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Abstract: This study conducts a review bringing together data from a large number of studies in-
vestigating energy use in EU livestock systems. Such a study has not been conducted previously,
and improvements in our understanding of energy use concentrations in livestock systems will aid
in developing interventions to achieve the EU’s 2030 and 2050 sustainability targets. The results
from the Life Cycle Assessments included in this review indicate that energy use is concentrated in
feed, housing, and manure management. In most systems, animal feed is the dominant energy use
category. Regarding specific livestock categories, the studies covered indicate that energy use require-
ments range from 2.1 to 5.3 MJ/kg per ECM for cow milk, 59.2 M]/kg for a suckler cow-calf, and
43.73 MJ / kg for a dairy bull, 15.9 MJ /kg to 22.7 M] /kg for pork production, 9.6 M] /kg to 19.1 MJ /kg
for broiler production, 20.5-23.5 MJ / kg for chicken egg production. Our review indicates dominance
of and dependence on fossil fuel and discusses the situation and research around transitioning to-
wards renewable energy sources and improving energy efficiency. Our analysis indicates that existing
energy use data in livestock systems are fragmented and characterized by multiple methodologies
and considerable data gaps. In our view, there is a need for the development of a standardized
methodology for measuring energy use in livestock systems, which we consider a necessary step
to develop interventions that reduce fossil energy use in livestock systems and its contribution to
climatic change.

Keywords: livestock housing; energy-use in livestock systems; fossil-energy-free technologies
and strategies

1. Introduction

The EU livestock sector is a significant contributor to climatic change, a driver of
land-use change, dependent on fossil energy sources, and a significant emitter of green-
house gas (GHG) emissions [1]. EU member states have significant livestock populations,
with more than half of all agricultural holdings (5.7 million) keeping livestock, while the
annual value of livestock products is €170 billion. Based on data from 2018, the main live-
stock populations in the EU consisted of 148 million pigs, 87 million bovine animals, and
98 million sheep and goats [1,2], while the main outputs of the livestock sector are meat
and milk products.

Significant data are available on a European level on the production levels, production
patterns [2,3], and financial accounts of livestock [4] held in the EU. However, relatively
little information is available on the energy use associated with livestock production in the
EU as a whole and for specific livestock categories. In recent years, national and EU policy
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is increasingly focused on improving environmental sustainability and animal welfare
of livestock production, and in order to achieve the goals set out in the Green Deal and
the Farm to Fork strategy, livestock rearing, and production will need to transform in
the coming decades [5]. For the development and implementation of these goals, a clear
understanding of energy use concentrations in the livestock sector in production systems
and across production stages is a prerequisite.

Eurostat, Faostat, and individual member states provide data on energy use in agricul-
ture, collected through surveys, but not specific livestock sectors [3,6]. Certain studies look
at particular aspects related to energy use and livestock production, including Costatino
et al. (2016) [7], who investigate the energy use for climate control in livestock housing in
Europe, Weiss and Leip (2012), who investigated greenhouse gas emissions from the EU
livestock sector [8], Ramirez and Blok (2006), who investigated the energy requirements
associated with creating one pound of meat in four European countries [9], Veermde et al.
(2012) provide an overview of energy consumption in animal production [10], and De Vries
and De Boer (2010) compared the environmental impacts through a number of life-cycle
assessments (LCASs) in the livestock sector [11].

In addition, a range of individual studies has been published in recent years, mainly
as LCAs, investigating energy use on individual farms in specific agroecological contexts
and providing data on the energy embedded in animal feed as well as direct on-farm
energy use [12-25]. These include studies that investigated the environmental impacts of
beef production systems [12,20,23], pig production systems [13,14,18,22], poultry meat and
egg production systems [15,19], and milk production systems [23-25], as well as smaller
livestock production systems, such as sheep and goat [16,17]. Similarly, there are a number
of publications that focus on the production and use of animal feed, which highlights that
60-70% of European farmland is used to produce feed for livestock [10,26-28].

Simultaneously, there have been a number of important trends in EU livestock farming
in recent decades that affect energy use. These include intensification, whereby livestock
farming is increasingly characterized by larger farms and higher livestock densities [29],
increased use of breeding techniques (breed substitution, cross-breeding, and within breed
selection) [30], increased dependence on imported animal feed, and in recent years, there
is a notable shift, driven by both supply and demand factors, towards alternative and
more sustainable production techniques based on organic principles and the adoption of
fossil-energy-free strategies and technologies (FEFTS) [30-35].

A review bringing together insights and data from these studies in an accessible
manner is necessary. In this context, the goal of this paper is to provide a review of energy
use in the EU livestock sector by bringing together data from a range of studies. The rest
of this section provides a brief description of a conventional livestock system in the EU
(specific systems for specific livestock categories are discussed in more detail in the Results
section), Section 2 presents the methodology for this review, Section 3 presents the main
results from our review, and Section 4 provides a wider discussion.

Livestock systems and their energy use in the EU show significant variation and are
affected by a variety of factors, including geography, production systems, and agroeco-
logical zones [7,9]. There are, however, a number of important generalizations regarding
energy use concentrations, which are described in more detail per livestock category in the
Results section.

In most production systems and livestock categories, animal feed is the main energy-
consuming input [36,37]. Within the EU, about a third of total manufactured animal feed is
compound feed; other ingredients are artificial forages (approximately 50%) and direct-fed
raw materials (approximately 20%). In addition, a significant share of feed comes from
pasture, estimated to be around 940 million tonnes [38]. According to the EU, 77% of total
feed consumption is produced domestically; feed production accounts for around 60%
of total wheat, maize, and barley consumption. Despite this, the EU livestock sector is
dependent on imported protein sources for livestock feed. It is estimated that the EU has a
deficit of about 70% of high-protein materials, of which 87% is met by imported soybean
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and soymeal [39]. The EU imports 18.5 million tonnes of soybean meal every year, of which
95% goes towards feeding animals [40].

