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Abstract Abstract 
Agriculture 4.0, a combination of mechanical innovation and information and communication technologies (ICT) using pre-
cision farming, omics technologies and advanced waste treatment techniques, can be used to enhance the biological potential 
of animal and crop productions and reduce livestock gaseous emissions. In addition to animal proteins being excellent nutri-
tional ingredients for the human diet, there is a growing concern regarding the amount of energy spent converting vegetable 
crops into animal protein and the relevant environmental impacts. Using the value chain analysis derived from the neoclassic 
production theory extended to industrial processing and the market, the hypothesis to be tested concerns the sustainability and 
convenience of different protein sources. The methodology implies the use of life cycle analysis (LCA) to evaluate the efficiency 
of different livestock diet ingredients. The use of feeding products depend upon various factors, including cost reduction, con-
sumer acceptance, incumbent industry response, civil society support,  policy consensus, lower depletion of natural resources, 
improved sustainable agri-food supply chain and LCA. EU policy makers should be aware of these changes in livestock and 
market chains and act proactively to encourage the use of alternative animal proteins.

Keywords: livestock, smart farming, genomics, LCA

IntroductionIntroduction   
Despite the progress achieved in recent years, hunger and malnutrition still represent one 
of the main problems in various regions of the planet. According to a FAO report (1), 11% 
of the world’s population still suffers from poverty and does not have access to a sufficient 
level of nutrition. At the beginning of the 1990s, 17% of the world population chronically 
suffered from hunger. Although this percentage gradually decreased until 2015, it subse-
quently started to rise again. Over the last decade, we have witnessed a significant increase 
in food production. However, one billion people still do not have access to a sufficient 
level of nutrition. The main projects of international organizations (e.g., World Bank and 
the European Union) to reduce hunger and malnutrition by 2030 are mainly based on 
sustainable agriculture and stable systems for the production and distribution of food (2). 
Although population growth seems to be decreasing in Western countries and in some 
Asian countries, population growth seems to be decreasing, whereas in other regions, ex-
ponential growth is observed. The forecasts of at least 9.5 billion inhabitants of the planet 
for 2050 are considered realistic.

Several studies have shown that climate change has the potential to adversely affect 
animal health, with consequences for animal welfare, greenhouse gas emissions, produc-
tivity and human health (3). In almost all regions of the world, climate change could lead 
to an increase in temperature, an altered photoperiod and a decrease in rainfall, which 
may cause a reduction in the quality and quantity of food, less water availability and a 
high susceptibility to diseases (4). According to a report prepared in 2018, the increase in 
temperature observed since the mid-20th century is probably due to an increase in man-
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      Food and Feed Biotechnology made greenhouse gas (GHG) emissions, while it is very unlike-
ly that climate change is due only to natural causes (5). The 
sustainability of food production is a topic of growing public 
concern, and different conflicting demands are expressed by a 
large number of stakeholders: private citizens, industries, con-
sumers, communities, environmentalists and policy makers. 
Furthermore, future food production must satisfy four goals 
of a composite scenario: i) growing population with changing 
consumers’ habits and diet preferences due to higher income; 
ii) foreseeable impact on climate change iii) reduction of per 
capita natural resources and arable land, decline in soil produc-
tivity, water shortage and pollution; iv) scientific and techno-
logical progress that creates expectations and possible concern 
among the world population (6).

1. Scenarios1. Scenarios
Numerous factors, such as the rising population, urbanization 
and incomes, have contributed to the global increase in meat 
consumption in 2018 by 59% (43 kg per capita) compared to 
the 1990s values (1). In the same period, global fish consump-
tion per capita increased from 13.5 kg per person/year to more 
than 20 kg. In 2018, meat production accounted for 330 million 
tons (MT) worldwide, of which 120.5 MT of poultry, 118.7 MT 
of pork, 70.8 MT of beef and other bovine species and 14.8 MT 
of sheep (1). According to the indications of the World Health 
Organization, FAO and the United Nations Organization, the 
amount of animal products in human diets should be equal to 
one-third of the daily protein requirement (7). The suggested 
daily human consumption of protein per capita is 0.66–1 g/kg 
body weight. Data published by the FAO (2) on global animal 
protein production indicate a current availability of 24 g/day 
per capita. The FAO (8) predicts an increase in animal produc-
tion products of 1–3% per year for the next 30 years. Parallel to 
the demographic increase, the demand for food is growing, and 
FAO’s future projections outline a scenario by 2050, in which 
more than 500 MT of meat per year will be needed for human 
consumption. Approximately 800 billion t of cereals are cur-
rently used to produce animal feed; they will exceed 1.1 billion 
t by 2050. Most of this product will compete with human food, 
and the proportion of arable land used to produce new feeds 
will further increase (8). The possible conflict in the use of ag-
ricultural products, in particular cereals, for human or animal 
diets is one of the various challenges in the realization of sus-
tainable production. Cattle use 60% of the total vegetal biomass 
that is produced, converting grass, pasture fodder and other in-
edible products for humans to edible human protein and im-
proving the overall efficiency of the system. On the other hand, 
the limitation of arable lands due to urbanization, salinization 
and desertification requires great attention to the sustainability 
of production systems. Furthermore, the excessive exploitation 
of natural resources and global warming, with uncontrolla-
ble meteorological phenomena and drought, could negatively 
impact agricultural and aquatic production systems. Approx-
imately 8% of the total water consumption is used to irrigate 
crops for animal feed (9, 10). Future sustainability of produc-

