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Abstract: We conducted a life cycle assessment (LCA) to compare environmental impacts of conven-
tional (CNV) broiler chicken production in Japan with those of three mitigation options: a low-protein
diet supplemented with more crystalline amino acids (LP), incineration of broiler litter (IC), and their
combination (LP + IC). Feed production, feed transport, broiler housing, and manure management
were included in the LCA, with 1 kg of liveweight of broiler chicken as the functional unit. The CNV
environmental impacts were: climate change, 1.86 kg CO2e; acidification, 52.6 g SO2e; eutrophication,
18.3 g PO4e; energy consumption, 18.8 MJ. Since broiler manure management has a lower N2O
emission factor, the LP diet’s effects on greenhouse gas (GHG) emissions were limited. Because a
large amount of ammonia is emitted from broiler-litter composting and the LP diet reduced nitrogen
excretion and consequent NH3 emission, the LP showed lower acidification and eutrophication
potentials than CNV. The IC system reduced fuel consumption by utilizing the generated heat for
broiler-house heating and thus had lower GHG emissions and energy consumption; it reduced ammo-
nia emission from the manure-management process by incineration and thus had lower acidification
and eutrophication potentials even when including NOX generation by litter incineration. The LP +
IC system had lower environmental impacts than CNV: for climate change (by 16%), acidification
(48%), eutrophication (24%), and energy consumption (15%). Mitigation opportunities for broiler
chickens remain, and broiler production systems with mitigation options help produce chickens
more sustainably.

Keywords: broiler; poultry; life cycle analysis; environmental impact; evaluation; biomass energy;
nitrogen; sustainable food production

1. Introduction

The global production of chicken meat in 2019 was 118 million tonnes (Mt) (accounting
for ~35% of the global meat production), and it has increased by about tenfold in the last
five decades, while the production of cattle meat and that of pig meat has increased by
1.8 and 3.2 times in the same period, respectively [1]. By 2029, chicken meat production is
predicted to increase by approx. 20 Mt from the 2017–2019 average, accounting for about
half of the increase in global meat production during that period [2]. Chicken meat also has
several advantages in human nutrition, as it is relatively inexpensive, involves no major
religious taboos, and has high nutritional value with high protein content and relatively
less fat content [3]. Compared to livestock meat production, the production of chicken
meat has relatively low environmental impacts [4,5]. However, the environmental impacts
of broiler chicken production are still higher than those of plant protein sources such as
soybean, and these impacts need to be reduced. In addition to greenhouse gas (GHG)
emissions, poultry production has a particularly high ammonia (NH3) emission factor
among livestock species [6,7], and the NH3 emission contributes to acidification.
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One possible measure to mitigate the environmental impacts of broiler production
is reducing the excretion of nitrogen, which is a source of nitrous oxide (N2O) and NH3
emissions from chicken manure management. Reducing the excretion of nitrogen from
broiler production by lowering the crude protein (CP) contents in chicken feed has been
studied for several decades [8], and it has been reported that productivity can be maintained
by compensating for the insufficient amounts of amino acids by adding crystalline amino
acids (CAAs) [9]. Another measure to mitigate the environmental impacts of broiler
production is energy utilization by incinerating the broiler litter (which is a mixture of
excreta and bedding material such as sawdust) removed from the barn after the broilers
are shipped. Broiler litter can be incinerated without supplemental fuel [10], and the
combustion heat can be used as an energy source for purposes such as heating a broiler
house [11,12].

However, the use of a low-protein diet with CAAs involves additional environmental
emissions derived from the manufacturing of CAAs, and this affects the emissions from
feed production and those from manure management because of changes in the diet and
manure compositions. The introduction of litter incineration also affects the emissions
from manure management due to the changes in the emission factors of environmental
pollutants. The effects of a low-protein diet with CAAs and litter incineration on the life
cycle environmental impacts of broiler production have not yet been investigated.

The life-cycle assessment (LCA) method is suitable for environmental evaluation [13]
and has been applied to evaluate environmental impacts of broiler production [14–17]
in addition to other livestock production systems such as dairy farming [18,19], beef
production [20,21], pig production [22,23], and crop-livestock integrated systems [24,25].

The objectives of the present study are to evaluate the environmental impacts of
conventional broiler chicken production in Japan using the LCA method and to compare
these impacts with those of broiler production with three mitigation options: a low-protein
diet supplemented with CAAs, the incineration of broiler litter, and their combination.

