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The incorporation of feed-use (FU) amino acids (AAs) in diets results in a reduced use of protein-rich ingredients such as soybean
meal, recognized to have elevated contributions to environmental impacts. This study investigated whether the incorporation
of L-lysine.HCl, L-threonine and FU-methionine reduces the environmental impacts of pig and broiler feeds using Life Cycle
Assessment. The following impact categories were considered: climate change, eutrophication, acidification, terrestrial ecotoxicity,
cumulative energy demand and land occupation. Several feeds were formulated either to minimize the cost of the formulation
(with or without AA utilization), to maximize AA incorporation (i.e. the cost of AA was considered to be similar to that of soybean
meal), or to minimize greenhouse gas emissions. For both pig and broiler feeds, calculations were made first using only cereals
and soybean meal as main ingredients and then using cereals and several protein-rich ingredients (soybean meal, rapeseed meal
and peas). In addition, these calculations were performed using two types of soybean meal (from Brazil, associated with recent
deforestation or not). For broiler feeds, two types of maize (from France, irrigated, with mineral fertilization v. not irrigated, with
animal manure fertilization) were also tested. Regarding the feeds formulated to minimize cost, incorporation of AA decreased
the values for eutrophication, terrestrial ecotoxicity and cumulative energy demand of both pig and broiler feeds, regardless
of the base ingredients. Reduction in climate change and acidification due to the incorporation of AA depended on the nature of
the feed ingredients, with the effect of AA incorporation being greater when combined with ingredients with high impacts such as
soybean meal associated with deforestation. Feeds formulated to maximize AA incorporation generally had a similar composition
to those formulated to minimize cost, suggesting that the costs of AA were not the limiting factor in their incorporation. Feeds
formulated to minimize greenhouse gas emissions had the lowest values for climate change and cumulative energy demand,
but not for other impacts. Further research is needed to elucidate whether the incorporation of additional AA (tryptophan and
valine) along with L-lysine, L-threonine and FU-methionine could decrease on the environmental impacts of pig and broiler
feeds further.
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Implication

The environmental implications of incorporating feed-use
amino acid (AA) in pig and poultry diets were evaluated
using Life Cycle Assessment of feed production. Regardless
of the base ingredients, the incorporation of AA decreased
potential eutrophication, terrestrial ecotoxicity and cumula-
tive energy demand impacts of both pig and broiler feed,
whereas its effect on climate change impact depended on
the source of protein-rich ingredients. Feeds formulated to

minimize greenhouse gas emissions also had the lowest values
for cumulative energy demand, but not for other impacts.

Introduction

Livestock production has major impacts on the environment,
affecting air, water and soil quality because of its emissions
(Steinfeld et al., 2006). In intensive pig or broiler production,
animals are most often fed with high-protein and -energy
feedstuffs imported from outside the farm, the production
of which involves crop products and industrial processes.
Therefore, the production of complete feed contributes- E-mail: Jean-Yves.Dourmad@rennes.inra.fr
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greatly to the environmental impacts of the pork (Blonk et al.,
1997; Carlsson-Kanyama, 1998; Basset-Mens and van der
Werf, 2005; Nguyen et al., 2010; de Vries and de Boer, 2010)
and chicken (Katajajuuri et al., 2008) meat supply chain.

The amount and composition of feed proteins influence
the growth and carcass quality of animals. Indeed, some
amino acids (AAs, the protein constituents) are essential,
that is, they cannot be synthesized by animals and need to
be supplied by feed. In pig and poultry, lysine, methionine
and threonine are the most limiting AAs for muscle deposi-
tion and are available as industrial products. The incorpora-
tion of feed-use (FU) AA in diets results in a reduced use
of protein-rich ingredients such as soybean meal. Several
studies have shown that the soybean meal used in Western
Europe contributes to environmental impacts such as climate
change and reduction in biodiversity as it is mainly produced
in North and South America and sometimes associated with
recent deforestation (Mattsson et al., 2000; Eriksson et al.,
2005; Dalgaard et al., 2008). FU AAs are now commonly
used in pig and poultry feed formulation, but to a different
extent among countries, depending on local economic and
environmental constraints. However, the environmental
impacts of such strategies have been evaluated in a limited
number of studies, often concerning a limited number of
impacts (Lammers et al., 2010). The use of locally produced
protein-rich feed ingredients, such as peas or rapeseed meal,

is also important to consider, especially in Europe, which
depends on overseas imports of soybean meal for animal
feeding. Moreover, the type of protein source might affect
the environmental impact of incorporation of FU AA.

Life Cycle Assessment (LCA) is a method generally accepted
to evaluate the environmental impact of a product, including
the resources consumed and the emissions to the environment
involved during its entire life (Guinée et al., 2002). The objec-
tive of this study was to assess the environmental implications
of incorporating L-lysine, L-threonine and FU-methionine in pig
and broiler complete feeds using LCA.

Material and methods

LCA
Evaluation methodology. The present study deals with the
production and transport of feed ingredients, including their
delivery at the feed factory assumed to be located in Brittany
(i.e. in northwestern France, Figure 1). Environmental impact
results were expressed per kg of feed ingredient delivered to
the feed production factory and per kg of feed at the exit
gate of the feed production factory.

Data with regard to resource use and emissions associated
with the production and delivery of several inputs for crop
production (fertilizers, pesticides, tractor fuel and agricultural
machinery) came from the ecoinvent database, version 2.0
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Figure 1 Flow diagram for the production and delivery of feed ingredients to the feed factory in Brittany (France).
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(Nemecek and Kägi, 2007). The production of seed for sowing
was taken into account: we assumed that inputs required for
seed production were similar to those required for the corre-
sponding crop. We considered that crop products and feed
ingredients produced in France were mainly transported by
train to Brittany, whereas products imported to France were
mainly transported from overseas.

