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We can’t change the past, but the future is in our hands. 
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Cover photo 1 (cows) and 2 (truck) from Arla Foods photo archive, and 

cover photo 3 (boy) Irene Lind. 
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Summary 

The demand for milk and dairy products is expected to double by the middle of the century due 

to population growth and change in consumption patterns. In the same period, large emission 

cuts of global greenhouse gases (GHG) are required in order to meet the target of keeping the 

temperature rise due to global warming to a maximum 2°C. The dairy sector therefore faces 

significant challenges. When analysing how to mitigate climate change most efficiently, a life 

cycle thinking is required. Life cycle assessment (LCA) is a unique tool to assess the 

environmental impact of a product ‘from cradle to grave’. An LCA that is limited to only 

address the contribution to global warming, is typically referred to as a carbon footprint (CF) 

analysis. The CF of dairy products comprises methane (CH4), nitrous oxide (N2O), and carbon 

dioxide (CO2), and the largest share of the GHG emissions occurs before farm gate. Assessing 

the CF of products has gained a lot of attention in recent years and numerous figures have 

emerged and been presented in various contexts – e.g. as CF labelling in UK supermarkets. 

However, comparing CF results from different studies can, in general, be questionable, as it 

can be difficult to determine whether a difference in the CF of two products is caused by ‘real’ 

differences in impacts or simply discrepancies in CF methodology. Hence, more knowledge is 

needed regarding the methodological challenges and their impact on the CF, not least for foods 

including milk and dairy products.  

The present PhD project has focused on some of the most critical methodological aspects 

influencing GHG emission estimates of milk and dairy products and how the methodology can 

be improved. In addition, the CF for different types of dairy products has been analysed. Based 

on these results, mitigation options have been identified along the entire dairy value chain.  

The key methodological challenges analysed in the present study are: estimation of CH4 and 

N2O emissions, assessment of CO2 emissions from land use change (LUC), co-product 

handling, and definition of the functional unit. Estimates of the biogenic emissions CH4 and 

N2O are associated with large uncertainties due to the complexity and natural variation in 

biological processes. Accounting for these variations resulted in a ±30-50% variation in the CF 

for milk in Sweden and New Zealand (excluding emissions from LUC). The inclusion of 

emissions from LUC can drastically affect the CF of dairy products, and different models can 

even provide contradictory results. Thus, it is suggested that emissions associated with LUC 

are reported separately and that underlying assumptions are clearly explained. Accounting for 

the by-product beef is decisive for the CF of milk, and when designing future strategies for the 

dairy sector, milk and meat production needs to be addressed in an integrated approach. It is 

shown that an increase in milk yield per cow does not necessarily result in a lower CF of milk, 

when taking into account the alternative production of the by-product beef. This demonstrates 

that it is important to investigate interactions between different product chains, i.e. to apply 

system thinking.  
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The CF of dairy products from Arla Foods analysed in the present study range from: 1.2-5.5 kg 

CO2e per kg fresh dairy products, 7.3-10.9 kg CO2e per kg butter and butter blends, 4.5-9.9 kg 

CO2e per kg cheese, and 1.0-17.4 kg CO2e per kg milk powder and whey based products 

(excluding emissions from LUC). The large variation in the product group ‘milk powder and 

whey based products’ is a consequence of the  allocation model for raw milk, where lactose is 

assumed to have no value and protein is valued at 1.4 times that of fat. Products with a high 

lactose content then result in a low CF, while products with a high protein content get a high 

CF. Hence, the choice of method for co-product handling is fundamental for the CF of dairy 

products. In addition, it is critical to define the functional unit − more specifically, to account 

for nutritional values or to differentiate between what is ‘produced’ and what is actually 

‘consumed’, as there can be differences in product losses at consumer level between different 

products. 

Finally, small improvements at farm level can result in relatively large reductions in the CF of 

dairy products (compared to other life cycle stages), since emissions before farm gate are the 

largest source of the GHG. The large emissions related to raw milk from the farm also 

emphasizes the importance of reducing product losses throughout the entire value chain – 

from cow to consumer. 
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Sammenfatning 

Efterspørgslen på mælk og andre mejeriprodukter forventes at fordobles frem til midten af 

dette århundrede, som følge af stigende befolkningstal samt ændrede forbrugsmønstre. 

Samtidig er det nødvendigt med store reduktioner i udledning af drivhusgasser, hvis vi skal nå 

målet om at begrænse temperaturstigning forårsaget af global opvarmning til maksimum 2°C. 

Mejerisektoren står derfor med  nogle store udfordringer. Men for at kunne analysere hvordan 

bidraget til klimaforandringer for mejeriprodukter kan mindskes er det nødvendigt at anvende 

livscyklustankegangen. Livscyklusvurdering (LCA) er et værktøj til at vurdere 

miljøbelastningen af et produkt ’fra vugge til grav’. Hvis livscyklusvurderingen alene fokuserer 

på  bidraget til drivhuseffekten, benævnes det ofte som en carbon footprint (CF) analyse. For 

mejeriprodukter stammer størstedelen af bidraget til CF fra metan (CH4), lattergas (N2O), og 

kuldioxid (CO2), og størstedelen af disse drivhusgasser bliver udledt i forbindelse med 

produktionen på malkekvægsbedriften . CF analyser har fået øget opmærksomhed indenfor de 

seneste år og forskellige tal er blevet præsenteret i forskellige sammenhænge – eksempelvis via 

CF mærkning af udvalgte produkter i engelske supermarkeder. Sammenligning af CF 

resultater fra forskellige studier er dog generelt vanskelig,  fordi forskellen i CF på to produkter 

kan skyldes reelle forskelle i miljøbelastningen, men også forskellige i metodevalg. Det er 

derfor vigtigt med øget viden omkring de metodiske udfordringer, og hvordan disse påvirker 

CF resultaterne, ikke mindst indenfor levnedsmidler, herunder mælk og mejeriprodukter. 

Nærværende PhD afhandling fokuserer på centrale metodiske problemstillinger, der påvirker 

estimaterne for udledning af  drivhusgasser ved produktion  af mælk og mejeriprodukter, og på 

hvordan metoderne kan blive forbedret. Udover dette analyseres CF for forskellige typer af 

mejeriprodukter. På grundlag heraf diskuteres muligheden for reduktion af CF  i hele 

værdikæden for mejeriprodukter.  

De største metodiske udfordringer som er analyseret i nærværende afhandling inkluderer: 

beregning af CH4 and N2O emissioner, estimering af CO2 emissioner fra ændret areal 

anvendelse, allokering af drivhusgasudledning ved samproduktion af forskellige produkter og 

definition af den funktionelle enhed. Vurdering af emissioner af biogent CH4 og N2O er 

omfattet af store usikkerheder på grund af kompleksiteten og naturlige variationer i de 

biologiske processer. Når der tages højde for disse variationer resulterer det i en variation på 

±30-50% for CF for mælk i Sverige og New Zealand (eksklusiv emissioner fra ændret 

arealanvendelse). Inkludering af emissioner fra ændret arealanvendelse kan i særlig grad 

påvirke CF for mejeriprodukter, og forskellige modeller kan endda give modstridende 

resultater. Det foreslås derfor, at emissioner relateret til ændret arealanvendelse rapporteres 

separat, og at underliggende antagelser forklares tydeligt.  Det er vigtigt at tage hensyn til bi-

produkterne i form af oksekød i beregningerne af CF for mælk, og i forbindelse med udvikling 

af strategier for mejerisektoren, er det centralt at mælke- og kødproduktionen analyseres 

integreret. Nærværende studie har vist at en øget mælkeydelse per ko ikke nødvendigvis 

resulterer i et lavere CF, når den alternative produktion af bi-produktet ’kød’ tages med i 

betragtning. Dette viser at det er vigtigt at analysere sammenhængen mellem forskellige 

produktkæder og at anvende systemisk tænkning. 
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CF for mejeriprodukter fra Arla Foods som er analyseret i dette studie var: 1,2-5,5 kg CO2e per 

kg friske mejeriprodukter, 7,3-10,9 kg CO2e per kg smør og blandingsprodukter, 4,5-9,9 kg 

CO2e per kg ost, og 1,0-17,4 kg CO2e per kg mælkepulver og vallebaserede produkter (eksklusiv 

emissioner fra ændret arealanvendelse). Den store variation indenfor produktgruppen 

’mælkepulver og vallebaserede produkter’ er et resultat af allokeringsmodellen for råmælk, 

hvor det antages at laktose ikke har nogen værdi og hvor protein er vægtet 1,4 gange mere end 

mælkefedt. Produkter med et højt laktose indhold giver derfor et relativt lavt CF, mens 

produkter med et højt proteinhold tilskrives et højt CF. Det fremgår således tydeligt, at 

allokeringsmetoden er afgørende for CF resultatet for mejeriprodukter. Endnu et centralt 

aspekt er definitionen af den funktionelle enhed – hvor det er centralt i hvilken grad der tages 

hensyn til næringsværdien, samtidig med at det er vigtigt at differentiere mellem ’produceret’ 

og ’konsumeret’, idet forskellige produkter kan være forbundet med forskellige tab i 

konsumentleddet. 

Afslutningsvis er det væsentligt at fremhæve, at små forbedringer på bedriftsniveau kan 

resultere i relativt store reduktioner i CF af mejeriprodukterne (sammenlignet med tiltag i 

andre stadier i livscyklussen), da emissionerne til og med gården repræsenterer den største del 

af bidraget til global opvarmning for mejeriprodukter. De store emissioner på 

malkekvægsbedriften  betyder også, at det er centralt at minimere produktspildet i hele 

værdikæden – fra ko til konsument. 
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Sammanfattning 

Efterfrågan på mjölk och mejeriprodukter förväntas att fördubblas till mitten av detta 

århundrade på grund av befolkningsökning och förändrade konsumtionsmönster. Under 

samma period måste även utsläppen av växthusgaser minskas drastiskt för att kunna nå 

klimatmålet på en maximal temperaturhöjning på 2°C. Mejerisektorn står därmed inför stora 

utmaningar. För att kunna analysera hur bidraget till klimatförändringen kan minskas mest 

effektivt behövs ett livscykeltänkande. Livscykelanalys (LCA) är ett unikt verktyg för att 

värdera miljöbelastningen av en produkt ‘från vaggan till graven’. Att använda LCA, men 

enbart fokusera på bidrag till växthuseffekten, benämns ofta som carbon footprint (CF) analys. 

CF av mejeriprodukter utgörs till största del av metan (CH4), lustgas (N2O) och koldioxid 

(CO2), och största andelen av dessa utsläpp av växthusgaser sker innan gårdsgrind. Att 

analysera en produkts CF har uppmärksammats mycket de senaste åren och flera tal har 

beräknats och figurerat i olika sammanhang – till exempel som CF märkning i engelska 

stormarknader. Att jämföra CF resultat från olika studier kan generellt vara vanskligt, eftersom 

skillnaden mellan CF för två produkter kan bero på verkliga skillnader i miljöbelastning, men 

också på skillnader i metodval. Det är därför viktigt med ytterligare kunskap kring 

metodmässiga svårigheter och utmaningar och hur dessa påverkar CF resultat, inte minst för 

livsmedel inklusive mjölk och mejeriprodukter. 

Den här PhD avhandlingen har fokuserat på några av de mest kritiska metodsvårigheter som 

påverkar beräkningar av växthusgasutsläpp i samband med produktion av mjölk och 

mejeriprodukter, samt hur metoden kan förbättras. Ytterligare har även CF för olika typer av 

mejeriprodukter analyserats. Baserat på dessa resultat har åtgärder identifierats längs hela 

värdekedjan. 

De största metodsvårigheterna som identifierats i den här studien är: beräkningar av CH4 och 

N2O emissioner, uppskattning av CO2 från förändrad markanvändning, hantering av 

biprodukter och definition av funktionell enhet. Estimat av de biogena emissionerna CH4 och 

N2O inkluderar stora variationer i och med den komplexitet och naturliga variationer som 

förekommer i biologiska processer. När dessa variationer inkluderas i beräkningarna 

resulterar det i en  ±30-50% variation i CF för mjölk i Sverige och Nya Zeeland (exklusive 

emissioner från förändrad markanvändning). Att inkludera emissioner från förändrad 

markanvändning kan drastiskt förändra CF för mejeriprodukter, och i vissa fall kan även olika 

metoder resultera i motsägelsefulla resultat. Det föreslås därför att emissioner relaterade till 

förändrad markanvändning rapporteras separat och att underliggande antagande förklaras 

tydligt. Att ta hänsyn till biprodukten nötkött är avgörande för CF beräkningar av mjölk, och 

när framtida strategier för mejerisektorn designas måste mjölk och köttproduktion analyseras 

integrerat. I denna studie visas att det inte är nödvändigt att en ökad mjölkavkastning per ko 

medför ett lägre CF för mjölk, när även den alternativa produktionen av biprodukten nötkött 

tas i beaktande. Detta demonstrerar att det är viktigt att analysera interageranden mellan olika 

produktkedjor, det vill säga att använda ett system tänkande. 
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CF resultaten för de mejeriprodukter från Arla Foods som analyseras i studien är: 1,2-5,5 kg 

CO2e per kg färskvaror, 7,3-10,9 kg CO2e per kg smör och matfett, 4,5-9,9 kg CO2e per kg ost, 

och 1,0-17,4 kg CO2e per kg mjölkpulver och vasslebaserade produkter (exklusive emissioner 

från förändrad markanvändning). Den stora variationen inom produktgruppen ’mjölkpulver 

och vasslebaserade produkter’ beror på allokeringsmodellen för råmjölk, där laktos inte antas 

ha något värde medan protein värderas 1,4 gånger högre än fett. Produkter med ett högt 

laktosinnehåll får därmed ett relativt lågt CF medan produkter med ett högt proteininnehåll 

får ett högt CF. Det framgår tydligt att allokeringsmetoden är avgörande för CF resultatet för 

mejeriprodukter. Ytterligare en aspekt som är viktig att definiera är den funktionella enheten – 

till exempel att ta hänsyn till nutritionsvärde eller att differentiera mellan vad som är 

’producerat’ och vad som är ’konsumerat’, eftersom det i konsumentledet kan vara skillnad i 

produktspill mellan olika typer av produkter. 

Slutligen, små förbättringar på gårdsnivå kan resultera i relativt stora minskningar av CF för 

mejeriprodukter (jämfört med de andra stegen i livscykeln), eftersom emissionerna innan 

gårdsgrind utgör den största andelen av växthusgaserna. De relativt stora utsläppen i samband 

med råmjölks produktion på gården medför också att det är viktigt att minimera produktspill i 

hela värdekedjan – från ko till konsument. 
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Preface 

Arla Foods is a co-operative owned by Swedish, Danish and − since 2010 − also German 

farmers. The dairy company has a long history; in 1881 a dairy co-operative named Arla was 

established in Sweden, and at the same time (1882) the first dairy co-operative was also 

established in Denmark. In 1970 the Danish dairy company MD (Mejeriselskabet Danmark) 

was founded, which later became MD Foods. The two companies – Arla and MD foods – 

merged in 2000 and the dairy co-operative Arla Foods was founded. The name ‘Arla’ is 

Swedish and means ‘early’.  

Arla Foods is today the seventh largest dairy company in the world. It has production primarily 

in northern Europe. The largest markets are the UK followed by Sweden, Denmark, Germany, 

the Netherlands and Finland. Arla Foods is also the world’s largest producer of organic dairy 

products. 

Arla Foods has for many years been committed to reducing its environmental impact, and in 

recent years mitigating their contribution to global warming has been high on the agenda. In 

2008 Arla Foods launched their climate strategy with the goal of reducing greenhouse gas 

emissions by 25% by the year 2020 compared to 2005 within the areas operation, transport 

and packaging and with ‘as much as possible’ at farm level. Last year, in 2011, the new 

environmental strategy was launched with focus on the entire value chain, ‘from cow to 

consumer’. In the new environmental strategy the farm is in focus and in the next few years a 

sustainable dairy farming standard will be developed, which will be implemented at all farms 

delivering milk to Arla Foods. 

The present PhD project has been part of the investment of Arla Foods in promoting a more 

sustainable dairy sector, and it is my hope that the result of my work will help raise the level of 

knowledge and give a better understanding of the environmental impact from dairy production 

and support a more sustainable dairy production – ‘from cow to consumer’.  

The PhD project was initiated by Arla Foods and Aarhus University with funding from the 

Danish Agency for Science, Technology and Innovation (Copenhagen, Denmark). 
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1  Introduction 

Dairy farming has been part of agriculture for thousands of years. About 6000 years ago cows 

were in Europe primarily used for draught power and for the breeding of new draught animals 

to the farm.  It was not before the Indo-European nomads from the East introduced the 

tradition of drinking fresh milk that the primary purpose of cows became milk production. In 

the 18th century milk started to become a popular drink in Europe. European dairy farms have 

evolved from small and diverse farming systems to more specialised enterprises where the 

average herd size is now 50-100 cows (IDF, 2011). There is, however, a large variation between 

regions and globally the average dairy herd numbers 2.4 cows (Hemme and Otte, 2010).  

During the past half century (1961-2009) global milk production has increased by 86% (Table 

1) (FAOstat, 2011a,b). Both the number of dairy cows and the milk yield per cow have 

increased (by 42% and 31%, respectively). Production growth has been lower in Europe (10%) 

and North America (44%) than in other parts of the world. This moderate production growth 

in Europe and North America  is a result of a significantly higher milk yield per cow (130% and 

186%, respectively) but from a reduced number of dairy cows. In Asia milk production 

increased by more than 600%, a result of both a larger number of animals and higher milk 

yields. In Africa, milk yield has been almost constant during the last half century at less than 

500 kg milk per cow per year, and the increase (270%) has almost solely been due to a larger 

animal stock. Latin America has more than quadrupled its milk production, mainly through an 

increased number of animals, but also through a higher milk yield per cow (72%). Oceania has 

more than doubled its milk production, primarily due to an increased milk yield per cow 

(74%), but also to a slight increase in the number of animals. For further details on 

developments in number of animals, milk production and yield see Appendix 1.  

 

Table 1. Number of dairy cows, milk production and milk yield per cow for different regions for 
1961 and 2009, and the increase in percent between the years (FAOstat, 2011a,b). 

 
Number of dairy cows 

(million) 
Milk production 
(million tonnes) 

Milk yield 
(tonnes per cow) 

Year: 1961 2009 increase     1961 2009 increase     1961 2009 increase 

Africa 17 60 255%     8 29 270%     0.5 0.5 4% 

Asia 34 94 173%     21 151 613%     0.6 1.6 161% 

Europe  83 40 -52%     190 208 10%     2.3 5.2 130% 

North America 20 10 -50%     65 94 44%     3.2 9.2 186% 

Oceania 5 6 24%     12 25 116%     2.3 3.9 74% 

Latin America 17 42 145%     18 77 322%     1.1 1.8 72% 

WORLD 177 253 42%     314 583 86%     1.8 2.3 31% 
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The dairy sector does not only deliver milk, but also beef (from slaughtered dairy cows and 

reared surplus calves) and 57% (34 million tonnes carcass weight) of total beef supply, or 13% 

of total meat, originates from the dairy sector (Gerber et al., 2010). Animal products are a 

significant part of our diet. Globally, an average of 28% of protein intake comes from livestock 

(FAO, 2009). In developed countries about half of the protein intake is from livestock 

products, while in developing countries the figure is 23% (FAO, 2009). Dairy products alone 

supply on a global average 10% of our total protein intake and 6% of our total energy intake. In 

Europe dairy products represent 19% of total protein intake and 11% of total energy intake 

(FAOstat, 2010), which is also in line with nutritional recommendations (19% of protein intake 

and 9% of total energy intake from dairy products) (National Food Agency in Sweden, 

www.slv.se). Milk is also a source of many valuable nutrients and contains 181 of 22 important 

vitamins and minerals needed daily (Swedish Dairy Association, www.svenskmjolk.se).  

1.1 Greenhouse gases and dairy production 

Climate change is one of the greatest concerns facing our society (Steffen et al., 2007). During 

recent years, the livestock sector has been revealed as one of the main contributors to climate 

change, representing 18% of anthropogenic greenhouse gas (GHG) emissions (Steinfeld et al., 

2006). This number has further been disaggregated, showing that the dairy sector2 (including 

meat by-products) is responsible for 4.0% of global emissions (Gerber et al., 2010a). If 

emissions are divided between dairy products and by-products (i.e. beef), dairy products 

represent 2.7% of global GHG emissions (Gerber et al., 2010a). GHG emissions associated with 

agricultural products, especially animal products, differ from those of other sectors (e.g. 

transport or energy). For most sectors fossil carbon dioxide (CO2) dominates GHG emissions, 

while in agriculture methane (CH4) and nitrous oxide (N2O) are the most important 

contributors. In addition, biogenic CO2 from land use change (LUC) contributes significantly in 

agriculture.  

Figure 1 shows GHG emissions for the different sectors. In this schematic representation the 

agricultural share is only 13.5%, but this is because diesel consumption by tractors (reported 

under energy supply), transportation of feed (reported under transport) and production of 

fertilisers (reported under industry) are not included in agricultural emissions. Moreover, 

emissions from LUC are reported under forestry. If all these contributions were included, the 

agricultural sector would actually be accountable for about one third of global anthropogenic 

GHG emissions. Hence, as described in Foley et al. (2011), it is more likely that agriculture is 

responsible for 30-35% of the global GHG emissions. 

 

                                                           
1 Protein, carbohydrates, fat, calcium, vitamin D, vitamin A, vitamin B6, vitamin B12, iodine, folate, phosphorus,  
potassium, magnesium, niacin, riboflavin, thiamine, zinc and selenium. 
2 All dairy products produced from cow’s milk and all beef from slaughtered dairy cows and reared surplus calves, which 
together represent 57% of global beef production or 13% of all meat production. 
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Figure 1. Greenhouse gas emissions per sector in 2004 (Barker et al., 2007). 
 
The largest environmental burden for animal food products is created at the primary 

production stage. For dairy products in industrialised countries about 80% of GHG emissions 

occur before the farm gate (Gerber et al., 2010a). As a global average, the GHG emissions 

amount to 2.4 kg carbon dioxide equivalent (CO2e) per kg milk at farm gate (including 

emissions for transport and processing) (Gerber et al., 2010a). There is a significant variation 

between regions; from approximately 1.5 kg CO2e per kg milk in Europe, North America and 

Oceania to 7.5 kg CO2e per kg milk in Sub-Saharan Africa. In Northern Africa, Asia and Central 

and South America the emissions are between roughly 2 and 5 kg CO2e per kg milk (see Figure 

2). In the industrialised world milk production is characterised by a more specialised 

production, while in the developing world dairy cattle is more multifunctional (e.g. cows are 

used as draught power). The very high carbon footprint (CF) of milk in Sub-Saharan Africa is 

due to a particularly low milk yield (less than 500 kg per cow and year) and a high age of cows 

when having their first calf. 

 

Figure 2. Carbon footprint (from cradle to retail) per kg fat and protein corrected milk (FPCM) at 

farm gate, average in main regions in the world (Figure 4.1 in Gerber et al., 2010a). 
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1.2  Future trends and challenges 

Besides animal products, including dairy products, being associated with relatively large GHG 

emissions, another main challenge is the expected increase in global demand for animal 

products. This demand is predicted to double by 2050 relative to a year 2000 baseline (FAO, 

2006). The forecasted growth illustrated in Figure 3 is partly explained by the growing human 

population, which is estimated to reach nine billion by mid-century. Another driver is the 

expected change towards more animal protein in the diet driven by higher affluence levels – 

especially in emerging economies such as China. The global average per capita consumption of 

dairy products (excluding butter) was about 76 kg fresh milk equivalents in 2000, and the 

consumption in developed countries was almost five times higher compared to developing 

countries at 214 and 45 kg fresh milk equivalents per person and year, respectively (FAO, 

2006). By 2050 the global per capita annual intake of dairy products (excluding butter) is 

estimated to have reached 100 kg fresh milk equivalents. For developing countries, the 

prognosis suggest a 70% growth in milk consumption in this period to 78 kg fresh milk 

equivalents, while a more modest increase from 214 to 227 kg fresh milk equivalents is 

expected for developed countries (Figure 3). 

 

 
Figure 3. Increase in total milk and dairy consumption (excluding butter) – globally and for 
developed and developing countries separately (FAO, 2006). Please note the uneven time 
sequence on the x-axis! Transition countries are not shown, why the sum of ‘developed’ and 
‘developing’ countries does not add up to ‘world’ total. 
 

Meeting the expected increase in food demand, especially for animal products, is a large 

challenge. More food can be made available through increased production (either by expansion 

or intensification), shift in diets or a more efficient use of foods by a reduction in food waste in 

all stages of the life cycle. Land is a limited resource, which is already under pressure. The 

competition for land used for production of food for direct human consumption, feed for 

0

200

400

600

800

1000

1970 2000 2015 2030 2050

M
il

k 
an

d
 d

ai
ry

 c
o

n
su

m
p

ti
o

n
(M

to
n

n
e

s 
fr

e
sh

 m
il

k 
e

q
.)

 

World

Developed

Developing

M
ilk

 a
n

d
 d

ai
ry

 c
o

n
su

m
p

ti
o

n
(m

ill
io

n
 t

o
n

n
es

  f
re

sh
 m

ilk
-e

q
.)



 
21 

 

animals, fuel for energy and transportation, fibres for fabric as well as conservation of forests 

(e.g. rainforests) is likely to increase in the future. About 38% of the Earth’s terrestrial surface 

is under agricultural production, of which one third is used for crop production and the 

remaining for pasture (Foley et al., 2011). These areas comprise the land most suited for 

agriculture, and additional expansion therefore has limited possibilities unless it is at the 

expense of native ecosystems (e.g. rainforests). Intensifying production per unit area is another 

possibility. It is, however, important to consider the environmental impacts of intensification. 

Agriculture is today one of the main reasons why three planetary boundaries (climate change, 

biodiversity loss and changes in the global nitrogen cycle) have already been transgressed 

(Rockströmer et al., 2009). It is therefore imperative that the food production becomes more 

sustainable when meeting the future demand, and that available land is used as efficiently as 

possible. A change towards less animal-dependent diets is one of the solutions often suggested. 

Animal products generally have a higher environmental burden per kg product compared to 

vegetable products (Mogensen et al., 2009; Sonesson et al., 2010), but when analysing diets it 

is crucial to account for the nutritional value and not solely focus on impacts per kg product. A 

recent study that compared the CF of different beverages shows that milk has a relatively low 

CF when the nutritional value is taken into account (Smedman et al., 2010). Another aspect 

that has become prominent in the debate during the last years is food waste. According to a 

study published by FAO, about one third of all edible food products goes to waste (Gustavsson 

et al., 2011). Limiting the impacts of production is therefore only part of the solution – and it 

just as important to address the demand by reducing food waste, overconsumption, etc.   

In order to meet the future challenges for a sustainable food sector, all of the above-mentioned 

aspects are crucial. It is necessary to analyse the full life cycle of a product – from cradle to 

grave – to address food waste and to find solutions for how to increase efficiency. It is also 

fundamental to apply ‘systems thinking’ to efficiently capture the dynamics between e.g. the 

milk and meat system to avoid sub-optimisation. Robust assessment tools are essential to 

conduct thorough studies of food systems. Considering the vital role of the dairy sector in the 

global food system, it is critical to develop more reliable environmental assessment methods 

and to investigate the potentials (and limitations) of different mitigation measures. 

1.3  Life cycle assessment methodology 

The method used in the present study is life cycle assessment (LCA). LCA is a well-established 

method to assess the environmental impact of products and the method is standardised 

according to ISO 14040 and 14044 (ISO 2006a, b). The strength of LCA is that it quantifies the 

environmental burden for the entire life cycle of a product ‘from cradle to gate/grave’, i.e. it 

includes all life cycle stages (and related activities) such as extraction of raw materials, 

production, transportation, usage and waste management. All related inputs (materials, 

energy, chemicals) and outputs (emissions to air, water and soil, waste and waste water) are 

included, and the associated flows to and from the environment are classified in environmental 

impact categories (e.g. global warming potential, eutrophication potential, acidification 

potential, depletion of non renewable resources). When calculating the carbon footprint (CF) 

of a product, the principles of LCA are used, but the focus is on the one impact category: 

contribution to global warming.  
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LCA is a suitable tool for scenario analysis when assessing what environmental reductions 

various improvements will result in. One of the advantages of LCA is to identify where in the 

life cycle the main environmental burden occurs, i.e. identification of ‘hot spots’. In this way it 

is possible to analyse where the largest reductions can be achieved. A life cycle thinking is 

critical when analysing different improvements to avoid sub-optimisation, as improvements in 

one part of the system can affect other parts of the system. This perspective avoids shifting 

potential environmental burdens between life cycle stages or different activities and ensures 

that the net emissions in the total system do not increase. 

The different phases of LCA are shown in Figure 4. In the first phase, goal and scope 

definition, the purpose of the study is described, as well as the functional unit3 (FU), system 

boundaries, method for co-product handling, data and data quality requirements. Co-product 

handling is typically performed using either system expansion or allocation. System expansion 

is a method for avoiding allocation by expanding the system boundaries to include the 

additional functions related to the co-products. Allocation means splitting the environmental 

burden between co-products based on, for instance, their economic value. In the second phase, 

inventory analysis, data is collected and calculations take place, i.e. emissions are 

quantified per functional unit. In the third phase, impact assessment, emissions are 

classified (all emissions contributing to e.g. global warming are defined) and multiplied by 

their characterisation factor. In the present study global warming is the only impact category 

analysed. The main emissions contributing to the global warming potential are CO2, CH4 and 

N2O. In order to aggregate these emissions they are converted to the same unit, carbon dioxide 

equivalents (CO2e), using the characterisation factors in a 100-year perspective provided by 

IPCC (Forester et al., 2007), where 1 kg CO2 = 1 kg CO2e, 1 kg CH4 = 25 kg CO2e, and 1 kg N2O 

= 298 kg CO2e. The final phase, interpretation, is an iterative process that should take place 

during the whole assessment. Aspects that should be included in this phase are identification 

of significant issues based on the results, evaluation of completeness, sensitivity check, 

limitations, conclusions and recommendations. 

 

Figure 4. Framework for life cycle assessment illustrating the different phases defined in ISO 

14040 (ISO, 2006a). 

                                                           
3 Functional unit (FU) is a measure of the performance of a product system to which all inputs and outputs in that 
product system are related. 
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LCA was developed during the 1990s by engineers. Over the last decade two approaches have 

been distinguished: attributional LCA (ALCA) and consequential LCA (CLCA). Which LCA 

approach should be used depends on the goal and scope of the study (Sonnemann et al., 2011; 

Thomassen et al., 2008a). There are clear differences between the two approaches, but in 

many applications the line between them is unclear. In ISO 14040 and 14044 (ISO, 2006a,b) 

no direct distinction is made between different LCA approaches, more than stating that one 

‘assigns elementary flows and potential environmental impacts to a specific product system 

typically as an account of the history of the product’ (ALCA) and one ‘studies the 

environmental consequences of possible (future) changes between alternative product 

systems’ (CLCA) (ISO, 2006a). 

Attributional LCA (ALCA) 
ALCA is also referred to as ‘accounting LCA’ and gives ‘information on what portion of global 

burdens can be associated with a product’ (Sonnemann et al., 2011). When using ALCA it is 

possible to aggregate results (i.e. the sum of emissions from different sectors in a country 

would add up to the total emissions of that country). ALCA tracks the physical flows of a 

system and does not account for impacts related to changes in demand, such as one more unit 

of the product in question requiring more resources or causes more emissions than the average 

product, due to less favourable conditions related to an expansion of the production. Thus, the 

system is made up of all upstream and downstream processes that are physically connected to 

the product investigated. Data used is on actual suppliers or average data (e.g. average 

electricity mix for a country). Allocation is typically used to partition the environmental burden 

between co-products from  multiple output processes. However, in some cases system 

expansion is applied, even though this is often associated with a CLCA approach (e.g. 

incineration of waste with energy recovery substituting fossil energy sources). ALCA should 

typically be applied if a country, for example, wishes to allocate environmental impact to 

different sectors (e.g. energy, transport, food sector). This type of LCA is also useful in order to 

identify ‘hot spots’ and get an understanding of magnitudes of different life cycle stages. It can, 

in most cases, also be used to follow improvements over time. In general ALCA is considered 

easier to comprehend and apply than CLCA.  

Consequential LCA (CLCA) 
CLCA is also referred to as ‘change-oriented LCA’. If ALCA was developed by engineers to track 

physical flows, CLCA would be the approach developed by economists, as it includes market 

considerations. CLCA provides information about environmental impacts that occur, directly 

or indirectly, as a consequence of a decision, usually represented by a change in demand for a 

product (Sonnemann et al., 2011). The system analysed in CLCA ideally involves only  the 

processes actually affected by a decision. Data used in CLCA represents actual suppliers as long 

as these are not constrained. An example of a constraint supplier could be electricity from 

hydro power in a country where all available hydro power resources are fully utilised. In the 

case when suppliers are constraint marginal data is used in CLCA. System expansion is used to 

deal with multi product output by expanding the system boundaries of the studied system to 

include additional functions/processes related to co-products. It may be difficult to determine 

what products are displaced when conducting system expansion, and this choice can have a 
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significant impact on the final result. It is therefore important to be transparent with 

underlying assumptions and to conduct sensitivity analysis on critical parameters. Conducting 

scenario analyses can be somewhat more important in CLCA, since underlying assumptions 

often can have a more drastic impact on the final result compared to ALCA. However, CLCA is 

the only sound approach when analysing future strategies, as it is absolutely crucial to account 

for consequences on affected systems.  

Overview of carbon footprint guidelines 
A number of choices and assumptions have to be made when conducting an LCA or a CF study. 

In order to obtain more comparable results, there has been a need for more detailed 

information and a harmonisation of calculation methods. As a result, several guidelines have 

been developed in recent years on how to assess the carbon footprint of products. The best 

known are: 

 ISO 14067 (draft, but will be published later in 2012) (ISO, 2012), 

 Greenhouse gas Protocol’s Product Life Cycle Accounting and Reporting Standard 

developed by World Resource Institute and World Business Council for Sustainable 

Development (2011), 

 ILCD handbook by the European Commission, Joint Research Institute and Institute 

for Environment and Sustainability (2010), and 

 PAS2050 by British Standard Institute (BSI, 2011).  

In addition, there are also some sector-specific guidelines for the carbon footprinting of milk 

and dairy production: 

 A common carbon footprint approach for dairy – the IDF guide to standard lifecycle 

assessment methodology for the dairy sector, developed by the International Dairy 

Federation (IDF, 2010), 

 Guideline for the carbon footprinting of dairy products (Carbon Trust, 2010), and 

 Product Category Rules (PCR) for processed liquid milk (Swedish Environmental 

Management Council, 2010). 

Table 2 shows a summary of different CF guidelines and some differences in their 

methodological assumptions, which can have significant impact on the CF of dairy products. 

The aspects that are evaluated in Table 2 are: LCA approach, if land use change (LUC) is 

included, co-product handling and how emissions of CH4 and N2O are estimated. In some 

cases guidelines differentiate between direct LUC4 and indirect LUC5, and if this is the case in a 

guideline this is specified in Table 2.  

 

 

 

                                                           
4 Direct LUC – a change in the use of land at the location of production of the product being assessed (BSI, 2011). 
5 Indirect LUC – a change in the use of land elsewhere than the location of production of the product being assessed (BSI, 
2011). 
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Table 2. Summary of different carbon footprint guidelines and differences between some critical 

methodological aspects. 

 LCA approach 
System boundaries: 
land use change 
(LUC) 

Co-product handling 
Data 
(calculating  
CH4 and N2O) 

ISO 14067 
(draft) 

Not directly 
specifieda 

Includes direct LUC if 
significant (indirect 
LUC should be 
considered once an 
internationally 
agreed method 
exists) 

Follows ISO 14044 IPCCb or similar 

GHG protocolc ALCA 
Includes LUC when 
applicable 

System expansion prior to 
allocation (also specific 
guidelines and examples), 
basically follows ISO 
14044 

No specification 

ILCD 
ALCA or CLCA 
depend on 
scope 

Includes LUC 
(indirect LUC should 
be included for 
CLCA) 

System expansion is 
primarily usedd, but in 
some defined cases 
allocation can be applied 

No specification 

PAS2050 ALCA 

Includes direct LUC 
(indirect LUC will be 
considered in future 
versions) 

Follows ISO 14044, but in 
practice  economic 
allocation is frequently 
used 

Highest tier 
approach in 
IPCCb 

IDF (dairy) ALCA Includes direct LUC 
Farm: ‘physical causality’e 
Processing: allocation 
based on milk solidsf 

Minimum tier 2 
in IPCCb 

Carbon Trust 
(dairy) 

ALCA Includes LUC  

Farm: economic 
allocation 
Processing: allocation 
based on milk solidsf 

Highest tier 
approach in 
IPCCb 

PCRg (dairy) Not specified 
LUC shall not be 
considered 

Farm: no allocation (i.e. 
100% allocation to milk) 
Processing: mass 
allocation 

Site specific 
data and/or 
IPCCb 

a
  But it is stressed that the approach should reflect the purpose of the study. However, some argue that ISO proposes 

CLCA as e.g. system expansion is suggested prior to allocation in ISO14044 (ISO, 2006b). 
b
  IPCC Guidelines for National Greenhouse Gas Inventories (IPCC, 2006). 

c
  Product Life Cycle Accounting and Reporting Standard (World Resources Institute and World Business Council for 

Sustainable Development, 2011) 
d
  System expansion is used both in ALCA and CLCA, but average and marginal data respectively is used for 

substitution. 
e
  Based on the energy feed inputs to the system and associated milk and meat production. Whether this can be 

defined as ‘physical causality’ is discussed, and some argue that this is not what ISO 14044 (ISO, 2006b) referrers to as 
‘physical causality’. 
f
  The allocation matrix developed by Feitz et al. (2007) is suggested, providing specific allocation factors for each input 
(e.g. raw milk, electricity, transport) and where raw milk basically is allocated based on milk solids.  
g 
 There are several PCR systems; this one refers to the environment product declaration (EPD) system by the Swedish 

Environmental Management Council (2010). 
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Application of LCA methodology to milk and dairy products 
The guidelines mentioned in Table 2 have been developed in order to harmonise LCA and CF 

calculations and the dairy sector has made great efforts in this work (IDF, 2010; Carbon Trust, 

2010). However, there is still room for interpretation. The challenges are scientific but have 

implications for industry as well as for policy-makers and consumers. Industry needs robust 

methods to find improvement potentials, whereas policy-makers and consumers need robust 

science to base their decision-making on for regulations and food choice.  

Obtaining valid CF numbers for raw milk is a challenge many dairy companies face, especially 

when production takes place in many countries. For example, the dairy company Arla Foods 

has production and raw milk intake in several countries and to calculate the total CF of their 

production specific numbers should ideally be used for the milk in the different countries. Arla 

Foods’ dominant suppliers of raw milk are Denmark, Sweden and UK, which have relatively 

similar production systems. The CF of milk in the three countries is also similar, and have been 

estimated at 1.06 kg CO2e per kg energy corrected milk (ECM) in Denmark (Kristensen et al., 

2011), 0.96-1.08 kg CO2e per kg ECM in Sweden (Cederberg and Flysjö, 2004; Cederberg et al., 

2009) and 1.06 kg CO2e per litre milk in the UK (Williams et al., 2006) using economic 

allocation. It is, however, difficult to know if the impact actually is as similar as it seems, since 

the CF numbers are taken from different studies and there are likely to be differences in 

underlying assumptions and methodology. In general, there are large uncertainties in CF 

estimates (Basset-Mens et al., 2009), as well as large variations between farms (Kristensen et 

al., 2011; Thomassen et al., 2008b).  

From previous research some critical challenges can be identified relating to uncertainties and 

variation in calculation of emissions, choice of system boundaries, co-product handling and 

definition of functional unit. However, all these typically relate to the goal and scope of the 

study: e.g. type of LCA methodology (ALCA or CLCA), estimating emissions (e.g. CH4 and 

N2O), accounting for LUC, data sources (e.g. feed, fertilisers, energy, packaging), co-product 

handling (e.g. system expansion or allocation) and definition of FU (e.g. is the FU defined as 

produced or consumed product). Thus, different challenges might occur depending on the 

purpose of the study. 

Raw milk might be the food item most frequently assessed (Basset-Mens, 2008; de Vries and 

de Boer, 2010; Sevenster and de Jong, 2008), while there are only a limited number of studies 

on processed dairy products  (Berlin, 2002; Høgaas Eide, 2002; van Middelaar, 2011). The 

greater part of GHG emissions for dairy products originates before farm gate (Gerber et al., 

2010a), why the estimate of emissions from raw milk is crucial for the CF of dairy products. 

Most of the emissions from raw milk production are biogenic CH4 and N2O originating from 

the biological processes in the rumen, manure and the soil (Figure 5).  
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Figure 5. Overview of the main greenhouse gas emissions at farm level, including inputs of feed 

and synthetic fertilisers. CH4 from enteric fermentation and manure, direct (dir) and indirect 

(indir) emissions of N2O from manure and soil, N2O from synthetic fertiliser production, and CO2 

from combustion of fossil fuels. 

Estimates of emissions at farm level are associated with a large uncertainty due to the natural 

variability in biological processes (Rypdal and Winiwarter, 2001). However, the impact of the 

uncertainties in CH4 and N2O estimates on the CF of milk has only to some extent been 

assessed (Basset-Mens et al., 2009). Other critical aspects, such as land use change (LUC), are 

typically not included in the CF of milk and dairy products, but is highly relevant as it has 

shown to have decisive impact on the conclusions for other products (Cederberg et al., 2011; 

Serchinger et al., 2008). In addition, how to account for the by-product beef has significant 

impact on the CF of milk and this aspect needs further consideration, especially when 

designing future strategies for the dairy sector (Cederberg and Stadig, 2003; Weidema et al., 

2008; Zehetmeier et al., 2012). 

Besides challenges related to raw milk production, there are some critical aspects to consider 

in the post-farm dairy chain. Co-product handling is, in general, a ‘never-ending discussion’ 

and also has a significant impact on the CF of dairy products (Feitz et al., 2007; Sheane et al., 

2011), which is why it should be a subject for continued investigation. Another important 

aspect is the setting of system boundaries, as many studies focus only on one part of the entire 

dairy life cycle (Figure 6). Industries often only include emissions associated directly with their 

own production or ‘cradle to gate’, while not accounting for downstream impacts. However, 

downstream impacts have been shown to be of importance (Berlin et al., 2008) and more 

research is needed, especially on consumer behaviour and how product losses could be 

minimised. The latter can also be captured in the FU, which is another critical aspect. The FU 

is often too simplistically described and in a need of further methodological development, such 

as including nutritional values of foods (Meissner Schau and Magerholm Fet, 2008; Peacock et 

al., 2011; Smedman et al., 2010).  
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Figure 6. Overview of the system boundaries in the life cycle of dairy products. The shaded areas 

with a solid line illustrate the technosphere, where the darker shaded area shows the core system 

and the lighter shaded area shows the background system. The shaded area with dotted line 

shows greenhouse gas emissions to the environment.  

In conclusion, more knowledge is needed on defining the functional unit, co-product handling 

(both at farm level and at processing level), uncertainties related to emissions estimates of CH4 

and N2O and how biogenic CO2 emissions from LUC as well as carbon sequestration affect the 

CF result. All these aspects are essential in order to obtain more valid CF assessments of dairy 

products. 
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2  Objective and structure of the work 

Reduction of GHG emissions from dairy products is an important step towards a more 

sustainable dairy sector and it is pivotal that reliable assessment methods are developed to 

improve the understanding of current impacts, to measure progress and to evaluate the 

viability of different solutions and strategies. The purpose of the present study was two-

pronged, aiming both at analysing current assessment methods as well as identifying and 

assessing different solutions that can reduce the carbon footprint of dairy products.  

The present PhD dissertation focuses on the following research questions:  

 What are the most critical methodological aspects influencing GHG emission estimates 

of milk and dairy products and how can the methodology be improved? 

 What are the carbon footprint (CF) for different types of dairy products? 

Based on these results mitigation options are identified along the entire dairy chain from cow 

to consumer. The structure of the work is presented in Figure 7. The first four papers focus on 

the primary production, while the two latter address the post-farm dairy chain. The main focus 

in the present thesis is on primary production, as the largest output of GHG emissions occurs 

before the farm gate. In addition, this stage of the life cycle is also associated with the largest 

uncertainties and methodological challenges. The first research question is addressed in all six 

papers and the second in paper V and VI.  

Initially, a model was built to calculate the GHG emissions from two contrasting milk 

production systems (Sweden and New Zealand) and to analyse which parameters had the 

largest impact on emissions (Paper I). In addition, the variation in emissions of CH4 and N2O 

were investigated more thoroughly as these dominate the CF of milk. It was concluded that 

natural variations in biogenic emissions of CH4 and N2O have a significant impact on the CF of 

milk. Hence, even if exact data on inputs (e.g. feed, diesel, fertilisers) are used, there will still 

be an uncertainty in the CF estimate due to natural variations in biogenic emissions.  

As a complement to the first study, the second study investigated variations in GHG emissions 

from raw milk production due to management practices, i.e. how the use of feed, diesel and 

fertilisers affects the CF (Paper II). The paper used the same model as in paper I, analysing a 

large number of Swedish farm data. There was a significant difference in the CF of milk related 

to different farm management practices, which indicates that there is a significant reduction 

potential, if farms with a higher CF can adopt the management practices of the farms with a 

lower CF. 

The two first studies analysed milk including the by-product beef (from slaughtered dairy cows 

and reared surplus calves). How this by-product is accounted for is crucial for the CF for milk. 

In Europe and North America the number of dairy cows is decreasing, which means that less 

beef is produced from the dairy sector. As the consumption of beef is increasing, this demand 

must be satisfied by beef from cow-calf systems (i.e. suckler cows not producing milk as a cash 

product). Accounting for an alternative production of beef (i.e. applying system expansion) 

gave a lower CF for milk compared to merely distributing the emissions between the products 
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by allocation (Paper III). The same model as in paper I was used, and similar results were 

demonstrated for both Sweden and New Zealand. 

The fourth study also investigated the importance of co-product handling, but here focusing on 

how an increase in milk yield per cow affects the CF of milk. The result showed that increasing 

the milk yield per cow does not necessarily reduce the carbon footprint of milk, when also 

considering the alternative production of the by-product beef (Paper IV). In addition, 

emissions from LUC, another crucial aspect, were analysed using data from conventional and 

organic milk production in Sweden. Different methods to account for LUC showed 

contradictory results: applying a general LUC-factor resulted in lower CF for the conventional 

milk (as less land was occupied), while a soy specific LUC-factor showed higher CF for the 

conventional milk (as more soy was used). 

