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� Effect of agronomic factors on agro-
bioenergy LCA were considered.

� Effect of farm power, irrigation,
fertilizer, tillage and seed options
were assessed.

� EROEI of ethanol and biogas from
maize increased to 2.1–3 and 15–33.9
respectively.

� Hybrid and GMO seeds have neutral
to negative impacts on biofuel’s
energy efficiency.

� Fertilizer has the highest overall
impact on the energy efficiency of
biofuels.
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Previous life cycle assessments for agro-bioenergy production rarely considered some agronomic factors
with local and regional impacts. While many studies have found the environmental and socio-economic
impacts of producing bioenergy on arable land not good enough to be considered sustainable, others con-
sider it still as one of the most effective direct emission reduction and fossil fuel replacement measures.
This study improved LCA methods in order to examine the individual and combined effects of often over-
looked agronomic factors (e.g. alternative farm power, seed sowing, fertilizer, tillage and irrigation
options) on life-cycle energy indicators (net energy gain-NEG, energy return on energy invested-
EROEI), across the three major agro-climatic zones namely tropic, sub-tropic and the temperate land-
scapes. From this study, we found that individual as well as combined effects of agronomic factors
may improve the energy productivity of arable bioenergy sources considerably in terms of the NEG (from
between 6.8 and 32.9 GJ/ha to between 99.5 and 246.7 GJ/ha for maize ethanol; from between 39.0 and
118.4 GJ/ha to between 127.9 and 257.9 GJ/ha for maize biogas) and EROEI (from between 1.2 and 1.8 to
between 2.1 and 3.0 for maize ethanol, from between 4.3 and 12.1 to between 15.0 and 33.9 for maize
biogas). The agronomic factors considered by this study accounted for an extra 7.5–14.6 times more of
NEG from maize ethanol, an extra 2.2–3.3 times more of NEG from maize biogas, an extra 1.7 to 1.8 times
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more of EROEI from maize ethanol, and an extra 2.8–3.5 times more of EROEI from maize biogas respec-
tively. This therefore underscores the need to factor in local and regional agronomic factors into energy
efficiency and sustainability assessments, as well as decision making processes regarding the application
of energy from products of agro-bioenergy production.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The global agricultural-bioenergy value chain is very diverse
[1–3], broad scientific generalizations on the sustainability of
bioenergy produced on arable lands without adequate considera-
tion of the effects of certain local and regional (farming system
level) agronomic factor options (e.g. alternative farm power, irriga-
tion, tillage, fertilizer and seed sowing options etc.) can lead to
inaccurate conclusions regarding their local and regional applica-
tions for socio-economic functions (e.g. fossil fuel replacements,
vehicle fuel etc.) [4–6]. In response to this, this study modified
the boundaries of previous life cycle assessment (LCA) frameworks,
in order to estimate the effects that these agronomic factor options
have on the sustainability and applicability of agro-bioenergy pro-
duction systems.

Previous LCA for sustainability assessment often consider con-
ventional tillage as the norm for biomass produced from arable
land; however in practice many farmers adopt conservation tillage
(e.g. no till, stubble mulch, chisel, disk, ridge-plant, strip-till etc.) in
order to minimize the effects on soil degradation processes [7,8].
This is a local factor that is often overlooked in most LCA studies
for agro-bioenergy production [9,10]. Sustainability assessments
of agro-bioenergy systems should not only feature conventional
tillage but also conservation tillage systems (i.e. reduced and no-
till systems), whenever adopted [11–13].

The effects of the use of alternative farm inputs e.g. animal
manure or biogas digestate as opposed to synthetic fertilizers,
hybrid or GMO (genetically modified organisms) seeds against
the use of native seeds etc. are also rarely considered in estimating
the NEG and EROEI across bioenergy production chains from arable
land [2,14]. While previous LCAs for biomass production on arable
land assume the use of only high horse-power (HP) tractors (e.g.
four wheel drive 50 HP and above) [7,10], small-scale farmers
(especially in developing countries) can only afford lower HP trac-
tors (e.g. single-axle tractors) and in some cases only animal and/or
human labour [8,12]. Even though production by small scale farm-
ers is limited by scale and therefore may not be suitable for large
scale (commercial) bioenergy production, in the event of severe
energy demand (occasioned by climate change mitigation restric-
tions and global fossil fuel depletion/scarcity), small scale farmers
(especially in rural areas) will need energy to drive their agrarian
based local economy, and may therefore be forced to form net-
works (i.e. partnerships or cooperatives) aimed at harnessing their
bioenergy potential (using energy crops, agricultural wastes etc.),
as well as other renewable energy sources [15,16]. Also, due to
the difference in agro-ecological and climatic conditions, the
effects of using different irrigation options as opposed to produc-
tion under rain-fed conditions is rarely discussed within the frame-
work of LCA studies for agro-bioenergy systems [8,17].

Previously, the sustainability of bioenergy production has often
been assessed in terms of LCA based energy efficiency indicators
such as the net energy gain (NEG) and energy return on energy
invested (EROEI) [18,19]. This is because the net energy gain
(NEG) indicator measures the effectiveness of bioenergy produc-
tion activities in contributing to set renewable energy targets
[18,20] on the one hand; while the energy return on energy
invested (EROEI) is a fair indicator of the capacity of a bioenergy
production activity to support continuous socio-economic func-
tions, regardless of the effects of externalities such as soil degrada-
tion, water pollution, biodiversity impacts, price fluctuations etc.
[17,19]. In this study, we assessed the sensitivity of these energy
efficiency indicators (NEG and EROEI) to the above listed agro-
nomic factors using maize feedstock cultivation for ethanol and
biogas production at generic agro-climatic zone levels (i.e.
tropics-Latitude 0–23.5�N and S, sub-tropics- Latitude 23.6–40�N
and S and temperate-Latitude 40.1–60�N and S) as case studies.
A wide range of data across the different agro-climatic zones was
examined, in order to capture the extent of the sensitivity of the
two energy efficiency indicators to the listed agronomic factors
globally. This study explicitly assessed the individual and cumula-
tive effects of the listed agronomic factors on NEG and EROEI, espe-
cially with respect to the feasibility of application and usage for
different energy related socio-economic functions (e.g. fossil fuel
replacements, vehicle fuel etc.). The information on the effects of
agronomic factor options will offer improved understanding rele-
vant for future energy efficiency improvements to decision makers
(from an LCA perspective).

