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Abstract: Agriculture is the largest sector of Pakistan’s economy, contributing almost 22%
to the GDP and employing almost 45% of the total labor force. The two largest food crops,
wheat and rice, contribute 3.1% and 1.4% to the GDP, respectively. The objective of this
research was to calculate the energy return on investment (EROI) of these crops on a
national scale from 1999 to 2009 to understand the size of various energy inputs and to
discuss their contributions to the energy output. Energy inputs accounted for within the
cropping systems included seed, fertilizer, pesticide, human labor, tractor diesel, irrigation
pump electricity and diesel, the transport of fertilizer and pesticide, and the embodied
energy of tractors and irrigation pumps. The largest per-hectare energy inputs to wheat
were nitrogen fertilizer (52.6%), seed (17.9%), and tractor diesel (9.1%). For rice, the
largest per-hectare energy inputs were nitrogen fertilizer (32%), tube well diesel (19.8%),
and pesticide (17.6%). The EROI of wheat showed a gradual downward trend between
2000 and 2006 of 21.3%. The trend was erratic thereafter. Overall, it ranged from 2.7 to
3.4 with an average of 2.9 over the 11-year study period. The overall trend was fairly
consistent compared to that of rice which ranged between 3.1 and 4.9, and averaged 3.9.
Rice’s EROI dipped sharply in 2002, was erratic, and remained below four until 2007. It
rose sharply after that. As energy inputs increased, wheat outputs increased, but rice
outputs decreased slightly. Rice responded to inputs with greater output and an increase in
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EROI. The same was not true for wheat, which showed little change in EROI in the face of
increasing inputs. This suggests that additional investments of energy in rice production
are not improving yields but for wheat, these investments are still generating benefits. The
analysis shows quantitatively how fossil energy is a key driver of the Pakistani agricultural
system as it traces direct and indirect energy inputs to two major food crops.

Keywords: energy return on investment; per-hectare energy usage; wheat/rice output
energy; wheat/rice input energy
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1. Introduction

Traditional economic analyses make use of commodity market prices, buyer preferences, and
energy prices (which themselves are influenced by multiple factors). “Energy” is a significant driver of
economic growth and therefore key to understanding how agricultural systems function. This analysis
aims to trace direct and indirect energy inputs into two major food crops in Pakistan. It also shows the
energy return on investment (EROI) over time to explain the relationship between energy inputs and
final output. It is different from conventional economic analysis because it utilizes real energy units
rather than manmade prices. It accounts for human labor energy inputs and recognizes the energy input
behind fertilizer and pesticide inputs. It incorporates the unique “embodied energy” concept where the
energy used to manufacture inputs is accounted for. Furthermore, it accounts for the inefficiencies in
the production of electricity. These are all elements that conventional economic analyses are unable
to incorporate.

Pakistan is located in South Asia and borders the Arabian Sea to the south, India to the east, Iran
and Afghanistan to the west, and China to the northeast. The total land area is 79.6 million hectares
(ha), slightly less than twice the size of the state of California in the US. The country’s climate is
mostly hot in the flat Indus plains, temperate in the northwest, and “arctic” in the north [1]. Mineral
resources include iron ore, copper, salt, gold, limestone, poor quality coal, extensive natural gas
reserves and limited amounts of petroleum [1].

With a population of approximately 166 million [2], Pakistan’s per-capita gross domestic product
(GDP) in 2009 was USD 2,500 [1]. Its Gini index ranking in 2008 stood at 109 (Sweden’s topped the
list at 30.6) [3].

Pakistan’s important export partners are the US, the UAE, Afghanistan, the UK, and China. Exports
totaled approximately USD 14.4 billion in 2009 and included items such as “textiles (garments, bed
linen, cotton cloth, yarn), rice, leather goods, sports goods, chemicals, manufactures, carpets and rugs” [1].
Major import partners are China, Saudi Arabia, the UAE, the US, Kuwait, Malaysia, and India. Import
items totaled approximately USD 28.5 billion in 2009 and included “petroleum, petroleum products,
machinery, plastics, transportation equipment, edible oils, paper and paperboard, iron and steel, tea.” [1].

Agriculture has always been the largest sector of Pakistan’s economy, contributing approximately
22% to the GDP and employing almost 45% of the total labor force ([4] p. 13). However, growth in the
sector has been falling for the last 30 years; investments in important agricultural technologies such as
water infrastructure and seed are low ([4] p. 13).
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Value-added growth (post-harvest processing to add value) in the sector is erratic, due mainly to
“major crops” such as wheat and rice (Table 1). Agricultural growth figures are often “rescued” by the
relative successes of livestock, fisheries, and higher-value minor crops. The fluctuation in these figures
is not necessarily a good indicator of crop performance because of the multiple forces that influence
prices and markets of commodities. Utilizing EROI analysis helps provide insights that conventional
economic analyses do not.

Table 1. Percentage change in value-added growth in the agricultural sector in Pakistan,
2001 to 2010.

Year Agricultural growth (%) Major crops (%) * Minor crops (%) **
2001 —2.2 -9.9 -3.2
2002 —0.1 —2.5 —3.7
2003 4.1 6.8 1.9
2004 24 1.7 3.9
2005 6.5 17.1 1.5
2006 6.3 -3.9 0.4
2007 4.1 7.7 -1.0
2008 1.0 —6.4 10.9
2009 4.0 7.3 -1.7
2010 (provisional) 2.0 —0.2 -1.2

* Cotton, sugarcane, rice, wheat, pearl millet, rapeseed, mustard, maize, barley, gram; ** Oilseeds, pulses,
potato, onion, chilies; Source: [4], p. 14; [5], p. 17; [6], p. 15.

Wheat and rice enjoy an important status among food crops in Pakistan. Wheat is the staple food
crop of the country, while Pakistani basmati rice is known for its long-grained appearance and
distinguished by its aroma [7]. Pakistan ranked sixth in the world in wheat production in 2009 [8].
However, the country still requires wheat imports to fulfill demand most years; Pakistan imported
wheat seven times between 1999 and 2009 ([9], p. 205). Domestic wheat production has risen over
time, but per capita availability has fluctuated considerably. Wheat and rice contribute 3.1% and 1.4% to
the GDP, respectively ([4], p. 19). Pakistan’s total cultivated area was 23.8 million ha in 2009, of which
wheat and rice occupied approximately 38.0% and 12.5% respectively (calculated from [9], pp. 3, 13,
108-110).

Wheat (Triticum aestivum L.) yields averaged 2.4 tonnes per hectare (t ha™') between 1999 and
2009 (calculated from [9], pp. 3—4). Wheat is a rabi or winter crop, i.e., it is sown between October
and December, and harvested between April and May ([4], p. 15), and often grows in rotation with
rice, cotton, maize, sugarcane, pulses, and fallow land [10]. Like most agriculture in Pakistan, wheat
production is highly dependent on irrigation ([4], p. 14). On average, barani or rain-fed wheat
accounts for only 6.5% of total wheat production (calculated from [9], p. 10-11).

Domestic rice (Oryza sativa L.) yields averaged 2.1 t ha™' between 1999 and 2009 (calculated
from [9], p. 14). It is a major cash crop and both consumed locally and exported. Rice is a kharif or
summer crop sown between April and June, and harvested between October and December ([4], p. 15).
Like wheat, rice in Pakistan is heavily dependent on irrigation. The entire crop (with the exception of a
very small area in the mountainous region) is usually grown in irrigated or partially irrigated systems [11].
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Rainfall patterns are erratic, so the country’s agriculture depends heavily on irrigation water. The
monsoon rains of July—September are essential for recharging reservoirs and lakes that feed into rivers,
and subsequently the canal irrigation system. Global El Nifio weather systems generally weaken the
monsoon rains in South Asia [12] and can adversely influence agriculture. For example, in 1997
during an El Nifio event, there was insufficient moisture until August (rice is sown between April and
June), followed by severe floods and landslides [13].

