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Reduction of Greenhouse 
Gas Emissions at Farm 
and Manufacturing Levels

Foreword
IDF’s World Dairy Summit and 27th IDF World Dairy Congress in Shanghai, China, in October 
2007 was no doubt a very interesting experience for all those who participated, including the 
Chinese hosts. As the programme comprised a great variety of conferences, workshops and 
seminars, diverse both in approach and topics, the proceedings of the event will be published 
according to the nature of each conference, seminar or workshop in peer-reviewed journals or 
in the Bulletin of the IDF.

This issue of the Bulletin comprises the proceedings of the workshop on the Reduction of 
Greenhouse Gas Emissions at Farm and Manufacturing Levels, held on 23 October 2006.

The workshop provided an opportunity to review the Kyoto protocol, the generation and 
sources of greenhouse gas emissions in the dairy industry, and some of the strategies to mitigate 
emissions either at farm level or at manufacturing level in different parts of the world.

At this time when climate change is starting to be addressed as a global challenge and 
mitigation strategies sought to be found in the context of sustainable development, these 
proceedings provide insight into one of the dairy industry’s greatest challenges over the coming 
years.

IDF is most grateful to all authors for providing their papers and to the moderators for 
conducting the workshop.

Christian Robert
August 2007
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1. Kyoto Protocol and the Position of the Dairy Industry

M. Tynan1

1.1. Introduction

The Kyoto Protocol is an agreement made under the United Nations Framework Convention on 
Climate Change.

One hundred and eighty countries have signed up to the agreement to reduce their 
emissions of greenhouse gases.  The agreement sets legally binding targets, as it is a “Burden 
sharing” agreement aimed at ensuring an overall reduction in greenhouse gases. The target 
is expressed as a legally binding percentage change for each country and its targets must be 
reached by 2008-2012 (Table 1).

By December 2002 Canada had signed the agreement making it the one hundredth  
signatory.

Japan and Europe had already ratified, and in November 2004 the Russian Federation bringing 
the protocol into force.  The rules for the Kyoto Protocol coming into effect required 55 parties 
to the convention to ratify the protocol, including Annex 1 parties accounting for 55% of the 
group’s carbon dioxide emissions in 1990.

It should be noted that although the Unites States and Australia have signed the Kyoto 
Protocol, they currently have not ratified the agreement.

1.2. Kyoto Commitments
The protocol’s emissions targets cover the six main greenhouse gases:
• Carbon Dioxide (CO2)
• Methane (CH4)
• Nitrous Oxide (N2O)
• Hydroflurocarbons (HFC’s)
• Perflurocarbons (PFC’s)
• Sulphur Hexafluoride (SF6)

The trends in atmospheric levels for these gases are shown in Figure 1.

1 Glanbia Plc., Glanbia House, Bridge St, Ballyragget Co., Kilkenny, Ireland, e-mail: mtynan@glanbia.ie

Table 1. Commitments under the Kyoto Protocol:  Annex B Countries

Commitments:  Annex B

Country Target – 1990

EU-15 -8%

US* -7%

Canada -6%

Japan -6%

Russia 0%

Norway +1%

Australia* +8%

Iceland +10%

* US and Australia do not intend ratifying the Protocol.
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1.3. Implementation Methods

A variety of implementation methods are available to signatories to the Kyoto protocol to reduce 
greenhouse gas emissions. These are reviewed in the following sections. 

1.3.1. Joint Implementation (JI)

JI allows Annex 1 parties to implement projects that reduce emissions, or increase removals by 
sinks, in the territories of other Annex 1 parties.

Emission reduction units (ERUs) generated by JI projects can then be used by the investing I 
parties to help meet their own emissions targets.

1.3.2. Clean Development Mechanism (CDM)

The CDM allows Annex 1 parties to implement projects that reduce emissions in territories of 
Non-Annex I parties like ERUs. Certified emission reductions (CERs) generated by CDM projects 
can also be used by Annex I parties to help meet their emissions targets.

Furthermore, CDM projects also help the Non-Annex I host parties to achieve sustainable 
development as well as contribute to the fulfilment of the ultimate objective of the Framework 
Convention.

Finally, the CERs generated by CDM projects will be subject to a levy, termed the “share of 
proceeds”.  More specifically, two percent of the CERs of each project will be paid into a newly 
created Adaptation Fund.  This fund will help particularly vulnerable developing countries adapt 
to the adverse effects of climate change.