Maize was chosen as a case study because it is the agricultural
biomass feedstock with the highest contribution (at least 35%) to
global biofuel production [21,22]. Maize is widely cultivatable
globally across several agro-ecological and climatic conditions
because it exhibits high photosynthetic and water-use efficiency
properties, even under conditions of drought, high temperatures,
and nitrogen or CO2 limitations [7,23]. Maize has relatively high
carbon fixation and assimilation capacity [24,25]. It is also capable
of high yield and high energy output-input ratio (in terms of
energy use efficiency or fossil energy intensity) when compared
to other major crops (maize-4.0–7.7, soybeans-3.2–4.6. rice-2.2,
winter wheat-2.1, potato-1.3, sugar cane-1.2.2.1 etc.) [10,24,26–
28]. Since analysis within this study focus more on the effects of
field-based agronomic factor options (and not production steps
that vary in energy consumption from one energy conversion tech-
nology to the other), the methodology adopted, as well as the find-
ings and inferences from this study can be further applied and
extrapolated for other crops grown for energy production pur-
poses, as well as other biomass production activities on arable
land. Ethanol and biogas production technologies were chosen
because they are both widely used globally. Ethanol and biogas
are particularly important because they are in high demand for
meeting future global sustainability targets such as global green-
house gas emission reduction, fossil fuel replacement and renew-
able energy targets [29,30]. Ethanol production has contributed
immensely to the meeting of different biofuel mandates (e.g. E10,
E15, E25 and E85 gasoline mix, as well as E100) aimed at reducing
fossil fuel consumption and associated greenhouse gas emissions
[2,12]. Biogas production on the other hand has been widely pro-
moted for its capacity to utilize wide range and different mixes
of biomass flows (waste biomass inclusive); and its ease of imple-
mentation in smaller units [20,31].

2. Methodology

The methodology involved a life cycle assessment (LCA)
approach, which substitutes individual energy and material flows



428 O.T. Arodudu et al. / Applied Energy 198 (2017) 426–439
(inputs and outputs) within the boundaries of previous agro-
bioenergy LCA studies, in order to further account for the effects
of agronomic factors such as alternative farm power, irrigation, til-
lage, fertilizer and seed-sowing options.

In considering the effects of each agronomic factor sub-option
on the energy efficiency of biofuel production systems, a baseline
option was chosen for the different agronomic factor categories
(i.e. farm power, irrigation, tillage, fertilizer and seed-sowing
options). The effects of other options within the same agronomic
factor categories were assessed by substituting the energies inputs
associated with adopting them with those of the baseline options.
This is further illustrated in Fig. 1.

As seen in Fig. 1, the baseline option selected for the farm power
agronomic factor category was four wheel drive >50 HP tractors.
The baseline option selected for irrigation, tillage, fertilizer and
seed-sowing agronomic factor categories were rain-fed irrigation,
conventional mouldboard tillage with pesticide application, syn-
thetic fertilizer and native seeds respectively.
Fig. 1. Methodological framework, process stage and boundaries of the study a – subs
biogas bio-refinery value chain; c-maize ethanol bio-refinery value chain.
Also from Fig. 1, other farm power options considered included
various tractor implementations (two wheel drive 21–49 HP trac-
tors, single axle riding type 10–20 HP tractors and ordinary single
axle <9 HP tractors), several animal labour options (ox, buffalo,
horse, donkey, mule, camel) as well as human labour. Other fertil-
izer options whose effects were assessed included animal manure
and biogas digestate. Other seed-sowing options examined
included hybrid and GMO seeds. Other tillage options evaluated
included conventional tillage options such as mouldboard tillage
without pesticide application; reduced tillage options such as ridge
plant, disk, chisel, and stubble and mulch tillage; and no tillage
options such as no-till and strip-till options. Other irrigation
options also looked at included artificial irrigation options such
as surface, sprinkler and drip irrigation systems.

Noteworthy however is the fact that the baselines selected for
agronomic factor categories within the context of this study were
not selected because they are most representative of realities
across the three agro-climatic zones, they were chosen only to
titution of agronomic factor options across the agricultural value chain; b – maize
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enable the assessment of the effects of individual agronomic factor
options on the energy efficiency of agricultural based bioenergy
production systems (on an LCA basis). Section 2.1 elaborates more
on how the two energy efficiency indicators (NEG and EROEI) are
estimated; Section 2.2 explains the scope of the study, as well as
its boundaries and assumptions made in the course of the study;
while Section 2.3 describes how results obtained from the substi-
tution of one agronomic factor with another (i.e. individual agro-
nomic factor effects) are added up to assess the overall
significance of often overlooked agronomic factors on the energy
efficiency of agro-bioenergy production systems.

2.1. Life cycle inventory (LCI)

A life cycle inventory (LCI) (which is the inventory phase of an
LCA) was done in order to calculate the net energy and the energy
efficiencies of the agro-bioenergy production system. This involves
accounting for the direct energy inputs into cultivation (e.g. energy
for ploughing, harrowing, ridging, seed sowing, fertilizer applica-
tion, pesticide application, liming, irrigation, harvesting etc.),
transportation (e.g. from farm to input market, input market to
farm, farm to bio-refinery, bio-refinery to farm etc.) and conversion
of biomass to energy on the one hand (i.e. energy for plant opera-
tions), and indirect energies for production of used chemicals
(fuels, fertilizers, herbicides, lime etc.) on the other hand [19,32].
Energy output obtainable from biofuels (maize ethanol and maize
biogas) and substitution effects of co-products were also accounted
for [14,17]. Maize biogas digestate obtained from wet co-digestion
process (i.e. co-digestion of maize with manure) of the maize bio-
gas production system was accounted for as fertilizer (N, P and K)
and lime replacements. Maize gluten meal obtained from wet
milling process of maize ethanol production system was accounted
for as N-fertilizer and herbicide replacements [33,34]. This is fur-
ther illustrated in Fig. 1.