1.1. Agricultural Inputs in Pakistan

Fertilizer is used extensively in Pakistan, and the amount used has risen from 2.6 million nutrient
tonnes in 1999 to 3.7 million nutrient tonnes in 2009. The ratio between nitrogen, phosphorus, and
potassium-based fertilizers (N:P:K ratio) averaged 1:0.28:0.01 from 1998 to 2007 (calculated from [14],
p. 61). This is also supported by the Food and Agriculture Organization (FAO) [15]. Potash application
has been low historically, and only two percent of farmers countrywide actually apply it [15]. This is
further supported by scattered wheat and rice-specific figures supplied by FAO and International
Fertilizer Industry Association (IFA) sources that show exceptionally low figures ranging from
0.7-3.5 kg ha ' on wheat and 0.2—1.0 kg ha™" on rice in various years since 1989 (with the exception of
1992-1993 where potash application was high at 11.3 kg ha ") [16-20].

Pesticide application on crops in Pakistan began to expand in the early 1980s, increasing from
3,500 tonnes in 1981 [21] and growing by a factor of 27 to 94,265 tonnes in 2007 ([9], p. 150). Much
of Pakistan’s pesticide was imported until the late 1990s, but now domestic production exceeds 60% of
the amount used annually [21]. In Pakistan, most “pesticide” is insecticide applied largely to cotton
and rice [22]. Wheat is the largest user of herbicide against grasses such as little seed canary grass
(Phalaris minor) which, in Pakistan, is said to reduce wheat yields by 15-20% in the absence of
herbicides [22]. Forty-eight percent of farmers believe that pesticide is a necessary input to increase
crop yield [22]. However, the same survey shows that 97% of farmers believe pesticides are
adulterated [22].

Tractors have become the dominant mode of traction power in agriculture and bullock-operated
farms are on the decline [23]. The number of tractors being used in Pakistan increased by a factor of
85 between 1961 and 2007 [24]. Most of the country’s wheat crop is threshed with machines and
mechanical rice husking is also on the rise [23]. Farmers who do not either own or rent tractors are few
and far between [25]. In addition, recent data shows that 90% of farms use tractors in contrast to only
17% in 1972 [21]. This figure climbs to 96% in The Punjab and Sindh regions of Pakistan [21].

Given Pakistan’s dry climate and low average rainfall, irrigation has been a major part of agriculture
in the region since 3,000 BC. Canal irrigation sources include glaciers in the north, snowmelt, and
rainfall outside the Indus Plains [21]. Groundwater is an integral part of irrigation; the canal system is
becoming more of a groundwater recharge mechanism than a water delivery system [21]. This is
especially true of The Punjab province where recharge from canals is responsible for 80% of pumped
groundwater [26]. On average, groundwater accounted for 36.7% of available irrigation water between
1999 and 2010 (calculated from [9], p. 138-139).
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1.2. Study Background and Basis

Energy analysis is not new to agriculture. The literature shows a vast quantity of research on the
issue, especially for energy crops (ethanol) such as sugarcane and corn. Various writers including
Shapouri and Salassi (2006) have performed energy analyses on agricultural systems [27]. The basic
methodology is the same in most cases. What differs is the definition of “appropriate” input to the
systems. Studies show EROI ratios for US corn-based ethanol both above and below one [28]. The
reasons for these differences include the accounting of co-products, the exclusion of the embodied
energy of equipment, and the use of internally-derived energy sources [28]. Defining study boundaries
clearly is important and we define them for this study in Section 2.1.

Pakistan’s agricultural sector shows an increasing dependence on fossil fuel inputs in the form of
fertilizer, pesticide, and mechanization, a common trend worldwide. The 1960s and 1970s were
characterized by massive yield increases [29] due to improved varieties, petroleum-based fertilizers
and pesticides, irrigation, and diesel-driven tractors [30-32]. For example, nitrogen (N) fertilizer usage
in Pakistan increased from an average of 36,000 tonnes in 1960—1963 to 326,000 tonnes in 1970—1973,
to 876,000 tonnes in 1980-1983 [21]. The new crop varieties that were developed relied upon
increasing amounts of fossil fuel inputs. Crosson and Brubaker (1982) stated with reference to new
agricultural technologies that “Not only is the technology itself keyed to energy from fossil fuels, but
the research establishment that developed the technology also is oriented to exploitation of this
resource” [33]. The direct link between increased energy usage and increased agricultural output has
been researched widely [34-37]. This notion has sparked debate on long-term yield viability and
environmental degradation [38-40].

The relatively few studies on energy use in agriculture in Pakistan cover small districts using site-
specific data. However, Jameel’s (1982) study provides a detailed analysis of energy use in Pakistani
agriculture. He found that fertilizer production accounted for 45% of all commercial energy supplied to
the agricultural sector. Another 40% was used for irrigation and drainage [41].

A more recent Pakistani study examined energy use on sugar cane crops in Dera Ismail Khan
District. It compared energy inputs to sugarcane yields and discovered that fertilizer and irrigation
were the largest energy inputs. The results showed that energy consumption was higher on tractor-operated
farms than bullock-operated farms by a factor of 1.2. The energy output-input ratios were marginally
higher for bullock-operated farms [42]. Similarly, Khan and Singh (1996 and 1997) studied energy use
on sugar cane and wheat in the same district [43,44]. However, all three analyses restricted the usage
of “energy analysis” to direct use: human labor, animal power, diesel and electrical irrigation motors,
and tractors. Furthermore, the premise of such studies was to compare energy usage and energy
outputs between different categories of farms such as tractor-operated farms and bullock-operated
farms. They found that per-hectare energy usage was the highest on farms using electrical or
diesel-powered pumps for groundwater pumping. The output-input analysis showed that while crop
yields were higher on irrigated farms, yield increases were not proportional to increases in energy
input. This implies that farmers were investing large quantities of energy, but not harvesting
proportional crop output. The reasons ranged from overwatering to excessive energy inputs to the
point where they do not contribute positively to output. This is addressed in greater detail in section 4.
Other studies in neighboring countries such as India [45-47] also quantified inputs (seed, fertilizer,
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pesticide) in energy terms. The purpose of such studies were generally the same, citing, for example,
the need for an understanding of the fact that fertilizer and chemical pesticides are produced through
fossil energy-intensive processes, and that perhaps yields could be increased or at least maintained
through the judicious use of such inputs and the supplementation of inputs with farmyard manure [45].

To our knowledge, an energy analysis of the entire crop production system for the main crops
grown in Pakistan has not been completed to date. The objective of this study therefore, is to perform
an EROI analysis of the country’s entire wheat and rice crops from 1999 to 2009 using extant
secondary data, and to examine the size of the contribution of different inputs in relation to the output
in total, and on a per-hectare basis. The purpose of this is to provide some insight on the trends in
energy use and identify the main energy inputs. In addition, labor is represented unevenly in economic
analyses because it is comparatively cheap in Asia and Pakistan. Considering it from an energy point
of view removes this discrepancy. Furthermore, this analysis draws attention to the fact that fertilizer
and pesticide are produced using highly energy intensive industrial processes. Price may not always
reflect this adequately. This data can then be used to guide decisions about investments in the
management of these cropping systems in a possibly energy-constrained future.

