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Livestock production has a major impact on the environment. Choosing a more
environmentally-friendly livestock product in a diet can mitigate environmental impact. The
objective of this research was to compare assessments of the environmental impact of livestock
products. Twenty-five peer-reviewed studies were found that assessed the impact of
production of pork, chicken, beef, milk, and eggs using life cycle analysis (LCA). Only 16 of
these studies were reviewed, based on five criteria: study from an OECD (Organization for
Economic Cooperation and Development) country, non-organic production, type of LCA
methodology, allocation method used, and definition of system boundary. LCA results of these
16 studies were expressed in three ways: per kg product, per kg protein, and per kg of average
daily intake of each product for an OECD country. The review yielded a consistent ranging of
results for use of land and energy, and for climate change. No clear pattern was found, however,
for eutrophication and acidification. Production of 1 kg of beef used most land and energy, and
had highest global warming potential (GWP), followed by production of 1 kg of pork, chicken,
eggs, and milk. Differences in environmental impact among pork, chicken, and beef can be
explained mainly by 3 factors: differences in feed efficiency, differences in enteric CH4 emission
between monogastric animals and ruminants, and differences in reproduction rates. The
impact of production of 1 kg of meat (pork, chicken, beef) was high compared with production
of 1 kg of milk and eggs because of the relatively high water content of milk and eggs.
Production of 1 kg of beef protein also had the highest impact, followed by pork protein,
whereas chicken protein had the lowest impact. This result also explained why consumption of
beef was responsible for the largest part of the land use and GWP in an average OECD diet. This
review did not show consistent differences in environmental impact per kg protein in milk,
pork, chicken and eggs. Only one study compared environmental impact of meat versus milk
and eggs. Conclusions regarding impact of pork or chicken versus impact of milk or eggs require
additional comparative studies and further harmonization of LCA methodology. Interpretation
of current LCA results for livestock products, moreover, is hindered because results do not
include environmental consequences of competition for land between humans and animals,
and consequences of land-use changes. We recommend, therefore, to include these
consequences in future LCAs of livestock products.

© 2009 Elsevier B.V. All rights reserved.

Keywords:
Life cycle assessment
Environmental impact
Meat
Milk
Eggs
Review

Livestock Science 128 (2010) 1–11

⁎ Corresponding author. Animal Production Systems Group, Wageningen University, P.O. Box 338, 6700 AH Wageningen, Wageningen, The Netherlands.
Tel.: +31 317 484589; fax: +31 317 485550.

E-mail address: Imke.deBoer@wur.nl (I.J.M. de Boer).

1871-1413/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.livsci.2009.11.007

Contents lists available at ScienceDirect

Livestock Science

j ourna l homepage: www.e lsev ie r.com/ locate / l ivsc i



Author's personal copy

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2. Life cycle assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2.1. Selection of LCA studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2. Comparison of LCA studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.2.1. Calculation of functional unit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2.2. Unit of LCA results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

3. Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
3.1. Land use . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
3.2. Use of fossil energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
3.3. Climate change . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.4. Acidification and eutrophication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
3.5. General discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

4. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1. Introduction

The environmental impact of livestock production has
received increasing attention over the last years, because it
appears to have a major impact on the environment (Steinfeld
et al., 2006). The livestock sector increasingly competes for
scarce resources, such as land, water, and energy, and has a
severe impact on air, water and soil quality because of its
emissions. According to the Food and Agriculture Organization,
for example, the world's livestock sector is responsible for 18%
of the global emission of greenhouse gases. This contribution of
18% was explained by emission of carbon dioxide from fossil-
fuel combustion and deforestation, emission of methane from
manure and enteric fermentation by ruminants, and emission
of nitrous oxide from application of fertilizer during cultivation
(Steinfeld et al., 2006).

In addition to changes in production practices, eating less or
no livestock products, such as meat, is seen often as a possible
solution to reduce the environmental impact of the livestock
sector (Carlsson-Kanyama, 1998; Pimentel and Pimentel, 2003;
Reijnders and Soret, 2003; Baroni et al., 2007). Indeed, a
balanced plant-based diet can provide us with all the nutrients
required for a healthy life (Appleby et al., 1999). Eating meat,
however, is not only a reflection of nutritional needs, but it is
also determined by taste, odour, and texture, as well as by
geographical area, culture, ethics andwealth (Richardson et al.,
1993). In member countries of the Organization for Economic
Cooperation and Development (OECD), more than one-quarter
of the energy content of an average diet still consists of animal
products (FAOSTAT, 2009). A massive number of people in
developing countries, moreover, are turning to this kind of diet
(FAO, 2002).