Crop production. We assumed that soybean was produced in
Brazil, as 60% of soybean meal imported in France comes
from Brazil (Information Science, Technology and Applications
(ISTA), 2009). We distinguished two soybean meals: one from
the Centre West of Brazil, which is associated with recent
deforestation (within 30 years), and one from the South of
Brazil, which is not associated with deforestation (Prudêncio
da Silva et al., 2010). Fertilization was mainly chemical, and
inputs used were based on data from the Brazilian Agricultural
Research Corporation (Embrapa). Soybean yields were
averages for 2005 to 2008 (Embrapa). For other crops, inputs
used were based on French government statistics (AGRESTE
(La statistique, l’évaluation et la prospective agricole), 2006).
Except for maize, crop production data used were French
national averages based on data from the main production
regions of production for the crop considered; yield levels
were averages for 2004 to 2007. With regard to maize pro-
duction, we distinguished maize from Brittany, which is not
irrigated and mainly fertilized with pig slurry and maize, from
Aquitaine (southwestern France), which is irrigated and
mainly fertilized with mineral fertilizer.

Feed-ingredient production. For the processes of transfor-
mation of crop products into feed ingredients, data were
based on Nemecek and Kägi (2007) for maize drying
and Nemecek and Kägi (2007), and Jungbluth et al. (2007)
for the production of soybean meal, rapeseed meal and
rapeseed oil. Data were also obtained for phytase (Nielsen
and Wenzel, 2007), salt (Althaus et al., 2007), monocalcium
phosphate (LCA Food database, 2007) and calcium carbonate

(Nemecek and Kägi, 2007). The premix was assumed to be
mainly based on and to have the same impacts as calcium
carbonate.

With regard to AA, published information on current
industrial production is limited and we only distinguished
products obtained by fermentation (i.e. L-lysine.HCl and
L-threonine) from products obtained by chemical synthesis (i.e.
DL-methionine and hydroxy-analogue hydroxy-4-methylthio
butanoic acid (HMTBa), named FU-methionine in the rest
of the text). Information on AA production was supplied by
a working group on FU AA of FEFANA (EU Association
of Specialty Feed Ingredients and their Mixtures, personal
communication, 2010). It was assumed that the production of
1 kg of L-lysine.HCl or L-threonine required 1 kg of sugar,
0.5 kg of maize starch, 0.5 kg of wheat starch, 0.3 kg of liquid
ammonia and 36 MJ of process energy at the plant, supplied
as electricity (50%) and natural gas (50%). It was assumed
that the production of 1 kg of DL-methionine required 0.43 kg
of propylene, 0.27 kg of hydrogen sulfide, 0.39 kg of methanol,
0.21 kg of hydrogen cyanide and 7.4 MJ of process energy at
the plant, supplied as electricity (50%) and natural gas (50%);
these figures were used for FU-methionine in this study.

Many feed ingredients are co-products (e.g. soybean
meal, rapeseed oil) resulting from processes yielding more
than one product. For these ingredients, resource use and
emissions were allocated according to the economic value of
the co-products, which was calculated using extraction rates
(the percentage of processed product obtained from the
parent product) and costs. Extraction rates were taken from
Food and Agriculture Organization (FAO; 2002) and costs were
2004 to 2007 means from ISTA (2009). Table 1 summarizes
main production characteristics of the crops.

Calculation of emissions. Emissions to air were estimated
for NH3, N2O and NOx. Emission factors for NH3 volatilization
following application of mineral fertilizer were based on
Nemecek and Kägi (2007). For pig slurry application (for
maize in Brittany), we considered that 70% of nitrogen was

Table 1 Main inputs used, dry matter yield and nitrate-N emitted (all in kg/ha except irrigation) for the main crops used as feed ingredients (rapeseed
and soybean after transformation)

Wheat
France

Maize
Brittany
France

Maize
Aquitaine

France
Barley
France

Pea
France

Rapeseed
France

Soybean
Brazil Centre

West
Soybean

Brazil South

N mineral 165 32 189 130 0 165 9 0
N manure 10 210 46 10 0 16 0 5
P2O5 (triple superphosphate) 26 29 67 37 44 8 90 57
K2O (potassium oxide) 24 0 85 27 70 21 90 57
CaO (calcium oxide) 167 167 167 167 167 167 604 253
Seed for sowing 140 20 20 125 240 3 55 50
Pesticide (active ingredient) 1.97 1.04 3.07 8.96 5.67 1.13 2.73 2.09
Diesel 83 85 82 81 89 92 80 67
Irrigation water (m3/ha) 0 0 760 0 88 0 0 0
Agricultural machinery 18.6 21.7 20.9 17.8 22.0 20.4 19.5 15.1
Grain dry matter yield 6010 8070 8820 5520 3550 3040 2540 2300
Nitrate-N emitted 40 40 70 40 70 40 16 20
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ammonia, 20% of which volatilized (Basset-Mens et al.,
2007). For bovine manure application (crops in addition to
maize from Brittany), we considered that 10% of nitrogen
was ammonia, 76% of which volatilized (Payraudeau et al.,
2007). Emission factors for N2O were based on Inter-
governmental Panel on Climate Change (IPCC, 2006), and
emissions of NOx were estimated according to Nemecek
and Kägi (2007) at 21% of emissions of N2O. Losses of NO3

to groundwater were based on Basset-Mens et al. (2007),
considering the nature of the previous crop and the duration
of the period without the presence of a crop. Phosphate
emissions to water were estimated according to Nemecek
and Kägi (2007) considering leaching to groundwater and
run-off to surface water for soluble phosphate, as well as
erosion of soil particles containing phosphorus. Emissions
of Cd, Cr, Cu, Ni, Pb and Zn to the soil were calculated
according to a mass-balance approach considering input by
synthetic and organic fertilizers and output via harvested
produce. Heavy-metal content of fertilizers was based on
Nemecek and Kägi (2007).

