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Abstract Dairy farming is the largest agricultural con-
tributor to greenhouse gas emissions in Europe. In this
study, the carbon footprint of organic dairying was
evaluated by means of a life cycle assessment, based
on real farm data from six European countries: Austria,
Belgium, Denmark, Finland, Italy and United Kingdom.
A total of 34 farms were analysed. The assessment was
carried out using an attributional approach with system
boundaries from cradle to farm gate. In relation to dairy
production, a functional unit of 1 kg of energy corrected
milk was used. The results gave an average of 1.32 kg
CO2 equivalents per kilogramme of energy-corrected
milk with standard deviation of 0.22, which is consistent
with recent studies. The main contributor to this is
enteric fermentation from producing animals, resulting

in 45% of total GHG emissions, which is also consistent
with previous studies.
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Introduction

Greenhouse gas (GHG) emissions have been of great
environmental concern for some time and have provided
a focus for life cycle assessment (LCA) studies world-
wide. Of all anthropogenic GHG emissions, 18 % is
estimated to originate in agriculture (Steinfeld et al.
2006). The largest agricultural contributor to global
GHG emissions is cattle farming.

Life cycle assessment methodology has been devel-
oped to estimate the product’s environmental impacts of
its whole life cycle. LCA is an ISO standardised envi-
ronmental assessment method (ISO 2006a, b). By this
standardisation, more comparable results for environ-
mental impact estimation can be achieved. In LCA,
several impact categories can be included, one being
climate change. Agricultural GHG-related emissions
considered in LCA consist of methane (CH4), nitrous
oxides (N2O) and carbon dioxide (CO2) from primary
and secondary sources. Non-CO2 emissions are convert-
ed to CO2 equivalents using standardised characterisa-
tion factors to provide a comparable single number
result per chosen functional unit. LCA can provide
information about emission origins and inefficient re-
source use and can be used to design mitigation
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strategies, but depends highly on quality of the data and
inventory at hand (Finnveden et al. 2009).

According to LCA-based analysis by Gerber et al.
(2013), global cattle farming contributes an annual total
of 4.6 gigatonnes of CO2 equivalents, of which dairy
cattle contribute 2.1 gigatonnes of CO2 equivalents a
year. When this is allocated to products, milk production
contributes a total of 1.4 gigatonnes in CO2 equivalents.
In their research, Lesschen et al. (2011) evaluated
the GHG emissions of the European livestock sec-
tors, estimating that the highest emissions originat-
ed in the dairy sector, with 0.195 gigatonnes CO2

equivalents per year.
Previous studies have shown CH4 from enteric fer-

mentation to have a large impact on GHG emissions in
cattle farming. Steinfeld et al. (2006) estimated that of
all anthropogenic methane emissions, the agricultural
share is 37 % and comes mainly from enteric fermenta-
tion of ruminants. Nitrous oxide emissions are estimated
even higher, 65 % of all emissions, resourcing mainly
from manure.

Few studies (e.g. Henriksson et al. 2011; Kristensen
et al. 2011) have evaluated the GHG emissions related
to milk production based on real farm data, and in
particular, organic systems are under-researched.
Earlier, LCA studies on organic dairy farming have
assessed the impacts of one specific country per se
(Thomassen et al. 2008; Kristensen et al. 2011; De
Boer 2003; Cederberg and Mattsson 2000). So far, the
only cross-national research in this field is by Guerci
et al. (2013), but they included only few organic farms
in their study. Typically, organic dairy systems are more
diverse, more complex, and rely more on on-farm re-
sources than conventional farming and for, e.g. feed is
often homegrown and fertilised using manure from live-
stock. According to the European Regulations for or-
ganic food (European Communities 834/2007), organic
dairy cows should be fed mainly on homegrown forages
from grass clover leys, permanent pasture and other
suitable forage crops (at least 60 % of the ration dry
matter must be provided by forages), supplemented by
organic straights or concentrates. Of the diet, 100 %
must be from organic sources and animals must have
access to pasture and lower indoor stocking rates, pro-
viding some benefits for animal welfare.

The aim of this study is to identify emission hotspots
in organic farms in six European countries based on real
farm data by using a LCA approach. The results can
then be implemented into suggestions for GHG

abatement strategies. In this paper, we have focused on
organic dairying and included a wide array of organic
farms.

Materials and methods

We used a LCA approach to assess the carbon footprint
of organic dairy farming in six European countries.