The total energy inputs and outputs obtained are used for calcu-
lating the following energy indicators:

Net energy gainðNEGÞ ¼ Energy Output� Energy input

NEG may be quantified in Joules (J) or Joules/hectare cultivated
(J/ha) or Joules/tonnes of biomass used (J/t), depending on the ref-
erence system chosen by each study [18,35];

Energy return on energy invested ðEROEIÞ
¼ Energy output=Energy input

EROEI has no units. It is essentially the fraction of energy
obtained after energy investment in an energy production activity.
It is sometimes referred to as the energy efficiency of the energy
system being assessed [2,19].

2.2. Scope, boundaries and assumptions

These assumptions marking the LCI boundaries of this study can
be classified into two types. Those pertaining to LCI boundaries at
baseline, and those made as a result of the substitution of
agronomic factor options across the different agronomic factor
categories.

2.2.1. Assumptions with regards to LCI boundaries at baseline include

I. Maximum transport or travel distance
� Maximum transport or travel distance was assumed to be
between 10 and 20 km. In other words, the maximum travel
distance between farm and input market or input market
and farm, farm and conversion plant or conversion plant to
farm, for the purpose of cultivating maize and converting
it to biofuels for use within local and/or regional agricultural
sector does not exceed 10–20 km. Conversion plants were
assumed to be farm-based, small scale, and located opti-
mally close to the farm and input markets.

II. Reference unit system
� The reference unit system examined was Joules (J) of
energy produced from maize ethanol and maize biogas pro-
duction system. The assumed farmland size cultivated and
corresponding crop yields, as well as the seed, fertilizer, lime
and pesticide application rates were however all on a per
hectare per year basis.

III. Potential maize yield
� In order to estimate potential maize yields across the
agro-climatic zones considered, data of best fertilizer man-
agement practices and average maize yields in different
countries and regions across the agro-climatic zones were
used to derive regression equations. Best fertilizer manage-
ment practices and average maize yields data from Indone-
sia, Thailand, Brazil, Cambodia and Malawi were assumed
to represent the tropics. Best fertilizer management prac-
tices and average maize yields from SE United States and
South Africa were assumed to represent the sub-tropics. Best
fertilizer management practices and average maize yields
from NE United States and France were assumed to repre-
sent the temperate zone). The regression equations were
used to estimate the potential maize yields across the differ-
ent agro-climatic zones, assuming N-fertilization rates are
30 kg/ha, 60 kg/ha, 90 kg/ha, 120 kg/ha, 150 kg/ha, 180 kg/
ha and 210 kg/ha respectively. The source data for best fer-
tilizer management practices and average country maize
yields, as well as the values of N-Fertilizer application
assumed and the corresponding estimates of potential maize
yields are documented in Tables S1–S3, as well as Figs. S1
and S2 [36–41].

IV. Transportation of inputs, outputs and co-product
� Due to lack of precise data on the energy for transport of
inputs, outputs and co-products, they were assumed to be
between those of sugar beet and grasses 0.0048–
0.0058 MJ/kg/km [42]. This is because they have different
densities within which the density of inputs, outputs and
co-products are likely to fall (either as light as grass at the
lower limit or as heavy as sugar beet at the upper limit).
However, the energy for transport of manure and biogas
digestate was assumed to be essentially the same (as heavy
as cow or pig manure), considerably heavier and different
from those of fertilizers, pesticides, lime etc. (0.014 MJ/kg/
km) [42]. While these conversion factors are not exact they
are conservative and therefore acceptable.

V. Energy for machineries
� Embodied energy for manufacturing, start-up and mainte-
nance of machineries (e.g. tractors, irrigation systems, bio-
refineries etc.) was avoided by this study because it may
confer significant advantage on the energy input side and
skew the LCA; and also because it is mostly within the
domain of life cycle costing for potential investors and
entrepreneurs.

The conversion factors for all energy inputs and energy
outputs considered at baselines can be found in Tables 1 and 2
respectively.



Table 1
Conversion factors for estimating energy inputs of the baseline options.

Energy inputs for harnessing maize grain (HG) for bioenergy production

Direct energy for farm operations [44]
Energy for ploughing-MJ/ha/a 319.2–1550.0
Energy for harrowing-MJ/ha/a 72.2–1464.7
Energy for ridging-MJ/ha/a 34.2–843.7
Energy for sowing-MJ/ha/a 34.2–1019.1
Energy for fertilizer application-MJ/ha/a 178.6–488.2
Energy for pesticide spraying-MJ/ha/a 72.2–578.3
Energy for liming-MJ/ha/a 178.6–488.2
Energy for combined harvesting-MJ/ha/a 247.0–976.4

Total direct energy for farm operations – MJ/ha/a 1136.2–7408.6

Indirect energy for farm operations [7,20,40]
Energy for fertilizer production (N-Nitrogen) – MJ/kg 43.0–65.3
Energy for fertilizer production (P-Phosphorus) – MJ/kg 4.8–32.0
Energy for fertilizer production (K-Potassium) – MJ/kg 5.3–13.8
Quantity of N-fertilizer applied – kg/ha/a 30–210
Quantity of P-fertilizer applied – kg/ha/a 0–60 (tropics)

30–120 (sub-tropics)
56–83.5 (temperate)

Quantity of K-fertilizer applied – kg/ha/a 30–90 (tropics)
45–300 (sub-tropics)
53–84 (temperate)

Energy for lime production – MJ/kg/a 0.6–1.8
Energy for pesticide production (herbicides) – MJ/kg 237.3–422.0
Energy for pesticide production (insecticides + fungicides) – MJ/kg 237.3–422.0
Quantity of lime – kg/ha/a 270–699
Quantity of herbicides applied – kg/ha/a 2.1–4.7
Quantity of insecticides applied – kg/ha/a 0.2–1.1
Quantity of fungicides applied – kg/ha/a 0.2–1.1
Energy for lime production (270–699 kg/ha/a * 0.6–1.8 MJ/kg/a)-MJ/ha/a 162.0–1258.2
Energy for pesticide production (herbicides-2.1–4.7 kg/ha * 237.3–422.0 MJ/kg) = 498.3–1983.4 MJ/ha/a 498.3–1983.4
Energy for pesticide production (insecticides + fungicides) * 237.3–422.0 MJ/kg * 2) = 47.5–464.2 * 2 MJ/ha/a 95.0–928.4
Total energy for transportation of inputs and co-products (10-20 km transport distance assumed) – MJ/kg/km/a 0.0048–0.0058
Energy for human labour – MJ/ha/a (for eight farm operations) 1.5–10.3