tion systems will depend on the ability to create and introduce 
new production methods characterized by reduced energy de-
mand and limited stress on terrestrial and aquatic ecosystems. 
Changes in eating habits and diet will also be indispensable. In 
the future, livestock production methods will probably change 
and show substantial differences between developed countries 
and developing countries, and consequently, between high-in-
tensity production and small-scale agro-pastoral systems. The 
future demand for products of animal origin can only be met 
through a sustainable intensification of a low-carbon economy. 
On the other hand, the need to adapt to climate change and 
reduce GHG emissions will undoubtedly increase the costs of 
production and processing of raw materials, and therefore, of 
the finished product to the final consumer.

Different international institutions of the agricultural and 
food sector have estimated (for the short term, the year 2030 
and for the long term, 2050) the ability of natural resource 
systems to absorb external climate shocks (6). Crop produc-
tion will increase by 80% compared to current levels due to 
the adoption of different innovative cultivation techniques. 
Unfortunately, the growth rate of non-GM cereal cultivation 
has declined from 3.2% per year in the 1960s to 1% in recent 
years (7). Meat production will continue to expand globally. 
The livestock feed alternatives, which are discussed in depth 
in this document, must be evaluated in relation to their social 
acceptance (consumer approval), environmental sustainability, 
economic viability (costs and benefits) and technological fea-
sibility (11).

1.1 Population and consumer trends1.1 Population and consumer trends
Population dynamics are one of the most crucial drivers of 
future scenarios. According to the FAO outlook, the human 
population will increase globally from the present seven billion 
people to approximately 9–10 billion people in 2050, despite 
a decline in the birth rate (6). Three changes are expected in 
the future: the first change is the concentration of population 
growth, mainly in Asia and Africa. The second change is the 
advance in urbanization that will continue at an accelerated 
rate: approximately 70% of the world’s population will be ur-
banized in 2050 compared to the actual 49%. The third change 
is the change in the consumption patterns due to the income 
growth of the middle class in the least developed countries 
(LDCs). Globally, the average world citizen income is currently 
approximately $11,000 US/year, which is twice the income level 
in 1970. Per capita food consumption is expected to rise from 
2,860 kcal in 2015 to 3,070 kcal in 2050 (4). Most developed 
countries have substantially completed the transition to live-
stock-based diets, while not all developing countries will like-
ly shift, in the foreseeable future, to meat consumption levels, 
which are typical of Western diets (4). This shift requires a 70% 
increase in food production with a growing demand for red 
meat and dairy products to 80% (12). The expected global pop-
ulation and meat consumption increase are reported in Table 1.

The major meat increase is expected for poultry: a higher 
conversion rate will maintain a convenient price and will par-
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tially replace beef and pork meat. In the US, pork consump-
tion has maintained a range between 20 kg/person and 25 kg/
person per year; beef consumption has fallen from 43 kg per 
year in 1975 to 24 kg per year in 2015; poultry meat has dis-
played a mirror-image response over the same time period, 
soaring from 21 kg/year to 48 kg/year, an increase of nearly 
130% (13). The livestock production system in the European 
Union represents 40% of the total agricultural activities, with 
the employment of approximately four million people. Animal 
proteins comprise 50% of the total proteins of milk-based diets. 
Per capita consumption in the context of the European Union 
is 65.5 kg of meat and 236 litres of water per person/year. Over 
40% of British people are reducing their meat intake, and 35% 
of Americans obtain most of their protein from plant sources. 
These changes are driven by consumer economics; for example, 
the relative cost of poultry meat during the last 6 months of 
2020 was 4.2 US $/kg, whereas the relative cost of beef aver-
aged 12.5 USD/kg. The increase in the world population and 
requirements of dietary changes for healthier nutrition are 
placing increasing pressure on changing the agricultural pro-
duction system by adopting lower impact technologies.