1.3. Energy Return on Investment Review

The concept of quantifying energy inputs and comparing them to energy outputs is rooted in an
energy accounting method called “net energy analysis” (NEA). The central idea of NEA is that net
energy is the gross energy output resulting from a given process minus the energy required to obtain it
[the gross energy] [48]. The output must be greater than the input (sometimes termed “feedback™) in
order to be energetically feasible. Energy return on investment, on the other hand, studies the energy
output and inputs by means of a ratio. It is generally applied to the mine-mouth, wellhead, or
farm-gate [49]. Thus, an EROI ratio of 100:1 means that 100 units of energy are produced for every
one unit of energy invested to locate, extract, produce, and upgrade the energy source or product being
studied. By the strict logic of a 1:1 EROI, foods such as beef, chicken, eggs, cauliflower, winter
tomatoes, lettuce, and various seafoods could be considered unfeasible as they commonly require more
energy to grow, harvest, or catch, and deliver to consumers than their own energy content [38]. Thus, it
should be understood that everything cannot be evaluated simply in reference to a greater-than-one
EROI without considering the importance of the quality of the output. Human beings make specific
choices where affluence often allows nutrition and palatability to overshadow simple energy return.
Understanding and being aware of the implications of these choices in terms of energy is important in
understanding how resources are allocated and used.

The NEA concept has existed in the US since the 1950s [50]. Conducting NEAs is required by the
Federal Nonnuclear Energy Research and Development Act of 1977 and The Energy Security Act of
1980 [51,52]. Net energy analysis is commonly used to evaluate the feasibility of energy projects such
as electricity generation plants and various renewable energy technologies. This method of energy
analysis is well-defined, and NEA offers a basis for reducing and conserving input energies,
guarantees the chance to evaluate net energy yields independent of economic risk questions, and
allows comparisons between the net energy yields of specific industrial plants and processes [53].
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The value of NEA as a tool for resource-use analysis is derived chiefly from the fact that it assesses
physical resources and is therefore resistant to market imperfections that may distort monetary data [54].
However, historical energy data is not always available, and in some situations, monetary data must be
used to infer energy values. It is believed that NEAs reflect real value more accurately than monetary
metrics because they use specific energy units rather than dollars which are affected by such variables
as time, markets, changing tastes, living standards, and public policies [52]. The US Comptroller
General acknowledged that economic analyses were required to evaluate energy projects, but that
“Dollar measurements do not substitute for NEA because they are not based on explicit physical
energy requirements and because of imperfections in the energy marketplace” [53]. In addition, NEAs
can often be used to point out where improvements can be made in system operations [52].

Many neoclassical economists dispute the value of NEA, arguing that they do not contribute much
more additional useful information than does a thorough economic analysis [54]. Most analyses of
agricultural output are indeed done in monetary terms. The question then is, why use energy terms
instead, when a wealth of economic tools already exist for studying the feasibility and profitability of
an economic activity?

Our justification for performing an EROI analysis is two-fold. First, as Hall ef al. (1986) point out,
“energy is the ultimate limiting resource” [38]. While it is incorrect to say that everything can be
reduced to energy, it is important to understand that all material and most nonmaterial resources have
an associated energy cost. Second, energy flows are governed by the irrefutable laws of thermodynamics
formulated by Joule, Clausius, and Thomson. This implies that the flows of energy through an
agricultural system are subject to energy “losses” which must be accounted for. Monetary measures
are not subject to these natural laws, and money, unlike energy, can be generated indefinitely. As
mentioned earlier, they are influenced by social forces related to the economy such as inflation, public
policy, and markets [52].

2. Methodology
2.1. System Boundaries

Conducting an EROI analysis requires a clear definition of the system being studied, in this case the
agricultural systems of wheat and rice in Pakistan, and the energy flows that are being measured. The
energy inputs considered are the fossil fuel inputs needed to produce wheat and rice and the output is
the energy stored in the harvested crops at the farm-gate. Crop residues have varied uses as well—such
as fodder and fuel—and it is possible that accounting for them would increase EROI figures. However,
this analysis is concerned only with the edible (human) energy produced in these systems. It is
noteworthy that crop residues such as wheat straw, cotton stems, sugar cane trash/tops and rice husks
are not recycled in the soil in Pakistan where they could add to soil fertility [15]. However, we have
not accounted for this as relevant secondary data is not available. The energy inputs quantified in this
system are seed, fertilizer, pesticide, the energy to operate tractors and tube wells and their embodied
energy, the energy used to transport fertilizer and pesticide locally, and energy invested in the form of
human labor (Figure 1).
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Figure 1. System boundaries for an EROI analysis of wheat and rice production
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Inputs such as sunlight and rainfall are considered as natural inputs with no energy investment
required by humans. Furthermore, as this is an energy analysis, there is the concern of resource
depletion. The sun is considered an unlimited stock of energy whereas fossil fuels on earth are
non-renewable, and therefore limited [55,56]. We excluded the sun for this reason. The output from
the system is at the farm-gate, so post-harvest energy costs such as crop transport, storage, and
processing were not included in this analysis [49]. Finally, environmental energy costs such as lost
environmental services due to ecosystem degradation are beyond the ambit of this study, and while
they are important for the long-term sustainability of these production systems, they were not included
in this analysis.
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2.2. Determining Energy Values

Data on the energy inputs into the system are all expressed in terms of energy in joules (J).
However, since input data for agriculture is seldom collected in terms of energy, we converted
available data to energy units using established conversion factors, which are outlined below.

2.2.1. Seed Input

We used an energy content of 14.2 MJ kg ' for wheat seed [57]. Wheat seeding rates vary across the
country depending on farmer awareness and access to technology—such as seed drills—and there is a lack
of information on the extent of the different rates. We used a seeding rate of 150 kg ha™ that is cited as
being widely used [58].

Categories of rice varieties in Pakistan are shown in available statistics as “basmati”, “Irri”, and “other”
[9]. Again, as further information is not available, we selected an energy value of 14.2 MJ kg ' for basmati
which is a mean value of the energy content of several popular brands of basmati rice available in Pakistan
including “Aziz rice”, and two different packages each of “Guard rice” and “Reem rice” (energy values on
branded rice packaging 2010). The Irri variety refers to various coarse-grained rice varieties which
generally have slightly higher energy contents than basmati rice. We used a value of 15.3 MJ kg™ for
coarse varieties [57]. The category “other” is planted in only 9.3% of total rice cropped area between 1999
and 2009 (calculated from [9], pp. 16-17). The fact that it occupies such a small percentage of the total
cropped area, while basmati occupied almost 60% in most years, could mean that it refers to higher-energy
rice varieties. Basmati’s energy value is lower, but it is considered a cash crop and is exported worldwide
for its palatability. The “other” category was therefore assigned the same energy value assigned to Irri
varieties. The recommended seeding rates of 13.8 kg ha™' for basmati varieties and 22.2 kg ha™' for coarse
varieties were used [59]. As there is no such information on “other”, we applied the higher seeding. We
used static seeding rates across the country, therefore the amount of seed (and thus “seed energy”’) varies
annually depending on the amount of land cultivated for each crop or variety (Table 2). The calculation
involved was “seeding rate (kg ha™') x land area (ha) * energy content of seed (MJ kg ').”

Table 2. Cultivated area of wheat and rice varieties in Pakistan (million ha) from 1999-2009.

By * Wheat area (million ha) Rice area (million ha)
HYV  Others Total Basmati Irri Others  Total

1999 7.7 0.5 8.2 1.2 1.0 0.2 2.4
2000 8.1 0.3 8.5 1.3 1.0 0.2 2.5
2001 7.9 0.3 8.2 1.2 0.9 0.3 2.4
2002 7.8 0.3 8.1 1.3 0.7 0.1 2.1
2003 7.8 0.2 8.0 1.4 0.7 0.1 2.2
2004 8.0 0.2 8.2 1.5 0.7 0.2 2.5
2005 8.2 0.2 8.4 1.6 0.7 0.3 2.5
2006 8.2 0.2 8.4 1.7 0.8 0.2 2.6
2007 8.3 0.3 8.6 1.6 0.8 0.2 2.6
2008 8.3 0.3 8.5 1.5 0.7 0.3 2.5
2009 8.8 0.3 9.0 1.7 0.9 0.4 3.0

* FY = fiscal year; HYV = high yielding variety; Source: [9], pp. 6-7, 16-17.
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2.2.2. Fertilizer Input

The fertilizer usage rates used in this study are taken from government estimates, i.e., wheat used
45.4%, and rice used 5.4% of all fertilizer applied in the country from 1997 to 2004. The government
raised these estimates for subsequent years until 2008 to 50% for wheat and six percent for rice ([60],
p. 62). We assumed that the same set of percentages that were applied from 2005 to 2008, apply to
2009 as well. Furthermore, government data assumes that these percentages for the amounts of total
fertilizer extend to the amounts of nitrogen (N), phosphorus (P), and potassium (K) (cross-referenced
between [9], p. 127 and [60], p. 62). We used these percentages to calculate crop-specific N, P, and K
usage figures ([14], p. 62).

