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Agriculture is expected to contribute in substituting of fossil fuels in the future. This
constitutes a paradox as agriculture depends heavily on fossil energy for providing fuel,
fodder, nutrients, and machinery. The aim of this paper is to investigate whether organic
agriculture is capable of providing both food and surplus energy to the society as evalu-
ated from a model study. We evaluated bioenergy technologies in a Danish dairy-farming
context in four different scenarios: (1) vegetable oil based on oilseed rape, (2) biogas
based on cattle manure and grass-clover lays, (3) bioethanol from rye grain and whey,
and (4) a combination of (1) and (2). When assessing the energetic net-contribution
to society from bioenergy systems, two types of problems arise: how to aggregate
non-equivalent types of energy services and how to account for non-equivalent types of
inputs and coproducts from the farming? To avoid the first type, the net output of liquid
fuels, electricity, useful heat, and food were calculated separately. Furthermore, to avoid
the second type, all scenarios were designed to provide self-sufficiency with fodder
and fertilizer and to utilize coproducts within the system. This approach resulted in a
transparent assessment of the net-contribution to society, which is easy to interpret. We
conclude that if 20% of land is used for energy crops, farm-gate energy self-sufficiency
can be achieved at the cost of 17% reduction in amount of food produced. These results
demonstrate the strong limitations for (organic) agriculture in providing both food and
surplus energy.

Keywords: dairy farms, self-sufficiency, net-energy, vegetable oil, biogas, bioethanol, organic farming

INTRODUCTION

Agricultural production depends on fossil energy for providing fuels, fertilizer, pesticides, fodder,
and machinery (Ostergard et al., 2010; Pelletier et al., 2011). Consequently, food production is
vulnerable to fluctuating and rising oil prices (Neff et al., 2011). At the same time, agriculture is
expected to contribute in substitution of depleting fossil energy sources for the society (Farrell et al.,
2006; EU, 2009; Cherubini, 2010). This constitutes a paradox. In addition, the production of biofuels
from energy crops will require replacing land for food with land for energy. For instance, it has
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been shown that even drastic land use changes may only provide
7-20% of total Danish energy supply in economically feasible
scenarios (Callesen et al., 2010).

The limitations of biofuels as an energy source for the con-
temporary industrial economy may be considered in the light of
history. Before the era of fossil fuels, agriculture was together with
forestry the main source of net-energy in the society by providing
food for human labor, fodder for draft animals, and biomass for
heating (Odum, 2007; Hall etal., 2009). During the nineteenth and
twentieth centuries, coal, oil, and natural gas took over as society’s
main source of net-energy and agriculture was industrialized in
the way that farms were supplied with oil- and industrial-based
inputs. Farmers no longer needed to produce fodder for draft
animals because they could import oil to power their machinery.
On-farm production of organic fertilizers was substituted by
import of commercial fertilizers produced by the use of fossil
energy, and manual or mechanical weeding was substituted by
applying fossil fuel-based pesticides (Hall et al., 1986; Conforti
and Giampietro, 1997). Altogether, the productivity per hectare
was boosted with the consequence that food supply systems now
uses 4-10 times more fossil energy than the food energy they
produce (Heller and Keoleian, 2003; Markussen and QOstergard,
2013), i.e., agriculture became a net-energy sink. If agriculture
should play a significant role in the future energy system, then
the first milestone to be achieved would be to become net-energy
neutral, e.g., self-sufficient with fuels.

Organic agriculture has taken the first step in reducing the
dependency of fossil energy by using neither fossil-based fertilizer
nor pesticides (IFOAM, 2014). However, although the omission of
pesticides and mineral fertilizers reduces the external energy use
for organic agriculture, organic production still depends on fossil
fuels for both fuel and electricity (Dalgaard et al., 2001; Halberg
etal., 2008). The next step in making agriculture into a net-energy
provider is to implement strategies that increase farm energy out-
put. In this respect, it is important to pay attention to the various
non-equivalent energy carriers, which are needed in agriculture
(i.e., liquid fuels, electricity, and heat) and in which way they can
be provided by biomass. Scenarios for energy production have
been investigated for different organic farming systems (Halberg
et al., 2008; Karpenstein-Machan, 2001; Fredriksson et al., 2006;
Ostergard and Markussen, 2011; Oleskowicz-Popiel et al., 2012).
When comparing such scenarios, two types of problems typically
arise: (1) How to aggregate non-equivalent energy data, i.e., joules
of energy of different quality providing different services like
electricity, liquid fuel, and heat (Giampietro, 2006)? This problem
is often either neglected by simply balancing inputs and outputs
in joules disregarding their lack of substitutability (Fredriksson
et al., 2006; Pugesgaard et al., 2013) or solved by converting to
monetary units (Karpenstein-Machan, 2001) or by applying
assumptions regarding how much fossil fuel is replaced in the
surrounding society (Halberg et al., 2008). (2) How to compare
scenarios with different types and amounts of inputs and/or
outputs? In a system perspective, changing one component of
the system implies that many other components are affected.
This problem has often been addressed by system expansion
(Halberg et al., 2008) or allocation based on heating value or
economical values of output (Fredriksson et al., 2006). Common

to most approaches to the two types of problems is that they
summarize the net-energy balance of the specific system in one
number and thus facilitate direct comparison between different
systems. However, they also result in a severe loss of information
regarding the qualitative nature of the output, which may make
results problematic to explain and interpret (Giampietro, 2004;
Giampietro et al., 2006).

