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Abstract: This study investigated the impact of feeding systems on the determination of enteric
methane (CH4) emissions factor in cattle. Real‑time feed intake data, a crucial CH4 conversion rate
(Ym value) parameter, were obtained using a roughage intake control (RIC) unit within a smart
farm system. Greenhouse gas (GHG) emissions, including CH4 and carbon dioxide (CO2), from
Holstein steers were monitored using a GreenFeed (GF) 344 unit. The results revealed satisfactory
body weight (383 ± 57.19 kg) and daily weight gain (2.00 ± 0.83 kg), which are crucial factors. CO2
production exhibited positive correlations with the initial body weight (r = 0.72, p = 0.027), feed in‑
take (r = 0.71, p = 0.029), and feed conversion ratio (r = 0.69, p = 0.036). Five different emission factors
(EFs), EFA (New Equation 10.21A) and Equation 10.21 (EFB, EFC, EFD, and EFE), were used for GHG
calculations following the Intergovernmental Panel on Climate Change (IPCC) Tier 2 approach. The
estimated CH4 EFs using these equations were 69.91, 69.91, 91.79, 67.26, and 42.60 kg CH4/head/year.
These findings highlight the potential for further exploration and adoption of smart farming technol‑
ogy, which has the potential to enhance prediction accuracy and reduce the uncertainty in Ym values
tailored to specific countries or regions.

Keywords: emission factor; GreenFeed; greenhouse gas; roughage intake control unit; smart farming

1. Introduction
In addition to carbon dioxide (CO2), other greenhouse gases (GHG) contribute to the

ongoing global climate change. Methane (CH4), nitrous oxide (N2O), and trace gases, col‑
lectively known as the ‘F‑gases’, have played a significant role in global warming. Re‑
cent data from South Korea have revealed substantial production of GHG, owing to its
manufacturing‑oriented industrial infrastructure, resulting in per capita gas accumulation.
CO2 emissions increased from 11.53 t to 11.89 t between 2020 and 2021, while per capita
CH4 emissions slightly increased from 0.77 t to 0.78 t [1]. Furthermore, ruminants, such
as cattle and sheep, and their manure contribute to GHG emissions through enteric fer‑
mentation, with CH4 as a by‑product. These sources account for 5.8% of the global GHG
emissions, whereas grasslands sequester carbon at a rate of 0.1%. Estimating rumen fer‑
mentation rates provides crucial information regarding CH4 production as a by‑product,
which is relevant to the nutritional value of specific feeds. Approximately 90% of the CH4
emitted by ruminants originates in the rumen, although it can also occur in the lower gas‑
trointestinal tract [2]. Methane is absorbed in the blood and excreted through the lungs
via exhalation from the mouth and nose.

Various approaches have been proposed to minimize the adverse environmental im‑
pacts of agriculture and livestock. One important aspect of mitigating GHG emissions in
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agriculture is the development of strategies to reduce and accurately measure GHG emis‑
sions [3,4]. Livestock farming intensification, which encompasses housing, water, nutri‑
tion, veterinary care, temperature, humidity, and management, aims to maximize profits
from rearing. However, in some developing countries, these practices are outdated [5].
Additionally, increasing interest is in establishing resilient and sustainable agricultural
systems to promote precision livestock farming, urging farmers to maximize production
efficiency [6].

Efforts to reduce enteric CH4 emissions necessitate accurately assessing emissions
from specific animals [7]. Various techniques are available for measuring ruminant CH4
emissions, each with its application range. The sulfur hexafluoride (SF6) tracer technique
provides insights into quantifying the sources and sinks of CH4 in the troposphere [8]. The
respiration chamber (RC) is considered the standard method; however, it is expensive and
not readily portable [9]. However, this study used GreenFeed (GF) technology, which in‑
volves spot sampling the eructated and exhaled gases. This enables the measurement of
enteric CH4 production in many animals under farm conditions [10]. Operating on the
same fundamental principle as RC, the GF system can be programmed to dispense small
quantities of pelleted feed to individual animals. This allows animals to visitmultiple times
per day, allowing the measurement of CH4 production and various other exhaled gases.

Animal feeding behavior is influenced by several environmental factors, including
feeding systems, feed type, and feed availability [11]. Some studies have found that es‑
timates of CH4 emissions for the same animals differed between the two experimental
locations, indicating that specialized knowledge of feeding behavior, affecting feed intake
and methane production, may vary under different nutritional conditions [12]. Accuracy
is crucial for investigating the efficiency and sustainability of animal production. Thus,
this study aimed to document and understand the growth performance of individual an‑
imals in terms of GHG emissions and to explore the extent to which these variables are
influenced by an advanced feeding system and GF technology. It has been hypothesized
that advanced feeding systems incorporating radio transponder technology enable the ac‑
curate measurement of individual feed intake.