Characterization factors. The following impact categories
were considered: climate change (corresponding to green-
house gas emissions, g CO2-eq.), eutrophication (g PO4-eq.),
acidification (g SO2-eq.), terrestrial ecotoxicity (g 1,4-DCB-eq.),
cumulative energy demand (MJ) and land occupation (m2 year).

The indicator result for each impact category was deter-
mined by multiplying the aggregated resources used and the
aggregated emissions of each individual substance with a
characterization factor for each impact category to which it
may potentially contribute.

Climate change, acidification, eutrophication, terrestrial
ecotoxicity and land occupation were calculated using the
CML2 ‘baseline’ and ‘all categories’ 2001 characterization
methods as implemented in the ecoinvent v2.0 database.
Cumulative energy demand (CED) was calculated according
to its version 1.05 as implemented in the ecoinvent v2.0
database. For climate change, we updated values of char-
acterization factors (per Forster et al., 2007) for biogenic
methane (new value 25 kg CO2-eq.) and nitrous oxide (new
value 298 kg CO2-eq.). A description of the CML 2001 and
CED methods can be found in Frischknecht et al. (2007).

Feed formulation
After calculating environmental impacts of feed ingredients,
feeds were formulated using the linear solver function of
Microsoft Excel�R according to nutritional requirements
(Table 2). We considered the main raw materials used in the
production of pig and broiler feeds (Table 3), assuming that
other crop products and by-products from industry could
be included. For both pig and broiler feeds, calculations were
made first using only cereals and soybean meal as main

Table 2 Minimum and maximum limits for nutritional parameters imposed for feed formulation

Pig1 Broiler2

Growing Finishing Starter Growing Finishing

Min Max Min Max Min Max Min Max Min Max

Dry matter (g/kg) 860 860 840 840 860
CP (g/kg) 120 300 120 300 180 230 150 230 150 230
Energy (MJ/kg3) 9.61 12.54 9.61 12.54 12.54 12.75 12.96
Digestible amino acid (g/kg)

Lysine 8.65 7.21 12.54 10.45 9.20
Threonine 5.62 4.69 8.15 6.80 5.98
Methionine 2.60 2.16 5.27 4.39 3.86
Methionine 1 cystine 5.19 4.33 9.41 7.84 6.90
Tryptophan 1.56 1.30 2.13 1.78 1.56
Isoleucine 5.19 4.33 8.53 7.11 6.26
Valine 6.06 5.05 9.66 8.05 7.08
Leucine 8.65 7.21 13.17 10.98 9.66
Phenylalanine 4.33 3.61
Phenylalanine 1 tyrosine 8.22 6.85 14.42 12.02 10.58
Histidine 2.77 2.31 5.02 4.18 3.68
Arginine 3.63 3.03 13.17 10.98 9.66

Minerals (g/kg)
P available 2.50 2.50 3.80 3.80 3.20
Ca 7.25 10.00 7.25 10.00 9.50 10.50 9.50 10.50 9.50 10.50
Na 1.60 2.00 1.60 2.00 1.50 2.00
Cl 1.40 2.50 1.40 2.50 1.40 2.60

Electrolytic balance (mEq/kg) 180 250 180 250 140 250

1Growing and finishing feeds represent 40% and 60% of the total amount of feed ingested, respectively.
2Starter, growing and finishing feeds represent 5%, 25% and 70% of the total amount of feed ingested, respectively.
3Net energy for pig feeds v. metabolizable energy for broiler feeds.
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ingredients and then using cereals and several protein-rich
ingredients (soybean meal, rapeseed meal and peas). Costs
of ingredients were 2009 means for western France (Institut
du Porc (IFIP), 2009). Cost of feed was calculated as the sum
of the cost of feed ingredients.

Pig feeds. In this study, we dealt with the growing period of
pigs until slaughter (i.e. from 70 to 180 days of age). First,
four situations minimizing the cost of the feed were com-
pared: (1) a single feed without AA incorporation during the
growing period (1F-noAA); (2) a growing and a finishing
feed, both without AA incorporation (2F-noAA); (3) a
growing and a finishing feed containing 16.5% and 15.0%
CP, respectively, and with L-lysine.HCl, FU-methionine and
L-threonine incorporation (2F-LowCP); and (4) two feeds
without restriction in CP and with incorporation of the three
AAs (2F-Minh). Two additional formulations were performed
to maximize the incorporation of the three AAs (2F-MaxAA,
with AA costs as low as the cost of soybean meal) and to
minimize greenhouse gas emissions associated with feed
production (2F-MinGHG). For each situation, two calcula-
tions were performed using the two types of soybean meal
(associated or not with deforestation). Maize was con-
sidered to be produced in the same region as the pigs, in
Brittany. It was assumed that the growing and finishing
feeds represented 40% and 60% of the total mass of feed
ingested during the period studied, respectively.

