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McLaughlin, N.B., Hiba, A., Wall, GJ. and King, DJ. 2000.
Comparison of energy inputs for inorganic fertilizer and manure
based corn production. Can. Agric. Eng. 42:009-017. Energy inputs
were calculated for grain corn production with data from field
experiments utilizing inorganic fertilizer and liquid swine manure as
sources ofplant nutrients. The calculations utilized energy coefficients
taken from the literature and actual application rates of the various
input products including seed corn, starter fertilizer and regular
inorganic fertilizer, herbicides, fuel for field operations, and grain
drying. The results showed that grain corn could be produced
successfully by substituting manure for inorganic fertilizer. The energy
savings in the manured treatments resulted largely from eliminating the
energy in fertilizer manufacture and ranged from 31 to 34% of the
energy input for inorganic fertilizer based grain corn production.
Published agricultural statistics were used to extrapolate the results to
the entire Mixedwood Plains Ecozone which covers the lower Great
Lakes and St. Lawrence River Valley regions of Ontario and Quebec.
An estimated upper bound of 4.6 PJ (l petajoule = 1015 joules) of
energy could be saved annually by substituting livestock manure for
inorganic fertilizer in the production of the entire acreage ofgrain corn
grown in the ecozone. This estimate is based on the assumptions of
availability ofsufficient manure, and no credits being given for manure
presently being used. Spatial analysis identified South Western Ontario
and the Richileau - St. Hyacinthe region of Quebec as the areas where
the potential energy savings would be greatest.

La consommation energetique requise pour la production du maIs
grain a ete calculee avec des donnees provenant de champs
experimentaux ou des fertilisants inorganiques et du Iisier de porc
etaient utilises. Pour les calculs, on a utilise des coefficients
energetiques tires de la litterature, et les taux d'application reels
d'intrants pour Ie semis, Ie demarreur et les fertilisants organiques
reguliers, les herbicides, Ie carburant pour les operations dans les
champs et pour Ie sechage du grain. Les resultats ont montre qu' iI etait
possible de produire avec succes du maIs grain en substituant Ie lisier
de porc aux fertilisants organiques. Les economies d'energie resultant
de l'utilisation du lisier pouvaient etre, dans une large mesure,
attribuees a I'elimination de I'energie utilisee pour produire les
fertilisants inorganiques, et representaient de 31 a 34% de la
consommation d'energie necessaire ala production de maIs grain avec
des fertilisants inorganiques. En utilisant les statistiques agricoles
publiees, il fut possible d'extrapoler les resultats a toute la zone
ecologique de la foret mixte qui couvre la partie inferieure des Grands
Lacs et la vallee du St-Laurent en Ontario et au Quebec. On a estime
qu'une quantile maximale de 4.6 PJ (l petajoule = 1015 joules) pourrait
etre economisee annuellement si on substituait du Iisier de porc aux
engrais inorganiques sur toute la superficie en mai's de la zone
ecologique. Cette evaluation repose sur I'hypothese qu'iI y a du lisier

en quantite suffisante, et qu'on ne tient pas compte du lisier
actuellement utilise. Avec cette analyse spatiale, on a identifie que Ie
potentiel d'economie d'energie serait Ie plus grand dans Ie sud-ouest
de l'Ontario et la region Richelieu-St-Hyacinthe au Quebec.

INTRODUCTION

Primary production in the agricultural industry is highly
dependant upon fossil fuels and accounts for 3.1 % ofCanada's
total commercial energy consumption (Sidaway-Wolf 1984).
The inevitable decrease in the availability of fossil fuels,
coupled with the continuing increase in demand for food to feed
an ever increasing world population, has driven the
development of sustainable agricultural practices. Although no
system that is dependent on finite non-renewable resources can
be truly sustainable, conservation measures can increase the
time over which quasi-sustainablity is possible.

