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Abstract: Broiler farming is a significant source of gaseous emissions. The aim of this study was to
assess the effects of different litter additives on the emission of NH3, N2O, CO2, and CH4 during
broiler housing and subsequent manure storage. The gaseous emissions from the housing facilities
were evaluated during one fattening cycle in environmentally controlled rooms with three different
additives applied to the litter material (10% w/w aluminum sulphate or biochar and 2.50 mg m−2

urease inhibitor), as well as a control. A storage experiment was conducted under laboratory
conditions for 90 days to evaluate the influence of these three additives on gaseous losses. During
broiler housing, the results indicated that NH3 emissions were reduced significantly (40–60%) by
litter additives, while global warming potential (GWP) emissions were reduced significantly (31%)
by Alum. The addition of Biochar (a 58% reduction) had the same significant effect as Alum (a
60% reduction) to mitigate these losses. The re-application of Urease (a 41% reduction) may be
required to reach an equal or higher reduction. During storage, NH3 and GWP emissions were not
significantly affected by the litter additives. During broiler housing and subsequent manure storage,
NH3 emissions were reduced significantly (22–41%) by litter additives, whereas GWP emissions did
not decrease significantly. Globally, it can be concluded that Biochar appears to be a good alternative
to Alum due to its equal effectiveness in mitigating NH3 losses, without increasing the GWP potential
in the housing and avoiding pollution swapping.

Keywords: aluminum; ammonia; biochar; broiler farming; greenhouse gases; urease inhibitor

1. Introduction

Broiler farming is one of the main sources of protein for humans and it is expected
that the consumption of chicken meat will continue to grow until 2050. Currently, around
121.5 million tons of chicken meat are produced worldwide from the farming of 74 billion
chicken heads [1]. This sector is a significant source of ammonia (NH3), nitrous oxide
(N2O), and methane (CH4) emissions and has an impact on global greenhouse gas (GHG)
emissions, as well as bird and human health [2,3]. Hence, in the European Union, broiler
farming is obligated to be environmentally sustainable by the Integrated Pollution Pre-
vention and Control (IPPC) Directive (96/61/EC), the National Emissions Ceiling (NEC)
Directive (2016/2284/EU), and the Energy and Climate Action Directive (2018/1999/EU)
for carbon neutrality [4].
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Broiler excretions are rich in uric acid (ca. 80%), being hydrolyzed into urea through
aerobic decomposition, followed by conversion to ammonium (NH4

+) by the urease enzyme
found in manure [5]. Then, NH3 is volatilized into the air as a gas and released into
the atmosphere from litter material, while N2O is released through the nitrification and
denitrification processes [6]. In addition, CO2 is emitted by broilers during breathing,
uric acid/urea hydrolysis of excretions, and the aerobic/anaerobic decomposition of litter
material, whereas CH4 is released by the anaerobic decomposition [7]. The emission
intensity of chicken meat was 0.6 kg CO2 eq. kg−1 [8] and, in European countries, the
average annual emission rates from broiler houses varied greatly from 0.06 to 0.45 g day−1

broiler−1 for NH3, 0 to 46 mg day−1 broiler−1 for N2O, 55.2 to 98.4 g day−1 broiler−1 for
CO2, and 0 to 50 mg day−1 broiler−1 for CH4 [6,9,10].

Ammonia and GHG emissions occur in all stages of animal manure management–
housing, storage, processing, and recycling as crop fertilizers after field application [4,9,11–13].
An effective assessment of the effects of manure treatments or the combination of different
treatments in mitigating different emission processes should change from a single-stage
approach to include real/pilot-scale experiments. These studies should be performed
using a manure whole-life-cycle scale to avoid pollution swapping and simultaneously
to determine the most efficient solution for manure energy and nutrient recovery [14].
The relationship between NH3 volatilization and N2O emission is also complex because
emissions of both may be reduced by diet manipulation or manure management, and if a
mitigation technology reduces NH3 losses, the preserved NH4

+ may later increase storage
N2O emissions [4,11,12]. On the other hand, gaseous nitrogen (N) losses will reduce the N
availability for nitrification and denitrification processes and, consequently, N2O formation.
Nevertheless, it is crucial to consider potential pollution swapping when planning and
implementing mitigation measures [12].

Previous studies [5,10,13,15,16] reported that a wide range of additives could be ap-
plied to litter, where they act as acidifying and adsorbent additives and can affect the
microbial activity in manure; they also have been shown to reduce manure pH. However,
several additives are marketed to reduce gaseous emissions but are not listed in The United
Nations Economic Commission for Europe (UNECE) guidance document [4,11,12] due
to limited evidence of their efficacy and clear independence during their testing process.
On the other hand, a transition towards circular agricultural systems entails minimizing
external inputs with the least negative impact on the environment. Thus, the replace-
ment of chemical additives by agricultural residues will contribute to the sustainability
of broiler farming and this research is of great importance and should be investigated in
further studies.

The aim of the present study was to assess the effects the litter additives aluminum
sulphate, biochar and urease inhibitor had on the emissions of NH3, N2O, CO2, and CH4
during the broiler housing and subsequent storage of manure.

2. Materials and Methods

The experiment was authorized by the Organism for Animal Welfare of the Univer-
sity (ORBEA) and conducted in accordance with animal research regulations of the EU
(Directive, 2010/63/EU), with protocol number 1638-e-CITAB-2023. The test was carried
out at the animal research unit of the University of Trás-os-Montes and Alto Douro (Vila
Real, Portugal).