2. Materials and Methods
2.1. System Description

The goal of the present analysis was to evaluate the environmental impacts of four
types of broiler chicken production systems in Japan: (1) a conventional system (CNV), (2) a
system that uses low-protein diet supplemented with more CAAs (LP), (3) a system that
includes the incineration of broiler litter (IC), and (4) a system that combines LP and IC (LP +
IC). An outline of the systems analyzed in this study is presented in Figure 1. The evaluated
systems included the processes of feed production, feed transport, animal housing, and
manure management. The feed production process included CAA manufacturing for LP
and LP + IC. The broiler chickens were assessed to be marketed at 3.06 kg of liveweight at
52 days of age with a 1.98 feed conversion ratio (FCR) based on Ogino et al. [26], which
determined the average slaughter age and weight of broiler chickens in Japan according to
several reports.

Regarding the diets, the crude protein (CP) contents of the conventional diets used
in the CNV and IC systems for the first stage (~3 weeks of age) and the second stage
(>3 weeks of age) of broiler chicken production were 21.7% and 19.5%, respectively, based
on the nutrient contents of the commercial feeds used [26]. The conventional diets were
formulated to have the above-mentioned values for CP contents supplemented with a
certain amount of CAAs and to provide 5% more than the amino acid requirements
described in the broiler production manual [27]. The low-protein diets for the LP and
LP + IC systems were formulated by lowering the CP content and supplementing with
more CAAs to provide 5% more than the amino acid requirements described in the broiler
production manual. The compositions of the diets are presented in Table 1.
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Figure 1. The four broiler production systems investigated in this study. CNV, conventional system;
LP, system that uses low-protein diet supplemented with more crystalline amino acids; IC, system
that includes incineration of broiler litter; LP + IC, system that combines LP and IC.

Table 1. Compositions of the conventional and low-protein diets.

First Stage Second Stage

Conventional Low-Protein Conventional Low-Protein

Corn 54.17 56.35 58.07 65.55

Soybean meal 30.70 30.00 32.90 25.00

Vegetable oil 5.50 5.50 5.50 5.50

Corn gluten meal 4.90 3.30 0.00 0.00

DL-methionine 0.33 0.37 0.27 0.34

L-lysine, HCl 0.40 0.44 0.08 0.32

L-threonine 0.15 0.19 0.04 0.15

Calcium carbonate 1.00 1.00 0.75 0.75

Tricalcium phosphate 1.90 1.90 1.45 1.45

Salt 0.37 0.37 0.31 0.31

Vitamins and minerals 0.58 0.58 0.63 0.63

CP 21.72 20.64 19.48 16.83
As-fed basis, %. First stage, before 3 weeks of age; second stage, >3 weeks of age. CP: crude protein.

Newborn broiler chicks were introduced at 1 day of age, and newborn chick produc-
tion was excluded from the analysis. Broiler chickens were reared on a sawdust litter floor,
and the litter was removed from the barn after the broilers were shipped in all four of the
systems investigated in this study.

Regarding manure management for the CNV and LP systems, we assumed that the
broiler litter was treated by composting without forced aeration, which is the typical
treatment for broiler manure in Japan. For the IC and LP + IC systems, it was assumed
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that the broiler litter was incinerated and that the heat from this incineration was used for
heating the broiler house.

The functional was defined as 1 kg liveweight (LW) of a broiler chicken. The environ-
mental loads associated with the production of capital goods such as broiler houses and
composting facilities were not considered.

2.2. Life Cycle Inventory

Table 2 shows the emission factors associated with broiler production used in the
present analysis. To calculate the environmental loads from the consumption of electricity,
the production and combustion of fossil fuels, the production of materials, and transport,
we used the database of the LCA software program MiLCA [28], and when data for
materials were lacking in the database, we used an input−output-based database [29].

Table 2. Emission factors associated with the broiler production systems used in this study.

Composting Ref. Incineration Ref.