So far, little attention has been paid to reducing environ-
mental impact of the livestock sector by choosing the livestock
product that is produced with the lowest environmental
impact. Choosing a more environmentally-friendly livestock
product in a diet possibly can mitigate environmental impact.
To choose from among different types of meat or between
protein frommeat and eggs, for example, we need a consistent
assessment of their environmental impact. Such an assessment
requires a quantification of the emissions and resource use
during the entire life cycle of that product. Life cycle assessment

(LCA) is a generally accepted method to evaluate the
environmental impact during the entire life cycle of a product
(Guinée et al., 2002). Many studies have used LCA to assess the
environmental impact of livestock products, such as pork,
chicken, beef, milk, or eggs. The fact that these studies all used
LCA as impact assessment tool offers an opportunity to assess
which livestock products aremost harmful to the environment.
To our knowledge, no scientific overview of the LCA results of
livestock products has been published.

The objective of this research was to compare the envi-
ronmental impact for livestock products. We reviewed, there-
fore, 16 studies from OECD countries, using the LCA method.

2. Life cycle assessment

Life cycle assessment is a holistic method to evaluate the
environmental impact during the entire life cycle of a
product. Two types of environmental impact are considered
during the life cycle of a product: use of resources such as land
or fossil fuels, and emission of pollutants such as ammonia or
methane (Guinée et al., 2002). Emission of pollutants
contributes to impact categories, such as climate change,
acidification and eutrophication of ecosystems, and human or
terrestrial eco-toxicity.

LCA relates the environmental impact to a functional unit,
which is the main function of a production system expressed
in quantitative terms. Functional units in LCA studies of
agricultural production, for example, are kg of fat–protein
corrected milk, kg of grain produced or kg of meat produced
(De Boer, 2003). Besides this functional unit, e.g. fat–protein
corrected milk, a production system might yield another
valuable output, such as meat or manure. Moreover, cultiva-
tion of wheat, for example, yields wheat grain and wheat
straw. In these multiple-output situations, the environmental
impact of the production system or process has to be
allocated to various outputs. Three main allocation methods
exist (ISO, 2006): economic allocation, physical allocation
(e.g. mass allocation) and system expansion. In the case of
economic allocation, the environmental impact of a produc-
tion system or process is allocated to its multiple outputs
based on their relative economic value. LCA results based on
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different allocation methods cannot be compared directly
(Thomassen et al., 2008a).

2.1. Selection of LCA studies

We found 25 LCA studies from peer-reviewed scientific
journals and scientific reports that examined the environ-
mental impact of individual livestock products. To include
only those LCA studies that are comparable, six selection
criteria were defined:

- LCA studies from OECD countries
- LCA of non-organic systems
- LCA of systems that produce pork, chicken, beef, milk or
eggs

- attributional LCA, i.e. evaluation of status quo situation
- economic allocation of multiple outputs
- at least cradle to farm-gate LCA.

Only LCA studies from OECD countries were selected,
because livestock production systems in these countries differ
substantially from systems in other countries. Animals in
non-OECD countries often have multiple functions, such as
draught power or capital asset, rather than only the one
function of production of livestock products (Udo and
Cornelissen, 1998; Moll, 2005). Multiple functions complicate
an LCA because the environmental impact is allocated only to
the main output of a system or process (Steinfeld et al., 2006;
Schau and Fet, 2008; Phong et al., in preparation).

LCA studies of organic products were excluded from the
analysis because livestock production is almost entirely non-
organic in OECD countries (Steinfeld et al., 2006). So only few
LCA studies on organic production of livestock products are
published (Cederberg and Mattsson, 2000; Haas et al., 2001;
Basset-Mens andVanderWerf, 2005; Thomassen et al., 2008b).

In OECD countries, pork, chicken, beef, milk and eggs are
the most common livestock products in an average diet
(FAOSTAT, 2009). A comparison of environmental impact of
fish with, for example, meat is difficult as LCA initially was
developed for land-based systems. Moreover, environmental
impacts that are important for production of sea-food, such as
over-fishing, use of antifouling, fuel emission from combus-
tion at sea and seafloor ecosystem disturbance, are not
accounted for in current LCA studies (Ellingsen and Aanond-
sen, 2006).