Paper V investigated the CF of butter and butter blends, focusing on the post-farm activities, 

in order to obtain a better understanding of the GHG emissions associated with the latter part 

of the dairy chain. Crucial aspects such as definition of the FU and co-product handling were 

revealed to have significant impact on the final results.  

Finally, in Paper VI the allocation model from paper V was used to develop a conceptual 

model to calculate the CF of dairy products. This could be an important tool for the dairy 

industry when monitoring emission reductions at dairy site level.  

 

 

Figure 7. Structure of the work and the papers included in the present thesis. 

 

The focus of the present PhD thesis is only on GHG emissions, but it is acknowledged that 

other impact categories should also be investigated to provide a more comprehensive picture of 

the total environmental burden associated with milk and dairy products.  
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2.1  Outline of the thesis 

Following the introduction above, the present thesis is divided into three main parts followed 

by the final conclusion and outlook. First, an overview of GHG emissions from the dairy sector 

showing the CF results for the full range of dairy products is presented in chapter 3 Carbon 

footprint of dairy products. Secondly, critical methodological aspects that need to be 

addressed and considered further in order to obtain more valid results are discussed in chapter 

4 Key methodological challenges and their importance. Thirdly, mitigation measures are 

presented, considering the whole value chain, in chapter 5 Mitigation measures for the carbon 

footprint of milk and dairy products.  

The ‘foundation’ for the present thesis are the six scientific publications, which feed in to the 

above-mentioned sections.  

Paper I  The impact of various parameters on the carbon footprint of milk 

production in New Zealand and Sweden, identifies and examines the 

most critical parameters affecting the GHG emissions of milk at farm gate and 

quantifies the uncertainties in the final CF due to variation in the biogenic CH4 

and N2O emissions (Flysjö et al., 2011b).  

Paper II  Variation in carbon footprint of milk due to management 

differences between Swedish dairy farms, analyses farm management 

practices and how they affect the GHG emissions of milk (Henriksson et al., 

2011).  

Paper III  How does co-product handling affect the Carbon Footprint of milk? 

Case study of milk production in New Zealand and Sweden, shows 

how methodological choices of co-product handling affect the GHG emissions of 

milk at farm gate and the importance of analysing milk and beef in an integrated 

approach (Flysjö et al., 2011a).  

Paper IV  Interaction between milk and beef production and emissions from 

land use change – critical considerations in life cycle assessment 

and carbon footprint studies of milk, investigates two critical parameters 

− the link between milk and beef production and accounting for emissions from 

LUC − and how these affect the GHG emissions of milk (Flysjö et al., 2012a).  

Paper V  Potential for improving the carbon footprint of butter and blend 

products, estimates the CF for butter and butter blends as well as how to 

reduce emissions in the value chain of the products (Flysjö, 2011).  

Paper VI  Method to assess environmental improvements at product level in 

the dairy industry, presents a model for calculating the CF for dairy products 

or dairy product groups (fresh dairy products; butter and butter blends; cheese; 

milk powder and whey based products), which can be used to track 

improvements at product level (Flysjö et al., 2012b). 
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3  Carbon footprint of dairy products 

GHG emissions from raw milk production at farm level have a dominating influence (70-90%) 

on the carbon footprint6 (CF) of dairy products (Flysjö, 2011; Gerber et al., 2010a; Hospido, 

2005). CH4 (from enteric fermentation and manure management) and N2O (from production 

and use of fertiliser) are the main sources of emissions making up about 70-90% of total GHG 

emissions at the primary production stage (Flysjö et al., 2011b; Thomasen et al., 2008b). For 

the rest of the value chain, fossil CO2 (from energy use, transportation, production of 

packaging) is the dominant contributor to the CF of dairy products. Figure 8 gives a schematic 

overview of the lifecycle of dairy products; from raw milk production at farm level to 

consumption and waste management of the final product. There can be variations in the type 

of dairy products found in different markets, and the products in the present thesis are based 

on the production of Arla Foods and are thus primarily representative of Northern Europe.  

 

Figure 8. Flowchart of the lifecycle of dairy products, where the main groups are: fresh dairy 

products (FDP), butter and butter blends (BSM), cheese, whey based products and milk powder 

(whole milk powder (WMP), skimmed milk powder (SMP) and full milk powder (FMP)). 

 

                                                           
6 I.e. total amount of GHG emissions – including CH4 and N2O – ’from cradle to gate/grave’ of a product.  
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Dairy products are here divided into five main groups: fresh dairy products (FDP), butter and 

butter blends (BSM), cheese, whey based products and milk powder. The ranges within these 

product groups are very broad where FDP includes all types of consumer milk (whole, semi-

skimmed and skimmed), yoghurt and other fermented products, cream, crème fraiche, and 

various dairy-based cooking products and cottage cheese. BSM includes butter and butter 

blends (containing vegetable oil). Cheese includes yellow cheese, white cheese (rennet 

coagulated cheese or ‘salad cheese’), mould cheese and cream cheese. Whey based products 

include whey protein concentrate (WPC), permeate powder, lactose powder and other different 

whey protein fractions. Milk powder products include whole milk powder (WMP), skimmed 

milk powder (SMP) and full milk powder (FMP), where fat is substituted with vegetable oil. 

Table 3 shows the CF for whey based products and milk powder – from cradle to factory gate, 

and Table 4 presents the CF from cradle to grave for FDP, BSM and cheese. The difference in 

system boundaries depends on how the products are used; whey based products and milk 

powder are business to business, while FDP, BSM and cheese are consumer products. The 

packaging used for the different products are; bag for the whey based products, metal can for 

the milk powder products, paper carton with plastic cap for liquid FDP, plastic tub for crème 

fraiche and cottage cheese, tub for BSM, plastic foil for yellow cheese, plastic tub for white 

cheese, paper carton and foil for mould cheese, and plastic tub for cream cheese.  

 

Table 3. Carbon footprint (kg CO2e per kg product) of different whey based products and milk 

powder products, partitioned into the different activities ‘from cow to distribution’. The 

packaging size is shown in brackets. Percentage of fat (F-%) and protein (P-%) in final products is 

also presented. All numbers are excluding emissions from land use change. 

kg CO2e per kg (F-%/P-%) Farm Ingredients 
Processing 

(energy) 
Packaging Transport TOTAL 

Whey based products 
 

 
  

 
 

WPCa (20 kg) (10/80) 15.35 0.00 0.74 0.01 0.30 16.40 

WPC specb (20 kg) (2/90) 16.30 0.00 0.74 0.01 0.30 17.36 

Permeate (20 kg) (0/5) 0.89 0.00 0.74 0.01 0.17 1.82 

Lactose (20 kg) (0/0.2) 0.04 0.00 0.74 0.01 0.17 0.96 

Milk powder 
  

 
  

 
 

WMPc (0.9 kg) (26/26) 7.38 0.00 0.74 0.73 0.06 8.92 

SMPd (0.9 kg) (9/32) 6.67 0.00 0.74 0.73 0.06 8.20 

FMPe (0.9 kg) (28f/22) 3.93 0.72 0.74 0.73 0.03 6.16 
a  

Whey protein concentrate 
b
  Somewhat higher protein content than WPC and is  suited as protein source in infant formulae 

c
  Whole milk powder 

d
  Skimmed milk powder 

e
  Full milk powder 

f
  All fat is from vegetable oil 
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Table 4. Carbon footprint (kg CO2e per kg product) of different fresh dairy products (FDP), butter 

and butter blends (BSM) and types of cheese, partitioned into the different activities ‘from cow to 

consumer’. The packaging size is shown in brackets. Percentage of fat (F-%) and protein (P-%) in 

final products is also presented. All numbers are excluding emissions from land use change. 

kg CO2e per kg    (F-%/P-%)     Farm   Ingredients 
Processing 

(energy) 
Packaging Transport 

Retail & 
consumer 

TOTAL 

FDP 
  

 
  

 
  

Whole milk 
(1 litre) 

(3 / 3.4) 1.00 0.00 0.05 0.04 0.07 0.23 1.40 

Semi-skimmed 
milk (1 litre) 

(1.5 / 3.4) 0.83 0.00 0.05 0.04 0.07 0.23 1.23 

Skimmed milk 
(1 litre) 

(0.5 / 3.5) 0.77 0.00 0.05 0.04 0.07 0.23 1.17 

Yoghurt (1 
litre) 

(3 / 3.4) 1.06 0.00 0.10 0.04 0.07 0.25 1.52 

Yoghurt low 
fat (1 litre) 

(0.5 /3.9) 0.86 0.01 0.10 0.04 0.07 0.25 1.33 

Cream 
(0.5 litre) 

(40 / 2.1) 5.07 0.00 0.05 0.03 0.11 0.24 5.49 

Cream low fat 
(0.5 litre) 

(15 / 3) 2.34 0.00 0.05 0.03 0.08 0.24 2.74 

Crème fraiche 
(200 g) 

(34 / 2.3) 4.45 0.00 0.20 0.41 0.10 0.25 5.41 

Crème fraiche 
low fat (200 g) 

(15 / 3) 2.32 0.10 0.20 0.41 0.08 0.25 3.36 

Cottage 
cheese (200 g) 

(4 / 12) 2.84 0.00 0.20 0.32 0.09 0.25 3.70 

BSM 
  

 
  

 
  

Butter (250 g) (82 / 0.6) 9.45 0.30 0.35 0.38 0.14 0.30 10.91 

Butter blends 
(250 g) 

(60a / 0.3) 4.44 1.80 0.22 0.38 0.14 0.30 7.27 

Cheese 
  

 
  

 
  

Yellow cheese 
(800 g) 

(31 / 26) 8.71 0.001 0.76 0.03 0.14 0.30 9.93 

Yellow cheese 
low fat (800 g) 

(17 / 30) 7.90 0.001 0.76 0.03 0.13 0.30 9.11 

White cheese 
(200 g) 

(25 / 18) 6.28 0.001 0.65 0.99 0.12 0.30 8.33 

Mould cheese 
(150 g) 

(34 / 17) 7.25 0.001 0.70 0.08 0.12 0.30 8.46 

Cream cheese 
(200 g) 

(33 / 10) 5.80 0.001 0.31 0.40 0.11 0.30 6.92 

Cream cheese 
low fat (200 g) 

(16 / 7.8) 3.37 0.001 0.31 0.40 0.09 0.30 4.47 

a
  Total amount of fat, of which 63% butter fat and 37% vegetable oils. 
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The calculations are based on the model presented in Flysjö et al. (2012b) and Flysjö (2011). 

Allocation of raw milk between products was based on a weighted fat and protein content 

(1:1.4), which is the price of raw milk to dairy farmers7. All data for dairy production was 

collected from the dairy company Arla Foods. For the post-dairy chain the same assumptions 

were used as in Flysjö (2011). Calculations were conducted in the LCA software program 

SimaPro (PRé, 2010) and data for inputs of energy, transport and packaging was primarily 

taken from the database Ecoinvent (2010). For electricity an average European mix was used. 

All significant inputs were accounted for in the calculations, including assumptions about 

product wastage8 at the dairy processing stage as well as at consumer level.  

The CF of dairy products is dominated by the amount of raw milk required (Figure 9), i.e. the 

higher the quantity of raw milk (fat and protein) needed for a product, the higher the CF. Thus, 

the data used for raw milk production is vital. Arla Foods gets most of its raw milk (>90%) 

from Denmark, Sweden and the UK. Due to the large uncertainties associated with the CF of 

raw milk (as discussed in 1.3 Life cycle assessment methodology in the section Application of 

LCA methodology to milk and dairy products), the same CF number (1 kg CO2e per kg milk, 

excluding emissions from LUC) was here used for all raw milk. To illustrate how product losses 

at consumer level affect the CF, Figure 9 shows the results both including and excluding waste9 

at the consumer for the product groups: consumer milk, yoghurt, BSM and cheese.  

 

Figure 9. Relative distribution of the carbon footprint between life cycle stages for the different 

dairy products; milk, yoghurt, butter and butter blends (BSM), and cheese, including and 

excluding waste at consumer level. All numbers are excluding emissions from land use change. 

 

                                                           
7 A ten-year average of the price Arla Foods pays. 
8 Specific wastage numbers for different product groups are used at processing level, while no differentiation is made on 
consumer level for Table 3 and 4.  
9 The waste at consumer level is assumed to be 4% for milk, 10% for yoghurt, 5% for BSM and 3% for cheese (Berlin et al., 
2008; Flysjö, 2011). 
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One of the more critical aspects, which has a notable impact on the CF results for dairy 

products is the choice of allocation method for raw milk. The allocation model chosen in the 

present study influences the result for whey based products in particular, and this is further 

discussed in 4.2 Co-product handling (the final section) as well as in Flysjö et al. (2012). There 

are several additional crucial methodological aspects to account for, especially at farm level. 

The next chapter describes some key methodological challenges and their importance for the 

final CF result of dairy products. 
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4  Key methodological challenges and their importance 

Studies of the carbon footprint of products always involve a great deal of assumption and 

uncertainty – both in terms of the applied methodology and data quality. This chapter focuses 

on methodology and data quality issues that are particularly important for carbon footprint 

studies of milk and dairy products. As both methodology and data quality depend on the 

purpose of the study, the following section will also address some aspects of application 

dependency. 

4.1  Functional unit 

The functional unit (FU) is defined in the goal and scope of the study. Calculating the CF of one 

kg of food can be useful in some cases, but often it is necessary to define it more precisely, e.g. 

the product’s fat and protein value or nutritional value. The FU for milk at farm gate is 

typically defined as energy or fat and protein corrected milk (Basset-Mens, 2008; de Vries and 

de Boer, 2010; Flysjö et al., 2011a). This enables a fair comparison of the environmental 

impact of farms and it also reflects the basis for how the milk is used in the dairy industry. The 

FU for dairy products depends on the context of the study. In communication in a ‘business to 

business’ context it can be relevant to define the FU as kg of product at factory gate, while 

communication ‘business to consumers’ also should include downstream impacts (e.g. 

preparation of the food). As food wastage and other downstream impacts can be significant 

(Flysjö, 2011), the FU should ideally be defined as ‘consumed product’. Another aspect to 

consider is if the function is mainly related to taste, nutritional value, calories, fluid balance or 

a combination of many properties. If the FU is described in terms of fluid balance or 

satisfaction of thirst, tap water would be the product resulting in the lowest GHG emissions in 

a comparative study. Milk, on the other hand, would be the beverage with lowest impact if a 

proportion of the daily nutrient requirement has to be met (Smedman et al. 2010). Thus, the 

FU has to be carefully defined in accordance with the overall purpose of the study (de Vries 

and De Boer, 2010; Peacock et al., 2011). 

4.2  Co-product handling 

Handling of co-products in terms of calculating the inputs and outputs for main products and 

by-products (also termed determining and dependent co-products10) is one of the most 

important methodological aspects in CF studies of milk and dairy products (Cederberg and 

Stadig, 2003; Flysjö et al., 2011a; Flysjö, 2011). In the following, co-product handling is 

discussed in relation to milk versus meat at farm level, and in relation to various dairy 

products from the dairy. 

  

                                                           
10 A determining co-product can be defined as a product from a joint production, for which a change in demand will affect 
the production volume of the co-producing process (Weidema et al., 2009). Consequently, a dependent co-product is a 
product from a joint production, for which a change in demand will not affect the production volume of the co-producing 
process. 
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Co-product handling at farm level 
As described in Flysjö et al. (2011a) there are large variations in calculated CF of milk at farm 

level, depending on the applied method for co-product handling (milk versus meat).  The study 

shows that the CF of milk is 16-56% higher when allocation is applied compared to when 

allocation is avoided by system expansion. According to the ISO 14044 standard, system 

expansion should be preferred prior to allocation (ISO 2006b). For milk production at farm 

level it is possible to apply system expansion (Cederberg and Stadig, 2003; Flysjö et al., 2011a; 

Hospido, 2005; Thomassen et al., 2008a), as it is easy to establish that milk is the determining 

product, while beef is the dependent co-product. Milk and beef are produced in a joint 

production system, as it is not possible to produce milk without also producing a certain 

amount of meat (from the culled dairy cows and surplus calves), and it is clearly the demand 

for milk that drives the production. Also, the meat from the dairy system is not a unique 

product since there is an alternative unconstrained production route from ‘the suckler cow 

system’ which determines the price. Hence, a change in demand for beef from the dairy system 

is not likely to change the production volume in the dairy system. One key challenge relates to 

the decision about the type of meat that is substituted by the co-product (meat) from the dairy 

system (Figure 10). This assumption is significant because the environmental burden for 

different meats (beef, pork, poultry) differs substantially. Assuming a mix of meats are 

substituted, and not beef only, results in a 15-20% higher CF per kg milk (Flysjö et al., 2011a).  

 

 

Figure 10. Illustration of system expansion, where meat from the dairy system replaces meat 

from other meat production systems (beef from a cow-calf system, pork or poultry).  
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Allocation, typically used in ALCA, can be handled in many ways. According to ISO (2006b) 

allocation should preferably reflect an underlying physical relationship, i.e. a relationship that 

reflects how inputs (e.g. feed) and outputs (e.g. CH4) changes in relation to the product outputs 

(e.g. milk and meat). Approximately the same amount of meat is delivered per dairy cow 

irrespective of milk yield, but the quantities of feed and CH4 emissions (which are based on 

feed intake) are highly correlated with the milk yield. Thus, an underlying physical relationship 

can be established between feed intake and milk production11 (Arsenault et al., 2009; 

Cederberg and Mattsson, 2000; IDF, 2010). If a physical relationship alone cannot be used, 

some other relationship should be established according to ISO (2006b). Economic value is 

one of the most frequent relationships used to allocate between milk and meat (Cederberg and 

Flysjö, 2004; Thomassen et al., 2008b; Williams et al., 2006). Other relationships are protein 

content (Gerber et al., 2010a) or mass, where especially the latter gives little or no meaning.  

In analysing future strategies for the dairy sector, the by-product beef needs to be accounted 

for and system expansion should be applied. When following improvements over time at farm 

level, allocation between milk and beef can be justified in CF assessments. However, 

accounting for the volume of by-products is necessary, and therefore a fixed allocation factor 

should be avoided. 

 
Co-product handling at dairy processing 
Most dairy companies produce a range of products such as milk, cream, cheese, butter and 

powder, and in contrast to the farm level, it is difficult to demonstrate that one product only 

determines the production volume. In simple terms, a dairy uses raw milk for its products in 

the most profitable way. Depending on the demand, the dairy company can to some extent 

change the product composition by ‘moving fat and protein’ between the different product 

groups. If the demand for butter is reduced, the cream could instead be used for producing 

more cheese. In addition, all product categories (e.g. milk, cream, cheese, butter and powder) 

can all be perceived as unique products, with no alternative production routes. Thus, for dairy 

production it can be argued that there are several determining products12. But how should this 

be handled in terms of system expansion? According to Schmidt (2010) a ‘change in demand 

for one of the co-products will affect the production volume of the multiple output process in 

proportion to its share in the gross margin of the co-product. This is equivalent to the result 

of an economic allocation of the multi-output process.’ Box 1 provides an example to illustrate 

the underlying assumptions for co-product handling of multi-determining products in CLCA, 

and how the outcome is equivalent to the result of economic allocation.  

Economic allocation is often used in ALCA of dairy products and is typically based on sales 

revenues (Berlin, 2002; Nilsson et al., 2010; van Middelaar et al., 2011). The traditional 

argument for using economic allocation is that the revenue can be perceived as a price signal 

that ‘drives’ the production. In some cases it can be somewhat problematic to use sales 

revenues as the basis for allocation, due to internal prices of cream, for example, not reflecting 

                                                           
11 Whether this is considered as an underlying physical relationship (i.e. first choice of  allocation according to ISO 
(2006b)) is discussed. 
12 One exception may be whey, even though many high-valued protein products are produced from whey, it can be argued 
that these should be considered as dependent co-products, as whey is a low-value by-product from cheese-making. 
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‘real’ market prices. Another challenge can be that prices change over time13. For some it also 

appears counterintuitive that an expensive co-product is ascribed a higher CF than a less 

expensive co-product from the same joint production, even though it is produced in the same 

way. Another way to allocate is based on physical properties. The IDF (2010) guide suggests 

using the model developed by Feitz et al. (2007), where different inputs (e.g. raw milk, energy, 

water) have different allocation factors. Raw milk is allocated based on milk solids, meaning 

that the more milk solids a product contains the higher the CF. The model values all milk 

solids equally, so protein has the same value as lactose.  

In Flysjö (2011) and Flysjö et al. (2012b) a slightly different approach is suggested, where milk 

solids are allocated based on the price the farmer is paid for the raw milk14. Arla Foods pays the 

farmer based on fat and protein content, where protein is valued 1.4 times higher than fat 

(based on a ten-year average). This allocation model reflects the economic value of the 

products, i.e. ‘the driver’ behind production, but not the sales revenues of processed dairy 

products and with this model lactose (whey) products get a very low CF (see Table 3). Ideally, 

the model should be updated to better capture the values related to other milk components 

such as lactose. It is also worth noting that milk components might be valued differently in 

various parts of the world, which preferably should be incorporated in the model.  

Another aspect to consider is whether the whey based products should be dealt with in a 

different manner than the other milk-based dairy products. Historically, whey has been 

considered a waste product from cheese-making, but over the last decades whey has to an 

increasing extent been used for higher-value purposes such as animal feed, biogas and 

ultimately high-value protein and lactose products. Despite this development, it can be argued 

that whey remains a dependent co-product, as raw milk production (and cheese) is hardly 

going to change as a result of changes in the demand for whey. From this perspective, and 

applying consequential modelling, this implies that the liquid whey from cheese production 

should be modelled by identifying the processes that are affected (animal feed, biogas, etc.). 

Thus, allocating the impacts according to the ‘value-weighted’ fat and protein content of the 

dairy end-products might be problematic in the case of whey, as whey protein is then ascribed 

the same impact as milk protein. How to account for whey is also discussed in Flysjö et al. 

(2012b). 

  

                                                           
13 However, this could to a large extent be avoided by using 10-year average values. 
14 In Flysjö (2011) the price for protein was 1.7 times higher than that of fat, but in Flysjö et al. (2012b) a 10-year average 
is used, which also reflects the price of 2012 Arla Foods pays. 
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Box 1. Co-product handling of multi-determining products. 

 

Co-product handling – the case of multi determining products 

8 t skim milk
1 euro per kg
8 000 euro

2 t cream
6 euro per kg
12 000 euro

10 t raw milk

DAIRY        

Figure 1: Production of skim milk and cream 
(fictive figures).

If a consumer buys one kg skim milk, it is
not equivalent to an additional kg skim
milk is produced. Instead, the value of one
kg skim milk (i.e. one euro) is determining
the extra production (as whether the
revenue is from skim milk or cream is of no
concern for the company). Thus, the extra
production equivalent to one euro is 0.4 kg
skim milk and 0.1 kg cream (Figure 2),
since there is a fixed relationship between
the co-products. This means that there is
less skim milk but more cream available for
other consumer.

0.4 kg skim milk
1 euro per kg
0.4 euro

0.1 kg cream
6 euro per kg
0.6 euro

0.5 kg raw milk

Figure 2: Production of skim milk and cream 
corresponding to 1 euro (fictive figures).

DAIRY        

Economic allocation
As comparison, the CF if also calculated

using ‘traditional’ economic allocation.
The total value of skim milk is 8 000 euro
and the value of total production is 20 000
euro, and thus the economic allocation
factor is:

8 000 euro / 20 000 euro = 0.4.

The total CF is 10 t CO2e and amount of
skim milk produced is 8 t. Thus, the CF per
kg skim milk is:

or 0.5 kg CO2e per kg skim milk, i.e. the
same as above.

If there aremore than one determining product, ‘traditional’ system expansion is not possible
to apply in CLCA (Weidema et al., 2009). Instead, the result of co-product handling of multi
determining products in CLCA is equivalent to the result of economic allocation (Schmidt,
2010), as illustrated in the examplebelow. The followingexampleuses fictive figures.

A dairy produces two products, skim milk
and cream. The products are produced in
joint production, i.e. a change in demand for
one product will affect the production
volume of the other product. It is also
assumed that there is no alternative
production routes for these products and
both skim milk and cream are defined as
main (determining) products. A total of 10
tonnes raw milk is used to produce 8 tonnes
skim milk and 2 tonnes cream (Figure 1).
The price for the consumer is 1 euro per kg
skim milk and 6 euro per kg cream. The total
value of the production is 20 000 euro and
the totalCF is 10 t CO2e.

Hence, when a consumer buys one kg skim
milk, 0.6 kg skim milk is ‘taken’ at the same
time as 0.1 kg cream is available for other
consumers. The CF of buying 1 kg skim milk
is the same as the production of one euro
extra milk (i.e. 0.5 kg raw milk is used) and
corresponds to 0.5 kg CO2e. This is
equivalent to the result of economic
allocation.

10 t CO2e x 0.4 / 8 t = 0.5 t CO2 per t skim milk
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4.3  Estimating CH4 and N2O emissions 

More than half, and often about two thirds, of the GHG emissions from dairy production 

consist of the biogenic CH4 and N2O emissions (Berlin, 2002; Gerber et al., 2010a; Flysjö, 

2011). As it is not possible to actually measure these emissions on working farms, models 

based on field experiments are used to estimate CH4 and N2O emissions from biological 

systems such as milk production. Hence, CH4 and N2O emissions are typically calculated using 

one of the so-called ‘tier methods’ in the IPCC Guidelines for National Greenhouse gas 

Inventories (IPCC 2006). Tier 1 is the most simple (using default numbers on country basis) 

and Tier 3 is the most detailed (using detailed country-specific data and models). Estimating 

CH4 and N2O is difficult due to the inherent natural variability of biological processes. Thus, 

the final estimates are associated with a relatively high degree of uncertainty (Rypdal and 

Winwarter, 2001), which depends on several factors. First, there is uncertainty in models due 

to the inaccuracies and assumptions made in the model, both regarding which parameters the 

model should be based on and how these parameters are correlated. Biogenic processes are 

complex and it is not possible to account for all factors affecting the emissions. Secondly, there 

are uncertainties related to the input data (feed intake, fertiliser rates, etc.) dependent on the 

availability of accurate information. Consequently, even the most detailed models are not likely 

to provide a 100% accurate result, since there is a natural variation in biological processes 

which cannot be captured in any model. Hence, the final CF is affected both by uncertainties, 

due to lack of data and to modelling assumptions, and variations, due to the natural variability 

of biological systems. The sections below discuss the difficulties and uncertainties when 

estimating CH4 and N2O in CF studies of milk. 

CH4 emissions 
Globally, CH4 emissions make up around 14% of the GHG emissions induced by human 

activities (Barker et al., 2007). The main source (30%) of these emissions is enteric 

fermentation of ruminants (Barker et al., 2007; Steinfeld et al., 2006). When estimating the 

CF of milk, CH4 from enteric fermentation is the most significant contributor and represents 

from one to almost two thirds of the CF of milk at farm level, while CH4 emissions from 

manure management contributes about 3-7% (Flysjö et al., 2011b; Kristensen et al., 2011; 

Thomassen et al., 2008b). Emissions from enteric fermentation are determined by quantity, 

quality and composition of the feed intake as well as the age and weight of the animal. Another 

parameter – which can be more difficult to account for – is variation in CH4 production 

between individual animals as well as breeds (Kristensen et al., 2009; Lassen et al., 2011). 

Emissions of CH4 from manure are primarily dependent on the type of manure management 

system adopted and the regional climate (temperature). The method used to estimate CH4, 

especially for enteric fermentation, is fundamental for the final CF result (Flysjö et al., 2011b; 

Kristensen, 2009). 

CH4 is produced naturally by microbial fermentation in the rumen of dairy cows. More than 

95% of the CH4 comes from belching, while only a minor proportion is produced in the large 

intestine and passed out as flatulence. Thus, CH4 is a natural process and a condition affecting 

ruminants that convert grass and other plants, not digestible to humans, to valuable products 

such as milk and meat. Figure 11 illustrates the energy flows and energy losses during 

ruminant digestion. Gross energy intake is the energy obtained at combustion of the feed and 
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is relatively similar for all feeds per kg dry matter, while net energy basically is the energy left 

for maintenance and production. CH4 production is an energy loss for the animal. The loss of 

CH4 (or ‘CH4 conversion factor’) is dependent on the type and quality of the feed and is 

typically between 4% and 10% of the gross energy intake for ruminants (Lassey, 2007).  

 

 

Figure 11. Illustration of typical energy flows and energy losses during ruminant digestion of 

a high-quality feed with a digestibility of 75% (Lassey, 2007). Numbers show percentages of 

gross energy intake. The ‘CH4 conversion factor’ is here equivalent to 6%. 

There are several models available for estimating CH4 from enteric fermentation and they all 

provide different results due to the details and assumptions of the model. Some determining 

factors in models are: 1) estimation of feed intake, 2) type and quality of feed, 3) relationship 

(i.e. linear or non-linear) between CH4 and milk yield, and 4) details in animal data. One of the 

more simple models to estimate enteric CH4 is the IPCC (2006) tier 2, which is based on a 

linear relationship between CH4 and feed intake. IPCC (2006) recommends a CH4 conversion 

factor of 6.5% (±1%) of the gross energy for cattle, except for feedlot cattle fed diets containing 

more than 90% concentrates where a value of 3% (±1%) is suggested. A 20% increase in the 

CH4 conversion factor would result in an approximately 10% increase in the CF of milk at farm 

gate (Flysjö et al, 2011b). Hence, the CH4 conversion factor is critical for calculations of CF. 

Another key parameter when estimating enteric CH4 is feed intake. If feed intake is not known, 

it can be determined from the milk production, weight of the animal, energy required for 

maintenance, activity, growth and pregnancy. The amount of purchased feed is usually known, 

but not the amount of roughage. Thus, the amount of roughage (if not measured) is typically 

estimated from the total feed required to produce a certain amount of milk minus the amount 

of purchased feed that is consumed (Basset-Mens et al., 2008; Flysjö et al., 2011b; Kristensen 

et al., 2011). A 10% overestimate of feed intake results in a 7-9% increase in the CF of milk at 

farm gate due to the estimated CH4 emissions  (not accounting for any extra feed production) 

100%   GROSS  ENERGY  INTAKE

75%    DIGESTIBLE  ENERGY    

63%  METABOLISABLE  ENERGY

58%        NET  ENERGY

25% excreted as faeces
(indigestible energy)

6% eructated as CH4

~

~

5% excreted as urine~

~5% radiated as heat

available for maintenance
and production
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(Flysjö et al, 2011b). A change in feed intake also affects excreta production and related 

emissions, which explains the relatively larger effect on the CF of feed intake compared to the 

CH4 conversion factor.  

Kristensen (2009) compared emission estimates of CH4 from enteric fermentation using five 

different models, showing a 57% difference between the models with the highest and lowest 

results. Compared to the average of the five models there was ±20% difference. The variation 

between models is of the same magnitude as the estimated uncertainty (20-24%) in the global 

source of enteric CH4 (Lassey, 2007). Also emission factor values using Tier 2 in IPCC (2006) 

are expected to be in the order of ±20%. Consequently, assuming an uncertainty of ±20% in 

CH4 emissions from enteric fermentation seems reasonable for most of the current methods. 

The problem using most of these relatively rough empiric models to estimate CH4 from enteric 

fermentation occurs when comparing systems using different feed compositions or when 

assessing mitigation options at farm level. Adding more fatty acid to the diet has shown to be a 

promising strategy to reduce enteric CH4 production (Grainger and Beauchemin, 2011; 

Johannes et al., 2011). This will, however, not show if IPCC Tier 2 is used (Ellis et al., 2010). It 

is thus important to understand the limitations with existing empiric models. In order to 

include the effect of feed composition on enteric CH4 production, more detailed models have to 

be used that incorporate variables such as the content of fatty acids. Mechanistic models have 

shown more accurate results for CH4 emissions (Alemu et al., 2011), but these models require 

extremely detailed data for parameters that are difficult to retrieve such as microbial variation 

and pH in the rumen. Thus, more detailed models based on easily accessible data would be 

desirable to improve CF estimates and include more valid assessments of different mitigation 

strategies. A comparison of CH4 emissions from different systems obliges the use of identical 

methods. However, it is also important to conduct an uncertainty assessment (e.g. ±20%) or 

sensitivity analysis (using different models) in order to determine if there are actual 

differences between the systems or if differences are solely due to the choice of model.   

Another source of CH4 emissions associated with the CF of milk is manure management, i.e. 

the storage and treatment of all excreta (both solids and liquids). When manure is handled as 

slurry it decomposes anaerobically and can produce significant amounts of CH4, whereas when 

handled as a solid or deposited on pastures it decomposes under more aerobic conditions 

leading to less CH4 emission (IPCC, 2006). Thus, the type of manure management system has 

a bearing on CH4 emissions. The temperature and storage time also affect the amount of CH4 

produced, where higher temperatures and longer storage times result in more CH4. As the CH4 

production from manure management is highly dependent on temperature, it is essential to 

differentiate between regions. According to IPCC (2006) the CH4 conversion factor for slurry 

(with a natural crust cover) ranges from 10% for cool climates (≤10°C) to 50% for warm 

climates (≥28°C). For countries with average temperatures below 10°C, a lower CH4 

conversion factor might be appropriate. A study on CH4 emissions from slurry in Sweden 

resulted in CH4 conversion factor values between 2.5% and 3.7% (Rohde et al., 2009). Using 

this country-specific CH4 conversion factor on 4%, would result in a 3% lower CF of average 

Swedish milk than when using the IPCC default value (Flysjö et al., 2011b). Hence, regional 
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differences needs to be considered when estimating CH4 emissions from manure management 

if more valid results are to be obtained. 

N2O emissions 
Global N2O emissions account for 8% of anthropogenic GHG emissions, of which 90% comes 

from agriculture (Barker et al., 2007). For milk, N2O contributes around 26-40% to total GHG 

emissions at farm gate (Flysö et al., 2011b; Thomassen et al., 2008b). These emissions15 result 

from nitrogen turnover in agricultural soil from the use of synthetic fertilisers and manure, 

crop residues left after harvesting and excreta deposited during grazing. N2O is produced 

naturally in soils through nitrification and denitrification processes (Figure 12). Several factors 

influence the production of N2O, such as soil type, drainage, degree of soil compaction and 

climate (Henriksson et al., 2011; Bouwman and Boumans, 2002). A high precipitation, freeze 

and thaw periods, clay and organic soils, high pH16, application of nitrogen, soil compaction 

and tillage17 lead to increased N2O emissions, while draughts and drainage leads to reduced 

N2O emissions (Berglund et al., 2009; Bouwman and Boumans, 2002). None of these aspects 

are generally considered when estimating N2O in CF studies.  

 

 

Figure 12. Schematic overview of nitrification and denitrification processes (based on Figure 

3 in Berglund et al., 2009). N2O is released to the atmosphere in the denitrification process, 

and to a lesser extent also in the nitrification process.  

 

To calculate N2O emissions, IPCC (2006) guidelines are typically used. N2O is produced both 

directly and indirectly through two pathways: volatilisation of ammonia (NH3) and nitrogen 

leaching (NO3) (Figure 13).  NH3 is primarily volatilised during manure handling, storing and 

application, while NO3 is lost from soils through leaching. Calculations of N2O are based on the 

emissions factors in Table 5 (IPCC, 2006). This is a simplified approach, which only accounts 

for the total amount of nitrogen applied. In reality, a number of factors regulate the complex 

biological processes that produce N2O, as described above, leading to a large variability in 

actual emissions and large uncertainties in final N2O estimates (Rypdal and Winiwarter, 2001). 

 

                                                           
15 Some N2O emissions are also from production of fertilisers, but this is not addressed in the present section. 
16 In some situations a high pH can have a negative effect on N2O emissions. 
17 Tillage can have both a positive and negative impact on N2O emissions. 
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Figure 13. Schematic overview of direct and indirect N2O emissions as a result of nitrogen 

inputs typically included in carbon footprint studies of milk. 

 

Table 5. Emission factors (EF) to estimate direct and indirect N2O emissions (based on IPCC, 
2006). 

  Default 
value 

Uncertainty range 

EF1 kg N2Odir-N per kg N   (Synthetic and organic fertiliser and 
crop residues) 

0.01 0.003-0.03 

EF3 kg N2Odir-N per kg N   (Excreta deposited during grazing) 0.02 0.007-0.06 

EF4 kg N2Oindir-N per kg NH3-N   (Volatilisation) 0.010 0.002-0.05 

EF5 kg N2Oindir-N per kg NO3-N   (Leaching) 0.0075 0.0005-0.025 

FracGASF kg NH3-N per kg N   (Volatilisation from synthetic fertiliser) 0.10 0.03-0.3 

FracGASM kg NH3-N per kg N   (Volatilisation from organic fertilisers, 
including excreta) 

0.20 0.05-0.5 

FracLEACH kg NO3-N per kg N   (Leaching) 0.30 0.1-0.8 

 

Some countries have developed more site-specific emission factors. One example is New 

Zealand that applies a country-specific emission factor of 0.01 (instead of 0.02) for direct N2O 

emissions from excreta deposited during grazing (de Klein et al., 2001; Kelliher et al., 2005). 

N2O emissions from grazing cattle represent a significant share of New Zealand’s GHG 

emissions, and constitute 16% of the CF for milk at farm gate (Flysjö et al., 2011b). If the 

default emission factor proposed by IPCC (2006) were used, the N2O emissions would increase 

by 60% and the total CF for milk would increase by 15% (Flysjö et al., 2011b). Hence, the 

choice of emission factor has a significant impact on the final CF. Site-specific emission factors 

may increase the accuracy in emission estimates, but it also makes comparisons between 

countries challenging, since it is difficult to conclude if differences in results are due to actual 

differences or only differences in emission factors/models. In addition, as N2O emissions are 

highly variable there is also an uncertainty related to site-specific emission factors (Flechard et 

al., 2007; Kuikman et al., 2006).  

Besides the model used, there is also an uncertainty in the estimated application of N. The 

accuracy related to the amount of synthetic N-fertiliser is typically high when conducting a 

study at farm level, as these are based on purchased volumes. The amount of N from manure 

and excreta deposited directly on the field during grazing likely carry a higher level of 

uncertainty, due to uncertainties in total intake and losses of N before the manure being 

deposited in the field. The N in crop residues left on the field is generally based on 

Total N 
- manure
- excreta during grazing
- synthetic fertilisers
- crop residues (incl. N-fix)

SOILSTABLE STORAGE SPREADING N2O dir.

N2O indir.

N2O indir.

NH3

NO3
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assumptions of total yields, above and below ground residues and N content in the crop, using 

IPCC guidelines (IPCC, 2006), and thus have a higher uncertainty attached.  

Progress has been made in recent years in measuring and understanding N2O emissions 

(Dobbie and Smith, 2003; Flechard et al., 2007; Jungkunst et al., 2006; Kuikman et al., 

2006). There is also an agreed understanding that more specific emission factors for N2O are 

required. Current models for estimating N2O emissions (i.e. IPCC) do not capture 

improvements such as improved field drainage or different tillage techniques, why 

implementation of such mitigation will not be reflected in the estimation of CF using IPCC 

guidelines (tier 2). Hence, a balance is needed between ‘detailed’ and ‘simplified’ models in 

order to include improvement analysis of N2O emissions in CF calculations. 

4.4  Land use and land use change 

Land use and land use change (LULUC) is an issue gaining increasingly more attention, and 

which is highly relevant for dairy production, primarily related to feed production (both 

purchased feed and feed produced on farm) but also for raw materials (e.g. vegetable oil used 

in butter blends). LULUC can have both a positive impact, such as carbon sequestration in 

grass lands, and a negative impact, such as deforestation.  

Carbon sequestration and soil carbon 
Enhancing carbon sequestration in soils is identified as the most promising mitigation strategy 

for agriculture (Barker et al., 2007). Carbon sequestration in grasslands is also an opportunity 

for dairy farming (Doreau and Dollé, 2011), as cows have the ability to make use of rangeland 

that is less suitable for arable cultivation. The sequestration potential is, however, debatable; 

some research shows there is a large potential for carbon storage (Sousanna et al., 2007), while 

others argue that there is no net effect over time as a new steady state eventually is reached 

(Smith, 2004). A recent study suggests a net carbon storage of between 500 and 1200 kg C per 

ha and year for European grassland sites (Doreau and Dollé, 2011), which also agrees with 

other studies (Sousanna et el., 2007; Pelletier et al., 2010). Using the more modest figure of 

500 kg C per ha pasture and year would result in an approximately 10% lower CF for average 

Swedish milk production, from 1.16 to 1.04 kg CO2e per kg milk (including by-products, 

excluding emissions from LUC) (Flysjö et al., 2011b; unpublished data). A change in 

management practice affects the carbon fluxes, but over a long period of time a new steady 

state is reached (Figure 14). Conversion from intensive cultivation to permanent grassland 

would result in an increase of organic matter in the soil, while transforming pastures to 

cropland would result in a decrease of organic matter in the soil and thereby a release of CO2. 

Carbon fluxes vary significantly, both over time and between places, and it is difficult to 

measure uptakes and releases. The impact of soil carbon on the CF, due to a change in 

management practice, also depends on the time perspective (Petersen et al., 2011). As shown 

in Figure 14 there is a drastic change in soil carbon during the first period, but this levels out 

over time. Thus, using a short-term perspective could drastically affect a CF result, while a 

longer perspective would have a more modest influence. In the IPCC guidelines the 

recommendation is to use a time horizon of 20 years (IPCC, 2006). Many guidelines do not 

include carbon sequestration due to its uncertainties (BSI, 2011; IDF, 2010). However, despite 
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the difficulties and uncertainties, carbon fluxes should be addressed in CF assessments as they 

represent an important mitigation potential (Petersen et al., 2011). 

 

 

Figure 14. Changes of carbon in soils due to management practice (modified from Petersen et al., 

2011).  

 

Emissions associated with deforestation 
Global emissions from land use change (LUC) are responsible for about 9% of anthropogenic 

CO2 emissions (Peters et al., 2012). These emissions are primarily from deforestation as a 

result of more land needed for the production of biofuels and food (mainly animal feed and 

livestock rearing). About one third of the GHG emissions associated with livestock production 

is associated with emissions from LUC (Steinfeld et al., 2006). The FAO study (Gerber et al., 

2010a) on the dairy sector reveals that emissions from LUC are the result of the expansion of 

soybean cultivation in South America and represent less than 1% of the GHG emissions from 

the dairy sector. As West European milk production uses a higher share of soy from South 

America compared with other regions, a relatively larger share of the CF is composed of 

emissions from LUC (Figure 2, based on Figure 4.1 in Gerber et al., 2010a). The choice of 

method to account for emissions from LUC is critical. In Gerber et al. (2010a) soybean 

cultivation in South America is the only activity associated with LUC emissions. A similar 

approach is also suggested in PAS 2050 (BSI, 2011) and by Leip et al. (2010), resulting in all 

production systems using, for example, soy from South America getting a higher CF. The 

advantage with this method is that it addresses the most important driver of deforestation by 

assigning soy meal from South America a high CF. This sends a clear message to stakeholders 

in the soy value chain about the urgent need for actions against deforestation. The major 

disadvantage is that it does not consider that land is a limited resource and that land use 

elsewhere can also affect LUC indirectly. If soy importers avoid South American soy meal due 

to its high CF and instead buy or produce other feeds that may be less land-efficient (i.e. uses 

more land per protein content), it might lead to more extensive land use in total, resulting in 

an increased pressure on the world’s forests. Thus, another method to account for LUC is to 

ascribe all land occupation emissions from LUC (e.g. Audsley et al., 2009; Schmidt et al., 
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2011). Using this approach, production systems that are less land-efficient will result in a 

higher CF. There is no consensus on which method is best for the inclusion of GHG emissions 

from LUC in CF studies. At present, available methods and data lead to large variations and 

uncertainties in LUC emissions, and thus CF results. Depending on how emissions from LUC 

are accounted for, the CF of milk at farm gate can double, and different models can even lead 

to contradictory results (Flysjö et al., 2012a). Another aspect to consider is the uncertainty in 

carbon stocks, which for tropical forest are around ±35% (Cederberg et al., 2011).  

The GHG emissions, excluding LUC, for one kg ECM (including by-products) in Sweden was 

1.13 kg CO2e for conventional production and 1.07 kg CO2e for organic production (Flysjö et 

al., 2012a). The conventional production used more soy (from Brazil), while organic milk 

systems occupied more land to produce one kg milk. Assuming soybean cultivation in Brazil to 

be responsible for deforestation resulted in a drastic increase in the CF for conventional milk 

when including emissions from LUC. On the other hand, assuming any land occupation to be 

equally responsible for deforestation resulted in a drastic increase in the CF of organic milk. 

Depending on the applied LUC method, the organic system showed an either 50% higher or 

40% lower CF compared to the conventional system (Flysjö et al., 2012a).  

Summary of emissions from LULUC 
LULUC is an important aspect to consider in studies of milk and meat production since the 

global livestock sector already today uses about 75% of the world’s agricultural land (Foley et 

al., 2011). Inclusion of CO2 emissions from deforestation as well as carbon sequestration can 

have a significant impact on the CF result of milk. Improved methods to assess these biogenic 

emissions are therefore needed. The difficulties in estimating emissions from LULUC are due 

to: 1) inconsistency in methodology on how to attribute emissions to products (allocation 

between products), 2) the choice of amortisation period (allocation over time) and, 3) variation 

and uncertainties in carbon fluxes (magnitude of carbon stocks and carbon uptakes). 

Addressing the first point requires models that link production (i.e. land occupation) and LUC. 

Decisions on LULUC are affected by many factors such as economic market conditions, trade 

patterns and environmental regulations. Hence, these factors need to be included when 

modelling the link between land occupation and LUC. The second point is more a subjective or 

political decision. To obtain more valid results, sensitivity analyses are crucial for the 

amortisation period, and it would also be desirable if a consensus could be reached regarding 

this decision. In the current situation, many studies and standards (e.g. BSI, 2011) use a 20-

year time frame as suggested by IPCC (2006), but whether this is the most appropriate is 

discussed (Fernside, 2002). The third point can be addressed with improved data accuracy 

through more precise and reliable measurements. Finally, to have a transparent description on 

how LULUC emissions are derived is essential. When reporting GHG emissions for a product, 

emissions related to LULUC should be reported separately due to the large uncertainties and 

lack of consensus about methodology. Including emissions from LULUC is essential to obtain 

valid results for the CF of milk and dairy products, especially when analysing strategies for 

future farming.  
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4.5  Impact assessment 

A time horizon of 100 years is typically used when estimating global warming potential (GWP). 

