
Frank et al. (2019)  ·  L A N D B A U F O R S C H   ·  J Sustainable Organic Agric Syst  ·  69(1):37–46
DOI:10.3220/LBF1584375588000

37

R E S E A R C H  A R T I C L E

Modelling greenhouse gas emissions from organic 
and conventional dairy farms
Helmut Frank1, Harald Schmid 1, Kurt-Jürgen Hülsbergen 1

Abstract

Dairy farming is a major source of greenhouse gas (GHG) 
emissions in agriculture. There are numerous scientific 
studies analysing GHG flows and testing GHG reduction 
methods in dairy farming, yet very few scientific papers 
cover all the relevant GHG flows. GHG flows that are difficult 
to quantify, such as C sequestration in soils, the effects of 
land-use change (LUC) or the energy input used to produce 
capital equipment, are not always considered.

This paper describes the development and application 
of a model for energy and GHG accounting in dairy farming. 
This new model enables all relevant nutrient, energy and 
GHG flows to be modelled at farm level. This then forms the 
basis for system analysis and derivation of GHG mitigation 
strategies. The model was used on 18 organic and 18 con-
ventional farms in Germany. Calculated CO2-eq emissions per 
kg of Energy Corrected Milk (ECM) were 995 g on average for 
organic farms (org) and 1,048 g on average for conventional 
farms (con). The largest contribution (55 % (org) and 43 % 
(con)) to total GHG emissions came from enteric methane 
emissions (549 g CO2-eq (kg ECM)-1 (org) and 449 g CO2-eq 
(kg ECM)-1 (con)). On the organic dairy farms, there was an 
increase in soil humus and therefore carbon storage and 
sequestration in soils, whereas the GHG emissions for the 
conventional farms included CO2 emissions from LUC due 
to soybean usage. The significantly higher energy input in 
the conventional systems resulted from the production of 

energy-intensive concentrates, mineral fertilisers and pesti-
cides, and transportation (imported feed).

This study shows that there are many factors that influ-
ence GHG emissions in dairy farming, and that these factors 
often interact with each other. An increase in productivity is 
one of several optimisation strategies; however, it must not be 
at the expense of productive lifetime or require an extremely 
high amount of concentrates. GHG reduction in dairy farm-
ing requires farm-specific optimisation approaches due to the 
heterogeneity of production systems.

1	 Introduction 2

1.1 Problem description and research gap
Dairy farming is a major source of greenhouse gas (GHG) emis-
sions in agriculture, both nationally and globally (FAO, 2006), 
and is the focus of public debate on the climate impacts of 
livestock farming, mainly due to methane emissions. 

There are numerous scientific studies which analyse 
GHG flows and test GHG reduction methods in dairy farm-
ing (Thomassen et al., 2008; FAO, 2010; Bell et al., 2011;  

2	 This article is based on results published as part of the German research 
report Frank et al., 2015: Energy and greenhouse gas footprints of dairy 
farming – Research in the pilot farm network, doi:10.3220/REP_29_2015. 
Compared with the German research report, the number of farms and 
years analysed for this paper has been significantly increased, which  
scientifically substantiates our results and conclusions.
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H I G H L I G H T S 

•	 Our new greenhouse gas (GHG) accounting model includes all relevant  
farm-scale GHG flows

•	 The model is sensitive enough to take into account management changes
•	 Our new model is able to identify the causes of high GHG emissions
•	 The dairy farms analysed showed an enormous variability in GHG flows
•	 GHG reduction in dairy farming requires farm-specific optimisation  

approaches
•	 C sequestration and land-use change affect GHG footprints
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Hörtenhuber et al., 2011; Vellinga et al., 2011; Zehetmeier et al., 
2012; Schueler et al., 2018, Grandl et al., 2019). Studies often 
focus on methane emissions in relation to feed and milk yield 
(Kirchgeßner et al., 1991; Jentsch et al., 2007). Few scientific 
papers claim to quantify all relevant GHG flows in dairy farm-
ing; most GHG emission calculations are incomplete. For 
example, the impact of dairy farming on soil C sequestration 
and the effects of land-use change for soy production have 
been included in only a few GHG emission calculations for 
milk production. Although fossil energy use in dairy systems 
has been analysed (see Refsgaard et al., 1998; Kraatz 2009), 
the CO2 emissions associated with energy input have only 
rarely been included in GHG accounting for dairy farming.

Although there are systemic differences between organic 
and conventional dairy cattle farming, it is still unclear which 
system produces milk in a more climate-friendly way, as stud-
ies show differing results. Initial comparison studies focused 
on enteric methane emissions and concluded that organ-
ic dairy farming had higher product-related GHG emissions 
due to lower milk yields. However, this is a rather superficial 
conclusion and does not take into account important aspects 
such as differences in the productive lifetime of dairy cows, 
feed rations and animal husbandry. Many studies comparing 
the GHG footprints of organic and conventional milk produc-
tion exist, but the results are contradictory and inconsistent; a 
valid assessment is not yet possible (Weckenbrock et al., 2019).