Animal housing:

CH4, mgCH4/kg BW/d 12.0 Wathes et al., 1997 [30] 12.0 Wathes et al., 1997 [30]

N2O, mgN2O-N/kg BW/d 18.0 a Wathes et al., 1997 [30] 18.0 a Wathes et al., 1997 [30]

NH3, mgNH3-N/animal/d 299.0 a See the footnote b 299.0 a See the footnote b

Manure management:

CH4, % c 0.02 GIO 2020 [31] 0.40 GIO 2020 [31]

N2O, % (N2O-N) 0.08 GIO 2020 [31] 0.10 GIO 2020 [31]

NH3, % (NH3-N) 42.0 Morand et al., 2005 [32] 0.06 Billen et al., 2015 [33]

NOX, kg/Mg manure 0 – 4.99 EEA 2019 [34]
a For the scenarios in which the low-protein diet was provided, 11.4% lower emission factors were used in response to the reduction of
nitrogen excretion. b Average of five references: Demmers et al. (1999) [35], Groot Koerkamp et al. (1998) [36], Hayes et al. (2006) [37],
Wathes et al. (1997) [30], and Wheeler et al. (2006) [38]. c Proportion to organic matter amount in manure. CH4: methane, N2O: nitrous
oxide, NH3: ammonia.

Regarding feed production, since most of the feed ingredients for Japanese broiler
production are imported mainly from the U.S., we used the data on feed production in
the U.S. The data on soybean production in Brazil were also used herein for the soymeal,
because some amounts of soymeal in the diets were also derived from soybeans produced
in Brazil. To evaluate the pollutant emissions from the commercial feed production in the
U.S., we used data on the amounts of agricultural materials for each crop [39] and the fuels
and electricity [40] consumed in production. We also used the data provided by Wang [40]
for the unit emissions for each agricultural material. We assessed the pollutant emissions
from the soybean production in Brazil based on findings reported by Mosnier et al. [41].

Regarding N2O emissions from the fields of feed production, we used 1.325% of the
nitrogen amount in the organic and chemical fertilizers applied to the fields and 1.225% of
the nitrogen amount in the crop residues left on the fields as being emitted as N2O directly
and indirectly [42]. Concerning the emission of NH3 from the feed production fields,
6.8% of the nitrogen amount in organic and chemical fertilizers applied to the fields was
considered to be emitted [43]. Regarding the CAAs used to supplement the low-protein
diet in the present study, L-lysine HCl and L-threonine are produced by fermentation, and
DL-methionine is produced by chemical synthesis. The data concerning environmental
emissions from the CAAs production for Japanese broiler producers were collected from
the CAAs’ manufacturers. The GHG emissions from and the energy consumption of the
production of the CAAs were 5.20 kg CO2e/kg and 83.1 MJ/kg, respectively, as weighted
averages.

With regard to the environmental loads from the transport of the commercial feeds to
Japan, we obtained the shares of the major feed-exporting countries to Japan, of which the
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sum of shares is >90% of the total, from published trade statistics [44] and divided each
share by the sum of the major countries’ shares so that the sum of the calculated major
countries’ shares became 100%. The calculated shares of the exporting countries for each
main feed crop were as follows: for corn, 86.2% was from the U.S. and 13.8% was from
Brazil; for soybeans, 54.5% was from the U.S., 26.9% from Brazil, 8.4% from Argentina,
5.3% from Canada, and 4.8% from India.

Not only soymeal but also soy oil is produced from soybeans, and thus the envi-
ronmental loads of soybean cultivation and its processing were allocated between the
two products economically [45]. The unit emissions and energy consumption for land,
marine, rail, and barge transport were based on the database of the LCA software program
MiLCA [28].

Lighting, heating, ventilation, and washing of the broiler house, feed preparation, and
the removal of manure from the broiler house were considered to be work associated with
broiler housing, and we calculated the environmental loads based on the quantities of fuel
and electricity consumed in the work [46].

The environmental loads for manure management were calculated based on the quan-
tities of fuel, electricity, and materials consumed during composting or incineration [47].
The heat generated from litter incineration is used for heating the broiler house, especially
during the chick stage, and the reduction rate of fuel consumption for heating was calcu-
lated herein as 80% (12.1 MJ/head for the CNV and LP systems and 2.4 MJ/head for the IC
and LP + IC systems) [47]. We determined the environmental gas emissions in association
with the degradation of manure using the emission factors shown in Table 2.