The aim of this work is to assess the possibilities of contempo-
rary dairy farms to become net-energy providers at the same time
as producing food. Based on a Danish organic dairy farm model
system for a specific land area, four scenarios for bioenergy pro-
duction are analyzed. The four scenarios are designed to address
the two types of problems outlined above. The first problem is
approached by balancing energy consumption and production
of liquid fuels, electricity, and useful heat separately. The second
problem is approached by designing all scenarios such that
the farms are self-sufficient with fertilizers and fodder, and all
coproducts from the farms are used within the farming system as
fodder or fertilizer. In this way, the consumption and production
of the three energy products and food can be compared among
the scenarios.

Technologies for Producing Bioenergy in

Organic Agriculture

The bioenergy technologies of interest for our scenarios are
the production of vegetable oil from oilseed rape, biogas from
manure, and grass-clover and bioethanol from grain and whey.
Their specific characteristics in relation to our design of scenarios
are described below.

Producing vegetable oil from oilseed rape to be used in
modified diesel engines is a simple and inexpensive process
(Karpenstein-Machan, 2001), which is practically independent
of scale in terms of effectiveness. A trade-off of this technology is
that oilseed rape, especially in organic agriculture under Danish
growing conditions, is considered a problematic crop due to high
fertilizer needs and to high risk of pests. The latter risk increases
with increasing density, and therefore no more than 10% land
should be used for oilseed rape (Halberg et al., 2008). The residual
oilcakes can be used as fodder on the farm making it useful for
dairy farms.

Biogas is useful in organic agriculture because at the same
time it produces energy and an effluent that can be applied as
fertilizer (Rehl and Miiller, 2011; Johansen et al., 2013). Grass-
clover has been suggested as feedstock for biogas in organic
agriculture (Stinner et al., 2008; Pugesgaard et al., 2013) as clover
is a nitrogen-fixing plant that contributes with extra nitrogen to
the other crops in the rotation. During the anaerobic digestion
process, part of the organic N in the feedstock is mineralized
implying that the ammonia content of the digestate is higher than
in the feedstock (Halberg et al., 2008). Therefore, using digested
plant biomass and manure as a fertilizer may increase the yields
of crops as compared to using undigested biomass (Stinner et al.,
2008; Pugesgaard et al., 2013). The methane in the biogas can be
converted to electricity or used as motor fuel. In practice, however,
biogas may not be a preferable motor fuel on the farm because
the biogas is produced throughout the year, and the motor fuel
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is needed in seasonal peaks for crop management. If the biogas
is stored as a gas, it takes up enormous space, and if it is stored
as compressed gas, it takes large investment in pressure-proofed
storage (Fredriksson et al., 2006). The biogas could be utilized
continuously in a combined heat and power facility (CHP),
producing hot water and electricity to the grid (Karpenstein-
Machan, 2001). However, depending on the specific location of
the biogas plant, it may be difficult to utilize the potential useful
heat. Another possibility is to upgrade the biogas and distribute it
via the natural gas grid or use it as fuel in the transportation sector
(Ahlgren et al., 2010).

Bioethanol has the advantage of being a liquid fuel that to
some extend can be handled in the existing infrastructure and
supplement gasoline as a fuel for some combustion engines.
However, it has limited use in agriculture since most existing
machinery and trucks run on diesel, which cannot easily be
substituted by ethanol. Another disadvantage is that distilling of
bioethanol is energy intensive and should preferably be done in
large-scale facilities capable of reusing thermal energy and utiliz-
ing waste heat (Gan and Smith, 2011). Starch-based feedstock
for bioethanol production is often wheat or maize, but at a dairy
farm, returned whey combined with a cereal, e.g., rye, may be
used for energy production (Kadar et al.,, 2011). The residuals
from the bioethanol process dried distillers grains with solubles
(DDGS) can be used at the farm as fodder.

MATERIALS AND METHODS

In this study, we model farm-level production and consumption
of energy and analyze a reference scenario and four bioenergy
scenarios (vegetable oil, biogas, bioethanol, and combined veg-
etable oil and biogas) which aim at increasing energy output. The
farm model accounts for flows of energy and material based on
published data for input and output parameters. The model con-
sists of a farm community of 10 identical dairy farms of 100 ha
each (specified below) representing full time organic dairy farms
on loamy soil in accordance to Pugesgaard et al. (2013). However,
to isolate the net-energetic contributions of these farms, the
otherwise representative farms are modified to have no import
of fodder and fertilizer (Figure 1), and the number of animals is
adjusted accordingly to match on-farm fodder production.