Data collection

The data was collected using public goods (PG) tool
developed at the Organic Research Centre with funding
from Natural England/Defra, after some modifications
to make it more suitable for use in this task. The PG tool
assesses each individual farm across 11 “spurs”: Soil
Management, Biodiversity, Landscape and Heritage,
Water Management, Nutrient Management, Energy
and Carbon, Food Security, Agricultural Systems
Diversity, Social Capital, Farm Business Resilience,
and Animal Health and Welfare. The tool is constructed
as a spreadsheet with a worksheet for each spur. It makes
use of information which the farmer will already have
available (e.g. farm accounts, cropping records, animal
health plan) resulting in a radar diagram giving a
visual impression of the sustainability of a farm and
stronger/weaker areas in approximately 2–4 h. For
more information on the tool, please see Gerrard
et al. (2012), Smith et al. (2011) and Marchand
et al. (2014).

Results from the data collections carried out were
sent to the Organic Research Centre for central data
processing. The spreadsheets were then returned to the
research partners, with summaries of the data collected
and the results for each country.

Selection of the case study farms

In this study, we focused on data from a total of 34
organic farms from six European countries participating
in the SOLID project. SOLID is a EU-funded project on
Sustainable Organic and Low Input Dairying financed
by the European Union with 25 partners (several of
them SMEs in organic or low-input dairying) from
European countries. This study uses data from eight
farms with dairy cows in the United Kingdom, eight in
Denmark, seven in Finland, two in Belgium, four in
Italy and five in Austria. Data were also recorded on
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farms keeping dairy goats which are not reported here.
The farms recruited were members or suppliers of the
SMEs processing and/or marketing organic milk and
participating in the project. The aim in recruiting case
study farms was to illustrate the range within the organic
systems rather than a representative sample in terms of:
farm size, intensity of input use (within the “organic/low
input” population), commonly used breeds and where
appropriate marketing channels and on-farm processing
(e.g. milk, cheese), as well as geographical areas where
these systems are found (see Leach et al. 2013 for
further details of the assessment).

In view of the search for innovative systems and
methods, the partners were advised to include some
farms with an unusual or innovative component com-
pared with other farms in their region. “Unusual or
innovative” was understood as being a different way
of thinking or doing things under the specific conditions
or in the region, but not necessarily as being limited to
the invention of a new product or technology which has
never been used before (Dockès et al. 2012).
Nicholas et al. (2014) found that innovations per-
ceived as conflicting with the ‘naturalness’ of the
production system and products were strongly
rejected by stakeholders of organic dairy supply
chains, whereas innovations related to improving
animal welfare and improving forage quality in
order to be able to reduce the need for purchased
concentrate feeds were liked.

Data collection included low-input and organic dairy
farms, but only organic farms were included in this
assessment. In Austria, the focus was a homogenous
group of Alpine farms supplying one specific, very
localised co-operative. In all other countries, farms sup-
plying the SME came from a heterogeneous group. In
particular, Italian farms covered a very broad diversity
of geographical areas and locations. In the UK, the dairy
farming population is slightly more concentrated in the
Western part, and the selection of farms reflected this
and the location of the two SMEs in England andWales.
The Danish farms were members of an organic co-
operative in Jutland and in Finland of a small organic
dairy company in the East of the country. The Belgian
partners studied dairy farms and also goat farms in
Flanders and the Netherlands which are not included
here (Leach et al. 2013). The small number of farms
assessed could only provide an illustration of the differ-
ent types of farms, rather than providing a representative
sample.

Farm descriptions

The farm size varied from 9 to 480 dairy cows and from
annual production volumes of 41 to 4,267 tonnes of
ECM per farm and annual milk yield per cow from
2,032 to 8,717 kg ECM. Farm descriptions per country
are presented in Table 1. In order to obtain the detailed
data necessary to run the carbon footprint model, each
real farm data was supplemented by stock numbers
using a herd turnover model described in Table 2.
Replacement ratio average for all farms was 20 % with
standard deviation of 13 %.

Emission modelling

LCA is a method for environmental assessment of a
products’ life cycle. LCA of a product can consist of
several impact categories. Here, we have focused only
on GHG emissions. Emissions were converted to CO2

equivalents using the IPCC 100 year global warming
potential with values 25 for methane and 298 for nitrous
oxide (Forster et al. 2007).