Energy conservation in primary agricultural production
must make the most efficient use of non-renewable energy
resources while integrating on-farm resources such as
biological cycles and controls (Gold 1994). At the same time,
the conservation measures must strike a balance with the
industry-wide goal of maximizing food production and
economic returns from a given land base. Historically, this goal
has been achieved through development of new plant cultivars
and substantial increases in the use of mechanical energy,
inorganic fertilizers, and pesticides. A comparison of the 1975
and 1991 energy input data show a recent trend of a decrease in
energy input per unit product, confirming the economic
viability of employing energy saving practices (Swanton et al.
1996; Pimental 1990).

Energy consumed in primary agricultural production is
classified as either direct or indirect use. Direct energy use is
the consumption of fossil fuels for various farm operations such
as fuel for tractors or fuel for crop drying. Indirect energy use
is the conversion of fossil fuels into other products such as
fertilizers or pesticides. Numerous studies have been done to
quantify energy consumption in agricultural production (Heslop
and Bilanski 1989; Ouellette-Babin 1982; Swanton et al. 1996;
Vinten-Johansen et al. 1990; Zentner et al. 1984, 1989;
Zucchetto and Bickle 1984). Stout (1984) categorized the North
American agricultural industry and quantified the fraction of
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the total energy consumed by each category as: 1) manufacture
of inorganic fertilizer (31 %); 2) operation of field machinery
(.19%); 3) transportation (16%); 4) irrigation (13%); 5) raising
lIvestock (8%); 6) crop drying (5%); 7) pesticide production
(5%); and 8) miscellaneous (3%).

Several methods of energy analysis have been reported in
the lit~rature and include statistical analysis, input-output
analysIs, and process analysis (Fluck and Baird 1980).
Statistical analysis using global statistics such as fertilizer sales
is used to arrive at an estimate of total energy use but does not
achieve the accuracy which can be obtained with other
methods. Input-output analysis utilizes a square matrix of
energy inputs and is most valid for nationwide analysis.
Zucchetto and Bick.le (1984) claim that input-output analysis
can also be appropnately used when analyzing an agricultural
system having several rather than a single output. Process
analysis is considered to be the most suitable and accurate
method of data analysis for a specific single output production
system and was used in this study. The processes used to
produce a crop are identified and analyzed to quantify their
respective energy inputs (Fluck and Baird 1980). The results
can then be expressed as energy productivity in terms ofjoules
of energy required per kilogram of crop yield (Lockeretz et aI.
1984; McKyes et aI. 1986; Vinten-Johansen et aI. 1990).

The agricultural industry is highly dependent upon
fertilizers to supply the nutrients required by crops to achieve
optimum yields. Production of nitrogen (N) fertilizers
represents a large component of the energy for production ofall
i~organic a~~cultural fertilizers. Depending on the type of
mtrogen fertlhzer produced and the efficiency of the process,
production of a kilogram of N requires from 51 to 68 MJ (1
megajoule = 106 joules) of energy (Bhat et aI. 1994). For
comparison, a litre ofdiesel fuel has an energy content of about
37.4 MJ (Goering 1989).

Traditionally, mixed farming agriculture utilized manure
from farm animals to provide nutrients for crop production. It
has been estimated that about 0.7 million tonnes of N are
excreted annually by farm livestock in Canada (Patni 1991).
Using the previous figures, approximately 35 to 48 PJ of fossil
fuel energy would be required to produce this quantity of
inorganic N fertilizer.

According to the 1995 Farm Inputs Management Survey
(Economic and Policy Analysis Directorate 1997),
approximately 40% of the Canadian farms surveyed applied
inorganic fertilizers to land having already undergone manure
application and in many cases no credit whatsoever was given
for the manure nutrients applied. In these cases, the economic
and energy savings through use of the manure is not realized,
and the over application of nutrients could potentially
contaminate the environment. Detailed studies have been
performed to quantify the savings that could be achieved
through the utilization of organic fertilizers and have
demonstrated that the greatest impact on reducing indirect
energy requirements is made when maximizing the use of
manure nutrients (Karlen et al. 1995; Lockeretz et aI. 1984;
McKyes et aI. 1986; Pimentel et al. 1983, 1984; Pimentel
1993).

This paper compares the energy inputs for corn production
in South Western Ontario utilizing inorganic fertilizer and
manure as plant nutrient sources.