In the reference scenario, the only output is cheese and
animals for slaughtering. Whey resulting from the cheese pro-
duction is returned to the farms for fodder or as feedstock in
the bioethanol scenario. In the bioenergy scenarios, either 10
or 20% of land is allocated to bioenergy feedstock production
(Figure 2) to consider a range, which is within reach (Pugesgaard
et al., 2013). It is assumed that the average distance from each
farm to the shared dairy and biogas facility is 5 km. The assump-
tion is arbitrary but is considered as a best case based on the
structure of Danish organic agriculture. The main components
of the model are production and consumption of liquid fuels,
electricity, heat, fodder, and food from a self-sufficient farming
system on a specific land area. Each of these energy services
is balanced separately to emphasize the lack of substitutability
between them. They are all accounted in joules to be able to
compare the numbers:

(1) Liquid fuel (i.e., diesel, vegetable oil, and bioethanol). Diesel
is used for crop cultivation and for transportation of differ-
ent substances specified in each scenario.

(2) Electricity. Electricity is used for powering the livestock
houses and the bioenergy facilities.

(3) Useful heat. The only consumption of heat takes place at
the biogas plant itself as the livestock houses are unheated
and potential energy requirements for drying cereals not are
considered. Housing for the people at the farm is outside the
system boundary.

(4) Fodder. Fodder is modeled in Scandinavian Fodder Unit
(SFU) which is defined as “12 MJ of metabolizable energy or
the equivalent to the fodder value in 1 kg barley” (Dalgaard
et al., 2001). In all scenarios, production and consumption
is balanced such that all fodders are used on the farm. This
implies that the number of cows and amount of produced
milk are adjusted in each scenario according to the amount
of produced fodder. The comparison between the scenarios
is still possible as it is self-sufficient agricultural systems
covering a specific land area and with different energy
production which are compared

(5) Food. Food is accounted in food energy from a human
nutritional perspective. Production and consumption is
balanced based on UN’s recommendation for a healthy
life, which is a daily intake of minimum 8.8 MJ (2100 kcal)
(United Nations, 2014).

Notably, indirect energy requirements to provide inputs and
capital investments are omitted in the analysis. In addition,
energy costs in the dairy process are not accounted for as the
system boundaries are at the farm gate including the shared
biogas facility.

The scenarios have different N-dynamics. This dynamic is not
considered in our model since nutrients are not a limiting factor
due to the availability of animal manure and a large grass-clover
area for fodder (see the nutrient balance in Pugesgaard et al.,
2013). Using digested plant biomass and manure as a fertilizer
may increase the yields of crops as compared to undigested bio-
mass (Stinner et al., 2008; Pugesgaard et al., 2013). In this study,
we assume that crop yields are the same independently of whether
the manure is treated or not.

Finally, for consistency best-case assumptions, i.e., assump-
tions that are favorable for increasing production and reducing
consumptions have been chosen whenever possible.

The Reference Scenario

In this section, the farm model for the reference scenario
(Figure 1) is described in terms of data sources and assumptions
and consumption and production of energy and materials.

Crops

Data for full-time organic dairy farms on loamy soil have been
chosen for the analysis in accordance to Pugesgaard et al. (2013).
The mix of crops grown (Table 1) corresponds to the average
mix for Danish organic dairy farms in 2006 on non-irrigated
loamy soil based on data from the Danish annual farm account
statistics (StatBankDanmark, 2007). This gives 10-30% better
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FIGURE 1 | Material and energy flows in the reference scenario. The system consists of 10 identical farms and a shared dairy. Based on the natural resources
and input from the society, each farm produces fodder for the livestock. The cows produce manure, animals for slaughter and milk for the dairy. The dairy then
produces cheese and whey that are fed back to the cows as fodder. The manure is used as fertilizers on the fields. The dairy is included as a black box because
energy and labor use in this process is not accounted for, neither is indirect energy use for the production of machinery and buildings. For further explanation, see
text (see The Reference Scenario).

yield than the more representative sandy soil type in Denmark,
but it has been chosen as a best-case assumption. The total fodder
production from grazed areas makes up 20% of the total fodder
production measured in SFU, which corresponds to the amount
of time that the livestock is spending grazing per year according
to Danish regulation (specified below). Remaining grass-clover
ley is cut four times per year. Yields in SFU and dry matter (DM)
are given in Table 2. All crops are used as fodder, and all straws
are used for livestock management.

Livestock

The livestock diet consists of 78% whole crop (grass-clover, maize,
barley, and peas), 16% cereals and peas, and 6% whey from the
cheese production with a fodder value of 15 kg whey per SFU
(Moller et al., 2005). No specific calculations have been done on
the protein intake of the livestock. The milk production per cow
per year is 7969 kg milk corresponding to an average organic
dairy farm cow (StatBankDanmark, 2007). The consumption
of fodder is calculated according to Olesen et al. (2006). It is
assumed that each milk-producing cow has one offspring per
year. The production of meat is estimated to 195 kg of meat per
year per milk-producing cow (StatBankDanmark, 2007).

Milk is transported in average 5 km to the shared dairy where
it is converted to cheese and the whey is transported back to
the farms and utilized as fodder for the livestock. The number
of milk-producing cows is calculated as the maximum herd size
possible based on the fodder produced on the farms including
the whey from the cheese production. The results of combination
of data and the assumptions above are found in Tables 3 and 4.