The embodied energy of fertilizer reported in different studies varies depending on the
manufacturing process and type of fertilizer [61-63]. We erred on the side of caution by using
Shapouri ef al.’s (2002) figures as they are closest to other published figures without being excessively
high [61,64]. These values are 43.0 GJ t! for N fertilizer, 4.8 GJ t”' for P fertilizer, and 8.7 GJ t ' for
K fertilizer [61,64]. The calculation of this energy input is “fertilizer applied (1) x embodied energy of
fertilizer (GJ £).”

2.2.3. Pesticide Input

Crop-specific pesticide usage is not available. We therefore used a 2002 government calculation
that was based on extensive field surveys in all four provinces, for the entire period under
investigation. Results from this survey indicate that approximately nine percent of all pesticide in
Pakistan is applied to wheat and 23% to rice. The remaining pesticides are used on cotton (54%), fruits
and vegetables (8%), sugarcane (5%), and maize (1%; [22], p. 13). From this survey, it was possible to
estimate percentages of the amount of herbicide, pesticide, and fungicide used on each crop ([22], pp.
13 and 15). For wheat, 80.6% of the pesticide used is herbicide, 19.2% is insecticide, and 0.2% is
fungicide. For rice, 1.3% is herbicide, 98.7% is insecticide, and under 0.1% is fungicide (calculated
from [22], pp. 13 and 15). Since data is not available on which specific herbicides were used on the
crops, we used an average embodied energy value of 264 MJ kg ™' for 24 different herbicides that
might be used ([65] based on [66]). The corresponding conversion factors for insecticide (a mean value
for 11 different insecticides) and fungicide (a mean value for four different fungicides) were 214 MJ kg '
and 168 MJ kg, respectively [65,66]. The calculation involved is simply “herbicide or insecticide or
fungicide used (tonnes) x pesticide embodied energy (MJt *).”

2.2.4. Labor Input

Human labor input was calculated as energy expended by farmhands per hour per hectare per year.
The number of person-days of labor expended on Pakistan’s wheat crop was assumed to be
10.8 days ha ' year’ and 22.7 days ha™' year ' for rice from Ahmad and Martini’s (2000) field
estimates in The Punjab [67]. Assuming that the average farmhand workday is ten hours [68], then
108.2 person-hours ha ' year ' are required for wheat, and 227.1 person-hours ha ' year ' for rice. The
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formula to calculate the amount of energy expended is “person-hours (hours ha™') x cropped area
(ha) * 60 (minutes) x 60 (seconds) x 671.1 (J second ').” The figure 671.1 J second ' is the assumed
power rating of human beings (0.7 kW) [69].

2.2.5. Tractor Diesel Input

The energy required to operate tractors was calculated using the formula “rated power (kW) X time
consumed (hrs ha™' x cropped area [ha]) * load factor.” The rated power used was 46 horsepower
(HP), which was the median value for the range of tractor engine sizes being used [70, Table 32] since
hours of operation figures are not available for specific categories of engine size. Khan and Singh
(1996) used a mean value of 50 HP in their smaller-area analysis [43]. Tractor operation time was 17.5
hours ha™ for wheat and 4.2 hours ha ' for rice from Ahmad and Martini’s (2002) field estimates from
The Punjab [67]. The load factor (a dimensionless ratio), which is calculated as actual diesel consumed
divided by diesel consumed at rated power, was taken as 0.5 for tractor engines [44].

2.2.6. Tractors Embodied Energy Input

The embodied energy in megajoules of one tractor for one year was calculated as “(46 HP/1.2) x
(31.9 kg (PTO HP)™') x (143.2 MJ kg )/(18.8 years) = 9,309.4 MJ year™'.”

The median tractor engine size of 46 HP was used. Dividing by 1.2 converts HP to power take-off
(PTO) HP [71]. The tractor-to-power ratio is 31.9 kg PTO HP™' [72], the energy-equivalent-of-
machinery-weight is 143.2 MJ kg™' [73], and the lifespan of an average Pakistani tractor is 18.8 years,
which was calculated assuming that the average tractor in Pakistan runs for 973.1 hours a year
(calculated from [70, Table 32]). It was assumed that tractors should be replaced after 18,316 hours,
assuming nominal maintenance over time [74]. This is consistent with Smil’s (1991) suggestion of
prorating tractor life over 10-20 years [75].

The “tractor-hours per hectare” figures of 17.5 hours ha™ for wheat and 4.2 hours ha™ for rice were
used to apportion the embodied energy between the two crops. If 17.5 tractor-hours are required for
one hectare of wheat per year, then 973.1 tractor-hours are required for 55.6 ha of wheat per year. The
same calculation for rice is 321.7 ha year '. Finally, 9,309.4 MJ year ' divided by 55.6 ha year ' =
167.4 MJ ha ' of wheat per year, and 40.2 MJ ha™' of rice per year. Multiplying 167.4 MJ year ' and
40.2 MJ year ' by the number of hectares of wheat and rice fields respectively, yields crop-specific
tractor embodied energy figures.

2.2.7. Tube Well Diesel and Electricity Input

We calculated the amount of groundwater pumped per motor (Table 3, Column 6), knowing the
number of diesel and electric pumps (Table 3, columns 2—4; [9], pp. 171 and 172) in the country and
the amount of groundwater available in the rabi season (Table 3, column 5; [9], pp. 138—139). We then
calculated wheat’s total water requirement using the formula “water requirement (meters) X irrigated
wheat area (m’),” where the water requirement is 0.4 m per cropping season [76] and the irrigated
wheat area ranges 69.0—78.2 billion m* (Table 3, Column 7; [9], pp. 8-9). Since groundwater accounts
for 43.0-46.2% of available irrigation water in the rabi season (calculated from [9], p. 138-139), we
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assumed that all rabi crops receive the same proportion of groundwater (Table 5). We calculated the
amount of wheat’s total water requirement that comes from groundwater resources (Table 3, Columns
8-9) and the number of motors that would be needed to pump this amount of water (Table 3, Column
10). These motors were apportioned into diesel and electric pumps based on the percentage (Table 6,
calculated from [9], pp. 171-172) of each type in the country (Table 3, Columns 11-12). The same
calculations were performed for rice (Table 4).

Knowing the number of motors of each type required to pump wheat’s required groundwater, we
calculated the energy they would use with the formula “rated power (kW) x time consumed (days
year ' x hours day” x number of motors) x load factor” [44]. Rated power refers to a mean power
rating of 10.17 kW (13.5 HP). Mean operating times of 184 days year ' for six hours day ' for electric
pumps, and 125 days year ' for five hours day™ for diesel pumps were assumed from 2004 agricultural
census data ([9], p. 176). The load factor is actual diesel/electricity consumed divided by
diesel/electricity consumed at rated power, taken as 1.0 for electric motors, and 0.6 for diesel-powered
ones [44]. Table 7 is a calculation example for both diesel and electrical motors pumping water for
wheat.