1.3.3. Emissions Trading

Through emissions trading, Annex I parties may acquire assigned amount units (AMUs) from 
other Annex I parties that find it easier to meet their emissions targets.  An assigned amount 
refers to the total emissions that an Annex I party may emit over the commitment period and 
still meet its emissions target.

Every party has its own individual assigned amount based on their 1990 emission levels 

Figure 1. Global Trends in the major Greenhouse Gases

Global Trends in Major Greenhouse Gases to 1/2003
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in relation to their respective targets under Annex B.  In addition, the emissions trading 
mechanism allows Annex I parties to acquire CERs (from CDM projects), ERUs from JI projects, 
or Removal Units (RMUs) from sink activities from other Annex I parties.

1.4. The Importance of Greenhouse Gases

GHGs allow sunlight to enter the atmosphere freely.  When sunlight strikes the earth 's surface, 
some of it is reflected back towards space as infrared radiation (heat).  Greenhouse gases 
absorb this infrared radiation and trap the heat in the atmosphere.  Many gases exhibit these 
“greenhouse” properties. Some of them occur in nature (water vapour, carbon dioxide, methane 
and nitrous oxide), while others are exclusively man made.

For a given unit of energy, coal combustion emits roughly twice as much carbon dioxide as 
natural gas, and oil falls in between.  Increased atmospheric concentrations of CO2 and other 
greenhouse gases trap more of the earths heat leading to the phenomenon known as global 
warming.  

It is predicted that mean global temperatures will rise by 1.4°C by 2030 and 2.1°C by 2050.  
Global mean sea level will be 20cm higher in 2030 and 31cm higher in 2050.  The Georgia 
Institute of Technology reported that the number of category 4 and 5 hurricanes has increased 
over the last twenty years, a period when the sea temperatures have risen.  According to NASA, 
2005 had the highest annual surface temperature worldwide since readings began in 1800s.

There is global consensus that reductions of up to 70% in greenhouse gas emissions are 
required to stabilise concentrations in the atmosphere at twice the pre-industrial level. The 
gases exist in the atmosphere for long periods as shown in Table 2.

Table 2 illustrates that CO2 is the predominant gas and contributes to about 50% of overall 
warming.

Table 2. Lifetimes and warming potential of greenhouse gases

CO2 CH4 N2O O3 CFC's

Life Time Years 100 10 150 0.1 100

Warming Potential per Molecule 1 32 150 2 000 15 500

Current & Contribution to Global Warming 50 19 4 8 17

Figure 2. Annual Carbon Emissions by Region
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1.5. Activities Responsible for Greenhouse Gas Emissions

Agriculture is responsible for almost 35% of the world’s greenhouse gas emissions.  Emissions 
of carbon dioxide, methane and nitrous oxide totalled 99 percent of total emissions in 2004.

Let us examine the three main gases:

(i) Carbon Dioxide
(ii) Methane
(iii) Nitrous oxide

And the emissions of these in the context of the dairy industry and global policy.
Carbon Dioxide (CO2)
Numerous processes collectively known as the “carbon cycle” naturally regulate concentrations 

of carbon dioxide in the atmosphere (Figure 4).

Figure 3. Main activities responsible for GHG’s 
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Figure 4. Global Carbon Cycle
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Natural processes, such as, plant photosynthesis, dominates the movement of carbon 
between the atmosphere and the land and oceans.  While these natural processes can absorb 
some of the net 6.1 billion metric tons of anthropogenic carbon dioxide emissions produced 
each year (measured in carbon equivalent terms), an estimated 3.2 billion metric tons is added 
to the atmosphere annually (Figure 5).

The earth’s positive imbalance between emissions and absorption results in the continuing 
growth in greenhouse gases in the atmosphere.

The dairy industry can play a part in reducing global emissions by examining fuel sources and 
energy efficiencies.

Non-CO2 Greenhouse Gases
There are three main sources of GHG emissions from agriculture:
• N2O (nitrous oxide)
• CH4 (methane) emissions from intestinal fermentation – 41% of all CH4 emission in the EU 

are from agriculture.
• CH4 and N2O emissions from manure management.

Methane
Methane is by far the most important non-CO2 greenhouse gas, and animal agriculture is the 

largest single source worldwide (Figure 6).
Methane is responsible for nearly as much global warming as all other non-CO2 greenhouse 

gases put together.  Methane is twenty one times more powerful a greenhouse gas than CO2.