Manure
The production of manure is estimated according to the Danish
standards that take into account the yield of milk and the

consumption of fodder (Poulsen, 2008). Based on this, each
lactating cow produces 19.7 ton/year of manure, and each calf
of 0-6 months produces 1.9 ton/year and young animals and of
6-28 months produces 6.5 ton/year. A fraction of the manure cor-
responding to the time the cows spend outside is assumed to be
excreted at the grazing fields and is not available for collection. It
is assumed that lactating cows are grazing 8 h/day half of the year,
meaning that 17% of year they are outside. Calves of 0-6 months
are outside 25%, and calves of 6-28 months are outside 45% of
the year (according to Danish regulation of organic dairy cows).
All manures collected in the livestock house are spread on the
fields as a fertilizer. The results of combination of data and the
assumptions above are found in Table 3.

Energy Consumption and Production

Energy input from society is calculated in terms of electricity,
diesel, and labor. Electricity use is 6.6 GJ/year per milk-producing
unit (one cow + one heifer) (Refsgaard et al., 1998). The diesel use
for crop production (Table 2) is calculated based on the Danish
Agricultural Advisory Service (2008), which prescribes the fields
operation needed for each crop, and Dalgaard et al. (2001), which
estimate the diesel use for the field operations per hectare or
per ton of harvested biomass. Diesel use for mowing of whole
crop peas, once per year, and grass-clover, four times per year,
is based on 5 I/ha. Chopping and handling is calculated based
on the weight of the whole crop, where the weight is calculated
according to the DM content of ensilaged crops (Moller et al.,
2005). Manure collected in the livestock house is assumed to be
spread equally on all fields with 14.3 ton/ha. For this, 0.3 | diesel
is used per ton of manure. Diesel use for transporting milk to the
dairy and whey back to the farm is included with the value of
1 MJ/tkm as a transport of liquids in truck exclusive empty return
(Berglund and Borjesson, 2006).
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FIGURE 2 | Material and energy flows in bioenergy scenarios. Scenario 1: 10% land used for oilseed rape, which is used to produce oil to substitute imported
diesel and oilcake used for fodder. Scenario 2: 10% land used to produce grass-clover that is fed to the biogas facility together with manure from the cows. The
biogas is used on location to produce heat and power, which is used in the system and the surplus is exported to society. Scenario 3: 10% land used to produce
rye for ethanol production together with whey at a central bioethanol plant. The ethanol is exported to surrounding economy. Residues from ethanol production
(DDGS) are fed back to the livestock. Scenario 4: 10% land used for oilseed rape and 10% used for grass-clover combining Scenarios 1 and 2. For further
explanation, see text (see Crops).

TABLE 1 | Mix of crops in percentage of total area in each scenario.

Crops Reference Scenario 1 (Vege. oil)® Scenario 2 (Biogas)® Scenario 3 (Bioetha.)® Scenario 4 (Vege. oil
scenario? and biogas)®

Spring barley 5.3 4.8 4.8 4.8 4.2
Winter wheat 4.6 4.1 4.1 41 3.7
Spring wheat 2.2 2.0 2.0 2.0 1.8
Winter rye 0.9 0.8 0.8 0.8 0.7
Winter triticale 2.7 2.4 2.4 2.4 2.2
Oats 5.4 4.9 4.9 4.9 4.3
Peas 0.4 0.4 0.4 0.4 0.3
Peas — whole crop 2.9 2.6 2.6 2.6 2.3
Maize — whole crop 5.4 4.9 4.9 4.9 4.3
Barley — whole crop 10.5 9.5 9.5 9.5 8.4
Grass-clover 271 24.4 24.4 24.4 21.7
Grass-clover, 70% grazed 20.0 18.0 18.0 18.0 16.0
Permanent grass 12.6 11.3 1.3 1.3 10.1
Oilseed rape (energy crop) 0 10.0 0 0 10.0
Grass-clover (energy crop) 0 0 10.0 0 10.0
Winter rye (energy crop) 0 0 0 10.0 0

aThe average mix of crop for Danish organic dairy farms on loamy soil according to StatBankDanmark (2007).
bThe bioenergy scenarios have 10 (1-3) or 20% (4) energy crops but maintain the same relative mix of fodder crops.

The input of labor is accounted for as the amount of food Output to society is calculated in terms of food energy.
energy needed to feed the labor force. It is assumed that each ~ Cheese is evaluated as the food energy in milk minus the food
farm employs two workers full time. energy in whey (Moller et al., 2005). Food energy value of meat
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is estimated based on the 1050 kcal/kg of live weight cows
(Syrstad, 1993).

Bioenergy Scenarios

In four alternative scenarios, different strategies aiming at increas-
ing energy production by means of vegetable oil, biogas, and
bioethanol are explored. Flows of materials and energy for the four
scenarios are illustrated in Figure 2. In Scenarios 1-3, 10% of the
arable land is used for producing energy crops, and in Scenario 4,
20% is used for energy crops (Table 1). On the remaining land, the
relative mix of fodder crops is the same as in the reference scenario.
The milk and manure productions per cow are also kept constant,
but the number of cows is reduced according to the reduced fod-
der production (Table 3). Energy use in cultivation and livestock
management and food output is calculated in the same way as in
the reference scenario except that it is adjusted according to the
new mix of crops (Table 1) and number of animals (Table 3).