To account for the primary energy used to produce the electricity that runs irrigation pumps in
Pakistan, we assumed a general conversion of 1,000 tonnes of oil equivalent (toe) to 11.63 GWh, and
calculated efficiency figures for coal, oil, and natural gas using figures for amounts of fossil fuel used
and the resultant electrical energy produced ([77], pp. 67, 70, 79, 89; [78], p. 67; [79], p. 70; [80], p.
73; [81] p. 81). Hydropower efficiency can be anywhere between 80% and 95% [82]. Nuclear power
efficiency ranges between 33% and 37% [83]. We selected the more conservative 80% and 33%,
respectively. Knowing what percentage of total electricity generation each technology is responsible
for (calculated from [77], p. 89; [79], p. 70; [80], p. 73; [81], p. 81), we used weighted averages to
calculate a “loss factor.” The input electrical power to the irrigation pumps was divided by this factor
(which averaged 0.5 over the study period) to account for the primary energy used to generate that
electricity.

The final diesel and adjusted electricity figures are shown in Table 10. These calculations assumed
that government-owned tube wells operate roughly the same number of hours as privately-owned tube
wells, as operating time data was available only for privately-owned tube wells.
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Table 3. Number of diesel and electric motors required to pump groundwater for wheat grown in Pakistan.

1 2 3 4 5 6 7 8 9 10 11 12
Electric.  Diesel  Total Total GWper  Wheat’s % that is Wheat req. No. of pumps Electric  Diesel
FY pumps  pumps pumps rabi GW pump  total water from GW fulfilled from GW  req. to pump pumps  pumps
(000) (000) (000) (MAF) (MAF) req. (MAF) sources sources (MAF) this (C9) (000) (000) (000)
1999 117.4 445.8 563.2 25.6 <0.1 22.4 453 10.1 222.6 46.4 176.2
2000 112.4 497.4 609.8 25.0 <0.1 23.4 443 10.4 252.8 46.6 206.2
2001 113.7 5455 6593 25.4 <0.1 22.8 S 44.6 10.2 263.7 S 455 2182
2002 116.8 590.4 707.3 25.3 <0.1 22.8 § 44 .4 10.1 282.7 § 46.7 236.0
2003 120.6 648.4 769.0 25.3 <0.1 22.7 s 443 10.1 306.1 s 48.0 258.1
2004 132.0 818.2 950.1 25.3 <0.1 23.1 442 10.2 384.3 534 330.9
2005 137.0 847.3 984.3 25.3 <0.1 234 43.9 10.3 400.9 55.8 345.1
2006 143.7 855.9 999.6 25.7 <0.1 23.8 43.0 10.2 398.2 57.2 341.0
2007 116.7 814.6 931.3 25.7 <0.1 23.8 46.2 11.0 398.8 50.0 348.9
2008 120.8 800.3 921.1 25.5 <0.1 23.9 448 10.7 387.2 50.8 336.4
2009 120.8 800.4 921.2 24.8 <0.1 25.4 45.9 11.6 432.7 56.7 375.9

“GW?” = groundwater; “MAF” = million acre-feet; “C9” = figures in column nine.
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Table 4. Number of diesel and electric motors required to pump groundwater for rice grown in Pakistan.

1 2 3 4 5 6 7 8 9 10 11 12

Elect. Diesel Total Total GW per Rice’s total % thatis  Rice req. fulfilled No. of pumps Electric.  Diesel

FY pumps pumps pumps kharif GW  pump water req. from GW  from GW sources req. to pump this pumps pumps
(000) (000) (000) (MAF) (MAF) (MAF) sources (MAF) (C9) (000) (000) (000)

1999 1174 445.8 563.2 255 <0.1 18.9 33.0 6.2 137.6 28.7 108.9
2000 1124 497.4 609.8 24.9 <0.1 19.6 324 6.3 155.2 28.6 126.6
2001 113.7 545.5 659.3 25.1 <0.1 18.5 = 323 6.0 157.0 = 27.1 129.9
2002  116.8 590.4 707.3 25.0 <0.1 16.5 - 322 53 150.0 - 24.8 125.2
2003  120.6 648.4 769.0 24.8 <0.1 17.3 qz 32.0 5.5 171.9 cg 27.0 145.0
2004  132.0 818.2 950.1 24.8 <0.1 19.2 31.9 6.1 234.4 32.6 201.8
2005  137.0 847.3 984.3 24.8 <0.1 19.6 31.7 6.2 246.9 344 212.5
2006  143.7 855.9 999.6 24.7 <0.1 20.4 31.8 6.5 262.7 37.8 224.9
2007  116.7 814.6 931.3 24.7 <0.1 20.1 30.0 6.0 227.4 28.5 198.9
2008  120.8 800.3 921.1 24.5 <0.1 19.6 28.6 5.6 210.7 27.6 183.1
2009  120.8 800.4 921.2 23.9 <0.1 23.1 26.9 6.2 239.0 31.3 207.7

“GW?” = groundwater; “MAF” = million acre-feet; “C9” = figures in column nine.
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Table S. Seasonal groundwater expressed as a percentage of total available irrigation water

in Pakistan.

Kharif season Rabi season
0 0
FY GW  SW+GW ( SG\;]V +/ z}‘\’;) GW  SW+GW (S\y +/ z}(\’f])
(MAF) (MAF) (MAF) (MAF) (MAF) (MAF)

1999 25.5 77.2 33.0 25.6 56.6 453
2000 24.9 76.9 32.4 25.0 56.4 443
2001 25.1 77.7 32.3 254 57.1 44.6
2002 25.0 77.6 32.2 25.3 57.1 44 4
2003 24 .8 77.5 32.0 253 57.0 443
2004 24.8 77.6 31.9 25.3 57.2 44.2
2005 24 .8 78.2 31.7 253 57.5 439
2006 24.7 77.6 31.8 25.7 59.7 43.0
2007 24.7 82.3 30.0 25.7 55.5 46.2
2008 24.5 85.6 28.6 25.5 56.9 44.8
2009 239 88.9 26.9 24.8 54.0 459
“GW?” = groundwater; “SW” = surface water.

Table 6. Electric and diesel pumps expressed as a percentage of total pumps.

FY Total pumps Electric pumps Diesel pumps Electric pumps Diesel pumps
(millions) % of total % of total
1999 0.6 0.1 0.4 20.8 79.2
2000 0.6 0.1 0.5 18.4 81.6
2001 0.7 0.1 0.5 17.3 82.7
2002 0.7 0.1 0.6 16.5 83.5
2003 0.8 0.1 0.6 15.7 84.3
2004 1.0 0.1 0.8 13.9 86.1
2005 1.0 0.1 0.8 13.9 86.1
2006 1.0 0.1 0.9 14.4 85.6
2007 0.9 0.1 0.8 12.5 87.5
2008 0.9 0.1 0.8 13.1 86.9
2009 0.9 0.1 0.8 13.1 86.9
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Table 7. Energy share of diesel and electric motors required to pump groundwater to
wheat in Pakistan (calculation example).

Pumps Days per Hours per  Total hours Total hours Dlesel/.electrlaty
FY e for all pumps (unadjusted) on
(millions) year day per pump e
(millions) wheat (PJ)
2009 (diesel) 0.4 125 5 635 235.0 8.6
2009 (electric) <0.1 184 6 1,104 62.6 23
Table 8. Embodied energy of diesel and electric pumps watering wheat in Pakistan
(calculation example).
No. of diesel/electric AFEC Weight  Total embodied Total embodied
FY pumps watering (MJ kg'-year) (kg; one energy of one energy of all
wheat (000) pump) pump (MJ) pumps (PJ)
2009 (diesel) 375.9 4.5 275 1,237.5 0.5
2009 (electric) 56.7 6.8 275 1,870.0 0.1

Table 9. Imported fertilizer and pesticide percentages of totals used.