Figure 5. Global average temperatures and atmospheric carbon dioxide concentrations

Data Source Temperature: ftp://ftp.ncdc.noaa.gov/pub/data/anomalies/annual_land.and.ocean.ts
Data Source CO2 (Siple Ice Cores): http://cdiac.esd.oml.gov/ftp/trends/co2/siple2.013
Data Source CO2 (Mauna Loa): http://cdiac.esd.oml.gov/ftp/trends/co2/maunaloa.co2

Graphic Design: Michael Ernst. The Woods Hole Research Center
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While methane is produced by a number of sources including coal mining and landfills, the 
number one source worldwide is animal agriculture, which produces more than one hundred 
million tons of methane a year.  Eighty five percent of this is produced in the digestive processes 
of livestock and while a single cow produces a relatively small amount of methane, the  
collective effect on the environment of the hundreds of millions of livestock animals worldwide 
is enormous.

Studies have found that poor nutrition is one reason for excess methane production.  
Supplementing a cattle diet with urea has been found to lower methane production by 25-75%.  
An additional fifteen percent of animal agricultural methane emissions are released from the 
large “lagoons” used to store untreated farm animal waste, and these are already a target of 
environmentalists for their role as the number one source of water pollution in the USA.

Arguably, the best way to reduce global warming in a single lifetime is to reduce or eliminate 
our consumption of animal products, by adopting vegetarianism.  In this way we can eliminate 
one of the major sources of emissions of methane, the greenhouse gas responsible for almost 
half of the global warming impacting the planet today.

While the dairy industry cannot advocate a vegan diet, should the world population of 
vegetarians increase their consumption of dairy products as a beneficial dietary source of 
protein, the dairy industry would benefit greatly.

Before leaving this apparently unacceptable idea, a quick overview of the environmental 
benefits are:

1. A shift away from methane – emitting food sources is much easier than reducing CO2.
2. There is no limit to reductions in methane that can be achieved.
3. Unlike CO2, which can remain in the air for more than a century, methane cycles out of the 

atmosphere in just eight years, so that lower methane emissions quickly translate to 
cooling of the earth.

4. Efforts to cut carbon dioxide include fighting powerful and wealthy interests.

Nitrous Oxide (N2O)
Agricultural soils management accounts for 70% of all human-related sources of N2O in the 

U.S. (Figure 7).

Figure 6. Sources of GHG’s from Agriculture
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In Europe between 1990 and 2003 N2O levels decreased due to a reduction in the use of 
nitrogen fertilisers and manure.  Two separate programmes drove this:

1. The Common Agricultural Policy (CAP) reform
2. The EU Nitrates Directive

The CAP reform attempts to sever the link between subsidies and production, making farmers 
more competitive, and market focused.  The CAP reform is also responsible for the drop in the 
number of cattle being kept in Europe and indirectly the corresponding reduction in methane 
emissions from agriculture.

The EU Nitrates directive aims to reduce water pollution and does this by limiting the allowed 
application rates of chemical and organic nitrogen fertilisers.

In conclusion, the agriculture sector is a major contributor to nitrous emissions and all possible 
options for reductions need to be followed.

Other initiatives include:
• Composting
• Anaerobic digestion systems
• Biomass production
• Organic farming 

1.6. Global Initiatives

1.6.1. USA

Although it is a signatory, it has neither withdrawn from nor ratified the Kyoto Protocol. However, 
President George Bush has indicated that he does not intend to ratify the protocol because of 
the exemption of China (now the world’s largest emitter of carbon dioxide).  He also believes 
the treaty would put a strain on the economy.

The US has assigned the Asia Pacific Partnership or Clean Development and Climate, which 
complements Kyoto, but is more flexible.  However, seven North Eastern States have pledged to 
adapt Kyoto-style legal limits on GHG emissions known as “Regional Greenhouse Gas Initiative”.  
Forty million Americans support Kyoto.

California, has agreed to reduce emissions by twenty five percent by 2020.

Figure 7. Nitrous Oxide in Agriculture in the U.S.
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Research is currently being carried out to assess how much GHG is emitted by cows, and this 
research will determine which dairies must apply for air quality permits and invest in mitigating 
air pollution equipment.

1.6.2. China

Dairy products are becoming more popular in China who currently consumes 7.2 kgs on average 
of dairy products a year, compared with the world average of nearly 100 kilograms.  Although 
China is not a signatory to Kyoto, it can help Annex 1 countries achieve their targets through 
CDM.  China argues that the emission level of any country is a multiplication of its per capita 
emission and its population.