The energy and GHG footprints available for dairy farm-
ing are usually based on a small number of experimental 
or model farms (e.g. Refsgaard et al., 1998; Cederberg and 
Mattson, 2000; Haas et al., 2001; Thomassen and de Boer, 
2005; Kraatz, 2009), or have only been calculated for individ
ual cows (Grandl et al., 2019). A systematic investigation of 
GHG flows in dairy farming has only been carried out on 
farms with different structures and production intensities 
to a limited extent, in part due to a lack of suitable models.

1.2 Description and aims of this study
In this study, we describe a model we developed that can 
be used to analyse the nutrient (nitrogen, phosphorus and 
potassium), energy and GHG flows of dairy farms. The aim 
when developing this model was to record all relevant nutri-
ent, energy and GHG flows related to milk production and to 
merge them into a system analysis. The model is designed to 
be applicable to organic and conventional dairy cattle farms. 
It is largely based on available farm data (field records, feed 
ration balances, livestock management systems, milk yield 
tests) and therefore relatively little effort is required for data 
collection on farms.

In order to compare the two systems, our model for cal-
culating nutrient, energy and GHG footprints was used on 
18  organic and 18 conventional dairy farms from four agri-
cultural regions in Germany 3. The goal was to analyse the  

3	 This study took place as part of the following research projects: “Ecological 
sustainability and greenhouse gas emissions of organic and conventional 
farms – analyses in a network of pilot farms” (Hülsbergen and Rahmann, 
2013), and “Increasing resource efficiency by optimising farm crop and 
milk production taking into account animal welfare quality aspects”,  
funded by the Federal Office of Agriculture and Food (BLE), Germany.

individual variability of GHG flows taking into account site con-
ditions, farm structure, feed, milk yield and other determining 
factors. Ultimately, applying the model should show wheth-
er significant GHG reductions are possible at the farm level, 
which interactions occur and what trade-offs are necessary. 
We then discuss whether advisory tools based on the model 
can help to effectively reduce GHG emissions in practice.

2	 Material and methods

The calculation of GHG emissions from dairy farming was 
based on a process analysis comprising the following com-
ponents and process steps: (1) feed production and feed pur-
chase, (2) feed storage, (3) housing system 4, (4) enteric emis-
sions, (5) milking system, (6) manure storage and (7) heifer 
production (Table 3). All relevant fossil energy inputs in dairy 
farming related to primary energy usage were included in 
the calculation of energy balances; solar energy and human 
labour were not included in the process analysis (Figure 1). 
Each process step is described in a module. The modules are 
cross-linked, with subsequent modules using input data from 
previous modules. The CO2, CH4 and N2O flows were quanti-
fied, converted into CO2-eq (CO2 equivalents) 5 and reported 
in relation to the products produced (Frank, 2014). The results 
were then merged into an “Allocation” module; energy and 
GHG flows were allocated to the products produced (milk, cull 
cows and calves) according to defined allocation rules based 
on physical parameters (related to the energy output of the 
products (calorific value)). The modelling of the individual pro-
cess steps is described in detail in Frank (2014).

The following GHG flows were included in the model:
	• Process-related GHG emissions from the use of fossil 

energy: Based on a new method for analysing energy 
fluxes in dairy farming systems (Frank, 2014), GHG emis-
sions from the use of fossil energy on dairy farms (direct 
emissions) and the production of operating and capital 
equipment (indirect emissions) were determined.

	• GHG emissions related to land use: N2O emissions were 
calculated according to IPCC (2006) as a function of ni-
trogen input using emission factors according to Däm-
mgen et al. (2007). Using the REPRO model (Hülsber-
gen, 2003), CO2 emissions and CO2 sequestration due to 
changes in soil humus stocks were calculated based on 
soil humus and C balances depending on site condi-
tions, crops, cultivation methods, yields and fertilisa-
tion. GHG emissions due to land-use change in soybean 
production were taken into account (FAO, 2010) and 
values per unit of soybean meal were used according to 
Hörtenhuber et al. (2011).

4	 “Housing system” includes animal housing (buildings and installations, 
bedding and manure removal systems) as well as straw used in farmyard 
manure systems.