Imported fertilizer = Imported pesticide

FY (% of total used) (% of total used)
1999 34.2 59.6
2000 234 322
2001 19.6 43.4
2002 214 38.8
2003 254 30.8
2004 23.7 31.2
2005 21.2 27.0
2006 333 29.2
2007 21.7 19.0
2008 24.5 23.7
2009 15.3 23.7

Source: Calculated from [9], pp. 127, 133, 150.
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Table 10. Total inputs to wheat from 1999 to 2009 (PJ).

FY ‘99 ‘00 ‘01 ‘02 ‘03 ‘04 ‘05 ‘06 ‘07 ‘08 ‘09 .Avg.
input

Seed 17.5 180 174 17.1 17.1 17.5 17.8 18.0 18.2 18.2 192 178
N 40.9 432 442 446 458 49.3 60.1 62.9 57.0 62.9 653 524

Fertilizer P 1.0 1.3 1.5 1.3 1.4 1.5 2.1 2.0 23 1.5 1.5 1.6
K 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1

Herbicide 0.9 1.2 0.9 1.3 1.5 2.5 2.0 0.8 1.8 0.8 0.8 1.3

Pesticide Insecticide 0.2 02 02 03 03 0.5 0.4 0.2 0.3 0.1 0.1 0.3
Fungicide 0.0 00 00 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Labor 2.2 2.2 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.4 2.2
Tractor diesel 8.9 9.2 8.9 8.7 8.7 8.9 9.1 9.2 9.3 9.3 9.8 9.1
Tractor embodied
1.4 1.4 1.4 1.3 1.3 1.4 1.4 1.4 1.4 1.4 1.5 1.4

energy
Tube well diesel 4.0 4.7 5.0 54 5.9 7.6 7.9 7.8 8.0 7.7 8.6 6.6
Tube well electricity

] 3.6 3.9 3.9 4.0 4.0 42 4.6 4.3 4.0 42 4.7 4.1
(adjusted)
Diesel tube well

) 0.2 03 03 03 03 0.4 0.4 0.4 0.4 0.4 0.5 0.4
embodied energy

Electric tube well
) 0.1 0.1 01 01 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
embodied energy

Transportation of
. . 1.8 1.8 1.9 1.9 20 2.1 2.6 2.8 2.6 2.6 2.6 2.2
fertilizer and pesticide

Total 827 876 &7.8 886 90.6 981 110.8 1123 108.0 111.5 1172 99.6

2.2.8. Tube Well Embodied Energy Input

The embodied energy of tube wells was calculated using the formula “average tube well pump
weight (kg) x annual fixed energy cost (AFEC) to manufacture one pump (MJ kg ' year™) x number
of pumps in Pakistan.” The AFEC accounts for raw material, recycled material, an expected product
life of 12 years for both types of motors, and assumes three motor replacements over a 40-year system
life [84]. Average pump weight was assumed as 275 kg [85], manufacturing energy cost of diesel
pumps as 4.5 MJ kg’ year, and of electric pumps as 6.8 MJ kg year [84]. This resulted in the total
annual embodied energy for such pumps in MJ year . Table 8 is a calculation example of the
embodied energy of diesel and electrical pumps watering wheat.

2.2.9. Transport

We accounted for the energy used in the domestic transportation of fertilizer and pesticide inputs by
assuming that the average distance these (locally produced) materials were moved was 200 km
(estimated from the distance between input production points and major cropped areas). For imported
fertilizer and pesticide, we assumed the average transportation distance as 300 km (estimated from the
distance between the country’s main seaport, Karachi, and major cropped areas). We did not account
for international shipping as data on where various products are imported from is unavailable. We
assumed that wheat and rice receive the same percentage of imported and domestically produced
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fertilizer and pesticide as the percentages of total national imported and domestically produced

fertilizer and pesticide (Table 9). Finally, we assumed the energy value of transporting one kilogram of

material as 6.4 megajoules per tonne-kilometer (MJ t-km ') [49]. Combining this information with

distance-travelled figures, the energy to transport one tonne of imported material is 1,920 MJ, and the

energy to transport one tonne of domestically produced material is 1,280 M1J.

2.3. Consolidated Energy Inputs

Tables 10 and 11 show all inputs to wheat and rice quantified in energy terms.

Table 11. Total inputs to rice from 1999 to 2009 (PJ).

FY ‘99 00 01 02 03 04 <05 <06 <07 <08 <09 ‘e
input
Seed 06 07 06 05 06 06 06 07 06 06 08 06
N 49 51 52 53 54 58 72 76 68 715 718 63
Fertilizer P 01 02 02 02 02 02 02 02 03 02 02 02
K 00 00 00 00 00 00 00 00 00 00 00 00
Herbicide 00 00 00 01 01 01 01 00 01 00 00 01
Pesticide Insecticide 22 30 23 34 38 63 51 21 46 19 19 33
Fungicide 00 00 00 00 00 00 00 00 00 00 00 00
Labor 13 14 13 12 12 14 14 14 14 14 16 14
Tractor diesel 06 07 06 05 06 06 07 07 07 07 08 06
Tractor embodied energy 6r 01 01 oO01 01 01 01 01 01 01 0.1 0.1
Tube well diesel 25 29 30 29 33 46 49 51 46 42 48 39
Tube well electricity 22 24 23 21 22 26 28 29 23 23 26 24
(adjusted)
Diesel t i
fesel tube we 01 02 02 02 02 02 03 03 02 02 03 02
embodied energy
Electric t i
ectric tube we 01 01 01 00 01 01 01 01 01 01 01 0.1
embodied energy
Transportation of
. . 02 02 02 02 03 03 03 04 03 03 03 03
fertilizer and pesticide
Total 151 168 162 167 180 229 238 21.6 22.1 195 212 194

2.4. Quantifying the Energy Output (Crop Production)

The energy content of seed for planting and as the product of the cropping system were taken to be

the same, and used official production figures from [9] (pp. 67, pp. 16—17) to calculate the energy

output of the crops.
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2.5. Energy Return on Investment Calculations

All of the energy inputs were added up and compared against crop production or energy output to
calculate the EROI using the formula “EROI = energy output/energy inputs.” [49].

2.6. Regression Analysis

Linear, quadratic, cubic, and quartic regressions were conducted for wheat and rice EROI over time
(x = fiscal year, y = EROI) and for wheat and rice inputs per hectare against wheat and rice energy
output per hectare (x = energy inputs per ha, y = energy output per hectare) using Analyze-it ® version
2.22 for Microsoft Excel ® [86].

The size of the energy input contribution of fertilizer and pesticide to both crops is noteworthy.

3. Results
3.1. Energy Return on Investment

The EROI of wheat shows a gradual downward trend from 2000 to 2006.There was an overall
decrease of 21.3% during that time period. After that, the trend is erratic registering alternative
increases and decreases. The EROI of rice shows a decreasing trend until 2005 (with variability within
that trend). Thereafter, it rises fairly rapidly, an increase of 56.2% between 2005 and 2009. Rice’s
EROI was consistently higher than wheat’s in the same year. Wheat’s EROI trend is fairly constant in
that it hovers above or below the 3.0 mark throughout. Rice’s performance is variable, but the general
trend appears to be a decrease that lasts halfway through the study period, followed by a steady
increase (Figure 2).

