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A B S T R A C T   

In Denmark, agriculture is the largest source of anthropogenic methane emissions (81%), mainly from cattle 
(dairy and beef) farms. Whole-farm methane emissions were quantified at nine Danish cattle farms, using the 
tracer gas dispersion method. Five to six measurement campaigns were carried out at each farm, covering a full 
year. Of the nine cattle farms, seven were home to dairy cows and two to beef cattle. The farms represented 
typical breeds, housing and management systems used in Denmark. Whole-farm methane emission rates ranged 
from 0.7 to 28 kg h− 1, with the highest measurements seen at locations with the highest number of animals. 
Emissions tended to be higher from August to October, due to elevated temperatures and high amounts of stored 
manure during this period of the year. The average emission factor (EF) for dairy cow farms was 26 ± 8.5 g 
Livestock Unit (LU)− 1 h− 1, whereas it was 16 ± 4.1 LU− 1 h− 1 for beef cattle farms, i.e. 38% lower for the latter. 
The use of deep litter house management explained some of the differences found in the EFs for dairy cows. 
Methane emission rates estimated using IPCC models and national guidelines tended, on average for all farms 
and measurements, to be underestimated by 35% in comparison with the measured methane emissions, for all 
models and farms. The results suggest that future improvements to inventory models should focus on enteric 
methane emissions from beef cattle and manure methane emissions for both dairy cows and beef cattle, espe
cially from deep litter management.   

1. Introduction 

Many countries have strengthened their greenhouse gas (GHG) 
reduction targets and are putting efforts into reducing associated emis
sions with the goal of minimising climate change impacts. Globally, 
methane is the second most important emitted GHG and constitute 19% 
of the combined effective radiative forcing (relative to 1750) of the well- 
mixed GHGs (Forster et al., 2021). Atmospheric methane concentrations 
are increasing and reached 1.89 ppm in 2020, corresponding to an in
crease of 16% since 1985 (NOAA, 2021). Due to the relatively short 
atmospheric lifetime of methane (IPCC, 2013), reducing its emissions 
will lead to cost-effective mitigation of climate change impacts in the 
short term (Johansson et al., 2008). In Denmark, 81% of all anthropo
genic methane emissions come from agriculture, produced by both 
enteric fermentation and manure management (Nielsen et al., 2021). Of 
the methane emitted from cattle livestock, about 76% is due to enteric 
emissions from the ruminant digestive system and about 24% comes 
from degradation of animal manure, stored either under the animals’ 

house or at outside tank storages (Nielsen et al., 2021). Approximately 
1.5 million cattle (dairy and non-dairy), accounting for about 20% of 
total agricultural exports (Danish Agriculture and Food Council, 2018), 
contribute 59% of all national methane emissions, which is a reflection 
of the large dairy industry in the country. 

At the Danish national level, methane emissions from livestock 
production are estimated by using the empirical models provided in the 
International Panel on Climate Change (IPCC) 2006 guidelines for na
tional inventory GHG emission reporting (IPCC, 2006). However, these 
models lack spatial resolution, and many of their parameters are based 
on limited or outdated research (Hristov et al., 2018). In order to 
improve them, the IPCC recently published a refined version of their 
guidelines, updating and supplementing some of the calculations and 
factors and using more actual research (IPCC, 2019). Where available, 
nations are encouraged to apply national models and emission factors, 
with the justification that they will better reflect their animal manage
ment policies. 

Few studies have compared estimated methane emissions using these 
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IPCC models with emissions based on whole-farm scale measurements 
representing real management conditions. This form of study is impor
tant for evaluating model accuracy and consequently improving emis
sion predictions. Additionally, for models to achieve reliable 
predictions, a large dataset with a wide range of feed compositions and 
management systems across different regions remains to be built 
(Hristov et al., 2018). 

Methods for quantifying enteric emissions from a single cow have 
mostly used respiratory chambers (Hammond et al., 2015), SF6 tracer 
flux (Grainger et al., 2007) and, head-chamber systems (Sorg et al., 
2018), albeit these are difficult to apply in real farm-scale measure
ments. Similarly, studies on methane emissions from farm-scale manure 
tanks are scarce, but they are still needed in order to obtain emission 
rates that reflect real conditions, preferably using non-intrusive methods 
(Kupper et al., 2020). Flux chambers (Amon et al., 2006), inversion 
dispersion models such as backward Lagrangian Stochastic (bLS) 
dispersion modelling (Baldé et al., 2016) and micrometeorological mass 
balance methods (Wagner-Riddle et al., 2006) are commonly used to 
measure emissions from manure tanks. Quantifying whole-farm CH4 
emissions is useful in understanding mitigation efforts. In addition, in
ventory models have been reported to underestimate livestock emissions 
(Owen and Silver, 2015; Wolf et al., 2017), therefore farm measure
ments representing real management conditions can help to improve 
model accuracy for the whole-farm system; however, they are few in 
number and mostly focused in North America (Arndt et al., 2018; 
Hensen et al., 2006; McGinn and Beauchemin, 2012; VanderZaag et al., 
2014). The mobile tracer gas dispersion method (sometimes also 
referred to as the tracer correlation method or tracer flux ratio method) 
is a ground-based remote method that has been used to quantify emis
sions from many different area sources, such as landfills (Börjesson et al., 
2009; Scheutz et al., 2011; Mønster et al., 2015), wastewater treatment 
plants (Delre et al., 2017; Samuelsson et al., 2018), biogas plants 
(Scheutz and Fredenslund, 2019) and livestock production facilities in 
North America (Arndt et al., 2018; Daube et al., 2019). This method has 
been described elsewhere (Galle et al., 2001; Roscioli et al., 2015; 
Scheutz and Kjeldsen, 2019) and can be used to quantify whole-farm 
emissions and, in some cases, emissions from physically 
well-separated farm operations such as manure tanks and cattle barns 
(Arndt et al., 2018). The tracer gas dispersion method uses a tracer gas to 
mimic the source methane release, which it is a principle also used in 
other techniques such as the SF6 tracer flux method where it has been 
used to measure enteric methane emissions from individual cows 

(Grainger et al., 2007), and from manure tanks (Kaharabata and 
Schuepp, 1998) by performance of stationary plume sampling. The 
mobile tracer gas dispersion method applies an easier approach using a 
mobile analytical platform and measures multiple complete plume 
transects at a greater distance to the emission source securing sufficient 
mixing and source simulation thus reducing measurement uncertainty. 

The objective of this study was to quantify whole-farm methane 
emissions from cattle farms, using a mobile tracer gas dispersion 
method, and to compare measured emissions with estimated methane 
emissions, using IPCC guidelines and national inventory models. We 
directly measured methane emissions consistently over one year for nine 
farms, which were selected to represent the different housing systems, 
manure management systems and breeds currently used in Danish 
agriculture. This study targets the lack of studies assessing whole-farm 
direct CH4 emissions from cattle livestock and the need for IPCC 
model validation. 