5	 All emissions were converted to CO2 equivalents [CO2-eq] using their specif-
ic global warming potential (GWP). The GWP index is defined as the cumu-
lative radiative forcing between the present and a selected time in the fu-
ture, caused by a unit mass of gas emitted now. The GWP (with a time span 
of 100 years) of CO2, CH4 and N2O is 1, 23 and 296, respectively (IPCC 1997).
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	• Enteric GHG emissions: Methane emissions from enteric 
fermentation in the digestive tract of ruminants were 
calculated according to Ellis et al. (2007) based on the dry 
matter intake of cattle.

	• GHG emissions from manure treatment and storage: An 
adjusted version of equation 10.23 according to IPCC 
(2006) was used to calculate these emissions.

The following amounts of embodied energy were used 
to calculate energy balances (selected inputs, mean values):   
diesel:  39.60 MJ l -1,  biodiesel:  14.10 MJ l -1,  e lec tr ici -
ty: 11.45 MJ kWh-1, machinery: 108 MJ kg-1, maize seed: 
14.62 MJ kg-1, mineral N fertiliser: 35.30 MJ (kg N)-1, mineral P 
fertiliser: 36.20 MJ (kg P)-1, herbicides: 259 MJ (kg active sub-
stance)-1, fungicides: 177 MJ (kg active substance)-1, insec-
ticides: 237 MJ (kg active substance)-1. The following GHG 
emission factors were used to calculate GHG emissions: die-
sel: 3.44 kg CO2-eq l-1, biodiesel: 0.78 kg CO2-eq MJ l-1, electric-
ity: 0.72 kg CO2-eq kWh-1, machinery: 7.76 CO2-eq kg-1, maize 

seed: 0.91 CO2-eq kg-1, mineral N fertiliser: 6.95 CO2-eq (kg N)-1, 
mineral P fertiliser: 0.70 CO2-eq (kg P)-1, herbicides: 8.33 CO2-eq 
(kg active substance)-1, fungicides: 5.34 CO2-eq (kg active sub-
stance)-1, insecticides: 10.05 CO2-eq (kg active substance)-1. 
Data sources: Kaltschmitt and Reinhardt (1997), Kalk and Hüls-
bergen (1996), Hülsbergen (2003), Öko-Institut (2007), Salig 
and Kölsch (2008), GEMIS (2010), Frank (2014).

In order to quantify energy flows, an energy usage model 
was developed based on methodology and rules from the 
REPRO model (Hülsbergen, 2003). A farm is divided into sub-
systems linked by material and energy flows. In the pro-
duction process, the output of a subsystem is the input of 
the following subsystem. To date, only energetic analyses 
of crop production and/or feed production have been pos-
sible using REPRO (Hülsbergen et al., 2001), however, the 
whole dairy farming system can now be modelled using 
this new dairy model.

The most important direct energy inputs on dairy farms 
are fuel and electricity. Indirect energy use includes the 
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energy input required for the production, maintenance and 
disposal of inputs and capital equipment 6 (Kalk and Hüls-
bergen, 1996; Hülsbergen et al., 2001; Frank, 2014). The most 
important indirect energy inputs are machinery and equip-
ment, animal housing and other buildings or structures, and 
inputs such as seed, fertilisers and pesticides, as well as the 
purchase of animals and feed. The outputs of a dairy farm are 
milk, cull cows, calves and heifers, manure and, if applicable, 
feed. Energy inputs and outputs are assessed using energy 
equivalents (Gaillard et al, 1997; Kalk and Hülsbergen, 1996; 
Hülsbergen et al., 2001; Frank, 2014). The energy equivalents 
used have been adjusted to represent the latest figures.

Our model was used on 18 organic and 18 conventional 
dairy farms in southern, western, eastern and northern Ger-
many 7, all forming a pilot farm network. Farm selection was 
based on the following criteria: affiliation with a study region, 
good data documentation, willingness to actively participate 
in the project. Farms were also selected based on location; 
organic farms were paired with a conventional farm in the 
immediate vicinity (and vice versa), in order to ensure com-
parable soil and climatic conditions. The modelled energy 
balances and GHG emissions were evaluated together with 
the farmers in the pilot farm network, the causes of high 
emissions were discussed and options for reducing emis-
sions were derived in regional optimisation workshops. 

The farm data presented in Table 1 are mean values for 
the study years 2009 to 2012. The farms included in the 
study represent a wide range of soil and climatic conditions, 
farm sizes and farm structures. The average milk yield (Ener-
gy Corrected Milk 8, ECM) of the organic farms (6,491 kg a-1) 
was significantly lower than that of the conventional farms 
(8,555 kg a-1). Dairy cows had a longer productive lifetime 
on the organic dairy farms. The proportion of roughage 
and forage from pasture in the feed ration was significantly 
higher in organic than in conventional dairy farming. There 
were also differences in manure systems, e.g. higher pro-
portions of solid manure systems and grazing on pasture 
for cows and heifers in organic dairy farming. 

