiati and
Brown, 1998; Martin et al., 2006). For the oilseed rape
and wheat systems, high environmental loading ratios
resulted in low sustainability indicators. The possible
reason is that these two systems have more nonrenewable
and imported emergy inputs than inputs from local
renewable resources. However, the studied production
systems were still models of single and conventional
agriculture, which show less sustainability than circular or
ecological agriculture.

Agenda 21 recommendations, or Best Management
Practices (BMPs), can be used to promote the adjustment
of conventional chemical-agriculture farms in order to
reduce associated negative social and environmental
impacts (Agostinho et al., 2008). The main objectives of
BMPs are to promote the conservation of environmental
services by improving the efficiencies of resources and
material engery inputs, and to reduce dependency on
nonrenewable and imported emergy inputs (Cavalett et al.,
2006). Thus, some agroecological practices could be
implemented that reduce the purchase of chemical inputs
and contribute to added renewability. Some possibilities
are product diversification, organic fertilizer and nutrient
recycling, conservation of topsoil and water, and biological
control of plant diseases and insect pests (Cavalett et al.,
2006; Agostinho et al., 2008; Wezel et al., 2009; Amekawa
et al., 2010). Furthermore, to cope with the increasing
stress from energy crises and global warming, biogas-
linked agriculture can serve, both, as part of the country’s
developmental strategy of clean energy, and as an
important reaction to calls for sustainable agricultural
practices. (Chen and Chen, 2012).
In addition, this study focused on emergy accounting,

rather than economic analysis, which is currently the
dominant value measurement system. The application of
emergy evaluation in real production and management
systems is still limited without the results of economic
analysis (Lu et al., 2009). Economic analysis and emergy
accounting are complementary valuation methods (Lu et
al., 2009; Zhang et al., 2011). Integrating the two
methodologies into a combined analysis can provide better
insight into the environmental and economic effects of
irrigated agricultural production systems.

4 Conclusions

Emergy theory has been proven to be an effective tool for
evaluating agricultural production processes. Emergy

1) WRDJSP (2013). The planning report on agricultural water-saving irrigation in Jiangsu Province. Nanjing: Water Resources Department of Jiangsu
Province. http://www.jswater.gov.cn/bmzwxx/nfzx/csxw/ztxx/zxgh/20081205/153759718.html.
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evaluation has also provided useful emergy indices that
can be used to quantify the sustainability of different
agricultural systems. Different forms of energy and
resources, including free environmental and purchased
inputs into agricultural production, can be assessed using
the unified basis of emergy theory and emergy evaluation
methodology. For example, a basic input, irrigation water
consumed in different irrigated agricultural processes, can
be evaluated and compared with other inputs in terms of
emergy. Two new indices, named the fraction of irrigation
water (FIW), and the irrigation intensity of agriculture
(IIA), were developed to depict the emergy contribution of
irrigation water.
In this paper, results are presented from a case study on

an irrigation district in China, which illustrated emergy
evalualtion methodology through the assessment of three
irrigated agricultural systems (rice, wheat and oilseed
rape). The calculated values of FIW indicated that
irrigation water contributed more to the rice system
(34.7%), than to those for wheat (5.3%) and oilseed rape
(11.2%) systems. The wheat production system, with the
IIA of 19.0, had the highest net benefit from irrigation
water input, when compared to the rice (2.9) and oilseed
rape (8.9) productions. The wheat system also had higher
energy efficiency in production than the rice and oilseed
rape systems. The calculated transformities were 2.50E+
05 sej$J–1, 1.66E+ 05 sej$J–1, and 2.14E+ 05 sej$J–1

respectively. Other emergy indices showed that the rice
system had the greatest level of sustainability of the three
systems; but all of them were less sustainable than
ecological agricultural systems. The sensitivity analysis
indicated that the emergy associated with irrigation water
and nitrogenous fertilizer, were the two principal limiting
factors for crop production, and were the highest
sensitivity factors influencing the emergy ratios for these
three systems. Therefore, implementation of Best Manage-
ment Practices, and other agroecological strategies, was
suggested, in order to improve the sustainability of the
three systems considered in this case study. Furthermore,
additional emergy evaluations and economic analyses of
irrigation water production and utilization systems should
be integrated, in order to provide adequate guidelines for
policy decisions about the sustainable development of
irrigated agriculture.
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