There are two ways of performing an LCA: consequential
and attributional (Thomassen et al., 2008a). Consequential
LCA studies aim at quantifying environmental consequences
of a change in demand of a product. We included only
attributional LCA studies, which aim at quantification of the
environmental impact of a product in a status quo situation.
The majority of LCAs on livestock products use attributional
LCA (Thomassen et al., 2008a). Furthermore, we selected only
LCA studies that apply economic allocation because this was
the most common method of allocation.

Ideally, an LCA evaluates the environmental impact of a
product over its entire life cycle, i.e. from cradle to grave. The
majority of LCA studies, however, evaluated only the
production stages until the farm gate, and left out succeeding
stages, such as processing, retail, or household. We included
studies, therefore, that evaluated at least all production stages
until the farm gate. Studies that analyzed more production

stages after the farm gate were included, however, if their
results could be recalculated to cradle-to-farm-gate bound-
aries. To achieve this, system boundaries were recalculated in
Hospido et al. (2003) and Zhu-XueQin and Van Ierland
(2004).

Based on these criteria we included 16 LCA studies
(Table 1), and excluded 9 LCA studies (Baumgartner et al.,
2008; Ogino et al., 2004; Eriksson et al., 2005; Bennett et al.,
2006; Dalgaard et al., 2006; Elferink and Nonhebel, 2007;
Ellingsen and Aanondsen, 2006; Pelletier, 2008; Weidema
et al., 2008). Some studies that were excluded complied with
the selection criteria, but no data were available.

2.2. Comparison of LCA studies

Farming systems in LCA studies that assessed the same
product differed substantially in their characteristics, e.g.
animal productivity, feed composition and production period.
Such characteristics might affect environmental impact (e.g.
Basset-Mens and Van der Werf, 2005; Casey and Holden,
2006; Williams et al., 2006). In OECD countries, for example,
systems for production of beef are heterogeneous, whereas
systems for pork, chicken and egg are usually homogeneous
because of their standardized production method worldwide.
If a study performed an LCA of different production systems
for one product then each systemwas included in this review
(see Table 1), on the condition that they complied with the
inclusion criteria.

To compare LCA results among selected studies, the
functional unit (FU) was recalculated. In addition, LCA results
were expressed in the same unit and were recalculated to a
cradle to farm-gate LCA.

2.2.1. Calculation of functional unit
Comparison of livestock products demands an identical

FU. Various meat products, for example, can be compared
based on the environmental impact per kg of meat. Relative to
meat, however, milk or eggs have a high water content. A
comparison of the environmental impact of products such as
meat, milk, or eggs, therefore, demands a different FU, not one
based on 1 kg of product.

A FU depends on the function of the product, and the
primary function of livestock products is to satisfy the human
body's need for nutrition, especially protein (Schau and Fet,
2008). In addition to a FU of 1 kg of product, environmental
impact of livestock products was analyzed also using a FU of
1 kg of protein. One might think of other, possibly more
important reasons, however, why people consume livestock
products, such as texture, tradition, or culture (Richardson
et al., 1993). Instead of unraveling motivations of dietary
choices, we choose a single objective indicator that covers all
motivations: the actual consumption of livestock products. In
this review, we assumed that the “nutritional need” for
livestock products is represented by consumption in OECD
countries. In addition to FUs being defined as “kg of product”
and “kg of protein”, therefore, a third FUwas defined: average
daily intake (ADI) of each product in kg for an OECD country
(Table 2).

To express LCA results of studies related tomeat production,
according to FUs described above, first we recalculated results
of each study to a FU of 1 kg of Live Weight (LW). Second, we
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recalculated results to a FU of 1 kg of edible product, i.e. meat,
milk or egg, using fixed calculation factors (Table 2). Because
themajority of the economic value of a fattening animal comes
from production of meat, the environmental impact was fully
allocated to the edible product, and not to non-edible products
such as leather. Third, based on the protein content of each
product, we recalculated results to a FU of 1 kg of protein
(Table 2). Fourth, we expressed results as a proportion of the
average daily intake (ADI) of each product in kg for an OECD
country.

To express LCA results related to milk and egg production,
we took a two-step approach. First, we recalculated LCA
results of each study to a FU of 1 kg of milk or 1 kg of egg,
assuming an average egg weight of 62.5 g (Animal Sciences
Group, 2006). Second, we expressed LCA results per kilogram
of protein and per kilogram of ADI, based on information in
Table 2.