The NH3 and GHG emissions from broiler housing were evaluated during one fat-
tening cycle (35 days) in environmentally controlled rooms with three different additives
applied to the litter material (aluminum sulphate, biochar, and urease inhibitor) and a
control (without any additives). Furthermore, a storage experiment was conducted under
laboratory conditions for 90 days to evaluate the influence of these three additives and the
control on gaseous losses.
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2.1. Housing Experiment
2.1.1. Treatments

The experiment was conducted over a 35-day period at an animal research unit located
in Vila Real, Portugal (latitude: 41.286596◦, longitude: −7.744373◦). Twelve identical
airtight rooms (length = 1.64 m, width = 1.10 m, and height = 2.50 m) with controlled
temperature and ventilation were used for the growth of Ross 308 broilers for 35 days. As
can be observed in Figure 1, the environmentally controlled rooms were located inside a
steel building (construction year 2017) fully insulated with polyurethane and equipped
with air conditioning (Inoxnorma, Portugal). The broiler rooms were equipped with feeding
systems in line (Roxell, Belgium) and nipple drinking systems (Roxell, Belgium), mechanical
ventilation by roof exhaust fans (Fancom, The Netherlands), and heat exchangers and
climate control systems (Inoxnorma, Portugal). The ventilation of each room was achieved
by a one-tunnel ridge system (Ø = 150 mm) being controlled with one differential pressure
meter and two temperature and relative humidity sensors (Fancom, The Netherlands)
located both inside and outside (Figure 1A).
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New wood (Pinus pinaster Aiton) shavings (3.5 kg m−2) were placed as litter material
(6314 g for 1.804 m2) in each airtight room at the beginning of the fattening cycle and the
composition was as follows: 4.8 of pH (H2O) (by potentiometry, European Normalization
(EN) 13037, Brussels, Belgium), 893.8 g kg−1 of dry matter (by the gravimetric method, EN
13040, Brussels, Belgium [17]), 509.4 g kg−1 of total C (by the Dumas method), 2.1 g kg−1

of total N (by the Kjeldahl method, EN 13654-1, Brussels, Belgium [18]), 0.4 g kg−1 of total
NH4

+-N (by absorption spectrophotometry, EN 13652, Brussels, Belgium [19]), 1.0 mg kg−1

of total NO3
−-N (by absorption spectrophotometry, EN 13652, Brussels, Belgium [19]),

500–700 µm particle sizes (by the sieving method), and 100–300 kg m−3 of bulk density
(by the core method). In the litter material of each airtight room, either none or one of the
three following additives was applied, corresponding to the four treatments with three
replications each, namely, the Control treatment received no additive to the litter; the Alum
treatment and Biochar treatment received aluminum sulphate and commercial biochar on
the litter surface (10% w/w) at day 0, respectively; and Urease treatment received the urease
inhibitor (2.50 mg m−2) at day 25.

The Alum and Biochar treatments received the litter additives (26 February 2023) after
the scattering of the bedding material and before the entrance (day 0) of the broiler chicks
(27 February 2023), being uniformly sprayed by hand in the whole litter area (631.4 g per
room or 350 g m−2 or 28.7 g broiler−1) [20,21]. On day 25, after the arrival of the broiler
chicks, the Urease treatment was sprayed by hand over the surface of the litter (24 March
2023) after dilution at a rate of 2.50 mg m−2 of urease inhibitor per 100 mL m−2 of deionized
water (4.51 mg of urease inhibitor in 180.4 mL of deionized water per room) [22]. Also
on day 25, the same amount of deionized water was applied in the other three treatments
(180.4 mL of deionized water per room).

The Alum (aluminum sulfate hexadecahydrate ≥ 95%, p.a., cryst; Al2(SO4)3*18 H2O)
was supplied by Panreac (AppliChem GmbH, Darmstadt, Germany) with the following
characteristics: Chemical Abstract Service (CAS) number of 7784-31-8; molecular weight of
666.42 g mol−1; particle size of 0.4 mm; pH (H2O) of 3.1. The biochar (Ecochar) was pro-
duced from wood (Acacia dealbata Link. and Acacia melanoxylon R. Br.) shavings (Ø = 2 mm)
after being pyrolyzed in a muffle furnace (900 ◦C) (Ibero Massa Florestal, S.A., Portugal)
and following the Commission Regulation No 889/2008 [23]. The composition of the
biochar was as follows: 7.9 of pH (H2O), 700.0 g kg−1 of dry matter, 900.0 g kg−1 of total
C, 5.0 g kg−1 of total N, 1000–8000 µm of particle size, 300–400 kg m−3 of bulk density,
22 m2 g−1 of specific surface area (by the Brunauer, Emmett, and Teller method), and 1.1
of mm3 g−1 of pore volume (by mercury porosimetry). The urease inhibitor N-(n-butyl)
thiophosphoric triamide (NBPT) (pure solid formulation, 98.2%) was provided by Apollo
Scientific Ltd., Stockport, UK, with the following characteristics: CAS number of 94317-64-3
and pH (H2O) of 7.2.

A sample of 264 broiler chicks (Ross 308) was used on day 0 (27 February 2023) of the
fattening and finished on day 35 (3 April 2023). In each airtight room, 22 broiler chicks
(0 days of age) were randomly placed in twelve rooms (0.082 m2 per broiler), assigned to
four treatments with three replications each. At 10 days of age, the groups were decreased
to 20 broilers per room (0.090 m2 per broiler). Two different feeds were used, according to
the growth stage of the birds, distributed during the whole fattening cycle and following
the production techniques supplied by the integrator company. Birds had ad libitum access
to feed and water under a lighting period of 20:4 (light:dark) h day−1 and a luminance
of 20 Lux. The composition of the standards diets used in the first (starter, 1 to 16 days)
and second (grower, 17 to 35 days) phases of feeding was 6.5 and 6.4 of pH (H2O), 870.7
and 864.7 g kg−1 of dry matter (DM), 200.4 and 192.4 g kg−1 DM of crude protein, 944.5
and 948.5 g kg−1 DM of organic matter, 52.0 and 54.5 g kg−1 DM of crude fat, 25.6 and
20.9 g kg−1 DM of crude fiber, 147.1 and 138.5 g kg−1 DM of neutral detergent fiber, and
43.6 and 40.3 g kg−1 DM of ashes, respectively. The grain and other major ingredients
in the feed were maize, triticale, soybean meal, animal fat, and sunflower meal. These
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feed samples were analyzed in triplicate by near-infrared spectroscopy (NIR) FT-NIR
(NIRMaster™, Buchi, Spain).

2.1.2. Measurements

The concentrations of NH3, N2O, CO2, and CH4 in the inlet and outlet air of the broiler
rooms were measured during the 35 days of the fattening cycle (from 27 February to 3 April
2023). As can be observed in Figure 1A, inlet and outlet gas concentrations were measured
by a sampling line located outside the building and twelve sampling lines located inside
the broiler rooms. Each sampling line was made using a Teflon tube (Ø = 3 mm, Lumasense
Technologies, Ballerup, Denmark), being fixed with plastic clamps to the structure of the
building. The tube of each sampling point was connected to a polytetrafluoroethylene
membrane (Ø = 1 µm, Whatman, Ome, Japan) to protect against dust.