We adjusted the growth curve of broiler chickens in the Japanese feeding standard for
poultry [48] using the body weight and slaughter age of the chickens used in this study
(3.06 kg and 52 d), and we calculated the feed intakes at each week of age by using the body
weight gains and the FCR (i.e., 1.98). The organic matter content in excreted manure was
calculated from the composition and the digestibility of each nutrient in the diets, using
the standard tables of feed composition in Japan [49]. The nitrogen (N) content in excreted
manure for one broiler (expressed in g/day) was calculated as follows:

Excreted N = (CP − RP) / 6.25 (1)

where CP is the crude protein intake (g/day) and RP is the retained protein (g/day)
calculated using the CP content of 19.2% of a broiler body [26]. The calculated nitrogen
flow per head from feed to manure for a broiler fed the CNV and LP diets was as follows,
respectively: 190.3 and 167.7 gN from feed intake, 92.8 and 92.8 gN used for weight gain,
and 97.5 and 74.9 gN excreted into manure. The amounts and compositions of the diets
were set to meet the nutrient requirements of broilers in response to the growth stages.

We calculated the amount of manure from the diets and the environmental loads
related to manure by multiplying the nitrogen or organic matter in the manure by the
emission factors. The production and environmental loads were therefore related to
each other. Regarding the indirect N2O emissions from the broiler housing and manure
management processes, we used 1% of the nitrogen amount in the NH3 emissions from
those processes as being emitted as N2O indirectly [31]. The emission of enteric methane
(CH4) from a broiler was negligible and not taken into account.

The emission of CO2 from broiler respiration and the degradation of broiler manure
were offset by carbon fixation from the atmosphere into forage crops through photosynthe-
sis. The GHG emissions from land use and land use change (LULUC) were not taken into
account in this study; however, we examined the effects of the inclusion of LULUC-related
emissions on the LCA results as a sensitivity analysis as described below.

2.3. Impact Assessment

We examined the contributions of the four broiler production systems in relation to
the four environmental impact categories of climate change, acidification, eutrophication,
and primary energy consumption. We first interpreted the data of the life cycle inventory
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in terms of their environmental impact. The environmental loads were sorted and assigned
to specific environmental impact categories and then multiplied by equivalency factors for
each specific load and impact category. Thereafter, all of the weighted environmental loads
included in the impact category were added, and the environmental impact was obtained.

We computed the global warming potential (GWP), an index for estimating the climate
change contribution due to the atmospheric emission of GHGs, according to the CO2-
equivalent (CO2e) factors defined by the Intergovernmental Panel on Climate Change
(IPCC) [50]: CO2, 1; CH4, 25; and N2O, 298. These factors were set based on a time horizon
of 100 years. To calculate the acidification potential (AP) of the different trace gases, we
used the SO2-equivalent (SO2e) factors for SO2 and SOX = 1, NO2 and NOX = 0.7, and
NH3 = 1.88 derived from Heijungs et al. [51]. To calculate the eutrophication potential
(EP) of the different pollutants, we used the PO4-equivalent (PO4e) factors for NO2 and
NOX = 0.13, NH3 = 0.33, NO3 = 0.1, and P = 3.06 derived from Heijungs et al. [51].

2.4. Sensitivity Analysis

We conducted a sensitivity analysis to assess the robustness of the LCA results ob-
tained in this study. The three tested scenarios were: (1) a higher N2O emission factor
for incineration, (2) broiler production in a warmer region, and (3) the consideration of
LULUC-related GHG emissions from the feed production. In the “higher incineration N2O”
scenario, Billen et al. [33] reported the N2O emissions from incineration of 44–260 g/Mg
manure, which can be converted to 0.121–0.714% (N2O-N/TN); we thus set the value of
the N2O emission factor from broiler manure incineration at 0.714% instead of 0.1% for the
baseline scenario.

In the “warmer region” scenario, we assumed that the fuel consumption for the heating
of the broiler house is half of that in the baseline scenario. Regarding the consideration
of LULUC-related GHG emissions from the feed production, some of the soybean meal
was obtained from Brazil and Argentina as described above, and the soybeans produced in
these two countries are related to land use change to some extent. We thus used the GHG
emissions including LULUC from soybean production in Brazil [52] and Argentina [53] to
calculate the GHG emissions involved in the diets. The calculated GHG emissions from
the production of soymeal used in the diets with or without LULUC were 730 and 336 g
CO2e/kg, respectively. Our further interpretation of the LCA results is described in the
Discussion section.