2. Materials and methods 

2.1. Investigated sites 

Nine cattle farms (C1-C9) were chosen for this study (Table 1). Seven 
of them were dairy farms, while the other two focused on beef pro
duction. Their selection was based on wishing to represent typical 
breeds, housing systems and manure management methods used in 
Denmark, where three dairy cow breeds predominate: the Danish Hol
stein (70%), Danish Jersey (12%) and Red Danish (5%) (Danish agri
culture and Food Council, 2020a). Among beef cattle, the Limousine is 
the most common breed, accounting for 18% of all beef animals (SEGES, 
2021). Considering these statistics, we selected at least one farm for each 
breed. Regarding manure management, 28% of the manure produced by 
cattle (dairy and non-dairy) is treated by anaerobic digestion, while 8% 
of the farms use deep litter and 60% have loose-holding housing systems 
for dairy cows (Nielsen et al., 2021). Therefore, three farms with 
loose-holding and different floor types (drained or slatted floor) (C1, C2 
and C4), two with deep litter with a long eating space (C3 and C6), three 
with a mix of both systems (C5, C7, and C9) and one with deep litter only 
(C8) were selected. For the farms applying deep litter with a long eating 
space (C3 and C6), 60% of the excreted manure is deposited in straw 
beds, forming the deep litter, while 40% is collected as liquid/slurry. 
The anaerobic digestion of manure at the studied farms is performed in 
centralised biogas plants, i.e. raw manure is collected from pits under 

Table 1 
Overview of the investigated farms. For more detailed information, refer to Table A1 in Appendix A.  

Farm 
Name 

Type of 
animal 

Numbers of animals Livestock unit 
(LU)a 

Animal 
breed 

House Manure handling 

Dairy Heifer/young 
bulls 

Calves 

C1 Dairy cow - 
Organic 

600 −
745 

289–765 0–643 970–1250 Jersey Loose-holding drained floor Liquid/slurry manure 

C2 Dairy cow 250 110 100 330 Jersey Loose-holding slatted floor Biogas 
C3 Dairy cow 420 180 150 540 Jersey Deep litter with long eating space Biogas 
C4 Dairy cow - 

Organic 
240 180 70 230 Holstein Loose-holding slatted floor Biogas 

C5 Dairy cow 526 405 212 1055 Holstein Loose-holding slatted floor (65%)/deep 
litter with long eating space (35%) 

Biogas 

C6 Dairy cow 160 110 40 305 Holstein Deep litter with long eating space Biogas 
C7 Dairy cow 190 103 44 320 Red Danish Loose-holding slatted floor (50%)/deep 

litter with long eating space (50%) 
Liquid/slurry manure 
(3/20 – 9/20) 
Biogas (9/20–1/21) 

C8 Beef cattle 30 40 20b 130 Limousine Deep litter Solid piles 
C9 Beef cattle  560 143 545 Holstein Loose-holding slatted floor (80%)/deep 

litter with long eating space (20%) 
Biogas  

a LU = 500 kg of body weight. Jersey dairy = 0.89 LU; Holstein and Red Danish dairy = 1.2 LU; Jersey heifer 0.65 LU; Holstein and Red Danish heifer 0.78 LU; Jersey 
bull = 0.68 LU; Holstein bull = 0.85 LU, Jersey calves = 0.16; Holstein and Red Danish calves = 0.21 LU; Limousine cows = 1.6 LU; Limousine heifer or bulls = 0.8–1 
LU; Limousine calves 0.3 = LU. 

b On average, farm C8 had 26 heifers and 13 bulls. 
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the barn one or more times a week and then taken to a biogas plant, 
which in turn returns degassed biomass to the farm’s manure tanks. The 
amount of degassed manure received is around 90% of the initial vol
ume; however, the composition largely differs, since biogas plants 
employ a mix of manure, deep litter, organic industrial waste and energy 
crops. Six farms send their manure for anaerobic digestion, while C7 
only started sending it after September. For the other two farms, the 
manure was not treated and was instead either stored in liquid/slurry 
form (C1) or as a solid in deep litter piles (C8). Organic farms account for 
14% of Danish dairies (Danish agriculture and Food Council, 2020b); 
hence, two organically managed farms were selected (C1, and C4). 
Among other things, milk cows spend part of their day grazing during 
the summer (~7 h over 196 days) and are fed with a high percentage of 
organic fodder. Enteric methane emissions vary according to the animal 
feed intake and the energy used, therefore different breed with differ
ences in weight will produce distinctive emissions. As for manure 
emissions, the amount of manure stored in the house, the use of straw in 
the house or any other treatment the manure is subjected to can affect 
the strength of emissions. 

The farms had a constant number of animals during the year. One 
exception was C1, which has seasonal calving in late spring, as all cows 
are inseminated at the same time, thereby affecting milk production and 
especially the amount of heifers and calves during the year. Methane 
emission factors (EFs) were calculated by normalising measured emis
sion rates to the body weight base unit, whereby one livestock unit (LU) 
corresponded to 500 kg of body weight (Table 1). The animal weights 
used and other information on the farm’s management were obtained by 
interviewing the farmers (Table A1 in Appendix A). Animal numbers 
used to model annual farm emissions were obtained from the animal 
central database (Centrale Husdyrbrugsregister (CHR)), to ensure con
sistency among the farms and to account for monthly variations. At the 
dairy farms, in addition to dairy cows, the numbers of heifers and calves 
were also included in the assessment of whole-farm emissions. These 
animals are sometimes managed at individual housing systems apart 
from the dairy cows’ housing, which was taken into consideration when 
calculating inventory emissions. The only exception was farm C4, where 
measurements included only dairy cows, while heifers and calves were 
located at a building further away from the main farm, in which case 
they were not included in neither the measurements nor the modelling. 

2.2. The tracer dispersion method 

Methane emissions were quantified using the mobile tracer gas 
dispersion method, which has been employed previously to quantify 
methane emissions from dairy livestock in the USA (Arndt et al., 2018; 
Daube et al., 2019). The method involved the controlled release of tracer 
gas and simultaneous measurements of methane and tracer gas con
centrations downwind of the farms, using high-precision instruments 
installed on a mobile platform (Galle et al., 2001; Mønster et al., 2014; 
Scheutz et al., 2011). Although the method has limited temporal reso
lution, it has a short setup time and can cover more than one facility in a 
single day; additionally, it is independent of weather conditions and 
atmospheric modelling. The method is based on the assumption that the 
source and tracer gas disperse similarly (Mønster et al., 2014), and 
therefore the tracer gas can be used to simulate target gas (methane) 
emissions, which can then be calculated by considering the ratio be
tween the target and the tracer gas, and the known constant emission 
rate of the tracer gas (Eq. 1) 

Etg = Qtr

∫ x2
x1

(
Ctg- Ctg-bg

)
dx

∫ x2
x1

(
Ctr- Ctr-bg

)
dx

.
MWtg

MWtr
(1)  

where Etg (kg h-1) is the target gas emission, Qtr (kg h− 1) is the known 
tracer gas flux, Ctg and Ctg-bg (ppb as mass mixing ratio) are target gas 
concentrations measured inside the plume and in the background, 
respectively, similar to Ctr (ppb) and Ctr-bg (ppb) for the tracer gas. MWtg 

(g/mol) and MWtr (g mol− 1) are the molecular weights for the target and 
the tracer gas, respectively. X2 (m) and X1 (m) represent the end and the 
beginning of the plume, respectively. The ratio is estimated by inte
grating the plume concentration of each gas, because this has been 
demonstrated as the best approach for minimising minor tracer gas 
misplacement (Fredenslund et al., 2019; Mønster et al., 2014). A number 
of transects provided average emissions, and in order to be considered a 
measurement, a minimum of 10 transects should be performed (Fre
denslund et al., 2019). Acetylene (C2H2) was selected as the tracer gas, 
due to its negligible atmospheric background concentrations and long 
atmospheric lifetime. Recent studies, using the tracer gas dispersion 
method by performing controlled releases, have shown that method 
uncertainty is no higher than ± 20% in a 95% confidence interval 
(Fredenslund et al., 2019; Mønster et al., 2014). 