The air samples of the outlet air of the broiler rooms were collected sequentially (every
2 min) from each sampling point by a multipoint sampler (INNOVA 1409-12, Lumasense
Technologies, Denmark) and then gas concentrations were analyzed by a photoacoustic
field gas monitor (INNOVA 1412i-5, Lumasense Technologies, Denmark). Furthermore,
a second photoacoustic field gas monitor (INNOVA 1412i-5, Lumasense Technologies,
Denmark) was also used to analyze the inlet gas concentrations (every 2 min) from the
outdoor sampling line. The gas analyzers were calibrated by the manufacturer before
the beginning of the experiment, being operated in the mode for compensation of water
interference and cross-interference and equipped with an optical filter for water vapor
(filter type SB0527). The detection limits for NH3 (filter type UA0973), N2O (filter type
UA0985), CO2 (filter type UA0982), and CH4 (filter type UA0969) were 152.1, 58.9, 2947.1,
and 286.4 µg m−3, respectively.

The group body weights and feed weights of each broiler room were recorded on days
0, 3, 7, 10, 15, 18, 23, 29, and 35 and were used to determine the daily weight gain, daily
feed intake, and feed conversion ratio. The climate control systems were used to create
digital records of all data variables (temperature, relative humidity, ventilation rate, age,
liveweight, and mortalities) during the fattening cycle.

2.2. Storage Experiment
2.2.1. Treatments

The manure used in this subsequent storage experiment was collected in each broiler
room, corresponding to the same four treatments with three replications that were evaluated
in the housing experiment, namely, raw manure as the control (treatment: Control); the
addition of aluminum sulphate to litter (10% w/w) on day 0 (27 February 2023) of the
fattening cycle (treatment: Alum); the addition of biochar to litter (10% w/w) on day 0
(27 February 2023) of the fattening cycle (treatment: Biochar); and the addition of the
urease inhibitor to litter (2.50 mg m−2) on day 25 (24 March 2023) of the fattening cycle
(treatment: Urease).

The storage experiment was conducted under laboratory conditions (latitude: 40.639035◦,
longitude: −7.910673◦) for 90 days (from 3 April to 4 July 2023). All of the manure from
each broiler room was scraped and homogenized by hand and weighted. Then, subsamples
were retained for analysis and the storage experiment. These single bulk samples were
collected in each broiler room on day 35 (3 April 2023) of the housing experiment, being
mixed thoroughly. Subsamples were retained and analyzed using standard laboratory
methods to determine the pH (H2O) according to EN 13037 [24], dry matter using the
gravimetric method (24 h at 105 ◦C), total C using the Dumas method, total N using
the Kjeldahl method according to EN 13654-1 [18], and NH4

+ and NO3
− via absorption

spectrophotometry.
The storage experiment consisted of a system of twelve plastic buckets (height = 240 mm,

Ø = 290 mm, and volume = 12 L) filled with 5000 g (height = 105 mm) of manure collected
in each broiler room, under a constant temperature (20 ± 0.5 ◦C) and airflow rate, for
90 days. Detailed information on the laboratory system used in the storage experiment
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is available in Pereira et al. [25] and a schematic plan is given in Figure 1B. Briefly, one
air inlet and one air outlet were positioned symmetrically in the plastic bucket, inserting
a Teflon tube (Ø = 3 mm) through one of the septa with the end kept 20 mm above the
manure surface. The airflow through the headspace of each container (25 exchanges h−1

and 2.272 m h−1) was obtained by a pump (KNF, model N010.KN.18, Neuberger GmbH,
Freiburg, Germany) with a 2.5 L min−1 flowrate controlled by a needle valve connected to
a flow meter (Aalborg™ FT10201SAVN, Aalborg, Denmark). The inlet air passed through
NH3-trapping filters coated with oxalic acid, and the outlet air of the twelve plastic buckets
was exhausted by a fume hood.

2.2.2. Measurements

Gas concentrations were measured in the exhaust air of the twelve plastic buckets us-
ing the same procedure and equipment as in the broiler rooms. Briefly, the air samples from
the sampling points were collected every 2 min by a multipoint sampler (INNOVA 1409-12,
Lumasense Technologies, Denmark), and gas concentrations were analyzed by a photoa-
coustic field gas monitor (INNOVA 1412i-5, Lumasense Technologies, Denmark) (Figure 1).

2.3. Data Analysis

The daily values of liveweight were obtained using an Excel spreadsheet using regres-
sion methods, adjusting cubic polynomial equations to the raw data of the broiler rooms.

The gas emissions of the broiler rooms (housing experiment) and plastic buckets
(storage experiment) were calculated per hour by a mass balance from the inlet and outlet
air concentrations and following the procedure described in Pereira et al. [14], using
Equation (1).

EMI = AIR × (OUT − INL) (1)

where EMI is the emission of NH3, N2O, CO2, or CH4 from the broiler room or plastic
bucket (mg h−1), AIR is the air flowrate of the broiler room or plastic bucket (m3 h−1), and
OUT and INL are the indoor and outdoor concentrations of NH3, N2O, CO2, or CH4 of the
broiler room or plastic bucket, respectively (mg m−3).

To compare gas emissions between additive and Control treatments, the efficien-
cies of reductions in these gases were determined following the procedure described in
Pereira et al. [14], using Equation (2).

RED = 100 −
((

ADD
CON

)
× 100

)
(2)

where RED is the reduction efficiencies (%) of NH3, N2O, CO2, or CH4 from additive
treatments (Alum, Biochar, and Urease), ADD is the mean value of the individual or
cumulative gas values from the additive treatments, and CON is the mean value of the
individual or cumulative gas values from the Control treatment.

The cumulative gas emissions of each broiler room or plastic bucket were calculated
by summing the daily emissions rates. The GWP was estimated by the GWP coefficients
for direct GHG emissions (N2O = 265 and CH4 = 28) and indirect N2O emissions (1% of
NH3-N volatilized) [2,7].

The total cumulative gas emission from each combined housing (broiler room) and
subsequent storage experiment (plastic bucket) treatment was calculated per broiler using
Equation (3).