Energy for plant operations (ethanol) [29,76]
Energy for wet milling operations – MJ/t 3795.2–4886.0
Energy for human labour – MJ/a 365.0–803.0

Total energy for plant operation (ethanol) – MJ/ha/a 4174.7–61075.0

Energy for plant operations (biogas) [34]
Energy for wet oxidation – MJ/t 5.0
Energy for biogas plant operation – MJ/t 193.0
Energy for human labour – MJ/a 365.0–803.0

Total energy for plant operation (biogas) – MJ/ha/a 217.8–2475.0
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2.2.2. Assumptions made as a result of the substitution of agronomic
factor options across the different agronomic factor categories include
the following

I. On alternative tractor power options
� Three of the tractor options considered (four wheel drive
>50 HP, two wheel drive 20–49 HP, single axle riding type
10–19 HP) use the diesel fuel [16,43–46]. Only the <9 HP
tractor implementations use gasoline.
� Energy consumption for all farm operations using >50 HP
tractors was available in [44]. Energy consumption for other
farm operations (aside ploughing) was assumed to be essen-
tially the same as during ploughing operations for the other
tractor implementations. This is due to the lack of high res-
olution data for more detailed assessment. Even though this
might be an over-estimation (considering that ploughing is
the most energy intensive farm operation), resulting esti-
mates can be regarded as conservative and therefore accept-
able. Total energy consumption for all farm operations using
the different tractor implementations can be found in
Table 3.
II. On human labour and animal labour options
� For each hectare under cultivation, humans need 60 days
for ploughing (using cutlasses and hoes), 1 day for sowing,
1 day for mulching, 10 days for thinning, 30 days for hand
weeding, 4 days for fertilizer and lime application, 3 days
for pesticide spraying, and 30 days for harvesting [16,39,47].
� The number of days that animals need for ploughing a
hectare of land is assumed to be the same as for completing
the other seven operations namely harrowing, ridging, sow-
ing, fertilizer application, liming, pesticide application and
harvesting (assuming there are detachable implements for
the respective operations) [16,48,49]. This is documented
in Table 4.
� The daily energy consumption by humans and animals for
tedious farm work was assumed to be the maximum daily
energy exertable by them. This is documented in Table 3.
This was multiplied by the number of days it takes to com-
plete all farm operation (annually per hectare) to obtain
total energy input estimates for farm operation using human
and animal labour. Maximum daily energy exertable was



Table 2
Conversion factors for estimating energy outputs of the baseline options.

Energy outputs from harnessing harvested grain (HG) for bioenergy production

Energy from maize grain ethanol [77–79]
Volume of ethanol per ton of maize – l/t 378.0–435.0
Calorific energy per litre of ethanol – MJ/l 21.1–23.4

Total energy from maize ethanol – (MJ/t) 7975.8–10179.0

Energy from co-products of ethanol production (maize gluten meal) [7,33,80]
Proportion of maize gluten meal per ton of maize – kg/t 36.3–57.0
Energy saved by use of maize gluten meal as herbicide replacement – MJ/kg 2.1–4.7

Energy saved by use of maize gluten meal as herbicide replacement – MJ/t 76.2–267.9
Energy saved by use of maize gluten meal as N-fertilizer replacement – MJ/kg 43.0–65.3
Percentage of N-fertilizer in maize gluten meal – % 10.0

Energy saved by use of maize gluten meal as N-fertilizer replacement – MJ/t 325.1–1749.4

Total energy from co-products (ethanol) – MJ/t 401.3–2017.3

Energy from maize grain biogas [20]
Volatile solids (%) 93.0–95.0
Volume of biogas per ton of maize – m3/t 560.0
Calorific energy per litre of biogas – MJ/m3 21.0–25.0

Total energy from maize biogas – (MJ/t) 10936.8–13300.0

Energy from co-products of biogas production (biogas digestate) [81,82]
Ratio of digestate to biomass – % 96.0–98.0
Energy for producing lime saved by use of biogas digestate – MJ/kg 0.6–1.8
Energy for producing N-fertilizer saved by use of biogas digestate – MJ/kg 43.0–65.3
Energy for producing P-fertilizer saved by use of biogas digestate – MJ/kg 4.8–32.0
Energy for producing K-fertilizer saved by use of biogas digestate – MJ/kg 5.3–13.8
Quantity of Lime in biogas digestate – kg/t 0.8
Quantity of N-fertilizer in biogas digestate – kg/t 3.7–16.1
Quantity of P-fertilizer in biogas digestate – kg/t 1.8–19.8
Quantity of K-fertilizer in biogas digestate – kg/t 4.5–32.0
Energy from co-products (Lime energy replacement) – MJ/t 0.5–1.4
Energy from co-products (N-fertilizer energy replacement – MJ/t 152.7–1030.3
Energy from co-products (P-fertilizer energy replacement) – MJ/t 8.3–620.9
Energy from co-products (K-fertilizer energy replacement) – MJ/t 22.9–432.8

Total energy from co-products (biogas) – MJ/t 184.4–2085.4

Table 3
Conversion factors for estimating the energy inputs of different tractor power options [43–46].

Tractor power options Fuel consumption range for ploughing operation (l/ha/a) Total energy consumption
equivalent (MJ/ha/a)

>50 HP tractors 8.4–32.7 l/ha of diesel (29.9–156.3 l/ha/a of diesel for all farm operations) 1136.2–7408.6
20–49 HP tractors 22.5–28.0 l/ha/a of diesel (180–224.0 l/ha/a of diesel for all farm operations) 6840.0–10617.6
10–19 HP tractors 5.0–6.3 l/ha/a of diesel (40.0–50.4 l/ha/a of diesel for all farm operations) 1520.0–2389.0
<9 HP tractors 16.7–25.1 l/ha/a of gasoline (133.6–200.8 l/ha/a of gasoline for all farm operations) 4582.5–7489.4

Table 4
Conversion factors for estimating the energy inputs of human and animal labour options [39,47–49,83].