Scenario 1 - Vegetable Oil
Each farm uses 10% land to produce oilseed rape. The seeds are
used in a farm scale cold press system that produces vegetable

TABLE 2 | Yield and diesel use per hectare per year for crops included in
study.

Crops Yields, DM Yield Diesel use SFU/I
(ton/ha)? (1000 SFU/ha)? (I/ha)® diesel
Spring barley 3.26 3.61 83 44
Winter wheat 4.25 514 86 60
Spring wheat 3.29 3.99 81 49
Winter rye 4.76 5.57 90 62
Winter triticale 5.13 6.10 92 67
Oats 4.36 3.97 86 46
Peas 2.36 3.03 79 39
Peas — whole crop® 4.60 4.00 69 58
Maize — whole crop°® 9.60 8.00 115 70
Barley — whole crop°® 6.50 5.00 79 63
Grass-clover 8.76 7.30 83 88
Grass-clover, 70% 7.15 6.50 26 253
grazed
Permanent grass 2.40 2.00 5 409
Qilseed rape 1.87 3.73 63 59

2Adapted from Kadar et al. (2011).
bSee text (Energy Consumption and Production) for elaboration.
“Yields based on crop with undersown grass-clover.

oil to substitute diesel as well as oilcakes, which are used as
fodder (Figure 2). Average yield of the oilseed rape is 2200 kg/
ha for oilseed rape (85% DM) on fertile loamy soil (Danish
Agricultural Advisory Service, 2008). Oil yield is 33% of oilseed
yield, and lower heating value is 37 MJ/kg corresponding to
34 MJ/1. The vegetable oil is assumed to substitute diesel on a
1:1 J basis (Halberg et al., 2008). Fodder value of oilcakes is
1.1 SFU/kg (Moller et al., 2005). Electricity for the oil press
is included as 1.1 kWh/30 kg seeds (Jorgensen and Dalgaard,
2004). The straw is used for other purposes at the farms, and it
is assumed that no extra labor is needed at the farms to produce
the vegetable oil.

Scenario 2 - Biogas

The 10 farms share a biogas facility to take reduced costs. The
average distance between biogas facility and each farm is 5 km.
The biogas reactor is fed with mixture of manure and grass-clover
from 10% of land. The biogas is used to generate electricity and
useful heat on location. Part of it is used in the system, and the
surplus is exported to the society. The biogas effluent is spread on
the fields as fertilizer (Figure 2). Transport of manure from the
10 farms and transport of the biogas effluent back to the farms
require 1 MJ/tkm (Berglund and Borjesson, 2006), and the weight
of the digested feedstock is assumed to be equal to the weight of
manure and grass-clover, respectively. Transport of grass-clover
is accounted for as 0.7 MJ/ton km (Berglund and Borjesson,
2006). The biogas yield from manure and grass-clover is 6.2 and
10.6 GJ per dry ton, respectively (Berglund and Borjesson, 2006).
The use of electricity and heat is 26 and 190 MJ, respectively, per
ton manure feedstock and 92 and 540 M]J, respectively, per ton
grass-clover feedstock (Borjesson and Berglund, 2006). The CHP
unit is assumed to convert the raw biogas to electricity and heat
with an efficiency of 32 and 55%, respectively (Jungbluth et al.,
2007). It is assumed that one person full time is employed at the
shared biogas facility.

Scenario 3 - Bioethanol

The 10 farms use rye grains from 10% land and whey from the
dairy to produce bioethanol at a regional bioethanol production
plant outside the system. The residue from the distilling pro-
cess, DDGS, is fed back to the livestock as a fodder (Figure 2).
Energy use at the bioethanol production plant is not accounted
for as it is outside the system boundary. The bioethanol yield
is calculated based on the starch content in rye grains, 64% of

TABLE 3 | Inputs to livestock production for the entire system of 1000 ha.

Scenario Fodder crops Whey for fodder Fodder residues Milk-producing Electricity
(1000 SFU) (1000 SFU) (1000 SFU) cows use (TJ)

Reference 5560 359 0 730 4.82

1 (Vege. oil) 5004 334 1632 680 4.49

2 (Biogas) 5004 324 0 660 4.36

3 (Bioetha.) 5004 o° 237° 650 4.29

4 (Vege. oil and biogas) 4448 300 1632 610 4.03

2Qil cakes.

bThe whey is used for ethanol fermentation together with rye.

*DDGS.
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TABLE 4 | Products (other than fodder crops) that stay within each farm
[in brackets] and products that are transported 5 km to or from shared
facilities in each scenario.

Scenario Bioenergy Manure Bioenergy Milk  Whey
crop? collected residue®

Reference 0 [14.30] 0 5.82 5.2
1 (Vege. oil) [0.22] [13.32] [0.15] 5.42 4.9
2 (Biogas) 2.50 12.93 15.43 5.26 4.7
3 (Bioetha.) 0.56 [12.73] 0.19 5.18 0°

4 (Vege. oil and [0.22] and 11.95 [0.15] and 4.86 4.4
biogas) 2.50 14.45

Numbers in 1000 ton/year for the entire system of 1000 ha.

aNo feedstock, oilseed rape, grass-clover, rye, and combined oilseed rape and grass-
clover, respectively.