Energy inputs in the production of animal feed are dominated by the production of
fodder crops and the associated indirect energy inputs, including fertilizers, pesticides,
seeds, and feed supplements [8]. Many existing studies provide figures on the energy use
associated with the production of animal feed; these, however, show significant variation
depending on origin, raw material use, and livestock system [27]. The production, process-
ing, and transportation of these feeds require a significant amount of energy inputs, which
are mostly dependent on fossil sources, and represent a large proportion of the total energy
consumed in livestock production. From the data covered in this article, the proportion of
feed (concentrates, conserved forage, or grazing) makes up more than 50%, and in many
cases 75% or more, of the total energy consumption within livestock sectors.

In most systems, livestock is kept in animal housing, but significant variation is re-
ported in terms of energy use depending on the structures used, the agroclimatic conditions,
and the types of livestock used [7]. Generally, these systems offer some sort of climatic
control of the indoor spaces, and the main energy-consuming categories are heating, cool-
ing, ventilation, lighting, and a range of other devices [7]. In dairy systems, specifically,
significant energy consumption is allocated to milking processes [24,41].

Manure management occurs in a variety of forms depending on the structure of the
farm. Manure is generally collected and stored for a period of time in specific storage tanks
that can be located underneath or close to the housing system. Various methods exist for
moving the manure, such as via conveyor belts, through slated floors, or tractors. During
the storage stage, or later, the manure is treated and most usually applied to land at a later
stage [41,42].

2. Materials and Methods
2.1. Selection Criteria, Search Strategy, and Data Collection

This study conducts a meta-analysis based on the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) in order to conduct a critical review
of the energy use in the livestock sector. In order to be included in this paper, studies
needed to meet a number of criteria set out by PRISMA. All studies needed to be peer-
reviewed, published, and, when relevant, based on detailed LCA methodologies using
one of the main LCA software and up-to-date database values. In a few cases, reports
were also considered if they were widely cited, publicly available, and published by well-
reputed organizations. Our search strategy followed a number of pre-set steps; the relevant
studies were identified through keyword searches through SCOPUS and google scholar,
while partners in the AgroFossilFree consortium were also requested to provide relevant
studies. Studies were then screened for relevance, and data were only extracted /used if
the methodology and results were comparable to other LCA studies. Due to this, over
half of the identified studies were discarded due to a lack of a detailed breakdown of
energy inputs. Instead, they provided only aggregate energy use figures with little or no
methodological justification. In total, 22 papers were included in this review. This process
also highlighted that different methodologies assess energy use using different parameters
and categorizations, which are often not comparable to one another.

Energy use data were retrieved from each study and compiled. These data were then
compared to other existing studies for verification. This process was chosen to account for
the scarcity of accurate energy use data. Comparing the main findings of screened LCA
studies with other studies placed results in a wider context, allowing for the identification
of patterns and the comparison between different approaches and systems. In addition,
this process facilitates the identification of future areas of research.

An operational definition of energy use in the livestock sector was adopted for this
study, including energy from both direct and indirect sources. The boundary of this study
was all energy used until the farm-gate. Direct energy use refers to all energy that is
consumed in the production of livestock that happens on the farm. The direct energy



Appl. Sci. 2022,12, 2142

4 0f22

sources included in this study were energy for all on-farm operations and machinery
use, crop processing and feeding, milking processes (milking and milk cooling), manure
handling, and animal housing (lighting, heating, cooling, dehumidifying, and ventilation).
Indirect energy sources refer to energy that is associated with the production of livestock
but is consumed prior to the farm. The indirect energy sources included in this study
were the production of fertilizers, pesticides, and energy used in animal feed (includes
all the energy used to produce animal feed, including for its raw materials). In practice,
almost all studies provide data on animal feed as indirect energy sources. Energy use
associated with the production of agricultural buildings, equipment, and machinery was
not included; this approach was chosen as many studies do not include these data in their
energy use data. In addition, there are considerable issues with measuring this agricultural
infrastructure accurately as it is often assigned to other sectors, such as industry, and due to
the long-time frame associated with the use of this agricultural infrastructure. Our results
section presents these results; for a more detailed data breakdown per livestock category
and sources, please see the Appendices A and B.

Conceptually, this study investigated energy use in the largest livestock sectors in the
EU, including bovine (beef and milk), swine/pig meat, and poultry (meat and eggs). Other
livestock sectors, including sheep and goat, are mentioned briefly but not discussed in
detail due to a lack of sufficient reliable data; these are identified as areas for future research.

2.2. Bias Risk and Limitations

There are a number of bias risks within and across studies. By focusing mainly on
LCAs, emphasis was placed on specific studies that investigated energy use in livestock
systems within an individual or a small collection of farms in particular production systems
and agroclimatic conditions. However, a variety of other factors, including policy, social
factors, knowledge, input and output prices, all influence on-farm energy use. There are a
number of additional important limitations associated with this study. Data are presented
without degrees of uncertainty as LCAs generally do not provide data with uncertainty
attached. The main drawback is that due to the nature of LCAs and the lack of uncertainty,
it was difficult to transfer these results and use them for estimates for other farms.

A major drawback of investigating energy use in agricultural systems in general,
including livestock, is that there is no standardized methodology for measuring energy
use on-farm and within the food system. As such, different studies allocated energy
use according to different categories, which made comparisons difficult. For instance,
some studies provided aggregate figures for housing as a whole, while others provided
breakdowns for different housing aspects. These limitations were largely addressed through
the screening process. In addition, by focusing on LCAs, other methodologies for measuring
energy use were not included. Additionally, data from minor and alternative livestock
production systems were not included by focusing on conventional livestock production
systems. Focusing on these sectors is an area for future research.

3. Results
3.1. Overview

Despite significant variations between geographical areas and production systems
in the studies covered in this review, in all main production systems in the EU-27, except
for beef, animal feed, which was an indirect energy input, was the main energy input in
livestock systems; in most studies, animal feed accounted for around three-quarters of
all energy requirements (Table 1). In meat production systems, the main direct energy
requirements were for housing and feeding (mainly in the form of electricity) and manure
management (mainly through diesel use). In milking systems, the main direct energy-
consuming activities were related to milking, milk cooling, and water heating. For this, in
certain countries, the main energy source was related to electricity and, in others, to direct
fossil fuels. Other electricity-consuming activities, such as water pumping and lighting,
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were found to be relatively minor. The studies covered suggested that beef was the most
energy-intensive production system per kilogram of meat, followed by pork and poultry.