10

MATERIALS and METHODS

E~e~gyanalyses ~ere conducted on data from field experiments
ongl.nal~y estabhshed to study the effect of liquid manure
apphcatlOn method on water quality of subsurface drainage
effluent (Wall et aI. 1998). Three locations with different soil
textures were studied, course (Brisbane series sandy loam,
Gleyed Gray Brown Luvisol) near Putnam, ON (43 °02' N,
80°59' W), medium (Embro series silt loam, Gleyed Gray
Brown Luvisol) near Kintore, ON (43° 10' N, 81 °03' W), and
fine (Perth series silty clay loam, Gleyed Brunisolic Gray
Brown Luvisol) near Strathroy, ON (42°02'N, 81 °44'W). The
coarse and medium textured sites had two years ofexperimental
data while the fine textured site had only one year. Each site
consisted of 12 plots (6 m x 60 m) arranged in a randomized
block design with four treatments and three blocks or replicates.
The four treatments were control with inorganic fertilizer, and
liquid swine manure with three different application methods.

A no-till corn crop was planted at each site using cooperator
owne~ no-till planters fitted with coulters and trash whippers
for reSidue management. Inorganic starter fertilizer was applied
to all plots (both the manured and inorganic fertilized
treatments) with the planting units at rates ranging from 3-35 kg
Nlha, 12-35 kg P20slha, and 0-35 kg K20lha according to the
personal preference of the different producer cooperators with
the highest rates applied at the fine textured site (Table I).
Inorganic fertilizer was applied to the control (no manure) plots
at planting time. The rate for each site was according to
producer preference and was not always according to soil test
recommendations. Rates ranged from 57-161 kg Nlha, 0-32 kg
P20slha, and 0-55 kg K20/ha with the medium textured site
receiving the highest N rates (Table I). Herbicide treatments
were at recommended rates and typically included preplant
burndown with glyphosate and post emergent 2,4-D oratrazine.

Liquid swine manure was applied to the manured plots as
side dr~ss at the four to six leaf stage and at rates to provide
approximately 90% of the total N requirements. The three
application methods were surface applied (SA), conventional
inject (CI), and modified inject (MI). The surface applied
method used inter-row drop tubes to place the manure on the
soil surface with minimal plant contact. The conventional inject
system used narrow (50 mm wide) injectors to minimize soil
disturbance and subsequent damage to the growing plants. The
modified inject system consisted of a leading coulter and
narrow (50 mm) cultivator tooth in front of a 50 mm wide
injector to provide a small amount of pre-tillage. Equipment for
th~ three manure application treatments is described in detail by
Hilborn et aI. (1994) and McLaughlin et aI. (1997).

The plots were combine harvested individually in the fall
and yield determined by weighing with a weigh wagon (Table
II). Additional agronomic, management, and yield data for the
plots are given by Wall et al. (1998).

Energy analysis procedures
Energy inputs for inorganic fertilizer and manure based corn
production at the three sites were analyzed using the process
method (Fluck and Baird 1980) and considered both the direct
(planting, pesticide application, manure and fertilizer
application, harvest, transport, and grain drying) and indirect
(energy for production of seed corn, inorganic fertilizer and
pesticides) energy inputs. Data concerning the type of field
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Table I. Agronomic inputs for corn plots with plant nutrients supplied by inor
ganic fertilizer and manure at 3 field sites with different soil textures.

Direct energy inputs
To compare all manure and fertilizer
treatments, and all soil textures on an
equal basis, the same sizes of field
machinery were assumed for all sites.
Energy coefficients for planting with
a six row planter, herbicide
application, harvesting with a six row
combine, and hauling no more than
32 kIn to a drying facility (Table III)
were used to calculate energy inputs
on a per hectare basis. It was assumed
that the corn was dried from 28 to
15.5% moisture content using a
commercial dryer with an energy
requirement of 4.73 MJ/kg of
moisture removed (Southwell and
Rothwell 1977). Fuel consumption for
manure application was measured at
each field site with Agriculture and
Agri-Food Canada's instrumented
research tractor (McLaughlin et al.
1993; Wall et al. 1998).