1.6.3. Australia

Dairying is one of Australia’s leading rural industries but is not a signatory, as Prime Minister 
Howard believes it will cost jobs.  However, a voluntary carbon credits trading has been set up 
in Sydney.

Australian farmers are signing up their cattle to a vaccine, which discourages “methanogenic 
archae” – the ancient organisms that inhabit the animal’s rumen and produce methane by 
breaking down feed.

1.6.4. New Zealand

New Zealand will have to limit its level of greenhouse gas emissions to 1990 levels on average 
during the period 2008-2012.  New Zealand has a dairy herd of 3.85 million predominantly 
Fresian cows, milked by 12,000 dairy farmers and producing 14 billion litres of milk annually.  
Dairying represents over 20% of New Zealand’s exports and is therefore a major contributor to 
the wealth of the country.

Nearly half of New Zealand’s GHG emissions are produced by agriculture, predominantly 
methane from farm animals and nitrous oxide from soils and fertilisers. According to estimates in 
New Zealand’s Greenhouse Gas Inventory 1990-2004, these agricultural emissions are 14.8% 
above 1990 levels.  New Zealand has planted significant forests since 1990 meaning it can 
expect to absorb around 71 million tonnes of carbon dioxide in the period 2008-2012.

1.6.5. Europe

The EU is a major supporter of Kyoto and has created an Emissions Trading Scheme (ETS) in an 
effort to meet its targets.  Fines of €40/ton in the pilot phase and €100/ton in the 2008-2012 
phase apply to member nations that fail to meet their targets.  

The scheme works on a “Cap and Trade” basis.  Any site, which has combustion installations 
with a rated thermal input exceeding 20MW, is included in the scheme.  Initial allocations are 
given to sites based on either historic emission, business as usual or benchmarking.  These data 
are verified by an independent authority and must be approved by the EU.

There are many serious issues to be addressed by the introduction of this scheme such as site 
closures, new entrants, plant expansions, and credit for early action, combined heat and power 
(CHP).  Under this scheme business will have to purchase additional carbon credits if it wants to 
process more milk or reduce CO2 emissions and have excess credits to sell.

1.7. Conclusions

Climate change is a serious environmental and societal problem and implementation of the 
Kyoto Protocol is essential.  However, it should be done on a fair, worldwide basis. An international 
co-operation regime applied only by some countries is damaging to those countries and their 
business.  It is one of the dairy industry’s greatest challenges over the coming years.
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2. Generation and Sources of Greenhouse Gases in the  
Dairy Industry

S.Bertrand1, S.Hacala2

Abstract

The most important greenhouse gases (GHG) generated by the dairy industry are methane 
(CH4), nitrous oxide (N2O), carbon dioxide (CO2) and some refrigerants (CFCs and HFCs). At 
a global level, the share of GHGs emitted is: CO2 64%, CH4 20%, CHF 10%, N2O 6%. Enteric 
fermentation by dairy cows is only responsible for 3% of the global warming in the world.

In a ruminant, methane is naturally produced as a result of the microbial fermentation 
process in the rumen. The amount of methane produced depends on the quality and quantity 
of feed ingested by the cow. The decomposition of organic components and nitrogen in animal 
manure can also produce CH4 and N2O. When stored as a liquid, manure tends to produce more 
CH4, and when handled as a solid it tends to produce more N2O. N2O is naturally emitted from 
agricultural soil as a result of the process of denitrification and nitrification, partly due to nitrogen 
fertilisers. 

However, there is considerable uncertainty around the estimates of emission from dairy farms, 
due to the scant availability of data to document the variability that exists at the farm scale. Part 
of the problem is the difficulty in measuring emissions from livestock facilities and fields. 

CO2 is emitted mainly at the manufacturing level due to energy consumption required by 
the process used, but also at the farm level with the consumption of fossil fuels. Emissions of 
refrigerant gases from the refrigerating system in the factory can also occur. 

The evaluation of GHG emission in the dairy industry must consider not only the dairy farm 
and the manufacturing process, but incorporate the other indirect contributors that have 
emitted gases during their production (fertiliser, transport, etc.). For instance, a comparison 
was made between very different conventional French dairy farm systems, on a whole farm 
approach but without the carbon storage. The average estimated emission found is around 1 kg 
CO2 per litre of milk, with very little difference in the total between different farm systems.