Broiler feeds. We studied the feeding program for broilers
with three different diets from birth to slaughter (i.e. at
45 days of age). At a minimum, incorporation of the three AAs
studied was necessary in the starter feed, and incorporation

of FU-methionine was necessary in growing and finishing
feeds. Therefore, three situations minimizing feed cost
were compared, each including a starter feed with the
three AAs and growing and finishing feeds incorporating
(1) FU-methionine alone (Minh-M); (2) FU-methionine and
L-lysine.HCl (Minh-ML); or (3) all three AAs (Minh-MLT).
Two additional formulations were performed to maximize
incorporation of the three AAs (MaxAA, with AA cost as
low as cost of soybean meal) and to minimize greenhouse
gas emission associated with feed production (MinGHG).
For each situation, two calculations were performed using
the two types of soybean meal (associated or not with
deforestation) and the two types of maize (from Brittany
or Aquitaine). It was assumed that the starter, growing
and finishing feeds represented 5%, 25% and 70% of the
total amount of feed ingested during the period studied,
respectively.

A sensitivity analysis was performed on all diets containing
FU AA, to evaluate the effect of increasing or decreasing by
50% the environmental impacts of these AAs.

Results

Impacts of feed ingredients
Table 4 summarizes impacts of the ingredients used for feed
formulations. Salt, wheat bran and peas had the lowest
values for climate change, whereas AA, rapeseed oil, phy-
tase and monocalcium phosphate had the highest values for
this impact. For eutrophication, the highest values were
observed for rapeseed oil, monocalcium phosphate, peas
and the AA obtained from fermentation. The highest values
for acidification and terrestrial ecotoxicity were obtained for

Table 3 Minimum and maximum limits for ingredient incorporation imposed for feed formulation

Pig Broiler

Growing Finishing Starter Growing Finishing

Ingredients (kg/t) Min Max Min Max Min Max Min Max Min Max

Wheat 500 500 450 450 450
Maize 250 250 600 600 600
Barley 500 500 150 150 150
Wheat bran 100 100 100 100 100
Peas 150 150 50 50 100
Rapeseed meal 150 150 50 80 120
Soybean meal
Rapeseed oil 20 20 20 20 20 60 20 60 20 60
L-lysine.HCl
L-threonine
FU-methionine
Phytase 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Monocalcium phosphate
Salt 4 4 4 4 5 5 5
Calcium carbonate
Premix 5 5 5 5 5 5 5 5 5 5
Sodium bicarbonate 5 5 5
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AA, rapeseed oil, monocalcium phosphate and soybean
meal. For CED, the highest values were observed for AA,
phytase, monocalcium phosphate, rapeseed oil and soybean
meal. The highest values for land occupation were obtained
for rapeseed oil, peas and AA produced by fermentation.

Climate change impact was 50% larger for soybean meal
associated with deforestation (Centre West Brazil) than for
soybean meal not associated with deforestation (South
Brazil). Moreover, the Centre West soybean meal had larger
acidification, terrestrial ecotoxicity and CED than the South
soybean meal. For maize from Aquitaine, climate change
was 26% larger than for maize from Brittany. Eutrophication
and CED were also larger for Aquitaine maize than for
Brittany maize. In contrast, Aquitaine maize had lower values
for acidification, terrestrial ecotoxicity and land occupation
than Brittany maize.

Impacts of pig feeds
Pig feeds formulated to minimize cost. For feeds based on
cereals and soybean meal associated with deforestation
(Centre West Brazil), AA incorporation reduced climate-
change values (Table 5). This effect was not observed for
feeds based on cereals and soybean meal not associated
with deforestation (South Brazil, Table 5) or when rapeseed
meal and peas were incorporated into the diet (Table 6). The
utilization of AA decreased acidification in feeds based
on cereals and soybean meal but not in feeds based on
cereals, soybean meal, rapeseed meal and peas. Regardless
of the base ingredients, the incorporation of AA reduced
eutrophication, terrestrial ecotoxicity and CED of feeds. In
addition, the cost of feeds formulated with AA was lower
than those of feeds formulated without AA.

Pig feeds formulated to maximize AA and minimize green-
house gases. The 2F-MaxAA and 2F-Minh feeds contained
similar ingredients in similar quantities (data not shown).
Therefore, they had nearly identical impacts regardless of the
base ingredients (Tables 5 and 6). The 2F-MinGHG feeds had
the lowest values for climate change and CED but not for
other impacts. On average, the cost of the 2F-MinGHG feeds
was 4.5% higher than that of the 2F-Minh feeds.

Impacts of broiler feeds
Broiler feeds formulated to minimize cost. The incorporation
of AA barely affected climate-change values. Only for feeds
containing soybean meal with deforestation (Centre West
Brazil) did the incorporation of AA clearly decrease climate-
change values (Tables 7 and 8), except for feeds based on
cereals and soybean meal with deforestation in combination
with Brittany maize (Table 7). The utilization of AA reduced
acidification values for feeds based on cereals and soybean
meal in combination with Brittany maize. This effect was not
observed when Aquitaine maize, rapeseed meal and peas
were incorporated in the diet. Regardless of the base
ingredients, the incorporation of AA decreased the values for
eutrophication, terrestrial ecotoxicity and CED of feeds, as
well as their cost.

Broiler feeds formulated to maximize AA and minimize
GHG. As for pig feeds, impacts were almost always similar
for MaxAA and Minh-MLT feeds (Tables 7 and 8). The
MinGHG feeds had the lowest values for climate change but
not for other impacts. On average, the cost of the MinGHG
feeds was 1.4% higher than that of the Minh-MLT feeds.

Table 4 Potential environmental impacts due to the production and delivery at the feed production factory of 1 kg of each feed ingredient

Feed ingredients
Climate change

(g CO2-eq.)
Eutrophication

(g PO4-eq.)
Acidification
(g SO2-eq.)

Terrestrial ecotoxicity
(g 1.4-DCB-eq.)