3. Results

The GHG emissions from the four broiler production systems in Japan are illustrated
in Figure 2. The GHG emissions from the CNV, LP, IC, and LP + IC systems were 1.86,
1.83, 1.59, and 1.57 kg CO2e/kg LW, respectively. The IC and LP + IC systems had 14%
and 16% lower GHG emissions than the CNV system, respectively, and the reduction of
CO2 emissions derived from fossil fuels in the broiler housing process contributed to the
lower GHG emissions in these two systems. The feed production process was the largest
GHG source (43%) followed by the housing process (32%) for CNV. For LP and LP + IC, the
feed production process was also the largest GHG source; however, the feed transport was
the second largest due to relatively lower GHG emissions from broiler housing. Carbon
dioxide was the largest source of GHG emissions in all four systems.

Figure 3 depicts the acidification potential of the four broiler production systems. The
acidification potentials of CNV, LP, IC, and LP + IC were 52.6, 44.3, 30.3, and 27.6 g SO2e/kg
LW, respectively. The LP system showed a 14% lower acidification potential than the CNV
system due to lower NH3 emissions from the broiler housing and manure management
processes. The IC and LP + IC systems exhibited further lower acidification potentials than
the CNV system, by 43% and 48%, respectively, due to much lower NH3 emissions from
the manure management process. The NH3 emissions from manure management were the
largest sources of acidification for CNV and LP, whereas the NH3 emission from broiler
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housing was the largest source for IC and the acidifying pollutant emissions from feed
transport were the largest source for LP + IC.
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The eutrophication potentials of CNV, LP, IC, and LP + IC were 18.3, 16.7, 14.3, and
13.8 g PO4e/kg LW, respectively (Figure 4). The lower NH3 emission from broiler housing
and manure management contributed to lower eutrophication potentials for LP and LP +
IC compared to CNV. The feed production process was the largest source of eutrophication
for all four systems.



Agriculture 2021, 11, 921 8 of 14

Agriculture 2021, 11, x FOR PEER REVIEW 8 of 15 
 

 

Figure 3. The four broiler production systems’ impacts on acidification. LW, liveweight; CNV, 
conventional system; LP, system that uses low-protein diet supplemented with more crystalline 
amino acids; IC, system that includes incineration of broiler litter; LP + IC, system that combines LP 
and IC. 

The eutrophication potentials of CNV, LP, IC, and LP + IC were 18.3, 16.7, 14.3, and 
13.8 g PO4e/kg LW, respectively (Figure 4). The lower NH3 emission from broiler housing 
and manure management contributed to lower eutrophication potentials for LP and LP + 
IC compared to CNV. The feed production process was the largest source of eutrophica-
tion for all four systems. 

 
Figure 4. The four broiler production systems’ impacts on eutrophication. LW, liveweight; CNV, 
conventional system; LP, system that uses low-protein diet supplemented with more crystalline 
amino acids; IC, system that includes incineration of broiler litter; LP + IC, system that combines LP 
and IC. 

Figure 5 explains the energy consumption of the four broiler production systems. 
The energy consumption of CNV, LP, IC, and LP + IC was 18.8, 19.1, 15.6, and 15.9 MJ/kg 
LW, respectively. The IC and LP + IC systems had lower energy consumption than the 
CNV system due to the use of less fossil fuel in the broiler housing process; however, the 
LP system had slightly higher energy consumption due to higher energy use in the feed 
production process. 

 
Figure 5. The four broiler production systems’ impacts on energy consumption. LW, liveweight; 
CNV, conventional system; LP, system that uses low-protein diet supplemented with more crys-
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conventional system; LP, system that uses low-protein diet supplemented with more crystalline
amino acids; IC, system that includes incineration of broiler litter; LP + IC, system that combines LP
and IC.

Figure 5 explains the energy consumption of the four broiler production systems. The
energy consumption of CNV, LP, IC, and LP + IC was 18.8, 19.1, 15.6, and 15.9 MJ/kg
LW, respectively. The IC and LP + IC systems had lower energy consumption than the
CNV system due to the use of less fossil fuel in the broiler housing process; however, the
LP system had slightly higher energy consumption due to higher energy use in the feed
production process.
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Figure 5. The four broiler production systems’ impacts on energy consumption. LW, liveweight;
CNV, conventional system; LP, system that uses low-protein diet supplemented with more crystalline
amino acids; IC, system that includes incineration of broiler litter; LP + IC, system that combines LP
and IC.