The present study used a mobile analytical platform equipped with 
fast-response and sensitive gas analysers and a global positioning system 
(GPS) connected to the van. Air was sampled from the car’s roof (two 
meters above ground) with the help of an external pump, and measured 
concentrations were shown in real time. Three different gas analysers 
(based on cavity ring-down spectroscopy) were used, based on instru
ment availability. The instrument used most during the measurement 
campaigns was a methane and acetylene analyser (G2203, Picarro Inc., 
CA), with a measurement frequency of two seconds and a precision (3σ) 
of 2.14 and 0.34 ppb for methane and acetylene, respectively. In addi
tion, two other instruments were used in combination during the cam
paigns carried out from January 2020 to June 2020. One instrument 
measured acetylene (S/N JADS 2001, Picarro Inc., CA), with a response 
on average every three seconds and a precision (3σ) of 2.5 ppb, while the 
other instrument measured methane (G1301, Picarro Inc., CA), with a 
response time of four seconds and a precision (3σ) of 3.4 ppb. Acetylene 
(≥ 99.5%) was released from gas cylinders (at one to two locations 
usually close to the animal house and manure tanks), using constant 
flow rates set with calibrated high-precision flowmeters. In addition, the 
cylinders were weighed before and after each measurement campaign, 
in order to determine the precise mass of the released tracer. The tracer 
release rates varied from 0.6 to 2 kg h− 1. 

Prior to the measurements, a desktop study was performed in order 
to evaluate the best weather conditions for optimal measurement per
formance, especially with regards to interfering methane sources and 
road availability. During the field campaign, the measurements can be 
described in three phases – as defined earlier (Scheutz and Kjeldsen, 
2019). First, an on-site screening of the farm was performed to identify 
the main methane emission sources, which were mainly the animals’ 
barns and manure tanks. Second, the farm’s surroundings were screened 
by driving along available roads, in order to identify any interfering 
sources located in the area. Lastly, tracer gas was released and plume 
measurements performed. If the tracer and target gas plumes did not 
correlate well, meaning that they did not start and finish at the same 
time, the tracer gas bottles were repositioned. Crossing the whole plume 
downwind is important, to define baselines for the integrated plume 
calculations and assuring that the whole emission from the target source 
is measured. 

2.3. Measurement campaigns 

Table 2 provides an overview of the performed measurement cam
paigns. In total, 60 quantitative emission measurement campaigns were 
taken, all fulfilling the requirement of at least 10 plume transects carried 
out over 1–2 h. Most quantifications were performed on roads more than 
1 km away from the target source, to ensure sufficient plume mixing. 

Whole-farm methane emission rates were measured every second 
month, covering all seasons over one year. However, C1 was measured 
over a period of two years. Since the measurements were distributed 
equally around the year, the simple average of all measurements was 
considered as the annual average emissions. One exemption was beef 
farm C8, on which the animals grazed during the summer, and so 
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Table 2 
Summary of the quantitative emission measurements.  

Farm Date Time interval Wind speed (m s− 1) and 
directiona 

T 
(◦C) 

Road distance 
(km) 

Number of 
transects 

Methane emission ± SD 
(kg h− 1) 

Emission factor ± SD (g 
LU− 1 h− 1) 

C1 07–02–19 11:00–13:20 4.5, SSW  3 1.1 (10) 2.1 
(14)  

24 15.3 ± 4.3 15.9 ± 4.5 

11–04–19 17:57–19:10 4, ENE  7 1.5  11 18.8 ± 1.4 20.4 ± 1.5 
28–06–19 22:09–23:15 2, WSW  18 1.5  20 13.0 ± 1.6 13.5 ± 1.7 
25–09–19 16:00–18:00 6, ENE  15 1.5  12 25.2 ± 4.1 25.9 ± 4.1 
14–11–19 17:00–18:40 1.5, ESE  4 2.4  11 28.5 ± 4.0 30.5 ± 4.3 
22–01–20 20:00–22:00 6, W  6 1.4  12 25.1 ± 4.2 26.8 ± 4.7 
04–03–20 16:00–18:00 2.5, WSW  7 1.4  20 24.1 ± 3.3 20.3 ± 2.9 
23–06–20 18:00–19:00 2, WSW  20 1.4  13 16.6 ± 4.2 13.5 ± 3.5 
13–07–20 17:30–19:00 2.5, W  18 1.4  20 15.9 ± 1.8 13.9 ± 1.6 
02–10–20 14:45–16:00 2.5, ESE  16 0.95  18 27.6 ± 4.2 24.9 ± 3.8 
05–11–20 14:45–15:45 5, W  11 1.4  17 22.1 ± 2.2 20.2 ± 2.0 
12–12–20 14:00–15:30 2, E  3 0.95  22 21.6 ± 1.7 20.0 ± 1.6 

C2 05–03–20 19:00–21:00 1.5, ENE  3 0.7 (14) 1.0 (4)  18 9.2 ± 1.9 28.5 ± 5.9 
12–05–20 20:00–22:00 3.5, NW  5 0.4  17 5.9 ± 0.5 17.8 ± 1.5 
08–07–20 16:00–18:00 4, NW  14 0.4  25 7.7 ± 1.1 24.1 ± 3.4 
09–09–20 07:00–08:30 3, SW  17 1.0  20 7.2 ± 1 23.0 ± 3.2 
10–11–20 11:00–13:00 2.5, SE  7 1.1  22 6.4 ± 0.6 19.9 ± 1.9 
04–01–21 13:00 – 

14:15 
5, ESE  2 0.6 (22) 1.0 (3)  25 6.5 ± 1.0 20.2 ± 3.1 

C3 06–03–20 15:30–17:30 4, NE  5 1.4  14 23.7 ± 4.1 40.6 ± 7.5 
08–05–20 17:30–19:00 3, W  16 1.2  17 22.3 ± 5.5 43.5 ± 11.3 
07–07–20 21:00–22:30 1.5, W  14 1.2  30 16.6 ± 1.1 32.3 ± 2.1 
08–09–20 10:00–12:00 3.5, W  18 1.2  27 18.7 ± 3.6 35.6 ± 6.8 
12–11–20 13:00–15:00 2.5, SSE  9 1 (9) 2.2 (14)  23 20.1 ± 2.8 38.0 ± 5.3 
05–01–21 09:00 – 