Table 1. Low and high range of energy inputs according to feed and direct energy inputs per
production systems MJ /kg.

Animal Feed Direct Energy Use
Production System Low High Low High
Cow milk 1.11 4.4 0.54 1.76
Beef 17.34 27.23 9.36 31.97
Pork 11.6 16.41 2.6 11.1
Broiler 6.5 14.82 0.5 6.6
Egg 10.3 13.2 0.6 10.3

Regarding specific ranges, the studies covered indicated that energy use requirements
range from 2.1 to 5.3 MJ /kg per ECM for cow milk, 59.2 M] /kg for a suckler cow—calf, and
43.73 M] / kg for a dairy bull, 15.9 MJ/kg to 22.7 M] /kg for pork production, 9.6 M]/kg to
19.1 MJ/kg for broiler production, 20.5 to 3.5 MJ /kg for chicken egg production (Figure 1).
The variation between species is likely a combination of different production systems and
biological factors in which different species have different growth rates and reproduction
rates requiring different amounts of feed per output.

70
60
50

40

30

20 -  —

Beef Pork Broiler Poultry egg Cow dairy

Figure 1. Range of energy inputs of studies covered in this review according to species MJ/kg.

3.2. Cow Dairy Production

The EU produces around 158 million tonnes of cow milk annually [43]. The main
milk-producing countries were Germany (20.8%), France (15.8%), the Netherlands (8.9%),
and Poland (7.7%). Milk production systems vary significantly, ranging between low
and highland, and intensive to extensive [25]. The majority of milk production occurs
in intensive systems where dairy cows are generally kept inside, feed is imported from
off-farm, and during lactation, cows are generally milked two or more times a day [44]. In
addition to the energy use associated with feed and housing, various processes related to
milking consume a considerable amount of energy, including milk cooling, milk harvesting,
water heating, and water pumping.

The following studies were located and included in this paper: Guerci (2013), who
conducted 12 LCAs on milk production, including energy use parameters, across three
European countries [25]; de Visser (2012), who calculated energy use averages in milk
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production for six countries through conducting 18 LCAs; Upton (2013), who calculated the
energy use across 22 commercial dairy farms in Ireland [45]; Cederberg and Flysjo (2004),
who provided energy use parameters through LCAs for 23 dairy farms in Sweden [22], and
Thomassen et al. (2007), who provided energy use parameters through an LCA of organic
and conventional systems in the Netherlands [46]. These studies had significant variations,
while the total energy inputs per energy-corrected milk (ECM) varied from 2.1 to 5.3 MJ
(Figure 2 and Table A1l). Organic systems appeared to require less energy input generally,
but this was inconclusive, though due to production methods, these energy inputs are more
likely to come from renewable sources [22,25]. The energy embedded in the feed was by
far the highest energy input in all but one of the studies.

> > > N N\ Y
X Y- M P Y. ST T Y. ST MY Y S S
O & & O O o O & X O O & & &
d f S E & O\
Q N Q N Q Q N Q N Q ¥ & Q&
S & & & & & & & & & & Q
< C < C C C C C C C
A N QT KT & > & &S
NN g o~ v S
mFeed m Directenergy use
Figure 2. Energy inputs cow milk MJ/ECM (kg) (based on [21,23,25,45]).
A number of studies provided data on direct electrical energy use on dairy farms
(Table 2). These studies generally illustrated that milk cooling and milk harvesting were
the largest electrical energy consumers, followed by water heating and water pumping [24].
From the studies that included liquid fuel energy use, there was relatively little information
available on its specific uses. However, it is generally assumed that this was allocated to
tractor use associated with pasture management [24]. It is important to note that individual
studies provided different sets of data depending on a range of factors, including the
production system and the type of milking system [24].
Table 2. Electrical energy breakdown dairy farms EU (based on [24]).
Source Country Milk Cooling Milk Harvesting Water Heating Water Pumping
Murgia et al., 2013 Italy 38% 31% 13% 18%
Todde et al., 2018 Italy 29% 35% 23% 14%
Rajaniemi et al., 2017 Finland 42% 23% 32% 3%
Shine et al., 2018 Ireland 41% 25% 28% 6%
Shortall et al., 2018 Ireland 29% 53% 11% 7%
Upton et al., 2013 Ireland 39% 25% 29% 6%
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3.3. Beef Production

According to Eurostat, in 2018, the EU production of beef reached 7.9 million tonnes.
The main beef producing countries were France and Germany [2]. Significant hetero-
geneity between production systems across the EU was observed [47] to a greater extent
than in other livestock systems. Greenwood (2021) documented 25 different production
systems [47], ranging from differences in feed (pasture to grass-fed), housing systems,
economic production systems, and breeds.

According to Nguyen et al. (2010), it has been estimated that around half of all
EU beef production comes from culled dairy cows and that the other half comes from
systems specialized in beef production [12]. Multiple studies highlight that, compared
to the main livestock systems, the production of beef carries the highest environmental
load per kilogram of meat produced [12,48]. Data presented below are from Nguyen et al.
(2010), who conducted an LCA on four types of beef production systems in the EU [12] and
is further complemented by a beef production study by Veysset et al. (2014) [20]. Nguyen
et al. (2010) showed that on average in the EU, 59.2 MJ]/kg of beef was required for a
suckler cow—calf and 43.73 MJ/kg for a dairy bull (Figure 3 and Table A2).

EU Dairy bull FR Grassland FR Grassland  FR Mixed crop- FR Mixed crop-

average beef: calf-to- beef: calf-to- livestock: calf-to- livestock: calf-to-
weanlingand beef. Beef steers beef. Intensive  weanling and
fattened production baby beef cereals
females production production

B Feed M Direct Energy Use

Figure 3. Energy inputs for beef production slaughter weight MJ/kg (based on [12,20]).