°No residue, oil cakes, biogas effluent, DDGS, and biogas effluent and oil cakes,
respectively.

°The whey is used for ethanol fermentation together with rye.

TABLE 5 | Annual diesel use for farming and transportation for the entire
system of 1000 ha for each scenario.

Scenario Diesel use in Diesel use for Transport as pct.
farming (TJ) transport (TJ) of total (%)

Reference 2.31 0.06 2.3

1 (Vege. oil) 2.30 0.05 2.2

2 (Biogas) 2.40 0.20 7.7

3 (Bioetha.) 2.39 0.05 2.1

4 (Vege. oil and 2.39 0.19 7.3
biogas)

DM, and the lactose content in whey, 77.5% of DM (Moller et al.,
2005). Based on the stoichiometric mass balance, ethanol yield
is assumed to be 0.51 g/g starch and 0.54 g/g lactose. All starch
and lactose are assumed to be converted to ethanol. The fodder
value of the DDGS is 34% of rye grain fodder value (Bentsen
et al,, 2007) plus the fodder value of whey protein (Moller et al.,
2005). Transport of grains from the farms to a collection point
5 km away and transport of DDGS from that point and back to
the farms require 0.7 MJ/t km (Berglund and Borjesson, 2006).
The weight of DDGS is assumed to be 34% of rye grains. No extra
labor is assumed.

Scenario 4 - Vegetable Oil and Biogas

The 10 farms share a biogas facility that is fed with grass-clover
from 10% of the fields (similar to Scenario 2), and each farm uses
another 10% of land to produce oilseed rape that is used in a
low-tech farm scale oilseed press (similar to Scenario 1).

RESULTS AND DISCUSSION

The aim of this study is to investigate the limitations and poten-
tials for agriculture in providing both food and energy and the
trade-off between growing fodder or energy crops. In four alter-
native scenarios, different strategies aiming at increasing energy
production by means of vegetable oil, biogas, and bioethanol are
modeled. The scenarios are described in Section “Materials and
Methods” and illustrated in Figure 2. The modeling is based on a

TABLE 6 | Inputs and outputs from the vegetable oil production process
for the entire system of 1000 ha.

Scenarios 1 and 4 (Unit/year) Unit
Inputs
Rape seed (85% DM) 220 ton
Electricity? 0.08 T
Outputs
Oil* 2.71 TJ
Oil cakes? 163 1000 SFU

aSee text (Scenario 1 - Vegetable Oil).

number of critical assumptions as outlined in Section “Materials
and Methods” However, because conservative estimates and
best-case assumptions have been used regarding, e.g., yields,
transport distances, and conversion efficiencies, the resulting
energy balances are expected to demonstrate what may be pos-
sible but in many cases, the requirements could be much more
demanding.

Energy Consumption

Diesel is used for field operations and for transport between
farms and shared facilities. There is a notable difference between
the scenarios in the amount of products that are transported
(Table 4) and in the corresponding use of diesel for transporta-
tion (Table 5). Biogas production has the highest impact as it
involves transportation of large quantities of high water content
feedstock and residues. In Scenario 2, 15,430 ton of biogas feed-
stock is transported to the biogas plant, and the same amount
of biogas residue is transported back (Table 4). This means
that each day throughout the year, more than 40 ton should
be transported each way by tractors and trailers. In Scenario 4,
14,450 ton is transported each way. For this reason, the diesel
use for transportation is significantly higher in these scenarios,
making up 7.7 and 7.3%, respectively, of total diesel use at the
farm. In scenarios without biogas, the diesel use for transporta-
tion of milk and whey (reference scenario and Scenario 1) and
also grain for ethanol production (Scenario 3) is 2.3, 2.2, and
2.1%, respectively, of total diesel use in the farming system
(Table 5).

Electricity is primarily used for livestock production, and the
consumption is proportional to the number of cows (Table 3).
In the bioenergy scenarios, additional 0.03 TJ of electricity is
required for vegetable oil production (Table 6), 0.57 and 0.54 TJ,
respectively, for biogas production in Scenarios 2 and 3 (Table 7)
and nothing for bioethanol production (Table 8). Heat is only
used for the biogas production.

Energy Balance

The inputs and outputs to each of the bioenergy production
processes were summarized in Tables 6-8. These tables quantify
feedstock and residue production in the specific scenarios in
addition to the energy consumption and production. The main
results of this study are the gross energy consumptions and
productions (Figure 3) and the resulting net-energy output of
each of the three energy services and food for each of the five
scenarios (Table 9).
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TABLE 7 | Inputs and outputs from the biogas production process for the
entire system of 1000 ha.

Scenario 2 Scenario 4 Unit
(Unit/year) (Unit/year)
Inputs
Cattle manure (11% DM) 12.93 11.95 1000 ton
Grass-clover (34.4% DM) 2.50 2.50 1000 ton
Electricity use in process? 0.57 0.54 J
Heat used in process® 3.81 3.62 TJ
Intermediate
Raw biogas® 17.87 17.20 TJ
Outputs
Residue (15% DM) 15.43 14.45 1000 ton
Electricity generation® 5.72 5.50 TJ
Useful heat production® 9.83 9.46 J

aSee text (Scenario 2 — Biogas).