6	 An average useful life for machinery and capital equipment was assumed; 
the actual useful life on the farms could differ. In order to reduce data col-
lection complexity, buildings and structures (e.g. animal housing and feed 
storage) were categorised to define storage and housing categories. The 
cumulative energy input for construction, particularly for producing steel, 
concrete and other building materials, was determined for each building 
category, and this cumulative energy input was allotted according to use-
ful life. The animal housing used on the dairy farms was allocated to the 
appropriate category. This pragmatic approach has proven to be appro-
priate; collecting more detailed information about the building materials 
used or the actual useful life of animal housing is not possible in practice. 
For dairy cattle housing, the energy input was calculated per cubicle 
according to the values calculated by Kraatz (2009), taking into account a 
useful life of 25 years (see Kalk and Hülsbergen 1996).

7	 Scientists, farmers and farm advisors have been collaborating as part of 
the pilot farm network since 2009.

8	 Energy Corrected Milk (ECM): values for Energy Corrected Milk (ECM) were 
determined based on the milk yield and milk constituents in relation to 
standard milk with 4.0 % fat and 3.4 % protein according to the equation: 
ECM (kg) = Milk (kg) x [0.38 x (Fat %) + 0.21 x (Protein %) + 1.05] / 3.28

3	 Results 

Mean CO2-eq emissions per kg of ECM (delivered milk) calcu-
lated using the model were 995 g in the organic farms (org) 
and 1,048 g in the conventional farms (Table 2).

Methane emissions (dairy cows, including replacement 
calves and heifers) calculated based on milk yield and feed 
ration made up the largest share of total GHG emissions, with 
an average of 549 g CO2-eq (kg ECM)-1 (org) and 449 g CO2-eq 
(kg ECM)-1 (con) (55 % and 43 %, respectively). Methane emis-
sions per kg of ECM from conventional farms were signifi-
cantly lower than from organic farms, mainly due to higher 
milk yields and feed rations with a lower proportion of fibre. 
Methane emissions from manure storage were much lower 
than emissions from enteric fermentation and did not differ 
between the two systems (org: 85, con: 77 g CO2-eq (kg ECM)-1).  

The N2O emissions calculated for crop cultivation (soil 
emissions) and from manure storage are the second most 
important source of GHG emissions. Emissions were similar 
for both systems, 253 (org) and 248 (con) g CO2-eq (kg ECM)-1.

There were significant differences in CO2 fluxes on farms 
with organic and conventional milk production due to differ-
ences in C sequestration and land-use change. According to 
our calculations, there was C sequestration on the organic 
farms on average (-57 g CO2-eq (kg ECM)-1) due to an increase 
in soil humus (attributable to the use of pastures, clover grass 
leys and fertilisation with farmyard manure). There were also 
no changes in land use (e.g. no conversion of pasture to ara-
ble, no imported soybeans were used). On the convention-
al dairy farms, on the other hand, CO2 emissions were cal-
culated as being 82 g CO2-eq (kg ECM)-1) mainly due to LUC, 
related to the use of soybeans. However, there was mostly no 
change in humus stocks (see Table 3).

GHG emissions from conventional dairy farming associ-
ated with the use of fossil energy (192 g CO2-eq (kg ECM)-1) 
significantly exceeded the GHG emissions from organic dairy 
farming (165 g CO2-eq (kg ECM)-1). Energy input in milk pro-
duction was high due to high electricity consumption and 
the materials needed for milking systems.  

Table 3 shows the calculated values for the most impor-
tant GHG flows for different processes on a dairy farm. 
The GHG emissions from feed production differed signifi
cantly between organic and conventional dairy farming 
(org: 123 g CO2-eq (kg ECM)-1, con: 308 g CO2-eq (kg ECM)-1), 
which applies to feed production and feed purchases. The 
significantly higher energy input in the conventional sys-
tems resulted primarily from the use of energy-intensive 
concentrates (including e.g. soybean or rapeseed meal), as 
well as from the use of mineral fertilisers and pesticides. On 
conventional farms, the share of GHG emissions from pur-
chased feed was 11 % (including LUC). There was a higher 
proportion of energy-efficient pasture (mainly low-input 
feed production systems) on the organic farms. In addition, 
ley production (particularly clover grass) was energy effi-
cient. However, the variability of energy utilisation in feed 
production between individual farms was very high due to 
the different yield potentials of the various sites and large dif-
ferences in feed production systems (e.g. harvest frequency 
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and forage conservation methods such as silage and hay 
production).