2.2.2. Unit of LCA results
In the studies reviewed, the size of an environmental impact

was calculated per impact category using equivalence factors.
To assess the impact of production of a specific product on
climate change, the studieswe reviewed quantified emission of
carbon dioxide (CO2),methane (CH4), and nitrous oxide (N2O).
Emission of CO2, CH4, and N2Owere summed up based on their
equivalence factor in terms of CO2-equivalents (100-year time
horizon): 1 for CO2, 21 for CH4, and 310 for N2O. OnlyWilliams
et al. (2006) andThomassen et al. (2009)used amore recent set
of equivalence factors: 1 for CO2, 23 for CH4, and 296 for N2O.

Studies reviewed used different units for the impact
categories acidification and eutrophication (see Table 1).
Acidification potential of each study was recalculated to SO2

equivalents, whereas eutrophication potential was recalcu-
lated to PO4

3− equivalents (Bauman and Tillman, 2004). Land
use was recalculated to square meters (m2 per year) and
energy use to megajoules of primary energy (MJ).

3. Results and discussion

All studies evaluated five impact categories: land use,
primary energy use, climate change, eutrophication and
acidification, except for Hospido et al. (2003) and Casey and
Holden (2005, 2006). This section includes an analysis of the
observed variation among studies of the same livestock
product and among studies of different products. Environ-

mental impacts are expressed per kg product, i.e. meat, milk,
or eggs, per kg of protein, and per average daily intake (ADI)
of each product in kg for an OECD country.

3.1. Land use

Land use varied among livestock products (Fig. 1). With
regard tomeat products (pork, chicken, and beef), production
of 1 kg of pork required 8.9–12.1 m2 and 1 kg of chicken 8.1–
9.9 m2 of land, whereas production of 1 kg of beef required
27–49 m2 of land. The large amount of land needed for beef
production has two causes. First, compared with a pig or a
broiler, a beef animal is less efficient in conversion of ingested
energy and nutrients into edible meat (Schroeder and
Titgemeyer, 2008). Second, compared with production of
beef, production of pork and chicken shows relatively little
land use from breeding stock due to the relatively large
number of progeny produced per mother animal annually
and to early sexual maturity.

One extreme value was observed among the results for
beef. This high value of 49 m2 (Williams et al., 2006)
represented land use of beef production in a system where
calves were bred by suckler cows. In such a system, land
required for production and maintenance of the suckler cow
is added to the total land requirement of beef production. The
lower values, ranging from 27 m2 to 31 m2, represented land
use of beef production in a systemwhere calves were bred by
dairy cows, in other words calves were a by-product from the
dairy farm. In such a system, the majority of the land required
for production and maintenance of the “mother cow” is
allocated to milk production and not to beef production.

There was no clear difference in the amount of land
required to produce 1 kg of pork and chicken (Fig. 1).
Williams et al. (2006) quantified land use of both pork and
chicken and concluded that the amount of land required to
produce 1 kg of chicken was slightly lower (i.e., 8.1–9.2 m2)
than that of 1 kg of pork (i.e., 10.1–11 m2). This slightly
higher land use for pork than for chicken results from the fact
that broiler chickens need less feed per kg edible meat than
pigs. This finding was confirmed by Elferink and Nonhebel
(2007), and Baumgartner et al. (2008). These LCA studies
were not in our review because they (partly) used mass
instead of economic allocation.

Compared with production of meat (pork, chicken, and
beef), production of 1 kg of milk and 1 kg of eggs required
little land (Fig. 1). Production of 1 kg of milk required only
1.1–2.0 m2, whereas production of 1 kg of eggs required 4.5–
6.2 m2. Compared with meat, milk and eggs have a relatively
high water content, which causes the lower land use per kg of
product.

When we expressed land use per kg of protein (Fig. 2),
milk production required 33–59 m2, which overlapped with
pork (47–64 m2), chicken (42–52 m2), and eggs (35–48 m2);
whereas beef production required 144–258 m2. The compar-
ative study ofWilliams et al. (2006) showed that 1 kg chicken
protein required slightly less land (i.e., 42–48 m2) than 1 kg
of pork protein (53–58 m2). Williams et al. (2006) also
showed that production of 1 kg of milk protein (33–35 m2)
required less land than that of 1 kg of beef protein (153–
258 m2), 1 kg of pork protein (53–58 m2) and 1 kg of chicken
protein (42–48 m2), and that there is no clear difference in

Table 2
Calculation factors to determine a functional unit.