2. Materials and Methods
All animals used in this study were approved by the Sunchon National University

(SCNU) Institutional Animal Care and Use Committee (SCNU‑IACUC; approval number:
SCNU‑IACUC‑2022‑06).

2.1. Experimental Animals, Housing, and Management
The SCNU Smart Farm and Greenhouse Gas Research Demo Farm served as sites for

this study. An overview of the study design is shown in Figure 1.
Briefly, nine Holstein steers with an average body weight of 356.61 kg were used for

the experimental group. They were fed the same forage‑to‑concentrate (60%:40%) ratio
for 18 days. In this study, a proximate analysis (Table 1) was employed to determine the
observed chemical composition of the feed samples. The first 14 days were used for the
feeding trial, while the 15th to 18th dayswere utilized to determine DMI andmeasure CH4
emissions (15th to 17th days). Body weight was recorded on the last day.

Steers were reared under an intensive management system in individual pens with
RIC units and automatic water troughs. Specific details regarding the RIC units are pro‑
vided in Section 2.3. The roofed barn comprised seven pens, with the floor filled with
approximately 0.30 m of straw bedding, and each pen had two RIC units, enough for two
steers tomove easily in each pen. Each pen had ventilated fans to ensure the correct indoor
air quality.
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Figure 1. Overview of the study design. (Throughout the adaptation period, the feeding ratio grad‑
ually shifted from 20:80 to 60:40 while maintaining the same nutrient composition provided during
the study. Additionally, the RIC unit gate was initially set to an open mode and gradually transi‑
tioned to auto mode to acquaint the animals with the feeding method). Abbreviations: DMI, dry
matter intake; RIC, roughage intake control.

Table 1. Chemical composition of the diet.

Parameters %

Dry matter 88.32
Crude protein 15.70
Crude fiber 7.00
Ether extract 3.04
Crude ash 5.53

Acid detergent fiber 13.71
Neutral detergent fiber 31.78

2.2. Smart Tags
Transponders or smart tags (Nedap™ SmartTag, Nedap Livestock Management,

Groenlo, The Netherlands) were attached to the neck of each steer before the start of
the experiment. Radiofrequency identification (RFID) can recognize smart tags based on
transponder numbers. This system facilitates easy monitoring of the location of each cow
in the barn, thereby simplifying the oversight of individual animal care. To protect the
electrical housing of the smart tags, a yellow bumper was used, whichwas animal friendly,
durable, and able to withstand the stress of the barn environment.

2.3. Automatic Feeding System
TheRIC system (feed‑weigh scale; HokofarmGroup™, Emmeloord, TheNetherlands)

was utilized for feed intake measurements. Each animal was assigned a single RIC unit.
This advanced feeding trough system has the following features:
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Continuous and accurate weighing of the feed was achieved through its ability to
weigh the feed in real‑time. The dry matter (DM) content of the diet was continuously
calculated using proximate analysis, as indicated in Table 1.

A quality‑galvanized feeding gate with an access slide and animal identification sen‑
sors allowed the animals to access the feed without hindrance.

It has a stainless‑steel lid to minimize feed spillage, which can be pneumatically
opened to fill or clean the trough.

Smart tags attached to animals were activated by a specific RFID to send location
information to the receiver. These tags were also linked to the RIC database (Apollo Data;
Hokofarm Group™, Emmeloord, The Netherlands), allowing for accurate measurement
of roughage intake and secure storage of individual animal data.

The animals were provided with the same forage and concentrate ratio once daily at
09:00 h. The feeding process was managed using a mobile phone connected to the Internet.
Logging into the Apollo (Hokofarm Group™, Emmeloord, The Netherlands) web address
was necessary to execute the following commands in sequence:
(1) Cleaning. During this phase, feeding visits were not allowed because the slide (door)

of each RIC unit moved upwards. The cover (gate) was open, and the unit was tilted
forward for cleaning.

(2) Calibration. Calibration was performed to ensure the accuracy of the weighing scale.
The desired weights were used to calibrate the units.

(3) Filling. The cover was open, and the RIC units were filled with the feed. Feeding
visits were not permitted.

(4) Auto. The slide was positioned at the upper position when the RIC units were set to
automatic mode. Animals were identified by their transponders (smart tags), and the
animal detection sensor was activated. At this point, the slide was moved down, and
feeding visits commenced once the animals received permission according to their
feed settings.

2.4. GreenFeed (GF) Technology
Themethane emissionsweremeasured using the latest GF 344 unitmodel (C‑lock Inc.,

Rapid City, SD, USA). This system can be operated using the “C‑lock” application installed
on mobile phones connected to the Internet. Once connected to a GF system, various tasks
can be executed according to manufacturer protocols. All tasks can be executed through a
mobile application connected to the GF system.