Considering that around 60% of beef production in the EU comes from dairy bulls and
40% from suckler cows—calves, a rough estimate would suggest that 30-40% of all energy
used in livestock production is associated with feed and fertilizers. European cows are
generally grown on a combination of home-grown grass and cereals as well as imported
soy meal and minerals [12]. However, it is important to note that the energy input in feed
can vary significantly depending on whether a cow is fed on grass-pasture or concentrate-
confinement, as pasture requires much less energy input for its cultivation and fertilization
operations [36].

On the other hand, this rough estimate would suggest that 60-70% of energy con-
sumption in beef production systems is associated with on-farm activities. Nguyen et al.
(2010) provided a breakdown of direct energy use. His study highlighted that on-farm
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diesel use accounts for 71% of direct energy use, which can mainly be attributed to manure
management and field operations, while on-farm electricity used in stables and housing
accounts for 17% and crop processing for 11% of total energy requirements (Figure 4).

Housing -
Electricity used
in stables
18%

Electricity used
in crop
processing
11%

Diesel use
71%

Figure 4. Direct energy inputs according to activity (based on [12]).

It is important to note that different production systems have different requirements
and that there is a scarcity of data across a variety of methodologies for calculating energy
use in beef production systems. Especially in beef production systems, significant trade-offs
appear to exist between feed, land use, and energy requirements [49]. For instance, some
studies suggested that grass-fed beef is more environmentally friendly than non-grass-fed
beef but is likely to have a higher land-use footprint [49]. According to the Agricultural
and Food Research Council, methods for predicting energy use in beef production systems
are outdated [50].

3.4. Pork Production

The production of pork accounts for around half of the EU’s meat total production,
an estimated 23.8 million tonnes, and more than three-quarters of pork production occurs
in just six Member States: Germany (22.4%), Spain (19%), France (9.1%), Poland (8.7%),
Denmark (6.6%), the Netherlands (6.4%), and Italy (6.2%) [3].

Pig production systems in the EU are generally characterized as intensive [13], closed
systems where pigs are kept inside animal housing and feed is imported. However, there
seem to exist large variations in the size and production focus among the different farms.
Nguyen et al. (2012) documented typical intensive pig production systems in the EU,
which represent around 70% of the total production in the EU [18], while Visser et al.
(2012) conducted LCAs on the energy requirements of pork production in six different
EU countries [21]. The figures presented in these studies ranged from 15.9 MJ/kg to
22.7 MJ /kg, and, in most cases, up to 75% was associated with feed (Figure 5 and Table A3).
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Figure 5. Energy inputs for pig production slaughter weight MJ/kg (based on [13,14,21]).

There was also variation in the breakdown of the direct energy inputs in pig farming
systems, but in all cases, most direct energy use was associated with manure management,
housing, and feeding systems in the form of electricity and fuels. Nguyen et al. (2012)
provided an overview of on-farm energy use for Northern Europe; these conventional
production systems cover 70% of pig farming in the EU. On average, this study found that
3.84 M]J of direct energy was required per kg of slaughter weight of pig meat [18], 22% of
this was associated with diesel use for manure handling, while 50% was associated with
electricity for housing, 10% with electricity for manure pumping and stirring, and 17%
with oil in the form of heating (Table 3). The study also found that the use of manure for
energy production, fertilization, and feed use were the most significant areas in reducing
the use of fossil energy use in pig systems [18].

Table 3. Direct energy inputs in pig production systems according to activity (based on [18]).

Activity Energy Input (M]) % Of Direct Energy Inputs
Diesel use 0.87 22%
Housing—Electricity 1.95 50%
Housing heat—oil 0.65 17%
Manure pumping and stirring—Electricity 0.4 10%

Markou et al. (2017) conducted energy audits on two pig farms in Cyprus. Regarding
direct energy inputs, their study found that 44% of energy consumption was associated
with transportation, 31% with feeding, 12% with ventilation, 3% with watering, 3% with
waste removal, 2% with lighting, and 5% with other uses. Regarding specific energy carriers
in direct energy consumption, the study found that 29% was electricity associated with
lighting, ventilation, feeding, watering, and other uses, 23% was LPG mainly associated
with heating, and 48% was diesel associated with vehicle use and heating [51]. Similarly,
Winkler et al. (2016) stated that in Austria and Germany, 1.26 M]J of electrical energy
and 0.684 M]J of thermal energy was needed for heating, ventilation, light, and manure
management, and 4.356 M] of mechanical energy was used for field manipulation and
on-farm transportation per kg of pork produced [52].
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3.5. Poultry Meat

In 2018, poultry production reached approximately 15.2 million tonnes. Broiler, chick-
ens produced for meat, production was by far the largest producer of poultry meat in the
EU, accounting for over 80% of total poultry production and intensive broiler systems ac-
count for over 90% of broiler production in the EU [53]. Around 14% of poultry production
was Turkey production; energy use data on these systems were not located during this
review [54]. The intensive broiler systems are generally characterized by large holdings,
high stocking densities, closed indoor rearing, rapid growth rates, and imported feed [53].
Non-intensive farming systems are expanding but still make up only a small number of
the total; 5% are less intensive systems, 5% are free-range systems, and 1% are organic
systems. A number of studies investigated the energy use in these broilers, with total
energy use figures ranging from 9.6 MJ/kg to 19.1 MJ /kg, while around 75% of this total
was associated with feed (Figure 6 and Table A4).

25
20
15
10

| I

0

Portugal Poland Netherlands Germany Finland France
m Feed mDirectenergy use
Figure 6. Energy inputs for broiler production MJ/kg (based on [15,21]).

Regarding direct energy consumption, by combining and presenting data from a range
of sources, Costantino et al. (2016) concluded that heating was by far the largest on-farm
energy-consuming activity, accounting for around 90% of the total energy consumption,
followed by ventilation and lighting (Tables 4 and 5) [7].