Farm labour options Number of days for ploughing an hectare of land (days) Daily energy
consumption
(MJ/day)

Total energy consumption
for farm operations
annually (MJ/a)

Humans 60 days for ploughing, 1 day for sowing, 1 day for mulching, 10 days for thinning,
30 days for hand weeding, 4 days for fertilizer and lime applications, 3 days for
pesticide spraying, 30 days for harvesting (139 days for all farm operations)

2.9–4.8 s 403.1–681.1

Ox 6–8 days (48–64 days for all farm operations) 10.0 480.0–640.0
Buffalo 6–8 days (48–64 days for all farm operations) 9.5 456.0–608.0
Horse 2 days (16 days for all farm operations) 18.0 288.0
Donkey 10–12 (80–96 for all farm operations) 3.0 240.0–288.0
Mule 6–8 (48–64 for all farm operations) 8.5 408.0–544.0
Camel 2–3 (16–24 days for all farm operations) 14.0 224.0–336.0
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assumed to be the utilizable fraction of embodied energy
(from food and water consumed) for farm operations. This
estimation method was preferred to the use of energy for
production of human/animal food annually, which may
amount to over-estimation considering the fact that humans
and animals use energy for food and water ingested for other
functions other than farming on non-farming days (e.g.
recreation, transport, tourism etc.) [16].

III. On alternative fertilizer options
� Energy for production of N, P and K fertilizers was not
included in energy inventories for animal manure and biogas
digestate use. This is because the nutrients they deliver to
the field are free from waste sources. Only the energy for
transport and spreading of manure was considered. For bio-
gas digestate, energy for lime (CaO) production and applica-
tion is also not included in the energy inventory because the
nutrient they deliver are from waste sources. Energy for
obtaining the biogas digestate is factored into energy for
plant operation and transportation of co-products.

IV. On alternative seed sowing options
� The energy needs for production of hybrid seeds was
assumed to be seven times higher than for native seeds
[7,50]. Due to lack of data, the energy for production of
GMO seeds was conservatively assumed to be the average
of energy needs for production of native seeds and of hybrid
seeds [16,51,52]. The N-fertilizer application rates for the
adoption of hybrid and GMO seeds was assumed to be
higher than those of the native seeds (see Table 5). Esti-
mated potential maize yield as a result of higher fertilization
demands of hybrid and GMO seeds is documented in
Table S4.
� Energy for production of insecticides and fungicides was
not included in the energy inventory for GMO seeds. This
is because some GMO varieties do not require such treat-
ment [52,53].

V. On alternative tillage options
� The different intensities of fuel consumption for different
tillage techniques are documented in Table 6 [44,54].
Table 5
Conversion factors for estimating the energy inputs of alternative seed sowing
options [7,40,52,53].

Seed sowing options N-fertilization application
rates (kg/ha/a)

Equivalent energy
consumption (MJ/kg/a)

Native 30–210 0–14.9
Hybrid 120–240 104.3
GMO 120–240 14.9–104.3

Table 6
Conversion factors for estimating the energy inputs of alternative tillage options [44,54].

Tillage options Fuel consum

Conventional moulboard with pesticide application 29.9–156.3
Conventional moulboard without pesticide application 25.2–146.0
Chisel 23.4–130.6
Disk 20.6–105.8
Ridge plant 20.6–100.3
Stubble and mulch 32.7–97.3
Strip-till 22.1–77.1
No-till 23.4–85.2
VI. On alternative irrigation options
� Operational energy use associated with different irrigation
system options is documented in Table 7. No irrigation
energy was required for natural (rain-fed) irrigation.
� N-fertilization rates and maize yields increase because of
the adoption of artificial irrigation systems (surface, sprin-
kler and drip irrigation system) require more N-
fertilization, and because maize yields respond positively
to irrigation [37]. Estimated potential maize yield as a result
of increase in fertilization due to adoption of alternative irri-
gation options is documented in Table S3.

Data from generic agro-climatic zones (tropics, sub-tropics and
temperate) was adopted for this study (the coarseness of the scale
not withstanding), in order to account for the productivity of maize
yield (across the globe) within the context of our energy efficiency
assessment.
2.3. Overall significance of agronomic factors on the energy efficiency
of agro-bioenergy production systems

For reference purposes, it should be noted that obviously, a NEG
value less than 0 is unacceptable, since this implies that you are
producing less energy than used during the production process
[55,56]. It may also be useful to rate the NEG of bioenergy sources
based on their respective local and/or regional renewable energy
targets [35,57]. With regards to EROEI, Hall et al. [19] suggested
that the minimum EROEI for an energy source to be capable of sup-
porting socio-economic functions and delivering net benefit to the
society is 3 at the farmgate or minemouth. This is based on the
assumption that extra two units of energy are required for refine-
ment, blending, transportation and sustenance of other delivery
infrastructure before the end user eventually receives one unit of
energy provision. EROEI is by definition less than 1 whenever
NEG is negative, and equal to or more than 1 when NEG is zero
or positive, respectively [17,58].

In order to measure the relative significance of the effects of
often overlooked agronomic factors on energy efficiency indicators
(i.e. NEG and EROEI) for agro-bioenergy systems, the combined or
cumulative effects of the agronomic factors on these two energy
efficiency indicators was first estimated by summing together
ption range (l/ha/a) Equivalent energy consumption (MJ/ha/a)

1136.2–7408.6
957.6–6920.4
887.3–6188.1
782.8–5014.9
783.8–4753.2
1242.8–4612.0
841.0–3652.8
889.2–4038.5

Table 7
Conversion factors for estimating the energy inputs of alternative irrigation options
[84,85].