The characterising factors for GWP in a 20, 100 and 500 year time horizons are presented in 

Table 6 (Forster et al., 2007). CH4 has an atmospheric lifetime of 12 years and has therewith a 

much higher contribution to global warming in a short term, but after 20-30 years this effect 

decays almost completely. Compared to a 100 year perspective, the characterisation factor for 

CH4 is three times higher in a 20 year perspective and three times lower in a 500 year 

perspective. For N2O the difference in characterisation factor is small in a 20 year perspective, 

but half in a 500 year perspective, compared to a 100 year perspective. Thus, for many 

products the time horizon has minor impact on the CF, but for milk it is of great significance as 

CH4 composes a large share of the CF.  

 
Table 6. Global warming potentials for CO2, CH4 and N2O for the different time horizons of 
20, 100 and 500 years (Forster et al., 2007). 

 20 y 100 y 500 y 

CO2 1 1 1 

CH4 72 25 7.6 

N2O 289 298 153 

 

Figure 15 shows the resulting CF for one kg milk at farm gate when different time horizons are 

applied to the characterising factors (based on data from Flysjö et al., 2011b). Using a time 

horizon of 20 years results in a 93% increase , while a time horizon of 500 years results in a 

decrease of 51%, compared to a time horizon of 100 years. This is principally due to the large 

difference in the characterisation factor for CH4.  

 

Figure 15. Carbon footprint for one kg milk (including by-products, excluding emissions from 

land use change) at farm gate using a time horizon of 20, 100 and 500 years (based on data 

from Flysjö et al., 2011b). 

The choice of time horizon is primarily a policy decision, but also a scientifically relevant 

question. Even though a 100 year time horizon seems reasonable (Udo de Haas et al., 2002), it 

should be acknowledged that the atmospheric lifetime of CH4 is considerable shorter than CO2. 

Some studies argue for a time horizon of 20 years for CH4, as a reduction in CH4 can have a 

large effect within 20 years (Goodland and Anhang, 2009). The choice of time horizon for CH4 
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is relevant when analysing different mitigation strategies, where measures reducing CH4 (e.g 

feed additives) would be weighted higher if a shorter time horizon were chosen. Thus, 

analysing different time horizons can be valuable, but primarily at a policy-making level in 

order to provide advice on mitigation strategies. 

4.6  Summary of critical aspects for estimating the carbon footprint 

There are several aspects to consider when conducting a CF assessment. First of all, it is 

important to consider the objective of the study. This is fundamental in order to make the 

correct decisions when defining the goal and scope. The type of LCA used – ALCA or CLCA – is 

determining for the CF results of milk and dairy products (Thomassen et al., 2008a), mainly 

because of differences in co-product handling but also because of data choices (average data 

versus marginal data). Other aspects, as discussed above, are also critical: FU, co-product 

handling, estimating CH4 and N2O emissions, emissions associated with LULUC, as well as 

impact assessment. All these aspects are especially important when comparing CF results. 

Variations in CF results from different studies can be caused by actual differences in emissions 

as well as discrepancies in methodological choices, assumptions and data quality. Table 7 

presents a summary of critical methodological choices and a ranking of their impact on the 

final CF result. Defining the FU is considered to be relatively more critical for dairy products 

than for raw milk, as there are larger variations and broader application of dairy products; for 

example, variation of fat and protein contents in products, inclusion or exclusion of product 

waste, and whether milk is considered as a drink or food (if nutritional aspects are included) in 

comparison to alternative products (Flysjö, 2011; Smedman et al., 2010). Co-product handling 

is central at farm level as well as processing level. At farm level, for example, system expansion 

results in 63-76% of GHG emissions attributed to milk, while allocation results in 85-98% 

(Flysjö et al., 2011a). Also at dairy processing level co-product handling drastically affects the 

results, where different allocation models showed an almost twofold difference for some 

products (Flysjö, 2011; Flysjö et al. 2012b). Estimates of CH4 from enteric fermentation and 

N2O from soils are likewise important. The variation and uncertainty in N2O emissions are 

larger than for CH4, but since CH4 from enteric fermentation comprises about half of the CF of 

raw milk it has a significant impact on the result (Flysjö et al., 2011b). In Flysjö et al. (2011b) 

the CF of average milk was estimated at 1.16 kg CO2e for Sweden and 1.00 kg CO2e for New 

Zealand per kg ECM18, but including variations in CH4 and N2O emissions revealed a 

considerable variation in CF – with a range of  0.8-1.6 kg CO2e for Sweden and 0.6-1.5 kg CO2e 

for New Zealand (in the prediction interval 2.5-97.5%). Hence, ascribing milk with a single CF 

number is problematic considering the significant variations in biogenic emissions (±30-50%). 

Accounting for LULUC is another critical aspect, and different types of  methods can change 

the conclusions of a study radically (Flysjö et al., 2012a). Finally, the choice between a 20, 100 

or 500 year time horizon for characterisation factors changes the CF of milk significantly. Even 

though a 100 year perspective is typically applied, it should be acknowledged that CH4 has a 

much shorter atmospheric lifetime than CO2.   

  

                                                           
18 Including by-products culled dairy cow and surplus calves, excluding emissions from LUC. 
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Table 7. Estimated impact on the carbon footprint (CF) of milk and dairy products due to 
definition of functional unit (FU), choice of method for co-product handling, estimating CH4 
from enteric fermentation (ent ferm) and N2O emissions from soil (i.e. emission factors (EF)), 
emissions from land use and land use change (LULUC) and impact assessment. The impact 
on final CF ranked between 1-5, where 1 is not important and 5 is very important. 

 
Farm level 
(raw milk) 

Processing level 
(dairy products) 

FU 2 3 

Co-product handling 4 4 

EF for CH4 (ent ferm)  3 na 

EF for N2O 3 na 

LULUC  5 na 

Impact assessment 5 1 

 

The present thesis suggests that – as a minimum – the methodological aspects presented in 

Table 7 need to be the same if a comparison of CF results of dairy products is to be meaningful. 

As there is no such thing as one right answer for all questions, it is – as already pointed out – 

important to know the purpose of the study. The application of CF assessments is very broad. 

Using CF numbers for communication purposes (carbon labelling) has been adopted by some 

supermarkets, e.g. Tesco in the UK and Casino in France. Even if all products had CF labels, 

based on the same methodological assumptions, it would still be debatable whether one 

product would actually have a lower CF than another, considering variations between farms 

(Henriksson et al., 2011) and variation and uncertainties in emission estimates (Flysjö et al., 

2011b). However, as information for and education of consumers, CF labelling can be 

considered as a good initiative (Flysjö et al., 2009). Documenting the CF of products is also 

done between businesses. This encourages companies to lower their contribution to climate 

change. Putting pressure on suppliers with regard to GHG emissions is one important way to 

improve the overall performance of the industry. Moreover, many companies have put up 

reduction targets and are calculating their CF in order to follow improvements. Another use of 

CF assessments is in strategic planning, both for individual companies and for whole sectors. It 

is important to understand the uncertainty as well as the variability in CF numbers in order to 

gauge the robustness of the results (Basset Mens et al., 2009; Flysjö et al., 2011a; Flysjö et al., 

2011b; Flysjö et al., 2012a; Henriksson et al., 2011). Thus, providing CF ranges instead of 

single CF numbers, or at least presenting standard deviations, would provide decision-makers 

with more valid information. 
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5  Mitigation measures for the carbon footprint of milk 

and dairy products 

The sector facing the largest challenges in reducing its GHG emissions is most likely 

agriculture. CH4 and N2O releases from animals, soils and manure are the consequences of 

natural biological processes and unavoidable in arable and livestock production. These 

biogenic emissions represent 52% (CH4) and 27% (N2O) of the GHG emissions for dairy 

products in industrialised countries (see Figure 16), while fossil CO2 roughly corresponds to 

20% (Gerber et al., 2010a). To meet the target on a maximum of 2°C in temperature rise, 

global GHG emissions need to be halved by 2050 (compared to 1990), which means an 80-

90% reduction in industrialised countries (Barker et al., 2007; SOU, 2007). With our current 

knowledge, a reduction of that magnitude seems unrealistic for dairy products, since biogenic 

emissions at farm level are rather high. However, a number of significant mitigation options do 

exist, which should be carefully considered when reducing GHG emissions throughout the life 

cycle of dairy products – from farm production, dairy processing to the final consumption 

phase. 

 

Figure 16. Distribution of greenhouse gas emissions (fossil CO2, CH4 and N2O) for average 

dairy products in industrialised countries (Gerber et al., 2010a). 

 

5.1  Reductions at farm level 

The variation in GHG emissions among dairy farms indicates that there is a potential to reduce 

the CF (Cederberg and Flysjö, 2004; Kristensen et al., 2011; Thomassen et al., 2008b; van der 

Werf et al., 2009). Even within relatively similar farm types a variation of ±17% was observed 

(Henriksson et al., 2011).  The magnitude of reduction potential depends on the actual farm 

and associated emissions. For the average Swedish milk Flysjö et al. (2011b) analysed different 

sources of emissions shown in Figure 17.  
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Figure 17. Different sources of emissions contributing to the carbon footprint of average milk 

at farm gate in Sweden (Flysjö et al., 2011b). 

CH4 from enteric fermentation is by far the largest single contributor to the CF of milk at farm 

level. Enteric CH4 emissions are related to the total feed intake needed to produce milk as well 

as the composition of the feed. In recent years an extensive amount of research has focused on 

how to reduce the CH4 emissions (Beauchemin et al., 2008; Grainger and Beauchemin, 2011; 

Johannes et al., 2008; Waghorn and Hegarty, 2011). Increasing the quality of feed, especially 

roughage, can reduce enteric CH4 production (Boadi et al., 2002; Danielsson, 2009). However, 

the most promising feeding strategy seems to be dietary supplementation with fat (Grainger 

and Beauchemin, 2011). Increasing the fat content (from 3.5% to 5.5-6.5%) has shown an 

average reduction in CH4 emissions of 11% (Johannes et al., 2011), while other studies suggest 

a reduction potential of 10-25% (Beauchemin et al., 2008). However, this can be at the 

expense of the protein content in the milk and in a mitigation strategy it is important to 

account for such additional negative effects.  

Besides potentially reducing enteric CH4 emissions, an increased quality of roughage with 

higher energy and protein content also means that less concentrate (feed products with 

relatively high CF) needs to be purchased. Emissions from total feed production19 (including 

purchased feed) make up about 40% of the CF of milk (Flysjö et al., 2011b). There is large 

variation in the CF for different feeds, but also for the same type of feed, due to differences in 

yields and fertiliser rates (Flysjö et al., 2008). Emissions from feed production on-farm are 

primarily from the production and use of nitrogen (manure and synthetic fertilisers) and 

diesel. The amount of manure depends on livestock density. Improving manure utilisation 

would supposedly result in a lower use of synthetic fertilisers. However, Henriksson et al. 

(2011) did not find any correlation between N fertiliser rates and livestock density on dairy 

farms in Sweden. The use of synthetic fertiliser varied between 0 to 250 kg N per ha in the 

study of 920 dairy farms in Sweden (Henriksson et al., 2011). Thus, there appears to be scope 
                                                           
19 I.e. all production and use of fertilisers, diesel and transportations. 
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for improving the nitrogen efficiency on farms by a more efficient use of manure and more 

optimal application of synthetic fertilisers.  

Obviously it is more difficult for the farmer to do anything about the GHG emissions 

associated with purchased feed. Some feed manufacturers20, however, provide information 

about the CF (per kg) for various feed products, but as there are large differences in the quality 

of feeds, GHG emissions need to be expressed in terms of nutritional value to give full 

meaning. In addition, the CF of feed should not be given too much emphasis considering the 

uncertainties associated with biogenic emissions (Rypdal and Winiwarter, 2001) and 

methodological aspects such as how emissions from LUC are included (Flysjö et al., 2012a). 

Other aspects that might be worth considering in relation to feed could be prioritising 

purchases of certified products, e.g. responsible soy21. Such initiatives seem to have a potential 

to reduce deforestation as recent findings in Brazil indicate (Marcedo et al., 2012). 

Using manure for biogas production via anaerobic digestion is another mitigation option 

(Berglund and Börjesson, 2006; Holm-Nielsen et al., 2009). Implementing biogas production 

will result in less CH4 emission from manure management and storage, as these emissions are 

captured in the digestion process to produce biogas. The biogas can replace fossil energy 

sources, which reduces net emissions of CO2. In addition, the digestate (treated manure) has a 

higher fertiliser value (more inorganic N) than untreated manure and thus less N fertiliser is 

needed, which reduces N2O emissions. However, the organic N in manure has residual effects 

after the year of application, which also need to be accounted for (Schröder et al., 2007).  

On-farm energy use varies substantially between farms. Diesel use on 46 Swedish dairy farms 

was between 62 and 191 litre per ha, with an average of 113 litre per ha (Cederberg and Flysjö, 

2004; Cederberg et al., 2007; Henriksson et al., 2011), a variation most likely larger at national 

level. The variation can to some extent depend on which crops are cultivated. However, the 

variation reveals a scope for reducing diesel use. The electricity use per kg milk at farm level is 

approximately 0.3-0.6 MJ22, where the largest input is the milking, cooling and lighting (pers. 

comm. B Eskerød Madsen, Agrotech, Denmark; unpublished data from Cederberg et al., 

2009). Analyses have shown that there is a large variation between farms, where some farms 

use twice as much electricity per cow and year, and thereby indicates a potential for 

improvement (pers. comm. B Eskerød Madsen, Agrotech, Denmark). Increasing energy 

efficiency  is an option that also goes hand in hand with cost reduction on the farm. 

Another aspect to consider as a mitigation option is herd structure, where a reduction in the 

replacement rate has been shown to reduce GHG emissions for milk production (Vellinga et 

al., 2011; Weiske et al., 2006). As the dairy cow needs to calve to give milk (approximately one 

calf every year), a reduction in the replacement rate would lead to an increase in surplus 

calves. About half of all calves are bull calves and since not all heifer calves become dairy cows, 

a significant number of the calves leave the dairy system, often to be reared for beef 

                                                           
20 E.g. Lantmännen in Sweden (www.lantmannenlantbruk.se) 
21 The Round Table on Responsible Soy Association (RTRS) standard for soy production ‘includes requirements to halt 
conversion of areas with high conservation value, to promote best management practices, to ensure fair working 
conditions, and to respect land tenure claims.’  (www.responsiblesoy.org) 
22 Net energy, as opposed to the cumulative energy demand, which would be about three times higher since about 3 MJ 
primary energy is needed to produce 1 MJ average European electricity (Ecoinvent, 2010). 
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production. To improve beef production the use of sexed semen enables farmers to select the 

cows to breed heifer calves (from cows with high milk yield) and the cows to breed beef calves. 

For the latter, semen from beef breeds could be used for the cows that are not high milk 

yielders, resulting in calves with greater potential to produce meat. Thus, by increasing beef 

production as a by-product from the dairy system, the CF for milk would actually reduce since 

less meat needs to be produced in an alternative system (see chapter 4.2 Co-product 

handling). Studies have also shown that increased milk yield per cow does not necessarily 

reduce the CF per kg milk, when also considering the alternative production of the beef by-

product (Flysjö et al., 2012a; Weidema et al., 2008; Zehetmeier et al., 2012). The focus of dairy 

farmers is obviously on milk production and an increase in milk production results in less 

emission per kg milk, but also in less meat per kg milk. To replace this ‘loss’ and to meet the 

increasing demand for meat, it needs to be produced in another system, which – depending of 

the type of meat it is replaced by – can result in a net increase in emissions (Flysjö et al., 

2011a; Flysjö et al., 2012a; Zehetmeier et al., 2012). Hence, the production of milk and beef 

products needs to be addressed in an integrated approach. 

When mitigating GHG emissions from dairy production there is no ‘silver bullet’. Many 

improvements that individually seem small can add up and together result in significant 

reductions. To evaluate what is actually realistic, both the technical as well as the economic 

potential need to be addressed (UNFCC, 2008). Farmers tend to choose relatively simple 

mitigation options that are cost-effective, or at least carry relatively few additional costs 

(Vellinga et al., 2011). Farms with a low CF per kg milk typically also tend to have a high net 

income (Thomassen et al., 2009). This is likely related to the efficiency of the farm, where low 

amounts of feed, nitrogen and energy per kg milk result in a low CF as well as costs. As some 

actions are not economically viable for the farmer, subsidies or incitements are needed in order 

to achieve desirable goals. Many countries, for example, have subsidised biogas plants to make 

them economically sustainable.  

It can also be discussed who should carry the additional costs related to approaches such as 

renewable energy, improved feed formulas to reduce CH4 and synthetic fertiliser produced 

with best available technique (BAT) – the farmer, the industry or the government? Another 

aspect to consider is the uncertainty inherent in different measures. The impact of improved 

feed formulae (e.g. more fat in the feed) has been shown to reduce CH4 emissions as discussed 

above, but to actually know the impact on individual farms will be difficult. Hence, this 

measure is associated with a relatively large uncertainty (as also discussed in chapter 4.3 

Estimating CH4 and N2O emissions). In contrast, synthetic fertiliser (ammonium nitrate) 

produced with BAT has about half the CF compared to a traditional production (Jenssen and 

Kongshaug, 2003) and this reduction is associated with a low uncertainty, as it is documented 

that reductions occur in the production phase.  

It should be acknowledged that the variation between farms is large, thus, some farms might 

have a large reduction potential while others are barely able to cut emissions at all. Hence, 

mitigation options should be based on the actual situation of the individual farm (Vellinga et 

al., 2011).  
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5.2  Reductions at the dairy  

The main GHG emissions from industrial dairy production are fossil CO2. Some emissions 

related to cooling agents can also be relevant, but these are assumed to be of minor 

importance. The largest source of emissions at dairy level is energy use for processing, 

transport and packaging, representing 7%, 3% and 3%, respectively, in industrialised countries 

(Gerber et al., 2010a). In recent years dairy production has become more specialised and 

concentrated, which has resulted in an increase in the distances milk and dairy products are 

transported between sites. At the same time, however, energy efficiency has improved due to 

larger volumes and better utilisation of the production capacity.  

Inbound transport of raw milk from farm to dairy site could be reduced by concentrating the 

raw milk, as it consists mainly of water. Shifting to more fuel-efficient vehicles and driving in a 

more eco-friendly manner are other ways to reduce fuel consumption for both inbound and 

outbound transports. Different options also exist for the type of fuel used, but concerning the 

first-generation biofuels used today it is debatable whether there really is an environmental 

benefit, as the increased pressure for land to grow biofuel crops increases the pressure on 

deforestation (Searchinger et al., 2008).  

The choice of packaging can affect the CF in various ways: choice of packaging material, 

amount of packaging per product unit and packaging design. The waste management of the 

packaging at the disposal stage also has an impact, and the preferred choice of packaging 

material can therefore vary depending on the waste management system of the country where 

the package is disposed. Less packaging per product obviously results in a lower CF, given that 

it is sufficient to protect the quality of the product. Although packaging represents a relatively 

small share of the CF compared to the dairy product itself, the design of the packaging is a 

most critical element in order to reduce product losses, also at consumer level. 

As the largest environmental impact for dairy products is associated with the production of 

raw milk, it is crucial to have an efficient use of the milk and minimise product losses. 

However, some product losses are unavoidable due to cleaning of machinery. In many cases, 

though, better planning can have a significant impact on the amount of product waste. Berlin 

and Sonesson (2008) showed that by optimising the sequencing of flavoured yoghurts on the 

production line, as much as 29% or possibly up to half of the product losses could be 

eliminated. This reduction in product losses corresponded to a reduction in total 

environmental impact of between 1.3% and 2.6%, or to a 33% reduction of the dairy site’s GHG 

emissions. Total waste at processing level for dairy products is estimated at 1.2% for Europe 

(Gustafsson et al., 2011).  
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5.3  Reduction in post dairy chain 

Many CF studies of dairy products do not include the post-dairy chain – from dairy site to 

consumer. It is, however, important to analyse also what the retailer, and especially the 

consumer, can do in order to reduce emissions. As discussed previously, the largest 

contribution to the CF is associated with raw milk production and product losses should 

therefore be minimised. In the last couple of years food waste has come under the scrutiny of 

the public, as about one third of all edible food is thrown away (Gustavsson et al., 2011; WRAP, 

2009). If less food is wasted, less food needs to be produced, transported, processed, and thus 

more food would be available, which would reduce the CF per consumed unit. The largest 

product losses in the dairy chain in industrialised countries takes place at the consumer level 

(40-65%) (Gustavsson et al., 2011). In Europe about 7% of milk and dairy products is wasted at 

the consumer level, and in the US this number is estimated to be twice as high (Gustavsson et 

al., 2011). The waste at consumer level is significantly lower in developing countries 

(Gustavsson et al., 2011). Similar figures for avoidable product waste for milk and dairy 

products at consumer level in UK were reported by WRAP (2009). Total waste of milk and 

dairy products at consumer level corresponds to approximately 63 Mt CO2e globally, with 

Europe and North America responsible for about 60% (Gerber et al., 2010a; Gustavsson et al., 

2011). Thus, the potential for improving the CF of dairy products by reducing product waste at 

consumers is fairly large. The design of packaging is an important aspect (Flysjö, 2011). To 

design packaging that facilitates emptying is important, especially for products such as yoghurt 

(Berlin et al., 2008). But it is also essential to adapt the size to consumer needs. For example, a 

37% waste of butter in one portion 10 gram mini-tub was found by Flysjö (2011), indicating a 

potential to reduce waste by adapting packaging size. Other options to avoid food losses 

include improving the durability, as most dairy products are wasted because they are not used 

within their shelf life (WRAP, 2009).  This could be done by adding ingredients that enhance 

the durability of the food, which for dairy products could be protective cultures. 
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5.4  Summary of reduction potentials 

Table 8 provides an overview of different actions that can be taken to reduce the CF of dairy 

products in different parts of the value chain. 

Table 8. Summary of measures to reduce greenhouse gas emissions for dairy products ‘from 
cow to consumer’. 

Farm level  

Milk volumes 
Improve animal health and reduce medication (less milk loss), increase 
volumes by promoting animal welfare 

Enteric CH4 emissions Improve feed quality, more fat in feed, feed additives 

Biogas 
Reduced emissions from manure handling, substitute fossil fuels, 
increased fertiliser value in digestate 

Nitrogen Increase N efficiency, optimal use of manure 

Synthetic fertiliser Purchase N fertiliser produced with BAT 

Electricity on-farm 
‘Smarter’ and more flexible systems (i.e. manure pumping at night 
when excess renewable energy such as wind power can be used) 

Diesel on-farm Improve efficiency 

Feed on-farm Reduce feed losses 

Feed off-farm Purchase feed with low CF 

Dairy level  

Milk collection Concentrate milk and reduce volumes resulting in less transport 

Energy use Reduce energy use and use renewables  

Process planning 
Minimise product losses by utilising full capacity, optimise sequencing 
for e.g. yoghurt  

Product quality Extend shelf life to reduce losses at post-dairy chain 

Packaging 
Choice of packaging material, adapt container sizes to consumer needs, 
design to facilitate emptying at consumer 

Distribution Load factor, energy-efficient vehicles 

Post-dairy level  

Retail 
Reduce food waste, no multi-buy offers, adapt volumes to different 
consumer groups, reduce energy for cooling 

Home transport Reduce car use (e.g. shift to bike), home delivery services 

Consumer 
Reduce food waste by purchasing only what is needed, consume in 
time, fully empty containers 

Waste management Recycling or incineration with heat recovery 
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6  Conclusion 

Assessing the carbon footprint (CF) of products has gained a lot of attention in recent years, 

not least for milk and dairy products. Conducting a CF assessment involves a number of 

methodological choices which have significant impact on the final result. In some cases, it can 

be difficult to determine whether a difference in the CF of e.g. two dairy products is caused by 

‘real’ differences in impacts or simply by discrepancies in CF methodology. This is a challenge 

for industry that needs robust methods to properly identify and analyse improvement options, 

but also for policy-makers and consumers who need robust science as a basis for their 

decisions on regulations and on purchases. To be able to address these challenges, it is pivotal 

to gain a better understanding of the relationship between methodological choices and CF 

results. In relation to dairy products, some key methodological challenges are identified in the 

present thesis: estimating CH4 and N2O emissions, accounting for land use change (LUC), co-

product handling and defining the functional unit (FU). 

The dominant share of the greenhouse gas (GHG) emissions from dairy products are 

associated with raw milk production at farm level. An accurate estimate on the CF of raw milk 

is therefore essential. One methodological challenge is that 70-90% of the GHG emissions 

from raw milk production are biogenic CH4 and N2O emissions originating from the biological 

processes in the rumen, manure and the soil. Estimates of these emissions are associated with 

large uncertainties due to the complexity and natural variation in biological processes. 

Accounting for these variations results in a considerable uncertainty distribution per kg 

energy-corrected milk (ECM) including by-products (culled dairy cows and surplus calves), 

which in the present study corresponded to 0.8-1.6 kg CO2e in Sweden and 0.6-1.5 kg CO2e in 

New Zealand (in the prediction interval 2.5-97.5%). This clearly shows that it is problematic to 

ascribe a single CF value (1.16 for Sweden and 1.00 for New Zealand) to milk, due to the large 

variations. In the values above, emissions from LUC were not included. There is to date no 

consensus on how to account for emissions from LUC in CF studies, and different models can 

even provide contradictory CF results. The GHG emissions, excluding LUC, for one kg ECM 

(including by-products) in Sweden was 1.13 kg CO2e for conventional production and 1.07 kg 

CO2e for organic production in the present study. A conventional production uses more soy 

(from Brazil), while organic milk systems occupy more land to produce one kg milk. Assuming 

soybean cultivation in Brazil to be responsible for deforestation ascribes a high CF value to the 

soy, resulting in a drastic increase in the CF for conventional milk when including emissions 

from LUC. If another assumption is made, namely that any land occupation is equally 

responsible for deforestation – irrespective of whether it takes place in Sweden or Brazil – the 

CF for organic milk would increase significantly. Thus, depending on the applied LUC method, 

the organic system showed up to 50% higher or 40% lower CF compared to the conventional 

system. Considering the current stage of knowledge and the lacking consensus, this suggests 

that LUC figures should be reported separately and that underlying assumptions should be 

clearly explained. 

In the sections above, results are presented for milk including by-products. However, when 

analysing the GHG emissions of dairy products, it is obviously only the emissions associated 

with the milk itself that are of interest. How emissions are partitioned between milk and beef 

has a significant impact on the CF result. System expansion results in 63-76% of GHG 
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emissions attributed to milk, while allocation results in 85-98%. It is also revealed that an 

increase in milk yield per cow does not necessarily result in a lower CF of milk, when also 

taking the alternative production of the by-product beef into account (by applying system 

expansion). Thus, milk and meat production needs to be addressed in a system perspective 

when designing future strategies for the dairy sector. Accounting for the by-product beef is 

important – especially in an analysis of future strategies – and in such an analysis system 

expansion should be applied. Allocation can be justified, for example following improvements 

at farm level. 

Co-product handling is also necessary at dairy processing level in order to estimate the GHG 

emissions for individual dairy products. The present study suggests a weighted allocation 

factor based on the price of fat and protein for which the farmers’ milk price is based. The CF 

ranged from about 1.2-5.5 kg CO2e for fresh dairy products, 7.3-10.9 kg CO2e for butter and 

butter blends, 4.5-9.9 kg CO2e for cheese, and 1.0-17.4 kg CO2e for milk powder and whey 

based products (excluding emissions from LUC). The large variation in the product group ‘milk 

powder and whey based products’ depends on the allocation model for raw milk, where lactose 

is assumed to have no value (explaining the low number) and protein is valued at 1.4 times that 

of fat (resulting in the high number for protein concentrate). 

The inclusion of food waste, especially at consumer level, can have a significant impact on the 

CF of dairy products, and it is therefore vital to differentiate between what is ‘produced’ and 

what is actually ‘consumed’ (i.e. define the FU). This distinction is especially important for 

some products, where butter in 10 gram mini-tubs, for example, showed a 37% increase in 

GHG emissions when accounting for product losses at consumer level. Another aspect needing 

further consideration is the ‘functionality’ of the product. A product containing a high 

proportion of water has a relatively low CF per kg product, but it is also necessary to consider 

nutritional values or taste. Comparing food products on a per kg basis can therefore be 

problematic – especially when comparing dairy products with other foods.  

There is no ‘silver bullet’ in the mitigation of GHG emissions for dairy products; instead many 

improvements which individually seem small can add up and together result in significant 

reductions. The difference in the CF of raw milk between relatively similar dairy farms (±17%), 

indicates that there is scope for reducing GHG emissions by improving management practices. 

Mitigation strategies need to take the individuality of farms into account. Small improvements 

at farm level can result in relatively large reductions in the CF of dairy products (compared to 

other life cycle stages), since emissions before farm gate constitute the main source of the GHG 

emissions. As raw milk makes the largest contribution to the CF of dairy products, it is 

essential to minimise product losses throughout the whole value chain – from cow to 

consumer.  

Finally, dairy companies have an important role to play – representing the link between 

farmers and consumers – to encourage sustainable farming practices at the same time as 

promoting more sustainable consumption. Even though the principal objective for a business 

is to make a profit, a strong engagement in the promotion of sustainable production and 

consumption (including mitigating climate change) is becoming ever more important for their 

image and therefore success – especially in a long-term perspective.   
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7  Outlook 

In recent years the contribution to GHG emissions from cows and dairy production has created 

headlines in the media such as ‘Are cows killing the planet?’23 or ‘Cows’ emissions more 

damaging to the planet than CO2 from cars’24. Hence, dairy production has been heavily 

criticised. The whole food system – including dairy production – stands before major 

challenges, and the ‘challenge facing agriculture today are unlike anything we have 

experienced before’ (Foley et al., 2011). The demand for milk and dairy products is expected to 

double by the middle of the century (FAO, 2006), due to population growth and change in 

consumption patterns. At the same time, global GHG emissions should be halved compared to 

1990, in order to reach the target of a maximum 2°C increase in temperature (Barker et al., 

2007; SOU, 2007). The dairy sector is responsible for 4% (±26%) of anthropogenic GHG 

emissions, while providing milk and dairy products as well as 13% of the global meat supply 

(Gerber et al., 2010a).  

The dairy sector supplies us with valuable food products. As cattle have the ability to convert 

grass to milk and meat – high-quality food products – they can make use of land areas 

(rangelands) less suitable for direct food crops. At present, however, cattle in the developed 

world are predominantly fed grass/maize silage, grain and protein feeds cultivated on arable 

land. Cattle production also provides important by-products such as leather, they are efficient 

in recycling plant nutrients and preserving ecosystem services and they provide social benefits 

as well as aesthetic value to the landscape (Janzen, 2011). In addition, cattle have their own 

intrinsic value and ‘are now integral to our ecosystems, part of the biotic community in which 

we live’ (Janzen, 2011). It is therefore my belief that cattle do have a role to play also in the 

future. However, many aspects need consideration. Valid assessment tools are required to 

analyse progress in, for example, mitigation programmes for GHG emissions since it is not 

possible to manage what we do not measure. The aim of the present thesis is to give a 

contribution to that. In order to design future sustainable systems, it is important to pose the 

question: how should the future livestock or dairy system look and what features should it 

have? It is also necessary to reflect on how livestock production is best adapted to the local 

specific conditions where it takes place, as there is likely not one-system-fits-all. One 

conclusion from the present thesis is that it is essential to analyse future strategies for milk and 

meat production in an integrated approach, as beef is an inevitable by-product from milk 

production (Flysjö et al., 2012a; Weidema et al., 2008; Zehetmeier et al., 2012). It has also 

been pointed out that the ‘industrial livestock sector has become footloose’25 (Naylor et al., 

2005) and that we need to restore the link between livestock and land (Gerber et al., 2010b; 

Janzen, 2011).  

Dairy products are today a fundamental part of our diets, especially in the industrialised part 

of the world, and offer a good source of most of the vitamins and minerals needed daily which 

makes them a truly unique product. The nutritional value of dairy products needs to be 

considered when comparing their environmental impact with that of other foods, why a 

                                                           
23 MailOnline, 11th July 2007 
24 The independent 10th December 2006 
25 This might be most relevant for pork and poultry production. 
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comparison solely on a per kg basis or calorific basis is not sufficient (Smedman et al., 2010). 

To analyse a sustainable food consumption focus must be on diets and not on single products. 

Food production is complex and there are many aspects to consider and it can therefore be 

problematic to provide advice on what is a ‘sustainable diet’. More research is needed in this 

area and policy-makers need to focus on consumption patterns related to diets, so they can 

encourage consumers towards a more sustainable food consumption. 

Another aspect related to dairy production that has attracted attention in the media is soy 

production for feed. GHG emissions from European dairy production differ from other regions 

in the world (Figure 2), due to a relatively higher share of emissions from deforestation caused 

by soy imported from South America (Gerber et al., 2010a). There are of course many other 

impacts related to deforestation than just GHG emissions. Conversion of native ecosystems can 

have radical, negative impacts, such as loss of biodiversity (Foley et al., 2005). From 1990 to 

1997 an area of humid tropical forest corresponding to the size of Denmark was lost26 each 

year globally (Achard et al., 2002), and in the Brazilian Amazonia a total area corresponding to 

the size of Sweden and UK together was cleared27 between 1978-2003 (Fernside, 2005). Soy 

and beef production has been identified as the main drivers for the deforestation in the 

Brazilian Amazonia (Marcedo et al., 2012). A significant share of the soy and beef produced in 

Brazil is exported to Europe and China, and the growth in demand in those markets has 

obviously increased the pressure on deforestation of the Amazonia (Cederberg et al., 2011; 

Nepstad et al., 2006). However, the demand ‘also increases the potential for large-scale 

conservation in the region as markets and finance institutions demand better environmental 

and social performance of beef and soy producers’ (Nepstad et al., 2006). During recent years 

(2006-2010) the deforestation of the Amazonia has drastically declined, especially in the 

region Mato Grosso in Brazil. The deforestation in the region was only 11% in 2010 compared 

to the period 1996-2005, while soy production has continued to increase (Macedo et al., 2012). 

Thus, there has been a decoupling of deforestation and soy production (Macedo et al., 2012). 

The decrease of the Amazonian deforestation can partly be a result of the economic crisis, but 

government investments in monitoring, protected areas and a larger presence of the Brazilian 

Environmental Police have also contributed, as have voluntary industry initiatives (de Silva, 

2009; Macedo et al., 2012). Hence, voluntary industry initiatives such as RTRS28 can be of 

significant importance in the prevention of deforestation, and it is therefore important that 

there is a market for such initiatives, i.e. that companies request products produced in a 

responsible manner.  

The dairy industry must take responsibility for the entire value chain, starting with the 

production of the feed. Obviously dairy farmers have a responsibility for how they produce 

milk, but this responsibility must be shared with other stakeholders in the supply chain. To 

make it possible for dairy farmers to purchase responsible soy, for example, they need to 

receive a milk price that allows them to pay more for certified feed products such as RTRS soy. 

                                                           
26 58 000 km2 compared to the size of Denmark of about 43 000 km2. 
27 648 500 km2 compared  to the size of Sweden and UK of about 694 000 km2 (Sweden about 450 000 and UK about 
244 000 km2). 
28 The Round Table on Responsible Soy Association (RTRS) standard for soy production ‘includes requirements to halt 
conversion of areas with high conservation value, to promote best management practices, to ensure fair working 
conditions, and to respect land tenure claims.’  (www.responsiblesoy.org) 
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However, dairy companies cannot increase the price to farmers if the customers and 

consumers are not willing to pay for it. The price of milk in stores is surprisingly low, 

considering all the efforts in producing it. In supermarkets the price of one litre of milk and 

half a litre of water is approximately the same, resulting in water being twice as expensive. In 

addition, a large proportion – around one third – of the all edible food is never consumed 

(Gustavsson et al., 2011). One reason for this excessive waste is likely the relatively low price of 

food, so there is little economic incentive to be careful with purchased food – at least for a large 

number of consumers. As today’s consumer in the western world typically has a rather hectic 

life, there is constantly a competition between time and money. Hence, to take the extra time 

to empty a carton properly might not be ‘cost-efficient’ as it is easier to just open a new 

package or relatively cheap to buy a new one. More consideration also needs to be given to 

different consumer groups and to adapt package sizes to smaller household sizes to avoid food 

losses. Total waste of milk and dairy products at consumer level corresponds to about 63 

million tonnes CO2e globally (Gerber et al., 2010a; Gustavsson et al., 2011). Consequently, 

there is a large potential for reducing food waste at consumer level, but food losses need to be 

accounted for in the entire value chain – from cow to consumer. 

Finally, it is crucial to work along the value chain, as well as between sectors29 in order to move 

towards a more sustainable dairy production and consumption. Today’s food system is 

complex and globally interlinked. Analysing future strategies thus requires a system analysis 

approach. LCA is a unique tool to evaluate resource use and emissions from production chains. 

A life cycle thinking is fundamental when evaluating the environmental impact from a product 

to avoid sub-optimisation and ensure total net benefits. It is also necessary that the industry 

makes use of this knowledge and converts it into practice when seeking mitigation solutions. A 

further development and implementation of LCA tools within companies will make it possible 

to use this directly in innovation, e.g. in technological development as well as innovative 

marketing concepts. Several organisations, including dairy companies, have developed tools 

and are already calculating GHG emissions, both at farm and processing level, to mitigate 

emissions. Creating valid methods to assess impacts throughout the entire life cycle is critical 

to be able to document and claim reductions. Many customers request information about the 

CF of products, and this interest should obviously be encouraged. Calculating the CF for 

individual dairy products will make it easier to communicate about the effects of ‘sustainable’ 

actions – in e.g. primary production – and possible convert this into sustainability claims for 

specific products. Food companies also need to engage with governments and policy-makers in 

order to develop strategies that will lead to a more sustainable food sector. Corporate social 

responsibility (CSR) and other sustainability initiatives have become an integral part of many 

businesses today. Having an enhanced focus on sustainability, and on responsible behaviour, is 

likely a requirement becoming more important in order to have a successful business in the 

future. 

There are many aspects to consider when working for a more sustainable dairy sector, both 

with regard to different parts of the value chains as well as different environmental impacts. 

                                                           
29 E.g. to reduce emissions from energy use, the dairy sector needs to work together with the energy sector, similar, to 
have more efficient vehicles or renewable fuels collaboration with the transport sector is required. 
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The present PhD thesis focuses on GHG emissions associated with milk and dairy products 

and the challenges in assessing these emissions as well as measures to reduce them. In many 

cases CF is a suitable measure also for investigating other environmental impacts, as efficient 

farms with low GHG emissions often also have low energy use and lower emissions of reactive 

nitrogen. For other impacts, there are, however, no such relation, most importantly 

biodiversity and land and water use. Thus, especially the impacts on the latter are important to 

investigate further to provide a better understanding of the full environmental sustainability of 

dairy production. Besides environmental aspects, there are also the other two pillars of 

sustainability – social and economic aspects – which must also be addressed when assessing 

the full concept of sustainability. 

With background in the present PhD project, some key issues are listed below as suggested 

focus areas for different stakeholders. 

Farmers need to have an efficient use of resources and be open for new solutions that 

promote more sustainable farming practices. 

Dairy companies need to take responsibility for the whole value chain and promote 

sustainable farming practices (e.g. support responsible certified soy, promote measures for 

improved biodiversity) at the same time as facilitate a more sustainable consumption for 

consumers. 

Consumers need to understand the value of food, including reducing food waste, and to be 

prepared to pay for environmental and societal values of food products. 

Policy-makers need to identify what are the most critical issues for the future food system, 

including aspects such as how do we use our land most efficiently,  how do we adapt 

cultivation to what the land and climate is best suited for, and how do we reduce 

deforestation? In addition, focus is also needed on our consumption by addressing e.g. what 

is a sustainable diet and how can we analyse environmental impacts connected to the 

nutritional value of foods? 

Researchers need to understand what characterises sustainable dairy farming and analyse 

scenarios for a future sustainable food production and consumption.  
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Appendix 1 

 

 

Figure A1. Development in total milk production from 1961 to 2009 in different regions of the 

world (FAOstat, 2011b). 

 

 

 

Figure A2. Development in total milk production from 1961 to 2009 in Germany (DE), 

Denmark (DK), France (FR), The Netherlands (NL), Sweden (SE) and UK (FAOstat, 2011b). 
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Figure A3. Development in number of dairy cows from 1961 to 2009 in different regions of 

the world (FAOstat, 2011a). 

 

 

 

Figure A4. Development in number of dairy cows from 1961 to 2009 in Germany (DE), 

Denmark (DK), France (FR), The Netherlands (NL), Sweden (SE) and UK (FAOstat, 2011a). 
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Figure A5. Development in milk yield per cow from 1961 to 2009 in different regions of the 

world (FAOstat, 2011b). 

 

 

 

Figure A6. Development in milk yield per cow from 1961 to 2009 in Germany (DE), Denmark 

(DK), France (FR), The Netherlands (NL), Sweden (SE) and UK (FAOstat, 2011b). 
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The carbon footprint (CF) of milk production was analysed at the farm gate for two contrasting produc-
tion systems; an outdoor pasture grazing system in New Zealand (NZ) and a mainly indoor housing sys-
tem with pronounced use of concentrate feed in Sweden (SE). The method used is based on the
conceptual framework of lifecycle assessment (LCA), but only for greenhouse gas (GHG) emissions.
National average data were used to model the dairy system in each country. Collection of inventory data
and calculations of emissions were harmonised to the greatest extent possible for the two systems. The
calculated CF for 1 kg of energy corrected milk (ECM), including related by-products (surplus calves and
culled cows), was 1.00 kg carbon dioxide equivalents (CO2e) for NZ and 1.16 kg CO2e for SE. Methane
from enteric fermentation and nitrous oxide emissions from application of nitrogen (as fertiliser and
as excreta dropped directly on the field) were the main contributors to the CF in both countries. The most
important parameters to consider when calculating the GHG emissions were dry matter intake (DMI),
emission factor (EF) for methane from enteric fermentation, amount of nitrogen applied and EF for direct
nitrous oxide emissions from soils. By changing one parameter at a time within ‘reasonable’ limits (i.e. no
extreme values assumed), the impact on the total CF was assessed and showed changes of up to 15%. In
addition, the uncertainty in CF estimates due to uncertainty in EF for methane from enteric fermentation
and nitrous oxide emissions (from soil and due to ammonia volatilisation) were analysed through Monte
Carlo simulation. This resulted in an uncertainty distribution corresponding to 0.60–1.52 kg CO2e kg�1

ECM for NZ and 0.83–1.56 kg CO2e kg�1 ECM for SE (in the prediction interval 2.5–97.5%). Hence, the var-
iation within the systems based on the main EF is relatively large compared with the difference in CF
between the countries.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

During the past few years there has been an increasing focus on
the contribution of food production to climate change. This has re-
sulted in a widespread community and industry interest in assess-
ing the life cycle of food products with regard to greenhouse gas
(GHG) emissions, i.e. the carbon footprint (CF) of the products.
The largest retailer in the UK, Tesco, has also launched carbon
labelling on for example their consumer milk. Work is underway
to develop standards and guidelines for CF calculations in general
(e.g. ISO, 2009; World Resources Institute & World Business Coun-
ll rights reserved.

derhøj 14, DK-8260 Viby J,

jö).
cil for Sustainable Development, 2009; BSI, 2008), and for milk in
particular (e.g. IDF, 2010; Carbon Trust, 2010).

The CF of products derived from agricultural production differs
significantly from that in other sectors, e.g. energy and transport,
as the dominant emission is not fossil carbon dioxide (CO2) but
the non-CO2 GHGs nitrous oxide (N2O) and methane (CH4) (IPCC,
2007a). This is especially evident in livestock production (de Vries
and de Boer, 2010). The non-CO2 GHGs originate from a number of
complex biological processes in soil, livestock and manure, and are
generally much more difficult to estimate, due to the inherent nat-
ural variability of biological systems, than fossil carbon dioxide.
This gives rise to larger uncertainties in assessments of emission
of nitrous oxide and methane as opposed to fossil carbon dioxide
estimates (Rypdal and Winiwarter, 2001).

Several environmental studies of milk production have been
performed using the life cycle assessment (LCA) approach to

http://dx.doi.org/10.1016/j.agsy.2011.03.003
mailto:anna.flysjo@arlafoods.com
http://dx.doi.org/10.1016/j.agsy.2011.03.003
http://www.sciencedirect.com/science/journal/0308521X
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estimate the contribution of milk to climate change and other envi-
ronmental impacts (e.g. Arsenault et al., 2009; de Vries and de
Boer, 2010; van der Werf et al., 2009). Even though these studies
are all based on the LCA methodology, there are still differences
in how the GHG emissions are calculated and the data included
in the analyses, making comparisons of results from different stud-
ies questionable (Basset-Mens, 2008). Methodological aspects in-
clude all the choices that have to be made when performing a CF
study, e.g. LCA approach (e.g. Thomassen et al., 2008), co-product
handling (e.g. Cederberg and Stadig, 2003) or system boundary set-
ting (e.g. Frischknecht et al., 2007). Thus, at present it might not be
valid to compare existing published CF values for milk with each
other and state that one production system actually has a different
CF than the other, since a higher or lower CF result can solely be the
result of methodological assumptions and/or data choices.

Uncertainties in calculated CF values for milk production de-
pend on choice of methodology and data precision/quality. The lat-
ter is determined by (i) data collection and data accuracy, e.g. litre
of diesel used or kg of fertiliser applied to the field, and (ii) the
method used (e.g. emission factors (EF) and models) for estimating
process emissions, biological as well as industrial processes. Mod-
els used for calculating emissions from biological processes or sys-
tems are associated with large uncertainties, particularly in the
case of nitrous oxide emissions from agricultural soils (Rypdal
and Winiwarter, 2001). Likewise, methane emissions from enteric
fermentation are calculated using different models that include
different methods for valuing feed components. Until now, rela-
tively few studies have attempted to analyse the influence of all
these uncertainties in CF estimates for milk production (Basset-
Mens et al., 2009a).

The overall aim of the present study was to provide a better
understanding of how various parameters (e.g. EF, feed intake) af-
fect estimation of the CF of milk production at the farm gate. For
this reason, two very distinct milk production systems were stud-
ied; (i) milk produced in outdoor/grazing systems in New Zealand
(NZ), and (ii) milk produced mainly indoors in housing systems in
Sweden (SE) with a pronounced use of concentrate feed. The study
sought to answer the following questions:

1. What is the CF of milk produced in NZ and SE when using the
same methodological assumptions, but country-specific data
inventories?

2. Which individual parameters contribute the largest uncertain-
ties to the calculated CF results?

3. How do the uncertainties in EF for the main emissions of meth-
ane and nitrous oxide affect the CF of milk from production sys-
tems in NZ and SE?