TOT = HOU + STO (3)

where TOT is the total cumulative emission (mg broiler−1) of NH3, N2O, CO2, CH4, or GWP
from the combined housing and subsequent storage experiment, HOU is the emission rate
(mg broiler−1) of one broiler housed for 35 days, and STO is the emission rate (mg broiler−1)
from the manure stored in the plastic bucket (emission per bucket with 5000 g of manure for
90 days) that was equivalent to the manure produced by one broiler (emission per broiler
with 656 g manure for 35 days) [26].
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The data obtained were analyzed using an analysis of variance (ANOVA) to test the
effects of each treatment, bird age, and time on emission of gases and manure composition,
followed by Tukey’s range test and comparisons of means tests (p < 0.05), using the
statistical software package STATISTIX 10.0 (Analytical Software, Tallahassee, FL, USA).

3. Results and Discussion
3.1. Gaseous Emissions in Housing
3.1.1. Experimental Condition

As can be seen in Table 1, during the 35 days of the fattening cycle, no significant
differences (p > 0.05) were observed in the liveweight of broilers, daily weight gain, daily
feed intake, and feed conversion ratio between the Control and treatments (Alum, Biochar,
and Urease).

Table 1. Growth performance of broilers from experimental housing treatments (mean ± standard
deviation).

Parameters Control Alum Biochar Urease SEM p-Value

Number of broilers (0 days) 22 22 22 22
Number of broilers (10–35 days) 20 20 20 20

Liveweight (g)
Day 0 45.0 ± 0.1 44.0 ± 0.1 44.7 ± 0.3 44.7 ± 0.3 0.360 0.138
Day 3 77.0 ± 1.0 77.0 ± 1.3 79.0 ± 0.5 78.3 ± 0.8 1.763 0.615
Day 7 172.7 ± 2.4 171.0 ± 3.6 176.0 ± 1.5 177.3 ± 2.5 4.634 0.540
Day 10 261.3 ± 7.3 253.0 ± 2.5 263.0 ± 7.5 266.7 ± 2.3 10.295 0.622
Day 15 551.7 ± 1.4 536.0 ± 5.6 546.7 ± 14.0 550.3 ± 4.2 14.023 0.688
Day 18 781.7 ± 6.8 740.7 ± 12.2 755.0 ± 22.4 756.0 ± 6.0 23.282 0.428
Day 23 1295.0 ± 18.9 1256.7 ± 15.9 1235.0 ± 21.4 1208.3 ± 12.6 31.921 0.145
Day 29 2020.0 ± 36.8 1983.3 ± 29.0 1955.0 ± 48.8 1945.0 ± 9.0 61.283 0.637
Day 35 2793.3 ± 13.8 2656.7 ± 32.2 2598.3 ± 57.2 2710.0 ± 49.2 77.582 0.179

Daily weight gain (g day−1)
0–35 days 79.8 ± 0.4 75.9 ±0.9 74.2 ± 1.6 77.4 ± 1.4 2.216 0.179

Daily feed intake (g day−1)
0–35 days 118.1 ± 2.4 114.0 ± 0.9 113.1 ± 0.1 113.5 ± 1.2 1.910 0.116

Feed conversion ratio
0–35 days 1.48 ± 0.04 1.50 ± 0.02 1.53 ± 0.03 1.47 ± 0.03 0.055 0.734

Note: n = 3: three replications per treatment. SEM: standard error of the mean.

Figure 2 and Table 2 display the environmental parameters in the housing experimen-
tal treatments.

The daily average outdoor temperature varied between 14 and 20 ◦C and the outdoor
average relative humidity ranged from 30 to 70% during the 35 days of the fattening
cycle (Figure 2A,B). There was no significant difference (p > 0.05) in daily average indoor
temperature or ventilation rate for broilers in any treatment (Control, Alum, Biochar, and
Urease) (Table 2 and Figure 2A,C). However, the average daily relative humidity was
significantly lower (p < 0.05) by approximately 10% in the Alum and Biochar treatments
when compared to the Control and Urease treatments (Table 2 and Figure 2B). From day 0
to day 35 of the fattening cycle, the average daily internal temperature dropped from 32 to
20 ◦C and the relative humidity varied from 30 to 67% in all treatments (Figure 2A,B). The
lower values of indoor relative humidity in the Alum and Biochar treatments in relation
to the Control and Urease treatments (Table 2 and Figure 2B) are due to the low humidity
of these additives, which reduced the humidity of the litter material and, consequently,
decreased the indoor relative humidity.
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Figure 2. Environmental parameters (temperature (A), relative humidity (B), and ventilation rate (C)) in
the housing experiment treatments (vertical bars represent standard deviation of 24 h measurements).

Table 2. Climatic variables and emission of gases from the housing experiment treatments (mean ±
standard deviation).

Parameters Control Alum Biochar Urease SEM p-Value

Climatic conditions
Outdoor T (◦C) 16.7 ± 2.0 16.7 ± 2.0 16.7 ± 2.0 16.7 ± 2.0 1.266 0.214
Indoor T (◦C) 24.5 ± 2.0 24.2 ± 2.1 24.5 ± 2.1 24.3 ± 2.0 0.255 0.680

Outdoor RH (%) 53.4 ± 5.4 53.4 ± 5.4 53.4 ± 5.4 53.4 ± 5.4 6.099 0.404
Indoor RH (%) 50.4 ± 5.0 a 41.7 ± 3.7 b 39.3 ± 3.0 b 47.9 ± 4.4 a 1.382 0.000

VR (m3 h−1 broiler−1) 5.1 ± 2.2 5.0 ± 2.1 4.9 ± 2.0 4.9 ± 2.1 0.131 0.255
Gas emissions

NH3 (mg day−1 broiler−1) 204.5 ± 2.4 a 81.5 ± 1.4 c 85.9 ± 1.8 c 119.7 ± 1.4 b 3.405 0.000
N2O (mg day−1 broiler−1) 5.2 ± 0.3 4.4 ± 0.6 4.9 ± 0.1 4.9 ± 0.1 0.499 0.550

CO2 (g day−1 broiler−1) 78.5 ± 6.2 a 58.4 ± 8.8 b 71.8 ± 5.6 a 68.4 ± 8.4 a 7.641 0.047
CH4 (mg day−1 broiler−1) 59.9 ± 2.9 58.5 ± 0.5 65.0 ± 1.4 61.1 ± 1.3 3.247 0.311