11:00 
1, NE  3 2  17 19.9 ± 2.4 37.4 ± 4.5 

C4 17–03–20 13:30–15:30 5, SW  9 1.6  19 7.7 ± 1.3 26.4 ± 4.5 
14–05–20 16:00–18:00 1.5, NW  13 0.8  24 5.7 ± 1.0 19.5 ± 3.4 
07–07–20 15:00–16:30 4.5, WSW  17 1.6  18 5.6 ± 1.2 19.5 ± 4.2 
07–09–20 17:30–18:45 2, WSW  15 1.6  24 4.8 ± 0.6 16.9 ± 2.1 
10–11–20 14:30–18:00 1.5, SSE  6 0.9  21 7.8 ± 1.5 27.2 ± 5.2 
04–01–21 16:00 – 

18:00 
4.5, NE  1 1.7  21 6.6 ± 0.8 21.3 ± 2.6 

C5 05–03–20 16:00–18:00 2.5, ENE  5 1.4  19 18.1 ± 2.9 18.2 ± 3.1 
12–05–20 12:00–16:00 3.5, W  7 1.8 (10) 0.4 (3)  13 17 ± 3.3 17.2 ± 3.2 
07–07–20 17:20–18:45 2.5, W  14 1.8  20 19.6 ± 1.8 20.1 ± 1.8 
07–09–20 16:00–15:30 4.5, SW  17 1.8  21 23.9 ± 3.6 24.1 ± 3.6 
11–11–20 17:00–18:30 1.5, ESE  7 1.2 (19) 0.6 (2)  21 21.3 ± 2.7 21.3 ± 2.7 
05–01–21 16:30 – 

18:30 
2, ENE  1 1.1  19 23.4 ± 1.6 23.3 ± 1.6 

C6 29–03–19 20:15–22:30 4, SW  10 1.4  29 7.5 ± 1.2 26.0 ± 4.2 
20–08–19 21:00–23:00 2, SW  13 1.4  32 8.9 ± 1.0 30.0 ± 3.4 
13–02–20 10:00–13:00 2.5, S  3 1.5  11 7.8 ± 1.9 27.9 ± 6.8 
18–05–20 16:30–18:30 1.5, WSW  11 1.4  20 7.3 ± 1.2 24.7 ± 4.1 
27–06–20 21:30–23:30 1, S  20 1.5  16 8.0 ± 1.5 27.1 ± 5.1 
10–10–20 15:00–17:00 1.5, WSW  10 1.5  20 8.4 ± 1.1 29.0 ± 3.8 
18–12–20 10:45: 12:15 3.5, SSW  8 1.8  19 5.4 ± 0.8 18.3 ± 2.7 

C7 16–03–20 11:00–13:00 3.5, W  8 1.0  19 13 ± 1.8 39.6 ± 5.5 
07–05–20 19:45–22:15 3.5, W  14 1.0  18 8.7 ± 0.9 27.0 ± 2.8 
06–07–20 20:30–22:00 4.5, W  13 1.0  30 12.1 ± 1.3 37.2 ± 4.0 
09–09–20 15:30–17:30 3.5, W  18 1.0  26 16.9 ± 1.7 54.4 ± 5.5 
12–11–20 14:00–15:30 2.5, ESE  7 1.8  20 9.3 ± 1.1 30.2 ± 4.8 
12–01–21 10:00 – 

12:00 
3, WSW  1 1.0  23 7.6 ± 0.8 24.2 ± 2.5 

C8 - House 16–03–20 18:00–19:30 1.5, WSW  7 0.7  20 1.2 ± 0.2 11.6 ± 1.9 
07–05–20 21:30–23:45 1, WSW  8 0.7  13 1.9 ± 0.5 16.9 ± 4.5 
11–11–20 07:30–09:00 1, SE  7 0.7  17 1.1 ± 0.3 17.9 ± 4.9 

C8 - 
Grazing 

11–11–20 10:30–12:00 1, SE  7 0.5  19 0.4 ± 0.1 23.5 ± 5.9 

C8 - House 06–01–21 08:00 – 
10:00 

4, NE  1 1.0  16 2.7 ± 0.6 22.3 ± 3.6 

C9 17–03–20 17:30–19:30 4.5, WSW  7 0.8  16 6.2 ± 1.1 11.5 ± 2.0 
08–05–20 20:00–22:00 2.5, W  11 0.8  18 5.9 ± 0.8 10.6 ± 1.4 
08–07–20 20:00–21:30 1, WNW  14 1.5  29 7.4 ± 0.7 18.0 ± 1.7 
08–09–20 13:30–14:45 0.5, WNW  21 1.2  21 8.6 ± 1.3 18.4 ± 2.8 
12–11–20 17:00–18:15 1, S  8 0.6  24 6.1 ± 0.7 11.8 ± 1.4 
05–01–21 13:00 – 

15:00 
2.5, NE  2 1.5  21 6.6 ± 0.7 11.9 ± 1.3  

a Wind speed measured by a vane anemometer at a height of 1.5 m. 
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measurements were only taken during the winter season (from 
November to May). However, in the November measurement campaign, 
about two-thirds of the animals were housed inside while the others 
grazed on a nearby field. Emissions from both groups of cows were 
therefore measured in this campaign. For the dairy farms and beef farm 
C9, measurements were only taken when animals were inside, although 
cows did graze outside for part of the day (~7 h) at the organic farms 
(C1, C4). 

2.4. Methane emission estimation, following the IPCC and Danish 
inventories 

Measured methane emission rates were compared to modelled 
emission rates, following the IPCC’s inventory guidelines and the Danish 
national guideline. The IPCC guidelines are divided into Tier 1, 2, and 3, 
differing on the level of information used in the calculation (IPCC, 
2006); for this study, Tier 2 was adopted. Additionally, the IPCC recently 
published a refined version of their models, which included improve
ments to the estimations of methane emissions from cattle production 
(IPCC, 2019); therefore, for comparison, both the 2006 IPCC model 
(I06) and its 2019 refined version (I19) were used here. The Danish GHG 
inventory uses a similar approach to the IPCC (2006), applying extra 
information and models, which should reflect better the management 
systems used at Danish farms (Nielsen et al., 2021). Both the IPCC 
guidelines (I06 and I19) and the Danish guideline (DK) calculate EFs for 
enteric fermentation and manure management, and each uses similar 
equations (Eq. A1 and A2 in Appendix A). 

Farm-specific information obtained from the farmers was used in the 
modelling, such as type of housing system, manure treatment, frequency 
of manure removal (when applicable in IPCC, 2019), milk production 
and animal body weight (Table A1). The calculations resulted in esti
mated EFs per animal head (Table A5), which were then converted to 
annual emissions by multiplying the EFs by the number of animals in 
that month (the same month as the measurement was done) and then 
averaged over all months to get an average annual emission rate. The 
estimated annual emissions were compared to the measured annual 
emissions, which was the average of all measurements. 