The results of the sensitivity analysis demonstrated that the “higher incineration
N2O” scenario increased the GHG emissions from the LP + IC system; however, the LP
+ IC system still had lower GHG emissions than the CNV system (Table 3). Taking the
LULUC-related GHG emissions into account, the GHG emissions from CNV, LP, IC, and
LP + IC were 2.03, 1.95, 1.78, and 1.71 kg CO2e/kg LW, respectively. The consideration of
LULUC-related GHG emissions had no effect on the relative environmental performance
of the LP + IC system compared to the CNV system. In the “warmer region” scenario,
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LP + IC had smaller effects on reducing environmental impacts from CNV: 10% for GHG
emissions and 7% for energy consumption.

Table 3. Sensitivity analysis on the environmental impacts of broiler production systems.

CNV LP + IC
Baseline

LP + IC
High N2O b

LP + IC
Warmer Region c

LP + IC
LULUC d

GHG emissions, kg CO2e a 1.86 84% 88% 90% 84%

Acidification potential, g SO2e 52.6 52% 52% 52% 52%

Eutrophication potential, g PO4e 18.3 76% 76% 76% 76%

Energy consumption, MJ 18.8 85% 85% 92% 85%
a Units are per kg liveweight. The environmental impacts of LP + IC are expressed as the changes from those of CNV. b The N2O emission
factor from litter incineration was determined as 0.714% (0.1% for the baseline scenario). c It was assumed that the broilers were produced
in a warmer region and that the fuel consumption for the heating of the broiler house was half of that in the baseline scenario. d The GHG
emissions related to land use and land use change (LULUC) were considered. AP: acidification potential, EC: energy consumption, EP:
eutrophication potential, GHG: greenhouse gas emissions.

4. Discussion
4.1. Comparison of the Four Broiler Production Systems

Our evaluation of the four broiler production systems using the LCA method revealed
that compared to the CNV system, the LP + IC system had lower environmental impacts in
all of the impact categories investigated herein (Figures 2–5). The effect of the low-protein
diet on GHG emissions was small (2%), and this seems to be because the broiler manure
management for CNV has a lower N2O emission factor (0.16%) even though nitrogen
excretion was reduced by the low-protein diet.

Ogino et al. reported that feeding a low-protein diet to fattening pigs reduced the life
cycle GHG emissions from pig production by 5.4% in their LCA study [54], and higher N2O
emissions from wastewater treatment contributed to the larger effect of the low-protein
diet. Another reason for the smaller effect of the broiler low-protein diet in the present
study appears to be that there is less room to lower the CP content in broiler diets since
it is assumed that a certain amount of CAAs is added to even conventional broiler diets.
In contrast to GHG emissions, the use of the low-protein diet reduced the acidification
and eutrophication potentials to some extent compared to the CNV system, since a large
amount of NH3 is emitted from the composting of broiler litter and the low-protein diet
reduced the nitrogen excretion and consequent NH3 emission.

Regarding energy consumption, the carbon intensity of the CAAs was predictably
higher than that of the main feed ingredients such as corn and soybean meal, and this led
to the slightly higher energy consumption in the LP system.

The addition of protease to a diet increases protein digestibility and can thereby lower
the CP contents of the diet. In their LCA study, Leinonen et al. observed that the use of
a low-protein diet supplemented with protease in broiler production reduced the GHG
emissions (by 2%), the acidification potential (by 5%), and the eutrophication potential (by
3%) compared to the conventional diet [55]. The effects of reducing nitrogen excretion by
the addition of protease to the diets in their study were smaller than those obtained by the
low-protein diet supplemented with more CAAs in this study, which seems to be due to a
smaller reduction of the CP content by protease (6.9 g/kg on average).

Research is being conducted to further lower the CP content of broiler diets by adding
more types of CAA such as valine and isoleucine [8,9], and it is hoped that this will
lead to further reductions of environmental impacts — especially the acidification and
eutrophication potentials of broiler production.