Roundup +
2,4-0

Atrazine oil
Indirect energy inputs

For each site, the same planting rate,
starter fertilizer, and herbicide
application program were used for
both the inorganic fertilizer and
manure treatments. The indirect
energy inputs for these processes were
calculated using the actual application
rates given in Table I and the energy

coefficients from Table III. The energy value for the blended
fertilizers was assumed to be the energy for blending (Bhat et
al. 1994) plus that of individual components of urea, triple
superphosphate, and muriate of potash.

Energy exclusions
Energy to extract, refine, process, and transport fossil fuels was
not included in the analysis for either direct or indirect energy
inputs. Energy for the manufacture of the machinery used in
crop production was also excluded. Machinery is a long term
agricultural consumable and must be amortized over more than
one growing season (Lockeretz et al. 1984). Ouellette-Babin
(1982) performed a production energy analysis on grain corn
production wherein machinery depreciation energy was
included as an input and constituted only 3% of the total.
Hence, omission of the machinery factor was not expected to
impact greatly upon the total energy calculations.

Human labour is not considered a non-renewable resource
depleting function and was also not included. Food is consumed
for purposes other than work, making it difficult to accurately
quantify the human energy expended for labour (Stout 1990).
Manure was also not considered an energy input since it is an
ever present by-product of livestock production. Livestock are
raised for purposes other than manure production, and therefore
the energy for manure production would be expended
regardless of the method of manure use or disposal (McKyes et
al. 1986; Pimentel 1993). Energy for the transport of manure
from storage to the field was not included. It was assumed that

Roundup +
Dual

2,4-D

Roundup

Banvel

Roundup

Coarse Medium Fine

1995 1996 1994 1995 1996

73400 76100 74100 74100 74100

3-15-0 t 3-15-0 3-13-3 3-12-0 35-35-35

57-57-57 74-74-74 161-42-11 141-26-0 83-0-0

72-72-42 104-42-70 72-32-53 144-58-122 169-112-101

Primextra

Roundup
+ Amitrol

Nutrient source Soil texture

Coarse Medium Fine

Inorganic fertilizer 8.84 a§ 7.90 a 6.78 a

Manure - surface applied 8.09b 8.24 a 6.68 a

Manure - conventional inject 8.44 ab 8.34 a 6.82 a

Manure - modified inject 8.31 ab 8.20 a 6.38 a

§ Means in the same column and followed by the same letter do
not differ significantly (P = 0.05) according to Duncan's
Multiple Range Test.

Fertilizer §
(nutrient kglha)

Pre-Emerge
Herbicide

Post Emerge
Herbicide

Manure
(nutrient kglha)

Input

Preplant
HerbicideCII

Soil texture

Seed com
(plantlha)

Starter fertilizer:\:
(nutrient kglha)

:\: Starter fertilizer applied to all plots.
§ Fertilizer applied only to inorganic fertilized plots, manure applied only to manured

plots.
t Nitrogen, phosphorous and potassium nutrient rates for both inorganic fertilizer and

manure are expressed as N, P20 S and K20 equivalents.
'II Herbicide applied at recommended rates to all plots.

Table II. Mean corn yield (tlha) for corn production
based on inorganic fertilizer and manure for
three soil textures.

operations performed, the type and application rates of various
products (seed, herbicide and fertilizer), and subsequent crop
yields were obtained from Wall et al. (1998). Energy
coefficients for each process in the cropping system were taken
from the literature (Table III). Energy input for each process
was then calculated, and the total expressed both as energy
consumption on a per area basis (GJlha) and specific energy
consumption on a per unit of crop produced (MJlkg).
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Table ill. Energy coefficients for selected production inputs.