The machine uses sensors to recognize the animals when their heads enter the sam‑
pling hood. The machine measured methane, carbon dioxide, and water vapor levels by
analyzing the exhaled breath. During the measurement process, only one steer was al‑
lowed to enter its head into the hood, and the animal’s identity was determined using
an RFID reader that read the animal’s ear tag. However, in this study, smart tags were
attached to the necks of the animals and detected using RFID for each animal. The GF
sampling process was activated when the animal’s head (detected by head proximity) was
at the correct location within the hood. Measurements were scheduled at eight specific
time points: 00:00, 03:00, 06:00, 09:00, 12:00, 15:00, 18:00, and 21:00. Prior to data collection,
a vacant pen was allocated for the GF machine placement because the animals required
intensive management. The animals underwent training sessions once or twice weekly (at
the beginning of the study) after each feeding period. The objective of the training was to
familiarize the animals with the machine and its location, including auditory cues such as
a chime sound. The training was necessary owing to variations in animal behavior, such
as frequent head movements in and out of the hood and differences in adaptation abili‑
ties to the system. The measurements of CH4 and CO2 during the training sessions were
excluded from the data collection process.

To ensure successful measurements, the animals were trained to keep their heads
inside the hood for a minimum of 3–5 min, allowing complete breath collection with‑
out interruption. These data were retained for future analyses. Maintaining the proper
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position of the animal heads within the hood automatically triggered the dispensing of
pelleted concentrates.

In cases where automatic dispensing of pelleted concentrates was not observed but
the animals continued to keep their heads within the hood, manual intervention could be
performed by pressing the “drop feed bin1” button in the application. This ensured con‑
tinuous feeding of the animal and encouraged it to keep its head within the hood during
analysis. The GF machine was calibrated two days before the actual measurement to guar‑
antee the accuracy of the reported concentration from the GF gas sensors. The calibration
process involved zero gases with 200,000 ppm of oxygen (O2) and the remaining gas con‑
sisting of nitrogen (N2). Additionally, a span gas mixture (Airgas Specialty Gases, Airgas
USA LLC, Radnor, PA, USA) was used, which included O2 (205,000 ppm), CH4 (500 ppm),
CO2 (5000 ppm), 10 ppm of hydrogen (H2), and balanced with N2.

Furthermore, CO2 recovery was implemented to verify the proper functioning of the
entire system and check the status of the airflow meter. Calibrations could be performed
using a mobile application, taking up to 2 min for the zero and span gases by pressing the
“Calibrate” button. In contrast, CO2 recovery required 3 min per run by pressing the “CO2
recovery” button.

2.5. Methane Conversion Factor (Ym) Calculation
Data related to the chemical composition of the diets (Table 1), growth performance,

and CH4 production of the steers were collected to determine Ym according to equations
from the Intergovernmental Panel on Climate Change (IPCC) Guidelines for National
Greenhouse Gas Inventories [13] described in our previous study [14]. The equations are
as follows:

2.5.1. Methane Conversion Factor

Ym = (MEE/GEIi)× 100 (1)

where:
Ym = methane conversion factor (% of gross energy intake; GEI).
MEE = methane emission energy (MJ/d).
GEIi = gross energy intake (MJ/d).

2.5.2. Methane Emission Energy

MEE = (MP/1000)× 55.65 (2)

where:
MEE = methane emission energy (MJ/d).
MP = methane production (g/d).
55.65 (MJ/kg CH4) = energy content of methane.

2.5.3. Gross Energy Intake (MJ/d) Calculated from GE of Feed

GEIi = DMI× GEi (3)

where:
GEIi = gross energy intake (MJ/d).
DMI = dry matter intake (kg/d).
GEi = gross energy content of the feed (MJ/kgDM).

2.5.4. Dry Matter Intake

DMI = MP/MY (4)
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where:
DMI = dry matter intake (kg/d).
MP = methane production (g/d).
MY = methane yield (g CH4/Kg DMI).

2.5.5. Gross Energy Content of the Feed

GEi = 0.0226CP+ 0.0407EE+ 0.0192CF+ 0.0177NFE (5)

where:
GEi = gross energy content of the feed (MJ/kg DM).
CP = crude protein content (g/kg DM).
EE = ether extract (fat) content (g/kg DM).
CF = crude fiber content (g/kg DM).
NFE is the nitrogen‑free extract content (g/kg DM), calculated from [NFE% = 100% −

(% EE + % CP + % Ash + % CF)].
In this formula, the gross energy content of the feed (GEi) was calculated by multi‑

plying the respective content of each component (crude protein, ether extract, crude fiber,
and nitrogen‑free extract) by their respective energy conversion factors, as described by
MAFF [15] (Table 2).

Table 2. Data required to calculate the GEi, Ym, and CH4 emission.