The IC system reduces fuel consumption by using the heat generated from the litter’s
incineration for broiler-house heating, and this system thus had lower GHG emissions
and energy consumption. The use of the IC systems also reduces the NH3 emission from
the manure management process by incineration and thus had lower acidification and
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eutrophication potentials, even when NOx generation by litter incineration was taken
into account. Broiler litter could be used as an energy source for other purposes such
as electricity generation and gasification [12], and an LCA study of broiler production
combined with such litter-utilization measures will be a future work.

In this study, the environmental impacts of broiler production were not allocated to the
compost or broiler litter ash, which could be used as fertilizers, due to the following reasons:
(1) phosphorus and potassium are left not only in the compost but also in the broiler litter
ash, and thus the allocation does not affect the comparison between litter composting and
incineration in terms of phosphorus and potassium, (2) since broiler production areas are
also production areas for other livestock species in Japan and a large amount of compost
is produced there, it is not clear whether the nitrogen in the compost reduces the use of
synthetic nitrogen fertilizers. The avoided GHG emissions for the nitrogen in compost
could be calculated to be 33 g CO2e/kg LW for the CNV system assuming 3.1 kg CO2e per
kg N of synthetic nitrogen fertilizer [56] and 70% of fertilization efficiency for the nitrogen
in broiler litter compost, which is relatively small compared to the overall GHG emissions
from broiler production obtained in this study.

The results of the present sensitivity analysis demonstrated that the LP + IC system had
lower environmental impacts than the CNV system in all four of the impact categories and
in all of the scenarios investigated here. Regarding N2O emissions from litter incineration,
Oshita et al. reported that the N2O emission from the incineration of cattle manure was
increased at lower incineration temperatures (750−800 ◦C) [57]. The incineration of organic
materials at ≤800 ◦C could also generate hazardous substances such as dioxin, and thus
broiler litter should be incinerated at temperatures >850 ◦C. Considering the results of
the present sensitivity analysis, litter incineration had smaller effects on the reduction of
GHG emissions and energy consumption in a warmer region where the fuel consumption
for broiler-house heating is lower, and thus litter incineration can be more effective in a
colder region.

We observed that the effect of the low-protein diet on GHG mitigation was larger
in the “LULUC” scenario than in the baseline scenario (96% vs. 98% as ratios to CNV),
likely because soybean meal, a protein source, has a higher carbon intensity considering
LULUC and because a low-protein diet reduces the use of soybean meal. Low-protein diets
were reported to have different effects on GHG mitigation depending on the production
areas of soybeans considering LULUC: larger effects for Brazil Center-West (involved with
deforestation) and smaller effects for Brazil South (no relation to deforestation) [41,58].

As concerns about climate change continue to increase, many countries including
Japan have set their own GHG reduction targets, and it is thus meaningful to evaluate
the effects of mitigation measures on the reduction of GHG in each country as well as
the reduction from a life cycle perspective. Taking into account the broiler housing and
manure management processes as well as differences in the feed production and transport
processes between the two compared systems as a system boundary, the LP + IC system
had 42% lower GHG emissions than the CNV system.

4.2. Environmental Impacts of Broiler Production Systems

The results of several LCAs of broiler production have been reported, and a compari-
son of cradle-to-farmgate environmental impacts per kg LW of broiler production systems
is provided in Table 4. A large variation in the environmental impacts was observed among
the studies, depending on differences in feeds, production systems, and productivity. Dif-
ferent assumptions, emission factors, and characterization factors were also applied in
these studies. A precise comparison is thus difficult; however, all of our present findings
are within the ranges of the reported values.



Agriculture 2021, 11, 921 11 of 14

Table 4. Comparison of cradle-to-farmgate environmental impacts per kg liveweight of broiler production systems.

System Country
GWP,

kg CO2e
AP,

g SO2e
EP,

g PO4e
EC,
MJ LULUC a Slaughter

Age, d
Slaughter

Weight, kg Ref. (First Author)
Per kg Liveweight

Conventional Japan 1.86 52.6 18.3 18.8 N 52 3.06 This study

Low-protein + litter
incineration Japan 1.57 27.6 13.8 15.9 N 52 3.06 This study

Conventional Japan 2.03 52.6 18.3 18.8 Y 52 3.06 This study

Low-protein + litter
incineration Japan 1.71 27.6 13.8 15.9 Y 52 3.06 This study

Contemporary USA 1.40 15.8 3.9 15.0 N 48 2.26 Pelletier 2008 [14]