The carbon footprint was calculated using the LCA
method described by Schmidt and Dalgaard (2012a, b).
The model is introduced in Dalgaard et al. (2014). Here,
we used an attributional approach as it has been recom-
mended for dairy production (IDF 2010). In the attribu-
tional approach, emissions are allocated to end products.
Model uses an allocation factor of approximately 82 %
to the milk (Schmidt and Dalgaard 2012a). System
boundaries were set from cradle to farm gate. The car-
bon footprint was calculated per farm, and the result is
given as weighted average.

Functional unit

In LCA, the impact result is given per functional unit.
The functional unit (FU) is a measure of the perfor-
mance of a main product system observed (Guinée
et al. 2002). Milk being the final product of this study,
we have used a FU of 1 kg of energy-corrected milk
(ECM) as in Sjaunja et al. (1990) to provide the fat and
protein-corrected milk yield. ECM is defined as raw
milk with 4.10 % fat and 3.30 % protein.

System boundaries

System boundaries were set at farm gate in all cases,
overall system boundaries being from cradle-to-gate.
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These boundaries rule out the end of the life cycle
including market, consumption and processes after the
farm gate that are considered to be out of farmers’
control and irrelevant when focus is on farm activities.

Inputs are traced back to production of raw materials
and GHG emission sources in relation to production
were included. System boundaries are illustrated in
Fig. 1.

Table 1 Description of the range of general attributes of the 34 farms studied

Austria Belgium Denmark Finland Italy United Kingdom

Attribute [unit] Min Max Min Max Min Max Min Max Min Max Min Max

Dairy cows [number] 10 17 55 101 36 480 9 124 16 73 105 378

Milk yield per dairy cow [kg ECM] 2391 5080 7075 7887 4627 8890 6503 10,233 4458 8351 4212 6819

Time on pasture [%] 55 65 55 55 50 65 25 50 25 75 50 65

Imported manure and straw [kg N] 4 37 0 4496 0 7570 0 0 0 0 9 3426

Rotational grassland [ha] 0 0 5 28 4 207 3 33 6 28 4 249

Permanent grassland [ha] 13 24 17 21 3 75 0 5 0 13 32 122

Range presented per country

Table 2 Parameters and formulas used in the herd turnover model to transfer the data collected on farm into data that serve as input into the
LCA model

Parameter [unit] Formula Data collected on-farm

Replacement ratio (RR) N culled animals / N dairy cows Number of culled animals and dairy cows

Newborn heifers [heads] 0.5 × Total N of calves born Number of calves born

Newborn bulls [heads] 0.5 × Total N of calves born

Deathborn heifers [heads] 0.05 × Newborn heifers

Deathborn bulls [heads] 0.05 × Newborn bulls

Fallen dairy cows (excl. calves) [heads] 0.02 × Total N of dairy cows Number of dairy cows

Time from birth of 1st calf to slaughter
[months]

12 × (1 / RR)

Average live weight [kg] A × 0.9 A=weight per slaughtered dairy cow

Weight after birth of 1st calf [kg] A × 0.8

Weight per fallen dairy cow [kg] A × 0.9

Weight per exported dairy cow [kg] A

Weight per imported dairy cow [kg] A × 0.9

Heifers (average) [heads] Same as N of dairy cows Number of dairy cows

Fallen heifers [heads] 0.02 × N of total heifers

Age at birth of 1st calf [months] 27, same for all

Time indoor per heifer [%] Estimated as same as for dairy cows Time indoor per dairy cow

Average live weight [kg] Calf weight + 0.5 × Weight before
calving

Weight per calf+Calculated weight
before calving

Weight before birth of 1st calf [kg] A × 0.8+(Calf weight × 1.7)

Weight per fallen heifer [kg] 0.8 × Live weight

Weight per exported heifer [kg] Calf weight+Weight before calving / 2

Weight per imported heifer [kg] 0.9 × Live weight

Bull calves [heads] Same N as born

Fallen bull calves [heads] 0.04 × N born

RR replacement ratio, Aweight per slaughtered dairy cow, N number
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Inventory data used

The carbon footprint model (Schmidt and Dalgaard
2012a, b) uses detailed inventory data. The model uses
inventory data based on literature for the main products
of agricultural activities and Ecoinvent database v2.2
data (2007) for other activities. Emissions from capital
foods include GHG-emissions from production of ma-
chinery, buildings and from services including retail,

wholesale and accounting. Inventory data for services
was obtained from EU27 input–output database from
SimaPro 7.3 in cases where Ecoinvent data was not
available (Schmidt 2010; Schmidt et al. 2010).