1.2 Foreseeable impacts1.2 Foreseeable impacts
A modern sustainable animal production farm should fulfil 
the following economic, environmental and social require-
ments: i) economic sustainability, i1) continuous process con-
trol in real time (improves efficiency of the use of production 
factors), i2 continuous real-time connection to external data 
sources (more convenient decisions based on market informa-
tion), ii) environmental sustainability, ii1) better management 
of crops and harvest times (improves the use of nutrients in 
the field and quality of food for livestock, ii2) better coverage 
of the needs of animals (improvement in the production per-
formance of animals with a lower impact per unit of product, 
ii3) better management of manure with reduced emissions, and 
iii) social sustainability (ethics and animal welfare), improved 
real-time monitoring of animals. The directions towards new 

sustainable strategies of carbon reduction are based on three 
actions: 1) Tebe, technology innovation and business models. 
Most existing technology innovation will take a long time to 
become economically feasible and will require substantial in-
vestments. Another problem is the threshold for GHGs, such 
as ammonia: 10,000 kg of ammonia per year (the amount that 
would be generated by 40,000 chickens, 2,000 pigs or 750 pig-
let-bearing sows). This high limit has allowed large factories, 
collecting common agricultural policy (CAP) subsidies, to 
simply game the system by legally dividing their operations up 
to the maximum allowed by the regulations before requiring 
authorizations. 2) Sece, socio-economic and consumer changes 
towards new food habits. Assess the relative resource intensity 
of different diets and food groups, and obtain a common defi-
nition of a ‘sustainable diet’, both across different cultures and 
in view of future resource constraints and the growing global 
demand for calorie- and protein-rich foods; 3) Ecsa, external 
change and socioeconomic adaptation. The primary drivers of 
consumer food choice are price, taste, and convenience pro-
duction method. Several studies concluded that a 50% reduc-
tion in the current consumption of livestock products in the 
EU would make a significant contribution to climate change 
mitigation and align the current intake of animal protein and 
fats with WHO recommended dietary guidelines (12). This 
contribution could lead to 40% less reactive nitrogen emissions 
from agriculture and a 23% reduction in cropland area.
Agricultural activities use 80–90% of freshwater and cause 24% 
of global GHG emissions (8). A quarter of all food, measured by 
MJ content, is wasted from “farm to fork”, and 8% of the losses 
occur upstream of the value chain. Intensive agri-food chains 
are responsible for soil erosion and pollution due to fertiliz-
ers, pesticides, deforestation and irrigation. However, to meet 
the Sustainable Development Goals (SDGs) targets envisaged 
by the 2030 Agenda for Sustainable Development, additional 
efforts should be made to reduce GHG emissions, compel the 
demand for resource-intensive animal food crops and reduce 
food loss and waste along the food supply chain. Another target 

   
Table 1.Table 1. Expected population (billion) and meat consumption increase (MT) in the world during the period: 2010-50

Year
Item 2010 2020 2030 2050 CAGR1

% % % %
Human population 6.90 7.67 8.31 9.15 0.71 0.71

   Meat consumption:
Pig 102.30 38.07 115.30 36.11 129.90 34.11 140.70 30.34 0.80

Poultry 85.90 31.97 111.00 34.76 143.50 37.68 193.30 41.68 2.05
Bovine 67.30 25.05 77.30 24.21 88.90 23.35 106.30 22.92 1.15

Sheep/Goat 13.20 4.91 15.70 4.92 18.50 4.86 23.50 5.07 1.45
Total meat 268.70 100 319.30 100 380.80 100 473.80 100 1.37

1 CAGR: consumer annual growth rate 
  Source: (6) 
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for 2030 is to reduce the “triple burden” of malnutrition: under-
nourishment, micronutrient deficiencies, and obesity.

2. Technology advance2. Technology advance
2.1 Precision livestock farming (PLF)2.1 Precision livestock farming (PLF)
Novel tech–biotech techniques pursue three goals: intelligent 
growth of agri-food production, inclusive growth of agri-food 
production, and sustainable growth of agri-food production 
(15, 16). Agriculture 4.0 is a combination of mechanical in-
novations and information and communication technologies 
(ICTs) for automatic machinery devices, robots, AI, 3D vision, 
irrigation, fertilization, precision farming, waste treatment, and 
advanced biopharming methods (17-25). All these technol-
ogies are targeted to improve farmers’ decision performance. 
The labour utilized in routine operations could be substituted 
with intelligent labour techniques. Precision animal husbandry 
represents a new opportunity for the animal production sector, 
improving the efficiency of the overall systems and enhancing 
both animal welfare (due to the possibility of monitoring and 
managing individual animals and not only the group) and pro-
duction sustainability. The agricultural sector is considering 
with growing interest the adoption of ICT methods to improve 
the management process (with reduction of costs) and reduc-
tion of the environmental impact (mitigation of emissions). 
Digital and technical information is produced by sensors or 
other devices capable of measuring variables of interest. PLF 
techniques, as outlined in Table 2, are based on the integrated 
use of all the information available on the farm.