2. Materials and methods

National statistics were used to calculate the GHG emissions for
average milk production in each country. The method used was
LCA, an environmental assessment tool standardised according to
ISO 14040 (ISO, 2006a) and 14044 (ISO, 2006b). LCA is traditionally
used to analyse the environmental impact (e.g. contribution to glo-
bal warming, eutrophication, acidification) from the entire lifecycle
of a product, i.e. from ‘cradle to grave’, including all resources used
and all emissions to air, soil and water. There is as yet no other
international standardised method for calculating GHG emissions
associated with products, but guidelines have been developed to
align calculations and underlying assumptions. For dairy products,
the International Dairy Federation has developed ‘A common car-
bon footprint approach for dairy’ (IDF, 2010), which to a large ex-
tent is based on ISO 14040 and 14044, and which was also used as
the basis in this study. As recommended in IDF (2010), attribu-
tional LCA was applied, which means for example that average
data were used instead of marginal data. For the calculations the
LCA software tool SimaPro7 was used (PRé Consultants bv, 2010).
The global warming potential (GWP) was calculated for a 100-year
time horizon according to IPCC (2007b), in kg carbon dioxide
equivalents (CO2e): CO2 1, CH4 25 and N2O 298.

2.1. Functional unit

The functional unit (FU) is a measure of the performance of a
product system to which all inputs and outputs (or interventions)
in that product system are related. In the present study, the FU is
1 kg of energy corrected milk (ECM) (calculated according to
Sjaunja et al. (1990) to correct for fat and protein) provided at
the farm gate in NZ and SE, respectively, including all by-products.
The primary aim of the present study was to analyse how various
parameters affect the CF of milk production, including by-products.
Therefore allocation of emissions between milk, surplus calves and
culled cows was not conducted.

2.2. System boundaries

The system boundaries for this study are the dairy farm gate in
NZ and SE respectively. All inputs are traced back to production
and raw material extraction and all major GHG emissions (CH4,
N2O and fossil CO2) associated with inputs or outputs are ac-
counted for. However, some minor emissions are omitted, e.g. pro-
duction of pesticides, detergents, medicines. Capital goods are
included for energy and transport, but not for other activities, as
capital goods are known to have a small influence on the GHG
emissions from milk production (Frischknecht et al., 2007). Fur-
thermore, GHG emissions from land use and land use change are
not included, since there is no consensus on methodology for
incorporating these effects and since the existing data are sparse
and uncertain. All data were collected for one year, to account
for seasonal differences.

2.3. Data and sources

In both NZ and SE, several LCA studies of milk production have
been carried out (e.g. Ledgard et al., 2009; Cederberg et al., 2009;
Basset-Mens et al., 2009b; Cederberg and Mattsson, 2000). Thus
the necessary solid knowledge and data on milk production sys-
tems in the two countries were readily available. In this study, na-
tional average data for each country were used to model milk
production. The data used were from 2004/2005 for NZ and from
2005 for SE. The data used for the NZ system were taken from Led-
gard et al. (2009), who analysed the GHG emissions from milk pro-
duction in New Zealand in 2004/05. The data used for the SE
system were average data for total milk production in Sweden in
2005 (Cederberg et al., 2009). In both cases, the data mainly origi-
nated from national statistics and a ‘top-down’ approach was used
to model the average milk production in each country. Methods
and estimates of biogenic emissions were primarily based on the
latest IPCC guidelines (IPCC 2006a,b). The data used were consid-
ered to be of good quality and the best available (for more details
see Section 2.6: Data collection).

2.4. Allocation

The main product from the dairy system is milk but there are
also by-products, namely surplus calves, meat from culled dairy
cows and manure. We assumed that all manure is used in fodder
production at the farms in NZ and SE; hence no allocation is
needed. No allocation is conducted between milk and the by-prod-
ucts surplus calves and culled dairy cows as described in Section 2.1
Functional unit. For feedstuffs (e.g. soy meal, rapeseed meal, wheat



Table 2
Inventory data for NZ and SE normalised to 1 kg of ECM delivered.

per kg of ECM NZ SE

Feed intake
Grazing kg DMI 1.06 0.16
Roughage feed kg DMI 0.09 0.43
Grain kg DMI – 0.22
Concentrate feed kg DMI – 0.18
Total feed intake kg DMI 1.15 0.99

Land occupation
Grazing m2 1.22 0.24a

Roughage feed m2 0.10 1.21
Grain m2 – 0.70
Concentrate feed m2 – 0.26
Total land occupation m2 1.32 2.41

Energy useb

Electricity MJ 0.18 0.66
Diesel MJ 0.15 0.90
Petrol MJ 0.05 –

Nitrogen
Synthetic fertiliser gram N 12.00 16.00
Organic fertiliserc gram N 34.39 18.24

Emissions
CH4 enteric fermentation gram 24.81 21.49
CH4 excretad gram 0.45 1.30
N2O direct gram 0.74 0.83
NH3–N gram 4.82 6.04
NO3–N gram 3.32 5.41
N2O indirecte gram 0.11 0.16

a This is grazing on arable land; an additional 0.43 m2 grazing of heifers is done
on semi-natural grassland.

b Electricity, diesel and petrol used on farm and for feed production. Energy for
transport off-farm and other energy for feed production or other inputs are not
presented here. Amounts shown here is equivalent to electricity from the grid and
diesel and petrol is converted from amount of litres, i.e. 36 MJ per litre and 32 MJ
per litre respectively. However, all upstream emissions associated with production
of electricity and extraction of raw materials are accounted for in the study.

c Excreta dropped directly during grazing and manure applied on fields after
manure management, all from animals within the system, i.e. no organic fertiliser is
imported.

d Mainly from manure management.
e From NH3–N and NO3–N.
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bran, palm kernel expeller), economic allocation was applied to di-
vide the GHG emissions between the feed and its co-product (Fly-
sjö et al., 2008).

2.5. Systems description

In NZ the cows graze all year around on perennial grass/clover
pasture, with only a small amount (less than 10% in 2005) of
brought-in feed (maize silage and grass silage) used to sustain milk
production when pasture growth is low. Grass silage is usually pro-
duced on the farm itself or a nearby area, while maize silage is
bought from a contractor. Almost all cows calve during the same
period, starting in July/August (late winter), so that animal feed
requirements match the pattern of pasture production throughout
the year. Thus, the cows also enter the non-lactating period at the
same time, April/May (autumn), and are then transported off-farm
for ‘wintering off’. Only a small proportion of NZ dairy farms pro-
duce milk for the domestic market during winter. Since the cows
graze outdoors all year round, no animal housing is needed; the
only building required is a ‘milking shed’. In 2005, 4118 kg ECM
per dairy cow were delivered to the dairy industry as a national
average (Ledgard et al., 2009). Replacement heifers are reared
off-farm and the replacement rate is 23% (Ledgard et al., 2009).
Heifers produce their first calf at 24 months. More details of farm
characteristics for NZ are shown in Tables 1 and 2, while Fig. 1
gives a schematic representation of the NZ milk production system.

In Sweden, dairy livestock are kept indoors and the average out-
door grazing period is approximately 2.5 months for cows and
5.5 months for heifers, resulting in a feed intake from grazing of
less than 10% of total intake (Cederberg et al., 2009). Organic farms
and some conventional farms use a longer grazing season, while
other conventional farms (often large herds) only graze for 6–8 h
per day in the summer. Organically produced milk comprised 5%
of total milk deliveries in Sweden in 2005 (Cederberg et al.,
2009). Cows are fed mainly roughage fodder, grain and concen-
trate. The proportion of roughage in the diet varies, but is on aver-
age approximately 50% for cows and more than 80% for heifers
(Cederberg et al., 2009). Roughage mainly consists of silage from
grass and grass/clover leys grown on the dairy farms. In southern
regions of Sweden maize silage and pressed sugar beet pulp are
also used. The majority of dairy farms grow their own grain, while
protein concentrate feed (mainly consisting of rapeseed meal, soy
meal and by-products from the cereal and sugar industry) is
bought from the feed industry. Milk is produced all year round to
Table 1
Farm characteristics for average milk production in New Zealand (NZ) 2004/2005 and
Sweden (SE) 2005.

NZ SE

Herd size # cows per farm 339 46
Milk yielda kg ECM per cow na 8843
Milk delivereda kg ECM per cow 4118 8274
Lactation period days 280 305
Non-lactating period days 85 60
House period Months 0 9.5b

Farm size ha 123 77c

Stocking rate # cows per ha 2.8 0.6
Live weight kg per cow 456 600
Replacement rate % 23 38

a In SE some milk is fed to calves, which explains the difference in yield and
delivered milk (in NZ limited milk is fed to calves).

b This applies for cows and is the total time actually spent in the house. According
to Swedish law, cattle have to spend between 2 and 4 months of the year
(depending on where in the country) on outdoor grazing, but during this period
some keep the cattle in the house at night. Heifers have an average housed period of
6.5 months.

c An additional 20 ha is semi-natural grassland.
match the domestic demand for dairy products and 8274 kg ECM
per dairy cow were delivered to the dairy industry in 2005. The
replacement rate is around 38% and heifers produce their first calf
at 28 months (Cederberg et al., 2009). More details of farm charac-
teristics for SE are given in Tables 1 and 2, while the Swedish milk
production system is schematically represented in Fig. 2.

2.6. Data collection

To make the NZ and SE systems as comparable as possible, key
figures such as methane emissions from enteric fermentation were
calculated using the same model. This ‘harmonisation’ of calcula-
tions and other important data inputs is described in the following
sections.

2.6.1. Feed intake
Feed intake (dry matter intake (DMI)) in New Zealand was cal-

culated using the IPCC-NZ model (Clark et al., 2003), in which the
intake of forage from pasture is a variable determined by the
amount of purchased feed, milk yield, live weight, etc. Total DMI
is then calculated based on how much feed intake must be derived
from pasture, given a certain amount of purchased feed as well as
the feed composition, to produce a certain amount of milk and
maintain an animal of a certain weight. DMI in Sweden was mostly
based on national statistics (Cederberg et al., 2009), complemented
through discussions with feed experts. In parallel to this estimate,



Fig. 1. Flowchart of NZ production of milk from cradle to farm gate.

Fig. 2. Flowchart of SE production of milk from cradle to farm gate.
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Swedish DMI was also calculated using the NZ model, which re-
sulted in a very similar estimate. The Swedish DMI used in this
study includes 10% overfeeding of energy and 7.5% waste of feed,
based on farm records from the advisory service (hence production
of feed is higher than intake). Data on feed composition, metabol-
isable energy of feed ingredients, milk yield and animal weight
were based on national averages and were specific for NZ and SE,
respectively. Data on feed intake are presented in Table 2.

2.6.2. Methane from enteric fermentation
Methane emissions from enteric fermentation were calculated

as a direct function of feed intake in both NZ and SE, according
to the IPCC-NZ inventory model based on Clark (2001). Thus, feed
intake was multiplied by 21.6 g CH4 kg�1 DMI, which is the EF for
enteric fermentation according to Clark (2001). Calculated meth-
ane emissions from enteric fermentation were 102 kg CH4 cow-
1 yr�1 in NZ and 178 kg CH4 cow�1 yr�1 in SE (including
replacement animals).

2.6.3. Methane from excreta on field and manure management
Manure production, calculated based on DMI and feed digest-

ibility, was approximately 77% for NZ and 70% for SE. In NZ only
a small proportion (6%) of the manure from dairy cows is treated
in a manure management system (Ledgard and Brier, 2004). The
rest (including that of heifers) is deposited directly on the field
during grazing. In SE the majority (80%) of the excreta from cows
are stored, 70% as slurry and the rest as solid manure. The fate of
excreta from heifers in SE is: 46% dropped directly on the field dur-
ing grazing, 35% treated as slurry, 16% as solid manure and 3% as
deep litter. Methane emissions for manure storage were calculated
here according to IPCC guidelines (IPCC, 2006a), using some na-
tional parameters and EF. For SE, the methane conversion factor
(MCF) proposed by IPCC guidelines was used except for slurry;
the default values are 2% for solid manure, 17% for deep bedding
and 1% for manure dropped during grazing. Recent studies of
methane emissions from stored slurry in Sweden resulted in MCF
values between 2.5% and 3.7% (Rodhe et al., 2009), compared with
the IPCC value of 10% for temperatures less than 10 �C. Here we
used a MCF for slurry of 4%. In NZ only a small proportion of the
excreta is deposited in the milking shed and the methane emis-
sions from manure management are therefore relatively small.
Methane emissions from manure management in NZ were calcu-
lated here by multiplying the amount of dry matter in excreta by
the specific EF according to Saggar et al. (2003).

2.6.4. Direct emissions of nitrous oxide
Direct nitrous oxide emissions from soils due to nitrogen (N)

application (synthetic fertilisers and manure) and crop residues
were estimated using the IPCC (2006b) default EF of 0.01 kg
N2O–N kg�1 Napplied. For nitrous oxide emissions from excreta
dropped directly on pasture, the NZ specific EF of 0.01 kg N2O–
N kg�1 Nexcreted was used for both NZ and SE (De Klein et al.,
2001; Kelliher et al., 2005), instead of the IPCC guidelines default
EF of 0.02 kg N2O–N kg�1 Nexcreted (IPCC, 2006b). Nitrogen excre-
tion was calculated as the total amount of N in feed intake minus
the amount of N in milk and animals. For cows and replacement
animals this resulted in 142 kg N cow�1 yr�1 for NZ and 161 kg N
cow�1 yr�1 for SE. Nitrogen in field-applied manure for SE was
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calculated as the total amount of N excreted in the house plus addi-
tional N in straw (3.3 kg N cow�1 yr�1) and waste feed (5.7 kg N
cow�1 yr�1) minus losses of ammonia (NH3) and nitrous oxide in
houses and storage. Nitrous oxide emissions from manure storage
were calculated based on N in excreta and the IPCC (2006a) default
EF of 0.005 kg N2O–N kg�1 Nexcreted for solid manure and slurry.

2.6.5. Indirect emissions of nitrous oxide
Volatilisation of ammonia and leaching of nitrate (NO3) result in

indirect emissions of nitrous oxide. These emissions were calcu-
lated using the default EF from IPCC (2006b) of 0.01 kg N2O–N kg�1

NH3–N and 0.0075 kg N2O–N kg�1 NO3–N. Ammonia losses from
the milking shed in NZ were estimated at 0.35 kg NH3–N kg�1 N
for anaerobic lagoon and 0.07 kg NH3–N kg�1 N for daily spreading,
according to IPCC (2006a). Ammonia losses from the field in NZ
were calculated using a country-specific value of 0.10 kg NH3–
N kg�1 N for excreta (C. DeKlein, AgResearch, New Zealand, pers.
comm. 22-03-2010) and the IPCC value of 0.10 kg NH3–N kg�1 N
for urea fertilisers (IPCC, 2006b). Nitrogen losses due to leaching
were calculated using the NZ specific value of 0.07 kg NO3–N kg�1

total Napplied according to Thomas et al. (2005). Ammonia emis-
sions from excreta in SE were calculated by entering country-spe-
cific figures for each manure management system into the
software programme SiM, developed by the Swedish Board of Agri-
culture. The average calculated losses corresponded to: in house
0.043 kg NH3–N kg�1 Nexcreted, during storage 0.068 kg NH3–N kg�1

Nexcreted and for field application 0.219 kg NH3–N kg�1 Nexcreted

(Cederberg et al., 2009). For excreta dropped during grazing in
SE, the same value as for NZ was used (0.10 kg NH3–N kg�1

Nexcreted) and volatilisation from application of ammonium nitrate
fertilisers was calculated as 0.02 kg NH3–N kg�1 N (Cederberg
et al., 2009). Swedish estimates of nitrate leaching were linked to
the cultivation of feed based on average leaching from loamy soils
in western Sweden. Additional leaching from manure applied dur-
ing autumn was calculated as 0.017 kg NO3–N kg�1 Nexcreted of total
nitrogen excreted in the house.

2.6.6. Energy and synthetic fertilisers
The synthetic nitrogen fertiliser used is mainly urea in NZ and

ammonia nitrate in SE and the amounts used in feed cultivation
are shown in Table 2. The annual amount of synthetic fertiliser ap-
plied in NZ is on average 109 kg N ha�1 for grazing, 250 kg N ha�1

for maize silage and 145 kg N ha�1 for grass silage (the latter based
on requirement to replace N off-take, since no field data is avail-
able). For production of feed used in the SE system, the average
amount of synthetic N fertiliser is 49 kg ha�1 for roughage and
78 kg ha�1 for grain (Cederberg et al., 2009). GHG emissions from
production of ammonium nitrate are significantly higher than for
urea, due to N2O emissions from nitrous acid production (Jenssen
and Kongshaug, 2003).
prod of fert N fertiliser used

N crop

diesel used

FEE
CULTIV

EF N2O
EF N2O

N2Odir e
N2Odir f
N2Odir o

N2O fertiliser production
CO2 fertiliser production

CO2 diesel

prod+comb diesel

Fig. 3. Illustration of the system, with bold showing the parameters and the shaded area
Electricity is mainly used on the farm for milking and milk cool-
ing, while diesel is primarily used in cultivation of feed, both on-
farm and for feed production outside the farm, and for manure
application, transportation of animals, etc. Additional energy (e.g.
fuel oil, natural gas, diesel for transportation, etc.) is mainly used
for processing and transportation of feed. Total use of electricity
and diesel for the whole cradle-to-farm-gate life cycle (excluding
transportation) is presented in Table 2. The energy use per kg milk
is significantly higher in SE than NZ, due to more cultivation, pro-
cessing and transportation of feed and also because the cattle
spend more time indoors, requiring more in-house electricity.

2.6.7. Summary of inventory data used
Feed intake, land occupation, energy use (on-farm and for feed

production), nitrogen for feed cultivation and emissions released
are presented in Table 2. Feed intake is divided into different feed
components and the yearly land occupation for feed production is
also shown. Inputs of energy are divided into electricity, diesel and
petrol. Energy related to transportation is not shown, but was in-
cluded in the study. Data for production of various inputs (such
as diesel, electricity and fertiliser production) were mainly taken
from the database Ecoinvent (2010). However, when appropriate
(e.g. fertiliser production), specific data from producers were used.

2.7. Procedure for the calculations

The CF for average milk production in NZ and SE was calculated
using the data and EF described above, quantifying all inputs and
outputs to GHG emissions and converting them into CO2e and
identifying the main contributors to the CF of milk production. In
addition, two main aspects of the results were analysed further: ef-
fects of changing single parameters and varying the main EF using
Monte Carlo simulation.

Fig. 3 illustrates how the main parameters link together, with
their associated emissions. Emission estimates from enteric fer-
mentation depend on DMI and on ‘EF ent ferm’ (thus if either of
these are changed, ‘CH4 enteric fermentation’ changes). ‘N2Odir ex-
creta’ also changes if DMI changes, since N in excreta (‘N excreta’)
depends on DMI. The emissions ‘N2O fertiliser production’ and ‘CO2

fertiliser production’ depend on the amount of ‘N fertiliser used’ as
do the emissions from the fertiliser industry (i.e. N2O and CO2 from
production of fertiliser). Finally, the emissions of ‘CO2 diesel’ de-
pend on the amount of diesel used in the whole system and emis-
sions from the production and combustion of diesel.

2.7.1. Changing single parameters
The contribution of each parameter was investigated by

increasing one parameter at a time and analysing how the total
estimated emissions were affected. The parameters were selected
on the basis of their importance to the total CF of milk production.
N excreta res
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CH4 enteric fermentation
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displaying the emissions contributing about 85% or more of total CF for NZ and SE.
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The level of increase for each parameter value depended on the
parameter uncertainty or variation and was considered reasonable
(no ‘extreme’ values) based on uncertainty ranges (IPCC, 2006a,b),
consultation with experts and comparison with other LCA studies.
The parameter ‘DMI’ was increased by 10% but no extra production
of feed was assumed. Hence the 10% increase in DMI was assumed
to occur through improved feed efficiency (reduced feed losses)
and higher intake during grazing. The parameter ‘N fertiliser used’
was increased by 10% for all feeds (i.e. 10% more fertiliser was as-
sumed to be produced, with an accompanying increase in N2O
emissions from soils). The parameter ‘N crop residues’ was also in-
creased by 10% to analyse how the nitrogen content in crop resi-
dues affected the results. The parameter ‘EF for enteric
fermentation’ was increased by 20%, according to the IPCC
(2006a) suggestion when using tier 2. Similar uncertainty is men-
tioned by Lassey (2007) and Kristensen (2009). The parameter
‘MCF’ for manure management was changed to the value of 10%
recommended for anaerobic lagoons by IPCC (2006a). The param-
eter ‘EF for direct N2O from N application’ was increased by 100%
(to 0.02), which is within the uncertainty range 0.003–0.03 pro-
vided by IPCC (2006b). The parameter ‘EF for direct N2O from N
in excreta deposited during grazing’ was also increased by 100%
(to 0.02), which is the default value given by IPCC (2006b). The
parameter ‘EF for indirect N2O caused by ammonia volatilisation’
was also increased by 100% (to 0.02), which is within the uncer-
tainty range (0.002–0.05) provided by IPCC (2006b). The effect of
Table 3
Coefficient of variation (from Basset-Mens et al., 2009a) or uncertainty r
and probabilistic distribution for EF.

Coefficient of variati
or uncertainty range

EF ent ferm (gram CH4 kg�1 DMI) 0.26b

EF N2Odir Nappl (kg N2O–N kg�1 N) 0.003–0.03c

EF N2Odir graz (kg N2O–N kg�1 N) 1.16d

EF N2Oindir f NH3 (kg N2O–N kg�1 N) 0.002–0.05c

a In SimaPro the geometric SD is used for the lognormal distribu
(‘usual’) SD is used for the Gaussian distribution.

b Clark et al. (2003).
c IPCC (2006b).
d Kelliher et al. (2005).

Table 4
GHG emissions from milk production in NZ and SE respectively, expressed as kg C
parameters (sub-categorised as ‘‘production’’ and ‘‘emission’’), representing abou

kg CO2e kg�1 ECM (%) NZ SE

TOTAL CF 1.00 (100) 1.16 (100)
CH4 enteric fermentation 0.62 (62.0) 0.54 (46.4)
CH4 excreta 0.01 (1.1) 0.03 (2.8)
CH4 other – 0.01 (0.9)
N2Odir excreta 0.16 (15.8) 0.12 (10.5)
N2Odir fertiliser 0.06 (5.6) 0.08 (6.5)
N2Odir other 0.01 (0.8) 0.05 (4.3)
N2Oindir NH3 excreta 0.02 (1.7) 0.03 (2.3)
N2Oindir NH3 fertiliser 0.01 (0.6) 0.00 (0.2)
N2Oindir other 0.01 (1.2) 0.02 (1.6)
N2O fertiliser production – 0.08 (6.9)a

CO2 diesel 0.01 (1.3) 0.09 (7.6)
CO2 electricity 0.01 (1.4) 0.01 (0.9)
CO2 other energy 0.00 (0.4) 0.03 (2.2)
CO2 transport 0.00 (0.3) 0.02 (2.1)
CO2 fertiliser production 0.05 (5.0) 0.04 (3.1)
CO2 fertiliser application 0.03 (2.8)b

CO2 other 0.00 (0.0) 0.02 (1.8)

a From ammonium nitrate.
b From CO2 release after application of urea to soil.
the parameter ‘amount of NH3 losses from excreta’ (both from
manure management and from the field) was analysed by increas-
ing it by 20%. Finally, the energy use (diesel, electricity, other en-
ergy and transport) was increased by 20%. A summary of the
increase assumed in the various parameters is presented together
with the results in Table 5.

2.7.2. Analysing EF by Monte Carlo simulation
EF used in the calculation of methane from enteric fermentation

and nitrous oxide from soil and due to ammonia volatilisation were
further analysed, as emissions from these sources dominate the to-
tal CF of milk and become highly sensitive to estimates of the used
EF, which often are encountered by a high degree of uncertainty.
The reason for only focusing on a selected number of EF was to
concentrate on how the uncertainty within dominant EF influ-
enced the final CF result. It is well known that there exists a vari-
ation in production parameters (e.g. milk yield, DMI, fertiliser
application and diesel use), but these were excluded in the present
study to eliminate confounded variation in the CF of milk due to
farm management practices.

Monte Carlo simulation was undertaken by randomly choosing
one value for each defined EF (Table 3) for numerous (5000) itera-
tions. First, the Monte Carlo simulation was run independently for
each country in order to analyse the uncertainty distribution of the
CF of milk for each country. In a subsequent analysis, the Monte
Carlo simulation was run simultaneously, counting the number
ange (IPCC, 2006b), default value (EF used), standard deviation (SD)

on Default value SDa Probabilistic
distribution

21.6 5.62 Gaussian
0.01 1.83 Lognormal
0.01 2.52 Lognormal
0.01 2.24 Lognormal

tion (the geometric SD is dimensionless), while the arithmetic

O2e kg�1 ECM (per cent of total CF shown in brackets). The most important
t 85% or more of total CF, are also presented.

Production parameters Emission parameters

DMI EF ent ferm

N excreta EF N2Odir Nappl, EF N2Odir graz
N fertiliser used EF N2Odir Nappl
N crop res EF N2Odir Nappl

N fertiliser used prod of fert (N2O/kg fert)
Diesel used prod + comb diesel (CO2/l diesel)

N fertiliser used prod of fert (CO2/kg fert)



Table 5
Change in total CF resulting from varying individual parameters, with total CF shown in bold. The percentage increase is presented for total CF and for each greenhouse gas
emission.

NZ Increase (%) SE Increase (%)

kg CO2e Total CH4 N2O CO2 kg CO2e Total CH4 N2O CO2

CF result 1.00 1.16
Parameters (increase%)
DMI (+10) 1.08 8.51 10.00 8.52 0 1.24 6.57 9.81 5.12 0
N fertiliser used (+10) 1.01 1.13 0 2.53 4.30 1.18 1.63 0.02 4.04 1.76
crop res (+10) 1.00 0.08 0 0.31 0 1.16 0.28 0 0.87 0
EF ent ferm (+20) 1.12 12.41 19.63 0.00 0.00 1.27 9.27 18.51 0.00 0.00
IPCC MCFa 1.00 0.28 0.45 0 0 1.19 3.06 6.11 0 0
EF N2Odir Nappl (+100) 1.06 6.16 0 24.00 0 1.34 15.39 0 47.68 0
EF N2Odir graz (+100) 1.15 15.30 0 59.62 0 1.18 1.49 0 4.61 0
EF N2Oindir f NH3 (+100) 1.02 2.26 0 8.80 0 1.19 2.39 0 7.39 0
NH3 f excreta (+20) 1.00 0.32 0 1.23 0 1.16 0.45 0 1.40 0
Diesel (+20) 1.00 0.29 0.00 0.00 2.54 1.18 1.51 0.03 0.00 8.46
Electricity (+20) 1.00 0.28 0 0 2.48 1.16 0.21 0.02 0.02 1.06
Other energy (+20) 1.00 0.08 0.00 0.01 0.70 1.16 0.45 0.04 0.00 2.45
Transport (+20) 1.00 0.03 0 0 0.27 1.16 0.46 0.02 0.01 2.56

A single zero (0) indicates no change in the result, while 0.00 indicates a change of less than 0.01%.
a Methane Conversion Factor (MCF) according to IPCC was applied (instead of country-specific values as previously).
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of comparison runs in which one production system gave a larger
CF for milk than the other, with both countries having the same va-
lue for the EF in each iteration. The Monte Carlo simulation was
performed using the LCA software tool SimaPro7. The intervals
within which the simulation would randomly choose a value for
each EF were defined by the EF standard deviations (SD), which
were determined based on the coefficient of variation in the Bas-
set-Mens et al. (2009a) and IPCC (2006b) uncertainty ranges
(shown in Table 3). For the EF for nitrous oxide emission estimates,
a lognormal distribution was assumed (as recommended by IPCC
(2006b)), while the EF for enteric fermentation emission estimates
was assumed to have a Gaussian distribution (Basset-Mens et al.,
2009a). In SimaPro the geometric SD must be provided when using
a lognormal distribution, while the arithmetic (usual) SD is used
for a Gaussian distribution.
3. Results

Total GHG emissions for milk at the farm gate were calculated
to be 1.00 kg CO2e kg�1 ECM in NZ and 1.16 kg CO2e kg�1 ECM in
SE (see Table 4). The relative contribution from methane was larger
for NZ (63% of total emissions) than SE (50% of total emissions),
while nitrous oxide amounted to a relatively similar proportion
of total CF in both NZ (26%) and SE (32%). Fossil carbon dioxide
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Fig. 4. CF for 1 kg ECM at farm gate in NZ and
contributed least to the CF of milk, approximately 11% in NZ and
18% in SE. The GHG emissions associated with different activities
in milk production are shown in Fig. 4. Enteric fermentation was
the single most important activity in both NZ and SE, contributing
around half the total GHG emissions (62% in NZ and 46% in SE).
Production of feed (including fertiliser production, diesel used for
traction, energy for feed processing and emissions from the field)
generated more GHG emissions in SE than NZ, since a very large
proportion of feed is mechanically harvested and processed in
Swedish milk production as opposed to in New Zealand, where
most feed intake is through grazing. Emissions from manure man-
agement were almost negligible in NZ, since the animals graze all
year around. In contrast, manure management accounted for
around 6% of total CF in SE. Direct emissions of nitrous oxide from
excreta deposited during grazing and from manure applied to the
field after storage were twice as high in NZ (16%) as in SE (8%).
Transport, indirect emissions of nitrous oxide (from ammonia
and leached nitrogen), energy use in the house (electricity and die-
sel) and other activities (diesel and petrol for NZ, not possible to
associate to a specific activity) all made relatively small contribu-
tions to the overall CF.

The parameters affecting 85% or more of the GHG emissions
(marked with bold in Table 4 and Fig. 3) were identified as ‘produc-
tion parameters’ or ‘emission parameters’. ‘Production parameters’
described the amounts of different inputs (e.g. feed intake,
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nitrogen fertiliser rates and amount of diesel), while ‘emission
parameters’ were the various EF (e.g. gram CH4 kg�1 DMI, gram
N2O kg�1 applied N and gram CO2 litre�1 diesel) used in the calcu-
lations. DMI is an important parameter for NZ in particular, since it
directly or indirectly regulates several emissions (>75% of emis-
sions for total CF in NZ). More than 20% of the total CF for both sys-
tems was direct emissions of nitrous oxide due to the amount of
nitrogen applied as excreta, fertiliser and crop residues and the val-
ues of the EF ‘EF N2O Nappl’ and ‘EF N2O graz’.
3.1. Effect of changing individual parameters

When one parameter was increased at a time, the total CF of
milk was affected as shown in Table 5. The three parameters that
caused the highest increase in total CF for NZ were the EF used
for nitrous oxide emissions from nitrogen in excreta deposited dur-
ing grazing (‘EF N2Odir graz’) (15%), the EF for methane from enteric
fermentation (‘EF ent ferm’) (12%) and the amount of DMI (9%). The
parameters for SE were similar but, as grazing is of minor impor-
tance in Sweden, the EF used for nitrous oxide emissions from
application of nitrogen in synthetic fertilisers, manure and crop
residues caused the highest increase (‘EF N2Odir Nappl’) (15%), fol-
lowed by ‘EF ent ferm’ (9%) and ‘DMI’ (8%). DMI also affects meth-
ane from enteric fermentation and the amount of excreta with
associated emissions (i.e. CH4 and N2O). Changes in other parame-
ters (e.g. caused by uncertainty in estimating them) were of minor
importance. Increasing the EF for indirect nitrous oxide emissions
caused by ammonia volatilisation (‘EF N2O f NH3’) resulted in an
increase in the total CF value corresponding to about 2% for both
NZ and SE. Changing the MCF for stored manure increased the total
CF value by 0.3% for NZ and 3% for SE, as only a very small propor-
tion of all excreta in New Zealand is stored, as opposed to Sweden.
NZ
Mean: 0.998
SD: 0.257
CV: 25.8%
2.5%: 0.603
97.5%: 1.52

SE
Mean: 1.16
SD: 0.187
CV: 16.2%
2.5%: 0.828
97.5%: 1.56Pr
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Fig. 5. Probability distribution of GHG emissions of 1 kg of ECM in NZ (top) and SE
(bottom), based on the Monte Carlo simulation in SimaPro. The vertical lines (in the
middle) indicate the mean value and the vertical dotted lines (left and right)
indicate the lower and upper limit of the predicted interval (2.5–97.5%).
A change in application of synthetic fertiliser (‘N fertiliser used’),
nitrogen content in crop residues (‘crop res’) or ammonia losses
from excreta (‘NH3 f excreta’) resulted in less than 2% increase in
total CF. Increasing energy use had a higher impact on the results
in SE than in NZ, since more energy is used per kg of milk in SE.
Increasing energy use (diesel, electricity, other energy and trans-
port) by 20% resulted in an increase of around 2.5% in total CF in SE.

3.2. Monte Carlo simulation on EF

When the Monte Carlo simulation was run independently for
each country, it gave a mean value of 1.00 kg CO2e kg�1 ECM for
NZ and 1.16 kg CO2e kg�1 ECM for SE, with a SD of 0.26 and 0.19,
respectively (Fig. 5). The prediction interval (between 2.5% and
97.5% of the uncertainty distribution) of the NZ CF was 0.60–
1.52 kg CO2e kg�1 ECM, while it was 0.83–1.56 kg CO2e kg�1 ECM
for SE (Fig. 5). The coefficient of variation was higher for NZ
(26%) than for SE (16%), since a larger fraction of total CF for NZ
milk consists of methane from enteric fermentation and nitrous
oxide from soils (almost 90%), whereas in SE a relatively larger
fraction of CF is derived from fossil carbon dioxide.

When Monte Carlo simulation was performed simultaneously
for both countries, i.e. the same EF were used for both countries
at each run, the CF for NZ milk production was lower than that
for SE milk production in 89% of the outcomes.
4. Discussion

When analysing the CF for a product originating from biological
processes, it is important to remember that the equations used for
calculating emissions (e.g. from IPCC) are based on very simplified
models of complex systems, often using fixed values for EF, which
oversimplify the studied systems. Varying the EF used for calculat-
ing methane from enteric fermentation or nitrous oxide from soil
will have a large impact on the calculated CF value of milk. Based
on the findings in this study, it appears to be a questionable prac-
tice to label dairy products with a ‘precise’ value of the amount of
GHG emissions emitted in the production processes. The relatively
small difference (15–20%) between the CF results for New Zealand
and Swedish milk and the relatively high uncertainties in the emis-
sion estimates of nitrous oxide and methane make it difficult to
state with certainty that one kind of milk production system give
rise to less GHG emissions than the other. Hence, an extensive sen-
sitivity analysis for EF used in estimates of biogenic GHG emission
is crucial to give a fairer picture of the CF of products from agricul-
tural systems.

4.1. Impact and uncertainty of various parameters

Single parameters can have a significant impact on the final CF
result. For example, varying one parameter at a time within ‘rea-
sonable limits’ (no extreme values assumed) in this study changed
the calculated CF by as much as 15% (see Table 4). Increasing all
parameters by 100% would not be realistic for the EF calculating
enteric fermentation or feed intake. Although the two milk systems
analysed here are very different (one pasture-based and the other
based on high inputs of concentrates), there were great similarities
regarding the parameters that proved most important for the CF.
Basset-Mens et al. (2009a) used multiple regression to show that
for NZ, DMI is the parameter contributing the highest uncertainty,
followed by EF for direct nitrous oxide emissions from excreta
deposited directly on grazing and EF for methane emissions from
enteric fermentation. Even though the ranking found in this study
was not the same (owing to the assumed variations), the parame-
ters that have the highest influence on the CF of milk are obvious.
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The method recommended by the IPCC guidelines (IPCC, 2006b)
and used in this study for calculating nitrous oxide emissions from
managed soils is based on a very simplified model, as it only takes
into account the total amount of nitrogen applied. In reality, there
are a number of factors regulating the complex biological processes
that produce nitrous oxide, with water and oxygen content in the
soil together with availability of inorganic nitrogen and carbon
sources being of high importance (Hofstra and Bouwman, 2005).
This leads to very large variability in actual emissions, which is
the reason for the large uncertainty range set by IPCC (2006b) for
nitrous oxide emissions from soil. In the National Inventory of
Greenhouse Gases, the uncertainty for nitrous oxide emissions
from agricultural soils is calculated to be 73% for NZ and 70% for
SE. In contrast, the uncertainty associated with the activity data
(e.g. crop yields and amount of used N fertiliser) is only 5% for
NZ and 16% for SE (MfE, 2009; Swedish EPA, 2009). Nitrous oxide
emissions from agricultural soils are also found to generate the
largest differences in uncertainty assessments between countries
(Rypdal and Winiwarter, 2001). Consequently, the value of the EF
used for nitrous oxide emissions is crucial for the final CF result.
Using the IPCC default EF gives NZ milk a 15% higher CF value than
using the NZ-specific EF for nitrous oxide emissions from excreta
deposited directly on pasture.

The method and EF used for calculating methane from enteric
fermentation are fundamental for the CF, since this is the single
largest contributor in milk production. Using the NZ model for cal-
culating this enteric CH4 for Swedish milk resulted in only a 5%
higher estimate compared with the original estimate based on a
national Swedish model (Cederberg et al., 2009). Kristensen
(2009) compared different methods for calculating methane emis-
sions and found large variations (105–165 kg CH4 cow�1 year�1)
using the same inventory data. The methods differed in level of de-
tail and in how they accounted for the relationship between CH4

emissions, DMI and other factors (e.g. feed composition, use of
net or gross energy, etc.). Thus, if CF studies use different methods,
comparisons of the results obtained are questionable. There can
obviously be reasons for choosing different methods, e.g. if there
is a difference in emissions from the animals.

Another crucial parameter for the outcome of the CF result is
DMI, as it affects the GHG emissions from enteric fermentation
and associated emissions from excreta. Here we only analysed a
10% increase in DMI, which could occur through more efficient feed
use (reduced feed losses) and higher feed intake during grazing. A
higher increase in DMI would require more production of feed and
also increase milk yield. This in turn would require more complex
calculations and it would not be possible to analyse the error in
estimates of feed intake only. In general, inputs of fertiliser and
use of diesel for feed production, as well as amount of purchased
feed, are fairly well known on the individual farm. However, the
proportion of the feed (from grazing or purchased feed) that actu-
ally ends up in the animal is more difficult to estimate and hence it
is associated with higher uncertainty.

Fossil carbon dioxide emissions account for the lowest propor-
tion of the CF in both countries, though almost twice as high in SE
as in NZ. In SE the electricity mix has low GHG emissions (about
half is from hydro power and half from nuclear) and if this were
changed to e.g. European average electricity mix, the Swedish CF
of milk would increase by about 6%. This is not primarily related
to uncertainty in the data, but rather the choice of electricity
mix. If the electricity used in calculation of the CF of milk is asso-
ciated with relatively high GHG, electricity can be of the same
importance as e.g. diesel use.

In the Monte Carlo simulation we only analysed the EF used in
estimates of the dominating GHG emissions to avoid confounding
between different types of uncertainties (and variations). Uncer-
tainties and variations in production parameters (e.g. DMI, fertil-
iser application) also have a significant influence on the final CF
result (Henriksson et al., 2011). Uncertainties in production param-
eters are caused mainly by a lack of precision in the collected data,
but there are also great variations in production parameters due to
management practices, while uncertainties in EF are caused pre-
dominantly by natural variations in biological systems, not cap-
tured in existing models. Hence, analysing both EF and
production parameters at the same time in the Monte Carlo simu-
lation would have confounded the different types of uncertainties
(and variations).

The main purpose of the present paper was to analyse which
parameters had the largest impact on the GHG emissions from
milk production. Consequently, no allocation was conducted be-
tween milk and its by-products. Allocation typically applies a fixed
factor reflecting a relationship between the main product milk and
the by-products (on e.g. economic value). Since this procedure
merely is a static distribution of the environmental impact be-
tween main products and by-products, it was of no relevance for
the outcome of the present study. Analysis of how to handle milk
and its by-products in NZ and SE shows that the amount of meat
(from culled dairy cows and calves) is relatively similar in both
countries per unit of ECM (since the milk yield is lower in NZ while
the replacement rate is higher in SE), why this does not change the
ranking of the results between the countries (Flysjö et al., 2011).

Another issue, with a potentially significant impact, is how to
account for emissions from land use and land use changes (for
example deforestation for soybean expansion in South America
or carbon sequestration in permanent pastures), which is not in-
cluded here due to large uncertainties and lack of consensus on
methodology. PAS 2050 (BSI, 2008) makes recommendations on
how to account for direct land use change with relatively rough
estimates but, most importantly, the standards do not include
the effects of indirect land use changes. There is also potential
for carbon sequestration in grasslands. Soussana et al. (2007) con-
clude that grasslands in Europe ‘are likely to act as a large atmo-
spheric CO2 sink’, which could decrease the CF of milk. However,
there are large uncertainties in the estimates of both land use
changes and carbon sequestration and more research is needed be-
fore it will be possible to quantify the amount that can be accred-
ited to 1 kg milk.

4.2. Suggestions and recommendations

Carbon footprinting is a useful tool for analysing the potential
contribution of a product to climate change. There are currently
a number of guidelines on how to calculate the CF of milk and dairy
products (e.g. IDF, 2010; Carbon Trust, 2010), which helps the reli-
ability in comparisons of CF results, even though uncertainties due
to simplified models and natural variations in biological systems
still remain. More data on the uncertainties in different parameters
would be desirable and would increase the credibility of CF analy-
ses for milk. In addition, transparency is an important principle in
LCA reporting, to ensure proper interpretation of the results. This is
especially important when only relatively few parameters have a
significant impact on the CF, as shown here for milk. Thus, present-
ing some key figures on e.g. the method used for calculating meth-
ane emissions and the EF used for estimating nitrous oxide
emissions would provide more valid grounds for interpreting the
results. Finally, the IPCC guidelines are a good basis for estimating
GHG emissions on a national level, but there are differences be-
tween the tier methods. This study shows the importance of having
country-specific EF adjusted for local conditions (e.g. NZ EF for ni-
trous oxide from excreta deposited directly on pasture). In coun-
tries where less effort is devoted to determining EF, the CF
estimate will also be less precise and will thereby impede fair
comparisons. Thus, further research on how to assess biogenic
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emissions is needed in order to provide a better basis for CF
calculations.

5. Conclusions

There was a relatively small difference in the calculated average
CF value at the farm gate for New Zealand and Swedish milk pro-
duction (1.00 kg CO2e kg�1 ECM and 1.16 kg CO2e kg�1 ECM,
respectively). However, Monte Carlo simulation showed that there
was large uncertainty in the calculated CF results due to the uncer-
tainties in the main EF used when estimating methane and nitrous
oxide emissions. In simultaneous Monte Carlo simulations for both
countries, NZ milk production had a lower CF than SE in 89% of
cases. Individual parameters affected the results significantly and
were similar for both countries, namely EF for nitrous oxide from
excreta deposited during grazing and EF for nitrous oxide from ap-
plied nitrogen (synthetic fertiliser, manure and crop residues) for
NZ and SE, respectively, and EF for methane from enteric fermen-
tation and feed intake (as dry matter) for both countries. In order
to obtain more valid and reliable CF results in the future, it is
important to improve our understanding of biological processes
that affect emissions of methane and nitrous oxide. In addition,
harmonisation of calculation methods, providing uncertainty inter-
vals for different parameters and transparency of data input and
calculation methods are crucial.
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To identify mitigation options to reduce greenhouse gas (GHG) emissions from milk production (i.e. the carbon footprint (CF) of
milk), this study examined the variation in GHG emissions among dairy farms using data from previous CF studies on Swedish
milk. Variations between farms in these production data, which were found to have a strong influence on milk CF, were obtained
from existing databases of 1051 dairy farms in Sweden in 2005. Monte Carlo (MC) analysis was used to analyse the impact of
variations in seven important parameters on milk CF concerning milk yield (energy-corrected milk (ECM) produced and delivered),
feed dry matter intake (DMI), enteric CH4 emissions, N content in feed DMI, N-fertiliser rate and diesel used on farm. The largest
between-farm variations among the analysed production data were N-fertiliser rate (kg/ha) and diesel used (l/ha) on farm
(CV 5 31% to 38%). For the parameters concerning milk yield and feed DMI, the CV was approximately 11% and 8%,
respectively. The smallest variation in production data was found for N content in feed DMI. According to the MC analysis, these
variations in production data led to a variation in milk CF of between 0.94 and 1.33 kg CO2 equivalents (CO2e)/kg ECM, with
an average value of 1.13 kg CO2e/kg ECM. We consider that this variation of 617%, which was found to be based on the used
farm data, would be even greater if all Swedish dairy farms were included, as the sample of farms in this study was not totally
unbiased. The variation identified in milk CF indicates that a potential exists to reduce GHG emissions from milk production on
both the national and farm levels through changes in management. As milk yield and feed DMI are two of the most influential
parameters for milk CF, feed conversion efficiency (i.e. units ECM produced/unit DMI) can be used as a rough key performance
indicator for predicting CF reductions. However, it must be borne in mind that feeds have different CF due to where and how
they are produced.

Keywords: Monte Carlo analysis, life-cycle assessment, greenhouse gases, feed efficiency, production parameters

Implications

Greenhouse gas (GHG) emissions from milk production
consist mainly of CH4 from feed digestion and N2O from
cultivation of feed (including manure). The total effect of all
emitted GHG can be expressed as CO2 equivalents per unit
of produced milk, that is, the carbon footprint (CF) of milk.
This study showed a minimum variation of 617% in the
national CF of milk caused only by differences in seven
chosen management parameters between Swedish dairy
farms. This indicates that milk CF can be decreased if dairy
farms with high CF can apply methods and techniques used
on farms with lower CF.

Introduction

World dairy production is estimated today to contribute
3% (626%) of total anthropogenic greenhouse gas (GHG)
emissions, or 4% when dairy-related meat production (i.e.
culled and fattening animals from dairy production) is
included (Gerber et al., 2010). To devise and develop stra-
tegies to reduce GHG emissions from the milk production
chain, all sources of emissions connected to the system need
to be included in analyses. Life Cycle Assessment (LCA), an
ISO standardised method, has been used in several studies
of the environmental impact of milk production (de Vries and
de Boer, 2009). During recent years, this method has also
been used in calculations of GHG emissions from a product’s
life cycle (British Standard Institute, 2008), that is, the pro-
duct carbon footprint (CF). The CF of livestock products is- E-mail: maria.henriksson@slu.se
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commonly presented as a single average value at the
national level or for a specific production system, for exam-
ple, intensive, extensive, conventional or organic farming (de
Vries and de Boer, 2009).