GWP (mg CO2-eq. day−1 broiler−1) 4099.1 ± 990.3 2826.5 ± 153.8 3131.1 ± 39.7 3013.1 ± 3.8 781.720 0.434

Note: n = 3: three replications per treatment. SEM: standard error of the mean. Values presented with different
lowercase letters within rows are significantly different (p < 0.05) according to the Tukey test. T: air temperature.
RH: relative humidity. VR: ventilation rate. GWP: global warming potential (CH4 = 28, direct N2O = 265, indirect
N2O = 1% of NH3-N volatilized).
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The ventilation rates (Figure 2C) and liveweights (Table 1) of broilers increased during
the fattening cycle, with average daily values for all treatments ranging from 0.3 m3 h−1

broiler−1 on day 0 (45 g broiler−1) to 14.0 m3 h−1 broiler−1 on day 35 (2664 g broiler−1).
The average ventilation rates reported in the present study (5.0 m3 h−1 broiler−1) are in
line with previous studies [7,27], which reported that the ventilation rates increased with
bird age and varied from 0.2 to 6.6 m3 h−1 broiler−1. In this study, the amended litter
additives (Alum, Biochar, and Urease) had no significant effect on the performance and
health of broilers compared to the Control (Table 1), which is in accordance with previous
studies that added alum (8–15% w/w) [20,28], biochar (10–20% w/w) [21,29,30], or the
urease inhibitor (0.28–3.50 mg m−2) [22,31] to housing facilities.

3.1.2. Ammonia and Greenhouse Gases

The daily fluxes of NH3 observed in the Control and amended treatments are shown
in Figure 3A, with a progressive increase (6–672 mg day−1 broiler−1) from the beginning
until the end of the fattening cycle observed. Comparatively to the Control treatment,
the daily NH3 fluxes of the Urease treatment did not differ significantly (p > 0.05) in the
first 24 days of the fattening cycle, being significantly reduced (p < 0.05) by 61% from day
25 until the end of the fattening cycle (Figure 3A). As can be seen in Table 2, the cumulative
NH3 emissions were significantly reduced (p < 0.05) in the amended treatments compared
to the Control, with reductions of 59% in the Alum or Biochar treatment and 41% in the
Urease treatment.

The factors that regulate NH3 volatilization in the broiler house environment are the
litter type, animal activity, bird age and density, manure handling, frequency of manure
removal, ventilation rate, and air velocity, while the factors that influence how manure
bacteria and enzymes break down N to form NH3 are N content, temperature, mois-
ture/humidity, and pH [6,10]. The addition of Alum to litter material led to the mainte-
nance of low and stable pH (Table 3) and, consequently, to the reduction of 60% in NH3
losses observed in Table 2. This can be explained by the pH of the litter, which is an
important factor in the regulation of NH3 volatilization since it specifies the relationship
between volatile NH4

+/NH3 and its ionic and non-volatile forms [32].
The results of the present study are in line with previous studies that reported a

reduction of 50–70% from the addition (8–15% w/w) of alum to litter material [11,20]. The
application of Biochar to litter material enhances the NH4

+ and NH3 binding and low
humidity and reduces NH3 losses by 58% (Table 2) due to a high specific surface area and
high cation exchange capacity [33]. Previous studies [30,34] reported that direct Biochar
addition (10–20% w/w) to the litter had a positive effect on NH3 reduction, in accordance
with this study. The addition of Urease blocked the enzyme activity in the litter because
NH3 is the by-product of the five-step enzymatic degradation of uric acid [31], and then
reduced NH3 losses by 41% (Table 2). This result is consistent with those of Singh et al. [31],
who observed that the effect of urease inhibitor reduced NH3 losses from poultry litter
for 7 days after the first application, and the persistency could be influenced by a change
in manure characteristics over time. In the present study, there was a single application
of urease at day 25 but the effect of the urease decreased with time, suggesting that the
reapplication of urease (0.28–3.50 mg m−2) may be required, such as reported by other
researchers in cattle or pig housing [22,35]. Comparing the three additives evaluated in
the present study with the best available techniques to reduce NH3 losses by aluminum
sulphate as a litter additive (a 50–70% reduction) in broiler housing [11], the present study
suggests that Biochar (a 58% reduction) has the same potential as Alum to mitigate these
losses and that the reapplication of Urease (a 41% reduction) may be required to reach an
equal or higher reduction.
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Table 3. Physicochemical characteristics of the litter material in the housing experiment treatments
(mean ± standard deviation).

Parameters Control Alum Biochar Urease SEM p-Value

0 days of experiment
pH (H2O) 4.8 ± 0.1 b 3.4 ± 0.1 c 6.3 ± 0.1 a 4.8 ± 0.1 b 0.065 0.000

35 days of experiment
pH (H2O) 7.4 ± 0.1 7.4 ± 0.1 7.4 ± 0.1 7.2 ± 0.1 0.188 0.560

Dry matter (g kg−1) 433.0 ± 12.7 475.3 ± 20.6 478.5 ± 34.5 457.8 ± 6.5 32.290 0.523
Total C (g kg−1) 219.8 ± 6.6 239.2 ± 11.1 246.5 ± 19.5 235.2 ± 4.3 18.514 0.565
Total N (g kg−1) 6.4 ± 0.2 6.7 ± 0.4 6.3 ± 0.3 6.3 ± 0.3 0.338 0.506

NH4
+-N (g N kg−1) 1.8 ± 0.2 2.3 ± 0.4 2.1 ± 0.2 1.8 ± 0.2 0.472 0.666

NO3
−-N (mg N kg−1) 6.8 ± 0.1 6.8 ± 0.1 6.8 ± 0.1 6.8 ± 0.1 0.188 0.514

C:N ratio 34.4 ± 0.2 36.1 ± 3.9 3.19 ± 1.1 37.9 ± 2.9 3.657 0.623

Note: n = 3: three replications per treatment. Data expressed on a fresh weight basis. SEM: standard error of the
mean. Values presented with different lowercase letters within rows are significantly different (p < 0.05), as per a
Tukey test.

The daily N2O fluxes were not significantly different (p > 0.05) between the Control
and amended treatments, being lower than 1 mg day−1 broiler−1 in the first 13 days and
then increasing until the end of the fattening cycle (Figure 3B). After day 13, the daily N2O
fluxes increased progressively in all treatments and varied between 3 and 29 mg day−1

broiler−1 on most measurement dates (Figure 3B). The cumulative N2O emissions were
reduced in the amended treatments compared to the Control, with reductions of 14% in the
Alum treatment and 6% in the Biochar and Urease treatment, although these differences
were not statistically significant (p > 0.05) (Table 2).