Cumulative energy
demand (MJ)

Land occupation
(m2 year)

Wheat France 538 3.8 4.4 1.6 3.7 1.44
Maize France

Brittany 427 4.0 5.2 7.5 3.0 1.42
Aquitaine 574 4.8 3.1 2.9 5.1 1.24

Barley France 503 4.0 4.0 1.8 3.7 1.58
Wheat bran France 253 1.6 2.0 1.1 2.5 0.60
Peas France 373 8.6 1.6 1.9 4.0 2.56
Rapeseed meal France 456 3.3 3.8 2.2 4.1 1.01
Soybean meal Brazil

Centre West 930 5.7 7.1 4.4 12.8 1.64
South 624 5.9 5.2 3.0 9.3 1.80

Rapeseed oil France 2094 15.9 18.0 10.3 17.5 4.95
L-lysine.HCl 4294 7.8 13.4 22.6 119.9 2.27
L-threonine 4294 7.8 13.4 22.6 119.9 2.27
FU-methionine 2960 1.4 6.8 2.7 89.3 0.01
Phytase 1900 2.2 4.8 26.0 0.15
Monocalcium phosphate 1202 14.9 30.8 8.7 18.4 0.32
Salt 216 0.2 1.0 1.8 3.9 0.02
Calcium carbonate 436 0.0 0.2 1.4 0.9 0.00
Premix 436 0.0 0.2 1.4 0.9 0.00
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Climate change and feed ingredients
Despite the high-impact values associated with the production
of AA, their contribution to climate change ranged from 0% to
3.8% for pig feeds (Figure 2) and from 1.0% to 3.4% for broiler
feeds (Figure 3) as a result of their low rate of incorporation in

feeds (no more than 0.5% by mass, data not shown). For pig
feeds, AA incorporation was associated with a decrease in the
contribution of protein-rich ingredients and an increase in the
contribution of cereals to climate change. The same effect was
found in broiler feeds with the incorporation of L-lysine.HCl

Table 5 Potential environmental impacts and costs at the gate of the feed factory of pig feeds based on cereals and soybean meal1

Feeds2
Climate change
(g CO2-eq./kg)

Eutrophication
(g PO4-eq./kg)

Acidification
(g SO2-eq./kg)

Terrestrial
ecotoxicity

(g 1.4-DCB-eq./kg)

Cumulative
energy demand

(MJ/kg)

Land
occupation
(m2 year/kg) Cost (h/t)

Soybean from Centre West Brazil
1F-noAA 636 4.6 5.4 3.9 6.4 1.59 193.2
2F-noAA 615 4.5 5.2 3.8 6.0 1.57 183.8
2F-LowCP 601 4.1 4.7 2.3 5.6 1.45 168.6
2F-Minh 592 4.1 4.6 2.2 5.5 1.48 162.1
2F-MaxAA 592 4.1 4.6 2.2 5.5 1.48 162.1
2F-MinGHG 563 4.1 4.8 3.7 5.3 1.47 164.4

Soybean from South Brazil
1F-noAA 551 4.7 4.9 3.5 5.4 1.63 193.2
2F-noAA 543 4.6 4.8 3.5 5.1 1.60 183.8
2F-LowCP 557 4.1 4.4 2.1 5.1 1.47 168.6
2F-Minh 559 4.1 4.4 2.1 5.1 1.50 162.1
2F-MaxAA 559 4.1 4.4 2.1 5.1 1.50 162.1
2F-MinGHG 523 4.2 4.6 3.5 4.9 1.49 176.2

AA 5 amino acid.
1Soybean from Centre West (with deforestation) v. from South Brazil (without deforestation).
21F-noAA (a single feed for the growing period without AA incorporation), 2F-noAA (a growing and a finishing feed, both without AA incorporation), 2F-LowCP
(a growing and a finishing feed with 16.5% and 15.0% CP, respectively, and with L-lysine.HCl, L-threonine and FU-methionine incorporation) and 2F-Minh (two
feeds without restriction in CP and with incorporation of the three AAs) were formulated to minimize the cost of the feed. 2F-MaxAA was formulated to maximize
AA incorporation; 2F-MinCP and 2F-MinGHG were formulated to minimize the CP content and the emission of greenhouse gases, respectively.

Table 6 Potential environmental impacts and costs at the gate of the feed factory of pig feeds based on cereals, soybean meal, rapeseed meal
and peas1

Feeds2
Climate change
(g CO2-eq./kg)

Eutrophication
(g PO4-eq./kg)

Acidification
(g SO2-eq./kg)

Terrestrial
ecotoxicity

(g 1.4-DCB-eq./kg)

Cumulative
energy demand

(MJ/kg)

Land
occupation
(m2 year/kg) Cost (h/t)

Soybean from Centre West Brazil
1F-noAA 565 5.1 4.7 3.9 5.4 1.67 187.4
2F-noAA 558 5.0 4.5 3.5 5.2 1.69 177.8
2F-LowCP 531 4.5 4.1 2.2 4.5 1.53 161.5
2F-Minh 559 3.9 4.5 2.4 4.7 1.40 159.0
2F-MaxAA 559 3.9 4.5 2.4 4.7 1.40 159.0
2F-MinGHG 503 4.6 4.2 3.5 4.4 1.53 165.2

Soybean from South Brazil
1F-noAA 513 5.1 4.4 3.6 4.8 1.69 187.4
2F-noAA 514 5.1 4.3 3.3 4.7 1.71 177.8
2F-LowCP 527 4.5 4.1 2.2 4.4 1.53 161.5
2F-Minh 550 3.9 4.5 2.4 4.6 1.41 159.0
2F-MaxAA 550 3.9 4.5 2.4 4.6 1.41 159.0
2F-MinGHG 490 4.6 4.1 3.4 4.3 1.53 165.8