The CF of agricultural products (e.g. milk) always includes
a certain level of uncertainty, since emission estimates of the
GHG N2O and CH4 are associated with large uncertainties
due to the nature of the biological processes causing these
emissions in the soil, the rumen and manure (Rypdal and
Winiwarter, 2001). This is especially the case for N2O emis-
sions from the soil, where the recommended emission factor
(EF), according to the Intergovernmental Panel on Climate
Change (IPCC) guidelines, is 0.01 kg N2O-N/kg applied N,
with the uncertainty ranging between 0.003 and 0.3 kg N2O-
N/kg applied N (IPCC, 2006a). Only a deeper knowledge of
how to model the biological processes producing biogenic
CH4 and N2O can reduce this type of uncertainty in CF esti-
mates of agricultural products. There are also uncertainties in
the CF of milk associated with the production data used in
the calculations (e.g. average milk yield, fertiliser rate, feed
intake, etc.), which are often collected as mean values from
statistics or from farm inventories. These uncertainties in the
production data are due to (i) inadequate official statistics
and (ii) differences in management practices among farms
resulting in variations in production data across farms.
Precise values of important production parameters can be
difficult to obtain at farm level, especially when estimating
yields and consumption of silage and grazing. A deeper
knowledge of uncertainties and variations in production data
is important when analysing feasible strategies to decrease
the CF of milk.

Uncertainty in estimates of milk CF caused by variations in
production data has so far been analysed in combination
with uncertainty due to the EF used for N2O and CH4 emis-
sions. Basset-Mens et al. (2009) found that the standard
deviation in the CF of milk in New Zealand was 38% of
the mean value due to variations in feed intake and the
N-fertiliser rate, as well as uncertainties in the EF used in the
estimates of N2O from the soil, enteric CH4, leached NO3 and
NH3 from manure and fertiliser. Other studies describe the
influence of management practices on GHG emissions from
dairy farms. For example, Gibbons et al. (2006) reported a
wide range of total emissions at farm level in the United
Kingdom (,4200 to 16 400 kg CO2e/ha) and attributed such
variation to different farm management methods. Estimates
of milk CF in pastoral-based dairy systems in Ireland indicate
that simple changes in management (e.g. pasture quality, N
application rates and silage quality) can affect the total GHG
emission estimates by 5% to 6% at both the farm and
national levels (Lovett et al., 2008).

According to Flysjö et al. (2010), the production para-
meters with the largest impact on the average CF of milk in
Sweden are milk yield (as it is the reference unit to all
GHG emissions), feed dry matter intake (DMI), N in excreta,
N-fertiliser rate and diesel fuel used. These parameters are
affected by management, and thus by the dairy farmers’
decisions, and are therefore an important area of study in

seeking mitigation strategies to reduce milk CF in similar
production systems. In this context, uncertainties in the EF
used to estimate the N2O and CH4 emissions are the same
irrespective of the farmers’ decisions, and cannot be con-
trolled or changed by the individual farmer at present. Our
starting hypothesis was that variation in production data
(e.g. management methods) among farms leads to sig-
nificant differences in milk CF between farms. The novel
aspects of this study are that we (i) analysed how different
management practices affect the uncertainty in the national
average CF of milk from a high-yielding production system
with intensive use of concentrate feed and housed animals
by (ii) using large existing data sets of production data for
dairy farms instead of using data from farm inventories
(Cederberg and Flysjö, 2004; Thomassen et al., 2008) or
surveys (Winsten et al., 2010). Farm inventories are com-
monly used in CF estimates and have the advantage of
uniformly collected data but the disadvantage of relatively
small samples. The advantage with surveys is that they can
provide large data sets, but the disadvantage is the higher
risk of inconsistency in the data.

The main objectives of this study were to analyse the var-
iation in important production data among Swedish dairy
farms and to investigate the impact of these variations on the
national average CF of milk, using Monte Carlo (MC) analysis.
The latter calculates the probable variation in milk CF instead
of a 1-point estimate of the average CF of Swedish milk. The
overall aim was to gain further knowledge of how improve-
ments in management practices can reduce GHG emissions
from dairy farms. We examined the following questions:

1. What variations exist in the most important production
parameters used in CF estimates between Swedish dairy
farms?

2. How much do milk CF estimates vary between Swedish
dairy farms as a result of variations in the most important
production parameters?

The study also examined the most crucial production factors
in terms of the potential of reducing milk CF at farm level on
the basis of current practices on Swedish dairy farms.

Material and methods

Data acquisition
Swedish average production data. The production data
used in this study to represent average Swedish milk were
taken from national GHG estimates in 2005 presented by
Cederberg et al. (2009). The data, which were derived from
national accounts and statistics with complementary data
from advisory services, research reports and agricultural
businesses, were used when calculating the average milk
CF that constituted the basis for our variation analysis
of CF. During the study year (2005), approximately 393 000
cows in Sweden produced 3 250 000 ton energy-corrected
milk (ECM), of which 5% were organically produced. Cows
in Sweden are mainly kept indoors, in tied stalls or loose
housing systems, and are milked all year around, with a
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mean lactation period of 305 days. The replacement rate is
approximately 38%, and heifers start milking at an average
age of 28 months. The average cow weight is 600 kg. The
diet consists of approximately equal shares of roughage
and concentrate, with the latter consisting of half-grain and
half-protein feed (mostly rapeseed meal, soya cake meal
and by-products from the cereal and sugar industries). The
roughage mainly consists of grass or grass/clover silage pro-
duced on the farm. Maize silage and by-products from the
sugar beet industry may also be used in southern Sweden. The
cows’ feed intake from grazing is relatively low, an estimated
,10% of total DMI on average. The grain in the feed is mainly
cultivated on the dairy farm, whereas the protein feed is
supplied by the feed industry. Of the manure management
systems, approximately 70% are based on slurry and 30%
on solid manure, and for heifers also some deep litter. The
manure is mainly used on the farm or on neighbouring farms if
extra field spreading acreage is needed.

Variations in production data. The farm production para-
meters considered in this study were ‘milk yield’ (ECM pro-
duced and delivered), ‘feed DMI’, ‘enteric CH4 emissions’,
‘N content in DMI’, ‘N-fertiliser rate’ and ‘diesel on farm’
(defined further in the section ‘Calculating variations in
production data’), since these are reported to have the
greatest impact on the estimated CF of Swedish milk (Flysjö
et al., 2010). To determine how these production parameters
vary between dairy farms, the required data were collected
from three different sources (Table 1).

Animal production data were obtained from the Swedish
Dairy Association (SDA) and originated from the feed advisory
service ‘IndividRam’ (www.svenskmjolk.se). This advisory
service includes individual feeding regimes, which are fol-
lowed up monthly during visits by feed advisors to individual
farms. The system involves continuous recording of produc-
tion data such as milk yield (derived from the national
recording programme), feed DMI and feed quality in a
management software program. These production para-
meters and costs are compiled in a national database from

which SDA derives statistics when investigating dairy farm
profitability. The data set used in our study comprised 1051
dairy farms for the year 2005. Milk production on these
farms, which represented approximately 12% of all dairy
farms in Sweden, corresponded to 12% of total national milk
production. The production data obtained included dairy
cows but not replacement animals.

Data on N-fertiliser rates used on dairy farms were
obtained from a large national database of farm-gate nutri-
ent balances created by the National Advisory Project ‘Focus
on Nutrients’ carried out by the Swedish Board of Agriculture
since 2000 (Jordbruksverket, 2008). The nutrient balances
are drawn up by advisors during individual farm visits. The
data set used in this study comprised 920 conventional dairy
farms during the period 2004 to 2006.

Official statistics on diesel use at dairy farms were not
available, and therefore data were taken instead from two
earlier LCA studies (Cederberg and Flysjö, 2004; Cederberg et
al., 2007). Those studies were based on farm inventories from
a total of 46 dairy farms in western and northern Sweden.

Methodology
Estimating average CF. The average CF of Swedish milk was
estimated according to Flysjö et al. (2010) using a standar-
dised method of LCA (ISO, 2006a and 2006b) for calculating
the environmental impact of a product in a life-cycle per-
spective. All calculations were carried out using the LCA
software tool SimaPro 7 (PRé Consultants bv., 2010). The
GHG emissions were expressed as global warming potential
in a 100-year time horizon according to IPCC (2007), defined
as CO2 equivalents (CO2e); 1 kg CO2 5 1 kg CO2e, 1 kg
CH4 5 25 kg CO2e and 1 kg N2O 5 298 kg CO2e.

The functional unit (FU) used as the reference unit for all
flows within the system studied was 1 kg ECM at the farm
gate, including all by-products, surplus calves and meat from
culled cows. Since the aim of this study was to analyse the
variations and uncertainties in CF as a consequence of farm
management methods, there was no need to allocate emis-
sions between milk and meat.

Table 1 Sources of data used to determine variations in chosen production parameters on dairy farms

Parameters of production data Number of farms Year Origin of data Reference

ECM produced 1051 2005 National database with production data Swedish Dairy Association
Delivered share (of produced ECM) collected in the advisory service of (www.svenskmjolk.se)
Feed DMI individual feeding plans (‘IndividRam’)
N content in DMI
Enteric CH4

N-fertiliser rate (on farm) 920 2004 to 2006 National database with farm balances
of nutrients performed by advisory
service ‘Focus on Nutrients’

Swedish Board of Agriculture
(www.greppa.nu)

Diesel used (on farm) 46 2003 Twenty-three farm inventories in
western Sweden

Cederberg and Flysjö (2004)

2005 Twenty-three farm inventories in
northern Sweden

Cederberg et al. (2007)

ECM 5 energy-corrected milk; DMI 5 dry matter intake.
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The system boundary was ‘cradle-to-farm gate’. A schematic
overview of the production system is shown in Figure 1. All major
emissions of CH4, N2O and CO2 associated with production
of input products and processes used in dairy farm production
were accounted for, from the extraction and refinement of raw
materials until the milk was delivered from the farm. Some minor
emissions (contributing ,1% of the total emissions) were
omitted, for example, emissions from the production of pesti-
cides, detergents and medicines. Farm land is related to feed DMI
as the average yield per hectare for each feed crop used (i.e. the
estimated average crop yields for total feed cultivation in Swe-
den 2005 (Cederberg et al., 2009)). Emissions associated with
the construction of agricultural buildings and machinery were
not included. Capital goods for transport and energy (e.g. car
manufacture, power plant construction) were considered, since
these are included in existing databases. GHG emissions
associated with changes in land use were not considered.

Emissions of enteric CH4 were calculated using the
national model (Lindgren, 1980; Bertilsson, 2001), which is
also used in the national inventory report for Sweden. Input
data in this model are: animal live body weight (to estimate
the energy required for maintenance), milk yield (to estimate
the energy required for production), lactation period, energy
content in feed intake and proportions of roughage feed and
crude protein in total DMI. For the average Swedish dairy cow
producing 8843 kg ECM/year in 2005, the annual emissions
were estimated to be 127 kg CH4. For heifers, an estimated
average value for CH4 emissions of 53 kg CH4/head per year
was used (Cederberg et al., 2009).

CH4 emissions from stored manure and excreta deposited
on the field during grazing were calculated according to the
IPCC guidelines (IPCC, 2006b). The emission factors and CH4

conversion factors (MCFs) used were those proposed by
IPCC, except the MCF for slurry, where we used the value of
4% suggested in Swedish national studies (Rodhe et al.,
2008). Production of manure was calculated on the basis of
DMI with 70% digestibility.

Direct emissions of N2O from the soil and stored manure
were estimated following the IPCC guidelines and EF values
(IPCC, 2006a and 2006b). N applied to the soil as manure was
calculated as N in excreta (on average 134 kg N/cow per year
and 40 kg N/heifer per year) plus N in straw (for cows 2.5 and
for heifers 1.0 kg N/head per year) and feed waste (5.7 kg
N/cow per year, including both cows and heifers) minus N
losses of NH3 and N2O in the house and storage. N in excreta
was calculated as the total amount of N in feed DMI minus the
amount of N in milk and animals (calves and growth).

Indirect emissions of N2O, that is emissions caused by
volatilisation of NH3 and leaching of NO3, were estimated
using EF values according to IPCC (2006a). Volatilised NH3 in
the house, manure storage and at manure spreading was
calculated using the national software program ‘Stank in
Mind’ (version 1.17) developed by the Swedish Board of
Agriculture (www.sjv.se) and used for calculating nutrient
flows and losses on farms by farm advisory services (Linder,
2001). The program uses national EF values for volatilisation
of NH3 from manure (Karlsson and Rodhe, 2002) and
leaching of NO3 (Aronsson and Torstensson, 2004). The
average NH3 losses from manure handling in the dairy sys-
tem were calculated to be 0.059 kg NH3-N/kg Nexcreted in the
house, 0.0068 kg NH3-N/kg Nexcreted during storage and
0.219 kg NH3-N/kg Nexcreted when applied to fields (Ceder-
berg et al., 2009). Volatilised NH3 from excreta deposited on
pasture and NH3 from NH4NO3 fertilisers were calculated
with the EF values 0.08 kg NH3-N/kg Nexcreted and 0.02 kg
NH3-N/kg N, respectively. Leached NO3 from feed production
as an average for a loamy soil in western Sweden was esti-
mated to be 28 to 30 kg NO3-N/ha per year for grass/clover
leys and 37 kg NO3-N/ha per year for grain (Cederberg et al.,
2009). Autumn spreading of manure was assumed to give an
additional 0.017 kg NO3-N/kg Nexcreted (Cederberg et al., 2009).

Calculating variations in production data. All animal pro-
duction parameter data obtained from ‘IndividRam’ were
given as total monthly values for each farm. Data for the
parameters ‘ECM produced’ and ‘ECM delivered’ (see defi-
nition below), ‘protein in milk, ‘feed DMI’, ‘metabolisable
energy’ and ‘protein in DMI’ were recalculated to an annual
mean value per cow for each dairy farm. All mean values that
included data for 8 to 12 months resulted in a data set of
1051 farms (226 farms with ,8 months of data were excluded).
Another eight parameters were calculated for each farm
separately. ‘N content in DMI’ was calculated from the
parameters ‘protein content in DMI’ and ‘feed DMI’, using a
factor of 6.25 to convert protein to N. DMI in the advisory
service is recorded either manually or directly by automatic
feeding systems on farms. Protein content and other feed
qualities in the feeding strategies are based on default
values, lists of ingredients for purchased feed and farmers’

N2O(indir)
NH3
NO3

N2O(dir)

CH4 (man)

m
ilk

in
g

CH4 (ent ferm)

calves
MILK

meat

in
p

u
ts

off
farm 

CO2

cows

feed
intake excreta

feed prod

N2O(indir)
NH2
NO2

on
farm 

CO2

N2O(dir)

CO2

N2O(dir)

diesel
fertilisers

oil electricity

Feed industryfeed
prod

grazing

Manure management
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own feed analyses. The parameters ‘feed DMI’ and ‘ECM
produced’ were used to calculate feed conversion efficiency
(FCE; kg ECM produced/kg DMI; Beever and Doyle, 2007). In
addition, another parameter on feed intake, ‘feed DMIECM’
(i.e. kg DMI/kg ECM produced), was calculated to relate feed
DMI to milk yield. The parameter ‘roughage share’ (used in
emission estimates of enteric fermentation) was calculated
as the difference between total ‘feed DMI’ and intake of
concentrate divided by total ‘feed DMI’. It is not specified in
the data set whether grazing is included in total DMI, and
according to feed advisors it may or may not be, but it is
probably included for farms where grazing is a large part of
the feed intake during summer. ‘Excreted N’ was calculated
as the total amount of N in feed DMI minus the amount of N
in milk and N in calves and growth (using an average value
of 3.7 kg N/cow per year for calf and growth). ‘Enteric CH4

emissions’ were calculated for each farm according to the
national model described above, using farm-specific para-
meters of milk yield, energy and protein content in feed DMI
and share of roughage in feed DMI. The parameter ‘EF CH4’
is a farm-specific emission factor for CH4 that was calculated
by dividing ‘enteric CH4 emissions’ by ‘feed DMI’ and used to
combine parameters. Finally, the parameter ‘delivered share’

of ECM produced was calculated. In Sweden, milk yield is
recorded and presented in two ways: (i) ECM produced
(quantities and qualities are recorded monthly by the official
milk recording programme) and (ii) ECM delivered (recorded
by the dairy for each milk delivery). ‘ECM produced’ includes
fresh milk fed to calves, as well as milk wasted due to
infections and pharmaceuticals. This parameter is used when
calculating enteric fermentation, N in excreta and feed effi-
ciency. ‘ECM delivered’ is milk delivered to the dairy industry
and this is the FU (reference basis) by which the GHG
emissions are divided. Basic statistics were calculated on all
these parameters to establish the variation between dairy
farms: mean, s.d., CV, lower (Q1) and upper (Q2) quartiles,
minimum and maximum values (Table 2).

The parameter ‘N-fertiliser rate’ was given as a total for
each farm divided by farm area to obtain kg N/ha, that is, an
average value for all crops. There were no crop yields given in
the database to correlate to the N-fertiliser rates, meaning that
the variation in N-fertiliser rates can also be due to differences
in crop yields. In the MC analysis, a fixed yield/ha for each crop
is presumed (i.e. the average for feed cultivation in Sweden
2005). Regression analysis was carried out on the correlations
between N-fertiliser rate and livestock density. The parameter

Table 2 Basic statistics on parameters for milk production (n 5 1051), N-fertiliser rate (n 5 920) and diesel use (n 5 46) collected from Swedish
dairy farms (average values for Swedish milk production the year 2005 are shown in italics)

Farm data

Parameter Average SE milk Mean s.d. CV (%)a Q1 Q2 Minimum Maximum

ECM produced (kg ECM/cow per year) 8843 9386 983 10.5 8794 10 000 5838 12 026
ECM delivered (kg ECM/cow per year)b 8274 8886 980 11.0 8293 9505 4724 11 785
Delivered share (%) 93.6 94.6 2.6 2.8 93.5 96.4 80.3 100.0
Protein in milk (%) 3.38 3.35 0.21 6.2 3.30 3.38 1.24 4.07
Feed DMI (kg DMI/cow per year) 6559 6534 448 6.9 6276 6822 4539 8002
Feed DMIECM (kg DMI/kg ECM produced) 0.74 0.70 0.054 7.66 0.67 0.73 0.55 1.04
Metabolisable energy (103 MJ/cow per year) 77.3 77.8 6.08 7.8 74.2 81.8 54.4 99.8
Protein in DMI (% CP) 16.8 17.2 0.8 4.6 16.8 17.7 13.8 20.7
N content in DMI (g N/kg DMI) 27.0 27.5 12.8 4.6 26.9 28.3 22.1 33.1
Roughage share (%) 52.8 52.5 5.5 10.4 49.1 55.0 37.0 78.0
Enteric CH4 (kg CH4/cow per year)c 127.6 125.4 8.1 6.5 120.7 130.8 91.1 150.9
EF CH4 (g CH4/kg DMI) 19.4 19.3 1.5 7.7 18.4 20.1 14.1 30.5
FCE (kg ECM/kg DMI) 1.35 1.44 0.10 7.0 1.37 1.50 0.96 1.82
N efficiency (kg NECM/kg NDMI) 25.6 26.7 1.96 7.3 25.6 27.9 18.3 35.1
Excreted N (kg N/cow per year)d 126.7 128.8 13.0 10.1 120.9 136.5 74.9 177.8

N-fertiliser rate (kg N/ha) 48.8 e 85 33 38.5 64 107 0.0 252
78.5f

Diesel on farm (l/ha) NAg 113 35 31.2 88 134 62 191

Q1 5 lower quartile; Q2 5 upper quartile; ECM 5 energy corrected milk; DMI 5 dry matter intake; EF 5 emission factor; FCE 5 feed conversion efficiency; NA 5 not
available.
Reference figures of mean values in the column ‘average SE milk’ is from a study of carbon footprint of average Swedish milk (Flysjö et al., 2010). Parameters and
figures marked in bold were varied in the Monte Carlo analysis.
aCV is the average variance of the mean value.
bECM delivered is ECM produced excluding fresh milk fed to calves and milk destroyed by infections and pharmaceuticals.
cCalculated with the method of Lindgren (1980).
dN in DMI minus N in milk produced, calf and gain in weight.
eIn cultivation of grass and grass/clover silage.
fIn cultivation of grain to feed.
gNo available data at the farm level per hectare in the study cited.
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‘diesel on farm’ was given in l/ha for each farm. Basic statistics
were calculated as described for animal parameters.

Connecting correlated parameters. Since relatively strong
correlations were found in the data set between parameters
(e.g. R2 . 0.5 for ‘ECM produced’ and ‘feed DMI’ as well as
‘ECM delivered’ and ‘N content in DMI’), these were con-
nected to each other to avoid unrealistic combinations of data
in the MC analysis (see Figure 2). To do this, we used ‘ECM
produced’ as the key parameter (Figure 2) and multiplied it by
‘delivered share’ (of ECM produced) to give the FU (i.e. ‘ECM
delivered’) to obtain the final CF. The parameter ‘feed DMI’
was obtained by multiplying the parameter ‘ECM produced’
by the parameter ‘feed DMIECM’ (kg DMI/kg ECM produced).
This calculated value of ‘feed DMI’ was multiplied by the
parameter ‘EF CH4’ to calculate the emissions of enteric CH4.
The calculated parameter ‘feed DMI’ was also used, together
with the parameters ‘N content in DMI’ and ‘ECM produced’,
to calculate ‘excreted N’, which is one of the parameters used
in calculations of N2O emissions from the soil.

Statistics
Monte Carlo analysis. The influence of variations in produc-
tion data on the CF was analysed by MC analysis. This method
randomly chooses, for each iteration, one value for each of the
defined parameters within the range of that parameter defined
by standard deviations. On the basis of 5000 iterations, the
probability distribution of CF values for milk from Swedish
dairy farms was estimated. The parameters varied in the ana-
lysis were ‘ECM produced’, ‘delivered share’, ‘feed DMIECM’, ‘N
content in DMI’, ‘EF CH4’, ‘N-fertiliser rate’ and ‘diesel on farm’

(Table 2). The MC analysis was performed using the same
software tool, Sima Pro 7, as was used for calculating the CF.

Standard deviations. In MC analysis in Sima Pro 7, the
distribution of the parameters varied had to be classified as
normally or log-normally distributed. In our analysis, a normal
distribution was assumed for all parameters used. The dis-
tribution of each parameter did not exactly follow the normal
distribution (tested by the Anderson–Darling test), but even
if the P-values were low, we chose the normal distribution as it
fitted better than a log-normal distribution and graphically the
discrepancy from normal distribution was not too large.

Since the CF of the national average milk production was
the baseline in our analysis of the impact of variations in pro-
duction data, we needed standard deviations corresponding to
the national mean values. The standard deviations used were
therefore calculated using mean values from the national
average and CV of the farm data from the 1051 dairy farms in
‘Individ Ram’ of each parameter as well as the parameter
‘N-fertiliser rate’ from the 920 farms, following the definition
of CV as s.d. divided by the mean (s.d.used in MC analysis 5

CVfarm data 3 meannational average). For the parameter ‘diesel
on farm’, the s.d. from the data sets was used.

All calculations for basic statistics and regression
analysis were performed with the software Minitab�R

(www.minitab.com).

Results

Variation in production data
Animal parameters. The largest between-farm variations in the
data set for the 1051 dairy farms analysed were found in milk
yield, roughage share in feed DMI and calculated N in excreta,
with a CV of approximately 10% (Table 2), that is, the average
s.d. was 10% of the mean value. The variation in feed DMI,
intake of metabolisable energy, feed efficiency and enteric CH4

emissions was slightly lower, with a CV of 6.5% to 8.0%. Pro-
tein content in DMI varied with a CV of 4.6%. CH4 emissions
from enteric fermentation, calculated with the national model
for each individual herd, varied between 91 and 151 kg CH4/
cow per year (not including replacement animals).

As expected, owing to their participation in advisory
work, the dairy farms analysed produced 540 kg ECM/cow
per year more than the average estimated for Swedish
milk by Flysjö et al. (2010) (see ‘average Swedish milk’ in
Table 2). In addition, feed efficiency, expressed as kg ECM/kg
DMI and kg ECM/unit energy intake, was approximately 7%
higher than the Swedish average.

N-fertiliser rate and diesel use. The variation in N-fertiliser
rate in the data set of 920 dairy farms was large (Table 2).
The mean amount of N applied as synthetic fertiliser to the
farm’s entire arable land was 85 kg N/ha (range 5 0 to
252 kg N/ha), also including non-feed crops if cultivated.
Corresponding figures to the ‘average SE milk’ (Table 2) are
the average N-fertiliser rates used in all grain and grasslands
that are cultivated for feed in Sweden. The variation found
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between the farms can to some extent depend on the
variation in the type of crops grown. However, only a minor
share of the farms had significant areas with non-feed crops,
for example, 14% of the farms used more than one-fourth of
the arable land to grow crops such as bread wheat, sugar
beet, rapeseed, potatoes and vegetables. There was a
tendency for farms growing bread wheat (around one-third
of the farms) to have higher average N-fertiliser rates,
which can be the effect of relatively higher fertiliser rates
used in this type of crop. No correlations were found
between N-fertiliser rate and livestock density on the farms.
The variation in the amount of diesel used per hectare was
also large (Table 2), with a mean value of 113 l diesel/ha.
There was no corresponding figure with which to compare
this value, as it was given separately for roughage feed
(49 l/ha), grain (22 l/ton) and protein crops (11 l/ton) in the
calculation of the ‘Swedish average’ (Flysjö et al., 2010).

Variation in CF
The MC analysis resulted in a Swedish average CF of 1.13 kg
CO2e/kg ECM, with a 95% CI from 0.94 to 1.33 kg CO2e/kg
ECM (Figure 3). This variation was solely attributable to
management differences between the dairy farms. The dis-
tribution of GHG emissions was 46% CH4, 35% N2O and
18% CO2, with CO2 having the smallest CI, whereas N2O
and CH4 had almost the same interval (Figure 4). The reason
for the moderate variation in N2O emissions, despite a very
large variation in N-fertiliser rates, is that N in manure
represents a larger proportion of N input to the soil and it
does not vary as much as the fertiliser rate.

Discussion

On the basis of the variations found in production data among
Swedish dairy farms, our study suggests that the average CF
of Swedish milk can be expected to vary by at least 617%.
However, the actual variation is probably higher, since the
production data used in our study were obtained from dairy
farms connected to the advisory service and with higher
average milk yield and better feed efficiency than the average
Swedish milk produced (Table 2). In addition, the set of
animal production data did not include production systems
using total mixed rations, a feeding system in which over-
consumption of feed is common (Stallings and McGilliard,
1984). Neither did we consider other parameters in feed
crop cultivation at farm level than the use of N-fertiliser (e.g.
fertiliser rates in relation to crop yields and used land area for
feed production) due to lack of data. Finally, other production
parameters, for example, animal health, calving age and
replacement rate, also affected milk CF at the farm level
(Hospido and Sonesson, 2005; Place and Mitloehner, 2010),
but were not included in our study due to lack of data.

The variation in milk CF presented here is approximately in
the same range that was reported in two earlier LCA studies
(Cederberg and Flysjö, 2004; Cederberg et al., 2007), each of
which examined 23 dairy farms in two different regions of

Figure 3 Frequency distribution of GHG emissions of 1 kg ECM as a result of variation in production data on farm level, based on the Monte Carlo analysis in
Sima Pro. Right and left vertical lines indicate the predicted 95% CI (from 2.5% to 97.5%); GHG 5 greenhouse gas; ECM 5 energy-corrected milk.
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Sweden (Figure 5). Differences can be explained by slightly
different calculation methods and probably by the higher
number of farms analysed in our study. However, the result
of the comparison suggests that the method we used, ana-
lysing defined production parameters with MC analysis, is
likely to include most of the variation and not overestimate
it. It is also interesting to relate the uncertainty in CF caused
by varying management factors, as determined in this study,
with the uncertainty in CF caused by uncertain emission
factors used in estimates of N2O from the soil and enteric
CH4 emissions. This latter uncertainty due to uncertain EF
values was approximately 630% for Swedish milk when
analysed by Flysjö et al. (2010) using the same average
production parameters and EF values (except for enteric CH4

emissions) as in this study.
The data sets of animal production parameters (1051 dairy

farms) and N-fertiliser rates (920 dairy farms) used in this
study provide the most comprehensive production data
available for Swedish dairy production. They represent those
regions (with different climate conditions and feed produc-
tion) in the country where milk production is situated. The
reason for using these sources of production data despite
some bias (i.e. farms connected to the advisory service
having better performance than the average dairy farm) was
that they gave us the opportunity to calculate variations on
the basis of production data from a considerable number
of farms without the effort of performing inventories or a
survey. The disadvantage of using existing data sets was that
other parameters affecting milk CF, such as replacement
rate, heifer calving age, composition of feeding strategies as
well as factors related to feed production (e.g. crop yields/
ha), could not be analysed.

The parameters varied in the MC analysis have different
levels of certainty. Delivered milk has a high level of cer-
tainty, as it is measured by the dairy industry and provides
the basis for the dairy farmers’ payment. Produced milk yield
also has a high certainty level, as it is checked once a month
on each farm. Lower levels of certainty are found in the
parameter ‘feed DMI’, in which consumption of concentrates

is relatively certain as opposed to intake of roughage, which
is seldom weighed on dairy farms and can also be fed in free
rations (ad libitum). Grassland yields are often poorly docu-
mented by farmers and mostly not weighed. Feed intake
from grazing is probably the most uncertain parameter when
studying milk and beef production, although this parameter
is not so significant in this study of a production system with
a low intake of roughage from grazing. In addition, some
feed components (e.g. maize silage and super-pressed beet
pulp) can be classified as either roughage or concentrate.
The roughage share of total feed DMI is important in some
models that calculate enteric CH4 (e.g. Lindgren, 1980; Ellis
et al., 2007; Yan et al., 2006). Better knowledge of roughage
feed intake (including grazing) will also be important when
carbon sequestration in grasslands is included in CF esti-
mates and when strategies to reduce GHG emissions are
discussed (Soussana et al., 2009). As feed intake is one of
the most important production parameters in dairy produc-
tion with an obvious risk of data uncertainty, accurate feed
data are important in estimates of CF for milk.

A crucial finding of this study was the importance of con-
necting closely correlated parameters to each other to avoid
unrealistic combinations of parameter values when performing
the MC analysis. Unrealistic combinations (e.g. combining the
highest feed intake with the lowest milk yield) would over- or
underestimate the CF, and to eliminate this risk, we used
standard deviations of the relationship between two depen-
dent parameters instead of the standard deviation of the single
parameters. For example, a randomly selected milk yield was
multiplied by the factor ‘DMI/kg ECM’ in the range of this
factor’s standard deviation to obtain a value of DMI, instead of
risking a random combination of high milk yield with DMI for
a low-yielding cow in the MC analysis. By connecting the
parameters in this way, we avoided overestimating the range
of variation in the average CF of Swedish milk.

Potential to reduce CF of milk
Variations in production data between farms are partly a
consequence of different conditions for farming due to climate,

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

This study LCA W LCA N

re
la

ti
ve

 C
F

 o
f 

m
ilk

(a)

0

20

40

60

80

100

This study LCA W LCA N

% 

CH4

N2O

CO2

(b)

Figure 5 Comparison of normalised results from MC analysis (this study) with (a) corresponding variation in the range of CF values and (b) distribution of
GHG for two LCA studies made on 23 farms in western Sweden in 2002 (LCA W) (Cederberg and Flysjö, 2004) and 23 farms in northern Sweden in 2005 (LCA
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soil type, genetic breeds and production systems (e.g. high v.
low use of grazing). Another important factor is differences in
farm management, which influence feed efficiency, animal
health, N-fertiliser use, etc. Since these factors depend on
decisions by the farmer, the potential should exist to improve
milk CF at farm level (Garnsworthy, 2004; Gill et al., 2010). The
relatively high variation found in milk CF in this study implies
that there is potential to reduce GHG emissions, that is, if dairy
farms with high CF can apply methods and techniques used
on farms with lower CF. The MC analysis in this study indicates
the existing variation in the average CF of Swedish milk and
cannot provide any information about the characteristics of the
dairy farms with high or low CF values.

The two parameters with the individual largest impact on
the milk CF were ‘ECM produced’ and ‘feed DMI’, according to
Flysjö et al. (2010). The importance of milk yield (ECM) is that it
forms the FU by which all emissions are divided to obtain the
final CF. Feed intake (DMI) is important since approximately
43% of the life-cycle GHG emissions of milk are due to feed
cultivation (including production and use of N fertilisers and
diesel; Flysjö et al., 2010). These two parameters together
also affect calculations of enteric CH4, which accounts for
approximately 46% of the milk CF (Flysjö et al., 2010). In
addition, they affect N content in excreta and thereby the
estimates of NH3 emissions and indirect emissions of N2O.
Thus, the merging of these two important parameters in the
parameter FCE (units ECM produced/unit DMI) can be used as
a type of key performance indicator to predict the potential to
reduce GHG emissions at farm level. The variation in FCE found
among the 1051 dairy farms in this study, that is, 0.96 to
1.82 kg ECM/kg DMI (Table 2 and Figure 6), can to some extent
depend on variations in the content of fat and energy in dif-
ferent diets. Owing to the lack of reference data, it is difficult to
estimate how much the FCE can be improved to reduce milk
CF, since FCE is not an indicator used by the Swedish feed
advisory service. In addition, if heifers’ feed intake could have
been included, the variation in FCE would probably have been
greater, as it would also be affected by the replacement rate at
farm level. A herd’s feed efficiency is influenced by a number

of different factors, with feed digestibility being important
(Britt et al., 2003; Beever and Doyle, 2007). Therefore, it is an
important task for farmers and/or advisors to find the under-
lying reasons for low feed efficiency.

In contrast to production systems in which feed intake is
homogeneous (e.g. pasture-based milk production in New
Zealand) for a production system with a large variety of feed
products, FCE cannot be the single ultimate indicator to
suggest potential improvement in milk CF at the farm or
national level. It must also be emphasised that the CF of feed
products differs on the basis of how they are cultivated,
transported and processed in the feed industry. Even the
same feed product (e.g. barley) can have different CF due to
different fertiliser rates and yields. Thus, feed efficiency can
be combined with feed products having both high and low
possible CF values. Today, emissions from land use and
changes in land use are often not included in CF calculations
due to lack of consensus on methodology. In the future,
when these emissions are also included in the CF for milk, it
is likely that the impact of some feed crops will contribute to
higher as well as lower GHG emissions, thus increasing the
importance of reliable data on feed intake. For example, the
use of soya cake from newly deforested land will increase
the CO2 emissions in milk CF (Gerber et al., 2010), whereas
the sequestration of C in long-established grassland may
decrease them (Soussana et al., 2009). Another important
issue regarding N2O emissions from cultivated soils is that
factors other than the amount of N applied also play a part
(e.g. soil type, drainage, degree of soil compaction and climate).
These factors are not often considered when calculating N2O
emissions from the soil, which are important for feed CF.
Further studies on the impact of individual feed components
on milk CF (including diet composition, influence on enteric
CH4 production and cultivation strategy) are needed to help
farmers in their choice of feeding strategy.

In addition to improving feed efficiency, the potential also
exists to reduce N-fertiliser rates on dairy farms, as indicated
by the large variation (0 to 250 kg N/ha) found among the 920
dairy farms in this study, even if some of this variation also can
depend on the type of crops grown and differences in crop
yields due to the soil and climate conditions. Supporting this
conclusion is the fact that we found no correlation between
purchased N in synthetic fertiliser and livestock density (and
thereby access to manure) on the farms studied. This expected
correlation was also found to be weak in earlier studies by
Domburg et al. (2000) and Swensson (2002). The efficiency of
N used in feed production can be improved, and thereby also
the CF of feed, if the use of N in manure is optimised and
adjusted to the N-fertiliser rate.

Conclusions

The national average CF of milk, which is often presented as
a 1-point value, includes a large variation due to differences
in production parameters between dairy farms, that is,
management practice and biological outputs (e.g. milk,
manure). The variation in CF found in this study (617%) can

Figure 6 Distribution of feed efficiency (ECM produced/unit DMI) among
1051 Swedish dairy farms; ECM 5 energy-corrected milk; DMI 5 dry
matter intake.
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be regarded as the least expected among Swedish dairy
farms and indicates a potential to decrease the CF for
Swedish milk, both at the national level and on individual
farms with high CF values. Milk yield and feed intake are two
of the most influential parameters in CF estimates, indicating
that ‘FCE’ (units ECM produced/unit DMI) can be used as a
rough key performance indicator of measures to reduce milk
CF on farm level. As there is a risk of large uncertainties in
feed intake data, especially in the intake of roughage from
grazing and silage, accurate feed data are important for CF
calculations on milk.
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Abstract
Purpose This paper investigates different methodologies of
handling co-products in life cycle assessment (LCA) or
carbon footprint (CF) studies. Co-product handling can
have a significant effect on final LCA/CF results, and
although there are guidelines on the preferred order for
different methods for handling co-products, no agreed
understanding on applicable methods is available. In the
present study, the greenhouse gases (GHG) associated with
the production of 1 kg of energy-corrected milk (ECM) at
farm gate is investigated considering co-product handling.

Materials and methods Two different milk production
systems were used as case studies in the investigation of
the effect of applying different methodologies in co-
product handling: (1) outdoor grazing system in New
Zealand and (2) mainly indoor housing system with a
pronounced share of concentrate feed in Sweden. Since
the cows produce milk, meat (when slaughtered), calves,
manure, hides, etc., the environmental burden (here GHG
emissions) must be distributed between these outputs (in
the present study no emissions are attributed to hides
specifically, or to manure which is recycled on-farm).
Different methodologically approaches, (1) system
expansion (two cases), (2) physical causality allocation,
(3) economic allocation, (4) protein allocation and (5)
mass allocation, are applied in the study.
Results and discussion The results show large differences
in the final CF number depending on which methodology
has been used for accounting co-products. Most evident
is that system expansion gives a lower CF for milk than
allocation methods. System expansion resulted in 63–
76% of GHG emissions attributed directly to milk, while
allocation resulted in 85–98%. It is stressed that meat is
an important by-product from milk production and that
milk and beef production is closely interlinked and
therefore needs to be considered in an integrated
approach.
Conclusions To obtain valid LCA/CF numbers for milk, it
is crucial to account for by-products. Moreover, if CF
numbers for milk need to be compared, the same allocation
procedure should be applied.

Keywords Allocation . CF. LCA . Life cycle assessment .
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1 Introduction

The interest in assessing the carbon footprint1 (CF) of
products (especially foods) has markedly increased during
the last few years, and milk and dairy products are no
exception. Many dairy companies (e.g. Arla Foods in
Denmark and Fonterra in New Zealand) are today calcu-
lating the CF, either for the whole company or for products,
and in some supermarkets (e.g. Tesco in UK and Casino in
France), milk and dairy products are already carrying
carbon labels. Consumers also want information on how
the products they purchase affect the climate, and a study in
UK shows that 50% of the consumers say they want to buy
products with lower carbon footprint (FRANK Research
Ltd). The recent focus on carbon footprinting has resulted
in several initiatives on developing standards and guide-
lines to harmonise CF calculations (e.g. ISO 14067, the
Greenhouse Gas Protocol Initiative on Product Life Cycle
Accounting and Reporting Standard by World Business
Council for Sustainable Development (WBCSD) and World
Resource Institute (WRI)). In addition, there are also more
sector specific initiatives, e.g. Carbon Trust developing
more detailed guidelines on how to calculate the CF for
some product groups and the International Dairy Federation
(IDF) in association with the Sustainable Agricultural
Initiative (SAI) Platform are leading the development of
guidelines on how to assess the CF of dairy products
specifically. These initiatives are motivated by the need for
several methodological choices to be made in life-cycle
carbon accounting, which affect the final results of the CF
reporting.

The method used when distributing the environmental
burden between the main product and by-products can have
a significant impact on the final results of a life cycle
assessment (LCA) or CF study (Cederberg and Stadig
2003; Feitz et al. 2007). What methodology to use is also
one of the more debated issues in LCA/CF research. There
are clear guidelines of the preferred order for different
methods for handling co-products in LCA (ISO 2006) or
CF (BSI 2008); however, there is not a common shared
understanding on when different methods are applicable. In
addition, different ways to handle co-products within the
same production system can occur.

According to ISO (2006), co-products should be handled
according to the stepwise procedure presented below. This
order also applies for PAS 2050 (BSI, 2008), except that
economic allocation is recommended after system expan-
sion (i.e. “step 3” comes before “step 2”).

Step 1 Wherever possible, allocation should be avoided by

& dividing the unit process to be allocated into two or
more sub-processes and collecting the input and output
data related to these sub-processes, or

& expanding the product system to include the additional
functions related to the co-products.

Step 2 Where allocation cannot be avoided, the inputs and
outputs of the system should be partitioned
between its different products or functions in a
way that reflects the underlying physical relation-
ships between them; i.e. they should reflect the
way in which the inputs and outputs are changed
by quantitative changes in the products or func-
tions delivered by the system.

Step 3 Where physical relationship alone cannot be estab-
lished or used as the basis for allocation, the inputs
should be allocated between the products and
functions in a way that reflects other relationships
between them. For example, input and output data
might be allocated between co-products in propor-
tion to the economic value of the products.

Dividing a unit process into more sub-processes is not
possible for milk production, e.g. to produce milk the
cow must produce a calf, and also other inevitable by-
products (meat and hides from culled dairy cows). The
alternative choice is to apply system expansion. This has
only been conducted in a limited number of studies on milk
(Cederberg and Stadig 2003; Hospido 2005; Thomassen et
al. 2008a). To analyse the environmental burden of milk,
allocation has typically been used based on physical
causality (e.g., Basset-Mens et al. 2009; Ledgard et al.
2009a; Cederberg and Mattsson 2000), protein content
(Gerber et al. 2010) or economic value (e.g., Arsenault et
al. 2009; Cederberg and Stadig 2003; Cederberg and Flysjö
2004; Hospido 2005; Thomassen et al. 2008a, b; van der
Werf et al. 2009).

As shown by Cederberg and Stadig (2003) the method
chosen for co-product handling greatly affects the final
results. In their study on system expansion and allocation in
milk and beef production, they analysed the environmental
impact for milk production at farm gate in Sweden using
different methods for co-product handling. Their results
showed that 91%, 85% and 63% of the greenhouse gas
(GHG) emission were attributed to the milk when applying
economic allocation, physical cause–effect allocation and
system expansion, respectively (with the difference due to
co-products). Consequently, if LCA/CF studies of milk are
to be comparable, it is crucial that the co-product handling
methodology used is identical.

1 CF is a term used to describe the total amount of greenhouse gas
(GHG) emissions of a process or a product system to indicate their
contribution to climate change. It also includes emissions of methane
and nitrous oxide, which are of special importance for agricultural
products.
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The objective with the present paper is to illustrate how
different ways of handling co-products affect the final CF
result for milk, as also done in Cederberg and Stadig
(2003). Here, however, more methods for co-product
handling are applied, both on system expansion and
allocation. When applying system expansion, it is crucial
to identify what alternative products would replace the by-
products. This may differ depending on the production
system and the geographic origin of the production.
Additionally, here, two different milk production systems
are analysed (outdoor pasture grazing system in New
Zealand (NZ) and mainly indoor housing systems with
pronounced share of concentrate feeds in Sweden (SE)).
The main goals with the present study are to analyse:

1. the importance of accounting for by-products in LCA/
CF of milk, and

2. the difference in results depending on what method is
used for co-product handling.

Furthermore, the objective is also to show the risk of
giving misleading information when different CF results for
milk are compared without a harmonised and uniform
method of handling co-products. In addition, the purpose is
also to illustrate the important interlink between dairy
production and beef production.

2 Materials and methods

The CF for 1 kg of energy-corrected milk (ECM), corrected
based on fat and protein (including by-products), at the
farm gate in NZ and SE was analysed in Flysjö et al. (2011)
and serves as the basis for this study. The conceptual
framework for LCA is used but only focusing on the GHG
emissions: carbon dioxide (CO2), methane (CH4) and
nitrous oxide (N2O). The present study includes extraction
of raw materials for feed production and other inputs to the
milk system, and ends at the farm gate, which usually
represents the main part (>80%) of total GHG emissions for
production of milk and dairy products (Gerber et al. 2010;
Sevenster and de Jong 2008; Hospido 2005; Berlin 2002;
Högaas Eide 2002). The calculations have been performed
in the LCA software tool SimaPro7 (PRé Consultants bv
2010). Contribution to global warming is calculated using
the global warming potential (GWP) for a 100-year time
horizon according to IPCC (2007), in CO2 equivalents
(CO2e): CO2 1, CH4 25 and N2O 298. In both NZ and SE
farm systems, the data originate largely from national
statistics from 2005, and key figures, such as methane
emissions from enteric fermentation (often contributing
about 50% of the CF for milk production at farm), are
calculated using the same method. The CF for milk at farm
gate (including by-products, i.e. 100% of environmental

burden is allocated to milk) is calculated at 1.00 kg CO2e
and 1.16 kg CO2e per kilogram ECM for NZ and SE,
respectively (Flysjö et al. 2011). The present paper presents
details on production of co-products for NZ and SE dairy
systems, and the different methods used for co-product
handling are described in Section 2.2.

2.1 System description

The dairy farming system in New Zealand and Sweden
differ considerably. Below is given a description for each of
the farming systems. The study is conducted using data for
the year 2004/2005 for NZ and 2005 for SE.

2.1.1 New Zealand

The dairy sector is one of the most important industries in
the New Zealand economy and accounts for close to a
quarter of New Zealand's total merchandised export
(MAFa). New Zealand has around four million dairy cows
(MAFb) producing about 15 million tonnes milk (New
Zealand Dairy Statistics) of which approximately 95% is
exported, mainly as milk powder and cheese.

The average farm in NZ has 339 cows, which are on
pasture all year around. The milk yield delivered for dairy
processing is 4,120 kg ECM cow−1 year−1. The replace-
ment rate (heifers that replace culled cows per year) for
dairy cows is 23% (DairyNZ ProfitWatch survey data), and
a heifer has its first calf at 24 months. In NZ, a dairy cow
has an average of 4.3 lactations (i.e. the average slaughter
age is almost 6.5 years for a dairy cow).