The most common PLF technologies are milking technol-
ogies: automated milking (robot); localization and attack of 
milking systems; colour sensors; electrical conductivity sen-
sors; flow metres; near infrared reflectance (NIR) analyser; flow 
analysers (urea and beta-hydroxybutyrate (BHB), L-lactate 
dehydrogenase (LDH), progesterone); Body Condition Score 
(BCS) automated assessment systems; housing environment: 
microclimate (temperature and relative humidity); lighting 
(time and lux intensity); gas (N2O, CH4, CO2, and NH3; pow-
ders (PM2.5 and PM10); animal feeding: field sensors (satellite) 
for harvesting and conservation (ensiling and hay making) de-
cisions; conservation sensors (thermography); in line sensors 
(NIR); and animal welfare and health: location, movement, 
breathing, body temperature, ingestion and rumination (26-
34). The application of sensors (Fig. 1) in the animal produc-
tion sector is still in its infancy and has yet to be developed in 
the future.

An improvement in economic farm efficiency is the im-
proved use of production resources. In the livestock sector, 
feed represents more than 30% of the production costs (35). 
Today, methods for a rapid near infrared reflectance (NIR) 
spectroscopy analysis of feeds are available. These methods 
can be used to quickly analyse the mixed feeds that are load-
ed into the mixer wagon for the preparation of cattle diets. 
These systems are very important, especially in agricultural 
areas where large quantities of wet silage, maize and grass si-
lage are employed. These feeds are characterized by high and 
variable humidity. The importance of this method relies on the 

Figure 1.Figure 1.  Example of cow sensors: behaviour activity (oestrus, activity and health) measured on ears, legs and neck; calving alert using the 
vaginal temperature; rumen functions (temperature, pH and drinking) using a rumen bolus.
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Table 2.Table 2. List of precision livestock farming  applications in the animal production sector
Environmental controlEnvironmental control
- weather information systems
- recording systems and microclimate control, animal housing, air quality, water quality
- lighting and photoperiod control systems
- bioacoustics
Animal nutritionAnimal nutrition
- automatic forage analysis systems: in the field, at harvesting or during the storage (including biomass temperature detection  
   systems, e.g. Near Infrared Reflectance  spectroscopy (NIR) with thermography)
- integrated systems for intelligent feed preparation and distribution (e.g. corrections based on NIR analysis)
- automated forage transfer systems
- feeding / nursing robots
- physical-chemical quality control systems for distributed feeds
- control systems / estimation of food intake
- food digestibility estimation systems
- control of emissions
Animal behavior and welfareAnimal behavior and welfare
- activity detection meters (pedometers, activometers, collars, earphones)
- biomarkers in milk (somatic cell count, conductivity, lactate dehydrogenase)
- calving alert detectors (vaginal temperature)
- rumen function (rumen bolus (temperature, pH, drinking)
- position location (GPS)
-Boby condition score (BCS) (using 3D imaging)
Automatic Milking systems (AMS) (individual)Automatic Milking systems (AMS) (individual)
- individual/quarter production detection (including milk flow registration)
- diagnostic breast detection (color, conductivity, enzymes, California Mastitis Test (CMT), somatic cells (UV fluorescence),        
   thermography)
- macro-component detection (fat, protein, lactose) (Near Infrared, NIR)
- nutritional diagnostic detection (urea, ketone bodies)
- reproductive diagnostics (progesterone)
- milking robot
Animal manureAnimal manure
- manure cleaning robot
- manure analysis systems
- emission recordings
Management controlManagement control
- energy consumption control systems
- work organization and company operational time recording
- integrated warehouse management systems
Product quality controlProduct quality control
-integration with transformation phases
- integration of company information with other operators in the supply chain
DataData
- big data management, statistical processing and analysis, information generation within decision support systems (DSS)
PhenomicsPhenomics
- use of information for monitoring, management or genetic improvement of production animals
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advantage of determining, in real time, the actual amount of 
dry matter and the risk of potential quality deterioration. Cur-
rently, the method for the detection of oestrus is widely utilized 
at the market level via algorithms that interpret variations in 
animal activity (36). Individual milk production (milking ro-
bot) allows correct dietary animal management (e.g., placing a 
cow in the most suitable production group or providing a food 
supplement using individualized automatic systems) (35). Less 
common are the macro-components of milk analysis (e.g., urea 
and beta-hydroxy-butyrate), which can provide additional in-
formation about the nutritional status of an animal, allowing 
us to correct the composition of the diet. PLF may allow high 
and efficient livestock production. The possibility of automat-
ically recording and managing a large amount of data is relat-
ed not only to milk production (even of each quarter of the 
animal udder) but also to analysing the flow (peak and aver-
age), total milking time and other variables (37). On the other 
hand, the correct and updated knowledge, day by day, of the 
individual production level allows an easier and faster adjust-
ment of the diet to support the best production performance. 
For ruminates, the main objective is to optimize the protein 
synthesis of rumen microorganisms. This result is obtained 
by feeding animals the required amount of amino acids and 
fats, and by this way, reducing the polluting emissions (N and 
methane) (39). The improvement of livestock feed efficiency 
can also cause additional positive economic and social effects 
(40). Managing and analysing “big data” obtained on farms in-
volves several activities. First, it is necessary to standardize the 
data obtained from multiple sources (internal and external to 
the farm) in real time, which can provide better opportunities 
for diagnosing risks and identifying alternatives (39). Large 
amounts of data (often from heterogeneous sources) require 1) 
large-scale collections, 2) storage, 3) pre-treatment, 4) model-
ling, and 5) analysis. Recently, artificial intelligence methods 
have been proposed for PLF data analysis. Several approaches 
are available, such as supervised learning (with data labelling 
and training datasets) and unsupervised learning methods that 
independently utilize data (41).