Irrigation options N-fertilization application
rates (kg/ha/a)

Equivalent energy
consumption (GJ/ha/a)

Rain-fed 30–210 0
Surface 120–240 0.2–6.5
Sprinkler 120–240 3.9–10.4
Drip 120–240 3.1–9.5
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(one after the other) the individual positive effects of the highest
performing individual agronomic factor options within the five
agronomic factor groups examined (namely farm power, tillage,
fertilizers, irrigation and seed sowing options).
3. Results and discussion

Even though the magnitude of NEG and EROEI indicator values
obtained for maize biogas and ethanol production systems, across
the three different agro-climatic zones considered (tropics, sub-
tropics and temperate) vary, the effects of individual agronomic
factor options follow essentially the same patterns (from no effects
to positive and negative effects respectively). This is reported in
Table S5. While these observed similarities in pattern make it pos-
sible to characterize the results obtained from this study with
respect to the different agronomic factor options, generalizations
across the generic agro-climatic zones (tropics, sub-tropics and
temperate) were however avoided due to the coarseness of the
scale of the data. The difference in fertilizer application rates and
potential maize yields resulted in corresponding differences in
total energy input and output values, as well as variations in final
Fig. 2. The sensitivity of energy efficiency indicators to the adoption of alternative far
adoption of alternative farm power options; b – sensitivity of NEG of maize ethanol prod
EROEI of maize biogas production system to the adoption of alternative farm power opti
alternative farm power options.

Fig. 3. The sensitivity of energy efficiency indicators to the adoption of alternative tillage
alternative tillage options; b – sensitivity of NEG of maize ethanol production system to
production system to the adoption of alternative tillage options; d – sensitivity of EROE
NEG and EROEI values obtained for each agronomic factor exam-
ined across the different agro-climatic zones considered.

3.1. Individual and combined effects of the different agronomic factors

Figs. 2–6 depicts the effects of different agronomic factor
options on the energy efficiency of maize ethanol and maize biogas
production systems, across the different agro-climatic zones. With
or without the consideration of associated co-products, maize bio-
gas production systems are by far more energy efficient than maize
ethanol production systems across all the agro-climatic zones con-
sidered. Accounting for co-products (maize gluten meal as herbi-
cide and N-fertilizer, and biogas digestate as N, P and K fertilizer
and lime respectively) in both LCA studies had considerable effects
on the NEG and EROEI values of maize biogas (with biogas diges-
tate increasing NEG and EROEI by 1–17% and 2–6% respectively)
and maize ethanol (with maize gluten meal increasing NEG and
EROEI by 84–99% and 54–68% respectively). The proportion of
NEG and EROEI added by co-products to the energy efficiency of
maize ethanol production systems was however much higher than
those added to maize biogas production systems. This is because
comparatively, the NEG and EROEI of maize biogas production
m power options a – sensitivity of NEG of maize biogas production system to the
uction system to the adoption of alternative farm power options; c – sensitivity of
ons; d – sensitivity of EROEI of maize ethanol production system to the adoption of

options a – sensitivity of NEG of maize biogas production system to the adoption of
the adoption of alternative tillage options; c – sensitivity of EROEI of maize biogas
I of maize ethanol production system to the adoption of alternative tillage options.



Fig. 4. The sensitivity of energy efficiency indicators to the adoption of alternative irrigation options a – sensitivity of NEG of maize biogas production system to the adoption
of alternative irrigation options; b – sensitivity of NEG of maize ethanol production system to the adoption of alternative irrigation options; c – sensitivity of EROEI of maize
biogas production system to the adoption of alternative irrigation options; d – sensitivity of EROEI of maize ethanol production system to the adoption of alternative irrigation
options.

Fig. 5. The sensitivity of energy efficiency indicators to the adoption of alternative fertilizer options a – sensitivity of NEG of maize biogas production system to the adoption
of alternative fertilizer options; b – sensitivity of NEG of maize ethanol production system to the adoption of alternative fertilizer options; c – sensitivity of EROEI of maize
biogas production system to the adoption of alternative fertilizer options; d – sensitivity of EROEI of maize ethanol production system to the adoption of alternative fertilizer
options.
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was much higher before the consideration of the co-products.
However significant, additional NEG and EROEI added by the co-
products represents only a small proportion of the energy effi-
ciency of the maize biogas production system. For maize ethanol
production system, because their NEG and EROEI was much lower
before the consideration of co-products, additional NEG and EROEI
contributions from co-products took a larger proportion of the
energy efficiency of its production system. The energy value of
co-products therefore ought to be considered as an integral part
of LCA studies designed for assessing agro-bioenergy systems. This
will help prevent bias and enhance feasibility within discussions
centred around improving resource efficiencies, and promoting a
more circular and/or bio-based economy. These effects of co-
products is therefore duly factored-in, within the context of the
estimation of the individual, as well as the combined effects of
agronomic factor options on the energy efficiency of maize biogas
and ethanol production systems.

Bearing in mind the baseline agronomic factor options assumed
for the LCA design (i.e. >50 HP tractor, conventional mouldboard
tillage, rain-fed irrigation, synthetic fertilizer, and native seeds



Fig. 6. The sensitivity of energy efficiency to the adoption of alternative seed sowing options a – sensitivity of NEG of maize biogas production system to the adoption of
alternative seed sowing options; b – sensitivity of NEG of maize ethanol production system to the adoption of alternative seed sowing options; c – sensitivity of EROEI of
maize biogas production system to the adoption of alternative seed sowing options; d – sensitivity of EROEI of maize ethanol production system to the adoption of alternative
seed sowing options.
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for the farm power, tillage, irrigation, fertilizer, and seed sowing
categories respectively) individual effects of all other agronomic
factor options were assessed by implementing the different
assumptions associated with substituting one agronomic factor
option with the other (as listed in Section 2.2). In the process of
the substitution, general trend of results obtained under this study;
especially with regards to the relative sensitivities and individual
effects of agronomic factor options on the energy efficiency of
maize biogas and maize ethanol production systems were
observed. In Figs. 2–6, straight lines were drawn from the lower
and upper sensitivity ranges of the baseline options across the
bar graphs, in order to ensure visual comparison of the baseline
options to the other options in the same agronomic factor category.

In comparison to the >50 HP tractor, 10–20 Single axle tractor
(riding type) might be the most energy efficient tractor option
(Fig. 2). From the results obtained (Fig. 2), even though 20–40 HP
tractor seem to be the most energy inefficient tractor option, its
energy efficiency values may not be significantly different from
those of the >50 HP tractor. This is because the final result shown
(Fig. 2) was partly influenced by assumptions that same fuel con-
sumed for ploughing was consumed for all other seven farm oper-
ations. While these may be acceptable for avoidance of under-
estimation of the energy inputs and being over-optimistic in the
final analysis of the NEG and EROEI values; in reality, lesser energy
is needed for all the other seven farm operations. The results from
this study (regarding 20–49 HP tractors) can however be described
as conservative, hence, acceptable; especially in the event that the
actual energy needed for the all other seven, less energy intensive
farm operations remain unknown. There is therefore still need for
reliable data from tractor testing exercise that may be devoted
towards filling in these data gaps.