Category Input Ener~y Unit of measurement Data source
coefficient

Fertilizers Urea 68.41 MJlkgofN Bhat et a1. (1994)

Ammonia 50.6 MJlkgofN Bhat et a1. (1994)

Triple Superphosphate 6.82 MJ/kg of P20S Bhat et a1. (1994)

Muriate of Potash 2.88 MJ/kg ofK20 Bhat et al. (1994)

blending of compound fertilizers 0.15 MJlkgofNPK Bhat et al. (1994)
(fluid)

packaging and transport of N 7.05 MJlkgofN Mudahar and Hignett (1987)

packaging and transport of P20 S 8.33 MJ/kg of P20S Mudahar and Hignett (1987)

packaging and transport of K20 6.35 MJ/kg ofK20 Mudahar and Hignett (1987)

Herbicides 2,4,D 85 MJ/kg of AI.l Green ( 1987)

Amitrot2 190 MJ/kg of A.I. Green (1987)

Atrazine (Primextra) 190 MJ/kg of AI. Green (1987)

Dicamba (Banvel) 295 MJ/kg of AI. Green (1987)

Glyphosphate (Roundup) 454 MJ/kg of A.I. Green (1987)

Metolachlor (Dual) 276 MJ/kg of A.I. Green (1987)

packaging and transport of pesticide 3 MJ/kg of A.I. Helsel (1992)

Fuel planting - 4-row 163.46 MJ/ha Southwell and Rothwell (1977)
consumption

planting - 6-row 197.88 MJ/ha Southwell and Rothwell (1977)

application of herbicide 30.97 MJ/ha Lobb (1989)

application of manure measured MJ/ha McLaughlin et a1. (1997)
site specific

application of fertilizer 51.62 MJ/ha Lobb (1989)

combining 471.46 MJ/ha Lobb (1989)

hauling grain com to drying facility 165.5 MJ/ha Davis (1997)
Southwell and Rothwell (1977)

Other seed com 103.86 MJ/kg of com Pimentel (1980)

com drying 4.733 MJ/kg of moisture removed Southwell and Rothwell (1977)

I active ingredient
2 no energy coefficients have been calculated for Amitrol, assumed to be similar to Atrazine; the latter is a triazole, the former a triazine.

this energy would be expended for alternate manure disposal
methods which respect environmental laws and is therefore an
energy cost associated with livestock production. There was
also no allowance made for energy removed from the soil in the
form of plant nutrients or for the energy captured from the sun
by plants.

12

Energy analysis
Energy inputs were calculated both on a per unit area (GJ/ha)
and per unit corn produced (MJlkg) basis for each plot at each
site. The data for each soil texture were considered as a
factorial experiment with factors of year, replicate, and
treatment, and were subjected to Analysis of Variance
(ANOVA) using the general linear model (GLM) procedure in
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Table IV. Energy input (GJlha) for corn production
based on inorganic fertilizer and manure on
three soil textures.

Soil texture
Nutrient Source

Coarse Medium Fine

Inorganic fertilizer 19.1at 22.3a 19.1a

Manure - surface applied 11.9b 10.6b 12.9b

Manure - conventional inject 11.9b 1O.7b 13.0b

Manure - modified inject 11.9b 10.6b 12.8b

t Means in the same column and followed by the same letter do
not differ significantly (P = 0.05) according to Duncan's
Multiple Range Test.

SAS (SAS 1996), with a separate ANOVA for each soil texture.
For the fine textured site which had only one year of data, the
year factor was omitted. Duncan's Multiple Range test was
applied to determine differences among the means for the
manure and fertilizer treatments within soil texture.

Extrapolation of data to the Mixedwood Plains Ecozone
The results of the energy analysis from the field experiments
were extrapolated to the Mixedwood Plains Ecozone to
estimate the potential energy savings that could be achieved if
manure was substituted for inorganic fertilizer for all grain corn
grown in the ecozone. The Ecological Stratification Working
Group (1995) defines ecozones as "Areas of the earth's surface
representative of large and very generalized ecological units
characterized by interactive and adjusting abiotic and biotic
factors". The Mixedwood Plains Ecozone covers the lower
Great Lakes and St. Lawrence River Valley regions in Ontario
and Quebec. Grain corn yields reported in Ontario and Quebec
survey data for individual counties within the Mixedwood
Plains Ecozone (Anonymous 1992; Bureau de la statistique du
Quebec 1992) were overlaid with Soil Landscapes of Canada
(SLC) Ecozone polygons using the 1991 Canada Census of
Agriculture data reconfigured for Soil Landscape Unit (SLU)
polygons (Huffman and Unrau 1995). Grain com yields for
each SLU polygon were then estimated by weighting the area
for the polygon within each county with the respective county
average yield. The SLU polygons were grouped into three
broad soil texture categories, fine, medium, and coarse. It was
assumed that the three experimental sites previously discussed
were representative of these three soil texture categories across
the entire ecozone. Total energy requirements for grain com
production for each soil type in the entire Mixedwood Plain
Ecozone were then calculated for both fertilization with surface
applied liquid manure and with inorganic fertilizer. The
difference represents the potential energy savings achievable by
substituting manure for inorganic fertilizer in grain com
production.