The linear and quadratic regressions for wheat EROI were significant. Cubic and quartic
regressions were not (Table 12). For rice EROI, the quadratic, cubic, and quartic regressions were
significant
(Table 13). However, the residual sum of squares values indicates that the quartic regression equation
is the best fit for both wheat and rice EROL.
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Figure 2. Energy return on investment of wheat and rice produced in Pakistan and the
percentage change in the EROI from the previous year (1999-2009). Percentage change
figures at the top of the figure are for rice and in the middle of the figure for wheat.
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Table 12. Regressions-fiscal year vs. wheat EROI.
Regression 1’ value A;ljusted p-value Residual sum Equation
r” value of squares
Linear 0.40 0.33 0.0367 0.28 y=385.07 — 0.04098x
. vy =29001 — 28.96x +
Quadratic 0.50 0.37 0.0639 0.23 0.0072155
. y=—13,814,792 + 20,695x —
Cubic 0.54 0.34 0.1257 0.21 10337 + 0.001725°
v =—14,407,445,048 +
Quartic 0.61 0.35 0.1702 0.18 28,750,586x — 21,515x° + 7.156x°

—0.0008924x"
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Table 13. Regressions-fiscal year vs. rice EROL

Regression 1’ value A;ljusted -value Residual sum Equation
r- value of squares
Linear 0.01 -0.10 0.7245 3.77 y=489-0.02243x
Quadratic 0.82 0.77 0.0011 0.70 y =240,191 — 239.7x + 0.0598x"

v =-40,899,374 + 61,347x —

Cubic 0.86 0.80 0.0023 0.54 30.67¢ + 0.0051 125
y==25390,309,936 +
Quartic 0.89 0.81 0.0054 0.43 50,659,130x — 37,903x + 12.6x°

—0.001572x"

3.2. Crop Output

Both the rice and wheat crops follow a similar pattern of decreasing output at the beginning of the
study period followed by a steady increase during the rest of the study period. Over the course of the
study period, wheat output increased by 34.6% (31.9% if measured from 2002), and rice by 48.2%
(80.3% if measured from 2002) (Figure 3).

Figure 3. Energy output from wheat and rice produced in Pakistan and the percentage
change in the output from the previous year (1999-2009). Percentage change figures at the
top of the figure are for wheat and in the middle of the figure for rice.
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3.3. Crop Input

The energy input trend to both crops follows a similar pattern. The inputs to both crops increased
from 1999 to 2005 at different rates over the length of the study period. Inputs to wheat increased by
41.7% and by 41.0% for rice between 1999 and 2009. The sharpest increases in inputs to wheat
occurred in 2005 and in 2004 to rice. It is noteworthy that after 2005, the inputs to wheat increased
gradually, but for rice, decreased overall.

3.3.1. Individual Inputs

Nitrogen fertilizer is the largest input to wheat, on average accounting for almost 53% of total
inputs. Combined, P and K account for just 1.7% of total inputs. Nitrogen fertilizer is also the largest
input to rice, on average accounting for 32.2% of total inputs. A major difference between the two
crops is in their usage of insecticide, which, on rice accounts for an average 17.1% of all inputs. The
corresponding figure for wheat is just 0.3%.

On wheat, seed is the second largest input at 17.9%, followed by tractor diesel at 9.1%, and tube
well diesel at 6.6%. In the case of rice, the second largest input is tube well diesel at 20%, followed by
insecticide at 17.1%, tube well electricity at 12.5%, and labor at seven percent (Figures 4 and 5).

Figure 4. Energy inputs to wheat (PJ on primary y-axis) and wheat output (PJ on
secondary y-axis) from 1999 to 2009. The figures on the bars are the energy inputs in PJ.
“TW” is tube well.
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Figure 5. Energy inputs to rice (PJ on primary y-axis) and rice output (PJ on secondary y-
axis) from 1999 to 2009. The figures on the bars are the energy inputs in PJ. “TW” is tube
well.
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3.4. Per-Hectare Results

Presenting energy inputs and outputs on a per-hectare basis allows a direct comparison between
wheat and rice. Wheat’s per-hectare energy output was consistently greater than that of rice, on
average by a factor of 1.1. Many of its inputs are also greater, including N fertilizer by an average
factor of 2.5, seed by an average factor of 2.8, and tractor diesel by an average factor of 4.2.
Conversely, rice had several inputs that were greater than corresponding ones on wheat. Rice is more
insecticide intensive by an average factor of 44.6. It is also more labor intensive by an average factor
of 2.1. Finally, as rice is more water-intensive than wheat, its tube well diesel figure was greater by an
average factor of two.

Examining percentage changes in major inputs in relation to percentage changes in outputs on a
per-hectare basis reveals some interesting patterns. It appears that increases in some major inputs do
not necessarily translate into increased output. There are numerous instances where a sizable increase
in N fertilizer had little, or a negative impact on wheat output. While this is not suggesting a
correlation (or the lack thereof) between N fertilizer and output, it certainly merits discussion. Similar
observations are made for rice. Large increases in insecticide (specifically 2002, 2004, and 2007) had
little impact on output. Often times, large decreases in insecticide appeared to result in better output
(2005, 2006, 2008, and 2009; Table 14).
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Table 14. Percentage changes in the largest inputs per hectare to wheat and rice, 1999 to 2009.
Wheat Rice

FY N fertilizer = Output N fertilizer = TW diesel Insecticide Output
1999

2000 2.7 14.8 1.8 12.0 29.3 6.3
2001 5.7 —6.6 8.1 8.6 -17.8 -1.3
2002 2.5 —2.7 13.4 8.4 65.1 —10.2
2003 3.1 5.6 —2.3 10.0 6.2 9.6
2004 5.2 —0.6 —2.7 25.9 50.0 —2.2
2005 19.9 9.0 20.5 2.8 —20.8 1.3
2006 3.5 —2.6 0.6 1.7 —60.2 6.0
2007 —-10.8 7.8 —8.1 -10.2 119.7 —-0.3
2008 10.7 —9.7 13.3 —5.6 —57.3 5.2
2009 -1.9 8.4 -11.9 —3.7 —15.1 6.5

The relationship between all per-hectare inputs and per-hectare output also shows some interesting
patterns. The 11-year dataset shows that wheat yield is still increasing with rising inputs. Rice,
however, shows a gradually declining trend (Figure 6).

Figure 6. Relation between energy inputs and output for wheat and rice crops in Pakistan
from 1999 to 2009.
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For wheat per-hectare input against per-hectare output, the linear, quadratic, and quartic regressions
were significant (Table 15). None of the regressions were significant in the case of rice (Table 16).
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Table 15. Regressions-wheat inputs per hectare vs. wheat output per hectare.

. 2 Adjusted Residual sum .
Regression r” value 2 p-value Equation
r- value of squares

Linear 0.53 0.48 0.0110 26.14 y=1812+ 1.4x
Quadratic 0.53 0.42 0.0476 26.03 y=3.171 + 3.966x — 0.109x"

. y=706.6—178.8x + 15.64x° —
Cubic 0.56 0.37 0.1078 24.61 0.4504+°
Quartic 0.70 0.51 0.0814 16.55 y==23,612+ 8228x = 1,070x

+61.69° — 1.329x"

Table 16. Regressions-rice input per hectare against rice output per hectare.

. 2 Adjusted Residual sum .
Regression r” value p-value Equation
r” value of squares
Linear 0.03 —0.08 0.6423 42.20 y=3284-0.3137x
Quadratic 0.14 —0.08 0.5481 37.24 y=-—28318+10.31x — 0.675x°
: B y =—406.4 + 165.2x — 20.55x°
Cubic 0.25 0.08 0.5525 32.67 +0.8407:8
= — + — i 2
Quartic 0.26 023 07162 31.90 y==2023+ 1019~ 188.2x

+15.37%° — 0.4688x"

4. Discussion

The EROI concept applied to food crops elucidates the relation between inputs to crops and the
crops’ response in terms of yield, which provides more information than just looking at total
production. Large production figures are better understood when compared with their corresponding
input figures. Rice’s EROI was consistently greater than wheat’s over the timeframe studied. Wheat
achieved its highest EROI in 2000, although production and yield were far higher in 2007 and 2009.
Production in 2007 was considered a bumper crop. Inputs that year had actually decreased by 3.9%,
causing the EROI to increase by almost 14%. Inputs increased steadily throughout the study period
(except for 2007’s minor decline). Production reached an all-time high in 2009, but so did inputs,
resulting in the same EROI as 2002. The trend for output is erratic, but inputs continued to increase,
and the EROI showed minor fluctuation around the 1:3 mark. This suggests that external factors such
as rainfall and time of planting may have played a role. Indeed, comments on the 2009 figures by
Pakistan’s Ministry of Food and Agriculture (MINFAL) cited “adequate soil moisture” and “favorable
weather conditions (sic)” [9, p. 4]. Similarly, comments on 2007’s bumper wheat crop cited “sufficient
rains”, proper fertilizer use, and weed control [9, p. 4].