The most energy efficient farm power option for agro-bioenergy
systems is the use of human labour (Fig. 2). This is followed by the
horse, and then the camel in the animal category. This is followed
by the donkey, then the buffalo, the mule, and lastly the ox. Both
human and animal labour performs better in terms of energy effi-
ciency when compared to tractors driven directly by fossil fuel.
Reduced till (i.e. chisel, disk, ridge plant, stubble and mulch),
no-till (i.e. strip-till and no-till) and conventional mouldboard till
without pesticide application options are likely to be more energy
efficient for agro-bioenergy system than conventional mouldboard
tillage (Fig. 3). This can be attributed to their less intensive nature.
However as seen in the comparison of NEG and EROEI values for
maize biogas production system, and NEG values of maize ethanol
production system in Fig. 3, stubble and mulch tillage option may
be less energy efficient than conventional mouldboard tillage at
the lower sensitivity range, especially if the intensity of the tillage
is deeper.

In comparison to rain-fed irrigation systems, artificial irrigation
systems (surface, sprinkler and drip) were seen to have higher
energy efficiency in terms of NEG at the upper limits (Fig. 4). The
adoption of sprinkler and drip irrigation systems for both maize
ethanol and biogas production systems might likely lead to a
reduction in the EROEI energy efficiency indicator values, at both
the lower and upper sensitivity ranges (Fig. 4). The adoption of
the surface irrigation system conversely caused a gain in EROEI val-
ues, especially at the upper limit of the sensitivity range (Fig. 4).

Both animal manure and biogas digestate were found to be
more energy efficient fertilizer options for agro-bioenergy produc-
tion than synthetic fertilizers (Fig. 5). This was evident at both the
upper and lower limits of the sensitivity range of the NEG and
EROEI for maize ethanol and maize biogas production systems
(Fig. 5). Biogas digestate however has a slight edge over animal
manure, because it was assumed to contain some lime (CaO) as
compared to animal manure that delivers only N, P and K fertilizer
nutrients.

At the upper and lower sensitivity ranges of NEG for maize bio-
gas production, the use of hybrid and GMO seeds were more
energy efficient than those of native seeds (Fig. 6). The adoption
of hybrid and GMO seeds however had zero to negative effects
on the EROEI of maize biogas production systems (Fig. 6 and
Table S5). At both the upper and lower sensitivity ranges of NEG
and EROEI for maize ethanol, the deployment of hybrid and GMO
seeds was found to be less energy efficient than the use of native
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seeds for agro-bioenergy production (Fig. 6). This is because of the
energy cost of the production of hybrid and GMO seeds. Hybrid
seeds were found to be the most energy inefficient, even though
they guarantee higher maize yields. GMO seeds were found to still
be less energy efficient compared to native seeds despite the fact
that it was assumed to be capable of saving energy costs for insec-
ticide and fungicide. This implies that the energy it was assumed to
save from insecticide and fungicides is still less than the extra
energy used in producing them.

The combined effects of the often overlooked agronomic factors
further boosted the EROEI of maize biogas from 4.3–12.1 to 15.0–
33.9; and that of maize ethanol from 1.2–1.8 to 2.1–3.0. The EROEI
for maize ethanol is higher than those of previous LCA studies that
overlooked these agronomic factors [59,60,2].

The agronomic factors also boosted the net energy gained of
both biofuels from 39.0–118.4 GJ/ha to 127.9–257.9 GJ/ha for
maize ethanol, and 6.8–32.9 GJ/ha to 99.5–2476.7 GJ/ha for maize
biogas. In the same vein, often overlooked agronomic factors
accounted for extra 7.5–14.6 times more of NEG from maize etha-
nol, an extra 2.2–3.3 times more of NEG from maize biogas, an
extra 1.7–1.8 times more of EROEI from maize ethanol, and extra
2.8–3.5 times more of EROEI from maize biogas respectively.

3.2. Overall significance of agronomic factors

The overall significance of agronomic factors on the energy effi-
ciency of agro-bioenergy production systems was assessed under
this study using the energy return on energy invested (EROEI) indi-
cator alone. This is because unlike EROEI, which has a reference
minimum value of 3 at farm gate or mine mouth (based on previ-
ous bodies of research) [19,61], the reference for NEG is usually
assessed based on local or regional renewable energy or total
energy targets [19,20,35,57,62].

Since the spatial scale of this study is rather generic, with no
specific energy target for any particular locality or region in focus,
this study adopted only the EROEI indicator for assessing the over-
all significance of the results (rather than deploying both NEG and
EROEI as done in some of the previous studies).The fact that maize
ethanol production system has an initial EROEI below the mini-
mum threshold value of 3 (EROEI of 1.3–1.8) compared to an initial
EROEI higher than the minimum threshold value of 3 for maize
biogas production systems (EROEI of 4.3–12.1), makes it possible
to draw inference on their relative sensitivity when under and
Fig. 7. The significance of the effects of agronomic factor options o
above this minimum EROEI threshold value of 3. The EROEI of
maize biogas production system was already significant from the
onset with values between 4.3 and 12.1. This further stresses the
relevance of the use of biogas fueled engines/vehicles for the
enhancement of the energetic performance of emerging biofuel
based economies e.g. sugarcane based ethanol industry in Brazil
etc. [63,64]. The EROEI of maize ethanol production system was
not significant from the onset (with EROEI values of between 1.2
and 1.8). However, the effects of often overlooked agronomic factor
options increased its EROEI to between 2.1 and 3.0 immediately
after processing at the wet milling plant. Since this EROEI value
for maize ethanol production system was obtained beyond farm
gate (immediately after the wet milling plant), it could be consid-
ered significant, especially if it is used locally and/or regionally,
reducing the energy required for delivering it to the final end-
user. This illustrated in Fig. 7.