As values for animal feed intake were not available or unknown for 
some of the farms, enteric emissions were calculated for consistency by 
following the indicated approach for each of the models. Gross energy 
(GE) is the main parameter used to estimate enteric emissions. The IPCC 
calculates GE based on animal used net energy (NE) and digestible en
ergy (DE) (IPCC, 2006) (Fig. 1), while the Danish guideline uses GE per 
feed intake for dairy cows, or feeding units (FU) for other cattle (Nielsen 
et al., 2021). Standardised GE values for the different livestock and 
breeds in the country (Table A2) (Børsting et al., 2020) are provided 
based on national feeding plans for 15–18% of Danish dairy production 
(Nielsen et al., 2021). For three of the farms (C1, C2 and C3), feeding 
plans were known; however, the difference between real feeding and 
standardised values were minimal and did not affect the models’ results. 

Manure emissions are estimated by the models using information on 
volatile solid contents (VS), the methane conversion factor (MCF) 
(Table A3) and maximum methane-producing capacity (B0) (for more 
information, see Appendix A). The IPCC calculates the quantity of VS 
excreted based on energy intake, while the Danish guideline provides 
standard values for excreted manure based on information on typical 
animal characteristics (Børsting et al., 2020) and according to the types 
of housing systems most frequently used in the country (Table A4) 
(Fig. 1). The estimation of VS by the Danish inventory approach results 
in higher values than the VS based on GE, mainly due to the inclusion of 
bedding material in the first option (Nielsen et al., 2021). The IPCC 2019 
refinement contains updated model parameters and improvements to 
the way the methane conversion factor (MCF) for liquid manure is 
estimated. The newest version applies a more detailed sub-model, using 
temperature-dependent degradation functions, and considers manure 
storage time. A similar sub-model is also applied in the Danish national 

guidelines, following the most common practices and data available for 
the country, resulting in recommended values for annual MCF for cattle 
manure handled as liquid slurry or treated biogas (Table A3) (Nielsen 
et al., 2021). For deep litter, the Danish model adopts the MCF provided 
in the IPCC 2006 model. Additionally, the Danish model considers 
different temperatures for the storage of manure in barns and for 
external manure tanks in order to calculate MCF factors (Nielsen et al., 
2021). According to the IPCC guidelines and the Danish national in
ventory the uncertainty on the EF estimates using Tier 2 is on the order 
of 20%, which is a reflection of the level of information available. 

3. Results and discussion 

3.1. Methane emission rates 

Whole-farm methane emissions were quantified at nine farms, and 
during all quantitative measurement campaigns, well-confined methane 
and tracer gas plumes were obtained, thus avoiding any influence of 
methane plumes from neighbouring sources. Fig. 2 shows a represen
tative example of an on-site and off-site methane screening campaign as 
well as plume concentration transects. The average measurement time 
was ~ 90–120 min, and within this time interval no temporal emission 
variations were observed, not even for longer measurement periods (>
4 h). Whole-farm emissions rates ranged from 0.7 kg h− 1 to 28 kg h− 1 

(Table 2). The highest emission rates were measured at the three dairy 
farms C1, C3 and C5, which were also home to the highest number of 
animals. The lowest emission rates were recorded at beef cattle farm C8, 
which had only approximately 100 animals (including animals at 
different life stages). During one of the campaigns at C8, methane 
emissions of 0.4 kg h− 1 from 16 cattle grazing in the field were 
measured. 

Methane emissions fluctuated throughout the year, but these oscil
lations were small, with emissions varying on average between − 16% 
and + 13% of the mean annual emission measured at the individual 
farm (Fig. 3). The measured emission rates contained both enteric and 
manure methane emissions. Enteric emissions were expected to be 

Fig. 1. The IPCC and Danish inventory models estimate enteric and manure 
methane emissions, using similar equations (Appendix A). NEx = Net energy for 
each type of activity (Maintenance, growth, activity, pregnancy and lactation). 
DE = Digestible energy; GE = Gross energy, UE = urinary energy fraction. 
VS = Volatile solids. MCF = Methane conversion factor. Ym = Methane yield. 
The most important parameters for enteric fermentation are GE and Ym, while 
manure emissions are based on VS, MCF and B0. Both methods differ in the 
calculation of. 
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Fig. 2. (a) Example of on-site screening performed at farm C2, showing methane (red) concentrations (above background). The blue area indicates the location of the 
animal housings and the green area the location of the manure tank. (b) Example of off-site screening and plumes at different distances away from the farm (C2) (blue 
area) (160 m, 600 m and 1400 m). Two tracer gas bottles (yellow triangles) were positioned close to the animal barn, and the wind was blowing from the east-north- 
eastern direction. For the second plume (600 m), the methane (red) peak concentration was 108 ppb above background and 11 ppb for acetylene (yellow), while for 
the third plume the values were 30 ppb and 3.4 ppb, respectively. The small methane emission plume on the left of the target farm’s plume came from a small horse 
farm, indicated by the purple area, which was clearly distinguishable from the farm’s emissions, due to the lack of tracer gas. (c) Example of a plume transect at farm 
C9. Three gas bottles were positioned close to the animal barn and manure tanks, the wind blew in the north-easterly direction and the methane peak (red) was 17 
ppb above background, with 4 ppb for acetylene (yellow). (For interpretation of the references to colour in this figure, the reader is referred to the web version of 
this article.) 

Fig. 3. Methane emission variations during the year. For each farm the variation is the measured emission in a specific month minus the mean annual emission of the 
farm and divided by the mean annual emission of the farm. The black line represents average variations for each month. Note that in some months, only one or two 
measurements were available. 
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constant in most of the farms, since animal numbers or feeding patterns 
did not vary much throughout the year. Therefore, monthly variations 
are most likely an effect of fluctuations in manure emissions, which in 
turn is expected due to changes in atmospheric temperature and the 
amount of manure stored during the year. In addition, most of the farms 
stored anaerobically digested (degassed) manure, so the expected 
contribution of this source was reduced, consequently causing small 
variations in the total farm emissions – as indicated by the results. The 
highest average emissions were seen in late summer/early autumn 
(August to October), which was expected, because at this time of year, 
there is a combination of higher temperatures and higher amounts of 
stored manure, thereby increasing emissions (Fig. 3) (Kariyapperuma 
et al., 2018). At some farms (C1, C2, C3, C4 and C7), slightly higher 
emissions were recorded in March, which was due to the high amount of 
manure stored at the time. The manure tanks are emptied in early spring 
(April/May), thus explaining the reduction in emissions at this point in 
time. 