These annual comments on production usually speak of increases and decreases in total cropped
area and what motivates farmers to increase or decrease their cropped area. A decrease in wheat area is
often attributed to delay in sugar cane crushing (thereby delaying the sowing of wheat) and delays in
rice harvests due to rains. Increases in wheat area are often attributed to better support prices
guaranteed by the government (a minimum price that farmers must receive per unit weight of wheat).
It is possible that such incentives may drive farmers to make efforts to increase their per-hectare yields
as well. The largest increase in the wheat support price (a 52% increase) occurred in 2009 [9. p. 208].
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Inputs to rice production showed a steady increase from 1999 to 2005. During this period, output
fluctuated between 27.1 GJ ha ' and 30.1 GJ ha™'. After that, inputs fluctuated, but output continued to
increase. As expected, the EROI showed an overall decline between 1999 and 2005, then a sharp rise
between 2005 and 2009.

Rice’s inputs have always been lower than that of wheat by virtue of both crops’ unique
requirements and properties. For example, wheat is known to be more tractor intensive than rice. Rice
is more labor intensive, which is obviously not associated with as high an energy use value as tractor
diesel. Similarly, wheat sowing requires approximately seven times the seed per-hectare than rice does.
Rice is also known to be more pesticide intensive than wheat. By government estimates, 23% of all
pesticide is used on rice, compared with nine percent on wheat ([22], p. 13). Nitrogen fertilizer is
generally among the larger inputs in most agricultural systems and it is true for wheat and rice
production in Pakistan and other agricultural systems in this region [46,69].

In explaining the behavior of the two crops, it is appropriate to consider the classical production
function which is characterized initially by increasing yields at an increasing rate (stage 1). This stage
is followed by decreasing returns per incremental unit of input. The function assumes that a maximum
yield is reached during this stage (stage 2). The law of diminishing returns (or the law of variable
proportions) prevails in the third stage, which means that increases in inputs result in a leveling-off or
even diminishing output increase [87]. By this theory, one may postulate that rice’s trend would
indicate that little or none of the output is adequately explained by the inputs, and it has already
reached a saturation point or asymptote, and is now on the decline (stage 3). Thus, for the sake of
argument, it could be stated that if increasing inputs (such as N fertilizer) do not have a noticeable
effect on yields, this could mean that land degradation over time requires increasing amounts of
chemical fertilizer just to maintain a certain level of output. Of wheat, one may hypothesize that
wheat’s positive trend means increasing inputs will continue to affect yield positively.

In examining the individual inputs to the two crops, it is clear that wheat (averaging 11.9 GJ ha ")
requires greater energy inputs per hectare than rice (averaging 7.8 GJ ha ') by an average factor of 1.5.
Wheat’s yields are also consistently higher than rice’s, but by just an average factor of 1.1, but its
inputs are also always higher thus resulting in a lower EROI than rice’s. It should be noted that rice
responded to a relatively small range of input change with greater output and an increase in EROI.
Conversely, wheat, which displayed a large range in input change (increase) showed little change in
EROL

Wheat’s output-input relation is a positive one, i.e., as inputs increase, so does output. Statistical
analysis showed the linear, quadratic, and quartic regressions to be significant. Singh and Singh (1992)
observed a linear relationship between wheat yield and its inputs [88]. However, Sidhu et al. (2004)
found both linear and quadratic fits to be significant [89]. For wheat, N fertilizer exhibited the largest
changes over time. It is also the largest input, on average, accounting for 52.6% of inputs. The year
2005 had N fertilizer increasing by almost 20%. Total per-hectare inputs that year increased by 11%,
while per-hectare yield increased by 9%. However, in 2007 (the wheat bumper crop year), N fertilizer
applied per hectare decreased by 10.8%, total inputs by 5.3%, but yield increased by 7.8%. There is
also a strong relationship between wheat yield and per-hectare fertilizer input.

For rice, the situation is different. Overall, increasing per-hectare inputs does not appear to increase
yield. The relation is a negative one overall, and also when examined against individual inputs
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(N fertilizer, tube well irrigation diesel, and insecticide). In fact, in many instances of large insecticide
increases per hectare, rice yield actually suffered. In 2002, insecticide application increased by 65%,
but yield decreased by 10.2%. In 2004, application increased by 50%, but yield decreased by 2.2%.
Conversely, when insecticide application decreased by 20.8% and 60.2% in 2005 and 2006
respectively, yield increased slightly (1.3% in 2005 and six percent in 2006). Similarly, large decreases
in 2008 and 2009 resulted in yield increases. These increases did not translate into the higher
production that one might expect from increased fertilizer or from a reduction in pest attacks (which
such a large increase in pesticide implies). It should be noted, however, that both fertilizer and
pesticide usage on wheat and rice were calculated from crude government percentages of total
fertilizer and pesticide usage which are the only data available on these inputs.

There was no significant relation between rice’s per-hectare inputs and yield indicating that as more
energy is invested in the production of rice in Pakistan, the amount of energy produced per hectare in
the crop does not change. The years 2004 and 2005 had the largest per-hectare inputs over the study
period (9.3 GJ ha ' and 9.5 GJ ha ', respectively), but these were not the years with the highest yields.
The input of insecticide was the highest in both these years (2.6 GJ ha ' and 2.0 GJ ha™', respectively).
Average insecticide usage of 1.4 GJ ha™' falls to 1.2 GJ ha ' if these two years are excluded. Nitrogen
fertilizer input for rice also increased in 2005 from 2.4 GJ ha ' to 2.9 GJ ha ' and maintained the latter
figure until 2006. Overall, insecticide had a negative relation with rice yield, whereas N fertilizer had a
positive one. It is therefore possible that insecticide application to rice is at least partly responsible for
the overall decreasing output-input trend.

5. Conclusion

This analysis adds several missing links that economic analyses tend to ignore. It utilizes real
energy units which are not dependent on manmade constructs such as prices and markets. It accounts
for elements such as labor energy, embodied energy, and energy utilized in electricity generation.
These elements add rigor to the analysis.

Wheat’s EROI continued to decline over the entire study period except in 2003 and 2007 where
input increases from the previous years were low, but yields were anomalously high. Rice’s EROI
changes constantly, reflecting widespread differences in input usage styles across the country.

Wheat and rice’s output-input trends are considerably different from one another. Little or none of
rice’s output is adequately explained by its inputs indicating that output may have reached a saturation
point. For example, large increases in insecticide in certain years did not appear to have an impact on
production. Wheat’s response, however, shows that increasing inputs still affect output positively.

Resource scarcity and use are very real concerns for Pakistan. This analysis shows how and where
energy is used in Pakistan’s wheat and rice production. In some instances, increasing energy inputs did
not translate into an equivalent increase in yields, such as in the case of rice. Wheat, on the other hand,
continues to respond to increasing inputs. However, further studies may be able to identify and state
more clearly what inputs are providing the greatest benefits and those that are not. Energy
inefficiencies should be considered to ensure that energy is not wasted in these systems as the demand
for these resources increases and they become more scarce.
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