The flows of cattle in NZ are illustrated in Fig. 1. The
statistical data for cattle represent the 12-month period from
July 2004 to June 2005, reported by the New Zealand’s
Ministry of Agriculture and Forestry (MAFb, MAFc) (these
data are in shaded boxes in Fig. 1). The replacement rate
was estimated at 18% for beef cows (personal communica-
tion, Con Williams, Beef + Lamb New Zealand). The
‘animal flows’ (arrows in Fig. 1) were estimated/calculated
based on the number of dairy cows and heifers and beef
cows/heifers/steers/bulls and calves (MAFb), number of
slaughtered cattle (MAFc), and the replacement rates. Total
number of cows slaughtered were 792,000 (MAFc), and of
this, 688,000 were estimated to be culled dairy cows
(personal communication, Con Williams, Beef + Lamb
New Zealand). Total number of dairy calves born alive was
3,320,000 (MAFb), of which 948,000 were assumed to stay
in the dairy systems and to be raised for replacing culled
dairy cows after 2 years. About 955,000 of the dairy calves
were estimated to enter the beef system and be raised and
then slaughtered at 22–28 months at about 300 kg carcass
weight (CW). The rest of the dairy calves were slaughtered
at an age of 4 days, as there is no economic profit in raising
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them. These so-called ‘bobby calves’ produced around
17 kg CW per head. The number in the dotted box is total
born calves minus number of slaughtered animals, to have
the total ‘animal flows’ to match, and indicates the number
of animals not presented in slaughter statistics (e.g. animals
that died naturally) and changes in stocks between years. In
the dairy system, it also included dairy heifers that were
retained and reared on non-dairy farms for new dairy farm
conversions in NZ.

2.1.2 Sweden

In Sweden 2005, approximately 0.4 million dairy cows
produced 3.25 million tonne milk, predominantly for the
domestic market. Sweden is part of the EUmilk quota system,2

and total production is slowly decreasing in SE. There is only
a small net import of dairy products to Sweden.

The average calculated number of cows per farm in
Sweden is 46 cows that are mostly indoors, but in summer
(four to five months) also outdoor grazing. The milk
delivered from the farm is 8,270 kg ECM cow−1 year−1.
The replacement rate is 38% for dairy cows, and the heifer
has its first calf at 28 months. A dairy cow in SE has an
average 2.6 lactations (i.e. the average age for slaughter is
about 5 years for a dairy cow).

In Fig. 2, the Swedish cattle flows are illustrated. The data
in the shaded boxes are for 1 year (2005) and based on national
statistics from the Swedish National Board of Agriculture (SJV
2006a, b), Taurus (2006; 2005a, b) and Cederberg et al.
(2009a). Based on this, the ‘cattle flows’ (arrows in Fig. 2) are
calculated/estimated. Total number of dairy cows were
393,000 (SJV 2006a), of which 124 000 were slaughtered
(Taurus 2006). The total number of calves born and alive after
1 month was 534,000 (SJV 2006b), of which approximately
330,000 were dairy calves. Of the dairy calves, 149,000 stay
within the dairy system and replace the culled dairy cows,
while 181,000 dairy calves enter the beef system and are
raised to slaughter age (on average about 20–22 months) at a
weight of approximately 290–310 kg CW (the lower figure is
a weighted average of all dairy cattle, excluding dairy cows,
while the higher excludes both dairy cows and calves
slaughtered before 8 months). The replacement rate for beef
cows is around 29%. The number in the dotted box is total
born calves minus number of slaughtered animals, to have the
total ‘animal flows’ to match, and indicates the number of
animals not presented in slaughter statistics (i.e. animals that
died naturally were exported or slaughtered at home) and
changes in stocks between years.

2.2 Co-product handling

Six scenarios for handling co-products with either system
expansions or different types of allocation are summarised2 The milk quota system in EU will end in 2015.

SLAUGHTER OF CATTLE

792 000 cows (200 kg)
509 000 heifers (229 kg)
596 000 steers (311 kg)
577 000 bulls (310 kg)

1 420 000 calves/vealer (17 kg)

TOTAL: 3 890 000

3 320 000 
dairy 

calves

948 000
dairy repl. calves

226 000 

beef repl. calves

1 420 000

bobby calves

688 000
culled dairy cows**

955 000
dairy calves

for meat

BEEF SYSTEM

1 260 000 cows

2 130 000 heifers*/steers/bulls
1 030 000 calves (<1 year)

DAIRY SYSTEM

4 120 000 cows

917 000 heifers*

793 000
beef calves

for meat

1 020 000 
beef calves

18% repl.

23% repl.

206 000  cows
408 000  heifers
596 000 steers
577 000 bulls  

447 000 animals
die naturally 

and/or changes in
animal numbers
between years

Fig. 1 Illustration of the flows of cattle in New Zealand (single
asterisk also includes cows not in milk, calf or breeding, double
asterisks also include some animals defined as heifers in slaughter
statistics). Bracketed values are approximate carcass weight equiv-

alents. (Some numbers may not add up due to rounding.) The number
in the dotted box shows the difference between total born calves and
slaughtered animals, indicating the number of animals that died
naturally and changes in stocks between years
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in Table 1 and described in more detail in the sections
below.

2.2.1 System expansion

The two main outputs3 from the dairy system are milk and
meat (from slaughtered dairy cows and the ‘surplus’ calves
raised for meat production, in NZ also from bobby calves
(slaughtered 4 days old)), as illustrated in Fig. 3. Milk
production does not only affect the dairy system, but it is
also closely interlinked with the beef production system. If
meat production from milk systems decreases, it would
affect beef and presumably also other meat production
systems. When applying system expansion, the environ-
mental impact of milk would then be: the total induced
environmental impact from the dairy system, as well as the
raising of a calf ready for slaughter (shaded box to the left
in Fig. 3), and the avoided environmental impact from
alternative meat production (shaded box to the right in
Fig. 3). Since the various types of meat (from cow, raised
surplus calf and bobby calf) are of different quality, it is
also reasonable to assume they replace different meats (e.g.
beef, pork and chicken). System expansion is here applied
using two different scenarios: (1) all meat from the dairy
system substitutes beef meat, and (2) the various types of
meats from the dairy system replace different meat types. In

the second case, meat from culled dairy cows (assumed to
be of a lower quality) replaces equal amounts of beef and
pork, while the meat from the surplus calf raised for beef
production replaces beef from a pure beef production
system. In NZ, the meat from bobby calves (a relatively
white meat) is more similar to chicken than beef, and
therefore, this meat is assumed to replace meat from
chicken in the second scenario.

Emissions associated with raising a calf to slaughter age
are calculated specifically for each country, based on data
on feed intake (personal communication, Mark Boyes,
AgResearch; Carin Clason, Växa). In NZ, the feed intake
was about 5.3 tonnes dry matter intake (DMI) (roughage
feed/grass) to raise a calf to the age of 22–28 months
(305 kg CW), and in SE, it was 4.6 tonnes DMI (50%
roughage feed and 50% grain) to raise a calf to approxi-
mately 19 months (313 kg CW). Emissions from enteric
fermentation, excreta and manure handling, feed produc-
tion, etc. were calculated with the same methods as
described in Flysjö et al. (2011).

The livestock herd and the meat production from the two
system studied are summarised in Table 2. Per kilogram of
ECM, the amount of meat is relatively similar for the two
systems, but the ‘type’ of meat differs. Meat from dairy
cow comprises a larger share in SE than NZ, while meat
from raised calves is similar in both countries (see Table 2).
The total beef meat production in NZ (425,000 tonnes) is
about five times higher than in SE (88,400 tonnes);
however, on a per cow basis, the meat production is twice
as high in SE (225 kg per cow) compared to NZ (103 kg

SLAUGHTER OF CATTLE

159 000 cows (295 kg)
44 600 heifers (273 kg)
49 400 steers (305 kg)

180 000 bulls (323 kg)
33 000 calves/vealer (141 kg)

TOTAL: 466 000

330 000
dairy 

calves

149 000
dairy repl. calves

51 200 
beef repl. calves

124 000
culled dairy cows

181 000
dairy calves

for meat

BEEF SYSTEM

177 000 cows

346 000 heifers/steers/bulls
359 000 calves (<1 year)

DAIRY SYSTEM

393 000 cows

330 000 heifers

152 000
beef calves

for meat

203 000
beef calves

29% repl.

38% repl.

35 100 beef cows
44 600 heifers
49 400 steers

180 000 bulls
33 000 calves/vealer

(incl. calves)

67 600 animals
die naturally,

are exported, 
slaughtered at home

and/or changes in
animal numbers
between years.

Fig. 2 Illustration of the flows of cattle in Sweden. Bracketed values
are approximate carcass weight equivalents. (Some numbers may not
add up due to rounding.) The number in the dotted box shows the

difference between total born calves and slaughtered animals,
indicating the number of animals that died naturally, were exported
or slaughtered at home, and changes in stocks between years

3 Manure and hides are also outputs, but all manure is here assumed to
stay within the system boundaries (i.e. the dairy system), and hides are
assumed to be of minor importance and are generally accounted for
within the beef component.
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per cow), and per ECM, it is approximately the same in
both countries (25 and 27 kg per tonne ECM for NZ and
SE, respectively). The underlying assumptions are further
analysed in Section 4.

The CF numbers of the meats used in the system
expansion are 26.4 kg CO2e per CW for beef (from pure
beef system), 3.4 kg CO2e per CW for pork and 1.9 kg
CO2e per CW for poultry (Cederberg et al. 2009a). The
data are Swedish averages at farm gate, but since no data
exist for NZ, the figures are used for both systems. Amount
of edible meat per CWE differs between beef, pork and
poultry, and this is accounted for in the study assuming
70%, 59% and 75% edible meat per CWE for beef, pork
and poultry, respectively (personal communication, Katar-
ina Nilsson, the Swedish Institute for Food and Biotech-
nology).

2.2.2 Physical causality allocation

Allocation based on physical causality is based on the
guidelines from IDF (2010) and accounts for the feed
energy demand, needed for producing milk and meat (dairy
cow and calves), respectively. The allocation factor for milk
is calculated (using the equation provided in IDF (2010)) to
86% for NZ and 85% for SE.

2.2.3 Economic allocation

The economic allocation is based on the value for milk and
animals (cows and calves) at farm gate, i.e. the value the
farmer receives, using a 5-year average (i.e. 2003 until
2007). For NZ, the economic allocation factor for milk is
92% (Ledgard et al. 2009b) and for SE 88% (Farm
Economic Survey).

2.2.4 Protein allocation

Protein allocation is based on edible protein in milk and
meat (from culled dairy cows and surplus calves) (CWE is
used for the meat). The amount of protein in ECM is
assumed to be 3.3% and in meat (CWE) about 20%. Thus,
the protein allocation factor for milk is 94% and 93% for
NZ and SE, respectively.

2.2.5 Mass allocation

Allocation is also performed based on mass, i.e. on the
total weight of milk and of animals (live weight of culled
dairy cow and surplus calves) that leave the farm gate.
The mass allocation factor for milk is 98% for both NZ
and SE.

3 Results

There is a large variation in the calculated carbon footprint
of milk depending on how emissions are divided between
co-products (see Fig. 4). Applying system expansion results
in a significantly lower CF than any of the allocation
alternatives. The various allocation factors range from 85%
(physical causality allocation in SE) to 98% (mass
allocation), resulting in more than 10% difference in the
final CF values, depending on which allocation method
(physical causality, economic, protein or mass) is used.
Mass allocation resulted in the smallest difference (2% less)
compared to when 100% of the emissions are allocated to
milk (i.e. milk carries the whole burden). No matter which
method is applied for co-product handling, SE milk has a
higher CF than NZ milk. However, applying economic
allocation results in 9% higher CF for SE than NZ, while
for mass allocation (or when all emissions are allocated to
the milk), it is 16% higher.

The results clearly show that applying system expansion
methodology depends highly on what type of meat is
assumed to be replaced. In the first system expansion, all
by-products (meat) were assumed to replace beef, while in
the second case, different meats were replaced to account
for the quality of the meats. Since beef has a considerably

NZ SE

System expansion Replaces beef Replaces beef

Replaces beef, pork and poultry Replaces beef and pork

Physical causality allocation 86% to milk 85% to milk

Economic allocation 92% to milk 88% to milk

Protein allocation 94% to milk 93% to milk

Mass allocation 98% to milk 98% to milk

Table 1 Different methods for
co-product handling used in this
study

raising of calf

beef

FU:
milk

dairy cow 

bobby calf

raised calf

meat from:

beef + pork

poultry

beef

scenario 1 scenario 2 

substitutes meat from:
outputs from the dairy

system are milk + meat

milk production

Fig. 3 Illustration of the system expansions applied in this study
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higher CF than pork and poultry, the first system expansion
resulted in a lower CF for the milk.

4 Discussion

The results show that the ranking of the CF numbers is the
same between the countries, as long as the same co-product
handing method is used, i.e. NZ has a lower CF per
kilogram milk than SE. It is also notable that the amounts
of meat per kilogram of milk from the two systems are
quite similar (25.1 and 27.2 gram per kilogram milk for NZ
and SE, respectively). There is however a larger number of
dairy calves per kilogram milk in NZ, but since the majority
of the surplus dairy calves are slaughtered as bobby calves,
the amount of meat from those is relatively low. In SE, a
larger share of meat comes from the slaughtered dairy cow,
primary due to the higher replacement rate in SE compared
to NZ. The number of dairy calves going into beef
production and the number of slaughtered dairy calves
(shown in Table 2) are approximately the same for SE,

while there is a larger difference for NZ. This is due to a
decrease in dairy cows over time in SE, while the dairy
herd is increasing in NZ. Thus, matching cattle flows for
1 year is quite difficult since the lifetime of the animals
typically is more than 1 year and there are changes in stocks
between years. It has not been possible to disaggregate the
number of animals that died naturally, was exported or
slaughtered at home, and the changes in number of animals
between year (dotted box in Figs. 1 and 2). However, even
though this disaggregation would be interesting, it is
considered to have minor impact for the outcome of this
paper.

In the two scenarios for the system expansion, where by-
products (slaughtered dairy cow and surplus calves)
substitute (1) only beef meat and (2) a mix of meats, CF
data (on beef from suckler cow system, pork and poultry)
from a Swedish study have been used, and these might not
be representative for NZ. However, the magnitude of CF
numbers of different meats (beef, pork and chicken) is
likely in the same order, and thus, the purpose was to
illustrate the importance of what type of meat is substituted

Number of animals Total Per cow Per tonne ECM

NZ SE NZ SE NZ SE

Dairy cows 4,120,000 393,000 1.00 1.00 0.243 0.121

Dairy heifers 917,000 330,000 0.223 0.839 0.0540 0.101

Dairy calves to beef system 955,000 181,000 0.232 0.460 0.0563 0.0556

Slaughtered dairy cows 688,000 124,000 0.167 0.316 0.0406 0.0382

Slaughtered raised dairy calves 864,000 181,000 0.210 0.460 0.0509 0.0556

Slaughtered dairy bobby calves 1,420,000 – 0.344 – 0.0835 –

Weight of slaughtered animals (kg CWE)

Meat from dairy cows 138,000,000 35,900,000 33.4 91.3 8.11 11.0

Meat from raised dairy calves 263,000,000 52,500,000 63.9 133 15.5 16.1

Meat from dairy bobby calves 24,100,000 – 5.85 – 1.42 –

Total meat 425,000,000 88,400,000 103 225 25.1 27.2

Table 2 Number of dairy ani-
mals alive and slaughtered for
NZ and SE respectively (in total,
per dairy cow and per tonne
ECM)
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0.63
0.73

0.76
0.85 0.86

0.99 0.94
1.02

0.94
1.08

100% all.
to milk

syst. exp.
beef only

syst. exp.
mix

phys. 
caus.

all.

econ.
all.

prot.
all.

mass
all.

1.14

0.98

Fig. 4 CF for one kilogram milk
in NZ and SE, applying different
methods of handling the
co-product meat of no allocation
(i.e. 100% of emissions are allo-
cated to milk), system expansion
replacing beef only, system
expansion replacing a mix of
meat, physical causality alloca-
tion, economic allocation, protein
allocation and mass allocation
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the conclusions are expected to be the same, even if country
specific figures were used. Weidema (2003) defines product
substitution (here system expansion) as replacing one
product with another product, which fulfils the same needs
of the customer. Hence, the quality of the meat should be
considered when applying system expansion.

4.1 The need for harmonising co-product handling

LCA/CF is a valuable tool for analysing the environmental
impact and GHG emissions from products and systems.
Using a CF number in communication can be useful, but it
is important to know the consequences of decisions and
methodology, and how they impact the outcome of the
results. The present study showed a significant difference in
the final CF results for milk, depending on how the by-
product meat was accounted for. According to ISO (2006),
system expansion is the first choice of co-product handling
method, which would be applicable for milk studies.
However, depending on the goal and scope of the study,
different methods for co-product handling can be applied.
System expansion is typically used in consequential LCA
(CLCA) modelling, while allocation is often used in
attributional LCA (ALCA) modelling. In CLCA, the
consequences of a change is always analysed, e.g. if milk
is produced compared to if milk is not produced. Thus, in
the second case, the same amount of meat (that is by-
product in the first case) needs to be produced in some
other way, since the only change one wants to analyse is the
milk. ALCA is more about recording physical flows and to
attribute the emissions between co-products, e.g. if a
country is reporting their GHG emissions and wants to
analyse the share of each sector, some sort of allocation
factor would be needed. However, when comparing CF
numbers, it is crucial that the same method for handling co-
product is applied, if conclusions should not be misleading.

For example, if a consumer has the possibility to chose
between (1) milk produced in New Zealand, labelled with a
CF number based on the methodology in PAS 2050
specifically applied to the dairy sector (Carbon Trust,
2010) (e.g. 0.94 kg CO2e per kilogram milk) or based on
the PCR4 from the Swedish Environmental Management
Council (2010) (e.g., 1.00 kg CO2e per kilogram milk), and
(2) milk produced in Sweden, labelled with a CF number
based on the allocation procedure in ISO (e.g. 0.85 (or

0.73) kilogram CO2e per kilogram milk), an environmental
friendly consumer would likely choose the Swedish milk
thinking that it was the right choice (Table 3). However, the
difference in CF numbers would only be a result of
different methodology for co-products handling, and the
milk from NZ would likely have a lower or similar CF.
Thus, depending on which standard/guideline the LCA/CF
performer choose to use, the CF result for milk will differ.
Consequently, before CF can be used in communication (e.
g. labelling), there is an obvious need for harmonised
guidelines on methods for co-product handling. (There are
also other areas of difference crucial to consider when
calculating the CF; hence, harmonisation is needed for
several areas, not only co-product handling.)

4.2 Milk and beef—an integrated production

As mentioned previously, it is crucial to be aware of the fact
that the dairy system does not only affect milk production
but also meat production, as the majority of dairy calves are
surplus calves (i.e. are not raised to become dairy cows)
and slaughtered for the meat. Also, culled dairy cows
represent a significant share of the global cattle meat
production. Approximately 65% of the beef production in
both NZ and SE originates from the dairy sector in 2005.
According to FAO, the dairy sector is estimated to represent
as much as 57% of the global cattle meat production
(Gerber et al. 2010). There is an ongoing trend for
intensification of milk production per cow, which results
in less meat production per kilogram of milk. In an analysis
of the environmental improvement potentials of meat and
dairy products in Europe, Weidema et al. (2008) concludes
that an intensification of milk production through increased
milk yield per cow would lead to reduced methane
emissions per kilogram of milk (−24%), but would not
lead to any significant reduction in GHG emissions
(−0.27%) in total, due to an “induced additional beef
production from suckler cows necessary to keep the meat
output unaltered”. Also, intensification may lead to an
increase in impacts for most of the other environmental
categories (Weidema et al. 2008). In Sweden, a study has
been conducted, analysing the GHG emissions from animal
production and consumption in Sweden for 1990 and 2005
(Cederberg et al. 2009a, b). The production of both milk
and beef meat in Sweden has been relatively stable during
the period. There has however been a shift in production; in
1990, 85% of all beef had its origin in the dairy sector, but
this was reduced to 65% in 2005, due to an intensification
of milk per cow (which resulted in a reduction in number of
dairy cows, since EU, including SE, has a quota system not
allowing more milk to be produced). Thus, more effective
milk production resulted in less emissions per kilogram
milk, but more emissions per kilogram beef (due primarily

4 The Product Category Rule (PCR) for processed liquid milk states
that meat from slaughtered cows and calves “shall be omitted
considering that the useful meat (kg) is negligible” (Swedish
Environmental Management Council, 2010), which is here interpreted
as 100% of emissions shall be allocated to milk and none to meat. In
the former PCR for milk and milk-based products (Swedish
Environmental Management Council, 2006), mass allocation was
recommended.
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to an increase in suckler cows (SJV) to compensate for the
reduced number of dairy cows, see Fig. 5). Applying
physical causality allocation, the average CF per kg milk in
Sweden was reduced by about 20%, while the CF per
kilogram beef increased by 10% between 1990 and 2005
(Cederberg et al. 2009a). However, the reduced emissions
due to intensification of the dairy sector were still sufficient
to compensate for the increased emissions from the beef
sector. Thus, in total, there was a reduction in GHG
emissions from Swedish production of milk and beef meat.
During the same period, there was an increase in meat
consumption (dairy products were relatively stable) in
Sweden, and the consumption of beef increased by almost
50% per capita, which was met by increased imported beef
(which resulted in an increase in GHG emissions for animal
consumption in Sweden (Cederberg et al. 2009b)). Today,
about 40–50% of the beef meat consumed in SE is

imported, primarily from Ireland and Brazil. Thus, to
benefit from the reduced emissions due to the intensifica-
tion in milk production, there also needs to be a reduction
in (beef) meat consumption.

As seen in Fig. 5, the development in milk production
and number of cows in NZ are rather different compared to
SE. In contrast to SE, NZ is a large exporter of both dairy
products and beef, accounting for 25% and 5% of NZ
merchandised exports respectively in 2007 (MAFa). In NZ,
there has been a steady growth in total milk production,
mainly due to an increased number of dairy cows, but also
due to higher milk yield per cow. During the same period,
there has been a slight decrease in beef cows. As many
calves are slaughtered as bobby calves, it gives an
indication that there is an excess of calves in NZ. Many
of these are Jersey calves considered less suitable for beef,
and there is no economic incentive in raising them for
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%Fig. 5 Relative change in milk
deliver (milk), number of dairy
cows (Dcow) and beef (suckler)
cows (Bcow) in NZ and SE,
respectively, between 1990 and
2005 (LIC 2008; SJV 2000; SJV
2006c, MAFb, SJV)

Table 3 CF results (kilogram CO2e per kilogram ECM) for milk in NZ and SE depending on method applied for co-product handling according
to different standards/guidelines

Standards/guidelines NZ SE Ranking according to ISO

ISO (system expansion) 0.76 (0.63) 0.85 (0.73) 1

IDF (physical causality) 0.86 0.99 2

PAS 2050a (economic) 0.94 1.02 3

PCR to EPDb (no all/mass) 1.00/0.98 1.16/1.14 (3)c

The figures for system expansion are based on the by-products (meat from culled dairy cows and surplus calves) substituting for a mix of meats
(and in brackets beef meat only)
a The preferred approach in PAS 2050 (BSI, 2008) is system expansion, but in the methodology report specifically for dairy (developed by Carbon Trust,
who also developed PAS 2050), economic allocation is recommended to divide GHG emissions between milk and meat; thus, to our understanding,
economic allocation should be applied for milk and meat if following PAS 2050
b The Environment Product Declaration, EPD, system is an international tool to communicate the environmental performance of products. In the latest PCR
on milk from 2010, the recommendation is that the by-product meat shall be omitted (here understood as 100% shall be allocated to milk, i.e. ‘no
allocation’) while mass allocation is recommended in the PCR from 2006
cMass allocation goes under the third option in ISO, and obviously reflect a physical (however not underlying physical) relationship, but must be seen as
less appropriate than economic allocation for milk production
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producing more meat (even though it could be an
environmental benefit). This farmer choice will be influ-
enced by the relative prices for meat and milk.

The global demand for animal protein is estimated to
increase by 50% in 2020 and to double in the year of 2050
(FAO 2006), and the dairy sector will be very important in
this development. To analyse how to best provide a
growing population with animal protein, a system analysis
approach is needed, including all animal sectors, and milk
and beef must be studied in an integrated way since the
production systems are so closely interlinked. Depending
on the prognoses for the future demand of milk and beef
meat, the scenarios of the best ways of providing these
animal foods might be different. If the demand for beef is
expected to increase, while the demand for milk is
increasing to a lesser extent, it can be questionable if
intensification is the best option for keeping the total GHG
emissions down. If milk, on the other hand, would be
expected to increase more than beef, intensification might
be the right choice. In some parts of the world, however,
intensification would contribute both to food security and to
reduction of emissions per product unit.

5 Conclusions

When assessing the CF of milk, it is important to account
for by-products, i.e. meat from the culled dairy cows and
surplus calves (representing 57% of global beef production,
Gerber et al. 2010). The methodological choice for
handling this by-product is crucial for the outcome of the
CF result of milk and dairy products. The present study
showed that system expansion results in a significantly
lower CF number for milk (63–76%), compared to when
100% of the emissions are allocated to milk (i.e. milk
carries the whole burden). All other analysed allocation
methods gave a higher CF number compared to system
expansion: between 85% (physical causality allocation in
SE) and 98% (mass allocation). System expansion is the
first choice of co-product handling method according to
ISO that is applicable to LCA of milk. It is however
important what products (type of meats: beef, pork or
chicken) are replaced, as this influence the final results.
Despite the existing standards and guidelines on LCA/CF
methodology, there is still no shared understanding on co-
product handling. Thus, if CF numbers of milk need to be
compared, it is crucial that the same method for co-product
handling is used.

To analyse how to best provide a growing population
with animal protein, a system analysis approach is needed
that includes all animal sectors. Depending on the outlooks
for the future demand of milk and beef meat, the scenarios
of the best ways of providing these animal foods might be

different. Hence, production of milk and beef must be
studied in an integrated way since the production systems
are closely interlinked.
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a b s t r a c t

Two most critical factors to address in environmental system analysis of future milk production are 1)
the link between milk and beef production, and 2) the competition for land, possibly leading to land use
change (LUC) with greenhouse gas (GHG) emissions and loss of biodiversity as important implications.
Different methodological approaches concerning these factors, in studies on environmental impacts of
dairy production, sometimes lead to contradictory results.

Increasing milk yield per cow is often one of the solutions discussed in order to reduce GHG emissions
from milk production. However, when also accounting for other systems affected (e.g. beef production) it
is not certain that an increase in milk yield per cow leads to a reduction in total GHG emissions per kg
milk. In the present study the correlation between carbon footprint (CF) of milk and the amount of milk
delivered per cow is investigated for 23 dairy farms (both organic and conventional) in Sweden. Use of
a fixed allocation factor of 90% (based on economic value) indicates a reduction in CF with increased milk
yield, while no correlation can be noted when system expansion is applied. The average CF for two
groups of farms, organic and high yielding conventional, is also calculated. When conducting system
expansion the CF is somewhat lower for the organic farms (which have a lower milk yield per cow, but
more meat per kg milk), but when a 90% allocation factor is used, the CF is somewhat higher for the
organic farms compared to the high yielding conventional farms. In analysis of future strategies for milk
production, it is suggested that system expansion should be applied, in order to also account for envi-
ronmental impacts from affected systems. Thus, scenarios for milk and meat production should be
analysed in an integrated approach in order to reduce total emissions from the livestock sector.

How to account for emissions from LUC is highly debated and there is no current shared consensus.
Different LUC methods result in significantly different results. In this study, four different LUC methods
are applied, using data for organic milk production and high yielding conventional milk production
systems in Sweden. Depending onwhich LUC method was applied, the organic system showed about 50%
higher or 40% lower CF compared to the conventional high yielding system. Thus, when reporting CF
numbers, it is important to report LUC-factors separately and clearly explain the underlying assumptions,
since the method of accounting for LUC can drastically change the results.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years the livestock sector has been put forward as one
of the main emitters of greenhouse gases (GHG) and FAO’s report
, DK-8260 Viby J, Denmark.

jö).

All rights reserved.
Livestock’s Long Shadow suggests that the sector is responsible for
around 18% of the anthropogenic GHG emissions (Steinfeld et al.,
2006). This number has then been further disaggregated,
showing that in 2007, the world dairy sector contributed around 4%
of anthropogenic GHG emissions when the sector’s by-products
were included, which are beef from surplus calves and culled
dairy cows. These by-products are important to the world’s meat
production; around 57% of beef production and close to 13% of total
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global meat production originates from the dairy sector (Gerber
et al., 2010).

Given the prospects of strong growth in consumption of meat
andmilk by 2050 (FAO, 2006), there is an increasing debate on how
to produce animal products in a sustainable way. Regarding milk, it
is often suggested that intensifying production per dairy cow is
a visible measure to reduce emissions per unit of produced milk,
since increased production dilutes the environmental impact of the
dairy cattle’s maintenance over more units of production (Capper
et al., 2008; Gerber et al., 2010). However, a higher milk produc-
tion per dairy cowwill reduce the amount of beef produced per unit
of milk, since fewer dairy cows also means less production of calves
that can be further raised for meat production and also less meat
from culled dairy cows. Thus, an intensification of milk yield per
cow has implications also for meat production, possibly leading to
more meat production from e.g. pure beef systems, so-called cow-
calf systems, which are production systems characterised by large
land occupation and high GHG emissions per kg meat (Cederberg
et al., 2011; Nguyen et al., 2010). Consequently, it is necessary
that analyses of future strategies for a sustainable dairy sector also
include the close link between milk and beef.

Land use and land use change are another important aspects to
consider in analyses of future milk and meat production since the
global livestock sector already today make use of around 70% of
agricultural land (Steinfeld et al., 2006). As land is a limited
resource, under increasing pressure from population growth and
from bio-based fuel production (to replace fossil fuels), it is crucial
that land use is efficient and sustainable. The competition between
land used for production of feed for animals, food for direct human
consumption, fuel for energy and transportation, fibre for fabric as
well as conservation of forests (e.g. rainforests) is likely to increase
in the future, and it is therefore important to analyse the global
effect of different feed strategies. Land use change (LUC), mostly
deforestation, today accounts for around 10% of global carbon
dioxide emissions (www.globalcarbonproject.org). So far, most
studies analysing the environmental impact of livestock products
have not included LUC, but there is an increasing awareness of its
importance in environmental assessments of livestock production.
In recent studies on GHG emissions frommilk, meat and other food
production, LUC has been included (Audsley, et al., 2009; Leip et al.,
2010; Gerber et al., 2010; Cederberg et al., 2011) but with different
approaches since there is yet no shared consensus onmethodology.

Two critical factors to address in environmental system analysis
of future milk production are 1) the link between milk and beef
production (i.e. how the by-product meat is accounted for), and 2)
the competition of land, possibly leading to LUC with GHG emis-
sions and losses of biodiversity. Different methodological
approaches concerning these factors in studies of the environ-
mental impact of dairy production, sometimes lead to contradic-
tory results. For example, intensification of milk yield per dairy cow
has been suggested both to increase the environmental burden of
milk (Weidema et al., 2008) and to decrease it (Capper et al., 2008).
Soybean (an important feed ingredient for dairy cows in many
countries) is known as a major driver of deforestation in South
America (Nepstad et al., 2006) and varying LUC-factors for South
American soy meal have been proposed per kg soy meal (Gerber
et al., 2010; Leip et al., 2010). However, Audsley et al. (2009) and
Schmidt et al. (2011) suggest that a general LUC-factor per ha of
agricultural land should be used irrespective of what is produced or
where in the world the land occupation takes place.

In the study of Cederberg and Flysjö (2004) the GHG emissions
of milk from 23 dairy farms were investigated using a fixed allo-
cation factor of 90% (based on the economic value for milk). The
results from Cederberg and Flysjö (2004) indicate that the GHG
emissions per kg milk are lower with an increased milk yield per
cow. However, as the impacts on affected systems (e.g. beef
production in a cow-calf system) are not included, it is of interest to
investigate what the GHG emissions per kg milk are when system
expansion is applied. Also, as no LUC emissions were included in
their study of 23 dairy farms, this issue warrants further elabora-
tion. Thus, in the present paper the results from Cederberg and
Flysjö (2004) are used in order to investigate the following.

1) Is there are any correlation between carbon footprint (CF) of
milk and milk delivered per cow when changes in the affected
meat systems are considered?

2) What is the CF of milk when emissions from LUC is included
(using different methods to account for LUC)?

The overall purpose of the present paper is to highlight two
critical aspects: 1) the link between milk and beef production and
2) emissions associated with land occupation and land trans-
formation connected to dairy production, both crucial to consider
when analysing and discussing future strategies for environmen-
tally sustainable milk production.

2. Material and methods

Data is primary taken from Cederberg and Flysjö (2004) inves-
tigating the environmental impact from 23 dairy farms in south-
western Sweden, including three groups of milk production
systems: organic, high yielding conventional and medium yielding
conventional. When analysing how LUC affect the CF results, only
the two groups organic and high yielding conventional are
included. In the analysis on correlation between CF and milk yield,
all 23 farms are included. The method used is life cycle assessment
(LCA), but here focus is only on GHG emissions (i.e. CF). The system
boundaries are from ‘cradle to farm gate’, i.e. all emissions on farm
as well as emissions associated with production of inputs to the
farm (purchased feeds, transports, energy, fertilisers, pesticides,
plastic etc) are included. The functional unit investigated is 1 kg of
energy corrected milk (ECM) provided at farm gate.

2.1. Milk production systems

Average annual milk yield on the organic farms was 9400 kg
ECM per cow (based on a sample of six farms) and on the high
yielding conventional farms 10,100 kg ECM per cow (based on
a sample of nine farms), of which 7690 and 9240 were delivered for
milk processing respectively (Cederberg and Flysjö, 2004). The
lower share of delivered milk for the organic farms was due to
a larger share of the milk being fed to calves on the farm. Milk
production level, replacement rate and calving interval are impor-
tant parameters when calculating production of meat by-products
from dairy systems, as shown in Table 1. Meat production per kg of
milk, for organic and high yielding conventional production
systems, was calculated using animal production data from
Cederberg and Flysjö (2004) in combination with data from
statistical analyses of organic and conventional dairy herds in
Sweden (Ahlman et al., 2011; Sundberg et al., 2009). Ahlman et al.
(2011) have compiled data from most organic and about half of the
conventional dairy herds in Sweden between 1998 and 2003 and in
Sundberg et al. (2009) data from most dairy herds in Sweden are
included (with more than five calvings per herd and year) between
1998 and 2005. The yearly milk yield reported by Sundberg et al.
(2009) is slighter lower than the yearly average from the dairy
farms in the study of Cederberg and Flysjö (2004), but the differ-
ence in milk yield between the two production systems agrees
well; organic milk yield in Sweden is about 700 kg lower per cow
and year than conventional milk yield.

http://www.globalcarbonproject.org


Table 1
Production data for organic and high yielding conventional milk production in Sweden during the lifetime of one dairy cow.

Organic Conventional % difference in organic
compared to conventional

References

Age at first calving Months 27.5 26.6 3 Cederberg and Flysjö (2004)
Production lifetime Months 38 35 9 Ahlman et al. (2011)
Age at slaughter Months 65.5 61.6 6 Calculated based on Cederberg and

Flysjö (2004) and Ahlman et al. (2011)
Calving interval Months 13.6 13.5 1 Sundberg et al. (2009)
Total calves # per cow 2.79 2.60 7 Calculated based on Ahlman et al. (2011)

and Sundberg et al. (2009)
Replacement rate % 35 39 �9 Cederberg and Flysjö (2004)
Total milk delivereda kg ECMb per cow 24,400 27,000 �10 Cederberg and Flysjö (2004)
Total meat culled cow kg CWc per cow 295 295 0 Flysjö et al. (2011a)
Total meat surplus calves kg CWc per cow 567 501 13 Calculated based on Ahlman et al. (2011),

Cederberg and Flysjö (2004), Flysjö et al. (2011a)
and Sundberg et al. (2009)

Total meat culled cow kg CWc per kg ECMb 0.012 0.011 11 Calculated based on Cederberg and Flysjö (2004)
and Flysjö et al. (2011a)

Total meat surplus calves kg CWc per kg ECMb 0.023 0.019 25 Calculated based on Ahlman et al. (2011), Cederberg
and Flysjö (2004), Flysjö et al. (2011a)
and Sundberg et al. (2009)

Total meat kg CWc per kg ECMb 0.035 0.030 20 Calculated based on Ahlman et al. (2011), Cederberg
and Flysjö (2004), Flysjö et al. (2011a)
and Sundberg et al. (2009)

a This is milk delivered from farm opposed to total milk yield measured in the milk recording service.
b Energy corrected milk.
c Carcass weight.

1 Manure and hides are also output from the dairy system, but the former is used
within the farms and the latter is accounted for within the meat component, and
therefore neither of these outputs are addressed specifically in the study.

2 System expansion is a method used to avoid allocation by expanding the
system boundaries to include the additional functions related to co-products.
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The age of the cow at first calving was somewhat higher for the
organic system (Cederberg and Flysjö, 2004), as was the production
life of the cow(Ahlmanet al., 2011), and thus the lifetime of the dairy
cow (assumed as the sum of age at first calving and production life)
is higher in the organic system. The calving interval is approximately
the same, but somewhat (six days) longer for the organic system
(Sundberg et al., 2009). Based on the production lifetime and calving
interval, the organic milk system provides approximately 7% more
calves per dairy cow during its lifetime (see Table 1). The replace-
ment rate was lower for the organic system; 35% compared to 39%
for high yielding conventional system (Cederberg and Flysjö, 2004).
Total milk delivered during the lifetime of the cow was about 10%
lower for the organic system, based on average milk delivered
(Cederberg and Flysjö, 2004) and the production lifetime (Ahlman
et al., 2011). Total meat production from the culled dairy cow was
assumed to be the same for both systems (295 kg carcass weight
(CW) per cow),which results in a slightly higher amount ofmeat per
kg milk for the organic system. Surplus calves from organic dairy
systems are not necessarily raised as organic, and therefore all
surplus calves from both systems are assumed being raised under
the same conditions. The live weight of the surplus calves at
slaughter was estimated at around 600 kg and no calf mortality was
accounted for. As the organic production system provides more
calves per cow and the milk yield per cow is lower than for the high
yielding conventional system, the production of beef from surplus
calves per kg organic milk is 25% higher than from conventional
milk. Data on carcass weight (CW) of culled dairy cow and surplus
calves raised for beef production are taken from Flysjö et al. (2011a).

2.2. Method for calculating the carbon footprint

The CF for organic and high yielding conventional milk are taken
from Cederberg and Flysjö (2004), but recalculated using the latest
characterisation factors according to Forster et al. (2007), i.e. 1 kg
CH4 equals 25 kg carbon dioxide equivalents (CO2e) and 1 kg N2O
equals 298 kg CO2e. Even though there was a small difference in CF
of milk between the systems (approximately 5% higher for organic
farms), no statistically significant difference was found (using one
way ANOVA analysis), as the variations within the two groups were
much larger than the variation between the two groups (Cederberg
and Flysjö, 2004).

2.2.1. Co-product handling
The dairy system gives rise to both milk and meat1 (see Fig. 1),

but in this study the CF for milk only is analysed, and therefore
system expansion2 is applied as described in Flysjö et al. (2011a).
Besides 24 t of milk (ECM) the organic system also produces 0.87 t
CW meat (from the culled cow and raised surplus calf), while the
conventional high yielding system produces 27 t ECM and 0.80 t
CW meat (Fig. 1). Thus, per kg of milk (ECM) the organic system
produces 20% more meat.

When applying system expansion, the CF of milk equals all
emissions from the activities illustrated in Fig. 1 (dairy cow system
and rearing surplus calf), minus the emissions for producing the
same amount of meat (as output from the dairy system) in an
alternative meat production system. It is assumed that the meat
from both the culled dairy cow and the raised dairy calf replaces
beef meat produced in a cow-calf system. Emissions associated
with rearing the surplus calf are taken from Flysjö et al. (2011a).
System expansion is conducted using data for beef meat from an
average European cow-calf system (i.e. the alternative beef
production system), with a CF of approximately 27 kg CO2e per kg
CW beef (Nguyen et al., 2010).

In Cederberg and Flysjö (2004) a fixed economic allocation
factor of 90% was applied. In the present paper the CF is recalcu-
lated by using system expansion (as described above) for all 23
dairy farms in order to investigate the correlation between CF (kg
CO2e per kg ECM) andmilk yield (tonne ECM delivered per cow and
year). Thus, correlation between CF andmilk yield is analysed based
on both 1) economic allocation (Cederberg and Flysjö, 2004) and 2)
system expansion.



Fig. 1. Product flows during a lifetime of a dairy cow (number of calves, tonnes of milk (energy corrected milk (ECM)) and meat (carcass weight (CW)) and percent of replacement
and surplus calves for organic (O) and high yielding conventional (C) milk production systems).
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2.2.2. Inclusion of LUC
As carbon emissions from LUC due to agriculture expansion

represent a significant part of global GHG emissions, their inclusion
in CF calculations of food products is important. There is however
no shared consensus on how to include those emissions in CF
estimates, as it is very difficult and complex to establish the drivers
behind deforestation. The expansion of soybean production is
argued to be one of the reasons for the deforestation in Brazil
(Morton et al., 2006). An alternative standpoint is that any occu-
pation of an area of land is responsible for deforestation, no matter
if it takes place in Brazil or Europe (Schmidt et al., 2011). Here, the
GHG emissions associated with soy meal production are calculated
using two different methods (Gerber et al., 2010; Leip et al., 2010).
In addition, two other methods are applied, assuming all land
occupation is associated with some GHG emissions from LUC
(Audsley et al., 2009; Schmidt et al., 2011). In Sweden all soymeal is
imported from Brazil (to avoid GMO) (Emanuelson et al., 2006) and
the amount of soy meal used in milk production is 12 g per kg ECM
for the organic system3 and 45 g per kg ECM for the conventional
system (Cederberg and Flysjö, 2004). To produce 1 kg CW in a pure
beef system it is assumed that 180 g soy meal is used (Cederberg
et al., 2009).4 The amount of land occupation for each system is
presented in Table 2.

2.2.2.1. LUC-factors for soy meal according to Gerber et al.
(2010). Gerber et al. (2010) calculated the GHG emissions associ-
ated with the expansion of soybean production into forest land.
Between 1990 and 2007, the average annual forest area decreased
by 2.9 Mha in Brazil. At the same time the area in soybean culti-
vation increased by 0.5 Mha (Gerber et al., 2010). Based on this, it
was assumed that all increase of soybean area was gained at the
expense of forest area (Gerber et al., 2010). The emissions related to
LUC used in Gerber et al. (2010) was taken from BSI (2008), given
that deforestation (conversion from forest land to annual cropland
in Brazil) results in an annual release of 37 t of CO2e per ha, which is
assumed to be one twentieth of total emissions from deforestation
(i.e. 740 t CO2e per ha). The GHG emissions from LUC associated
with soy meal production was calculated as the accumulated
3 When the study by Cederberg and Flysjö (2004) was conducted, the soy meal in
the organic system was imported from Brazil. Today however, organic soy meal in
Sweden is imported from Europe.

4 As the composition of concentrate feed in Nguyen et al. (2010) only included
feed produced from those crops that are affected by an increased demand for feed
and not the actual amount of concentrate feed fed to the animals, amounts of soy is
taken from a Swedish study on beef from cow-calf system (Cederberg et al., 2009).
emissions for one year resulting from the total area deforested
during a period of twenty years (1987e2007) divided by total
soybean production in 2007. Based on this method, the LUC-factor
for soy meal produced in Brazil was 7.7 kg CO2e per kg soy meal.

2.2.2.2. LUC-factors for soy meal according to Leip et al. (2010). Leip
et al. (2010) calculated LUC emissions from biomass and soil carbon
stock changes and CH4 and N2O emissions from biomass burning
using a Tier 1 methodology of the IPCC (2006) guidelines. Due to
lack of knowledge of the origin of the converted land, three
scenarios were investigated to span possible outcomes. In the first
scenario it was assumed that all converted land is grasslands and
savannas holding lower carbon stocks than forests. The second
scenario is a mix of different original land covers (grassland, shrub
land, forests) and the third scenario is considered as a maximum
emission scenario with a high share of carbon-rich forest in the
original land cover. Based on time series of the FAO crop statistics,
the changes of total cropland area and the change of the area of
individual crops were calculated for a ten-year period (1998e2008)
in all EU-countries and non-EU regions. For countries and regions
with an increase in total cropland area, this additional area was
distributed to the individual crops by their contribution to the
increase in total cropland area. The expanded area distributed to
the individual crop was divided by the total production of the crop
in the country or region over the same time period to derive the
area of cropland expansion per kg of crop product. This method of
calculation resulted in the three different LUC-factors for imported
soy meal from non-EU countries (South America): 1.5 kg CO2e per
kg soy meal in scenario 1 (only grassland converted); 3.1 kg CO2e
per kg soy meal in scenario 2 (mix of ecosystems converted); and
10 kg CO2e per kg soy meal in scenario 3 (mostly forest converted,
worst case). In the present study, scenarios 2 and 3 are used in the
calculations of CF of milk production.

2.2.2.3. LUC-factors for general land use according to Audsley et al.
(2009). In Audsley et al. (2009) a general LUC-factor is applied on
all land occupied. The study uses a ‘top-down’ method to estimate
GHG emissions from LUC for UK food consumption. Based on FAO
(2007) statistics, 58% of deforestation is driven by commercial
agriculture (Audsley et al., 2009). The central argument for the
method in Audsley et al. (2009) is that ‘agricultural commodity
markets are global and interconnected, and all demand for agricultural
land contributes to commodity and land prices, and therefore
contributes to land use change’. Thus, total LUC emissions attribut-
able to agriculture are divided by total commercial agricultural land
area, resulting in a LUC-factor of 1.4 t CO2e per ha (Audsley et al.,



Table 2
Yearly land occupation per kg ECM for organic (average of six Swedish farms) and high yielding conventional (average of nine Swedish farms) milk production (Cederberg and
Flysjö, 2004) and per kg CW for beef production in a cow-calf system in Europe (Nguyen et al., 2010).

Organic dairy
production (per kg ECM)

Conventional dairy
production (per kg ECM)

Beef cow-calf production
system (per kg CW)

Arable land off farm m2� year 0.60 0.45 6.0a

Arable land on farm m2� year 1.76 0.91 6.81b

Natural grazing meadows m2� year 0.57 0.18 30.07c

Total land occupation m2� year 2.93 1.54 42.88

a Arable land off farm is here assumed to be what is described as cropland in Nguyen et al. (2010).
b Arable land on farm is assumed to be what is described as high productive pasture in Nguyen et al. (2010).
c Natural grazingmeadows is assumed to be what is described as low productive pasture in Nguyen et al. (2010), of which half is assumed as range land in the present study.
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2009). No differentiation is made between different types of land
(e.g. cropland and pasture land).