N2O emissions in feed production contributed, with 149 g 
CO2-eq (kg ECM)-1 on the organic farms and 129 g CO2-eq 
(kg ECM)-1 on the conventional farms, to total emissions. The 
N2O emissions per kg of ECM were dependent on the N input 
(mineral N, N from organic fertilisers or nitrogen fixation by 
legumes) per hectare of feed, feed yield, feed ration and milk 
yield. The conventional farms had a significantly higher ferti
liser N input than the organic farms, but due to higher yields 
this did not result in higher product-related N2O emissions.

With regard to animal housing, the organic farms had 
a higher product-related energy input due to the high pro-
portion of solid manure systems requiring large amounts of 
straw. Hence, there were also GHG emissions from straw 
production. Different requirements in terms of access to 
pasture and exercise areas also affected GHG emissions. 

Although housing on the organic farms often had a lower 
energy input due to its design, this was offset by the bedding 
required. There were no differences between the systems in 
terms of manure removal and fertiliser storage.

Total GHG emissions from raising heifers for herd replace-
ment were comparable in both systems (org: 251 g CO2-eq 
(kg ECM)-1, con: 233 g CO2-eq (kg ECM)-1). Raising replacement 
heifers mainly generated GHG emissions from the use of fossil 
energys, enteric CH4 emissions and N2O emissions from feed 
production and fertiliser storage. The heifers raised on organic 
farms were older at first calving (Table  1), but dairy cows had a 
longer productive lifetime and a higher number of lactations 
than cows on conventional farms, meaning fewer heifers were 
needed for herd replacement. The high variability of emis-
sions between farms shows the significant influence farm 
management and local conditions had and, to some extent, 
the potential for reductions in GHG emissions.

T A B L E  1
Pilot farm data: mean values for the study years 2009–2012

 
                                                 Unit

Organic Conventional
t-test

Mean Min Max SD Mean Min Max SD

Site conditions

Elevation m 256 3 780 263 258 1 780 262  n.s.

Annual precipitation mm 852 536 1,507 247 854 536 1,507 245  n.s.

Mean temperature °C 8.5 6.9 10.8 1.0 8.5 6.9 10.8 1.0  n.s.

Average soil quality a 43 21 54 9 48 31 68 10  n.s.

Farm structure

Agricultural area ha 159 30 1,346 300 144 30 973 222 n.s.

Grassland % FL b 46 5 100 30 43 10 100 30 n.s.

Clover grass % CL c 36 0 81 22 10 0 46 12 *

Silage maize % CL c 4 0 19 5 24 0 72 20 *

Grain % CL c 36 0 68 21 40 0 69 22 n.s.

Stocking density LU ha-1 0.94 0.27 1.56 0.50 1.64 0.74 2.72 0.60 *

Dairy farming

Dairy cows No. 52 19 228 47 87 27 452 103 n.s.

Milk yield per cow kg ECM a-1 6,491 4,236 8,840 1,305 8,555 6,273 10,275 1,142 *

Age at first calving months 30 27 35 3 29 23 34 3 *

Productive lifetime months 41 27 81 14 30 25 38 4 *

Calving interval days 402 368 464 23 406 367 437 19 n.s.

Feed

Roughage % DM d 90 77 100 7 71 51 93 11 *

Pasture % DM d 26 1 48 15 7 0 34 11 *

Concentrates  % DM d 10 0 23 7 29 7 49 11 *

Soybean meal  % DM d 0 0 0 0 3 0 9 3 *

Manure system

Manure % 44 17

Slurry % 56 83

* significant at level p ≤ 0.05, t-test

a Soil value, determined using the German system of soil evaluation: a soil value of 100 = highest soil quality   

b % FL: % farmland
c % CL: % crop land
d % DM: % dry matter
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A key factor influencing the amount of CH4 emissions and 
total GHG emissions was milk yield. Enteric CH4 emissions 
decreased with higher milk yield (Figure 2). For the same milk 
yield (e.g. 8,000 kg ECM per cow), product-related CH4 emis-
sions from the organic farms were approximately 50 g CO2-eq 
(kg ECM)-1 higher than CH4 emissions from conventional farms. 

As yields increased, total GHG emissions decreased (Fig-
ure 3). For the same milk yield (e.g. 8,000 kg ECM per cow), 
product-related GHG emissions from the organic farms are 

approximately 200 g CO2-eq (kg ECM)-1 lower than from con
ventional farms (calculated using regression functions). This 
value is higher than the mean difference of 53 g CO2-eq (kg 
ECM)-1 for product-related GHG emissions (org: 995 g CO2-eq 
(kg ECM)-1 vs con: 1,048 g CO2-eq (kg ECM)-1, see Table 2) due 
to the different mean milk yields (org: 6,491 kg ECM per cow, 
con: 8,555 kg ECM per cow, see Table 1).