Parameters N Mean Median Max Min SD SE References

CH4 production (g/d) 9 191.5 187.6 241.7 172.2 21.7 7.25
CH4 yield (g/kg DMI) 9 25.1 24.8 29.6 21.4 2.9 0.97
Body weight (Kg) 9 383 374 456 300 57.1 19.1

Mature body weight (kg) 9 680 [16]
Weight gain (kg/d) 9 2.00 1.96 3.21 0.50 0.83 0.28

Cfi 0.32 [13]
C 1.00 [13]

Cfi = coefficient for calculating NEm; C = coefficient with a value of 1.0 for castrated.

2.6. Methane Emission Factor (EF) Calculation
2.6.1. IPCC Tier 2, Equation 10.21A (New)

EFA = [DMI × (MY/1000)× 365] (6)

2.6.2. IPCC Tier 2, Equation 10.21

EFB = [GEIi × (Ym/100)× 365]/55.65 (7)

EFC = [GEIii × (Ym/100)× 365]/55.65 (8)

EFD =
[

GEIii ×
(

Ym(6.3)/100
)
× 365

]
/55.65 (9)

EFE =
[

GEIii ×
(

Ym(4.0)/100
)
× 365

]
/55.65 (10)

where:
EFA = Methane emission factor based on IPCC Tier 2 Equation 10.21A (New).
EFB = Methane emission factor based on IPCC Tier 2 Equation 10.21 with GEIi

and Ym.
EFC = Methane emission factor based on IPCC Tier 2 Equation 10.21 with GEIii

and Ym.
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EFD = Methane emission factor based on IPCC Tier 2 Equation 10.21 with GEIii
and Ym (6.3).

EFE = Methane emission factor based on IPCC Tier 2 Equation 10.21 with GEIii
and Ym (4.0).

DMI = Dry matter intake (Kg/d).
MY = Methane yield (g/Kg DMI).
MP = Methane production (g/d).
GEIi = Gross energy intake (MJ/d) calculated from the gross energy content of the feed.
Ym = Methane conversion factor (developed).
GEIii = Gross energy intake (MJ/d) calculated from the IPCC prediction equation.
Ym (6.3) = Methane conversion factor 6.3 (digestibility of the feed (DE) 62–71%).
Ym (4.0) = Methane conversion factor 4.0 (DE ≥ 72%).
Energy Content of Methane = 55.65 (MJ/kg CH4).
These equations represent the variousmethane emission factors, DMI, CH4 yield, CH4

production, gross energy intake, CH4 conversion factors, and energy content of the CH4
used in the calculations.

2.6.3. Gross Energy Intake (MJ/d) Calculated from IPCC Prediction Equation

GEIii =
[
(NEm/REM) +

(
NEg/REG

) ]
/DE (11)

The gross energy intake of an animal (GEIii) in MJ per day was determined as the
sum of the net energy required for maintenance (NEm) and net energy needed for growth
(NEg), both measured in MJ per day. Additionally, the equation considers the ratio of
net energy available in the diet for maintenance (REM) and growth (REG) to the digestible
energy consumed aswell as the DE, expressed as a fraction of gross energy (DE/GE), which
represents the proportion of digestible energy to gross energy.

2.6.4. Net Energy (NE) Required by the Animal for Maintenance, MJ/d

NEm = C f i × (Weight)0.75 (12)

The net energy required by an animal for maintenance (NEm) in MJ per day was cal‑
culated using a Cfi = coefficient of 0.322, which is specific to steers. This coefficient was
measured inMJ/d/kg, multiplied by the weight and live weight of the animal in kilograms.

2.6.5. Net Energy Needed for Growth, MJ/d

NEg =
[
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]

(13)

The net energy required for growth (NEg) in MJ per day was determined by consider‑
ing the following factors:

BW (kg) = average live body weight of the animals in the population.
C = coefficient with a value of 1.0 for castrated cattle.
MW (kg): mature body weight of an adult animal under moderate body conditions.
WG (kg/d): average daily weight gain of the animals in the population.

2.6.6. Ratio of NE Available in the Diet for Maintenance to DE

REM =
[
1.123 −

(
4.092 × 10−3 × DE

)
+

(
1.126 × 10−5 × (DE)2

)
− (25.4/DE)

]
(14)

The ratio of the net energy available in the diet for maintenance to digestible energy
(REM) was calculated, and the digestible energy (DE) of the feed was expressed as a per‑
centage of gross energy (GE), represented as (DE/GE) multiplied by 100.
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2.6.7. Ratio of NE Available in the Diet to DE Consumed

REG =
[
1.164 −

(
5.16 × 10−3 × DE

)
+

(
1.308 × 10−5 × (DE)̂2

)
− (37.4/DE)

]
(15)

The ratio of the net energy available for growth in a diet to the digestible energy con‑
sumed (REG) was calculated, and the DE of the feed was expressed as a percentage of
the GE.