AA 5 amino acid.
1Soybean from Centre West (with deforestation) v. from South Brazil (without deforestation).
21F-noAA (a single feed for the growing period without AA incorporation), 2F-noAA (a growing and a finishing feed, both without AA incorporation), 2F-LowCP
(a growing and a finishing feed containing 16.5% and 15.0% CP, respectively, and with L-lysine.HCl, L-threonine and FU-methionine incorporation) and 2F-Minh
(two feeds without restriction in CP and with incorporation of the three AAs) were formulated to minimize the cost of the feed. 2F-MaxAA was formulated to
maximize the AAs incorporation; 2F-MinCP and 2F-MinGHG were formulated to minimize the CP content and the emission of greenhouse gas, respectively.
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and then L-threonine in addition to FU-methionine. The relative
contribution of the feed components to climate change was
similar for the 2F-MinGHG and 2F-LowCP pig feeds and
the MinGHG and Minh-ML broiler feeds due to the similar
compositions of these feeds (data not shown).

Sensitivity analysis
Increasing or decreasing the environmental impacts of FU AA
by 50% had limited effects on feed impacts for acidification,
eutrophication and land use (less than 1%; Figure 4). The
effect was larger for climate change and ecotoxicity (1% to
2%) and largest for CED (4% to 5%). Moreover, sensitivity of
environmental impacts tended to be higher for pig than for
poultry diets.

Discussion

Impacts of feed ingredients
Similar to results of Eriksson et al. (2005) and Lammers et al.
(2010), who investigated the environmental implications of

feed choice in pig production, our results showed that the
environmental impacts associated with the production of FU
AA were high compared with those of other feed ingredients
when expressed per kg of product. However, our values
for the impacts of AA generally were higher than those
previously published, especially for the AA obtained by fer-
mentation. For example, with regard to climate change, our
values obtained for L-lysine.HCl and L-threonine were 19%
and 170% greater than those of Eriksson et al. (2005) and
Lammers et al. (2010), respectively. In contrast our value for
FU-methionine was 47% lower than that given by Lammers
et al. (2010). These observations underline an important
discrepancy between the few published results. This may well
be due to the fact that information on the processes currently
used for AA production is considered confidential and
therefore has been difficult to obtain. Indeed, both Eriksson
et al. (2005) and Lammers et al. (2010) based the calculations
of the impacts of AA produced by fermentation on an LCA
report on chemically synthesized methionine (Binder, 2003).
As pointed out by these authors, the uncertainty in the

Table 7 Potential environmental impacts and costs of broiler feeds based on cereals and soybean meal1

Feeds2
Climate change
(g CO2-eq./kg)

Eutrophication
(g PO4-eq./kg)

Acidification
(g SO2-eq./kg)

Terrestrial
ecotoxicity

(g 1.4-DCB-eq./kg)

Cumulative
energy demand

(MJ/kg)

Land
occupation
(m2 year/kg) Cost (h/t)

Soybean from Centre West Brazil
Maize Aquitaine France

Minh-M 719 5.2 5.0 3.5 7.9 1.43 220.1
Minh-ML 703 5.1 4.9 3.4 7.6 1.43 212.6
Minh-MLT 683 4.7 5.0 2.9 7.0 1.45 205.5
MaxAA 683 4.7 5.0 2.9 7.0 1.45 205.5
MinGHG 682 4.8 4.9 3.0 7.1 1.41 206.1

Maize Brittany France
Minh-M 640 4.8 6.1 5.9 6.8 1.52 220.1
Minh-ML 629 4.7 5.9 5.6 6.6 1.52 212.6
Minh-MLT 642 4.5 5.6 4.2 6.5 1.50 205.5
MaxAA 642 4.5 5.6 4.2 6.5 1.50 205.5
MinGHG 598 4.5 5.8 6.0 6.3 1.44 207.3

Soybean from South Brazil
Maize Aquitaine France

Minh-M 620 5.3 4.4 3.0 6.7 1.48 220.1
Minh-ML 616 5.2 4.3 3.0 6.6 1.48 212.6
Minh-MLT 611 4.8 4.5 2.6 6.2 1.48 205.5
MaxAA 611 4.8 4.5 2.6 6.2 1.48 205.5
MinGHG 609 5.0 4.1 2.9 6.6 1.38 206.5

Maize Brittany France
Minh-M 541 4.8 5.5 5.5 5.6 1.57 220.1
Minh-ML 542 4.7 5.4 5.2 5.6 1.56 212.6
Minh-MLT 570 4.5 5.1 3.9 5.6 1.53 205.5
MaxAA 570 4.5 5.1 3.9 5.6 1.53 205.5
MinGHG 522 4.5 5.3 5.7 5.4 1.48 207.3

AA 5 amino acid.
1Soybean from Centre West (with deforestation) v. from South Brazil (without deforestation) and maize from Aquitaine (irrigated and mainly fertilized with
inorganic fertilizer) v. from Brittany in France (not irrigated and mainly fertilized with pig slurry).
2Minh-M (a starter feed with the FU-Methionine, L-lysine.HCl and L-threonine incorporation, a growing and a finishing feed with incorporation of FU-methionine),
Minh-ML (a starter feed with the three AAs, a growing and a finishing feed with incorporation of FU-methionine and L-lysine.HCl) and Minh-MLT (a starter, a
growing and a finishing feed with incorporation of the three AAs) were formulated to minimize the cost of the feed. MaxAA was formulated to maximize the AAs
incorporation; MinCP and MinGHG were formulated to minimize the CP content and the emission of greenhouse gas, respectively.
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Table 8 Potential environmental impacts and costs of broiler feeds based on cereals, soybean meal, rapeseed meal and peas1

Feeds2
Climate change
(g CO2-eq./kg)

Eutrophication
(g PO4-eq./kg)