Product kg edible
product/kg
live weight a

kg protein/kg
edible product b

daily intake c

(kg/person/day)

Pork 0.53 0.19 0.082
Chicken 0.56 0.19 0.074
Beef 0.43 0.19 0.060
Milk products
(excl. butter)

– 0.03 0.545

Eggs – 0.13 0.036

a Source: PVE, personal communication (2008).
b Sources: meat: Lawrie and Ledward (2006); milk: average of all studies;

eggs: USDA (2009).
c Source: FAOSTAT (2009).
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land use between production of 1 kg of egg protein (41–
48 m2) and that of 1 kg of chicken protein (42–48 m2).

When we expressed land use per amount of average daily
intake of each product (ADI) (Fig. 2), the daily consumption of
beef had the highest land use (1.65–2.96 m2); followed by
consumption of milk (0.62–1.1 m2), chicken (0.60–0.73 m2)
and pork (0.73–0.99 m2); whereas consumption of eggs
(0.16–0.22 m2) resulted in the lowest land use. Despite the
high ADI of milk products (0.55 kg) compared with pork
(0.08 kg), chicken (0.07 kg) or beef (0.06 kg; see Table 2),
consumption of milk required less land than consumption of
beef and the same amounts of land as the consumption of
pork or chicken. This is because land use per kg of milk is
lower than land use per kg of meat. Consumption of beef is
responsible for the largest part of the land use caused by
average diet in OECD countries.

The variation in land use among studies of the same
product was relatively low. This low variation is because the
amount of land needed to produce 1 kg of product was
quantified consistently in different studies. To quantify land
use, you need to estimate the amount of farm land used, i.e.,
on-farm land, and the amount of land required to produce all
purchased inputs, such as fertilizer, pesticides, energy and
feed, i.e., the so-called off-farm land. Off-farm land mainly is
determined by land use for production of feed ingredients
(Thomassen et al., 2008b).

The amount of on-farm land generally was estimated
based on farm visits or statistical databases. The amount of
off-farm land was estimated based on the amount of pur-
chased feeds (or feed conversion in case of model calcula-
tions), the composition of these feeds, the yield per hectare of
different feed ingredients, the production process of different
feed ingredients and economic allocation values. The amount
of purchased concentrates was estimated from farm visits or
national data bases. Average composition of purchased feed

generally was obtained from feed companies, whereas yield
per ha generally was based on national data sets or
information from FAOSTAT (2009). Differences in land use
of feed ingredients were due to differences in local produc-
tion circumstances, national differences in processing of feed
ingredients or distinct assumptions for economic allocation of
by-products in feed.

3.2. Use of fossil energy

Fig. 3 shows energy use (in MJ) for livestock products
expressed per kg of product. Production of 1 kg of pork used
18–45 MJ, which overlapped with energy use of chicken (15–
29 MJ) and beef (34 to 52 MJ). The estimate of 45 MJ for 1 kg
of pork from Zhu-XueQin and Van Ierland (2004), however,
was based on an energy analysis of Pimentel (1992), which
was not obtained according to the LCA methodology (i.e., no
allocation). Without this estimate for energy use of pork,
energy use for pork ranged from 18 to 34 MJ, which was
lower than that for beef and overlapped with that for chicken.

As with land use, based on the comparative study of
Williams et al. (2006), the amount of energy used to produce
1 kg of chicken (15–18 MJ) was lower than that of 1 kg of
pork (23–24). This merely results from the fact that broilers
have lower feed conversion than fattening pigs. This finding
was confirmed by LCA results of Baumgartner et al. (2008)
based on a combination of mass and economic allocation.

The ratio of the average energy use for beef production to
pork production was 1.4, whereas the ratio of land use for
beef to pork was 3.1. The difference in energy use between
beef and pork is smaller than the difference in land use
because the relative share of concentrates in feed for beef
cattle in systems studied was lower than that for fattening
pigs and broilers (Vellinga et al., 2008). Production of
roughage generally occurred locally, and, therefore, required
relatively little energy for transport. Concentrate ingredients
in pig and poultry feed, however, originated from all over the
world, and, therefore, required more energy for transport.

Because of the relatively high water content of eggs and
milk, energy use per kg of eggs and, especially, of milk, were
lower compared with meat (Fig. 3).