Standard UK 2.91 30.8 13.4 16.7 Y 39 1.95 Leinonen 2012 [15]

Free range UK 3.39 39.4 16.0 16.9 Y 58 2.06 Leinonen 2012 [15]

Organic UK 3.73 60.4 32.2 26.6 Y 73 2.17 Leinonen 2012 [15]

Standard France 2.22 28.7 13.8 19.1 Y 40 1.92 Prudêncio da Silva
2014 [16]

High-quality France 2.70 47.2 19.3 29.5 Y 89 2.26 Prudêncio da Silva
2014 [16]

Brazilian Center-West Brazil 2.06 31.4 14.0 18.0 Y 42 2.40 Prudêncio da Silva
2014 [16]

Brazilian South Brazil 1.45 34.5 14.4 19.1 Y 42 2.48 Prudêncio da Silva
2014 [16]

Conventional Portugal 1.62 28.5 13.4 10.2 N 34 1.70 González-García 2014 [59]

Brazilian Center-West Brazil 2.70 40.0 26.0 15.0 Y 50 2.84 Duarte da Silva Lima
2019 [60]

Soybean meal Greece 4.21 32.4 17.8 14.9 Y 42 2.42 Giannenas 2017 [61]

Soybean meal +
protease Greece 3.92 31.2 17.5 14.7 Y 42 2.39 Giannenas 2017 [61]

Corn gluten meal Greece 1.63 28.7 17.5 15.4 Y 42 2.26 Giannenas 2017 [61]

Light broilers Italy 3.03 14.3 10.0 10.2 Y 32 1.60 Cesari 2017 [62]

Medium broilers Italy 3.25 15.8 10.6 10.7 Y 40 2.50 Cesari 2017 [62]

Roasters (heavy) Italy 3.84 19.2 12.8 12.4 Y 53 3.80 Cesari 2017 [62]

a Greenhouse gas emissions related to land use and land use change (LULUC) are included or not. AP: acidification potential, EC: energy
consumption, EP: eutrophication potential, GWP: global warming potential.

GHG emissions were evaluated in all of the studies cited, and the reported values and
the present data are in a range from 1.4 to 4.2 kg CO2e. The GHG emissions from broiler
production were largely affected by whether LULUC-related emissions were included
and, in cases in which LULUC-related emissions were considered, by the differences in
the soybean meal contents in the diets [61] and the production area of soybean meal [16].
The higher acidification potential of the conventional system obtained in the present study
appears to be due to the higher NH3 emission from manure management (composting).

Production systems and slaughter age have also had significant effects on environ-
mental impacts. Among the LCA studies, the largest acidification and eutrophication
potentials were obtained by the organic production system in a UK study [15], whereas
the greatest energy consumption was in a high-quality system (slaughtered at 89 d) in
a French study [16]. Among the reported studies and the present study, the slaughter
age was significantly correlated with the acidification potential (r = 0.65), eutrophication
potential (r = 0.52), and energy consumption (r = 0.82) per kg LW, whereas this was not
the case with GHG emissions. Conversely, the higher productivity of broiler production
systems tends to result in lower environmental impacts. It should be noted that production
systems such as organic and high quality could have other advantages (e.g., increasing
product quality and biodiversity of the ecosystem) not evaluated in the present LCA study.

Broiler chicken systems have relatively small environmental impacts among animal
production systems. Nevertheless, our present findings suggest that effective mitigation
opportunities for broiler chicken remain to be identified. Broiler production systems
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with optimal mitigation options will contribute to the production of animal products in a
sustainable society.

5. Conclusions

We assessed the environmental impacts of conventional broiler chicken production
in Japan using LCA and compared them with those of broiler production with mitigation
options. The use of a low-protein diet supplemented with more crystalline amino acids
reduced nitrogen excretion and consequent ammonia emission from manure management,
resulting in lower acidification and eutrophication potentials. The broiler litter incineration
reduced fuel consumption by utilizing the generated heat for broiler-house heating and thus
led to lower GHG emissions and energy consumption. Furthermore, the litter incineration
reduced ammonia emission from the manure management process by incineration and thus
resulted in lower acidification and eutrophication potentials. Since the results of this study
suggest that there are still mitigation opportunities for broiler chicken, broiler production
systems with mitigation options help chickens to be produced in a more sustainable way.
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