The slope of the regression curves shows that signifi-
cant GHG reductions can be achieved by increasing yields if 

T A B L E  2
GHG emissions from dairy farming per kg ECM including replacement heifers (g CO2-eq (kg ECM)-1), pilot farms (2009–2012)

Process, source GHG
Organic

g CO2-eq (kg ECM)-1

Conventional
g CO2-eq (kg ECM)-1

t-test

Mean Min Max SD Mean Min Max SD  

Energy input a CO2 165 133 218 25 192 165 222 19 *

C sequestration, LUC b CO2 -57 -171 38 56 82 -71 235 71 *

Crop cultivation c N2O 192 156 263 29 191 140 247 30 n.s.

Enteric fermentation d CH4 549 473 706 71 449 392 574 46 *

Manure storage e N2O 61 33 95 16 57 36 90 13 n.s.

Manure storage f CH4 85 34 151 28 77 18 127 30 n.s.

Total GHG emissions GHG 995 835 1,397 149 1,048 901 1,269 88 n.s.

* significant at level p ≤ 0.05, t-test

a CO2 emissions from the use of fossil (primary) energy (direct emissions and indirect emissions)  

b CO2 emissions due to changes in soil humus stocks and land-use change 

c N2O emissions from fertiliser and soils (feed production for cows including heifers)

d CH4 emissions from enteric fermentation (cows including replacement heifers)

e N2O emissions from manure treatment and storage (cows including heifer production)

f CH4 emissions from manure treatment and storage (cows including heifer production)

F I G U R E  2
Enteric methane emissions of dairy cows in relation to  
milk yield per cow (without heifer production);
Y = enteric methane emission, x = milk yield 
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the initial yield level is relatively low. For example, doubling 
the annual milk yield from 4,000 to 8,000 kg ECM on organic 
dairy farms would lead to a reduction of about 450 g CO2-eq 
(kg ECM)-1 (about 33 %). However, at even higher milk yields, 
the potential for GHG reductions is much smaller. Further 
increases in yield require a higher proportion of concen-
trates in the feed ration (with the associated high energy 
input and GHG emissions from feed production) and cow 
productive lifetime decreases (requiring more herd replace-
ment).

The organic farms had the lowest GHG emissions at 
around 8,000 kg ECM, whereas none of the conventional 
farms achieved the theoretical minimum of product-related 
GHG emissions, even at 11,000 kg ECM.

4	 Discussion 

4.1 Discussion of methods
Our new model for GHG accounting in dairy farming is 
capable of modelling different types of farms (for example, 
organic and conventional), farm sizes and site conditions. 
This is shown by the application of the model on the 36 pilot 
farms, all with very different production conditions. Model 
sensitivity is such that changes in management can also be 
simulated, e.g. in forage production and housing systems.  
All model calculations are based on the same methodology, 
namely process analysis, as well as the algorithms and param-
eters specified in the model, so that the results for different 
farms are comparable with each other. 

T A B L E  3
GHG emissions for each process (g CO2-eq (kg ECM)-1), pilot farms (2009–2012)

No. Process, source GHG
Organic

g CO2-eq (kg ECM)-1

Conventional
g CO2-eq (kg ECM)-1

t-test

Mean Min Max SD Mean Min Max SD

1. Feed production a GHG 123 52 237 50 308 197 406 59 *

1.1 On-farm GHG 102 14 183 52 196 109 287 49 *

Energy input CO2 39 18 65 13 59 32 105 22 *

Fertilisation, soils N2O 149 109 193 23 129 77 210 36 *

C sequestration CO2 -86 -199 0 57 8 -89 104 47 *

1.2 Purchase (off-farm) GHG 21 1 79 23 112 7 224 59 *

Energy input CO2 7 2 23 6 30 4 54 15 *

Fertilisation, soils N2O 6 0 33 8 25 0 50 15 *

C sequestration CO2 8 -4 53 14 16 0 60 14 *

LUC (soy) CO2 0 0 0 0 41 0 115 41 *

2. Feed storage GHG 11 3 22 6 13 6 18 3 n.s.

3. Housing system GHG 23 8 54 15 11 5 27 5 *

Energy input CO2 15 7 26 7 9 5 21 4 *

Fertilisation, soils N2O 1 0 10 2 2 0 7 2 n.s.

C sequestration CO2 7 -3 28 9 0 -12 3 3 *

4. Enteric fermentation CH4 410 349 498 49 321 294 355 19 *

5. Milking system CO2 46 34 60 5 44 42 48 2 n.s.

6. Manure storage GHG 131 77 227 35 118 47 163 34 n.s.

Energy input CO2 14 8 28 6 11 5 16 3 *

Manure storage N2O 35 12 67 12 33 9 48 10 n.s.

Manure storage CH4 82 30 149 28 74 16 124 30 n.s.