Acidification
(g SO2-eq./kg)

Terrestrial
ecotoxicity

(g 1.4-DCB-eq./kg)

Cumulative
energy demand

(MJ/kg)

Land
occupation
(m2 year/kg) Cost (h/t)

Soybean from Centre West Brazil
Maize Aquitaine France

Minh-M 692 5.5 4.7 3.4 7.6 1.51 218.6
Minh-ML 682 5.0 4.6 3.3 7.2 1.36 207.3
Minh-MLT 662 5.0 4.5 3.1 6.9 1.43 203.5
MaxAA 663 4.9 4.7 2.9 6.8 1.46 203.7
MinGHG 648 5.0 4.7 2.8 6.4 1.55 205.2

Maize Brittany France
Minh-M 617 5.1 5.7 5.7 6.5 1.60 218.6
Minh-ML 595 4.5 5.8 6.0 6.0 1.46 207.3
Minh-MLT 596 4.7 5.5 5.1 6.0 1.51 203.5
MaxAA 613 4.7 5.4 4.5 6.1 1.52 203.7
MinGHG 577 4.9 5.5 5.8 5.8 1.55 208.6

Soybean from South Brazil
Maize Aquitaine France

Minh-M 603 5.6 4.2 3.0 6.5 1.56 218.6
Minh-ML 618 5.1 4.2 3.1 6.5 1.39 207.3
Minh-MLT 615 5.1 4.2 2.8 6.2 1.46 203.5
MaxAA 604 5.0 4.3 2.7 6.1 1.49 203.7
MinGHG 594 5.3 4.1 2.8 6.3 1.51 207.1

Maize Brittany France
Minh-M 529 5.1 5.2 5.2 5.5 1.65 218.6
Minh-ML 532 4.6 5.5 5.7 5.3 1.49 207.3
Minh-MLT 539 4.7 5.1 4.8 5.3 1.54 203.5
MaxAA 554 4.7 5.1 4.2 5.4 1.55 203.7
MinGHG 512 4.9 5.1 5.5 5.4 1.58 210.1

1Soybean from Centre West (with deforestation) v. from South Brazil (without deforestation) and maize from Aquitaine (irrigated and mainly fertilized with
inorganic fertilizer) v. from Brittany in France (not irrigated and mainly fertilized with pig slurry).
2Minh-M (a starter feed with the FU-methionine, L-lysine.HCl and L-threonine incorporation, a growing and a finishing feed with incorporation of FU-methionine),
Minh-ML (a starter feed with the three AAs, a growing and a finishing feed with incorporation of FU-methionine and L-lysine.HCl) and Minh-MLT (a starter, a
growing and a finishing feed with incorporation of the three AAs) were formulated to minimize the cost of the feed. MaxAA was formulated to maximize the AAs
incorporation; MinCP and MinGHG were formulated to minimize the CP content and the emission of greenhouse gas, respectively.
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Figure 2 Contributions of feed ingredients to the values of climate change for pig feeds. Feeds 1F-noAA (a single feed without feed-use amino acids
(AAs)), the 2F-noAA (growing and finishing feeds both without AA), 2F-LowCP (growing and finishing feeds containing 16.5% and 15.0% CP, respectively,
and with L-lysine.HCl, L-threonine and FU-methionine incorporation) and 2F-Minh (growing and finishing feed with AA) were formulated to minimize feed
cost. Feed 2F-MaxAA was formulated to maximize AA incorporation while 2F-MinGHG was formulated to minimize greenhouse-gas emissions.

Mosnier, van der Werf, Boissy and Dourmad

1980



environmental impacts of AA based on these data was high.
In the present study, we distinguished between the processes
involved in the production of AA obtained from fermentation
(L-lysine.HCl and L-threonine) and those obtained from
chemical synthesis (DL-methionine and hydroxy-analogue
HMTBa). Similar to AA impacts, the impacts of other feed
ingredients in the present study generally were greater than
in previous studies (Eriksson et al., 2005; van der Werf et al.,
2005; Flysjö et al., 2008; Lammers et al., 2010) mostly
because of variations in methodology. For example, Lammers
et al. (2010) did not consider the impacts of cultivation and
storage of grains on the evaluation of the climate-change
potential associated with crop ingredients. Moreover, it must
be noted that the availability of detailed information on the
processes involved in the production of feed ingredients (e.g.
inputs used, crop yields, transportation) has improved over
recent years; this may help to explain differences compared
with previous studies (van der Werf et al., 2005).

Industrial processes involved in the production of feed
ingredients contribute to their environmental impacts
(van der Werf et al., 2005). This explained the greater impacts
of processed ingredients such as AA, rapeseed oil and
soybean meal than unprocessed ingredients such as cereals.
Crop production practices were also a major determinant of
the environmental impacts of feed ingredients, as shown by
differences observed for soybean from the Centre West v. the
South of Brazil and for maize from Aquitaine (with mineral
fertilization and irrigation) v. from Brittany (with manure
fertilization and without irrigation) in France. Differences in
soybean-meal impacts were related to differences in soybean-
grain production, as shown by comparing the inputs used
in Centre West v. South Brazil. Soybean production from
the Centre West involved greater inputs of N, phosphate,
potassium and calcium than that of soybean from the South
Brazil (Prudêncio da Silva et al., 2010). Moreover, soybean
production from the Centre West was associated with more
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Figure 3 Contributions of feed ingredients to the values of climate change for broiler feeds. Feeds Minh-M (starter feed with the FU-methionine, L-lysine.HCl
and L-threonine incorporation, growing and finishing feeds with incorporation of FU-methionine), Minh-ML (starter feed with the three amino acids (AAs),
growing and finishing feeds with incorporation of FU-methionine and L-lysine.HCl) and Minh-MLT (starter, growing and finishing feeds with incorporation of
the three AAs) were formulated to minimize feed cost. Feed MaxAA was formulated to maximize AA incorporation while MinGHG was formulated to minimize
greenhouse gas emissions.
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recent (within 30 years) deforestation. The lower values for
acidification and terrestrial ecotoxicity of Aquitaine v. Brittany
maize were due to fertilization with pig slurry, a major source
of volatilized ammonia from the latter (van der Werf et al.,
2005). These results showed that environmental impacts
of feed ingredients can differ according to crop-production
practices and ultimately influence feed impacts (as discussed
below), in particular when the crop considered constitutes a
high proportion of the feed.