The parameters included in the model calculation
were herd parameters including age and weight, feed
characteristics, own production of feed, crop yields,
fertiliser use, housing systems including manure
management and energy use including traction and air

Plant cul�va�on

Grass/ensilage
Grain crops
Other crops

Protein meals/
by-products

Dairy system

Milking cow

Raising heifers

Raising bulls

Crops Feed crops

Grass/ 
ensilage

Milk

Meat

Food products

Food industry

Veg.oil industry
Sugar industry
Flour industry

Fig. 1 Overview of system
boundaries as used in this study.
Modified from Schmidt and
Dalgaard (2012a)

Table 3 Average carbon footprint of organic dairying in six European countries per 1 kg ECM

European average Dairy cows
[kg CO2-eq]

Raising heifers and
bulls [kg CO2-eq]

Crop cultivation
[kg CO2-eq]

Total [kg CO2-eq]

Direct emissions

CH4 enteric fermentation 0.43 0.16

CH4 manure handling and storage 0.07 0.02

N2O 0.03 0.01 0.25

Sum of direct emissions 0.53 0.19 0.25 0.97

Emissions outside animal activities

Feed inputs 0.0003

Imported feed inputs 0.035

Manure land application 0.002

Purchased manure and live animals 0.056

Fuels 0.061

Electricity 0.066

Transport 0.005

Destruction of fallen cattle 0.0000

Farm, capital goods and services 0.123

Sum of emissions outside animal activities 0.35

Total 1.32

Six European countries involved are Austria, Belgium, Denmark, Finland, Italy and United Kingdom

Direct emissions include CH4 andN2O from animals, their manure and field emissions. Emissions outside animal activities include upstream
emissions from feed production, purchased fertilisers, fuels and combustion, electricity and buildings, etc. nfarms = 34
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conditioning. The calculation model uses the milk yield,
weight and ages of the cattle to calculate the feed
requirement. Feed requirement is calculated in terms of
energy demand which is set to match input milk yield.
Energy demand is estimated based on expert interviews
for dairy cows and on IPCC (2006) for other cattle.
Emissions from cultivation, manure management, enter-
ic fermentation and methane were calculated according
to IPCC (2006). Using the attributional approach,

emissions were economically allocated between milk,
beef and manure according to its energy and nutrient
content (Schmidt and Dalgaard 2012a, b).

Results

Based on real data from six countries and a total of 34
organic dairy farms, the result for the average carbon

Table 4 GHG emissions per country

AT BE DK FI IT UK

Min Max Min Max Min Max Min Max Min Max Min Max

Emissions as kg CO2 equivalents per kg ECM by country

Total 1.12 1.94 1.00 1.33 0.99 1.47 1.14 1.70 1.02 1.51 1.16 1.70

Direct emissions from housing, storage and field

CH4 enteric fermentation 0.56 0.94 0.45 0.60 0.51 0.74 0.47 0.60 0.49 0.70 0.56 0.76

CH4 manure handling and storage 0.06 0.13 0.07 0.10 0.04 0.11 0.08 0.15 0.06 0.16 0.05 0.13

N2O 0.24 0.47 0.23 0.27 0.14 0.38 0.23 0.33 0.21 0.41 0.26 0.42

Emissions outside animal activities

Imported feed and inputs 0.00 0.05 0.04 0.07 0.00 0.12 0.00 0.09 0.02 0.06 0.01 0.06

Fuels and combustion 0.057 0.047 0.043 0.051 0.019 0.067 0.034 0.047 0.038 0.07 0.051 0.078

Electricity 0.03 0.14 0.03 0.09 0.02 0.08 0.04 0.14 0.04 0.06 0.00 0.08

Othera 0.04 0.32 0.01 0.06 0.03 0.15 0.09 0.32 0.03 0.15 0.00 0.07

Lowest (min) and highest (max) contributors presented
a Transport, farm capital goods and services, manure land application and destruction of fallen cattle
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footprint for 1 kg of energy-corrected organic milk was
1.32 kg CO2 equivalents per kilogramme of ECM with
standard deviation of 0.22. Emissions are divided be-
tween the processes including direct emissions from
animals, manure and cultivation and emissions outside
animal activities, including feed inputs, fuels, electricity,
transport and farm capital goods and services. Results
are presented in Table 3. The distribution of GHG
emissions of lowest and highest contributors per country
to total average GHG is presented in Table 4. Total
carbon footprint is ranging from 0.99 to 1.94 kg CO2

equivalents per kilogramme of ECM. Average GHG
emissions by country with standard deviations (SD)
are presented in Fig. 2.