7. Heifer production GHG 251 132 423 73 233 164 437 68 n.s.

Energy input CO2 33 17 56 10 26 18 51 8 *

Fertilisation, soils N2O 36 19 60 10 35 23 69 12 n.s.

C sequestration CO2 14 6 29 6 13 3 35 9 n.s.

LUC CO2 0 0 0 0 4 0 12 3 *

Enteric emissions CH4 139 74 230 40 128 87 224 32 n.s.

Fertiliser storage N2O 26 14 43 7 24 16 42 6 n.s.

Fertiliser storage CH4 3 2 5 1 3 2 5 1 n.s.

* significant at level p ≤ 0.05, t-test 

a Feed production and feed purchase for dairy cows 
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Our model is closely linked with the REPRO environ-
mental management model (Hülsbergen, 2003). The REPRO 
model analyses crop production, i.e. feed production and 
energy balance in crop production (Hülsbergen et al., 2001), 
soil humus dynamics (Brock et al., 2012; Leithold et al., 2015) 
and farm nutrient cycles (Lin et al., 2016). In the REPRO mod-
el, feed production processes are analysed for each field and 
include the use of organic fertiliser along with its resulting 
GHG flows (NH3, N2O and CO2 emissions, and C sequestration). 
These results are included in the calculation of GHG emissions 
for dairy farming (see Table 3, process 1.1). 

Our dairy model uses relevant data from REPRO, however, 
the process steps – feed storage, housing system, metabolism, 
milk production and manure storage – are modelled using the 
new dairy model. By combining both models, all the relevant 
GHG flows in dairy farming can be simulated in detail.

Modelling dairy systems is challenging due to the 
extremely complex and numerous subsystems, processes and 
interactions in dairy farming. In addition, animal housing and 
technical systems are highly variable, and are often specially 
designed for each individual farm. Therefore, simplifications 
were required to make the model applicable. For example, 
structures for feed storage and animal housing were grouped 
into categories, and corresponding parameters were derived 
for each of these storage and housing categories, such as the 
energy input and GHG emissions required for production. 
Buildings and structures on the pilot farms were assigned 
to these storage and housing categories. Comparable 
methodological approaches were used by Kraatz (2009) and 
Dux et al. (2009) to calculate energy input in dairy farming. 
Defined standard procedures were also used to simplify the 
analysis of heifer production, whereby a reduction in accura-
cy was expected. Using exact, farm-specific data would have 
been extremely complex and fraught with uncertainties.

Modelling the GHG flows in dairy farming requires the 
collection of operating data from farms, and thus good data 
documentation and cooperation from farm managers. To 
minimise the effort required for data acquisition, less signifi
cant subprocesses can be simplified and aggregated. How-
ever, processes that are critical to the energy and GHG foot-
prints, such as feed production, require detailed modelling. 
Our model is designed for use on farms and to process opera
tional data. Despite some uncertainties, our model can calcu
late complete energy and GHG footprints for dairy farms. The 
model was designed to enable a comparison of results.

Uncertainties and errors in the model result from 
	• (a) inaccuracies in the collection of production data on 

the farms. For example, the grassland (pasture) feed 
yield can only be estimated based on feed intake and 
checked for feasibility using feed balances

	• (b) errors in calculating nutrient and energy balances. 
For example, energy balances assume average energy 
equivalents that do not correspond exactly to operational 
or regional conditions. Due to the complexity of animal 
husbandry systems (buildings for animal housing and 
milking systems) and the required model simplifications, 
farm-specific conditions can only be approximated by the 

model. The humus balance can only indicate approximate 
C sequestration values, since only the most important 
drivers are included

	• (c) GHG accounting using GHG emission factors and 
algorithms that are a drastic simplification of complex 
conversion processes

	• (d) including LUC and the modelling of the associated 
GHG flows is highly controversial; there are different 
methodological approaches for the quantification of 
GHG emissions caused by LUC. 

Overall, it should be noted that the new dairy farm-
ing model is a compromise between the scientific goal of 
describing all GHG flows as completely and accurately as 
possible, and practicality, which necessitates simplifications 
of complex milk production systems. Sensitivity analyses and 
error analyses of the individual model components can be 
found in Hülsbergen (2003) and Frank (2014). 

4.2 Discussion of results
The analysis of GHG flows in dairy farming shows that many 
interacting factors determine GHG emissions. An increase in 
productivity is one of several optimisation strategies; how
ever, it must not be at the expense of productive lifetime 
(number of lactations, effort required for herd replacement) 
or require an extremely high proportion of concentrate in 
the feed ration. On the farms we analysed, organic farms with 
milk yields of 7,000 to 9,000 kg ECM a-1 had the lowest GHG 
emissions of 800 to 900 g CO2-eq (kg ECM)-1. On the other 
hand, conventional farms with an output of 9,000 to 10,500 kg 
ECM a-1 had GHG emissions of 900 to 1,050 g CO2-eq (kg ECM)-1.