TABLE 8 | Inputs and outputs from the bioethanol production process for
the entire system of 1000 ha.

Scenario 3 (Unit/year) Unit
Inputs
Whey (5.8% DM) 4.66 1000 ton
Rye grain (85% DM) 0.56 1000 ton
Outputs
Ethanol (90% water)? 4.42 TJ
DDGS (90% DM) 237 1000 SFU

aSee text (Scenario 3 — Bioethanol).

Liquid Fuel

The production of liquid fuels consists of vegetable oil in
Scenarios 1 and 4 and bioethanol in Scenario 3. Using 10% of
land for oilseed rape as energy, crop produces 2.71 T] of vegetable
oil. If the produced oil replaces purchased diesel, this results in a
net output in Scenarios 1 and 4 of 0.36 and 0.14 T, respectively
(Table 9), corresponding to 15 and 5% of the diesel used within
the system for field operations and transport. This result is in line
with Karpenstein-Machan (2001) who found that using 10% of
land for oilseed rape as an energy crop would be sufficient for
achieving self-sufficiency with liquid fuels for German dairy
farms. In a Danish context, 10% of land for oilseed rape could
produce 50-60% of the diesel required at a cash-crop farm
(Halberg et al., 2008). In our dairy farm model, we have lower
diesel consumption due to the high share of permanent grass and
grazed areas, which demand less consumption of diesel in their
production (Table 2).

A Swedish study of motor fuel self-sufficiency in a cash-crop
farm concluded that allocating 9.3, 5.9, and 3.8% of farm land to
oilseed rape for biodiesel, winter wheat for ethanol, and ley for
biogas, respectively, would be sufficient to meet the on-farm fuel
demand (Fredriksson et al., 2006). The energetic values of our
results are essentially in agreement with these results. However, in
our study, we do not consider the possibility of using biogas as a
motor fuel or using ethanol to substitute diesel or to be produced
on small scale suitable for a farm community (see Technologies
for Producing Bioenergy in Organic Agriculture).

Reference M Production Reference ® Production
Consumption Consumption
| (— ,
Vege.oil Vege.oil
Biogas Biogas [M—
Bioetha. Bioetha.
Vege.oil and biogas Vege.oil and biogas —
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Liquid fuels [TJ] Electricity [TJ]
Reference Reference
Vege.oil Vege.oil
Biogas [ME—— Biogas
Bioetha. Bioetha.
Vege.oil and biogas — Vege.oil and biogas
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Heat [TJ] Food energy [TJ]
FIGURE 3 | Annual production and consumption of liquid fuels, electricity, heat, and food energy for the entire system of 1000 ha in each scenario.
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TABLE 9 | Annual net output of liquid fuels, electricity, heat, and food
energy for the entire system of 1000 ha in each scenario.

Scenarios Energy crop Liquid Electricity Heat Food
(crop area) fuels (TJ) (TJ) (TJ) energy (TJ)

Reference - -2.37 -4.82 0 12.86

1 (Vege. ail)  Oilseed rape 0.36 -4.52 0 11.98
(10%)

2 (Biogas) Grass-clover —2.60 0.79 6.02 11.62
(10%)

3 (Bioetha.)  Winter rye (10%) (1.98) -4.29 0 11.44

4 (Vege. oll 142 (20%) 0.14 0.91 5.84 10.73

and biogas)

aThe ethanol is produced outside the system boundaries and not used locally on the
farms.

In Scenario 3, bioethanol is produced in a regional ethanol
plant based on whey and rye grains from 10% of the land. The
ethanol produced is equivalent to 4.42 TJ, resulting in a net out-
put of liquid fuels of 1.98 TJ (Table 9). This is the highest gross
production of liquid fuel (Figure 3), but it also implies additional
reduction in food production (discussed below). When compar-
ing Scenario 3 to the other scenarios, it is important to take into
account that energy use for ethanol production is not included.
The production is at a regional ethanol plant outside the system
boundaries so it depends on the existence of such a plant. Data
from literature for ethanol production from grains indicate that
the production of 1 MJ ethanol requires 0.27 MJ steam or 0.36 MJ
of natural gas and 0.027 MJ of electricity (Bentsen et al., 2007).
For Scenario 3, this would imply an additional consumption of
0.12 TJ of electricity and 1.60 T] of natural gas. Besides, more
energy would be needed to transport whey and rye to the regional
plant and DDGS back to the collection point.

Electricity and Useful Heat

Electricity and useful heat are produced only in the two scenarios
with biogas production (Scenarios 2 and 4; Figure 3). Producing
biogas from manure and grass-clover from 10% of the area gives
a net electricity output of 0.79 or 0.91 TJ in Scenarios 2 and 4,
respectively (Table 9). This corresponds to 16 and 20%, respec-
tively, of the electricity used in the systems to power the livestock
house and to operate the biogas facility.

Energy Self-Sufficiency

In this study, the imperative of energy self-sufficiency has been
applied as a way to model the potential energetic contribution
from agriculture. The aim was to produce quantitative results,
which are straightforward to interpret by avoiding allocation and
systems expansion and quantitative normalization of qualitative
differences.