Whenwe expressed energy use in terms of protein (Fig. 4),
production of milk required 37–144 MJ/kg, pork 95–236 MJ/
kg, chicken 80–152 MJ/kg, and eggs 87–107 MJ/kg, whereas
beef production required 177–273 MJ/kg. Williams et al.
(2006) showed that production of 1 kg chicken protein
required less energy (80–96 MJ) than 1 kg of pork protein
(119–129 MJ). In addition, they showed that production of

Fig. 2. Land use for livestock products, in m2 per kg of protein or per average daily intake of each product.

Fig. 1. Land use for livestock products (in m2/kg of product).
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1 kg ofmilk protein required less energy (67–68 MJ) than that
of 1 kg of beef protein (187–273 MJ). Production of 1 kg of egg
protein (87–95 MJ) used the same amount of energy as
production of 1 kg of chicken protein (80–96 MJ).

When we expressed energy in terms of ADI (Fig. 4), daily
consumption of pork and beef was responsible for the largest
part of the energy use for an average diet in OECD countries.

3.3. Climate change

Fig. 5 shows global warming potential (GWP) for livestock
products in CO2-equivalents (CO2-e) per kg of product. For
livestock products from monogastric animals, generally, N2O
was responsible for the largest part of the GWP, whereas for
products from ruminants N2O and CH4 were equally
important. For all livestock products, CO2 appeared to be
the least important greenhouse gas.

Production of 1 kg of pork resulted in 3.9–10 kg CO2-e and
production of 1 kg of chicken in 3.7–6.9 kg CO2-e, whereas
production of 1 kg beef resulted in 14 to 32 kg CO2-e. Several
factors explain the differences in GWP among pork, chicken,
and beef.

First, energy use for beef was highest, followed by pork
and chicken (Fig. 3). Emission of CO2 was directly related to
combustion of fossil energy because CO2 emission from
changes in land use or from the carbon stock in the soil was
not included.

Second, CH4 emission per kg meat from ruminants was
higher than from monogastric animals. Emission of CH4 from
monogastrics originated mainly from manure, whereas CH4

emission from ruminants originated from manure and from
enteric fermentation processes in the rumen. Enteric meth-
ane emission in ruminants explains about 75% of the CH4

emission per animal, whereas manure management explains
about 25% (Klein Goldewijk et al., 2005). The higher emission
of CH4 from ruminants compared with monogastrics also
explained why for milk and beef CH4 and N2O are the major
greenhouse gases, whereas for pork, chicken and egg N2O is
the major one.

Third, the amount of feed needed per kg of meat is higher
for ruminants than for monogastric animals (Schroeder and
Titgemeyer, 2008). During cultivation and transport of feed
emission of greenhouse gases occur, especially CO2 and N2O.
Therefore, emission of CO2 and N2O per kg product is higher
for ruminants than for monogastrics.

Fourth, compared to production of beef in a suckler
system, production of pork and chicken has a relatively low
GWP from breeding stock due to the relatively large number
of progeny per mother animal annually. When beef calves are
bred by dairy cows, this argument is not relevant.

The greatest variation was observed among GWP values
for production of beef (Fig. 5). A reason for this is that beef is
produced in a wide range of production systems. Highest
values represented systems using calves from suckler cows.
Lowest values represented systems using calves from dairy
cows, where GWP related to maintenance of the “mother
cow” was allocated to milk production. The lowest GWP for
beef (15 CO2-e/kg) was derived from Cederberg and Darelius
(2002), who studied a single farm in Sweden that fattened
Holstein bull calves bred by dairy cows. These calves were
raised without grazing and nearly all fodder, except for
concentrates (9% of the total dry matter), was produced on-
farm.

Relatively little variation was observed among GWP
values for production of pork, chicken and milk. Differences
in GWP assessments among LCA studies for pork or chicken
resulted mainly from differences in estimates of N2O. N2O is
formed during denitrification of nitrate in the soil. This

Fig. 4. Energy use for livestock products, in MJ per kg of protein or per average daily intake of each product.

Fig. 5. Global warming potential for livestock products, in CO2-e expressed
per kg of product.

Fig. 3. Energy use for livestock products, in MJ per kg of product.
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process of denitrification highly depends on soil conditions,
such as soil type and groundwater level and, therefore, differs
among and within countries (Schils et al., 2007). Differences
in estimates of N2O resulted from the fact that some studies
used N2O emission factors that depended on soil conditions,
whereas other studies used generic N2O emission factors
from IPCC (2006).