The nitrification and denitrification processes are the source of N2O emissions, and
these losses might be related to litter management (i.e., the interphase aerobic/anaerobic
conditions of the litter), although the litter temperature and protein content in the diet could
enhance the N2O loss [10]. The addition of Alum to litter material is usually associated with
the inhibition of the nitrification/denitrification processes, whereas Biochar is associated
with the adsorption of NH4

+ and Urease to the preservation of NH4
+, which can subse-

quently increase N2O emissions [12]. In this study, the addition of the additives (Alum,
Biochar, and Urease) to litter material had no significant impact on the N2O emissions
relative to non-amended litter (Table 2), which is consistent with previous studies [20,28]
that reported no differences in N2O emissions from Alum-treated and untreated litter.
No published studies were found to evaluate the effects of biochar and urease on GHG
emissions in broiler houses. Nitrous oxide emissions were low for all treatments in this
study (Table 2).

The daily CO2 fluxes in the Control and amended treatments increased from the
beginning until the end of the fattening cycle and reached values between 2 and 229 g day−1

broiler−1 (Figure 3C). In addition, although not statistically significant (p > 0.05), the daily
CO2 fluxes were reduced in the amended treatments relative to the Control by 21% for the
Alum treatment and by 11% for the Urease treatment (Figure 3C). The cumulative CO2
emission of the Alum treatment decreased significantly (p < 0.05) by 26% in relation to the
Control treatment, while this cumulative emission was approximately 11% lower in the
Biochar and Urease treatment but not statistically significant (p > 0.05) (Table 2).

The CO2 emission has its sources in broiler respiration, uric acid/urea hydroly-
sis of excretions, and aerobic/anaerobic decomposition of litter material [6]. Previous
studies [20,28] reported that adding Alum to litter material significantly lowered CO2 emis-
sions from broiler houses by decreasing the microbial activity, which is in line with the
present study where this loss was reduced by 26% relative to non-amended litter (Table 2).
Other studies [14] reported that the addition of Biochar to animal manure could reduce
CO2 emission due to either sorption into the biochar or a reduction in labile C availability.
However, in this study, the lack of a significant effect of this additive was observed (Table 2).
Carbon dioxide emissions occur from the aerobic degradation of uric acid as well as other
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organic compounds in the litter [28], although, in this study, the addition of Urease appears
to have had no effect on CO2 emission (Table 2).

As can be observed in Figure 3D, the daily CH4 fluxes in the Control and amended
treatments increased from the beginning to the end of the fattening cycle and reached
values between 1 and 185 mg day−1 broiler−1; however, there were no significant differ-
ences (p > 0.05) between all treatments. Furthermore, cumulative CH4 emissions were not
significantly different (p > 0.05) between the Control and amended treatments, although a
small increase of 9% was observed in the Biochar treatment (Table 2).

The emission of CH4 occurs through the anaerobic decomposition of litter, where
oxygen water contents, pH levels, and nutrient availability play key roles in CH4 produc-
tion [28]. Previous studies [7,35] reported low CH4 emissions in broiler houses and this
variability may be caused by differences in litter reactions in the broiler house during the
growing period. The addition of Alum to litter material did not affect CH4 losses (Table 2),
which is consistent with previous studies [20,28] that did not report any significant differ-
ences in CH4 emission between untreated and Alum-treated litter. The addition of Biochar
could reduce CH4 emission due to its adsorption capacity, but in this study, CO2 emissions
occurred mainly under aerobic conditions and no significant CH4 emissions were observed
(Table 2). Pereira et al. [14] also did not report any significant differences in CH4 emissions
between untreated and Biochar-treated animal manure. Similarly, the addition of Urease
appears to have had no effect on CH4 emissions in this study (Table 2).

Compared to the Control treatment, the GWP of the Alum treatment was signifi-
cantly reduced (p < 0.05) by 31%, whereas in the Biochar and Urease treatments, it was
lower by approximately 25%, although these differences were not statistically significant
(p > 0.05) (Table 2).

3.2. Gaseous Emissions in Storage
3.2.1. Composition of the Manures

The initial (0 days) and final (35 days) compositions of the litter material collected in
the housing experiment are presented in Table 3. The initial pH values were not significantly
different (p > 0.05) between the Control and Urease treatments (pH = 4.8), being significantly
higher (p < 0.05) in the Biochar treatment (pH = 6.3) (Table 3). As can be observed in Table 3,
the final (35 days) composition of the manures collected in the housing experiment and
used in the subsequent storage experiment revealed no significant differences (p > 0.05) in
pH, dry matter, NH4

+-N, NO3
−-N total C, total N, and the C/N ratio between the Control

and amended treatments, although numerically higher values of total N and NH4
+-N

were observed for the Alum treatment and dry matter, total C, and the C/N ratio for the
Biochar treatment.

Although the final (35 days) composition of the manures collected in the housing
experiment revealed an absence of differences among treatments, the addition (0 days)
of the additives changed the litter characteristics relative to non-amended litter (Table 3)
because Alum acts by acidification [32], Biochar acts by NH4

+ binding [33], and Urease acts
by blocking the enzyme activity [31].

3.2.2. Ammonia and Greenhouse Gases

The daily fluxes of NH3 from Control and amended treatments during the storage
experiment are shown in Figure 4A.
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As can be seen, the daily NH3 fluxes follow the same trend, independently of the
treatment, with a strong decrease (30 to 10 mg NH3 h−1 bucket−1) in the first 8 days,
followed by a small decrease (20 to 8 mg NH3 h−1 bucket−1) until the end of the experiment
(Figure 4A). Compared to the Control treatment, in the first 8 days of the experiment, the
daily NH3 fluxes were significantly higher (p < 0.05) by approximately 38% in the Urease
treatment and approximately 16% in the Biochar treatment, but significantly lower (p < 0.05)
by approximately 4% in the Alum treatment (Figure 4A). Then, on most measurement
dates, the daily NH3 fluxes from the Urease and Biochar treatments were significantly
higher (p < 0.05) relative to the Control, with an increase of 10% on days 9–47 and 20% on
days 48–90 (Figure 4A). From day 4 to the end of the experiment, the daily NH3 fluxes
of the Alum treatment were significantly reduced (p < 0.05) by 10% compared to the
Control treatment (Figure 4A). The cumulative NH3 emissions were reduced by 9% in
the Alum treatment and increased by 11% in the Urease treatment when compared to the
Control and Biochar treatments, despite these differences not being statistically significant
(p > 0.05) (Table 4).