2.2.2.4. LUC-factors for general land use according to Schmidt
et al. (2011). The method suggested by Schmidt et al. (2011)
means that all GHG emissions as a result of LUC during one year
are distributed on all activities occupying land.5 The method argues
that all occupation of land results in some LUC, irrespective ofwhere
in theworld the land occupation takes place. It is suggested that the
current demand for land drives the current deforestation and
therefore amortisation over time is not needed. As a first step the
method accounts for howmuch LUC takes place each year, based on
statistical sources such as FAO. This is compiled in a global land use
transition matrix and shows e.g. the amount of primary forest
converted to arable land and the amount of grassland converted to
range land. The different land categories defined are: primary forest,
secondary forest, other (grassland, wetland and scrubland), exten-
sive forest land, intensive forest land, arable land and range land. The
first three categories are defined as ‘not in use’, while the latter four
categories are defined as ‘markets’, where forest (extensive and
intensive), arable and range land is differentiated. Emissions from
LUC are only distributed between categories defined asmarkets. The
two markets relevant for livestock production are arable land and
range land. Based on the land transition matrix, the areas of land
converted to arable land and range land can be determined. Total
emissions related to LUC are then calculated for arable land and
range land respectively, based on the primary land use (as defined in
the land use transition matrix and based on GHG emissions for
transformation of different land categories, primary from IPCC,
2006). To distribute GHG emissions within one market (e.g. arable
land) the potential net primary productivity (NPP) is used as
a reference flow to determine the potential production on an area of
land. Consequently, the occupation of 1 ha of highly productive land,
but poorly used leading to low yields, will result in higher GHG
emissions due to LUCperkgproduct. To calculate theGHGemissions
from LUC for a specific product the land occupation is needed (m2

per kg product). The NPP (g C) per m2 for the specific region of
production has to be accounted for and then themodel provides the
averageamount of GHGemissions perNPP (0.94 kgCO2eper kgC for
arable land and 0.038 kg CO2e per kg C for range land). In the case
presented here, all land is assumed to be arable land (except some
land for beef from a cow-calf system), since range land is defined as
land not possible to cultivate (either due to climatic or geographical
conditions). Theyearly land occupation formilk andbeef production
is shown inTable 2. Also land for rearing surplus calves is included in
the analysis (but not shown in Table 2). The potential NPP for
different regions are accounted for in the present study, where
higherNPP is used for Brazil (where soymeal originates from),while
5 The method described here is what is referred to as ‘attributional’ in Schmidt
et al. (2011).
lowerNPPfigures are used for Europe and Sweden (where the rest of
the feed is produced). Data for production of soy meal is taken from
Flysjö et al. (2008). It should be noted that the method of Schmidt
et al. (2011) is under development and (the LUC-factors) will
change in the future, but the principle e that all land occupation is
responsible for LUC (deforestation) e will remain. In the present
study, version 2 of Schmidt et al. (2011) is used.

2.2.2.5. Summary of LUC methods applied. In total four different
methods for estimating GHG emissions from LUC are analysed: two
accounting for LUC related to soybean cultivation (Gerber et al.,
2010; Leip et al., 2010) and two assuming that all land occupation
results in LUC (Audsley et al., 2009; Schmidt et al., 2011). The
method for LUC according to Leip et al. (2010) is applied using two
different scenarios: a “medium case” (LUC results from deforesta-
tion and conversion of other land) and a “worst case” (all LUC
results from deforestation). Emissions associated with LUC are not
only relevant for milk production, but also for beef production
(including rearing surplus calves), which is used when applying
system expansion. Hence, emissions associated with LUC are also
quantified in the case of the CF for beef and rearing surplus calves. A
summary of LUC-factors (tonne CO2e per ha) used in the present
study is shown in Table 3. As specific LUC-factors are used in
Schmidt et al. (2011), depending on the NPP, the average LUC-
factors for the dairy system, rearing of surplus calf and beef
production (in a cow-calf system) are calculated and presented
here. However, the LUC-factor applied for soy in Schmidt et al.
(2011) is also shown, as comparison to Gerber et al. (2010) and
Leip et al. (2010). The LUC-factors in Gerber et al. (2010) and Leip
et al. (2010) are recalculated to tonne CO2e per ha based on
a land occupation of 0.33 ha per tonne soy meal (Flysjö et al., 2008).

3. Results and discussion

The correlation between the CF of milk and milk yield per cow,
using economic allocation (Cederberg and Flysjö, 2004) and system
expansion, are shown in Figs. 2 and 3 respectively. The results
indicate that a higher per-cow milk production in industrialised
countries does not necessarily reduce total GHG emissions (i.e.
when also accounting for impacts on affected systems), given that
the consumption of beef continues to grow and is supplied from
cow-calf systems. Table 4 presents the results on the CF of milk
when applying the four different methods for including emissions
from LUC. The results show contradictory conclusions, suggesting
that the LCA/CF community needs to more thoroughly analyse and
discuss how to include LUC emissions.

3.1. Relationship between CF and milk yield

Increasing milk yield per cow is typically one of the solutions
discussed in order to reduce GHG emissions frommilk production. If
a fixed allocation ratio (for example, based on the price relationship



Table 3
Summary of LUC-factors used in the present study. For Schmidt et al. (2011) the average LUC-factors used are calculated for each system (organic dairy, conventional dairy,
rearing surplus calf and beef cow-calf system), but for comparability reasons, the specific LUC-factor for soy is also shown.

Tonne CO2e per ha Soy meal Average for dairy system Average for rearing
of surplus calves

Average for beef
(cow-calf) system

Organic Conventional

LUC for soy meal 23.4 na na na na
(Gerber et al., 2010)
LUC for soy meal 9.30 na na na na
(Leip et al., 2010) ‘medium case’
LUC for soy meal 30.52 na na na na
(Leip et al., 2010) ‘worst case’
LUC for general land use (Audsley et al., 2009) 1.43 1.43 1.43 1.43 1.43
LUC for general land use (Schmidt et al., 2011) 8.42 5.47 5.85 5.19 3.35
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betweenmilk andmeat) is applied, asdone inmanyLCA/CF studiesof
milk so far, increasing per-cow production seems like a reasonable
solution (Capper et al., 2008; Cederberg and Flysjö, 2004; Gerber
et al., 2010). Fig. 2 shows the correlation between the CF of milk
(using a fixed economic allocation factor as in the original study by
Cederberg and Flysjö, 2004) andmilk delivered per cow. The results
indicate a negative correlation, i.e. farms with high production level
per cow have a clear tendency for a lower CF of the milk.

When using system expansion, which is a more dynamic
approach better reflecting the actual causalities, and recognising
that there is higher beef production per kg milk in a more extensive
(here organic) dairy system, there is no correlation between the CF
of milk and the delivered amount of milk per cow (Fig. 3). Thus, the
conclusion that increasing milk yield in dairy production leads to
a lower CF for milk is no longer obvious, because dairy farms with
high meat production can deduct a high level of CO2e from avoided
beef production in less climate friendly cow-calf systems.

Estimates of the CF of milk are very dependent on what
method is used for co-product handling. Conducting system
expansion based on data from each of the 23 dairy farms from
Cederberg and Flysjö (2004) results in a CF of 50e70% compared
to when using a fixed economic allocation factor of 90%. With
system expansion, the average CF was calculated at 0.49 kg CO2e
per kg organic milk and 0.52 kg CO2e per kg milk from high
yielding conventional milk production, resulting in a somewhat
lower CF (7%) for organic milk (not accounting for LUC). This can
be compared to when a fixed economic allocation factor was used
(90% to milk) resulting in a 6% higher CF for organic milk
compared to the high yielding conventional system (1.02 and
0.96 kg CO2e per kg milk respectively). The difference between the
two systems is relatively small (especially considering the rela-
tively large variation between farms (Cederberg and Flysjö, 2004;
Henriksson et al., 2011; Thomassen et al., 2008) and uncertainties
in CF estimates of milk (Basset-Mens et al., 2009; Flysjö et al.,
2011b)) and it is therefore not possible to state that organic
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Fig. 2. CF of milk (excluding LUC), when applying a fixed allocation factor of 90%,
plotted against milk produced per cow and year (ECM delivered to dairies).
production actually has a lower CF compared to a high yielding
conventional production system. On the other hand, which is also
a main message in this study e increasing per-cow milk produc-
tion does not necessarily reduce the CF per kg milk. When also
considering that less by-products (beef) are produced per kg milk
in systems with higher milk yield per cow, this ‘lost’ meat must be
produced in some other production systems (provided that beef
consumption is not decreasing).

In the present study, nomortality of surplus calves was included
and the slaughter weight was assumed to be 313 kg CW per reared
surplus calf. Hence, beef production from surplus calves might be
somewhat overestimated (i.e. CF of milk using system expansion is
somewhat low), but since the same assumptions are made for both
systems it should not change the outcome of the study (as no
difference in rearing the surplus calves has been established
between the two systems). As the organic system produced 1 kg
ECM and 35 g CW beef, while the high yielding system produced
1 kg ECM and 30 g CW beef, the high yielding conventional system
needs to produce an extra 5 g of CWmeat in order for both systems
to fulfil the same function. The production of 5 g meat from a cow-
calf system in Europe emits 0.14 kg CO2e, which is more than the
difference between the CF of the two production systems (1.13 kg
CO2e for the organic system and 1.07 for the high yielding
conventional system). The same conclusions are also made in other
studies (e.g. Zehetmeier et al., 2011). Besides the amount of beef
produced as a by-product, it is also crucial to consider what type of
meat this by-product replaces (Flysjö et al., 2011a). Here, beef from
a cow-calf system in Europewas used, which is meat with a high CF.
Therefore the CF of milk is relatively low in this study when using
system expansion. If the meat by-product was assumed to replace
pork or poultry (with a much lower CF of about 3.4 and 1.9
respectively Cederberg et al., 2009), the CF for the high yielding
conventional production system would be lower than the organic
system. Thus, scenarios for future milk and meat production need
to be addressed carefully and in an integrated approach.
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Fig. 3. CF of milk (excluding LUC), when applying system expansion, plotted against
milk produced per cow and year (ECM delivered to dairies).



Table 4
CF (kg CO2e) for 1 kg ECMa using different methods to account for GHG emissions from LUC for organic and high yielding conventional milk production in Sweden, when
allocating 100% of emissions to milk (i.e. no allocation) and applying system expansion using data for EU beef.

kg CO2e per kg ECMa Organic milk Conventional milk

No allocation System expansion EU beef No allocation System expansion EU beef

No LUC included 1.13 0.49 1.07 0.52
LUC included for soy meal 1.23 0.56 1.42 0.85
(Gerber et al., 2010)
LUC included for soy meal 1.17 0.52 1.21 0.65
(Leip et al., 2010) ‘medium case’
LUC included for soy meal 1.26 0.59 1.52 0.95
(Leip et al., 2010) ‘worst case’
LUC included for general land use (Audsley et al., 2009) 1.60 0.83 1.32 0.66
LUC included for general land use (Schmidt et al., 2011) 2.91 2.11 2.07 1.38

a Energy corrected milk.
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3.2. CF of milk with different methods for including LUC emissions

One distinction in the CF of milk production in Western Europe
compared with other regions according to Gerber et al. (2010) is
that 7% of the CF results from LUC (deforestation) due to soy meal
imported from South America. How to account for emissions from
LUC in LCA/CF studies is under debate and the different methods
investigated in our study clearly show that choice of method
strongly affects the CF estimate of milk (Table 4). Using a factor
accounting only for soy meal results in a lower CF for organic milk
compared to high yielding conventional milk, irrespective of
whether system expansion is conducted or not. When LUC is
accredited to all land occupation as a general factor, organic milk
has a higher CF compared to high yielding conventional milk (both
with and without applying system expansion). Thus, when
including emissions from LUC, the results become contradictory,
depending on what LUC method is applied.

The results when applying the method suggested by Gerber
et al. (2010) or Leip et al. (2010) give relatively similar numbers.
Leip et al. ‘medium case’ has the lowest LUC-factor for soy meal
(3.1 kg CO2e per kg soy meal), followed by Gerber et al. (2010)
(7.7 kg CO2e per kg soy meal) and Leip et al. (2010) ‘worst case’
(10 kg CO2e per kg soy meal), and the CF for 1 kg milk follows the
same order, i.e. the method providing the highest number for soy
meal also results in the highest CF result for milk. The conventional
high yielding system used more soy meal per kg milk than the
organic system, resulting in a higher CF e both when no allocation
was performed (100% of emissions attributed to the milk) and
when system expansion was conducted. Using Leip et al. (2010)
‘medium case’ results in a 3% higher CF for the conventional milk
compared to the organic milk when no allocation is conducted and
26% higher CF when system expansionwas performed. If the ‘worst
case’ in Leip et al. (2010) is applied, the CF for conventional milk is
21% higher for no allocation and 62% higher for system expansion
compared to the CF for organic milk. Thus, evenwhen using similar
models the results can differ significantly, depending onwhat LUC-
factor for soy meal is used. When calculating the LUC-factor for soy
meal there can be large differences due tomethodology choices and
lack of data, e.g. if increase in land for soy expansion is at the
expense of forest or shrub land, as the carbon stocks in the two land
types differ significantly. There are also large uncertainties in the
carbon stocks in e.g. forests (about 35% (Cederberg et al., 2011)),
which obviously can have a large impact on the result.

Themethod suggested by Audsley et al. (2009) results in a higher
CF for organic milk compared to conventional milk (21% when no
allocation is applied and 26%when system expansion is conducted),
a consequence of higher land occupation in the organic system. In
Schmidt et al. (2011) the results are even more extreme: CF for
organic milk is 41% higher when no allocation is applied and 53%
higher when system expansion is conducted, in comparison to
conventional milk. The method proposed by Schmidt et al. (2011) is
under development and in the present study version 2 is applied,
which might change in the future. However, even though the
numbers (i.e. GHG emissions per NPP (g CO2e per g C)) used for
calculating the emissions for LUC will change, the basics of the
methodology will remain: i.e. a larger area of total land will result in
more emissions from LUC. There is however a difference in the type
of land in Schmidt et al. (2011), where arable land results in
a significantly higher (about 30 times) LUC-factor than range land.
This because range land does not drive LUC, as this land type is
defined as land not possible (e.g. being too dry) for forestry or arable
cultivation (Schmidt et al., 2011). The relatively smaller difference in
results between ‘no allocation’ and system expansion (for Schmidt
et al., 2011 compared with the other results in Table 4) is partly
explained by the assumption that half of the low productive pasture
in the cow-calf beef systemwas range land, i.e. has a very low LUC-
factor using the model by Schmidt et al. (2011). Assuming all land
occupation in the cow-calf system is on arable land (as done in the
dairy system and rearing of surplus calf) will reduce the CF when
applying system expansion. The assumption about the regional NPP
for an area (i.e. kg C per ha and year) is crucial for the calculations in
Schmidt et al. (2011), where a higher NPP results in a higher LUC-
factor. A sensitivity check (not shown) assuming higher NPP results
in an even larger difference between the two production systems.

Establishing the link between production (i.e. land occupation)
and LUC (i.e. deforestation) is very difficult and themethods tested in
the present study represent two different extremes.When using the
first two methods (Gerber et al., 2010; Leip et al., 2010) only LUC-
related emissions due to soybean expansion are accounted for,
since the rest of the land providing feed has been in agricultural
production for a long time period. The advantage of these two
methods is that they put focus on the core of deforestation and by
assigning soymeal ahigh carbon footprint, there is a clearmessage to
stakeholders in the soy chain about the urgent need for actions
against deforestation. Market-based signals are important, an
example is the campaign involving organisations in civil society and
business which resulted in a moratorium against buying soybeans
from deforested areas. This Soy Moratorium has very likely had an
inhibitory effect on soybean expansion in the Amazon Biome
(Rudorff et al., 2011). The major disadvantage of the two methods is
that they can lead to actions that are only effective in stopping
deforestation in the short-term perspective. If many soy importers
avoid Brazilian soy meal due to a high carbon footprint and instead
buy from exporters without deforestation, most likely this would be
the U.S., this would lead to increasing demand for U.S. soy meal. A
likely consequence when U.S. soybean cropping increases is that
other crops, e.g. maize, will be replaced and thus have to be grown
elsewhere in the world with a risk of leading to LUC.
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Themethods proposed byAudsleyet al. (2009) and Schmidt et al.
(2011) have no direct link between soybean production and defor-
estation, since it does not account for any geographical difference
between landoccupation and LUC.Nomatterwhere in theworld the
land occupation takes place, 1 ha equals 1 ha, as long as the piece of
land has the same biological production capacity (the latter only
accounted for in Schmidt et al., 2011). The advantage of this type of
method is that it is easy to include in any LCA/CF study as long as
there is data on yearly land occupation and its production potential.
It also puts focus on the important notion that agricultural land is
limited and must be seen as a restricted resource. The disadvantage
is that this method bases the assessment of LUC merely on land’s
biological production capacity (Schmidt et al., 2011) which is a great
simplification, and the method used in Audsley et al. (2009) is even
more simplified since the same LUC-factor is used for all land. In real
world, decisions on land use and land use change are affected by
many factors; important ones being economic market conditions,
trade patterns and environmental regulations. Kløverpris et al.
(2010) used an economic general equilibrium model to investigate
how an increase in demand of wheat in different regions of the
world would affect expansion of agricultural area and showed
varying net expansion of cropland area in different regions of the
world and also that different ecosystems were transformed
depending onwhere in theworld the demand for wheat originated.
So far, including economicmodelling in environmental assessments
of LUC has mostly been done in analysis of the releases of GHG
emissions from indirect land use change triggered by crop-based
biofuels (e.g. Searchinger et al., 2008; Hertel et al., 2010). Type of
method presented by Audsley et al. (2009) and Schmidt et al. (2011)
assigns a general LUC-factor on any agricultural land use (in the case
of Schmidt et al. (2011), given it has the same production capacity)
irrespective if the land is used for food or biofuel production.
Balancing the ‘right’ to use agricultural land between food and
bioenergy is a value-based choice that needs to be discussed further.

How direct the link between land occupation in e.g. Sweden and
LUC in South America can be discussed. Sweden is a highly indus-
trialised country with a shrinking agriculture sector. Agricultural
land areas have decreased and been afforested, especially inland
where cattle on grassland is the most suitable agricultural
production. This development has negative impacts, e.g. losing
biodiversity and cultural environment, and therefore the EU envi-
ronmental subsidy program in Sweden is verymuch aimed towards
preserving agriculture in these regions through subsidies to
grassland, organic production, grazing natural meadows etc. As an
effect of the subsidy program, land use for milk production is not
optimised and especially not for organic production. As seen in
Table 4, the methods with a general LUC-factor attribute very high
GHG emissions from LUC to organic milk due to its higher land
occupation. However, if this would give a signal to intensify organic
milk production resulting in some extra land available for crop
production, it is very doubtful if this extra land would actually
generate agricultural products for the global market, thus reducing
pressure on deforestation in South America. More likely, some of
the extra land would be transformed into forest.

At present, available data and methods for LUC lead to large
uncertainties and variations in LUC-factors, and thus CF results.
Therefore it is important that studies have a transparent descrip-
tion of how these emissions are derived. When reporting GHG
emissions for a product, the LUC-related emissions should be re-
ported separately.

3.3. Sustainable dairy production and consumption

Providing food to the world’s growing population with less
environmental impacts is a great challenge. LCA can be a useful tool
when assessing various scenarios and evaluate possible conse-
quences of different strategies. Milk production systems vary
significantly between different parts of the world, as do the GHG
emissions per kg milk in different regions. The lowest CF of milk is
found in Europe and North America at around 1e1.5 kg CO2e per kg
while Sub-Saharan Africa (SSA) has a significantly higher CF of
about 7.5 kg CO2e per kg milk (Gerber et al., 2010). SSA is charac-
terised by very low milk production per head and improving milk
yield would obviously decrease the environmental impact as well
as having other positive effects, most importantly food security.
However, although the European dairy sector performs relatively
well when it comes to production, total GHG emissions from the
sector are higher than in SSA. This is of course explained by the
large difference in consumption patterns; while many west Euro-
pean countries have a yearly consumption of more than 250 kg
milk per capita, average milk consumption in SSA in 2005 was only
around 30 kg per capita (FAO, 2009). On a global average, the
developed countries consume about 2.5 times moremilk and about
4 times more meat per capita compared to developing countries
(FAO, 2009). Given the estimated growth in population, at the same
time as the population gets wealthier which likely will result in
increasing consumption of animal products, it is clear that the
livestock sector has a major challenge. To provide food including
proteins as well as valuable minerals and vitamins, now and in the
future, the dairy sector has an important role to play. For future
strategies, it is essential to acknowledge how to best make use of
the land, where cattle has the unique ability to convert grass tomilk
and meat, and thereby avoid competing with agricultural land
suitable for production of food for direct human consumption. In
order to minimise pressure on further conversion of rainforest in
the future, efficient production of both milk and meat is crucial.
Obviously, solutions for a future sustainable dairy sector must also
address the large inequities in distribution of dairy products and
consumption levels, which require novel thinking around food
availability and global sustainability.

4. Conclusions

In LCA/CF studies of high yieldingmilk systems in the developed
world more focus should be put on the by-product beef. When
estimating GHG emissions from milk and also including the
impacts on the affected meat system in the analysis, no correlation
could be found between the CF of milk and the amount of milk
delivered per cow. Thus, increased per-cow milk production does
not necessarily reduce the CF per kg milk, when also considering
the alternative production of the by-product beef. Whether
a continuous development with increased milk yield per cow is
desirable from an environmental point of view is also dependent on
future prognoses for meat consumption. It is important to consider
milk and beef systems in an integrated approach to find solutions
for more sustainable production in these two livestock systems in
future.

Accounting for LUC in CF calculations is another important
aspect for milk production. There is currently no shared consensus
on how to do this and include it in a LCA/CF study. Various methods
have been proposed and show extremely different results. Here,
four methods were applied to two milk production systems in
Sweden: 1) organic and 2) high yielding conventional. Organic milk
showed a lower CF (compared to the high yielding conventional
system) when emissions from LUC for soy meal were included, as
less soy per kg milk was used in the organic system. On the other
hand, if all land occupation is equally responsible for LUC, the
organic system had a higher CF (compared to the high yielding
conventional system), as more land was occupied in the organic
system. When reporting CF numbers on products, emissions
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associated with LUC must be presented separately. Also, underlying
assumptions must be explained transparently.
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  ABSTRACT 

  To reduce the environmental impact of a product ef-
ficiently, it is crucial to consider the entire value chain 
of the product; that is, to apply life cycle thinking, 
to avoid suboptimization and identify the areas where 
the largest potential improvements can be made. This 
study analyzed the carbon footprint (CF) of butter and 
dairy blend products, with the focus on fat content and 
size and type of packaging (including product waste at 
the consumer level). The products analyzed were butter 
with 80% fat in 250-g wrap, 250-g tub, and 10-g mini 
tub, and blends with 80% and 60% fat in 250-g tubs. 
Life cycle assessment was used to account for all green-
house gas emissions from cow to consumer. A critical 
aspect when calculating the CF is how emissions are 
allocated between different products. Here, allocation 
of raw milk between products was based on a weighted 
fat and protein content (1:1.7), based on the price paid 
for raw milk to dairy farmers. The CF (expressed as 
carbon dioxide equivalents, CO2e) for 1 kg of butter or 
blend (assuming no product waste at consumer) ranged 
from 5.2 kg (blend with 60% fat content) to 9.3 kg of 
CO2e (butter in 250-g tub). When including product 
waste at the consumer level, the CF ranged from 5.5 
kg of CO2e (blend with 60% fat content) to 14.7 kg of 
CO2e (butter in mini tub). Fat content and the pro-
portion of vegetable oil in products had the greatest 
effect on CF of the products, with lower fat content 
and a higher proportion of vegetable oil resulting in 
lower CF. Hence, if the same functionality as butter 
could be retained while shifting to lower fat and higher 
proportions of vegetable oil, the CF of the product 
would be decreased. Size and type of packaging were 
less important, but it is crucial to have the correct size 
and type of packaging to avoid product losses at the 
consumer. The greatest share of greenhouse gas emis-
sions associated with butter production occurred at the 
farm level; thus, minimizing product losses in the whole 

value chain—from cow to consumer—is essential for ef-
ficient production. 
  Key words:    butter ,  dairy production ,  life cycle as-
sessment ,  carbon footprint 

  INTRODUCTION 

  Climate change is one of the greatest concerns facing 
our society (Steffen et al., 2007). The food sector rep-
resents up to about one-third of global anthropogenic 
greenhouse gas (GHG) emissions, if also including 
emissions from deforestation (Barker et al., 2007), and 
the Food and Agricultural Organization of the United 
Nations has estimated that the livestock sector is re-
sponsible for 18% of GHG emissions (Steinfeld et al., 
2006). The dairy sector represents 4.0% of anthropo-
genic GHG emissions, including those relating to meat 
production from dairy-related culled and fattened ani-
mals (Gerber et al., 2010). Emissions associated solely 
with milk production, processing, and transportation 
of milk and dairy products comprise an estimated 2.7% 
of global anthropogenic GHG emissions (Gerber et al., 
2010). 

  With a growing population and limited land resourc-
es for cultivation, it is evident that the food sector, 
and not least the dairy sector, faces a major challenge. 
Furthermore, with a predicted increase in demand for 
animal products (FAO, 2006), efficient production is 
crucial. The most efficient way to reduce emissions is 
to consider the whole value chain of a product; that is, 
to apply life cycle thinking. In recent years, efforts to 
quantify the contribution of food products to climate 
change have increased dramatically, resulting in sev-
eral standards and guidelines on how to calculate the 
carbon footprint (CF). Studies analyzing the CF (and 
other environmental impacts); for example, on milk 
and dairy products, have already been carried out in 
different countries (Berlin, 2002; de Vries and de Boer, 
2010; Nilsson et al., 2010). Many companies, such as 
Arla Foods (Viby, Denmark), Fonterra (Auckland, New 
Zealand), Unilever (Rotterdam, the Netherlands), and 
Nestlé (Vevey, Switzerland), are all engaged in efforts to 
map the CF of their products. Retailers are also placing 
high emphasis on CF; for example, Walmart (Benton-
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ville, AR) has initiated the Sustainability Consortium, 
where the food industry meets to develop guidelines on 
how to assess the environmental impact of products, 
and Tesco (UK) and Casino (France) have begun to 
label dairy products with CF values. In addition to 
calculating a product’s CF, and thereby knowing which 
products have a lower contribution to climate change, 
life cycle assessment (LCA) is primary used to analyze 
“hot spots” in the value chain and thus identify where 
to reduce emissions most efficiently.

The present study analyzed the CF of butter pro-
duced at a dairy in Holstebro, Denmark, with the aim 
of identifying crucial aspects to consider in CF studies 
on butter. Nilsson et al. (2010) compared the environ-
mental impact of butter and margarines and showed 
that the latter (i.e., based on vegetable raw material) 
gave rise to lower GHG emissions than butter, and that 
fat content in the product had a significant effect on 
the outcome. Because the greatest share of emissions 
occurs before the farm gate, it is important to have 
good data on raw milk at the farm level. The present 
study used more recent and detailed data to account for 
the full life cycle of butter and blends, whereas Nilsson 
et al. (2010) used published data for butter and did not 
include the consumer stage. Additionally, the present 
study analyzed different sizes and types of packaging, 
comparing the CF of different butter and blends, con-
sidering fat content and size and type of packaging, 
including product waste at the consumer level. The 
overall aim was to identify the most obvious areas for 
potential improvement, thus maximizing the reduction 
in emissions.

MATERIALS AND METHODS

Life cycle assessment is a method to assess the po-
tential environmental impact of products or services in 
a life cycle perspective; that is, from cradle to grave. 
Such studies are typically made in accordance with the 
international standards ISO 14040 and 14044 (ISO, 
2006a,b). Life cycle assessment is also used when calcu-
lating the CF for products, but in that case, the focus 
is on a single impact category; namely, the contribution 
to global warming. More specific recommendations on 
how to calculate the CF for dairy products are provided 
in IDF (2010), which was used as the basis for the 
present study. Analyzing the CF of a product includes 
all emissions associated with the product’s life cycle 
expressed as carbon dioxide equivalents (CO2e). For 
dairy products, the most important greenhouse gases 
are CO2, CH4, and N2O. The characterization factors 
(in a 100-yr perspective) are as follows: 1 kg of CO2 
= 1 kg of CO2e; 1 kg of CH4 = 25 kg of CO2e; and 
1 kg of N2O = 298 kg of CO2e (Forster et al., 2007). 

Calculations in the present study were performed using 
the LCA software tool SimaPro7 (PRé Consultants bv., 
Amersfoort, the Netherlands; www.pre.nl).

System Description

Figure 1 shows the flowchart of the system investigat-
ed, which includes all activities from cow to consumer, 
including all farm inputs as well as waste management 
of consumer packaging. The products analyzed in the 
present study were produced by Arla Foods at the Hol-
stebro dairy in Denmark, and the production flows are 
illustrated in Figure 2. Milk produced on Danish dairy 
farms is collected and transported to the nearest dairy. 
To maximize efficiency of production, all Arla Foods 
dairies are specialized and more than 80% of the Arla 
Foods butter and blends in Denmark are produced at 
the Holstebro site. Thus, a large amount of cream from 
other sites is transported to Holstebro and used for 
butter production. Besides butter, the Holstebro Dairy 
produces some secondary products (skim milk, cream, 
and buttermilk), which are primarily used in soft cheese 
production.

Functional Unit

The functional unit (FU) is a quantified performance 
parameter of a product system under analysis to which 
all inputs and outputs (or interventions) in that product 
system are referred. In this study, 2 FU were defined: 
(1) 1 kg of packaged butter or blend provided at the 
customer level in Denmark, and (2) 1 kg of packaged 
butter or blend consumed in Denmark.

The only difference between the 2 FU is that product 
waste at the consumer stage was included for the sec-
ond FU. As relatively large uncertainties exist regard-
ing food waste at the consumer level, we chose to show 
results both excluding and including consumer product 
waste. The actual products compared were (1) four 250-
g packs of wrapped butter (80% fat, 0.60% protein) at 
a household in Denmark; (2) four 250-g tubs of butter 
(80% fat and 0.60% protein) at a household in Den-
mark; (3) one hundred 10-g mini tubs of butter (80% 
fat and 0.60% protein) at a restaurant in Denmark; 
(4) four 250-g tubs of blend [80% fat (68.5% butter + 
31.5% vegetable oil), 0.50% protein] at a household in 
Denmark; and (5) four 250-g tubs of blend [60% fat 
(63% butter + 37% vegetable oil), 0.40% protein] at a 
household in Denmark.

Allocation

Some activities give rise to more than one product; 
for example, a dairy cow produces milk but also ap-
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proximately one calf per year and meat when it is 
slaughtered. Thus, when analyzing milk only, it is 
necessary to split the emissions associated with the 
cow between the different products. Similarly, at dairy 
production plants, cream and skim milk are produced 
from raw milk, and butter and buttermilk are products 
from the cream.

In this study, the allocation mainly followed the rec-
ommendations in IDF (2010). Thus, the CF for raw 
milk from the farm was calculated by applying a physi-
cal causality allocation factor between milk and calves 
or meat (IDF, 2010), resulting in 76% of emissions be-
ing allocated to milk (Kristensen et al., 2011). At dairy 
production plants, the allocation of raw milk between 
products is based on a weighted fat and protein content 
(1:1.7), based on the price of raw milk to dairy farm-
ers. This is a slightly different approach than presented 
in IDF (2010), which recommends allocation based on 
milk solids (Feitz et al., 2007). The use of energy and 

other inputs at the Holstebro dairy site were analyzed 
to estimate the share for different operations; that is, 
a subdivision of total use between different activities 
(e.g., energy used for storage was only allocated to 
products that are stored). When it was not possible 
to divide a process, allocation was based on the same 
value as raw milk (i.e., energy for the churning process 
was allocated based on the weighted fat and protein 
content in butter and buttermilk). For other inputs 
(e.g., vegetable oils), economic allocation was applied 
according to IDF (2010).

Data Used and System Boundaries

This study focused on the production of butter. To 
obtain as detailed data as possible, specific data on 
butter production were obtained directly from Arla 
Foods dairies, whereas data for the rest of the butter 
life cycle were taken from the literature. Moreover, the 
study assumed that both production and consumption 
of the butter took place in Denmark. Emissions asso-
ciated with capital goods were included for transport 
(e.g., manufacturing of vehicles) and energy supply 
(e.g., construction of power plants), but not for dairy 
production plants or farm buildings. The electricity 
used was assumed to correspond to the average Danish 
electricity grid mix (including grid losses). Emissions 
relating to production of inputs for the system, except 
raw milk, were taken primarily from a well-established 
database (Ecoinvent, 2010). Concerning data quality, 
the study applied the most up-to-date, detailed, and 
comprehensive data sets available. The level of con-
sistency between the data sets was considered high, 
and the same methodological choices (e.g., regarding 
allocation) were made in each of the scenarios being 
compared. The various activities in the production 
chain are described below.

Farm. The CF for raw milk (when using a physi-
cal causality allocation that resulted in 76% of total 

Figure 1. Flowchart of the life cycle for the butter and the blend 
products illustrating the system boundaries (inputs in dotted boxes 
apply only to blend). FU = functional unit. 

Figure 2. Flowchart of butter and blend production. Darker shad-
ing indicates main (consumer) products and lighter shading indicates 
secondary products. 
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emissions being allocated to milk) was taken as 0.91 
kg of CO2e/kg of ECM at the farm gate (Kristensen et 
al., 2011). This value was based on data from 35 con-
ventional dairy farms in Denmark and was considered 
representative for average Danish milk production.

Milk Collection. The average distance for milk col-
lection from farms in Denmark was estimated to be 50 
km (C. Nielsen, Arla Foods, personal communication). 
Associated emissions (per t·km) for transportation by 
truck (16–32 t) were taken from Ecoinvent (2010).

Dairy Production. Total production of butter 
and blend products at Holstebro Dairy in 2009 was 
108,000 t, with additional by-products of 74,000 t of 
cream (with a low fat content of about 17%), 97,000 
t of buttermilk, and 11,000 t of skim milk. All data 
relating to dairy production were collected at Arla 
Foods production facilities. Data for cream, which is 
a major input to butter production, were collected at 
3 milk handling facilities (representing about 20% of 
the cream delivered to Holstebro), and the cream was 
assumed to be transported approximately 150 km on 
average. The total amount of cream delivered to Hol-
stebro dairy was 192,000 t (38.5% fat, 2.16% protein). 
Additionally, 52,000 t of raw milk (4.11% fat, 3.35% 
protein) was delivered directly from farms. Some prod-
uct losses are unavoidable due to cleaning of machinery. 
At Holstebro, such product losses were <1% based on 
fat and protein content and accounted for in the study. 
The total amount of energy used at Holstebro Dairy 
was 39,600 GJ of electricity, 1,230,000 m3 of natural 
gas, and 12,000 L of light fuel oil. Data on produc-
tion and combustion of energy carriers were taken from 
Ecoinvent (2010). The CF data for the vegetable oil 
used in the blends were taken from Schmidt (2007). No 
CF data on lactic starter culture were found, but the 

CF was estimated at 10 kg of CO2e per kg (M. Thrane, 
Danisco, Aarhus, Denmark, personal communication). 
The CF data for salt were taken from the ETH-ESU 
database (Frischknecht et al., 1996) and data for water 
from the Ecoinvent database (Ecoinvent, 2010). The 
composition of the products studied is presented in 
Table 1.

Packaging. Data on types and amounts of specific 
packaging used were obtained from Arla Foods (Table 
2). Data on production of different packaging materials 
were taken from Ecoinvent (2010), representing average 
European conditions.

Distribution and Retail. Transport from dairy 
production plant (Holstebro) to retail store or restau-
rant (Copenhagen, Denmark) covered 350 km, and 
emissions (per t·km) for transportation by truck (16–32 
t) were taken from Ecoinvent (2010). At the store, the 
butter product was assumed to be stored for approxi-
mately 10 d. Energy use for chilled storage (K. Nilsson, 
the Swedish Institute for Food and Biotechnology, Go-
thenburg, Sweden, personal communication) and emis-
sions of cooling agents (Thrane, 2004) were accounted 
for. Total energy use for 1 kg of butter product at the 
store was estimated to be 0.15 MJ (allocated based on 
volume). Energy use for lighting was not included. The 
same assumptions and data were used for the mini tub, 
as the storage time was similar.

Consumer. Emissions associated with the transpor-
tation of products from store to consumer (customer 
level) are difficult to estimate, because a large number 
of assumptions are required (shopping frequency, dis-
tance traveled, amount of trips made by car, allocation 
between different groceries). No data were found for 
consumer travel in Denmark, so data for shopping trips 
in Sweden were used instead. The average distance 

Table 1. Composition (%) of the different products analyzed 

Product Butter
Canola  

oil
Palm  
oil

Lactic starter  
culture Salt Water

Butter 80% fat 96.0 — — 2.8 1.2 —
Blend 80% fat 68.5 25.2 — 2.0 0.9 3.4
Blend 60% fat 47.2 21.8 0.4 2.0 0.9 27.7

Table 2. Composition and total weight (g per pack) of the different consumer packaging1 

Product/package Wrap Tub Cut-lid Lid/top
Total weight 

(g)

Butter 80% fat, 250-g wrap PE/paper/Al — — — 2.9
Butter 80% fat, 250-g tub — PP/paper PE/paper/Al PP/paper 21.2
Butter 80% fat, 10-g mini tub — PS — PE/PET 0.88
Blend 80% fat, 250-g tub — PS/PET/paper PE/paper/Al PP 15.5
Blend 60% fat, 250-g tub — PS/PET/paper PE/paper/Al PP 15.5
1PE = polyethylene; PP = polypropylene; PS = polystyrene; PET = polyethylene terephthalate; Al = aluminum.
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traveled by car from store to consumer was estimated 
to be (at least) 13 km per person and week (Sones-
son et al., 2005). Based on national statistics, the total 
amount of groceries purchased was estimated (Swedish 
Board of Agriculture, www.sjv.se), resulting in 1.7 MJ 
of gasoline/kg of groceries (allocated on mass basis). At 
the consumer’s home, the butter product was assumed 
to be stored for 20 d in the refrigerator. Energy use for 
refrigerator was included (K. Nilsson, Swedish Institute 
for Food and Biotechnology, Gothenburg, Sweden, per-
sonal communication), but not energy for food prepara-
tion or dishwashing. Total energy use for storage in 
refrigerator was calculated to 0.66 MJ/kg of product 
(allocated based on volume). No specific data on energy 
use in restaurants were found and because the storage 
time was similar, the same data were used for all prod-
ucts investigated, except for home transport, which was 
excluded for butter in the mini tub.

One main difference between the products is likely 
the amount of product waste at the consumer stage. No 
specific figures were found on product waste at consum-
er for different butter products, but a study conducted 
in the United Kingdom showed that 9% of purchased 
dairy products are wasted at the consumer level, with 
8% being avoidable waste (WRAP, 2009). To differenti-
ate between different types of products (i.e., packages), 
experts were consulted and agreed that the 250-g plas-
tic tub resulted in the lowest waste, wrap in somewhat 
higher waste, and mini tub having the greatest amount 
of waste. A rough estimate of product waste for each 
package was 5, 10, and 25%, respectively. In addition, 
a sample of mini tubs was collected to establish the 
share of butter wasted (as this was the type of package 
assumed to have the largest waste). The mini tubs were 
collected after being thrown away at lunch in a canteen; 
in total, 73 packages were collected and weighed, show-
ing an average waste of 37%. Thus, the numbers used 
for quantifying the product waste at the consumer level 
were 5% for 250-g tub, 10% for 250-g wrap, and 37% 
for mini tub.

Waste and Wastewater Management. The 
waste contribution analyzed included all waste and 
wastewater at the dairy plant, as well as all packaging 
used for the product (i.e., both primary and secondary 
packaging). The waste was assumed to go to municipal 
waste management for incineration with heat recovery, 
which is the most common method in Denmark. Energy 
recovery at the waste incineration plant was assumed 
to be 3.5 MJ of electricity and 7.0 MJ of thermal energy 
per 1 kg of plastic, and 1.3 MJ of electricity and 2.8 MJ 
of thermal energy per 1 kg of paper (Ecoinvent, 2010). 
The electricity and heat recovered were assumed to 
replace the same amount of electricity (average Danish 
mix) and heat (natural gas). Some waste at the dairy 

plant also goes to recycling and then a cut-off is applied 
(i.e., the cost and benefits of the recycling is allocated 
to the life cycle in which the material is used next). The 
contribution from wastewater management was taken 
as the energy associated with treating wastewater from 
the dairy plant at a municipal wastewater treatment 
plant.

Sensitivity Analysis and Potential for Improvement

A sensitivity analysis was conducted to investi-
gate how the final CF result changed as a response 
to changes in various parameters and to analyze po-
tential improvements regarding GHG emissions. The 
CF of milk, vegetable oils, lactic starter culture, and 
packaging, as well as energy use at the dairy plants 
and transportation (except transport from retail to 
consumer) were reduced by 25% to analyze how these 
theoretical improvements would reduce the CF of but-
ter. Moreover, a sensitivity analysis was conducted on 
different allocation methods (fat and protein with same 
weighting and total milk solids) for the butter and its 
co-products.

RESULTS

Carbon Footprint

The CF (excluding and including product waste at 
consumer, respectively) were found to be 9.0 and 10.0 
kg of CO2e/kg of butter in 250-g wrap; 9.3 and 9.8 kg 
of CO2e/kg of butter in 250-g tub; 9.2 and 14.7 kg of 
CO2e/kg of butter in 10-g mini tub; 6.8 and 7.1 kg of 
CO2e/kg of blend product in 250-g tub; and 5.2 and 
5.5 kg CO2e/kg of lower fat blend product in 250-g tub 
(Figure 3). Raw milk (i.e., all emissions associated with 
activities before the farm gate for both milk and cream) 
represented the largest share of the CF of butter (80–
85%) and blends (70–75%). Vegetable oils represented 
8 to 10% of the total CF for the blend products. Other 
inputs (e.g., other ingredients, chemicals, water) corre-
sponded to about 4 to 5% of total CF for all products, 
with production of the lactic starter culture dominating 
these emissions. Emissions associated with energy use 
at dairies were similar for all products, representing 
approximately 4% of total CF. The packaging with the 
lowest CF was the wrapping (1% of CF), whereas that 
with the largest CF per kg of product was the mini tub 
(6% of CF). All transport (except that from retail to 
consumer) contributed approximately 2% of total CF. 
Emissions from the latter part of the life cycle (retail 
and consumer) accounted for about 1 to 5% of total 
CF (the blend products had a relatively higher share 
due to their lower total CF), with transport from retail 
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to consumer being responsible for about 85% of this 
(except for the mini tub, as no consumer transport was 
assumed).

Potential Improvements

The results of the sensitivity analysis (Table 3) 
clearly showed that the greatest potential for improve-
ment was at the farm level, because a total reduction of 
about 20% could be achieved for the different products 
investigated in this study if emissions related to pro-
duction of raw milk were reduced by 25%. Reducing 
the emissions associated with other ingredients (lactic 
starter culture or vegetable oils in the case of blends) 
by 25% would result in a reduction corresponding to 1 
to 3% in total CF of the final product. A 25% reduction 
in the emissions associated with energy use at dairy 
sites, packaging, and transportation would result in an 
approximately 2 to 3% lower CF in total. It should be 
acknowledged, however, that emissions at the farm level 
comprise methane and nitrous oxide (70–90%; Thomas-
sen et al., 2008; Flysjö et al., 2011b) from natural bio-

logical processes and therefore are much more difficult 
to reduce than emissions from, for example, combustion 
of fossil fuels. Hence, a 25% reduction might not be 
realistic for all dairy farms.

DISCUSSION

The CF results for all butter types were similar (not 
accounting for product waste), whereas the blends had 
significantly lower CF; the blend with 60% fat had the 
lowest CF, followed by the blend with 80% fat, whereas 
butter had the highest CF. Because the same raw milk 
was assumed to be used for all products in the present 
study, the precise CF of raw milk was not crucial for 
the outcome (i.e., it did not differ across the different 
products). However, if raw milk had a higher CF, the 
milk component would obviously represent a greater 
proportion of the CF for each product, and vice versa. 
When comparing the results of the present study with 
CF values for dairy products in other studies, it is im-
portant to consider how the CF of the raw milk is cal-
culated, as it can significantly affect the results (Flysjö 

Figure 3. Carbon footprint (in kg of CO2 equivalents, CO2e) of 1 kg of butter or blend provided at consumer (1) and consumed (2) divided 
across different activities in the life cycle.

Table 3. Potential for improving the carbon footprint (CF) of butter and blend products expressed as percentage change in CF 

Item
Butter 80% fat,  

250-g wrap
Butter 80% fat, 

250-g tub
Butter 80% fat, 
10-g mini tub

Blend 80% fat,  
250-g tub

Blend 60% fat,  
250-g tub

−25% in CF of raw milk −21.50 −20.85 −20.94 −18.63 −17.40
−25% in CF of vegetable oil — — — −2.06 −2.38
−25% in CF of lactic starter culture −0.78 −0.75 −0.76 −0.74 −0.96
−25% in energy use −1.39 −1.35 −1.36 −1.33 −1.38
−25% in CF of packaging −0.23 −0.97 −1.41 −0.84 −1.10
−25% in transportation −0.49 −0.48 −0.48 −0.50 −0.55
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et al., 2011a,b; Henriksson et al., 2011). Another aspect 
to consider, when comparing with other studies and to 
some extent for the present study, is how the raw milk 
is allocated between butter and its co-products. Alloca-
tion based on the economic value of the products is 
commonly used in LCA, but this is difficult to apply for 
dairy products, because many intermediate products 
(e.g., cream used in butter production) do not have a 
real price (as they are sold between sites within one 
dairy company). Another basis for allocation could be 
milk solids content or equal weight of fat and protein. 
If allocation were to be based on equal weight of fat 
and protein, the CF results in the present study would 
increase by 21% (60% fat blend in tub) to 27% (80% fat 
butter in wrap). In contrast, if the method suggested in 
IDF (2010) were applied (i.e., allocation of milk based 
on milk solids), the results would decrease by 20% (60% 
fat blend in tub) to 24% (80% fat butter in wrap). 
Valuing all components (milk solids) equally does not 
reflect the reason for production; for example, lactose 
is not as valuable as fat and protein and if milk con-
tained only lactose, it would be questionable whether 
we have milk production. Furthermore, protein has a 
higher value than fat. Therefore, using a weighted al-
location factor for dairy products, based on the value 
of fat and protein, makes sense as it reflects the driv-
ers behind production. Comparison of the results in 
the present study with those reported by Nilsson et al. 
(2010; butter produced in Denmark and distributed to 
the United Kingdom) and Sheane et al. (2011; butter 
produced and consumed in Scotland) show that the fi-
nal CF numbers for butter are similar (9.0, 9.6, and 8.9, 
respectively). However, the CF numbers for raw milk 
as well as the allocation factor for butter were different 
in the studies. If the studies were based on the same 
underlying assumptions (e.g., allocation method), the 
CF of butter in the present study would likely been the 
lowest, because the CF number used for raw milk was 
the lowest. Hence, it is important not only to compare 
final CF results, but also to evaluate the underlying 
methodology.