RESULTS and DISCUSSION

Field data analysis
Analysis of Variance of the yield data showed that no
significant difference (P > 0.05) existed among the inorganic

Table V. Specific energy input (MJ/kg) for corn
production based inorganic fertilizer and
manure on three soil textures.

Soil texture
Nutrient Source

Coarse Medium Fine

Inorganic fertilizer 2.16a~ 2.92a 2.82a

Manure - surface applied 1.47b 1.30b 1.93b

Manure - conventional inject IAlb 1.29b 1.91b

Manure - modified inject 1.42b 1.30b 2.01b

~ Means in the same column and followed by the same letter do
not differ significantly (P = 0.05) according to Duncan's
Multiple Range Test.

fertilizer and manure treatments for all three soil textures. The
inorganic fertilizer treatments always had significantly (P <
0.05) higher energy inputs than the manure treatments, both on
a per hectare and per kilogram of crop produced, but the three
manure treatments were not significantly different from each
other (Tables IV and V).

Energy inputs expressed in absolute terms (GJlha) for seed
com, starter fertilizer, and herbicide were the same for both the
manure and inorganic fertilizer treatments within the same year
and soil texture site (data not shown). This is because the same
seed and seeding rate, starter fertilizer, and weed control
program was used for all twelve plots (both inorganic fertilizer
and manure treatments) within a site. The drying energy was
slightly different for the manure and inorganic fertilizer treat
ments which resulted from slightly different (not significant)
yields. However, when expressed as a percentage of total, there
was a substantial difference in energy input between the
inorganic fertilizer and manure treatments owing to the much
lower total energy input for the manure treatments (Table VI).

The largest single energy input for the inorganically
fertilized plots on all three sites was for the manufacture of the
inorganic fertilizer and ranged from 33 to 54% of the total
energy input (Table VI). Grain drying was the second largest
energy input and ranged from 21 to 27% of the total for the
inorganic plots and 30 to 46% for the manured plots. The
manured plots had slightly higher fuel consumption energy than
the inorganic fertilizer plots (data not shown). This difference
is the difference in fuel consumption to apply the liquid manure
with a four row spreader and to apply inorganic fertilizer which
is normally broadcast. The difference was dwarfed by the
potential energy savings which can be realized by utilizing
manure as a plant nutrient source.

Fuel consumption for field operations and transport of grain
to a drying facility ranged from 4 to 10% of the energy input.
This was surprisingly low, but would be somewhat higher for
a conventional tillage crop production system which requires a
minimum of two tillage operations. Many producers think that
fuel consumption is the major energy input, probably because
it is the only energy input that they actually see. The energy
component for the other inputs is not readily obvious as it is
consumed in the production before the products arrive at the
farm gate.
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Table VI. Breakdown of energy consumption as a percent of total input energy per
hectare for corn production based on inorganic fertilizer and manure for
three soil textures.

21

8.5

12.6

30.4

27.5

Manure

Fine

5

21

8.5

14.1

18.6

32.8

Inorganic
fertilizer

30 to 50 times the 2 to 3 MJ/kg
(Table V) calculated for inorganic
fertilizer based commercial com
production in the present
experiment. This energy component
cannot be ignored.