Considering that the EROEI at farm gate will be the same for
both maize ethanol and maize biogas production systems (before
entry into the wet digestion or wet milling processes), wet diges-
tion could be said to be far more energy efficient than wet milling
process, if the fact that wet milling process has by far many more
co-products is not considered. Other co-products of wet milling
process that was ignored under this study because they are not
directly related to agro-bioenergy production (despite having high
energy value) include corn starch, corn oil, fibre, sweetener and
steep water. The inclusion of the energy content of the ignored
co-products (corn starch, corn oil, fibre, sweetener and steep
water) within LCA for determining the energy efficiency of maize
ethanol production system, will further improve the overall energy
efficiency outlook of maize ethanol production system which
deploys the wet milling process.

Also noteworthy is that the NEG and EROEI values obtained
under this study may be less than it actually is in reality. This is
because this study assumed the maximum transport distance
(round trips from farm to input market, conversion plant, end user
etc.) was 10–20 km. This however suggests that producing bioen-
ergy locally or regionally on a small scale (e.g. using farm based
ethanol and biogas plants etc.) may be more energy efficient (with
less environmental impacts) than on large industrial scale. Even
though maize biogas is more energy efficient than maize ethanol
production systems (with and without the effects of agronomic
factor options and co-products), maize ethanol seem to be in
higher demand because of the ease of incorporation with dominant
n the energy efficiency of maize ethanol production systems.
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fossil fuel derivatives (gasoline especially) [2,32]. It is mixed with
gasoline for use in new generation engines, and for meeting set
biofuel mandates e.g. E10, E15, and E85 gasoline blends in the
US; E5 and E85 in Europe; ED95 in Sweden, and E25 and E100 in
Brazil [65,66]. Higher EROEI values for maize ethanol as a result
of the adoption of less energy intensive agronomic factor options
implies better efficiency in its role for direct reduction of fossil fuel
consumption and associated greenhouse gas emissions [12,67].
Despite higher energy efficiency, biogas (either using maize feed-
stocks solely or mixed with waste biomass) still has the drawback
of inability to mix with natural gas in gas pipes, without the need
for energy intensive upgrading processes that will further lower its
NEG and EROEI [68], British [31]. While most conventional natural
gas pipe have a standard of at least 95% methane concentration,
most biogas have 55–75% methane concentration (subject to fur-
ther depreciation from transport leakages) [20,42]. While the
mainstream industrial scale use of biogas as natural gas replace-
ment might not be feasible for this reason, biogas use in car vehicle
and other engines locally and regionally might be a more feasible
option because less energy intensive upgrade compared to those
for natural gas replacement will be required [30,63]. Even though
the required upgrade will also reduce the NEG and EROEI delivered
to the society, it is still a feasible option energetically because of
the high NEG and EROEI values after the bio-refinery plant stage.
The presence of potentially toxic elements (PTEs) in biogas diges-
tate may however also cast doubts on the feasibility of its usage
as fertilizer replacements [20,69]. Non-utilization of biogas diges-
tate as a result of the presence of PTEs or need for further upgrad-
ing will also further reduce the overall NEG and EROEI deliverable
to the society. Despite concerns related to upgrading of biogas, in
developing countries where gas and electricity infrastructures are
far less developed, private and/or public investments into the
establishment of clusters of centralized digesters and/or detached
farm scale digesters will help facilitate local and regional biogas
production for powering new gas infrastructures and combined
heat and power (CHP) plants [70,71]. Even though the use of larger
tractors (>50 HP tractors) facilitates intensive mechanization and
greater farm work efficiency [72,73]; the use of more energy effi-
cient lower tractor implementation (10–20 HP tractors especially),
as well as human and animal labour (as farm power) can still play a
role in improving the energy efficiency of biofuel production sys-
tems, especially in the developing context [16,67]. It can provide
new clean energy jobs, prevent loss of farm jobs, and eliminate
future constraints associated with the use of natural gas [15,71].
It can also provide renewable energy for strengthening the storage
and preservation value chains of food systems, for improving the
energetic performance of newly evolving biofuel and other renew-
able energy systems, as well as for facilitating the modest industri-
alization of rural areas at proximate distances [74,75].
4. Conclusion

Agronomic modifications (i.e. change from one agronomic
option to the other) can play a significant role in improving the
energy efficiency of agro-bioenergy production systems, as well
as their applications for different socio-economic functions. Adopt-
ing or choosing conservative agronomic factors (e.g. farm power-
10–20 HP tractors/human labour/animal labour, tillage-reduced
till/no-till, fertilizer-animal manure/biogas digestate, irrigation-
rain-fed/surface, seed sowing options-native seeds etc.) within
the context of producing biofuels will help enhance their energy
efficiency, hence the need for prioritization for local and regional
production and applications. While technological development
(in terms of ethanol yield per ton of biomass and the calorific
value) may not be significant going forward, agronomic modifica-
tion still gives ample room for optimizing the energy efficiency
of agricultural based bioenergy production systems from an LCA
point of view. Careful consideration of relevant local and regional
agronomic factors (e.g. farm power, tillage, fertilizers, irrigation,
seed sowing options etc.) should be accorded more attention in
subsequent energy efficiency analysis, sustainability assessments
and sustainability certification schemes for agro-bioenergy pro-
duction systems. This will ensure the accuracy of energy efficiency
indicator (NEG and EROEI) values obtained locally and regionally
and also better inform relevant local and regional stakeholders
and policy makers. Furthermore, accurate elicitation of the effects
of often overlooked agronomic factors on the energy efficiency of
agro-bioenergy production systems rests upon the availability
and accuracy of data. Data collection platforms for supply of cred-
ible information will still be needed for facilitation of better life
cycle inventories, and by extension more accurate energy effi-
ciency assessments. Data regarding other agronomic factors not
assessed by study, but whose effects may be important for the
energy efficiency of agro-bioenergy production systems also ought
to be considered. This will facilitate more accuracy within life cycle
assessments conducted for the estimation of energy efficiency
indicators of agro-bioenergy production systems. Other agronomic
factors yet to be assessed by this study include alternative pesti-
cide options (synthetic VS. organic VS. biological control), different
cropping systems (crop rotation VS. mixed cropping VS. mono-
cropping VS. mixed farming VS. shifting cultivation/Bush fallow-
ing) etc.
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