Impacts of pig and broiler feeds
The incorporation of AA decreased eutrophication, terrestrial
ecotoxicity, CED and costs for both pig and broiler feeds.
Climate change and acidification were decreased by AA
incorporation only when feeds were based on cereals and
soybean meal associated with deforestation. Thus, the
replacement of protein-rich ingredients by AA, generally in
association with more cereals, reduced climate change and
acidification only when the impact of these protein-rich
ingredients was high in comparison with the impact of
cereals and AA. Nevertheless, AAs were incorporated in the
feed that minimized GHG emissions, which suggested that
the balance between the incorporation of AA and protein-
rich ingredients was influential in obtaining a feed with the
best compromise between cost and GHG emissions. It can be
supposed that the incorporation of additional AAs such as
tryptophan and valine, which are also available as industrial
products, would allow a further reduction in the use of
protein-rich ingredients and might thus reduce the environ-
mental impacts of feeds that minimize the CP content.
Indeed, our results showed similar composition and thus
environmental impacts between feeds that minimized the
cost (2F-Minh for pigs and Minh-MLT for broiler) and those
that maximized the AA incorporation (2F-MaxAA for pigs
and MaxAA for broiler). However, for a lower price of soy-
bean meal relative to FU AA, the two scenarios might have
differed. This also indicates that the cost of AA was not the
limiting factor for their incorporation, as the use of protein-
rich ingredients might be necessary to meet the requirement
for other essential AAs such as tryptophan and valine.
Moreover, it is important to emphasize that the reduced CP
content resulting from the reduced incorporation of protein-
rich ingredients will reduce N excretion by animals and
consequently subsequent emissions of ammonia and nitrous
oxide from manure. Indeed, several studies have shown that
reducing CP in diets decreases N excretion by pigs (Dourmad
et al., 1999) and ammonia emission from manure (van der
Peet-Schwering et al., 1999). This means that the reduction
in environmental impact of feeds observed for most impact
categories when AA were incorporated would be increased
(especially for acidification and eutrophication) when the
whole production system is considered, because of the
associated reduction in ammonia and nitrate losses asso-
ciated with the use of pig manure. The same can be expected
for broiler feeds.

The feeds formulated to minimize GHG emissions had the
lowest values for climate change and CED but not for other

impact categories. These results confirm that the choice of
feed ingredients depends on the objective of formulation.
However, it is not possible to minimize all criteria simulta-
neously (i.e. lowest cost, impacts and CP content). A simul-
taneous optimization would require defining an economic
cost for these impacts. Nevertheless, the costs of the feeds
that minimized GHG emissions were relatively close to those
of feeds minimizing the cost, especially for broiler feeds.
This might favor the development of industrial strategies to
minimize the environmental impacts of feeds while main-
taining economically competitive products. As reported in
previous studies (Eriksson et al., 2005; van der Werf et al.,
2005; Cederberg and Sonesson, 2006), our results showed
that the replacement of soybean meal by peas and rapeseed
meal decreased the environmental impacts of feeds. This
was related to the lower impacts of rapeseed meal and peas
than soybean meal. However, increasing the number of
protein-rich ingredients masked the positive effect of the
L-lysine.HCl, L-threonine and FU-methionine incorporation on
GHG emissions. It can be supposed that incorporating
additional FU AA could decrease feed impacts further in case
several protein-rich ingredients are used.

The results from the sensitivity analyses indicated that
increasing or decreasing the environmental impacts of FU AA
by 50% had only limited effects on the environmental impacts
of feeds (less than 1% for acidification, eutrophication and
land use, 1% to 2% for climate change and ecotoxicity and
4% to 5% for energy use). This indicates that for most impacts
the differences obtained between the different feeding stra-
tegies are little affected by impact values for FU AA. However,
the effect is larger for CED, and to some extent for climate
change and ecotoxicity, suggesting that the processes of AA
production should be priorities for improvement.

In the present study, the environmental impacts of feeds
were calculated according to an attributional LCA approach.
However, changing feed composition, for example replacing
soybean meal by FU AA, may also affect land use. To eval-
uate these changes, a consequential LCA would be more
appropriate. For instance, total removal of FU AA would
increase soybean meal incorporation by 30% and 100% in
poultry and pig diets, respectively, increasing demand for
soybean meal production, with possible consequences on
deforestation.

Conclusion and perspectives

The incorporation of AA in pig and broiler feeds varied
according to the objective of the formulation (minimizing
cost, GHG emissions, etc.) and the nature of the feed
ingredients used. Utilization of AA reduced the quantity of
protein-rich ingredients incorporated and the cost of the
feeds, leading to the formulation of products that could
compete with those without AA or with only one or two
AA. In most cases, incorporation of AA associated with a
decrease in CP content reduced environmental impacts of
the feed. However, the effect of AA incorporation on GHG
emissions depended on the feed ingredients used, the
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decrease due to AA incorporation being greater when
combined with ingredients having high impacts, such as
soybean meal associated with deforestation.
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