The results show that using 10% of land for oilseed rape
production (Scenariol) can make the system more than
self-sufficient with liquid fuel and using 10% land for grass-
clover biogas feedstock (Scenario 2) can make the system more
than self-sufficient with electricity and heat. Only Scenario 4
achieves self-sufficiency with both electricity and fuel, and it
produces a small energy surplus, i.e., 0.14 T] of vegetable oil

and 0.91 TJ of electricity (Table 9). These results are in line
with a study of a German livestock system, which showed that
energy self-sufficiency could be achieved by using 18% land for
energy crops with the combination of vegetable oiland anaerobic
codigestion of energy crops and manure (Karpenstein-Machan,
2001). However, the results are in contrast to the previous Danish
livestock model farming system with biogas production analyz-
ing similar scenarios as in our study (Pugesgaard et al., 2013).
They concluded that manure and grass-clover from 10% of the
area could alone make the farm into a net-energy producer (also
considering consumption of diesel). This discrepancy is mainly
due to that liquid fuel, useful heat, and electricity were added
in their energy balance, and thus that they implicitly assumed
that these energy qualities can substitute each other, which is not
the case. In Scenario 2, we would reach a similar result if the
net-energy balance was calculated as the sum of net production
of liquid fuel, electricity, and heat. In this case, the net-energy
output ends up in a positive balance (4.21 TJ).

In a study of a Danish organic cash-crop system with 20% of
land grown with grass-clover for biogas and 20% of land grown
with oilseed rape for vegetable oil, twice the amount of liquid
fuel needed on the farm was produced as well as a large surplus
of useful heat and electricity (Ostergard and Markussen, 2011).
However, our conclusion that it requires about 20% land to
produce a net-energy output differs significantly from a study of
a Danish cash-crop system which was shown to be a “net-energy
producer” by using alone 10% grass-clover as energy crop for
biogas (Halberg et al., 2008). In that study, the energy balance was
calculated based on how much fossil fuel the produced electricity
and useful heat could replace in the economy. Such an approach
implicitly answers the question: how much fossil fuel can be
replaced in the economy if one farm changes its cropping system?
It thus assumes that everything outside the system of interest
stays the same, e.g., that the demand for energy in the economy
is constant and that it will be met. Consequently, that approach
is suitable for short-term outlooks of incremental changes. If, as
in our case, the aim is to assess the possibilities of agriculture to
provide both food and energy in a future where supply of fossil
fuel is limited, then the assumption that everything else stays the
same is less useful; there may not be any fossil fuel consumption
to replace.

The energy self-sufficiency that is obtained in Scenario 4
should be seen in perspective of the energy requirements that was
not included in the model, namely energy required upstream for
producing and maintaining machinery and buildings and energy
required downstream for processing the food and distributing
it to consumers. Energy use for the construction of machinery
and buildings is particularly relevant for the biogas plant, which
requires a significant investment of energy. Furthermore, other
studies show that energy consumption at the farm only consti-
tutes from 20 to 30% of the total energy requirement in the food
system (Heller and Keoleian, 2003).

Food Production

The primary product of a farming system is food (Figure 3),
which is directly correlated to the fodder production. The pro-
duction of fodder from crops, whey, and bioenergy residues and
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the resulting number of milk-producing cows in each scenario
are summarized in Table 3. In Scenario 1, the fodder production
is only 7% smaller than in the reference scenario even though the
area for fodder crops is reduced by 10%. This is due to the fodder
value of the oil cake residue, which corresponds to 1630 SFU/ha
oilseed rape used for bioenergy. In Scenario 2, there are no fod-
der residues, and, therefore, exactly 10% less fodder is produced
when compared to the reference scenario. In Scenario 3, the
fodder production is 11.5% lower than in the reference scenario.
This is because rye and whey are used for ethanol production
instead of fodder, and the lactose in the whey is consumed during
the fermentation. Finally in Scenario 4, the fodder production is
reduced by 17% (i.e., the combination of Scenarios 1 and 2) when
compared to the reference scenario.

The net output of food for each scenario (gross food produc-
tion minus food consumed by workers) is shown in Table 9. In
Scenarios 2 and 4 with biogas, there are 21 workers employed
compared to 20 workers in the other scenarios. Each of these
workers is assumed to need 8.8 MJ of food energy per day (United
Nations, 2014). The food output thus corresponds to that each
person within the system produces food to support 201, 187, 173,
178, and 159 persons for the five scenarios, respectively.

Another study of a 100% self-sufficient and manually man-
aged mini farm of 372 m? (4000 ft*) that grows grain crops, root
crops, and vegetables and produces eggs showed that each farmer
could support up to five additional people with a complete diet
(Schramski et al., 2011). Compared to this, Scenario 4 is impres-
sively 30 times more productive per labor input, but also needs
40 times more land per person supported (2994 versus 74 m?). In
addition, our system needs input of machinery and other indus-
trial inputs, which are not needed in the manually managed farm.

CONCLUSION

The methodological approach of assessing bioenergy technolo-
gies in the context of a farming system that is self-sufficient with
fodder and fertilizers and that utilizes all coproducts within the
system is useful for providing a clear picture of limitations and
possibilities of agriculture as energy provider. The approach
circumvents the problem of comparing scenarios with different
types of inputs and outputs. In this way, the agricultural system is
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