Because of the relative highwater content of milk and eggs,
GWP of milk (0.84–1.3 CO2-e) and of eggs (3.9–4.9 CO2-e) was
lower compared with meat (Fig. 5). When we expressed GWP
in terms of protein (Fig. 6), production of milk had a range of
24–38 CO2-e/kg, which overlapped production of pork (21–53
CO2-e/kg), chicken (18–36 CO2-e/kg) and eggs (30–38 CO2-e/
kg), whereas production of beef resulted in a GWP of 75–170
CO2-e/kg. The comparative study of Williams et al. (2006)
showed that 1 kg protein from chicken had a lower GWP (30–
36CO2-e) than frompork (47–49CO2-e)or eggs (32–38CO2-e),
and was comparable to that from milk (28–31 CO2-e).

When we expressed GWP in terms of ADI (Fig. 6), we
concluded that the major impact of the OECD consumption
pattern resulted from consumption of beef; followed by pork,
chicken and milk; and then by eggs.

3.4. Acidification and eutrophication

To assess the impact of production of a specific product on
acidification, the studies we reviewed quantified emission of
acidifying gases ammonia (NH3), sulfur dioxide (SO2), and
nitrogen oxide (NOx). Estimates for acidification potential
(AP) showed larger variation among LCA studies of the same
livestock product than estimates for land use, energy use, and
GWP (Fig. 7). The AP of pork, for example, varied from 43 to
741 g SO2/kg, with a coefficient of variation of 80%, whereas
the coefficient of variation of pork for land use was 10%, for
energy use 31% and for climate change 30%.

All studies showed that acidificationwas causedmainly by
emission of NH3, so that differences in AP can be explained by

differences inNH3. EmissionofNH3 results frommanure in the
housing and storage facilities, during grazing, and during
application of fertilizer on the field. Emission of NH3 emission
is determined by feed ration, type of housing, manure storage
facility and manure application technique, and climatic
conditions, such as temperature and air velocity (Monteny
et al., 2002; De Boer et al., 2002). In contrast with emission of
NH3, emission of CH4 is affectedmainly by feed ration, and not
by type of housing, manure storage facility or climatic
conditions (Tamminga et al., 2007). Therefore, estimates of
NH3 emission showed larger variation among studies com-
pared with estimates of CH4 emission.

Moreover, LCA studies used different NH3 emission factors
for different types of housing, manure storage facilities and
application techniques, whereas for CH4 emission generally
IPCC reference values were used (IPCC, 2006).

Studies showed that eutrophication potential (EP) was
caused mainly by emission of NH3, and leaching or run-off of
NO3

− and PO4
3−. Like AP, EP of the same product showed large

variation (Fig. 7). Leaching of NO3
− and PO4

3− depends on
climatic and soil conditions, and can differ largely among
countries or even among regions within the same country
(Schils et al., 2007). This partly explains the large variation
observed in EP among similar products. Moreover, leaching
and run-off of NO3

− and PO4
3− are difficult to quantify and

actually unknown for many situations. Leaching/run-off of
NO3

− and PO4
3− have been quantified as percentage of N or P

fertilizer applied, as a fixed value per ha or based on a field
nutrient balance. These differences in methodology also
contributed to differences in LCA results observed.

3.5. General discussion

For land use, energy use and climate change, we can con-
clude that production of 1 kg of beef protein had the highest
impact, followed by pork, whereas chicken had the lowest
impact. This conclusion is based on results of the life cycle of

Fig. 6. Global warming potential for livestock products, in CO2-e per kg of protein or per average daily intake of each product.

Fig. 7. Acidification potential (AP, in kg SO2-e) and eutrophication potential (EP, in kg PO4
3−-e) for livestock products, per kg of product.
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meat production until the product left the farm gate. We
know that during the post-farm-gate stages of production of
meat, such as processing, packaging, retail and household,
there is an additional environmental impact (Berlin, 2002;
Hospido et al., 2003; Zhu-XueQin and Van Ierland, 2004;
Katajajuuri, 2008). Differences in this additional impact
among meat products might affect our conclusion. Based on
literature, we do not, however, expect large differences in
environmental impact of post-farm-gate stages among
different meat products. Post-farm-gate stages were respon-
sible for about 30%–40% of the total energy use and for 20%–
25% of the GWP of production of pork or chicken, whereas
these stages showed a minor contribution to land use,
eutrophication, and acidification (Zhu-XueQin and Van Ier-
land, 2004; Katajajuuri, 2008).