The maximum and minimum values observed were + 49% and 
− 32% of the mean annual emissions, respectively. They were found on 
farm C7, most likely because, during the first measured months (March 
to September), raw manure was being stored in on-site manure tanks 
before being sent for anaerobic digestion, following which the farm 
stored degassed manure. Farm C1 had a lower number of heifers in 
combination with its dairy cows producing less milk in spring due to 
pregnancy, thereby decreasing enteric emissions, which is in agreement 
with the observed data showing lower emissions in April and June in 
comparison to September and October (Fig. 3). C8 also had a few more 
suckling cattle in January than in March, possibly explaining the higher 
emissions in January. Some of the outliers can be explained; for 
example, C4 had lower emissions in September, in complete opposition 
the overall trend, because the manure tanks remained empty due to the 
manure constantly being applied to the fields from March to November. 

Finally, other factors might explain some of the observed emission 
variation, such as time of the measurement in relation to feeding and 
general activity of the cattle, type of fodder, amount of manure accu
mulated under the housing, measurement uncertainty and others. 
Diurnal variation of methane emissions caused by periods of feeding has 
being observed in some studies (Ngwabie et al., 2011; VanderZaag et al., 
2014) although, others have not observed such significant emission 
variation (Arndt et al., 2018; Bühler et al., 2021). At the farms investi
gated in this study, fodder was available for the animals during the 
whole day, therefore the animals would have alternate periods of 
feeding and resting, which would level out any emission variation to due 
feed intake. However, the data set did not allow for an in depth analysis 
of the influence of these factors on the measured emissions. 

3.2. Methane emission factors 

Converting the measured emission rates to EFs resulted in EFs 
ranging from 11 to 54 g LU− 1 h− 1, with an average EF of 23 ± 9 g LU− 1 

h− 1 and a median of 22 g LU− 1 h− 1 (Table 2 and Fig. 4). For dairy cows, 
normalising the measured emissions according to milk production 
resulted in EFs ranging from 21 to 67 g Lmilk

− 1, with an average EF of 
39 g Lmilk

− 1 or 35 g head− 1 h− 1 when normalising milk per head of cow 
(Table A1). 

For comparison, Table 3 compiles methane EFs from dairy cows, 
including only studies where whole-farm methane emissions were 
measured. The values ranged from 7.1 to 60.2 g LU− 1 h− 1, which is 
comparable to the values found in this paper (11–54 g LU− 1 h− 1); 
however, a direct comparison must be made with caution, due to dif
ferences in management systems, seasons and measurement techniques. 
First of all, there are relatively few studies, and most of them were 
performed in the USA or Canada, which might not reflect Danish con
ditions in terms of either climatic conditions or manure management 
practices (Arndt et al., 2018; Bjorneberg et al., 2009; Leytem et al., 
2011). An important difference in manure management between DK and 
North America dairy farms (especially in USA) is the use of open 
anaerobic lagoons by the latter, while in DK external manure is stored in 
concrete tanks. Only three European studies on whole-farm methane 
emissions were found, and each reported very different EFs, i.e. rela
tively low 11.2 − 15.0 g LU− 1 h− 1 in Austria (Amon et al., 2001) and 11 
– 14 g LU− 1 h− 1 in Switzerland (Bühler et al., 2021) and relatively high 
28.7 – 50.5 g LU− 1 h− 1 in Netherlands (Hensen et al., 2006) in com
parison to the EFs in our study. In addition, seasonal variations can play 
a role in emissions, and most of these studies did not systematically 
measure emissions across the whole year. Therefore, it is difficult to 
conclude whether the EFs found in our study were elevated or not when 
compared to the studies compiled in Table 3, due to the lack of 
comparability between them. 

In the following sections different factors are discussed, which can 
explain some of the variations in EFs found across the farms investigated 
in this study (Fig. 4). 

3.2.1. Housing type 
Of the Jersey farms (C1, C2 and C3), farm C3 had an EF significantly 

higher than the other two Jersey farms (p < 0.05, Tables A6 and A7). Of 
the Holsteins dairy farms (C4, C5 and C6), C6 had a significantly higher 
EF than C5 and C4 (p < 0.05, Table A6), while the C4 and C5 farms were 
significantly similar (p > 0.05, Table A6). Farms C3 and C6 both used 
deep litter with two months of retention time as their main house 
management system (60% of the manure produced is deposited in deep 
litter and mixed with straw) (Table A1), which might explain the higher 
methane emissions (Fig. A1b in Appendix A). In the deep litter house 
management system, faeces, urine and straw are compressed into mats, 
thereby limiting oxygen diffusing into the material, and as a result 
anaerobic conditions and methane formation develop in the bottom and 
centre of the material, potentially leading to higher emissions than other 
housing systems (Nicks et al., 2003; Webb et al., 2012). Farms C5 and C7 
also used deep litter, albeit to a lesser extent (between 13% and 30% of 
the manure is handled as deep litter). Additionally, C5 also applied a 

Fig. 4. Average yearly methane emission factors (EFs) (g 
LU− 1 h− 1). Error bars represent the standard deviations of 
six or more measured EFs. C1- Organic dairy, Jersey, no 
manure treatment; C2 – Traditional dairy, Jersey, biogas; 
C3 – Traditional dairy, Jersey, deep litter and biogas; C4 – 
Organic dairy, Holstein, biogas, C5 – Traditional dairy, 
Holstein, deep litter (35%) and biogas; C6 – Traditional 
dairy, Holstein, deep litter and biogas; C7 – Traditional 
dairy, Red Danish cow, deep litter (50%) and biogas; C8 – 
Traditional Beef cattle, Limosine, deep litter and grazing; 
C9 – Traditional beef cattle, Holstein, deep litter (20%) and 
biogas.   
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comparatively short manure retention time (6 weeks), thus reducing 
emissions caused by deep litter accumulation (IPCC, 2019). 

3.2.2. Animal breed 
Emission factors for Jersey cow farms (C1 – C3) were 21 ± 6, 22 ± 4 

and 38 ± 4 g LU− 1 h− 1 for farms C1, C2 and C3, respectively (Fig. 4). For 
the Holstein dairy cows (C4 – C6), the average EFs were 22 ± 4.1, 
21 ± 2.7 and 26 ± 3.9 g LU− 1 h− 1, for C4, C5 and C6, respectively, 
while for the Red Danish milk breed (RDM) farm C7 the averaged 
emission factor obtained was 35 ± 11 g LU− 1 h− 1. Comparing the two 
groups of dairy farms (Jersey versus heavy species (Holstein and RDM)), 
EFs did not differ as a result of breed differences. The same was the case 
when emission rates were normalised by the number of cows instead of 
body weight (Table A1). 

3.2.3. Production target 
The largest difference in EFs was recorded between the dairy and 

beef farms (Fig. A1a). Emission factors for the C8 and C9 beef cattle 
farms were between 11 and 24 g LU− 1 h− 1 (Fig. 4) with an average EF of 
16 ± 4.1 g LU− 1 h− 1, which is approximately 38% lower than the 
average EF for dairy cows 26 ± 8.5 g LU− 1 h− 1 (Fig. 4). The higher EF 
for dairy cows is mainly caused by differences in enteric emissions, due 
to the higher feed intake (caused by milk production) – as described in 
the Danish guideline (Børsting et al., 2020). Dry matter intake is known 
to be correlated with enteric emissions (Hristov et al., 2018). 