Table V shows the specific
energy input (MJ/kg of corn
produced) for the three soil textures
and fertilizer and manure
application methods. The specific
energy input for the inorganic
fertilizer site was significantly
different (P < 0.05) from the
manured treatments, but the
differences in specific energy
among the three manure application
methods (MI, CI, and SA) were not
significantly different from each
other (P > 0.05). Specific energy for
fertilization with swine manure

ranged from 1.30 to 2.01 MJ/kg compared with 2.16 to 2.92
MJ/kg for the inorganic fertilizer. Specific energy input for the
manured treatments on the fine textured site was higher than the
manured treatments on either the medium or coarse textured
sites. This was mainly due to the lower yield on the fine
textured site (Table II). Even though the medium textured site
had higher yield than the fine textured site, the much higher N
fertilizer rate on the medium textured site resulted in higher
specific energy input for the inorganic treatment on the medium
than either the fine or coarse textured sites (Table V).

There was no significant difference (P > 0.05) in yield
among the inorganic and manure treatments. Previous studies
also demonstrated that when appropriately managed, use of
swine manure in lieu of inorganic fertilizers can result in equal
yields (McKyes et al. 1986). Since the yields were equal, the
lower energy input achieved in the manure treatments was due
to elimination ofthe energy factor associated with manufacture
of the inorganic fertilizer. The energy savings achieved by
fertilizing with liquid manure instead of inorganic fertilizer
ranged from 36 to 52% (calculated from Table IV data) over the
three test sites. This is in good agreement with McKyes et al.
(1986) who reported energy savings ranging from 38 to 47%
when manure was substituted for inorganic fertilizer.

Current recommendations are to incorporate manure, either
by cultivation or subsurface injection to reduce both odor and
ammonia losses which represent a loss in nitrogen available for
crop production. The potential energy savings available through
direct injection ofliquid manure into the soil ratherthan surface
application of liquid manure were highly variable in the present
experiment and no trend could be established. Other studies
have determined that the potential energy savings resulting
from direct injection of liquid manure are less than 10% of the
overall potential energy savings and it is therefore more
important to choose to utilize manure than to decide between
surface application or direct injection (Vinten-Johansen et al.
1990).

It should be emphasized that the savings reported for the
manure based corn production are energy inputs and not
necessarily economic. Many producers cite extra cost of
manure based over fertilizer based corn production as a reason

Energy Coarse Medium
category

Inorganic Manure Inorganic Manure
fertilizer fertilizer

Seed com 14.4 23.4 12.1 25.5

Starter 5.5 4.1 2.1 4.3
fertilizer

Fertilizer 34.9 54

Grain drying 27.4 41.5 20.9 45.8

Herbicides 12.8 20.7 6.7 13.9

Fuel 5 10.3 4.2 10.5

Variability in energy input was expected among the
different sites with different soil textures and different
management styles. The experiments were conducted on
producer owned land, and the individual producers' preferences
were followed for starter fertilizer blend and rate, corn hybrid,
planting population, and weed control program. Differences in
management history and natural soil fertility at the three sites
were reflected in differences in soil test results. The different
producers used different philosophies for applying fertilizer and
consequently, there were substantial differences in applied
nutrient rates for the inorganic fertilizer treatments among the
three sites with the different soil textures. This was particularly
true for N fertilizer where the rate used on the medium textured
site was about double that for the other two sites (Table I). The
higher input energy for the inorganically fertilized treatment in
the medium textured site is mainly due to the higher rate of N
fertilizer applied at this site compared to the fine and coarse
textured sites (Tables I and IV). Differences in herbicide
programs also contribute to differences in input energy. It is
likely that the energy inputs for the three sites are more affected
by differences in management strategies among the three
producer cooperators than by soil texture. The field
experiments were originally designed for another purpose, and
the soil texture is confounded with the producer management
style in this analysis.