Table 4. Heating, ventilation, and lighting energy consumption in broiler systems MJ/kgmeat

(based on [7]).
Source Country Heating Ventilation Lighting

Amand et al., 2009 France 1.37 0.11 0.07
ADEME, 2010 France 1.51 0.15 0.10
Arellano, 2011 Spain 5.45 0.17 0.03
Arellano, 2011 Spain 273 0.17 0.01
Arellano, 2011 Spain 1.64 0.17 0.01
Rossi et al., 2013 Italy 2.23 0.12 0.03
Horndahl, 2008 Sweden 1.73 0.07 0.22
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Table 5. Thermal and electrical energy consumption in broiler systems MJ/kgmeat (based on [7,55,56]).

Source Country Thermal Electrical
Amand et al., 2009 France 1.37 0.18
ADEME, 2010 France 1.51 0.25
Arellano, 2011 Spain 5.45 0.19
Arellano, 2011 Spain 2.73 0.18
Arellano, 2011 Spain 1.64 0.17
Blazquez and Del Olmo, 2008 Italy 1.40 0.01
Rossi et al., 2013 Italy 2.15 0.23
Horndahl, 2008 Sweden 1.73 0.30
Katajajuuri et al., 2006 * Finland 4.07 0.68
Baxevanou et al., 2017 ! Greece 1.116 0.36

* MJ /kg carcass weight. TMy/ kg live weight.

The above Tables 4 and 5, however, do not include energy inputs related to feeding
and manure management, while it is also important to note that there may be significant
geographical variations, especially in warmer climates. For instance, in Cyprus, Markou
et al. (2017) found that 40% of the energy use was associated with heating, 28% with
ventilation, 24% with transportation, 5% with lights, 2% with feeding, and 1% with watering,
which contrasts with the above, Northern EU findings. This study also found that closed
chicken houses had 30-40% less energy consumption as compared to open houses. Closed
broiler houses received 35% of their energy from electricity, and 65% from fuels, while, for
open broiler houses, it was 20% and 80%, respectively. The specific energy carriers found
were 20% electricity, 44% LPG, 11% biomass, and 25% diesel for the closed type, while for
open broilers, it was 35% electricity, 17% LPG, 29% biomass, and 19% diesel [51].

3.6. Poultry Egg Production

Around 400 million laying hens are kept in the EU, of which, according to Eurostat,
53% are housed in enriched cages, 27% in barns, 15% are free-range, and 5% organic [3].
These generally range from more intensive to less intensive, respectively, whereby enriched
cages are characterized by high stocking densities and closed cages, while in the other
systems, hens have lower stocking densities and generally have access to an outdoor
space [53]. There is relatively little information available on chicken egg production in the
EU, which makes it difficult to draw conclusions. Dekker et al.’s (2011) study looked at
four egg production systems in the Netherlands, which, although geographically limited,
covered the main production systems in the EU [19]. This study found that to produce 1 kg
of eggs, 20.5-23.5 MJ of energy inputs were needed and that in all cases, at least 50% of all
energy inputs were associated with feed (Figure 7 and Table A5).

Comparing the above results, Dekker et al. (2011) showed higher energy use. They
claimed that this was caused by the inclusion of more processes and more process details
for subsystems concentrate and litter production and laying hen husbandry.

Williams et al. (2006) and Leinonen et al.’s (2012) study conducted an LCA on the
environmental impacts of chicken egg systems in the UK. Williams et al. (2006) found
that for non-organic, caged, and free-range egg production systems, around 14.1, 13.6,
and 15.4 MJ/kg of energy inputs were required, respectively [57]. Leinonen et al.’s (2012)
study found that feed represented between 54 and 75% of the total energy use. This was
followed by on-farm electricity use (mainly for ventilation, automatic feeding, and lighting),
consuming between 16-38% of the total energy use and gas and oil (used mainly for heating
and incineration of dead layer birds) which accounted for 7-14% of the total energy [58].
Similarly, Markou et al. (2017) found that feed represented around 83% of the total energy
consumption. Regarding direct energy consumption, this study found that ventilation
accounted for 33% of energy use, lighting for 15%, transportation for 17%, thermal energy
for 3%, waste removal for 2%, packaging for 14%, watering for 1%, and feeding for 15%.
The specific energy carriers were found to be 55% electricity, 12% LPG, and 33% diesel [51].



Appl. Sci. 2022, 12,2142

12 of 22

25

o

w

o

20
15

Enriched Barn (Dekker Freerange Organic  BatteryCage Deeplitter Deep litter Aviary with

Cage (Dekker et al. 2011) (Dekker et al. (Dekker et al. (Mollenhorst (Mollenhorst with outdoor outdoor run

et al. 2011)

2011) 2011) et al. 2006) et al. 2006) run (Mollenhorst
(Mollenhorst et al. 2006)
et al. 2006)

M Feed M Directenergy use

Figure 7. Energy inputs for egg-producing systems MJ/kg (based on [15,56]).

3.7. Sheep and Goat

A small number of studies have been conducted on sheep and goat production in the
EU but not enough to provide us with reliable figures for the EU as a whole. However,
these few studies which have been completed can provide us with an indication of the
energy use status for these systems [2].

Benoit and Laignel (2010) investigated the non-renewable energy consumption in
four sheep farming systems in Southwest France and found that 59.8-88.7 MJ of energy
inputs were required per kg of carcass weight. This study found that in almost all cases,
fertilizers and feed were the main energy inputs accounting for around three-quarters of
the total energy consumption, followed by direct on-farm diesel use. The study also found
that sheep reared in a grazing system consumed on average 42% less energy overall as
compared to other systems [16].

Wallman et al. (2011) conducted a study on lamb farming in Sweden and found that
around 33 M]J of total energy inputs were required per lamb carcass. Of these, 17 MJ was
attributed to feed and 16 M] to on-farm diesel (67%) and electricity use (33%). The study
also found that within organic systems, average energy inputs were around half due to
decreased use of manufactured feed and fertilizers [17].