2.2 New genomic tools2.2 New genomic tools
With the advent of omics technologies, it is possible to identify 
genetic variants (polymorphisms) at the DNA level and single 
genes (single nucleotide polymorphisms and SNPs) with sig-
nificant effects on quantitative traits (QTLs). The identification 
of these polymorphisms in domestic species has enabled the 
genotype of a large number of animals and the use of several 
thousands of molecular markers via the use of SNP chip arrays 
(42). By means of these latest generation genomic tools, we are 
therefore able to identify new associations between the genet-
ic variants (SNPs) and traits of interest. In particular, we can 
select animals with a “lower environmental impact” in terms 
of reduced feed consumption and methane emissions and in-
creased metabolic efficiency (43). Among the various climatic 
variables, thermal stress has been reported as the most dam-
aging factor for the economy of the livestock sector. There are 

numerous candidate genes associated with the adaptation of 
ruminants, monogastrics and poultry to heat stress. For exam-
ple, genes that encode leptin (LEP), thyroid hormone receptor 
(THR), insulin growth factor-1 (IGF-1) and growth hormone 
receptors (EGF family) are associated with the effects of heat 
stress on several physiological animal processes (milk, meat 
and egg production; thermoregulation; and oestrus cycles) 
(44). Genetic selection is an important method for improving 
the feeding efficiency of beef and dairy cattle. Food efficiency 
is traditionally measured as the ratio between distributed food 
and weight gain. Genetic analysis of traits such as the food con-
version ratio (FCR) or g CO2/dry matter intake is difficult to 
measure, as more emphasis is placed on the trait with greater 
genetic variability (45). For this reason, the residual feed intake 
(RFI) trait is preferred to select animals with lower methane 
emissions (46). This trait is moderately heritable (0.26–0.43) 
and is obtained by a precise individual measure of food in-
take. The value of RFI can also be corrected for the back fat 
value (RFIfat). Animals selected for a low RFI value will show 
a better conversion rate and lower dry matter ingestion. The 
selection of these animals will allow the reduction of enteric 
CH4 emissions (15–25%). de Haas et al. (47) predicted the RFI 
and CH4 emissions (based on DMI and diet composition) and 
suggested that 10 years of selection for the nutrition efficien-
cy trait could reduce the CH4 emissions by 11–26%. Yan et 
al. (48) analysed the data of experiments using a calorimetric 
chamber and suggested the selection of cows with greater en-
ergy efficiency. In 2018, the Holstein Friesian Genetic Center 
(Cremona, Italy) started a new project, named “Latteco”, with 
the aim of measuring two traits for each individual bull: dry 
matter ingestion and greenhouse gas emissions (enteric meth-
ane and carbon dioxide). The experimental test starts after the 
quarantine period, and the bulls are divided into homogeneous 
groups according to age and weight. The young bulls were fed 
ad libitum during the whole test. The individual ingestion of 
dry matter (kg/d) and eating behaviours were evaluated using 
the Roughage Intake Control system (RIC, Hokofarm Group). 
A manager allows the calculation and monitoring of daily in-
gestions. Emissions of CO2 and CH4 (g/d) were measured using 
the “GreenFeed” system (C - Lock Inc., Rapid City, SD, USA). 
The emissions are recorded through a feeder at each individ-
ual access of the animal to the feeding box. The initial results 
showed that more efficient animals emit less GHG. In addition, 
as the weight, chest circumference, height at the withers and 
ingestion capacity of individual bulls increase, methane and 
carbon dioxide emissions increase. One of the first objectives 
proposed is therefore to select more efficient animals to reduce 
emissions.   