Functionality of Product

The most significant reduction in GHG emissions for 
butter and blend products could be achieved by increas-
ing the proportion of vegetable oil and reducing the fat 
content in the products. However, replacing the dairy 
part in butter would also likely affect the quality and 
application; that is, the function of the product. Butter 
is considered a higher value product; for example, it has 
a better taste. It is important to consider also whether 
the same amount of product is used or whether more 
of the lower fat blend would be needed to provide the 

same function as butter. If twice the amount of low-
fat blend were used, it would not be environmentally 
preferable compared with butter. Comparing the same 
amount of fat (i.e., shifting the functional unit to 1 
kg of fat instead of 1 kg of product) would obviously 
increase the CF for 60% fat blend, resulting in a similar 
CF as for 80% fat blend, but the butter products would 
still have a higher CF. Products with higher fat content 
can be used for cooking (e.g., frying) and as a spread, 
whereas blends with lower fat content can only be used 
for the latter (although all products in this study can 
be used for cooking). However, if the same functionality 
as butter can be retained while shifting to lower fat 
and a higher proportion of vegetable oil, the CF of 
the product would be reduced. Similar conclusions were 
reached by Nilsson et al. (2010) when comparing butter 
and spreads. 

Post-Farm Activities

Even though the raw materials in the products (raw 
milk and vegetable oil) comprise the predominant share 
of total CF, the remaining activities contribute about 
15 to 20%. Although transport, retail factors, and 
consumer factors were similar for all products, some 
differences were found in other inputs (primarily the 
lactic starter culture) and energy in dairy plants, where 
products containing more milk also give rise to more 
emissions. For the mini tub, we assumed no consumer 
transport, which resulted in butter in the mini tub hav-
ing a slightly lower CF than butter in the 250-g tub. The 
consumer transport incorporates many underlying as-
sumptions and for butter in the 250-g tub, it represents 
2% of the CF. As no LCA data on lactic starter culture 
were found, a conservative estimate was used, but this 
did not affect the conclusions of the present study. The 
largest difference in CF between the products studied, 
besides raw materials, was for packaging. Both type 
and amount of packaging material influenced the CF, 
with use of a bio-based material (assuming the packag-
ing goes to waste incineration after use and the energy 
generated replaces fossil energy) and minimizing the 
amount of packaging per product resulting in lower CF. 
However, the most important factor was that packaging 
size should be adapted to consumer needs, because any 
waste of product (butter or blend) had a much higher 
effect on the CF than did extra packaging. Thus, incor-
porating product waste at the consumer level for the 
butter resulted in the 250-g tub having the lowest CF, 
followed by the wrap and the mini tub, with the larg-
est CF. Consequently, one of the main improvements a 
dairy company can make in regard to reducing the CF 
from products is to design packaging that minimizes 
waste at the consumer level. If the product waste from 
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the mini tubs could be halved (i.e., from 37 to 19%), 
the CF for the butter would be reduced by more than 
20% (or 3 kg of CO2e per kg of butter). One way to 
address food waste is to adjust packaging size to better 
reflect consumer requirements. Other parameters that 
may influence food waste are shelf life and packaging 
shape. Regarding packaging shape, it is important that 
packages are convenient to use and easy to empty, but 
it is also important not to shift the burden to more 
environmentally harmful packaging.

CONCLUSIONS

Because milk as a raw material has a relatively high 
CF, it is crucial to use it as efficiently as possible and 
to minimize losses throughout the product chain from 
cow to consumer. Relatively small improvements at the 
farm level can yield high benefits for the final product; 
for example, a 5% reduction in emissions at the farm 
level is more beneficial than a 50% reduction in energy 
use at the dairy plant. Share of vegetable oil and fat 
content in products have the largest effect on the CF, 
with the lowest fat content and the lowest fraction of 
butter (dairy part) resulting in the lowest CF. The 
quality and application of butter and blends differ, 
and it is therefore difficult to make a fair comparison. 
However, if the same functionality as butter could be 
retained in a blend while shifting to lower fat and a 
higher proportion of vegetable oil, the CF of the prod-
uct would be reduced.

ACKNOWLEDGMENTS

The study was performed with funding from the 
Danish Agency for Science, Technology and Innovation 
(Copenhagen, Denmark).

REFERENCES

Barker, T., I. Bashmakov, L. Bernstein, J. E. Bogner, P. R. Bosch, 
R. Dave, O. R. Davidson, B. S. Fisher, S. Gupta, K. Halsnæs, G. 
J. Heij, S. Kahn Ribeiro, S. Kobayashi, M. D. Levine, D. L. Mar-
tino, O. Masera, B. Metz, L. A. Meyer, G.-J. Nabuurs, A. Najam, 
N. Nakicenovic, H.-H. Rogner, J. Roy, J. Sathaye, R. Schock, P. 
Shukla, R. E. H. Sims, P. Smith, D. A. Tirpak, D. Urge-Vorsatz, 
and D. Zhou. 2007. Technical Summary. Pages 25–94 in Climate 
Change 2007: Mitigation. Contribution of Working Group III to 
the Fourth Assessment Report of the Intergovernmental Panel on 
Climate Change. B. Metz, O. R. Davidson, P. R. Bosch, R. Dave, 
and L. A. Meyer, ed. Cambridge University Press, Cambridge, UK, 
and New York, NY.

Berlin, J. 2002. Environmental life cycle assessment (LCA) of Swedish 
semi-hard cheese.  Int. Dairy J.  12:939–953.

de Vries, M., and I. J. M. de Boer. 2010. Comparing environmental 
impacts for livestock products: A review of life cycle assessments.  
Livest. Sci.  128:1–11.

Ecoinvent. 2010. Ecoinvent data v2.2. Final Reports No. 1–25. CD-
ROM. Swiss Centre for Life Cycle Inventories, Dübendorf, Swit-
zerland.

FAO. 2006. World agriculture: Towards 2030/2050. Interim report. 
Prospects for food, nutrition, agriculture and major commodity 
groups. Global Perspective Studies Unit, Food and Agriculture 
Organization of the United Nations, Rome, Italy.

Feitz, A. J., S. Lundie, G. Dennien, M. Morain, and M. Jones. 2007. 
Generation of an industry-specific physico-chemical allocation ma-
trix, application in the dairy industry and implications for system 
analysis.  Int. J. Life Cycle Assess.  12:109–117.

Flysjö, A., C. Cederberg, M. Henriksson, and S. Ledgard. 2011a. How 
does co-product handling affect the carbon footprint of milk? Case 
study of milk production in New Zealand and Sweden.  Int. J. Life 
Cycle Assess.  16:420–430.

Flysjö, A., M. Henriksson, C. Cederberg, S. Ledgard, and J.-E. En-
glund. 2011b. The impact on various parameters on the carbon 
footprint of milk production in New Zealand and Sweden.  Agric. 
Syst.  104:459–469.

Forster, P., V. Ramaswamy, P. Artaxo, T. Berntsen, R. Betts, D. W. 
Fahey, J. Haywood, J. Lean, D. C. Lowe, G. Myhre, J. Nganga, R. 
Prinn, G. Raga, M. Schulz, and R. Van Dorland. 2007. Changes in 
atmospheric constituents and in radiative forcing. Pages 129–234 
in Climate Change 2007: The Physical Science Basis. Contribu-
tion of Working Group I to the Fourth Assessment Report of the 
Intergovernmental Panel on Climate Change. S. Solomon, D. Qin, 
M. Manning, Z. Chen, M. Marquis, K. B. Averyt, M. Tignor, and 
H. L. Miller, ed. Cambridge University Press, Cambridge, UK, and 
New York, NY.

Frischknecht, R., U. Bollens, S. Bosshart, M. Ciot, L. Ciseri, G. Doka, 
R. Dones, U. Gantner, R. Hischier, and A. Martin. 1996. Öko-
inventare von Energiesystemen. Grundlagen für den ökologischen 
Vergleich von Energiesystemen und den Einbezug von Energiesys-
temen in Ökobilan-zen für die Schweiz. Auflage No. 3. Gruppe En-
ergie-Stoffe-Umwelt (ESU), Eidgenössische Technische Hochschule 
Zürich und Sektion Ganzheitliche Systemanalysen. Paul Scherrer 
Institute, Bern, Switzerland.

Gerber, P., T. Vellinga, C. Opio, B. Henderson, and H. Steinfeld. 2010. 
Greenhouse Gas Emissions from the Dairy Sector, A Life Cycle 
Assessment. FAO Food and Agriculture Organisation of the Unit-
ed Nations, Animal Production and Health Division, Rome, Italy.

Henriksson, M., A. Flysjö, C. Cederberg, and C. Swensson. 2011. Vari-
ation in carbon footprint of milk due to management differences 
between Swedish dairy farms.  Animal  5:1474–1484. doi:10.1017/
S1751731111000437.

IDF. 2010. A common carbon footprint for dairy, The IDF Guide to 
Standard Lifecycle Assessment Methodology for the Dairy Indus-
try. International Dairy Federation, Brussels, Belgium.

ISO. 2006a. Environmental management: Life cycle assessment—Prin-
ciples and framework. ISO 14040:2006 (E). International Organi-
zation for Standardization, Geneva, Switzerland.

ISO. 2006b. Environmental management: Life cycle assessment—Re-
quirements and guidelines. ISO 14044:2006 (E). International Or-
ganization for Standardization, Geneva, Switzerland.

Kristensen, T., L. Mogensen, M. Trydeman Knudsen, and J. E. Her-
mansen. 2011. Effect of production system and farming strategy 
on greenhouse gas emissions form commercial dairy farms in a 
life cycle approach including effect of different allocation methods.  
Livest. Sci.  140:136–148. doi:10.1016/j.livsci.2011.03.002.

Nilsson, K., A. Flysjö, J. Davis, S. Sim, N. Unger, and S. Bell. 2010. 
Comparative life cycle assessment for margarine and butter con-
sumed in UK, Germany and France.  Int. J. Life Cycle Assess.  
15:916–926.

Schmidt, J. H. 2007. Life cycle assessment of rapeseed oil and palm 
oil. Part 3: Life cycle inventory of rapeseed oil and palm oil. PhD 
Thesis. Department of Development and Planning, Aalborg Uni-
versity, Aalborg, Denmark.

Sheane, R., K. Lewis, P. Hall, P. Homes-Ling, A. Kerr, K. Stewart, 
and D. Webb. 2011. Identifying opportunities to reduce the carbon 
footprint associated with the Scottish dairy supply chain. Main 
report. Scottish Government, Edinburgh, UK.

Sonesson, U., F. Anteson, J. Davis, and P.-O. Sjödén. 2005. Home 
transport and wastage: Environmentally relevant household activi-
ties in the life cycle of food.  Ambio  34:371–375.



Journal of Dairy Science Vol. 94 No. 12, 2011

CARBON FOOTPRINT OF BUTTER 5841

Steffen, W., P. J. Crutzen, and J. R. McNeill. 2007. The Anthropo-
cene: Are humans now overwhelming the great forces of Nature?  
Ambio  36:614–621.

Steinfeld, H., P. Gerber, T. Wassenaar, V. Castel, M. Rosales, and C. 
de Haan. 2006. Livestock’s Long Shadow: Environmental Issues 
and Options. Food and Agriculture Organization of the United 
Nations, Rome, Italy.

Thomassen, M. A., K. J. van Calker, M. C. J. Smits, G. L. Iepema, 
and I. J. M. de Boer. 2008. Life cycle assessment of conventional 

and organic milk production in the Netherlands.  Agric. Syst.  
96:95–107.

Thrane, M. 2004. Environmental impacts from Danish fish products—
Hot spots and environmental policies. PhD Diss. Department of 
Development and Planning, Aalborg University, Aalborg, Den-
mark.

WRAP. 2009. Household Food and Drink Waste in the UK. WRAP 
(Waste and Resources Action Programme), Banbury, UK.



 



Paper VI

Method to assess environmental improvements at product level
in the dairy industry

Flysjö A, Thrane M and Hermansen JE (manuscript)



Photos from Arla Foods photo archive.



Method to assess environmental improvements at product level in the dairy industry 

 
 

 
1 

 

 

 

Method to assess environmental improvements at product level 

in the dairy industry 
 
 
Anna Flysjö

ab
*, Mikkel Thrane

c
, John Erik Hermansen

b 

 
a Arla Foods, Sønderhøj 14, DK-8260 Viby J, Denmark 
b Aarhus University, Faculty of Agricultural Science, Department of Agroecology and Environment, DK-8830 Tjele, Denmark 
c DuPont Nutrition & Health, Edwin Rahrs Vej 38, DK-8220 Brabrand, Denmark 

 

* Corresponding author at: Arla Foods, Sønderhøj 14, DK-8260 Viby J, Denmark. Tel: +45 89381875.  

   E-mail: anna.flysjo@arlafoods.com 
 

 
 

 

ABSTRACT  

Companies and organisation are, to an increasing extent, assessing their contribution to global warming as 

well as different mitigation options. Reliable models to estimate greenhouse gas (GHG) emissions are 

therefore essential and there is a growing need for tools that can assist companies in tracking their impacts 

at product level. The purpose of the present paper is to present a model to calculate the carbon footprint 

(CF) for different groups of dairy products such as fresh dairy products, butter and butter blends, cheese, 

milk powder and whey based products. To create a simple, yet reliable model, the first step involved has 

been to determine the most important activities in terms of their contribution to the CF. These are 

identified as 1) raw milk, 2) purchased dairy products, 3) other non-dairy raw materials (e.g. vegetable oil) 

and ingredients (e.g. lactic starter cultures), 4) packaging, 5) energy for processing, 6) inbound transports, 

and 7) outbound transports. Appropriate allocation factors are discussed and selected for each of these 

categories. As the largest share of GHG emissions associated with dairy products occurs at farm level, it is 

decisive how the emissions from raw milk production are allocated between different types of dairy 

products. The present study suggests to allocate impacts associated with raw milk based on a weighted fat 

and protein content (1:1.4). All data are provided by the dairy company Arla Foods, and based on the 

proposed method, the farm-to-customer CF of the main product groups delivered by Arla Foods are 

estimated to: 1.1 kg CO2e per kg fresh dairy product, 8.1 kg CO2e per kg butter and butter blend, 6.5 kg 

CO2e per kg cheese, 7.4 kg CO2e per kg milk powder and whey based product, and 1.2 kg CO2e per kg 

other. One of the most critical aspects of the model is how the by-product ‘whey’ is dealt with. In the 

present model whey protein is given the same impact as milk protein, while lactose as a product has a very 

low impact, since no emissions from raw milk are allocated to the milk solid lactose. It is important to 

mention, however, that the results and underlying methodological assumptions always can be discussed 

and that further research is needed concerning the impacts from different milk components. 
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1. Introduction 

Arla Foods – a cooperative owned by Swedish, 

Danish and German farmers – is the seventh 

largest dairy company globally, with a total raw 

milk intake of 8.7 million tonnes in 2010. 

Similar to many other companies, Arla Foods 

continuously calculates its contribution to global 

warming and assesses the potential for 

improvements. The total emissions of 

greenhouse gases (GHG), from farm to customer 

(retail or wholesale) are an estimated 11.5 

million tonnes carbon dioxide equivalents 

(CO2e). The predominant part (about 85%) is 

associated with raw milk production at farm 

level, while the remaining part (about 15%) is 

associated with processing, packaging and 

transportation.  For the latter, Arla Foods has set 

a target of reducing the GHG emissions by 25% 

within each area by 2020 using 2005 as the base 

year. At farm level, no specific reduction target 

has yet been established – partly because Arla 

Foods has limited influence over the farmers and 

partly because of the complexities in measuring 

the impacts and improvements over time (Flysjö 

et al., 2011b; Henriksson et al., 2011; Kristensen 

et al., 2011). Nevertheless, Arla Foods is 

committed to also reduce emissions at farm level 

and has recently commenced to assess the GHG 

emissions at farm level in some regions. The 

company is currently further developing the 

methods for carbon footprint (CF) assessment at 

farm level with the intention of more broadly 

applying CF assessment.  

 

The total CF for Arla Foods’ production is 

calculated on a yearly basis according to the 

Greenhouse Gas Protocol (WRI & WBCSD, 

2004). Accordingly, to reach the reduction goal 

of -25% in 2020, the emissions should be 25% 

lower compared to the 2005 base year, 

irrespective of how much the production 

increases. Hence, the reduction per unit 

produced is likely to be much larger. Comparing 

reduction targets for different companies is 

difficult, due to differences in base line years, 

scope (i.e. if it only address own operations or all 

stages from ‘cradle to gate’ or ‘cradle to grave’), 

and if reductions are in absolute numbers, per 

unit produced or per monetary value.  

 

For example, Unilever has defined a target of 

halving GHG emissions per kg product from 

farm to consumer by 2020 (compared to 2008), 

Fonterra has committed to reducing their 

 

emissions by 30% per kg product from farm to 

factory gate by 2030 (compared to 2011), and 

FrieslandCampina has a goal of a 30% reduction 

in absolute numbers from farm to factory gate by 

2020 (compared to 1990). Since these targets are 

a combination of absolute and relative reductions 

with different basis and target years as well as 

different scopes, a direct comparison is difficult. 

However, the most important is to be able to 

track improvements over time in a way that is 

relevant for decision making and which create 

motivation to obtain the improvements aimed 

for. It is crucial to be capable of following the 

development in total and relative impacts, while 

accounting for the ‘types’ of products delivered.  

 

To track the improvements at product level at 

Arla Foods’, total emissions need to be allocated 

between the different product groups. Several 

studies have analysed the CF of different dairy 

products (Berlin, 2002; Flysjö, 2011; Høgaas 

Eide, 2002; Sheane et al., 2011, van Middelaar 

et al., 2011), using different types of allocation 

methods (e.g. based on economic value or milk 

solids content). Feitz et al. (2007) suggested an 

allocation matrix designed specifically for dairy 

products, which takes into account different 

allocation factors for raw milk, energy, water, 

etc. This allocation matrix is also recommended 

in the guidelines on how to calculate the CF of 

dairy products developed by the International 

Dairy Federation (IDF, 2010). The Carbon Trust 

(2010) makes the same recommendations in their 

guidelines for carbon footprinting of dairy 

products. The allocation matrix implies that the 

same allocation factors are used for all milk 

solids, which might not be ideal. For example, in 

Arla Foods the farmer is paid a different price 

for different milk solids. A part from this, there 

are other issues regarding definition of product 

categories that makes the allocation matrix 

somewhat difficult to apply in practice
1
.  

 

The purpose of the present study is to develop a 

method that enables a complex dairy business 

(like Arla Foods) to track the CF at a product 

group level and which at the same time is 

manageable in terms of data requirements. 

                                            
1 Arla Foods has primarily production in northern Europe, 

while the method developed by Feitz et al. (2007) is based 

on dairies in Australia. This means that the product 

categories might be difficult to match in some cases. 
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2. Material and methods 

The present study analyses the CF of dairy 

products from farm to customer (wholesale or 

retail), including all significant emissions from 

the system (Figure 1) using the production 

structure and data from Arla Foods. The main 

emissions at farm level are methane (CH4) from 

enteric fermentation and manure management 

and nitrous oxide (N2O) from the production and 

use of fertiliser. These emissions account for 70-

90% of total GHG emissions at farm level 

(Flysjö et al., 2011b; Thomassen et al., 2008). 

The latter part of the value chain comprising 

dairy manufacturing, production of packaging 

and transportation is mainly associated with CO2 

emissions from the combustion of fossil fuels 

(including upstream activities, such as electricity 

production). The applied method is termed life 

cycle assessment (LCA), which is a standardised 

method for assessing the environmental impacts 

of products in a life cycle perspective (ISO 

2006a,b). Conducting an LCA but only focusing 

on the impact category ‘global warming’, or 

simply GHG emissions, is also referred to as 

carbon footprinting. Calculations are made in the 

LCA software tool SimaPro7 (PRé, 2010). In 

terms of scope, Figure 1 provides a flowchart of 

 

dairy processing and the system boundaries of 

the present study. 
 

The product groups assessed include: 1) fresh 

dairy products (FDP), 2) butter and butter 

blends (BSM), 3) cheese, 4) milk powder and 

whey based products, and 5) other. FDP consists 

of, among other things, consumer milk, yoghurt, 

cream and crème fraiche. BSM includes both 

butter and blend products (i.e. a mixture of butter 

and vegetable oil). Cheese comprises all yellow 

cheese, white cheese, mould cheese and cream 

cheese. Milk powder and whey based products 

are products primarily sold in a business-to-

business context. This includes whole milk 

powder, skimmed milk powder, whey protein 

concentrates and other whey based products. The 

product group ‘other’ is a very broad category, 

representing everything not classified in any of 

the other product groups (e.g. custard, various 

desserts and cooking products). It should be 

stressed that only consumer products are 

included in the suggested model and no impacts 

are allocated to products sold as animal feed (for 

reasons of simplification).  

 

 

 
Figure 1. Flowchart of dairy processing and the system boundaries of the present study. 
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2.1 Identifying key activities 

Raw milk production typically makes up 80-90% 

of the CF of milk at the point of distribution to 

retail (Gerber et al., 2010). Other main sources 

are energy use at dairy site, packaging and 

transport, contributing, respectively, 8%, 4% and 

3% to total emissions from farm to costumer 

(retail or wholesale) at Arla Foods in 2010. The 

contribution from ingredients such as lactic 

starter culture in, for example, butter can also be 

somewhat important (Flysjö, 2011), whereas the 

use of chemicals and water for cleaning is shown 

to have only minor influence on the CF of dairy 

products (Berlin, 2002; Flysjö, 2011). In order to 

simplify the model, only emissions associated 

with raw milk, other non-dairy raw materials and 

ingredients (e.g. vegetable oil, lactic starter 

culture), packaging, energy and transport are 

included. Arla Foods also purchases some dairy 

products (butter, cheese, milk powder and whey) 

and emissions associated with these are also 

included. Thus, the key activities are identified 

as raw milk (including purchased dairy 

products), other non-dairy raw materials and 

ingredients, packaging, energy and transport 

(see Figure 2). The main characteristics of the 

model aimed for are that it should be relatively 

simple, but yet sophisticated enough to identify 

improvements at product group level. In 

addition, it would also be an advantage if readily 

available data can be used. 

 

 
Figure 2. Schematic overview of key activities 

contributing to the CF and the final product 

groups: FDP (fresh dairy products), BSM (butter 

and butter blends), cheese, powder (milk powder 

and whey based products) and other. 

 

2.2 Identifying basis for allocation 

A top-down approach is used to assess the CF 

for different dairy product groups, i.e. total CF of 

Arla Foods (from cradle-to-gate) is divided 

between the different product groups (Figure 1). 

 

Another possibility would be to use a ‘bottom-

up’ approach instead, which would allow the 

system to be divided into sub-systems and for 

emissions to be related to these sub-systems. 

This would, however, require a very detailed and 

complex study. A criterion for the chosen 

allocation factors is that they should be simple to 

comprehend and apply, while reflecting the 

underlying causal relationship between the key 

activities (and associated emissions) and the 

final products.  

 

2.2.1 Raw milk and purchased dairy products 

Besides raw milk, Arla Foods also purchases 

butter, cheese, milk powder and whey. The CF 

for each of these inputs is apportioned to the 

corresponding product group – hence, the CF for 

purchased butter is allocated to BSM, etc (Figure 

3). Raw milk is allocated between product 

groups based on the fat and protein content of 

the products, where protein is valued at 1.4 times 

that of fat based on the 10-year average price 

that Arla Foods pays the farmers for the milk. 

This method is chosen because it arguably 

reflects the drivers of dairy production. The 

method is also applied and further elaborated in 

Flysjö (2011)
2
. 

 

 
Figure 3. Distribution of raw milk and 

purchased dairy products between the different 

final product groups: FDP (fresh dairy 

products), BSM (butter and butter blends), 

cheese, powder (milk powder and whey based 

products) and other. 

 

                                            
2 In Flysjö (2011) the price for protein was 1.7 times higher 

than that of fat, which was the price in 2009, but in the 

present paper a ten year average is used instead.  
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2.2.2 Other raw materials and ingredients  

The main inputs of other non-dairy raw materials 

are identified as vegetable oil (rapeseed oil and 

palm oil), fruit, jam and others (e.g. museli) and 

ingredients are identified as lactic starter culture, 

salt and sugar. The amounts are based on 

information from Arla Foods and ascribed to the 

different product groups according to their use 

(e.g. vegetable oil is used for BSM, cheese and 

powder, while sugar, fruit and jam are used in 

yoghurt production, i.e. FDP).  

 

2.2.3 Packaging 

In theory it is possible to analyse the amount of 

packaging that is used for the different product 

groups, but to keep the analysis simple, 

packaging is allocated on the basis of mass of the 

final products. Allocation based on product 

volume would be more appropriate, but volume 

information is not readily available at this level 

of aggregation. 

 

2.2.4 Energy use in processing 

Energy use is allocated on basis of dry matter 

content of final products, i.e. it is assumed that a 

product with a higher dry matter content requires 

more energy per kg product.  

 

2.2.5 Inbound and outbound transport 

Emissions associated with transport are divided 

into inbound transport of raw milk and outbound 

transport of final products. To reflect the amount 

of raw milk used for different products, inbound 

transport is allocated on the basis of milk solids 

content of final products. Outbound transport, on 

the other hand, is allocated on the basis of the 

mass of the final products. 

 

2.3 Model description 

In Table 1 the identified allocation factors are 

summarised. Each allocation factor is chosen to 

best possible reflect the causal relationship 

between emissions and products delivered by the 

system. The allocation factor (AF) is calculated 

for each category, and equation 1 shows the 

calculation of the AF for raw milk, as an 

example, based on the weighted value of fat and 

protein (1:1.4). The CF for each product (kg 

CO2e per kg product) is then calculated, using 

the specific allocation factor, as shown in 

equation 2.  

 

2.4 Data used 

The data applied in the present study are for 

2010 and presented in Table 2 and Table 3. Total 

amounts from the key activities are to large 

extent available at Arla Foods as most of these 

data are collected on an annual basis. The 

amount of delivered products has been relatively 

easy to establish, but information on average fat, 

protein and dry matter content for each product 

group has not been readily available. Instead this 

was calculated from information gathered from 

different business groups in Arla Foods, 

combined with expert estimates. Mass balances 

based on total quantities, fat, protein and milk 

solids have been completed to validate the 

calculations (not shown here). 

 

Table 1. The basis of the identified allocation factors used in the model. 

Key activities Allocation factor 

Raw milk Weighted fat and protein (1:1.4) based on price paid to farmers  

Purchased dairy products No allocation needed 

Other raw materials and ingredients Estimates of specific amounts to each product group 

Packaging Based on mass
a
 

Energy use in processing Based on product dry matter  

Inbound transport Based on product dry matter 

Outbound transport Based on mass 
a The allocation factor for packaging was originally thought to be based on volume, but these volume data was not readily available. 
 

𝐴𝐹𝑟𝑎𝑤  𝑚𝑖𝑙𝑘 =
𝑘𝑔  𝑓𝑎𝑡  𝑖𝑛  𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖 ∙1 + 𝑘𝑔  𝑝𝑟𝑜𝑡𝑒𝑖𝑛  𝑖𝑛  𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖  ∙1.4

  (𝑘𝑔  𝑓𝑎𝑡  𝑖𝑛  𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖 ∙1 + 𝑘𝑔  𝑝𝑟𝑜𝑡𝑒𝑖𝑛  𝑖𝑛  𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖  ∙1.4)
   (1) 

 

 

𝐶𝐹_𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖  =  
𝐶𝐹_𝑖𝑛𝑝𝑢𝑡 𝑗  ∙𝑘𝑔  𝑜𝑓  𝑖𝑛𝑝𝑢𝑡 𝑗  ∙ 𝐴𝐹𝑖𝑗

𝑘𝑔  𝑜𝑓  𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖
    (2) 

 
where i represents the different product groups (FDP, BSM, cheese, powder and other); j represents the different 

categories (raw milk, dairy products, energy, ingredients, packaging, inbound transport and outbound transport). 
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Table 2. Total amounts of raw milk, dairy products, other non-dairy raw materials and ingredients, 

packaging, energy and transports from key activities and their carbon footprint (CF) from cradle to gate. 

Key activities Total amounts Total CF (tonnes CO2e) 

Raw milk 8 741 000 tonnes 8 900 000 

Purchased dairy products    914 000 tonnes 1 102 000 

Other raw materials and ingredients    143 000 tonnes    240 000 

Packaging    114 000 tonnes    325 000 

Energy 2 058 000 MWh    697 000 

Inbound transport  58 000 m
3
 diesel    158 000 

Outbound transport  38 000 m
3
 diesel    104 000 

 

Table 3. Total amounts, as well as fat, protein and dry matter content of the final product groups: FDP 

(fresh dairy products), BSM (butter and butter blends), cheese, powder (milk powder and whey based 

products) and other. 

Products tonnes Fat-% Protein-% Dry matter-% 

FDP 3 410 000 3.0% 3.5% 12% 

BSM 210 000 58% 0.5% 60% 

Cheese 498 000 25% 19% 50% 

Powder 305 000 20% 25% 97% 

Other 411 000 3.0% 3.5% 12% 

 

As the focus of the present study is to develop a 

model for calculating the CF of dairy products, 

CF results for raw milk are only established at a 

generic level. Since Arla Foods has production 

and raw milk intake in several countries, specific 

CF numbers should ideally be used for raw milk 

from each country. Most of the raw milk intake 

(>90%) in 2010 was in Denmark, Sweden and 

UK, which have relatively similar production 

systems. Recent studies also suggest that the CF 

of raw milk is roughly similar in the respective 

countries at approximately 1 kg CO2e per kg 

ECM (Flysjö et al., 2011a; Hagemann et al., 

2011; Kristensen et al., 2011;Williams et al., 

2006), which is also used in the present study. 

Emissions associated with purchased dairy 

products are calculated using the method 

suggested in the present study. CF data for other 

non-dairy raw materials and ingredients are 

collected from different studies (Davis et al., 

2011; Ecoinvent, 2010; Schmidt, 2007; SIK, 

2009). For the remaining products and processes 

(packaging, energy and transport), information 

on emissions is provided by Arla Foods.  

 

3. Results 

The GHG emissions allocated to different 

product groups are shown in Table 4. Most of 

the raw milk obviously goes to making FDP and 

cheese; other raw materials and ingredients are 

primarily used in BSM (due to a relatively large 

content of vegetable oils); packaging is mainly 

used for FDP; most of the energy and inbound 

transport goes to FDP, milk powder and whey-

based products, and cheese; and outbound 

transport is mainly allocated to FDP. 

 

The CF per kg final product is presented in 

Figure 4, together with the relative contribution 

from each life cycle stage. BSM is the product 

group with the highest CF (8.1 kg CO2e per kg) 

followed by powder and protein products (7.4 kg 

CO2e per kg), cheese (6.5 kg CO2e per kg), other 

(1.2 kg CO2e per kg) and FDP (1.1 kg CO2e per 

Table 4. Allocation factors used in the present study for the product groups: FDP (fresh dairy products), 

BSM (butter and butter blends), cheese, powder (milk powder and whey based products) and other. 

Key activities  
Final product groups 

FDP BSM Cheese Powder Others 

Raw milk 31% 15% 30% 20% 4% 

Other raw materials and ingredients 25% 49% 10% 15% 0% 

Packaging 71% 4% 10% 6% 9% 

Energy 36% 11% 22% 26% 4% 

Inbound transport 36% 11% 22% 26% 4% 

Outbound transport 71% 4% 10% 6% 9% 
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Figure 4. Carbon footprint (kg CO2e per kg product) as well as relative contribution for each life cycle 

stage – cradle to gate – for each product group: FDP (fresh dairy products), BSM (butter and butter 

blends), cheese, powder and whey based products, other as well as for average. 

 

kg). Raw milk, including purchased dairy 

products, represents the largest share of the CF 

for all final products. BSM has a higher than 

average share of other non-dairy raw materials 

and ingredients (vegetable oils). Milk powder 

and whey based products have the largest energy 

use per kg product, while FDP and ‘other’ has a 

relatively larger impact from packaging. 

Transport contribute relatively little to the CF for 

all final products.  

 

4. Discussion  

Most dairy companies produce a range of 

products such as milk, cream, cheese, butter and 

milk powder. Modern dairy production is often 

rather specialised in the sense that e.g. butter is 

mainly produced at one site, but there are 

relatively large material flows between sites. As 

an example, significant amounts of cream from 

sites producing consumer milk are transported to 

the butter production site. Modelling all flows of 

milk and dairy products can soon become rather 

complex for a large dairy company such as Arla 

Foods. Therefore a relatively simple model to 

calculate the CF at product level is desirable. 

 

4.1 Allocation of raw milk 

Raw milk production is the most important life 

cycle stage for all dairy products and allocation 

of raw milk between product groups is therefore 

critical for the CF result. In the present study 

allocation is conducted in the same way for all 

groups of final dairy products, using a weighted 

allocation factor based on the price farmers are 

paid by Arla Foods for the raw milk, where 

protein is valued at 1.4 times that of fat. This 

allocation model reflects the economic value of 

the raw milk and ‘the driver’ behind primary 

production. The model does not directly reflect 

the sales revenues of processed dairy products, 

but dairy products with a high revenue are 

usually products with a high protein and fat 

content. In addition, this model is simple and 

easy to communicate, and also reflects the causal 

relationship between emissions and delivered 

products.  

 

With the present model lactose (whey) products 

is ascribed a very low CF because the farmers 

are not paid separately for the lactose content of 

the raw milk. Ideally, the model should be 

improved to better capture the ‘real’ values 

related to other milk components besides protein 

and fat. Here, it is also worth noting that milk 

components might be valued differently in other 

parts of the world.  

 

Some of the intermediate products, primarily 

different types of whey, from Arla Foods are 

sold as animal feed (e.g. pig feed). This is not 

accounted for in the present study, which results 

in a somewhat higher CF for the consumer 

products – as no credit is given for these by-

products. One way to deal with whey used for 

animal feed would be to apply so called system 

expansion, where a credit is given for the amount 

of animal feed (e.g. barley) that is avoided 

(Figure 5). Hence, emissions associated with 

production of e.g. barley are subtracted from the 

total emissions of the system, as less barley 

needs to be produced – resulting in avoided 

emissions – when whey is used as feed. 
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Figure 5. System boundaries of the dairy system, showing input of raw milk, flows of intermediate 

products and delivered final products. Thin arrows illustrate main (determining) products and dotted 

arrows illustrate products which could be considered by-products (dependent co-products). Bold arrows 

illustrate inputs of raw materials. The final products are milk powder, FDP (fresh dairy products), BSM 

(butter and butter blends), cheese and whey based products. 

 

This approach, which considers whey as a 

dependent co-product
3
 and applies system 

expansion, could also be used for modelling all 

intermediate whey, including the whey that is 

used to produce various whey based end-

products for human consumption. In addition, it 

should be emphasized that also butter milk can 

be regarded as a dependent co-product. If a more 

detailed bottom-up study were conducted at each 

dairy site separately (boxes in the shaded area in 

Figure 5), it would become more obvious what is 

a determining
4
 and what is dependent co-

product. In the present study, however, a ‘top-

down’ approach (dashed box in Figure 5) is used 

focusing on the final consumer products 

delivered by Arla Foods, including whey based 

end-products of high value. Here whey based 

consumer products are modelled in the same way 

as the other final products, and therefore whey 

                                            
3 A dependent co-product can be defined as a product from 

a joint production, for which a change in demand will not 

affect the production volume of the co-producing process 

(Weidema et al., 2009). 
4
 A determining co-product can be defined as a product 

from a joint production, for which a change in demand will 

affect the production volume of the co-producing process 

(Weidema et al., 2009). 
 

protein is ascribed the same impact as milk 

protein. This may be a simplification that does 

not sufficiently reflect the underlying causal 

relationships. On the other hand, the demand for 

whey based products for human consumption is 

increasing, and it may be a question of time 

before ‘all’ intermediate whey (of food quality) 

are fully utilized
5
. But in this situation, an 

increase in demand for whey for human 

consumption will likely not be met by the whey 

from cheese making, as cheese is the 

determining product. Hence, the production of 

cheese based whey can in this case be considered 

constrained. An increase in the demand for whey 

will therefore affect other products with the same 

function. This could be different types of 

vegetable proteins or whey produced from milk 

that is not related to cheese production. In this 

situation it would be possible that milk and whey 

protein reflect similar impacts – in which case  

the suggested allocation model would be 

appropriate. But this area is complex and further 

investigations are necessary. 

                                            
5
 A small portion of the lower quality whey (primarily 

minerals), as well as product losses, might still be used as 

animal feed also in the future. 
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4.2 Comparing different allocation models 

In terms of allocation, the applied method based 

on the value relationship between milk protein 

and milk fat at farm level, can also be discussed. 

Economic allocation based on sales revenues is 

often used for dairy products (Berlin, 2002; 

Nilsson et al., 2010; van Middelaar et al., 2011). 

The traditional argument for using economic 

allocation is that the revenue can be perceived as 

a price signal that ‘drives’ the production. But in 

some cases it can be somewhat problematic to 

use sales revenues as the basis for allocation, due 

to internal prices for cream, for example, not 

reflecting ‘real’ market prices. Another 

challenge can be that prices change over time
6
. 

For some it also appears counterintuitive that an 

expensive co-product is ascribed a higher CF 

than a less expensive co-product from the same 

joint production, even though it has the same 

qualities and is produced in the same way. 

Another way to allocate is based on physical 

properties. The IDF (2010) guide suggests using 

the model developed by Feitz et al. (2007), 

where different inputs (e.g. raw milk, energy, 

water) have different allocation factors. Raw 

milk is allocated based on milk solids, meaning 

that the more milk solids a product contains the 

higher the CF. This model values all milk solids 

equally, so protein has the same value as lactose. 

Figure 6 compares allocation factors for the 

product groups using three different models 

based on 1) weighted fat and protein content 

(used in the present study), 2) 

                                            
6 However, this could to a large extent be avoided by using 

e.g. 10-year average values. 

 

 

revenue of final products, and 3) milk solids. 

Allocation based on revenue gives a somewhat 

higher allocation factor to FDP compared to the 

other two models, but in all three models FDP 

was the product group resulting in the largest 

share of total emissions. The allocation model 

based on milk solids attributes a significantly 

higher share to milk powder and whey based 

products, as the milk solids content are highest 

for that group, while the model based on revenue 

allocates a rather small share to this. The model 

based on value of fat and protein has allocation 

factors that, apart from cheese, fall between the 

two other models, which, considering that it is 

based on the value of fat and protein, is rather 

expected. The CF per kg of the different product 

groups using the three different allocation 

models are shown in Figure 7.  

 

The ranking of the CF per kg of the different 

product groups is the same within all of the three 

allocation models, with the exception of milk 

powder and whey based products. Allocation 

based on fat and protein resulted in the lowest 

CF for FDP, followed by other, cheese, milk 

powder and whey based products, and BSM. For 

allocation based on revenue, milk powder and 

whey based products achieved a lower CF than 

cheese, while allocation based on milk solids 

gave milk powder and whey based products the 

highest CF. 

 

 

0% 20% 40% 60% 80% 100%

Milk solids

Revenue

Fat & protein
FDP

BSM

Cheese

Powder & whey prod.

Other

Figure 6. Comparison of allocation factors using different methods based on 1) value of fat and protein in

raw milk, 2) revenue value of final products, and 3) milk solids. The different product groups are: FDP (fresh
dairy products), BSM (butter and butter blends,) cheese, powder (milk powder and whey products), and other.

CO2e
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Figure 7. CF (kg CO2e per kg product) for different product groups using different allocation models 

based on 1) value of fat and protein in raw milk,  2) revenue value of final products, and 3) milk solids. 

The different product groups are: FDP (fresh dairy products), BSM (butter and butter blends), cheese, 

powder (milk powder and whey products), and other. 

 

 

4.3 Allocation factor for energy use 

The results presented in the present paper are 

only on a product group level, but there is a 

broad range of dairy products within the product 

groups. The present model can also be used for 

calculating the CF for specific dairy products, 

but specific data on for example packaging 

should then be used. As discussed above, there 

can be many aspects to consider related to the 

allocation factor for raw milk. The other 

allocation factor, that also is difficult to define 

on a generic basis, is energy. Table 5 provides an 

overview of the energy use for different product 

groups and compares those numbers with other 

LCA studies as well as with the actual energy 

use at different dairy sites. 

 

Comparing data on energy use in the present 

study, using the defined allocation factors, with 

energy use on actual sites shows a rather good 

agreement, with the exception of butter. In the 

case of butter, much of this is produced from 

cream from other dairy sites, and this upstream 

energy use is, of course, not included in the 

energy use at dairy site level. Thus, comparing 

the energy use in the present study with energy 

use from other more detailed LCA studies shows 

a better accordance. The energy use for cheese 

making is higher for yellow cheese and lower for 

cream cheese, which explains the range in 

energy use for cheese at site level. The other two 

LCA studies (Berlin, 2002; van Middelaar et al.,  

 

 

Table 5. Energy use per product group (kWh per kg product); comparing data used in the present study, 

data from different sites and data from other studies. 

 Present study Data on site level
a
 Other studies 

FDP (fresh dairy products) 0.22 0.12-0.41 0.17-0.75
b
 

BSM (butter and butter blends) 1.1 0.23 0.69
c
-0.97

d
 

Cheese 0.91 0.74-1.8 1.7
e
-1.9

f
 

Milk powder and whey products 1.8 1.6-2.6 – 

Other 0.22 – – 
a Data from Arla Foods dairy sites in Denmark. Note that numbers are only for energy use on sites, hence energy for e.g. BSM is only the energy 

used on the butter site and does not include upstream dairy processing such as pasteurisation of raw milk and cream on other sites.  
b Data from Høgaas Eide (2002) from dairies in Norway, the high number is for small scale-dairy, while the lower is from a large-scale dairy. 
c Data from Nilsson et al. (2010) for butter production in Denmark. 
d Data (unpublished) from Flysjö (2011) for butter production in Denmark. 
e Data from van Middelaar et al. (2011) for yellow cheese production in the Netherlands. 
f Data from Berlin (2002) for yellow cheese production in Sweden. 
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2011) were both on yellow cheese, which 

explains their somewhat higher figures. The 

allocation factor used in the present study is for 

average cheese (including e.g. both cream cheese 

and yellow cheese) and will therefore tend to be 

lower than in the other studies. Obviously, using 

a general allocation factor as in the present study 

will not provide precise results on the energy use 

associated with each product, but taking that into 

consideration, the allocation factor chosen for 

energy use (based on milk solids) is satisfactory. 

 

4.4 Future development and adaptation of the 

method 

In the present study the suggested model is only 

applied at a corporate level. This gives a good 

approximation for the CF for different product 

groups, but when applied at this level the model 

does not capture improvements made at specific 

dairies and/or related to specific types of 

products. Hence, while the model may provide 

some interesting insight into the overall CF of 

different product groups, it does not provide 

incentives for improvements at plant level. In 

order to monitor and analyse changes over time 

in a relevant way that can motivate and drive 

improvements, it is important that the model is 

applied at site level.  

 

The main challenge in the present study has been 

to establish the fat and protein content for the 

different product groups. Data on fat and protein 

content for a specific product is easy to 

determine, but these data are not aggregated at 

product group level. However, if the suggested 

model is implemented at dairy site level, the 

challenge of establishing fat and protein content 

for the different product groups will be 

significantly reduced. 

 

It is important to stress that the suggested 

method can also serve to encourage product 

developers to integrate sustainability 

considerations into innovation processes that 

address specific groups of products. As the CF 

not only includes the impacts at site level, but 

also impacts from packaging, inbound and 

outbound transport as well as from all upstream 

impacts from raw milk production, it may even 

spur system innovations that address several 

stages of the product life cycle. Creating a valid 

method to assess impacts throughout the life 

cycle is critical to be able to document and claim 

reductions. For example, calculating the CF for 

individual dairy products will make it easier to 

communicate the effects of ‘sustainable’ actions 

in  primary production, which may be converted 

into sustainability claims for specific products. 

In any future development of this method, 

downstream impacts also need to be considered. 

Food waste represents a significant 

environmental burden and recent studies suggest 

that 7-15% of the dairy products are wasted in 

households in industrialised countries 

(Gustavsson et al., 2011). There are large 

improvement potentials in minimising food 

waste in the post dairy chain – and it is important 

that food waste is also captured by CF models – 

in line with the saying ‘you can’t manage what 

you don’t measure’.  

 

5. Conclusion 

The present study presents a model for 

calculating the CF for specific dairy products 

and groups of dairy products. The suggested 

model is simple to use and communicate, which 

are important when applying in a company 

context. All significant activities contributing to 

the CF are identified and relevant allocation 

factors are suggested. The allocation factors are 

chosen so they, to the extend possible, reflect the 

underlying causal relationship between 

emissions and final products. The allocation 

factor for raw milk is the most critical, as raw 

milk production contributes most to the CF for 

all dairy product groups. The present study 

suggests an allocation factor for raw milk 

proportional to the fat and protein content in 

final products, where protein is weighted 1.4 

times higher than fat. The weighting reflects the 

price the farmers are paid for the milk by Arla 

Foods, based on a 10-year average price. A key 

challenge in the modelling is to decide whether 

whey protein and milk protein should be 

modelled in the same way, which is done in the 

present study. Alternatively, whey (including 

high valued whey based products) could be 

considered a dependent co-product and modelled 

by applying system expansion. The latter would 

imply that the impact of whey would reflect the 

marginal use of whey and the product systems 

affected by this. Application of system 

expansion has not been thoroughly investigated 

in the present study, and further research in this 

area would be relevant. 
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Reducing greenhouse gas emissions from dairy products is one important step towards a more sustainable 
dairy sector. To ensure effective mitigation, reliable assessment methods are required. The present PhD 
thesis focuses on some of the most critical methodological aspects influencing the carbon footprint (CF) 
of milk and dairy products, namely; estimating CH4 and N2O emissions; accounting for land use change; 
co-product handling; and defining the functional unit. In addition, the CF is calculated for different types 
of dairy products, and suggestions on various mitigation measures are presented throughout the value 
chain – from cow to consumer.
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