Regarding sheep and goat milk, the two studies that were located suggested that
both sheep and goat milk had a higher energy requirement than cow milk. Kanyarushok
et al. (2008) conducted a study on goat milk in France, finding that per FPCM, a total of
5.06 MJ was required, of which 3.87 was allocated to feed and 1.19 to on-farm produc-
tion [59], while Idele (2011) found that 4.9 M] was required per FPCM of sheep milk (no
breakdown provided). This is supported by Cossu et al.’s (2020) study on milk cooling,
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which found that the energy input for sheep milk cooling was significantly higher than
cow’s milk [60].

4. Discussion
4.1. Energy Use

Our review confirmed and illustrated some important trends in energy use in livestock
systems. Our results, in line with other studies, clearly indicated that animal feed is the
largest energy-consuming activity in livestock systems [21]. While the energy needs of the
livestock sector are diversified, on-farm energy use is concentrated in housing and manure
management. Electricity is generally used for lighting, feeding, and milking systems, while
fossil fuels associated with direct energy inputs are often used for manure management
and heating. Switching to more renewable electricity and thermal sources could invariably
help reduce the amount of fossil energy used for on-farm activities.

There are a number of reasons why feed is generally the largest energy-consuming
activity. From an energy perspective, the production of animal products is inherently
inefficient (depending on feed to product conversion ratio) due to metabolic and heat
processes. In practice, this means that the majority of energy consumed by animals is
expended at maintaining and renewing its cell structure rather than the production of
animal ‘products’ [21]. In addition, the production, transport, storage, and processing of
animal feed is, to a large extent, dependent on cereals and other open-field crops, which
are produced using an intensive process that consumes large amounts of energy associated
with diesel, fertilizers, and pesticides [61].

It is clear that beef production in the EU consumes by far the most energy per kilo-
gram, followed by pork and broiler production. Geographically, various studies suggested
that energy use in livestock housing is likely to be considerably higher in northern Eu-
rope as compared to southern Europe due to additional heating required due to climatic
conditions [7,62]. Studies also suggested that livestock grown on locally produced feed
requires considerably less energy input than livestock dependent on non-locally produced
feed [63,64]. This suggests that there are likely to be strong links between production
systems, feed use, and geographic location; the investigation of these links is an important
area for future research. According to the data discussed previously, electricity and fossil
fuels constituted the main energy sources for the necessary operation of livestock farms
and maintaining the proper conditions within their facilities. However, there is no clear
overview of the specific proportion of energy sources in livestock; it is generally accepted
that diesel use is the largest energy source. This is similar to other areas in the world, for
instance, in the US, according to the US Energy Information Administration, the main
source of direct energy consumption occurs in the form of distillate fuel accounting for
over 50% of total energy inputs, followed by propane, electricity, and natural gas [65].

Considering the increasing research interest, obtaining a clearer view of the specific
proportions of energy sources in the livestock sector may prove invaluable. The tendency
of future works towards the energy analysis based on the primary energy approach, in
order to assess the share of primary energy from renewable and non-renewable sources,
will be essential to evaluate how the transition toward cleaner energy mixes will affect the
sustainability of livestock production [66]. That distinction would considerably improve
the assessment of the environmental sustainability of livestock production, but for that
to be possible, we believe that a more detailed recording of energy use per activity in the
livestock farm facilities should be considered a prerequisite.

4.2. Energy Efficiency Measures, Renewable Energy Sources Adoption, and Demand-Side Policies

Considering the effect that the livestock sector-in general-has on numerous natural
resources, and given the increasing scarcity of land, soil, water, and biodiversity, it is
evident that the increasing usage of renewable energy sources (RES), Energy Efficiency
Measures (EEM), and technologies throughout the world, provide a unique opportunity
to farmers to reduce their farms’ external inputs by producing their own energy and
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becoming more self-sufficient. With an initial investment, energy can be harvested from
variable renewable energy sources, such as the sun, wind, and water. These sources, in
addition to biomass, heat pumps, and geothermal energy, can produce electricity and
fuel to adequately cover partly, or exclusively, depending on the size, the on-farm energy
demand. In recent years, increasing research has been undertaken to improve the energy
efficiency and sustainability of livestock housing. This includes developments that improve
structures [62], insulation [66,67], and climatic systems [68,69].

RES are increasingly gaining attention as a sustainable energy source in the livestock
farm sector [70], under specific circumstances and energy needs. At first glance, one might
think that all renewable energy sources can be used efficiently in all types of farms. Never-
theless, their effectiveness is associated with a combination of factors that can be assessed
with confidence to conclude whether a RES technology or even an optimal combination of
them is/are capable of meeting the needs of the respective livestock farm. The following
factors are indicative:

Position of the livestock building (e.g., location and orientation);
Local environment (e.g., climate, elevation and slope, soil water, ground temperature,
etc.);

e  Characteristics of the buildings that constitute the farm unit (building insulation,
existing of ventilation fans, etc.);

e Domestic needs of the farm (e.g., high energy loads for milk cooling, air ventila-
tion, management of the animals’ by-products, etc.); and consumption profile (daily,
seasonal);

e  Planning policies for RES technologies in rural areas [71].

According to different studies, the location and the orientation of the livestock building
are both important in most cases since they can determine which RES technology and in
which place of the farm could potentially be applied, thus increasing the efficiency and
livestock productivity. In the same line, the local climate, as well as the construction method
of the livestock farm, can play a vital role that could potentially lead to a reduction in the
final energy consumption of the livestock building.

Our results suggested that reducing the reliance on and energy intensity of animal
feed, especially imported animal feed, could reduce overall energy use considerably. On
the one hand, the EU market for feed is moving towards more locally produced, although
a significant deficit in high-protein feed remains, despite a large increase in EU-grown
soy and other protein sources. In addition, multiple studies have shown that grass-fed
cattle consume less energy than those fed on other types of feed. However, switching to
grass-feeding would require significant amounts of arable land and agricultural inputs [49],
highlighting the importance of a carefully balanced transition.