As frequently described in the literature (e.g. Flachowsky 
and Brade, 2007), an increase in milk yield per cow results 
in a decrease in enteric methane emissions per kg ECM. An 
increase from 4,000 to 8,000 kg of ECM cow-1 a-1 resulted in 
a CH4 reduction of around 100 g CO2-eq (kg ECM)-1 for the 
organic pilot farms. For the conventional pilot farms, the 
potential for reducing CH4 if output were to be increased 
from 7,000 to 10,000 kg of ECM cow-1 a-1 was only around 
30 g CO2-eq (kg ECM)-1. Methane emissions can be reduced 
by changing feed quality and feed composition (Flachowsky 
and Brade, 2007), however, this may only be possible to a 
limited extent due to specific site and production conditions 
(e.g. regions where permanent pasture is dominant), or due 
to certain requirements in organic farming. However, our 
research also shows that increasing milk yield is just one of 
many GHG mitigation strategies and that an increase in per-
formance is neither possible nor plausible for every farm. 
Among other things, it could conflict with other goals, such 
as replacing roughage produced in an extensive system with 
concentrates that require a lot of energy to produce, or nega
tive effects on productive lifetime and animal health. Intensi
fication of feed production and grassland should also not be 
exaggerated in order to avoid negative environmental effects, 
such as a reduction in biodiversity. The pilot farms network 
gives us the opportunity to study the trade-offs between the 
intensity of milk production systems, product-related GHG 
emissions, and other environmental effects.    
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Feed production contributes significantly to energy use 
and greenhouse gas emissions from milk production (see 
Table 3). Although higher amounts of nitrogen fertiliser are 
used on conventional than on organic farms (Hülsbergen and 
Rahmann, 2013), when higher forage yields and milk yields 
are taken into account, the product-related N2O emissions 
from feed production are at about the same level (Table 3). 
The farms studied did not show significant over-fertilisation 
of feed production areas, which is due in part to moderate 
stocking rates (livestock farming based on available land 
area) (see Table 1). 

There was enormous variability in the GHG flows with-
in individual processes and in the product-related GHG total 
emissions for the pilot farms. One reason was the wide variety 
of site conditions and milk production systems on the farms 
(Table 1). Farm management also had a significant impact. 
Although systemic differences between organic and conven-
tional dairy farming were found in some GHG flows (Table 2 
and Table  3), the differences between farms within each 
system were much greater. In future, system comparisons 
between organic and conventional agriculture should take 
this variability in results, as well as uncertainties and pos
sible errors, better into consideration. A simple comparison 
between organic and conventional farming without taking 
variability into account could lead to incorrect assessments. 

In order to identify the site-specific productivity optimi-
sations necessary to achieve the largest possible reduction 
in GHG emissions, additional farms and locations need to be 
analysed and included. Model calculations and sensitivity 
analyses (Frank, 2014), in which the influencing parameters 
are varied and a wide range of productivity values are ana-
lysed, could supplement the farm analysis, since insignifi-
cant and random farm-specific factors are eliminated from 
the analysis.

5	 Conclusion 

Our investigations show that a GHG reduction in dairy farm-
ing requires farm-specific optimisation approaches due to the 
heterogeneity of production and operating systems. A one-
size-fits-all approach is not particularly effective. Our new 
model is able to identify the causes of high GHG emissions 
and to compare farms (see, for example, benchmarking in 
Figures 2 and 3). Within the pilot farm network, measures 
for reducing GHG emissions were derived during optimi-
sation workshops with the farmers, and their effects on 
GHG footprints were analysed using the model. It has often 
been shown that individual measures (for example, increas-
ing milk yield to the maximum) do not solve the problem 
because they can have a negative impact elsewhere (such 
as higher concentrate requirements and decreasing cow 
productive lifetime). 

As our study confirms, organic dairy farming can increase 
soil humus and contribute to soil carbon sequestration. Dairy 
cattle can use grassland biomass and therefore contribute to 
the conservation of ecologically valuable grassland. Overall 
optimisation which takes into account interactions between 
feed production, animal husbandry, fertilisation, humus and 

nutrient management, among others, is required. It should 
also be emphasised that the assessment and optimisation of 
environmental sustainability in dairy farming should include 
other relevant environmental areas, such as soil protection 
and the preservation of potable water sources and biodiver
sity, in addition to GHG flows and impacts on the climate.

Our experience with the pilot farms shows that farm 
managers are increasingly interested in implementing  
climate change mitigation measures in dairy farming. Our 
model should therefore be developed further so that it can 
be used successfully, not only for scientific research, but also 
by farm advisory services.
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