2.6.8. Digestibility of the Feed Expressed as a Fraction of GE

DE (as %) = (DE/GE) × 100 (16)

DE is expressed as a percentage of the amount of energy that can be absorbed and uti‑
lized by an animal, measured in megajoules per kilogram (MJ/kg), whereas GE represents
the total energy content of 18.45 MJ/kg.

2.6.9. DE According to NRC [16]

DE = [(TDN% × 0.04409)× 4.184] (17)

Total digestible nutrients (TDN) refer to the total amount of nutrients that can be di‑
gested and are expressed as a percentage of DM. The value 4.184 is the conversion factor
used to convert energy units frommega calories per kilogram (Mcal/kg) to megajoules per
kilogram (MJ/kg).

2.6.10. TDN

TDN = 88.936 − (0.653 × ADF) (18)

ADF is acid detergent fiber expressed as a percentage of DM.

2.7. Statistical Analysis
Data analysis was performed using SAS (Statistical Analysis System; SAS Institute,

Cary, NC, USA) and R software, version 4.3.1 [17]. The distributions of growth perfor‑
mance parameters and GHG metrics were examined. Thereafter, the Pearson correlation
coefficient was calculated to assess the potential associations between the growth parame‑
ters and GHG metrics. Visualizations in the form of 2D density contour plots and scatter
charts were created to depict the hidden patterns between cattle emissions and calculated
EFs. The analysis of data distribution and correlation analysis was performed via the “uni‑
variate” and “corr” procedures of the SAS software, version 9.4 while the “ggplot2” pack‑
age of the R software was used for drawing the 2D density plots and scatter charts. Before
further processing, the data were submitted to the ROUTmethod for outlier detection, but
no outlier was detected within our dataset [18].

3. Results
3.1. Growth Performance and Methane Emissions

The results for Holstein steers in terms of body weight (initial, final, and total
weight gain) are presented in Table 3. These values were 357 ± 57.24, 383 ± 57.19, and
27.0 ± 11.65 kg, respectively. The average daily feed intake, average daily gain, and feed
conversion ratio were 8.20 ± 0.64 kg, 2.00 ± 0.83 kg, and 5.93 ± 4.69, respectively.

The parameters used in calculating GHG emissions, such as DMI in kilograms per
day (kg/day) and DMI/kg of metabolic weight (DMI g/d/Kg BW0.75), were estimated to be
7.67 ± 0.63 and 89.04 ± 4.58, respectively. Methane production in grams per day
(191.53 ± 21.76 CH4 production g/d), methane yield in grams per day per kilogram of DMI
(25.07 ± 2.92 CH4 yield g/d/Kg DMI), emission intensity (2.15 ± 0.25 CH4 intensity g/d/kg
BW0.75), and carbon dioxide production in grams per day (8860.95 ± 1188.00 CO2 pro‑
duction g/d) were also presented. Figure 2 illustrates the fluctuations in CO2 and CH4
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emissions for each animal at specific time points. The x‑axis denotes the time (in h) of de‑
tection, both before feeding (0 h) and after feeding (3–21 h), whereas the y‑axis represents
the corresponding CO2 and CH4 emissions measured in grams per day (g/d) from the
GF unit.

Table 3. Descriptive statistics of the calculated growth performance.

N Mean Median Max Min SD SE

Final Body weight (kg) 9 383 374 456 301 57.1 19.1
Initial Body Weight (kg) 9 357 339 449 273 57.2 19.1
Gain in weight (kg) 9 27.0 28.0 45.0 7.00 11.6 3.91

ADFI (kg) 9 8.20 8.62 9.00 7.27 0.64 0.21
ADG (kg) 9 2.00 2.00 3.00 1.00 0.83 0.28

DMI (kg/day) 9 7.67 7.78 8.30 6.51 0.63 0.21
DMI g/d/Kg BW0.75 9 89.0 89.9 96.9 83.5 4.58 1.53

FCR 9 5.93 3.88 17.2 2.80 4.69 1.56
ADFI, average daily feed intake; ADG, average daily gain; FCR, feed conversion ratio; DMI, dry matter intake.
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3.2. Emission Factors (EF), Comparison of GHG Production, and Variations in CO2 and
CH4 Emissions

Emission estimates at a certain level typically require Tier 2 or Tier 3 calculations,
as stated by the Intergovernmental Panel on Climate Change (IPCC) [13]. In this study,
Tier 2 equations were utilized (Tables 4 and 5). The calculated CH4 emission factors (EFs)
varied depending on the specific EF used. The overall EFs (Table 6) for Holstein steers,
categorized as EFA, EFB, EFD, and EFE, were 69.91 ± 7.94, 69.91 ± 7.94, 67.26 ± 22.78, and
42.70 ± 14.46 kg CH4 per head per year, respectively. These values were lower than the
EF for type EFC, which was 91.79 ± 29.22 kg CH4 per head per year.