Table 4. Cumulative gaseous emissions from the storage experiment treatments (mean ± standard de-
viation).

Parameters Control Alum Biochar Urease SEM p-Value

NH3 (mg bucket−1) 31,628 ± 561 28,857 ± 1049 31,690 ± 1062 34,955 ± 2054 3976.400 0.544
NH3 (mg broiler−1 day−1) 46 ± 1 42 ± 2 46 ± 2 51 ± 3 5.797 0.544

N2O (mg bucket−1) 146 ± 2 145 ± 2 144 ± 1 145 ± 1 2.384 0.891
N2O (µg broiler−1 day−1) 213 ± 3 211 ± 2 211 ± 1 212 ± 2 0.011 0.891

CO2 (g bucket−1) 1480 ± 25 1527 ± 35 1508 ± 31 1397 ± 64 132.580 0.777
CO2 (mg broiler−1 day−1) 2157 ± 36 2225 ± 51 2199 ± 46 2037 ± 94 0.191 0.777

CH4 (mg bucket−1) 1639 ± 24 1502 ± 35 1582 ± 38 1686 ± 65 137.500 0.606
CH4 (µg broiler−1 day−1) 2389 ± 35 2190 ± 51 2307 ± 55 2458 ± 95 0.204 0.606

GWP (g CO2-eq. bucket−1) 85 ± 1 81 ± 1 83 ± 1 86 ± 2 3.547 0.503
GWP (mg CO2-eq. broiler−1 day−1) 124 ± 2 118 ± 2 121 ± 2 126 ± 3 0.010 0.503

Note: n = 3: three replications per treatment. SEM: standard error of the mean. Gas emission per broiler and day
was determined by first multiplying the cumulative emission by 656 g (manure per chicken) and dividing by
5000 g (manure per bucket) and then dividing the value by the storage period (90 days). GWP: global warming
potential (CH4 = 28, direct N2O = 265, indirect N2O = 1% of NH3-N volatilized).

The daily N2O fluxes of the storage experiment are shown in Figure 4B and follow
the same trend, independently of the treatment, with a sharp drop (153 to 52 µg N2O h−1

bucket−1) in the first 4 days, followed by a progressive decrease (85 to 35 µg N2O h−1

bucket−1) until the end of the experiment. Relative to the Control treatment, the Alum and
Biochar treatments reduced daily N2O fluxes by 3–8% in the first 30 days, while the Urease
treatment increased them by 10%, although this was not statistically different (p > 0.05) on
most measurement days (Figure 4B). From that day until the end of the experiment, no
significant differences (p > 0.05) were observed between the daily N2O fluxes of Control
and amended treatments, with reductions below 4% (Figure 4B). The cumulative N2O
emissions were not significantly different (p > 0.05) between all treatments (Table 4).

The daily CO2 fluxes from the Control and amended treatments are shown in Figure 4C,
with higher fluxes (3449 to 707 mg CO2 h−1 bucket−1) being observed in the first 9 days,
followed by a decrease (1390 to 451 mg CO2 h−1 bucket−1) until the end of the experiment.
Compared to the Control treatment, the Alum and Biochar treatments significantly (p < 0.05)
increased daily CO2 fluxes by 7–16% during the first 25 days of the experiment, while the
Urease treatment significantly reduced them (p < 0.05) by 17% (Figure 4C). From day 26
to the end of the experiment, daily CO2 fluxes in the amended treatments did not differ
significantly (p > 0.05) from the Control treatment (Figure 4C). Cumulative CO2 emissions
in the amended treatments were not significantly different (p > 0.05) from the Control
treatment, although a 6% decrease was observed in the Urease treatment (Table 4).
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As can be observed in Figure 4D, higher CH4 fluxes were observed over the first
8 days of the experiment (1554 to 132 µg CH4 h−1 bucket−1), followed by a progressive
increase (293 to 1184 µg CH4 h−1 bucket−1) until the end of the experiment. Compared
to the Control treatment, in the first 8 days of the experiment, the daily CH4 fluxes were
significantly lower (p < 0.05) by 7–30% in the Alum and Biochar treatments, but significantly
higher (p < 0.05) by 11% in the Urease treatment (Figure 4D). Afterward, the daily CH4
fluxes were similar between the Control and amended treatments, with a reduction of
approximately 4% for the Alum treatment and an increase of approximately 2–7% for the
Biochar and Urease treatments (Figure 4D). Cumulative CH4 emissions from the Control
and amended treatments did not differ significantly (p > 0.05), but an 8% reduction was
observed in the Alum treatment (Table 4).

When expressed as a GWP, the cumulative emissions from the Alum treatment were
lower by 5% when compared to the other treatments, although these differences were not
statistically significant (p > 0.05) (Table 4).

Previous studies [36–38] reported that the storage of broiler manure can be a significant
source of gaseous emissions, which can reach 10–20% of the total amount of N released for
NH3 and 0–80 g broiler−1 year−1 for CH4. In the present study, these losses of NH3 and
CH4 were 33.9 and 6.9 g broiler−1 year−1, respectively (Table 5).

Table 5. Cumulative gaseous emissions from housing and subsequent storage experiment treatments
(mean ± standard deviation).