Of the total average GHG emissions, from the largest
contributor, enteric fermentation by dairy cows

contributes 33 % and by raising cattle contributes
12%. N2O emissions from housing and crop cultivation
account for 22 %, farm capital goods account for 9 %
and manure management is 6 % of the total emissions.
Electricity and fuels are both contributing 5 %, pur-
chased manure and live animals 4 % and imported feeds
contribute 3 % of total GHG emissions. Taken together,
the above factors contribute 99 % of all included GHG
emissions, the remaining 1 % resulting from transport
and manure treatment. Of these, the main contributor is
enteric fermentation, which accounts for nearly half of
all GHG emissions in total.

Of these, the main single activity as contributor is
enteric fermentation, which accounts for one third of all
GHG emissions in total. Carbon footprints plotted
against different farm attributes are presented in Fig. 3.
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Discussion

The current study reveals variations in GHG emissions
between dairy-producing farms and between countries.
Total GHG emissions varied from 0.99 to 1.94 kg CO2

equivalents per ECM, with mean at 1.32 and standard
deviation of 0.22. This result is consistent with recent
previous studies, from the perspective of the overall
carbon footprint. With ECM or kilogramme milk as a
functional unit, previous studies have shown a wide
variation of results ranging from average of 1.5 kg
CO2 equivalents per FU in both Thomassen et al.
(2008) and Casey and Holden (2005), 1.27 in
Kristensen et al. (2011) and 1.13 in Flysjö et al.
(2012), althoughmethodological and regional variations
make a direct comparison difficult.

Here, the enteric fermentation was the largest contrib-
utor to the total carbon footprint. Calculation of methane
emissions from enteric fermentation depend on assumed
gross energy intake (IPCC 2006). Therefore, GHG emis-
sions from enteric fermentation of farms with less energy
intake compared to corresponding milk yield are lower.
When emissions were viewed against different input
attributes, some correlation could be seenwith milk yield
as ECM and lower GHG emissions (Fig. 3.). Although
the sample size is small, large variation in milk yields can
be seen. Other attributes are not showing clear correla-
tion, but effects of replacement ratio and pasture use
should be investigated further.

Nutritional and genetic attributes should be further
studied in order to findmitigation potentials of the lower
milk-yielding farms. In the mitigation of GHG emis-
sions from organic dairy sector, feed quality and the
nutrient efficiency play a large role. Feed digestibility
could be improved, even if it is already considered high
in Western Europe, at 77 %, compared to the global
average of 60 % (Gerber et al. 2013).

In mitigating N2O emissions, large impact is in
manure/fertiliser and land use efficiency. Housing and
manure management could also be further developed in
a sustainable direction. Adoption of better manure ap-
plication techniques and increased use ofmethane gas as
biogas would also be of assistance (Weiske et al. 2006;
Belflower et al. 2012).

Besides farm activities, the method for calculating the
carbon footprint could be improved; this calculation does
not yet take account of carbon sequestration—doing so
would change the results to the benefit of farms using
more grass-based permanent pastures (Yan et al. 2013).

Adding carbon sequestration to these calculations would
provide a more complete picture of GHG emissions from
organic dairy farms. Freibauer et al. (2004) have shown
that EU has large potential in agricultural soil carbon
sequestration. They point out practices for carbon se-
questration, one being organic farming. Generally, grass-
lands are assumed as carbon sinks and croplands are
releasing carbon. From a dairy production point of
view, Mogensen et al. (2014) have introduced a method
for calculating carbon sequestration of cattle feeds that
could be integrated into these calculations.

Agriculture being a large contributor to GHG emis-
sions and cattle farming being the largest agricultural
source, mitigation strategies are needed as demand for
cattle-based products are constantly growing with
expanding population. Gerber et al. (2013) estimated
the mitigation potential of the dairy sector in Western
Europe to be 11–14 %. Previous studies have shown
enteric fermentation in cattle farming to have a large
impact on GHG emissions. Variations in the tactical
management of farms can be viewed as leading to
variances in emissions (Henriksson et al. 2011).

Dairy farming is the largest agricultural contributor to
GHG emissions in Europe, and organic milk production
is responsible for its proportional share. Thus, also for
organic milk production, mitigation strategies need to be
adapted. It is important that suchmitigation strategies do
take into account the other important features of organic
dairy production like impact on biodiversity and on
changes in soil carbon sequestration. Although enteric
fermentation is the largest contributor to GHG emis-
sions, development of more sustainable practises should
therefore not only be in feed design but also in overall
tactical management on farms. Organic dairy farming
can lead by example in this.
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