Positive correlations with CO2 emissions (Figure 3) were observed for the initial body
weight (r = 0.725, p = 0.027), feed intake (r = 0.719, p = 0.029), and feed conversion ratio
(r = 0.698, p = 0.037). A close relationship was also noted between the final body weight
(r = 0.612, p = 0.080) andCO2 emissions. However, no significant relationshipwas observed
between the overall methane production parameters (CH4, CH4 yield, and CH4 intensity)
and other variables.

Table 4. Descriptive statistics of the greenhouse gas metrics.

N Mean Median Max Min SD SE

CH4 production g/d 9 191.5 187.6 241.7 172.2 21.7 7.25
CH4 yield g/d/Kg DMI 9 25.1 24.7 29.6 21.4 2.92 0.97

CH4 intensity g/d/kg BW0.75 9 2.15 2.13 2.66 1.79 0.25 0.08
CO2 production g/d 9 8860 8635 10,591 7345 1188 396.1
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Table 5. Data needed to estimate overall CH4 emission factors.

Parameters N Mean

DMI (kg/d) 9 7.67
GEIi (MJ/d) 9 123.9
MEE (MJ/d) 9 10.6

Ym 9 8.64
NEm (MJ/d) 9 27.8
NEg (MJ/d) 9 29.2
REM% 9 0.55
REG% 9 0.37

GEIii (MJ/d) 9 162.7
GEi (MJ/kg) 9 16.1

TDN% 9 79.9
DE (MJ/kg) 9 14.7
DE (as %) 9 79.9

DMI = dry matter intake; GEI = gross energy intake;MEE = methane energy emission; Ym = methane conversion
factor; NEm = net energy for maintenance; NEg = net energy for growth; REM = ratio of net energy available in
diet for maintenance to digestible energy; REG = ratio of net energy available for growth in a diet to digestible
energy consumed;GEIii = gross energy intake;GEi = gross energy content of feed; TDN = total digestible nutrients;
DE = digestible energy calculated using the IPCC Tier 2 prediction equation.

Table 6. Emission factors (kg CH4/head/year) of Holstein steers according to the IPCC Tier
2 equations.

N Mean Median Max Min SD

EFA 9 69.9 68.4 88.2 62.8 7.94
EFB 9 69.9 68.4 88.2 62.8 7.94
EFC 9 91.7 91.5 137.2 50.8 29.2
EFD 9 67.2 64.7 112.2 38.4 22.7
EFE 9 42.7 41.1 71.2 24.4 14.4

EF = emission factor.
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The inclusion of only nine steers may raise concerns regarding the statistical interpre‑
tation, especially when considering Pearson correlations. However, based on the current
sample size of the study, it was determined that only strong correlations (0.7 and above)
achieved statistical significance. The recorded emissions of CO2 and CH4 per animal var‑
ied considerably (Figure 4). The relationship between emittedCO2 (g/d) andCH4 is shown
in the contour plot (Figure 4A). Darker regions in the plot indicate a higher number of
records obtained from steers. The emissions varied widely, from 172 to 241 g/d for CH4
and from 7345 to 10,591 g/d for CO2.
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Figure 4B,C presents the relationships between the GHG production recorded from
the GF system and the evolution of EFA and EFB. There was a directional relationship
between the variables. Both the EF values increased with increasing methane and carbon
dioxide production. In contrast, EFC, EFD, and EFE did not have an evident directional
relationship. The absence of clear patterns in these cases suggests the presence of specific
sources or activities that significantly contribute to the emissions in these units, such as
methane conversion factors or gross energy intake, from the IPCC‑predicted equation.

4. Discussion
4.1. Growth Performance and Methane Emissions

The present study was conducted to compare the results related to growth and
methane emissions obtained using an automated feeding system with those of previous
studies. This comparison was motivated by the recognition that feed costs can account for
as much as 65–75% of the total operating costs, which typically constitute approximately
one‑third of the total expenses in confined ruminant operations [19,20], and that available
technologies have mostly been tested on experimental farms, which were primarily vali‑
dated for adult cows [20,21].
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The confined steers used in this study exhibited a higher BW and ADG compared to
the findings of Puzio et al. [22], where steers (aged 7 to 18months) housed in free stalls had
lower feeding rates, resulting in a mean BW of 381 ± 101 kg and ADG of 933 ± 145 g/d
over 12 months. Additionally, the study conducted by Cavani et al. [23] reported a smaller
change in body weight, which could be influenced by factors such as meals or visits that
may affect the definition of the feeding rate.