Parameters Control Alum Biochar Urease SEM p-Value

NH3 (mg broiler−1)
Housing 7157 ± 85 a 2854 ± 49 c 3007 ± 64 c 4190 ± 49 b 119.180 0.000
Storage 4150 ± 74 3786 ± 138 4158 ± 139 4586 ± 270 521.700 0.547

Total 11,307 ± 54 a 6640 ± 273 c 7164 ± 242 c 8776 ± 446 b 503.690 0.000
N2O (mg broiler−1)

Housing 183 ± 10 157 ± 22 173 ± 1 172 ± 4 17.456 0.550
Storage 19 ± 1 19 ± 1 19 ± 1 19 ± 1 0.313 0.891

Total 202 ± 11 176 ± 22 192 ± 1 191 ± 5 17.601 0.551
CO2 (g broiler−1)

Housing 2746 ± 218 a 2044 ± 308 b 2513 ± 197 a 2394 ± 292 a 267.430 0.047
Storage 194 ± 3 200 ± 5 198 ± 4 183 ± 8 17.395 0.777

Total 2940 ± 224 a 2244 ± 316 b 2711 ± 193 a 2578 ± 292 a 0.497 0.047
CH4 (mg broiler−1)

Housing 2096 ± 100 2047 ± 16 2275 ± 48 2140 ± 45 113.640 0.311
Storage 215 ± 3 197 ± 5 208 ± 5 221 ± 9 18.040 0.606

Total 2311 ± 104 2244 ± 23 2482 ± 47 2361 ± 44 116.810 0.311
GWP (g CO2-eq. broiler−1)

Housing 107 ± 4 99 ± 5 110 ± 1 105 ± 1 4.931 0.260
Storage 11 ± 1 11 ± 1 11 ± 1 11 ± 1 0.465 0.503

Total 118 ± 4 110 ± 5 120 ± 1 117 ± 1 4.777 0.217

Note: n = 3: three replications per treatment. SEM: standard error of the mean. Gas emission per broiler was
determined by multiplying the cumulative emission by 656 g (manure per chicken) and dividing by 5000 g (manure
per bucket). Values presented with different lowercase letters within rows are significantly different (p < 0.05) by
Tukey test. GWP: global warming potential expressed in CO2 equivalents (CH4 = 28, direct N2O = 265, indirect
N2O = 1% of NH3-N volatilized).

Other studies [5,13,18,39–41] reported that the application of litter additives in the
storage of broiler manure has been efficient in significantly reducing NH3 and GHG
emissions. Nevertheless, their effectiveness varies, depending on the substance, dosage,
and operational conditions [41]. On the other hand, gaseous emissions occur at all stages of
manure management—housing, storage, processing, and recycling as fertilizer for crops
after application in the field [12]. The relationship between manure NH3 volatilization and
N2O emissions is also complex because emissions of both may be reduced by housing or
storage, and if a mitigation technology reduces NH3 losses, the preserved NH4

+ may later
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increase storage N2O emissions. Nevertheless, it is crucial to consider potential pollution
swapping when planning and implementing mitigation measures [10].

3.3. Implications and Recommendations

The effects of different additives on the total gaseous emissions from housing and
subsequent storage are shown in Table 5. As can be observed, the total NH3 emissions were
significantly reduced (p < 0.05) in the amended treatments when compared to the Control,
with reductions of approximately 40% in the Alum and Biochar treatments and 22% in the
Urease treatment (Table 5). The total N2O or CH4 emissions of the Control and amended
treatments did not differ significantly (p > 0.05), although a 13% reduction was observed for
N2O in the Alum treatment (Table 5). The cumulative CO2 emissions were reduced in the
amended treatments when compared to the Control, with a significant decrease (p < 0.05)
of approximately 24% for the Alum treatment and a non-significant decrease (p > 0.05) of
up to 12% for the Biochar and Urease treatments (Table 5). Cumulative GWP emissions
were not significantly different (p > 0.05) between all treatments, although they were 8%
lower in the Alum treatment (Table 5).

In this study, the litter additives were applied in housing during the fattening cycle
(Alum and Biochar at 0 days against Urease at 25 days) to mitigate gaseous emissions at this
stage. At the end of the fattening cycle (35 days), the manures were collected (Control and
amended treatments) and subjected to a subsequent storage experiment in the next 90 days
without receiving any extra dosage of additive. So, the absence of a significant effect on
reducing the NH3 and GHG emissions could be explained by the fact that additives were
added at the housing stage and the dosage applied did not significantly reduce or increase
the gaseous emissions at the storage stage. Thus, the application of the additives at the
housing stage is advantageous because it is important to consider the pollution swapping
in the planning and implementation of mitigation measures [12]. The results showed that
litter additive application in a single-stage approach was sufficient to mitigate housing
emissions without increasing them in subsequent storage.

Previous studies [2,4,5,9–13] reported mitigation strategies to reduce gaseous emis-
sions from poultry litter management like those in the UNECE guidance document. Alum
is listed as a litter additive in the UNECE guidance document of the Best Available Tech-
niques (BAT) to mitigate NH3 losses in broiler houses, but other additives are marketed to
reduce losses but are not listed in the UNECE guidance document [11,12]. In this study,
Biochar appears to be a good alternative to Alum due to its equal effectiveness in mitigating
NH3 losses, without increasing the GWP potential in the housing and with additional
advantages in the next stages of animal manure management, namely preserving fertil-
izer value and consequently increasing the availability of N for crop utilization after soil
application [25].

Regarding the acquisition costs of each additive evaluated in the present study and
excluding the costs of the application to the litter material, we estimate that Alum has a cost
of 10€ per 1000 broilers, Biochar has a cost of 70€ per 1000 broilers, and Urease has a cost of
0.11€ per 1000 broilers. In terms of the application cost, Urease would be more expensive
because it requires a specific housing spraying technology, while Alum and Biochar would
be cheaper as they can be spread or mixed with the bedding material. Biochar would be
more expensive than Alum, but it has several advantages due to the circular economy and
the sustainability of broiler farming as well as the reduction in the amount of bedding
needed.

4. Conclusions

The following conclusions can be obtained from the results of this study:

• At the housing stage, the results indicated that the NH3 emissions were significantly
reduced by 40–60% by litter additives (Alum, Biochar, and Urease), while GWP
emissions were significantly reduced by 31% by Alum. Furthermore, the addition of
Biochar (a 58% reduction) had the same significant effect as Alum (a 60% reduction) to
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mitigate these losses. The reapplication of Urease (a 41% reduction) may be required
to reach an equal or higher reduction.

• At the storage stage, the NH3 and GWP emissions were not significantly affected by
the litter additives.

• At the combined housing and subsequent manure storage stages, the NH3 emissions
were significantly reduced by 22–41% by litter additives, whereas GWP emissions
were not significantly reduced.

• Overall, it can be concluded that Biochar appears to be a good alternative to Alum
due to its equal effectiveness in mitigating NH3 losses, without increasing the GWP
potential in the housing stage and avoiding pollution swapping. However, Biochar
seems to be more expensive, although it has additional advantages related to the
circular economy.
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