Since a significant amount of the energy associated with feed is for the production of
cereals and oilseeds, finding other feedstocks could reduce the energy intensity of feed. For
instance, EIP-AGRI (2020) identified five new feed options for pig and poultry farming that
would reduce the environmental footprint of animal feed: bakery products, green biomass
(grass/clover), insects, micro-algae, and single-cell protein [72].

It is important to highlight the importance and the potential of livestock manure as
a source of organic fertilizer and renewable energy production in the EU. Overall, it is
estimated that just under 10 million tonnes of nitrogen and around 1.5 million tonnes of
phosphorus are applied to fields in the EU through manure application [73]. Similarly,
over the past two decades, there has been a significant rise in biogas production using
manure as a feedstock, led by Germany. In Germany alone, there are at least 560 small-
scale manure-based biogas plants, and between 3000 to 3500 plants in which manure
accounts for between 30-50% of total feedstock use, only a small fraction of these pro-
duce biomethane [74]. Scarlat et al. (2018) estimated that the amount of biogas produced
from manure could be realistically increased by 18 billion m? of biomethane across the
EU in areas with high livestock densities [75]. It is important to note here that the same
potential exists for developing other renewable energy plants that run on other agricultural
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wastes/feedstocks. Recent studies in Greece and Denmark have indicated that biomethane
is especially considerably more expensive than natural gas, though, with certain policy
interventions, it can become cost-competitive [76,77]. Unfortunately, despite the identifica-
tion of the aforementioned RES, EEM, and technologies as significant sources of energy for
the whole livestock sector, in the past two decades, the number of applications dedicated to
livestock productivity remains insignificant compared to that allocated to the conventional
energy sector. RES technologies appear to have significant unexploited potential to enable
farms to meet effectively, and to a large extent, their growing energy requirements. To what
extent this potential exists and can be practically implemented is an important area for
future research.

Various recent studies suggest that for the EU to meet its climate targets, deep cuts,
and/or changes in the consumption and demand of livestock products are likely necessary.
This is because livestock products, especially the production of beef, generally have con-
siderably higher negative environmental impacts compared to other types of agricultural
products [78-80]. These studies generally suggest that a variety of policies that address the
demand side, especially through targeting the price of livestock products, are likely to help
reduce the environmental burden associated with the production of livestock products.
However, relatively little is known about the effectiveness of policy interventions guiding
dietary changes [80]; this is an important area for future research.

4.3. Barriers and Limitations

There are some significant barriers and limitations to this review. These arise largely
from large data gaps for certain livestock categories, a variety of non-standardized method-
ologies for accounting for energy use in livestock and agricultural systems, including the
selection of functional units and system boundaries, and is compounded by the diversity
and heterogeneity of livestock production systems. In this regard, for a more comprehen-
sive and accurate understanding of energy use in livestock systems, there is a necessity
to develop a standardized methodology and terminology for measuring, evaluating, and
comparing with other studies on energy use on livestock farms. In our view, this is a
prerequisite for further research on energy use research in livestock systems.

Livestock, along with other sectors, will eventually move towards RES and high-
efficiency technologies. While engineering this unavoidable transition, we also have to
consider the way that the energy use is measured, calculated, and/or approximated and to
whom the results are addressed. While LCA studies should be considered an indispensable
tool in order to draw European and national policies in the livestock sector as whole,
on-farm surveys, energy audits, and measurements should acquire a central role in EU
countries. This will offer researchers, engineers, and farmers more tangible insight into
on-farm energy use, enabling us to achieve the much-needed targeted interventions.

In the context of a changing livestock system, the energy use profiles of livestock
systems are expected to change considerably in the coming decades. From an animal
welfare perspective, the BLE report on drivers of change and development in the EU
livestock sector highlights that high intensity and stocking densities are neither sustainable
nor desirable [35]. On a policy level, increasingly stringent emission and sustainability
targets, along with the recent decisions at COP26 to decrease livestock-related emissions,
support movements to more sustainable agricultural practices that reduce our reliance on
fossil energy sources. Considering this, and in the context of the Green Deal, the Farm to
Fork strategy [5], and the new common agricultural policy [81], considerable funds and
support are expected to be made available to livestock farmers to transition away from
fossil dependencies in the coming years [35].

5. Conclusions

In conclusion, the results from the studies included in this review indicated that energy
use was concentrated in feed, housing, and manure management. In most systems, animal
feed was the dominant energy use category. This suggests that energy use in livestock
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systems is underreported as the majority of energy use associated with feed happens off
the farm and is not attributed to the livestock sector in official agricultural statistics.

Regarding specific livestock categories, the studies covered indicated that the energy
use requirements range from 2.1 to 5.3 MJ/kg per ECM for cow milk, 59.2 MJ/kg for a
suckler cow—calf, and 43.73 MJ]/kg for a dairy bull, 15.9 M]/kg to 22.7 M]/kg for pork
production, 9.6 MJ/kg to 19.1 MJ/kg for broiler production, and 20.5-23.5 M] /kg for
chicken egg production. Our review indicated a reliance on fossil energy sources and
discussed the transition toward more energy-efficient livestock systems and a higher
dependence on renewable energy sources.

Our analysis indicated the need for a standardized methodology in measuring energy
use in livestock systems. We see this as a necessary step to develop interventions that
reduce fossil energy use and livestock contribution to climatic change. In addition, various
other areas have been identified for future research, including other livestock categories
and an investigation into the relationship between energy use and agroclimatic conditions
as well as farm size.
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Appendix A

Table Al. Energy inputs cow milk MJ/ECM (kg) (based on [21,23,25,45]).