The GHG emission measurements in this study were conducted using the GF tech‑
nology system, chosen for its compatibility with in‑house and extensive grazing condi‑
tions [24]. Previous studies have primarily focused onmeasuringmethane emissions, with
limited consideration of carbon dioxide emissions [10]. However, in the present study,
both gases were measured comprehensively.

In the context of the Pearson correlation results in this study, it is noteworthy that a
relatively small sample size of nine steers was used. However, it is important to acknowl‑
edge that previous studies have also utilized a Pearson correlation to explore relationships
between pairs of variables. Consequently, while this study may exhibit reduced statistical
power due to its sample size, this limitation is often addressed by demonstrating statisti‑
cal significance exclusively for stronger correlation values. Also, while previous studies
demonstrated a correlation between DMI and CH4 emissions [25,26], our results did not
reveal such trends. In fact, it is likely that the homogenous experimental conditions and
the similarity between individuals encompassing factors such as weight, feed intake, and
physiological conditions may have played a pivotal role in shaping the results obtained.

Significant variations were observed in the recorded emissions in studies that uti‑
lized the GF technology to measure CH4 emissions. Hristov et al. [27] obtained an overall
CH4 concentration of 143 g/d from eight cows over a three‑day sampling period using GF.
Hammond et al. [7] conducted two separate experiments and found a CH4 production of
198 g/dwith a CH4 yield of 26.6 g/d/KgDMI from four growingHolstein heifers fedmaize‑
or grass silage‑based diets. In another trial of the same study, CH4 production values of
196, 202, 226, and 209 g/d with CH4 yield values of 24.1, 29.5, 28.9, and 28.8 g/d/Kg DMI
were observed for four different heifers fed haylage treatments; in both experiments us‑
ing GF, CH4 was measured over 7 days. Islam et al. [28] measured CH4 emissions from
six non‑cannulated Holstein and Jersey breeds and obtained results of 165.46 g/d with a
CH4 yield of 9.69 g/d/Kg DMI for Holstein and 226.49 CH4 production g/d with 16.89 CH4
yield g/d/Kg DMI for Jersey breeds, using GF over three consecutive days [28]. The CH4
emissions and CH4 yield observed in the present study were consistently lower than those
reported by Hammond et al. but revealed much higher values compared to other stud‑
ies. The discrepancies among these studies can be attributed to the intermittent nature
of short‑term measurements conducted at various times throughout the day [7]. In the
present study, the CH4 emissions from nine animals were measured at eight different time
points, and most measurements were scheduled during the day. Methane emission rates
can fluctuate significantly over a day as enteric methane production typically exhibits a
diurnal pattern influenced by feeding and meal consumption timings [29].

The variations observed between other studies and the present study may also be
related to the control of GF measurements, such as the timing of sampling events [7] or
the number of GF visits per animal [30]. Additionally, cattle tend to release consider‑
able amounts of methane through eructation while eating, resulting in elevated emission
rates and more frequent occurrences of methane peaks characterized by higher concentra‑
tions [26]. In this study, more emphasis was placed on the duration for which the animal’s
head remained in the GF unit, rather than the frequency of visits.

Another potential reason for the variations could be related to rumenmicrobiota vari‑
ation [28] among the steers in this study, which influences the rumen ecosystem after feed‑
ing [31] or before CH4 measurement. However, ruminal microbiota was not measured in
this study; therefore, this factor remains unclear.
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4.2. Emission Factors (EF), Comparison of GHG Production, and Variations in CO2 and
CH4 Emissions

Nevertheless, this study revealed potential mitigation opportunities for methane and
carbon emissions. Mitigation opportunities pertain to the potential to decrease or limit the
emissions of both gases. These opportunities may entail modifications to feeding manage‑
ment systems. Certain regions or specific geographical areas exhibited high levels of one
type of emission and low levels of the other. The IPCC recognized that methane emissions
can vary significantly depending on various factors, such as climate, land use, agricultural
practices, industrial activities, and natural sources. This finding suggests the possibility
of implementing targeted measures to reduce one type of emission without significantly
increasing another.

EFs are typically derived based on the specific characteristics of the animal type, and
corresponding metrics, including mature body weight and coefficients, are calculated ac‑
cordingly [32]. Therefore, it is imperative to highlight that the findings of the present study
are exclusively applicable to the particular animal type under investigation, which, in this
instance, pertains specifically to steers.