 New biotechnology technologies and genome editing, such 
as the CRISPR/Cas9-12 method, can be employed to improve 
the productivity of animal and vegetable crops. Institutions and 
policy makers should promote regulatory environmental leg-
islation to encourage the diffusion of these new technologies 
and investment through the entire livestock production chain.
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3. Edible protein content in animal species3. Edible protein content in animal species
The role of most diffused domestic animal species, ruminants 
and monogastrics is to convert rough feedstuffs of minimal or 
no biological value for humans into higher-quality proteins 
with balanced essential amino acid composition and higher nu-
tritional value. The need to increase the efficiency in the meat 
and milk production chain by reducing the time from cradle to 
farm, input costs and impact has induced farmers to adopt in-
tensive breeding techniques based on crops responsible for rap-
id growth: corn grain, corn silage and soybean meal. The Unit-
ed Soybean Board has estimated that 46% of the soybean meal 
produced in the United States is used for feeding broilers, lay-
ers and turkeys; pigs use another 25% and ruminants account 
for approximately 21%. The high quantity of digested protein 
and amino acids in soybean meal provides the best combina-
tion with cereals for producing the least-cost rations for swine, 
poultry and beef. It has also been stated that the composition 
of essential amino acids is pertinent to human consumption; 
hence, soy could be applied almost indifferently to feed animals 
for meat production or for human nutrition.

The most important issue today is to examine the conve-
nience of producing alternative protein sources by evaluating 
the livestock enterprise in a broader contest, including costs, 
species, nutritional value, consumer preferences, environmen-

tal impact, energy consumption, and land/water resource con-
straints. One important observation is the selection of species: 
ruminants can convert edible protein of high biological value 
(milk and meat) into a large number of vegetable crops, perma-
nent meadows and pastures, fodder and roughage rich in fibre, 
cellulose and lignin. The analysis proceeded in three steps: the 
first step was to evaluate the quantity of vegetable proteins di-
gested by animals; the second step was to evaluate the animal 
protein content for the most diffuse animal species; and the 
third step was to globally balance vegetable and animal pro-
teins, impact and costs.

 The first step starts with examining the quantity of crude 
vegetable proteins (CP) produced by one ha of land convert-
ed to the human edible fraction of protein using the human 
edible feed conversion efficiency index (heFCE) (49). A list of 
the most diffused crops currently used for feeding animals is 
examined. Table 3 reports the crude protein yield production 
per ha and heFCE for some vegetable crops.

The results suggest that soybean, soymeal and sunflower 
have the best heFCE indexes, followed by cereals and rapeseed.
The second step of this analysis is to evaluate the protein con-
tent of the most common animal species employed in the live-
stock sector (Table 4).

The results concerning the protein contents in animal-based 

Table 3.Table 3.  Crude protein production per ha and  the human edible feed conversion efficiency index (heFCE) for some vegetable 
crops used for animal and human consumption

Feedstuff                Production  Dry Matter  Crude Protein heFCE1 Index
          t/ha % g/kg DM Kg/ha CP % Kg/ha heFCE/ production
Barley 6 88 125 750 80 600 0.10
Maize 12 88 106 1272 80 1017.6 0.08
Wheat 6 88 138 828 80 662.4 0.11

Soybeans 4.5 90 404 1818 80 1454.4 0.32
Rapeseed meal 2.8 88 406 1136.8 20 227.36 0.08
Soybeans meal 1.8 90 513 923.4 80 738.72 0.41

Maize silage 60 35 86 5160 0 0 0.00
Sunflower meal 2.5 88 410 1025 80 820 033

1 heFCE - human edible feed conversion efficiency index
Source: (52)

Table 4.Table 4.  Average values of human edible fraction of protein content in some animal species
Average (g/Kg edible product) Range (g/Kg edible product)

Milk (cows) 34 33.3 -34
Beef 200 185-209
Pigs 182 150-220

Poultry 201 190-212
Eggs 125 120-130

Source: (52)
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food are presented as follows: milk (between 30.8 and 37.0 g/
kg), beef (170–250 g/kg equivalent to 17–25%), pork (129–240 
g/kg, or 12.9–24%), poultry meat (182–300 g/kg or 18–30%), 
and eggs (110–130 g/kg or 11–13%). While it is quite easy to 
compute the protein content in some animal products, such 
as milk, whey or eggs, it is more difficult to quantify the pro-
tein content obtained using different evaluation methods. Two 
conversion indexes are utilized for this evaluation: i) index to 
convert live weight (LW) to carcass weight (CW) (HSCW – 
hot standard carcass weight). Current values of this index are 
beef: 53%; pork: 75%; and poultry: 70% (51); ii) index to con-
vert CW into edible protein, that is, the edible fraction of the 
CW. Additionally, in this case there are different evaluations. 
Some common values are reported: milk protein: 30.8–37 g/1 
kg milk; beef meat: 170–227 g/kg. The quantity of protein pro-
duced by LW is reported in the table 5.