Source Type of System Feed Direct Energy Use Total
De Visser et al., 2012 PT conventional 2.12 1.10 3.22
de Visser et al., 2012 PL conventional 3.90 1.02 5.05
de Visser et al., 2012 NL conventional 3.30 1.30 4.60
de Visser et al., 2012 DE conventional 1.70 0.75 2.71
de Visser et al., 2012 FI conventional 2.90 0.70 3.86
Upton, 2014 IE conventional 1.86 0.54 2.40
Cederberg and Flysjo, 2004 SE conventional 1.76 0.95 2.70
Thomassen et al., 2009 NL conventional 4.40 0.87 5.3 FPCM
Guerdi et al., 2013 DK conventional 2.02 1.76 3.78
Guerdi et al., 2013 DE conventional 1.34 0.97 2.32
Guerdi et al., 2013 IT conventional 2.47 1.08 3.54
Cederberg and Flysjo, 2004 SE organic 1.37 0.74 2.10
Thomassen et al., 2009 NL organic 217 0.96 3.10
Guerci et al., 2013 DK organic 111 1.60 2.71
Table A2. Energy Inputs for beef production slaughter weight MJ /kg (based on [12,20]).
Source Production System Feed Direct Energy Use Total
Nguyen et al., 2010 EU Suckler cow—calf 27.23 31.97 59.20
Nguyen et al., 2010 EU Dairy bull average 20.12 23.62 43.73
Veysset et al., 2014 FR Grassland beef: calf-to-weanling 19.40 1153 30.93

and fattened females
Veysset et al., 2014 FR Grassland beef: calf-to-beef. Beef 17.42 11.54 28.96
steers production

FR Mixed crop-livestock:

Veysset et al., 2014 calf-to-beef. Intensive baby 17.34 9.36 26.70
beef production
FR Mixed crop-livestock:
Veysset et al., 2014 calf-to-weanling and 18.79 11.58 30.37
cereals production
Table A3. Energy inputs for pig production slaughter weight M] /kg (based on [13,14,21]).

Source Country Feed Direct Energy Use Total
de Visser et al., 2012 Portugal 13.4 59 19.3
de Visser et al., 2012 Poland 13.9 3.9 17.8
de Visser et al., 2012 Netherlands 11.90 2.6 14.50
de Visser et al., 2012 Germany 11.80 3.1 14.90
de Visser et al., 2012 Finland 11.60 11.1 22.70
Basset-Mens & van der Werf, 2005 France 11.77 4.134 15.90
Nguyen et al., 2010 EU 16.41 3.84 20.25

Table A4. Energy inputs for broiler production MJ/kg (based on [15,21]).

Source Country Feed Direct Energy Use Total

de Visser et al., 2012 Portugal 12.10 0.50 12.60
de Visser et al., 2012 Poland 8.20 6.60 14.80
de Visser et al., 2012 Netherlands 10.10 3.80 13.90
de Visser et al., 2012 Germany 6.50 3.20 9.70
de Visser et al., 2012 Finland 7.30 4.90 12.20
Silva et al., 2014 France 14.82 4.28 19.10
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Table A5. Energy inputs for egg-producing systems MJ/kg (based on [19,82]).

Source Production System Feed Direct Energy Use Total
Dekker et al., 2011 NL Enriched Cage 11.2 94 20.6
Dekker et al., 2011 NL Barn 12.90 10.05 22.95
Dekker et al., 2011 NL Freerange 13.20 10.30 23.5
Dekker et al., 2011 NL Organic 10.30 10.25 20.55
Mollenhorst et al., (2006) NL Battery Cage 10.3 1.3 11.6
Mollenhorst et al., (2006) NL Deep litter 11 0.9 11.9
Mollenhorst et al., (2006) NL Deep litter with outdoor run 11.7 0.6 12.3
Mollenhorst et al., (2006) NL Aviary with outdoor run 10.9 1.2 12.1
Williams et al., 2006 UK Non-organic 14.10
Williams et al., 2007 UK Cage 13.60
Williams et al., 2008 UK Free range 15.40
Appendix B

Table A6. Studies included in the review.

Source Title Production System(s) Country

State-of-the-Art on Energy Efficiency in
Agriculture, Country data on energy
consumption in different agroproduction
sectors in the European countries
Energy Consumption on Dairy Farms: A
[24] Review of Monitoring, Prediction Modelling, Dairy Ireland
and Analyses
System Expansion and Allocation in Life

[21] Dairy, Pork, broiler, egg EU-wide

[23] Cycle Assessment of Milk and Dairy, beef Sweden
Beef Production
Parameters affecting the environmental
[25] impact of a range of dairy farming systems in Dairy Denmark, Germany, and Italy

Denmark, Germany, and Italy
Strategies to reduce electricity consumption
[45] on dairy farms—An economic and Dairy Ireland
environmental assessment
Environmental evaluation of cow and goat

[59] milk chains in France Dairy France
Life cycle assessment of conventional and .

[46] organic milk production in the Netherlands Dairy Netherlands

[12] Environmental consequences of different Beef EU

beef production systems in the EU
Energy consumption, greenhouse gas
emissions, and economic performance
[20] assessments in French Charolais suckler Beef France
cattle farms: Model-based analysis
and forecasts
Fossil energy and GHG saving potentials of

1l pig farming in the EU Pork EU
Environmental costs of meat production: The

el case of typical EU pork production Pork EU

7] Energy Use for Climate Control of Animal Pork, broiler, egg U

Houses: The State of the Art in Europe
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Table Aé6. Cont.

Source Title Production System(s) Country
Scenario-based environmental assessment of
[14] farming systems: The case of pig production Pork France
in France
Environmental Assessment of Future Pig
[22] Farming Systems—Quantifications of Three Pork Sweden
Scenarios from the FOOD 21
From farm to fork—A life cycle assessment .
[52] of fresh Austrian pork Pork Austria
[19] Ecological and economic evaluation of Dutch Ege Netherlands

egg production systems
The Cyprus energy profile for the animal
[51] sector: current situation and energy-saving Cyprus
measures in combination with RES
Environmental impacts of French and
[15] Brazilian broiler chicken production Broiler France
scenarios: An LCA approach
Broilerin fileesuikaleiden tuotannon
[55] ympadristovaikutukset ja Broiler Finland
kehittdamismahdollisuudet
Energy Consumption and Energy Saving

[56] Measures in Poultry Broiler Greece
Evaluation of the Energy Utilization Index in
[60] Sheep Milk Cogo}{ing Systems Sheep ftaly
Life Cycle Assessment of Swedish
(171 ’ Lamb Production Lamb Sweden
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