This review did not show consistent differences in envi-
ronmental impact per kg of protein in milk, chicken, pork or
eggs. Conclusions regarding impact of pork or chicken versus
impact of milk and eggs require further harmonization of LCA
methodology and additional comparative studies (Roy et al.,
2009). Only one study compared environmental impact of
meat versus milk and eggs. This study showed that
production of 1 kg of milk protein had lower GWP than the
production of 1 kg of beef protein, and used less land and
energy than production of 1 kg of beef, pork, and poultry
protein. Literature showed that energy use and global
warming potential in post-farm-gate stages of milk products,
such as cheese, is smaller compared with meat products, i.e.,
10% for climate change and 20% for energy use (Berlin, 2002;
Van Middelaar, submitted for publication). The fact that the
additional impact during post-farm-gate stages is smaller for
milk products than for meat products enlarges the differences
found between milk protein and meat protein.

Based on this review of LCA results we could propagate
substitution of red meat by white meat. Compared with
rations of ruminants, however, the ration of pigs and poultry
contain relatively more products, such as cereals, that
humans could consume directly (Vellinga et al., 2008). Direct
consumption of these cereals by humans is ecologically more
efficient than consumption of meat produced by animals fed
with these cereals, because most of the energy is lost during
conversion from plant to animal product (Goodland, 1997).
Environmental consequences of this competition between
humans and animals for cereals are not incorporated in
current LCAs of livestock products (Garnett, 2009). So only in
a situation were enough land is available worldwide to
produce cereals required for all humans and livestock, we can
conclude to substitute red meat by white meat.

To avoid competition between humans and animals for
products such as cereals, we could stimulate to feed by-
products from other agricultural activities and the human
industry to monogastric animals, and to feed grass from
marginal land to ruminants. A correct evaluation of the value
of by-products or marginal products to feed our animals,
however, should also consider possible alternative use of
these products for, e.g., production of bio-energy.

Another aspect that is not included sufficiently in current
LCAs of livestock products are CO2 emissions associated with
changes in land use or the carbon stock in the soil. Pigs and
poultry, more so than ruminants, consume products, such as
soy bean meal, whose cultivation is said to be a major driver

of deforestation (Nepstad et al., 2006). Allocation of CO2

emission associated with deforestation, however, is compli-
cated by the fact that deforestation is a complex, dynamic
process resulting, not only from cultivation of feed crops such
as soy beans, but also from logging and grazing of livestock.
Further research, therefore, is needed to assess how signif-
icant CO2 emissions associated with changes in land use or
the carbon stock in the soil affect GWP of livestock products.

Finally, a consumer's choice among different types of meat
or protein from chicken or milk does not only depend on
environmental impact of its production, but also on other
sustainability issues such as animal welfare, product quality
and cost price.

4. Conclusion

A large number of LCA studies of livestock products have
been published. This review yielded a consistent ranging of
results for use of resources land and energy, and for climate
change. No clear pattern was found, however, for eutrophi-
cation and acidification. To gain insight into eutrophication
and acidification potential of livestock products more
comparative LCA studies are needed.

Production of 1 kg of beef used most land and energy, and
had highest GWP, followed by production of 1 kg of pork,
chicken, eggs, and milk. Differences in environmental impact
among pork, chicken, and beef can be explainedmainly by three
factors: utilization of nutrients and energy in feed, differences in
enteric CH4 emission between pigs and chicken, and cattle, and
differences in reproduction rates. The impact of production of
1 kg of meat (pork, chicken, beef) was high compared with
production of 1 kg of milk and eggs, because of the relatively
high water content of milk and eggs. Production of 1 kg of beef
protein also had the highest impact, followed by pork protein,
whereas chicken protein had the lowest impact. This result also
explained why consumption of beef was responsible for the
largest part of the land use and GWP in an average OECD diet.
Only one study compared impact of meat versus impact of milk
and eggs. Conclusions regarding impact ofmeat versus impact of
milk and eggs require additional comparative studies and
further harmonization of LCA methodology. Interpretation of
current LCA results for livestock products, moreover, is hindered
because results do not include environmental consequences of
competition for land between humans and animals, and
consequences of land-use changes. We recommend, therefore,
to include these consequences in future LCAs of livestock
products.
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