3.2.4. Other factors 
Farms C1 and C2 had similar average EFs, even though farm emis

sions were significantly different according to the Wilcoxon test 
(p < 0.05, Table A6, Fig. 4). Farms C1 and C2 had rather different 
management systems; C1 is an organic farm where cows spend part of 
their time grazing, and they do not treat the manure but instead apply it 
to the fields more frequently. Farm C2 is a conventional farm and treats 
its manure at a centralised biogas plant. Stored digestate in the tanks is 
only removed in spring, therefore it is difficult to draw a conclusion from 
their comparison. C7 had the highest EF among the heavy race farms, 
two factors might have caused this elevated EF. First, 50% of the dairy 

cows were managed in deep litter with a long eating space and an 
extended retention time (4 months), and the second, there was a lack of 
liquid/slurry manure treatment (only implemented in September) 
(Fig. 4). This notion is also supported by the large variability in emis
sions seen on this farm, which was potentially caused by variations in 
manure emissions, since enteric emissions is expected to have been 
constant during the year as no changes in animal numbers occurred 
(Arndt et al., 2018; VanderZaag et al., 2014). Generally, for dairy cows, 
a significant difference between EFs was observed for farms using deep 
litter management and other treatments (Fig. A1b). 

The two beef farms had similar average EFs in spite of different 
housing systems, with C8 having 18 ± 2.1 g LU− 1 h− 1 and C9 having 
14 ± 1.4 g LU− 1 h− 1 (p > 0.05 for a t-test, but p < 0.05 for a Wilcoxon 
test, Tables A6 and A7). At farm C8, methane emissions were not 
measured during the summer months, because the cows grazed outside 
(24/7) from May to November. However, in November, emissions were 
measured for two groups of cows, namely those grazing in the field and 
those in a barn, resulting in an EF of 24 ± 6 g LU− 1 h− 1 for the first 
cohort, higher than second group in the barn at 18 ± 5 g LU− 1 h− 1. 
These results are most likely due to the high feed intake in pasture 
conditions, during measurements or issues in the adopted normalization 
(calculation of livestock units), since the animals here were a mix of 
calves, heifers and suckling cows. Nevertheless, more data are required, 
in order to support a more substantive conclusion. 

Housing type and production target was the two factors, which 
caused a larger impact on the EFs. Other factors like the use of anaerobic 
digestion for manure treatment did not show a large impact because 
among the dairy cows only one farm did not treat their manure and their 
management was not comparable with the other farms. 

3.3. Comparison of measured methane emissions with international and 
national inventory estimates 

The measured emissions were compared to methane emissions pre
dictions made by IPCC models and the Danish national model. Both IPCC 
models showed a similar average underestimation of emissions (− 35% 
for the 2019 refinement, and − 33% for the IPCC 2006 model (Fig. 5), 

Table 3 
Overview of whole-farm methane emission factors (EFs) measured at dairy farms.  

Ref Country Period Farm management Measurement technique EFs (g LU− 1 

h− 1) 

Present study Denmark Yearly Dairy and beef cows with manure 
tank 

TDM  23.6 

(Arndt et al., 2018) USA- 
California 

Summer Dairy cows 1 (Jersey) - free stalls and 
anaerobic lagoon 

Open-path spectrometer and inverse dispersion 
modelling, TDM and aircraft close-path  

60.2 
Winter  28.5 
Summer Dairy cows 2 (Jersey) - free stalls and 

anaerobic Lagoon  
46.8 

Winter 18.9 
(Leytem et al., 2011) USA- Idaho Spring, summer, 

winter and fall 
Dairy cows CAFO - anaerobic 
lagoons 

Open-path spectrometer and inverse dispersion 
modelling  

57.9 

(Bjorneberg et al., 
2009) 

USA- Idaho Spring, summer, 
winter and fall 

Dairy cows - anaerobic lagoons Open-path spectrometer and inverse dispersion 
modelling  

9.7 

(McGinn and 
Beauchemin, 2012) 

Canada Fall Dairy cows 1 - open lagoon Open-path spectrometer and inverse dispersion 
modelling  

7.5 
Dairy cows 2 - open lagoon  7.1 
Dairy cows 3 - open lagoon  8.1 

(VanderZaag et al., 
2014) 

Canada Spring Dairy cows 1 - earthen storage Open-path spectrometer and inverse dispersion 
modelling  

7.3 
Fall  19.6 
Spring Dairy cows 2 - earthen storage and 

concrete tank  
10.4 

Fall 21.8 
(Amon et al., 2001) Austria Yearly Tied stall and solid manure (heap - 

aerobic conditions) 
FTIR - flux conversions using exhaust air flow or open 
dynamic chambers  

11.2 

Tied stall and solid manure (heap - 
anaerobic conditions)  

15.0 

(Hensen et al., 2006) Netherlands Spring and summer Dairy cows - manure tanks - slurry 
based system 

TDLAS - Gaussian plume method and fast box 
measurement Technique  

28.7 

Dairy cows - manure tanks - straw 
based systems  

50.5 

(Bühler et al., 2021) Switzerland Fall (Sep-Oct) Dairy cows - loose- holding, slurry 
pit 

Open-path spectrometer and inverse dispersion 
modelling  

14.2 
Fall (Nov-Dec)  11.2  
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while the national Danish inventory resulted in the highest underesti
mation (− 37%). Although the measured annual averaged emissions 
were higher than estimated by the inventory models for all farms 
(Fig. 5), the differences were within uncertainty limits when considering 
the models and measurements’ uncertainty (as indicated by the error 
bars in Fig. 5). Exceptions were C3, C7, C8 and C9, for which none of the 
models managed to estimate emissions within the uncertainty limit. C3 
and C7 utilised a deep litter house with high retention times (> 1 
month). This type of management resulted in the largest differences 
between the measured and modelled emissions. Similar observations 
were noted at farm C6, which also used deep litter (Fig. 5). For this type 
of house management (with deep litter), the Danish model considers 
both the manure produced and the straw used for the beds in the VS 
estimation (Table A4), resulting in a higher manure methane emission 
than the IPCC models, although it is still lower than the measured 
emissions for C3 and C7 (Fig. 5). Fig. 6 shows the difference between 
international and national VS estimations, whereby the farms using deep 
litter as part of their dairy cow management (C3, C5, C6 and C7) all have 
higher VSs in the Danish model, in comparison to the IPCC models. 

Considering the beef farms (C8 and C9), the national inventory 
performed worse (higher underestimation in comparison to measured 
emissions) than the IPCC models (Fig. 5). IPCC models estimate enteric 
emissions based on the weight of and energy used by the animals, 
whereas the Danish national guidelines use predefined feed intake ac
cording to the breed and the animal’s life stage. As a result, the IPCC 
models calculated a significantly higher gross energy intake of 146 MJ 
head− 1 day− 1 in comparison to the Danish model, resulting in a value of 
63 MJ head− 1 day− 1 (Fig. 6 farms C8 and C9), which might suggest the 
need to revise the Danish model’s feed intake values used for bulls for 
slaughtering. The low gross energy used in the Danish models resulted in 

lower enteric emissions for this type of animal in this model (Table A5) 
and consequently in lower emission estimations. However, in compari
son, the IPCC models also underestimated the emissions on these farms 
(C8 and C9), which might point to a lack of knowledge on emissions 
from beef cattle production, since it is unclear whether the source of 
error is enteric or manure emissions estimations. For C8, deep litter with 
a high retention time might have played a role in increasing model 
underestimation, as observed in the dairy cows’ inventory comparison. 