To evaluate the efficiency of animal protein production, the 

feed quantity converted to 1 kg of live weight (LV) was em-
ployed. To produce 1 kg of animal protein, in general, from 3 
to 16 kg of vegetable protein depending on the animal breed, 
feedstock, breeding method, environmental conditions and 
other factors are required.

We present a synoptic view of the protein efficiency conver-
sion following the approach suggested by Flachowsky et al. (52) 
for the conversion of vegetables to animal proteins for most 

common breed species. The computation of human edible pro-
tein yield (HEPY) is defined as the protein output contained 
in the edible animal crop divided by the edible protein intake. 
A value >1 suggests a net yield of protein, whereas if the value 
is less than 1, there is protein loss. In our case, only milk and 
broiler have a value >. 1 They are good converters of vegetables 
into animal proteins, while pig and veal have a score < 1.

Finally, an overview (Table 6) of the protein efficiency con-
versions for different species is presented.

4. Livestock environmental impact4. Livestock environmental impact
The livestock sector is one of the main users of natural resourc-
es. According to Sere and Steinfeld (49), livestock animals 
use 3.4 billion hectares of grazing land and production from 
approximately one-quarter of the world’s crop lands. In total, 
livestock comprise more than two-thirds of the agricultural 
world’s surface and one-third of the total global land area (49). 

Two different types of accounting systems are used to calculate 
the total emissions for the global livestock sector: 1) inventory 
of emission sources and 2) LCA. The first method describes 
the direct emission sources (e.g., enteric fermentation) that are 
aggregated into sectors (i.e., farming) with geographic units 
(e.g., nations). This form of accounting is employed by coun-
tries according to the United Nations Framework Convention 
on Climate Change (UNFCCC) via the International Panel for 

Table 5.Table 5. Conversion of body mass into protein for some species
Body mass Conversion (%) Conversion (%) Protein

Product LW1 LW-CW (HSCW)2 CW-heCW3 Kg/LW
Beef 600 55 20 66
Pigs 120 75 25 22.5

Poultry 3 70 25 0.525
1 LW= live weight; 2 LW-CW(HSCW) (CW – carcass weight) (HSCW – hot standard carcass weight); 3 CW-heCW ((CW – 
carcass weight) (heCW – edible protein of carcass weight)
Source: (52)

Table  6.  Table  6.  Overview of the protein efficiency conversion for some species

Species Body Weight Performance Dry Matter 
intake

Forage/ 
concentrate

Edible 
fraction

Edible Protein 
(EP)

Edible 
Protein Yield 

(EPY)
HEPY

kg Kg/d Kg/d %DM %BW g/kg g/d g/kg 
BW/d

1 2 3 4 5=4*CP% 6=1*5*+95 7=6/1
Dairy 
cow 600 30 29 22/7 95 34 969 1.615

Fattening    
veal 250 1.2 7.4 4.65/2.76 50 328 196.8 0.7872

Pig 120 0.6 0.37 65 120 36 0.3
Broiler 3 0.067 0.096 60 150 5.025 1.675

Source: (52)
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Climate Change (IPCC) guidelines. According to a study of 
OECD/FAO (50), the sum of livestock emissions from enteric 
fermentation, manure and cropland related to feed is approxi-
mately 4–5 Gt CO2 eq or 8.8% of the total. The second method 
is based on accounting for the direct and indirect emissions 
produced along the entire production chain for a particular 
product or service. This method is often applied when the goal 
is to understand where in a value chain, resource use and en-
vironmental impacts occur. According to a revised FAO study, 
livestock-related emissions along the whole value chain, in-
cluding direct and indirect emissions, amount to 8.1 Gt CO2 

eq or 16.5% of the total in 2010. LCA is an important tool for 
supporting political and economic decisions about the diffu-
sion of activities having consequences for the agri-food chain 
and community. Methods used to make an LCA are indicated 
in the ISO standards (ISO 14040 (53); ISO 14044 (54)). The 

LCA method involves four phases: (1) objective definition, (2) 
inventory and data collection, (3) calculation of the environ-
mental impact, and (4) discussion of the results. The LCA de-
scribes the product, process or activity requirements for energy 
and material during its entire life cycle and the emissions and 
waste released to the environment. The results of LCA studies 
have comparative significance rather than providing absolute 
values to evaluate the environmental impacts (40). Sustain-
ability and LCA literature supports the idea that a plant-based 
diet is better for the environment (55). A variety of impacts 
are considered in the agricultural LCA: GHG emissions, global 
warming potential (GWP), acidification, biodiversity, release 
of nitrogen in various forms (eutrophication), etc. The most 
commonly employed LCA indicators are land use, m2; fossil 
energy use, MJ; global warming, kg CO2 eq.; acidification, kg 
SO2 eq.; and eutrophication, kg PO4 eq. The greenhouse effects 
are different for the different gases involved and are equalized 
using the “CO2 equivalent” (56): carbon dioxide, 1 kg of CO2 = 