This study followed the Tier 2 method to estimate GHG emissions because it is con‑
sidered more accurate than the Tier 1 method. The Tier 1 method estimates emissions
using limited data, whereas Tier 2 is based on country‑specific emission factors [33,34].
This choice was motivated by the projected increase in global emissions from agricultural
sources, with an expected 1% contribution by 2030, considering climate smart technology
to reduce GHG emissions [33,35]. Although the CH4/CO2 ratio method plays a role in
estimating CH4 production based on gas concentration readings [36], emphasizing the sig‑
nificance of reducing methane emissions per unit of intake or unit of product is important.
This reduction was encapsulated in the methane conversion factor (Ym), which is a crucial
parameter for extrapolating emissions to national and global inventories [37]. Therefore,
despite severalmethods developed tomeasure ruminant emissions [38,39], this study used
GF technology built with a combined feeder and CH4 and CO2 analyzer that quantifies
GHG production during meals [40].

Regarding methane emission measurements obtained from GF technology, compar‑
isons between housed dairy cows and non‑lactating cows under GF, sulfur hexafluoride
(SF6) tracer technique, sniffer methods, and laser detector methods suggested that less
variable data and a more realistic range of emission estimates could be obtained under
GF conditions [7,26,27,41]. Liu et al. [42] developed prediction models for lactating Hol‑
stein cows in terms of the daily and average methane production (g/d), yield (g/kg DMI),
and intensity (g/kg fat‑ and protein‑corrected milk). Their study reported higher methane
emissions for both daily and average (372.60 vs. 350.20 CH4/g/d), but a lower yield (16.4 vs.
15.4 g/kg DMI) compared to this study. Parity and DMI are potentially useful predictors of
CH4 intensity when tested using GF, where DMI is often used to predict CH4 production
in inventory models [13].

Regarding feeding and CH4 mitigation strategies, equations predicting CH4 produc‑
tion per unit of feed intake (GE or DM) are biologically more valid in cattle and sheep
than in other livestock species, namely swine (pigs) and poultry (chickens), which lack a
rumen. Consequently, equations formulated for cattle and sheepmay not be as relevant or
applicable to swine and poultry. Therefore, it is recommended that CH4 production be pre‑
dicted as intake (GEI or DMI)× production per unit (MJ of GE or kg of DMI) of intake [43].
This supports the observation that models predicting DMI can be used in conjunction with
emission factors (EF) to estimate enteric CH4 emissions in Tier 2, along with accurate daily
emission estimates from GF, which may vary depending on the type of animal, diet, and
DMI level [7].

However, studies without GF utilization found that the enteric EF for gender effects
on Holstein cattle (steers vs. heifers) showed no significant difference in enteric CH4 emis‑
sions. This was because of the net energy requirement for maintenance (MJ/kg BW0.75),
which was used as the absolute value of the constant linear regression of ME against the
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energy balance. These results indicate that feeding regimens and management systems
may influence emissions, and the use of the default methane EF of the IPCC may lead to
errors in developing methane emission inventories when applied to young stocks at the
age of six months [44].

In contrast, for other breeds, such as Hanwoo steers (growing: 43.4; finishing:
33.9 kg/CH4/hd/yr), it was implied that the IPCC Tier 2 model overestimated GE intake
as the intake level increased. This suggests that the IPCC guidelines, which require a
more detailed characterization of animals, diets, and management systems, may not be
appropriate for Hanwoo steers due to the different production systems applied [45]. Fur‑
thermore, it is important to acknowledge that methane emissions can vary significantly
among breeds, even when similar management practices are employed [46,47]. Notably,
in this study, comparable values were projected for Holstein steers, with an estimated EFE
of 42.70 kg/CH4/hd/yr, irrespective of the utilization of GF technology.

5. Conclusions
In conclusion, the utilization of the RIC unit on a larger scale as an advanced tech‑

nique in feeding management should ultimately be explored as the feed intake per unit
serves as a factor in calculating emissions. Although the utilization of RIC may not re‑
sult in the complete elimination of methane, it offers valuable advantages for optimizing
feeding practices. These benefits include enhancing feed efficiency, achieving a balanced
nutrient intake, enabling real‑time monitoring, facilitating targeted feeding strategies that
prevent excessive feed intake, and serving as a valuable research and data collection tool.
The emission factors in this study were estimated using the IPCC Tier 2 equations, and the
EFC values for Holstein steers were overestimated, whereas the EFE values were underval‑
ued (91.79 and 42.70 kg/hd/yr, respectively), with other counterparts being comparable to
those reported in previous studies. The GF 344 was utilized as a valuable instrument for
the estimation of methane emissions, facilitating the computation of these emission factors.
The current results provide an opportunity to further explore the implementation of smart
farming technology, particularly in terms of the systematic collection of larger datasets
over an extended period to achieve a higher prediction accuracy in enteric CH4 prediction
(Ym value) specific to each country or region. Exploring the wider implementation of RIC
technology in livestock production systems could contribute to reducing emissions and
enhancing the overall system efficiency. Future research should explore in detail the prac‑
tical implications and effectiveness of RIC on a larger scale to advance our understanding
of its potential role in mitigating methane emissions in livestock operations.
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