Comparison of the energy inputs from the present
experiment with studies done in the past show a shift in the area
of greatest energy consumption. From the 1950's to the 1970's,
the energy associated with inorganic fertilizer use and grain
drying increased while fuel consumption was brought down by
increasingly efficient farm machinery (Smil et al. 1983). From
the 1970's to the 1990's, the energy associated with the use of
inorganic fertilizers has leveled off. This is partly a
consequence of agricultural research having determined the
optimum nitrogen levels for crop production as well as
increased efficiency in the production of inorganic nitrogen
fertilizers. Energy consumed for the purpose ofdrying grain has
continued to increase with time which is partly due to
increasing yields. The energy for production of hybrid seed
corn given by Pimentel (1980) as 104 MJ/kg is approximately
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for not exploiting the manure resource. Most fertilizer
application is done by the supplier/custom applicator and is
only a phone call away. Manure based com production requires
extra labor and equipment and requires an additional level of
management to ensure proper application uniformity, rate, and
timing.

Extrapolation to the Mixedwood Plains Ecozone
The annual potential energy savings that could be realized if
manure was substituted for inorganic fertilizer for all acreage
(as per 1991 statistics) of grain com production in the
Mixedwood Plains Ecozone was estimated at 4.6 PJ. This is
equivalent to the energy for manufacture of approximately
70,000 tonnes of inorganic N fertilizer.

The extrapolation is based on a number of assumptions.
First, it is assumed that sufficient manure is available within a
reasonable transportation distance for the production of the
crops. It is likely that in some areas of intensive cash cropping
such as in South Western Ontario, that there presently is an
insufficient livestock base to provide all of the manure needed
for crop production. Second, it is assumed that all of the land
base currently receiving manure also receives the full
complement of inorganic fertilizer with no credit given for the
nutrient content of manure. Although it is known that this
occurs in about 40% of the cases (Economic and Policy
Analysis Directorate 1995), many producers do give credits for
manure nutrients and reduce inorganic fertilizer rates
accordingly. Since neither of these two assumptions are 100%
valid, the estimate of 4.6 PJ represents an upper bound on the
potential annual energy savings in the entire ecozone.

The spatial distribution of potential energy savings across
the ecozone is given in Fig. I. The map shows the areas with
greatest potential for energy savings to be in South Western
Ontario and in the Richelieu and Saint Hyacinthe regions of
Quebec. This spatial distribution closely resembles the spatial
distribution of grain com production within the ecozone.

The accuracy of the extrapolation is unknown and depends
largely upon the underlying assumptions and the errors
introduced through their use. We are presently working with
statistics on the spatial distribution of livestock and fertilizer
consumption in an attempt to refine the estimate. In spite of the
unknown accuracy, the map in Fig. I clearly shows areas with
the greatest potential for energy savings. Such maps are
valuable to policy makers in targeting areas for implementing
energy conservation programs.

CONCLUSIONS

Grain com was grown in field experiments at three sites with
different soil textures near London, Ontario. Nutrients were
supplied as inorganic fertilizer and as liquid swine manure. For
each site, there were no significant differences (P > 0.05) in
yields between the inorganic fertilizer and swine manure
treatments demonstrating that manure can provide the nutrients
for grain com production.

An analysis of direct (fuel for field operations and grain
drying) and indirect (energy for production of seed com,
fertilizer, and herbicides) energy inputs was conducted for all
three sites. The analysis showed that the indirect energy
requirement for the manufacture of inorganic fertilizer (starter
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fertilizer plus general broadcast fertilizer) represented the single
largest energy input for no-tiJJ grain com production and ranged
from 40 to 50% of the total energy input. The analysis clearly
shows the potential for substantial reduction in energy
requirements for crop production by using livestock manure in
place of inorganic fertilizer.

Energy data for the field experiments were extrapolated to
the Mixedwood Plains Ecozone using published census and
agricultural statistics data. An estimated upper bound of 4.6 PJ
energy could be saved by substituting liquid swine manure for
inorganic fertilizer in com production. This energy is
equivalent to that required for the manufacture of
approximately 70,000 tonnes of inorganic N fertilizer. This
estimate is based on assumptions of availability and proximity
of adequate manure supplies and no credits given for nutrients
in manure already being used for com production. Spatial
analysis identified south western Ontario and the Richelieu and
Saint Hyacinthe regions of Quebec as the two areas where the
greatest energy savings could be achieved from use of manure
as a nutrient source.
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