1 kg of CO2 equivalent; methane 1 kg of CH4 = 28 kg of CO2 

equivalent; and nitrous oxide, 1 kg of N2O = 298 kg of CO2 

equivalent. The units of measurement in animal husbandry are 
kg of CO2 eq. per animal per day or year; kg of CO2 eq./kg of 
milk or meat; and kg of CO2 eq./kg of dry matter ingested. A 
list of impact categories and environmental indicators used in 
environmental studies are reported in Table 7.

The stages of production, processing and transport of feed 
used in the livestock sector constitute approximately 45% of to-
tal GHG emissions (57). The fodder is grown in 33% of the cul-
tivated land, while grazing constitutes 30%. The water footprint 
(WFP) of livestock animals is larger, in some cases 20 times, 
than that of crops with the same nutritional value. The con-
sumption of Kcal fossil energy per kg of production and LCA 
data of several products are reported in Table 8.

As the price elasticity of livestock meat consumption is es-

timated to be 0.75, future consumption is expected to grow 
quite steadily with the decline in prices. The World Wide Fund 
for Nature (WWF) estimates that 280 million hectares will be 
needed in 2030 to produce the soy and corn needed to feed 
all livestock. In the EU, pasture and cultivated land is 173 mil-
lion hectares, or 39% of the total (7). The production of animal 
proteins is an intensive water consumption activity. In several 
countries, this resource could limit animal production even 
more than land use (58). It takes 2364 litres of water to produce 
1 kg of soybean protein (10638 m3/ha), and 4525 litres is need-
ed to produce 1 kg of chicken (59). 

ConclusionConclusion
This paper started with FAO scenarios based on the search for 
a sustainable approach to produce convenient protein foods to 
feed a growing population (10 billion to 2050), changing con-
sumers’ habits, scarcity of land and water resources and reduc-
ing livestock GHG emissions. The goal is to increase global an-

Table 7.Table 7. List of impact categories and environmental indicators used in environmental studies
Impact categories                                                                                                       Environmental indicators

Consumption of non-renewable resources                                  Fossil fuels               
                                                                                        Fertilizers-NPK

Greenhouse effect                                                           CO2, CH4, N2O
Fertility and soil function                                                  Accumulation of heavy metals

                                                                                                                    NH3, NOx, SO2

Water quality  (ground and surface water)                        N-fertilizers, nutrient balance, nitrate leaching
                                                                                                                      Fertilizer, P budget, P drainage  

Human and environmental toxicity                                Herbicides and antibiotics, nitrates
                                                                                                                      NH3, PM10, PM2.5

Biodiversity                                                                    Number of species, breeds and varieties 
Landscape                                                                     Pastoral activities, variety of environments

Animal welfare                                                               Structures, reproduction, health care
Others Smells, noises, ozone layer, etc.
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imal protein production to satisfy the future food demand. In 
the future, increased meat production will help to achieve some 
of the goals of the FAO. However, there are some concerns 
about land depletion, the maintenance of soil fertility, climate 
change, the scarcity of water in some areas and the conserva-
tion of natural resources. It is evident that, the driving forces 
for a transition to a low-emissions food system must be derived 
from a robust policy framework. Several studies conclude that 
a reduction in the current GHG livestock emissions in the EU 
would contribute to a climate change mitigation. The most im-
portant issue today is to examine the convenience of producing 
alternative protein sources by evaluating the livestock enter-
prise in a broader contest, including costs, species, nutritional 
value, consumer preferences, environmental impact, energy 
consumption, and land/water resource constraints. One im-
portant observation is the selection of species: ruminants can 
convert edible protein of high biological value (milk and meat) 
into a large number of vegetable crops, permanent meadows 
and pastures, fodder and roughage rich in fibre, cellulose and 
lignin. According to FAO, livestock-related emissions along 
the whole value chain, including direct and indirect emissions, 
amount to 8.1 Gt CO2 eq or 16.5% of the total. LCA is an im-
portant tool for supporting political and economic decisions 
about the diffusion of activities having consequences for the 
agri-food chain. The results of LCA studies have comparative 
significance rather than providing absolute values to evaluate 
the environmental impacts. Sustainability and LCA literature 
supports the idea that a plant-based diet is better for the envi-
ronment.
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