The differences between the 2006 and 2019 IPCC models were, on 
average, small, because the models are very similar in structure and to a 
large extent use analogous equations and approaches to estimate the 
variables, and in some cases they even use the same input parameters 
(such as for the net energy calculations) (IPCC, 2019, 2006). This is 
especially the case for modelling enteric fermentation emissions, which 
accounted for most of the estimated emissions (77% in average) (Fig. 5). 
Therefore, the differences between the two IPCC models (2006 and 2019 
refinement) are mostly caused by differences in the modelling of emis
sions from manure management. For the anaerobic digestion of manure, 
IPCC 2019 uses a lower methane conversion factor (MCF) (3.5%) than 
IPCC 2006 (7.5%, based on the national model), resulting in a lower 
emission estimation by the 2019 methodology (farms C2, C3, C4, C5, C7 
and C9). For on-site storage of liquid slurry (as was the case for farms C1 
and C7), MCF values for IPCC 2019 were higher (14% and 22% for C1 
and C7, respectively) in comparison to the MCF values used in IPCC 
2006 (10% and 17% for C1 and C7, respectively), which made the 
manure emissions slightly higher in the IPCC 2019 predictions for those 
farms. For the Danish inventory, the annual MCF factors were estimated 
according to typical management conditions in the country, for cattle 
manure without (12.5%) and with biogas treatment (7.5%), while the 
MCF value for deep litter (17%) was adopted from the IPCC 2006 model. 

Fig. 5. Comparison between inventories and measured methane emission rates. The bars represent the emission estimated by the models, where the light colours 
correspond to enteric emissions and the dark colour shows manure emissions. The brown dot shows measured emissions. The error bar for the models corresponds to 
their respective uncertainties ( ± 20%), and for the measured emissions it corresponds to method uncertainty ( ± 20%) based on Fredenslund et al. (2019). 

Fig. 6. Parameters used in the EF model calculations, estimated according to each model’s methodology (for more information, please refer to Fig. 2. or Appendix A). 
(a) Gross energy intake (MJ head− 1 day− 1) for dairy cows (C1 to C7) and bulls (C8 and C9). (b) Volatile solids excreted (kgVS head− 1 day− 1) for dairy cows (C1 to C7) 
and bulls (C8 and C9). 
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It is difficult to assess the impact of the MCF on emissions calculations in 
the Danish model in comparison to the IPCC models, because other 
parameters also play an important role, as discussed previously for VS. 

A European study comparing top-down (tower measurements and 
inverse dispersion modelling) and bottom-up approaches (UNFCC/IPCC 
approaches) generated similar results to ours, with emissions being 
lower when using bottom-up inventories in comparison to top-down 
measurement approaches, albeit they were still within the uncertainty 
limits set for the modelled and measured emissions (Bergamaschi et al., 
2015). In addition, a Danish study estimated methane emissions from 
manure stored under animal housing by calculating methane emission 
rates produced by incubating the collected manure at ambient temper
atures (Petersen et al., 2016). They found that only the contribution 
made by manure emissions from animal housing was close to the total 
modelled manure emissions (accounting housing and external storage 
sources), which might indicate underestimations of total manure emis
sions by the national inventory (Petersen et al., 2016). 

4. Conclusion 

Annual whole-farm methane emissions were measured at nine cattle 
farms in Denmark, using the tracer gas dispersion method. Of the nine 
farms, seven were dairy and two beef cattle, and they were represen
tative of common Danish breeds, housing systems and manure man
agement practices. The seasonality of the emissions was addressed by 
measuring emissions every second month throughout a whole year. 
Methane emissions varied from 0.7 to 28 kg h− 1, while normalised 
measured emission factors (EFs) ranged between 14 and 54 g LU− 1 h− 1 

for dairy and 11–24 g LU− 1 h− 1 for beef. 
On average, the EF for dairy cows was 26 g LU− 1 h− 1 and for beef 

cattle 16 g LU− 1 h− 1, the latter being approximately 38% lower than for 
dairy cow farms. Methane emissions tended to be higher in late summer/ 
autumn (August to October), but annual variations in measured 
methane emissions were in general relatively low, varying between 
− 16% and + 13% of the annual mean emission for all farms. Among the 
dairy farms, housing systems using deep litter with high retention times 
seemed to result in higher emissions in comparison to farms using slatted 
or drained floors. Measurements of more farms are necessary to 
strengthen the conclusion that higher emissions are caused by deep litter 
house management and the mitigation of emissions using anaerobic 
digestion, which was not possible to evaluate herein. 

A comparison of the measured emissions with modelled emissions 
showed an underestimation by all models: − 35%, − 33% and − 37% 
for IPCC 2019 and 2006 and the Danish national inventory, respectively. 
The underestimation fell within uncertainty limits for the modelled and 
measured emissions for most of the farms while for the beef farms this 
difference was large. The national model largely underestimated the 
measured emissions therefore a revision of national values in terms of 
feed intake for bulls for slaughter might be needed. Additionally, in 
order to improve model estimations of dairy cow methane emissions, the 
focus should fall on the estimation of manure emissions, with particular 
emphasis on deep litter management. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This work was funded in part by the Kvægafgiftsfoden: Måling af 
udledning af metan fra kvægbrug (27-2020), Denmark, and SEGES, 
Denmark. The authors wish to thank the farmers for their willingness to 
participate in the study and their assistance in collecting information 
from their facilities. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.agee.2022.107885. 

References 

Amon, A., Kryvoruchko, V., Amon, T., Zechmeister-Boltenstern, S., 2006. Methane, 
nitrous oxide and ammonia emissions during storage and after application of dairy 
cattle slurry and influence of slurry treatment. Agro Food Ind. Hi. Tech. 28, 
2700–2704. https://doi.org/10.1016/j.agee.2005.08.030. 

Amon, B., Amon, T., Boxberger, J., Alt, C., 2001. Emissions of NH3, N2O and CH4 from 
dairy cows housed in a farmyard manure tying stall (housing, manure storage, 
manure spreading). Nutr. Cycl. Agroecosyst. 60, 103–113. https://doi.org/10.1023/ 
A:1012649028772. 

Arndt, C., Leytem, A.B., Hristov, A.N., Zavala-Araiza, D., Cativiela, J.P., Conley, S., 
Daube, C., Faloona, I., Herndon, S.C., 2018. Short-term methane emissions from 2 
dairy farms in California estimated by different measurement techniques and US 
Environmental Protection Agency inventory methodology: a case study. J. Dairy Sci. 
101, 11461–11479. https://doi.org/10.3168/jds.2017-13881. 
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