It is also important to keep in mind that grassland could also store carbon and that  
sequestration could partly balance the emissions.

2.1. Nature of the Four Gases Emitted and their Share

The dairy industry contributes directly to emissions of greenhouse gases through a variety of 
processes.The most important greenhouse gases (GHG) generated by the dairy industry are 
methane (CH4), nitrous oxide (N2O), carbon dioxide (CO2) and some refrigerant emissions (CFCs 
and HFCs). 

At a global level, the share of GHGs emitted is : CO2 64%, CH4 20%, CHF 10%, N2O 6% 
(figure 1).

Nitrous oxide has a very high global warming potential (310 times higher than CO2), and 
accounts for 6% of emissions of GHG at the world level. Agriculture contributes almost 80% of 
the N2O emissions. 

Importantly, methane has a global warming potential around 20 times higher than that of 
carbon dioxide. So even if the absolute emission of CH4 are a lot less than the CO2 emissions, 
it still accounts for 20% of the contribution to global warming in the world. Agriculture is 
responsible for about 50% of total CH4 emissions, with around three-quarters of this coming 
from rice growing and livestock activities (Moss et al., 2000). At the word level, the growing 
of rice is an important source of CH4, but in Europe virtually all the CH4 emissions come from 
livestock, and especially the enteric fermentation of ruminants (87%) and from manure (11%). 

1 Centre National Interprofessionnel de l’Economie Laitière (CNIEL), 42 rue de Chateaudun, 75314 , F-Paris cedex 09,  
e-mail: sophie.bertrand@inst-elevage.asso.fr

1 : Institut de l’Elevage, 9 rue André Brouard, BP 70510, F-Angers cedex 02, e-mail: sylvie.hacala@inst-elevage.asso.fr
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In France, cattle are responsible for 91% of the enteric fermentation of CH4 emissions (Jouany, 
2006). At a global level, it was estimated that the enteric fermentation of ruminants contributed 
around 13-15% of the total global emissions of CH4 in 1990, with emissions from livestock ma-
nure contributing another 5% (Lelieved et al., 1998). However, even if the CH4 emissions data 
for ruminant seem large, it is important to highlight that in total, enteric fermentation of dairy 
cows is only responsible for 3% of the global warming in the world (figure 2). 

However, having said this, there is considerable uncertainty in the estimate of N2O from soil 
and CH4 from livestock due to the scant availability of data to document the variability that 
exists at the farm level. Part of the problem is the difficulty in measuring emissions from 
livestock facilities and fields.

CO2 accounts for more than 60% of the emissions of GHG at the world level. The figure 3 
shows that industry is responsible for 25% of the total CO2 emissions in the world.

The regulation of emissions by internationally binding protocols has put increasing emphasis 
on the validity of methods for performing inventories of these emissions. The methodology for 
estimating CO2, CH4 and N2O emissions was devised by the Intergovernmental Panel on Climate 
Change (IPCC, 1997; IPCC, 2000) and is based on emission factors.

Figure 1. GHG share in % in the world (source IPCC, 2001)
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Figure 2. Ruminants responsibility in the world total global warming (IPCC)
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2.2. Enteric Fermentation : CH4 Emissions

2.2.1. A natural fermentation process

In a ruminant, methane is naturally produced as a result of the microbial fermentation process 
in the rumen situated at the beginning of the digestive tract. The methane produced is eliminated 
mostly by eructation (95%).

The feed ingested by ruminants stays 20 to 30 hours in the rumen where a dense and diverse 
microbial population is active. 70% of the total digestion is realised in the rumen, which makes 
the rumen the main organ in food transformation by ruminants.

The microorganisms break down the feed fibers, the plant polysaccharides (cellulose, hemi-
cellulose, pectines, amidon) into monosaccharides (glucose, xylose), that are then fermented to 
produce volatile fatty acids (acetate, propionate, butyrate), CO2 and hydrogen (see figure 4). The 
hydrogen is rapidly used by hydrogenotrophic microbes to produce CH4. During the formation 
of acetate hydrogen is produced, while the formation of butyrate and propionate are realised 
with hydrogen consumption. The volatile fatty acids are then absorbed in the bloodstream. So 
it is considered that the production of methane is an essential metabolic pathway to eliminate 
hydrogen in the rumen.

Figure 3. Breakdown by activity of CO2 emissions in the world in 1999 (IEA, 1999)
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Figure 4. The process of enteric fermentation and methane production (Jouany, 2006)
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2.2.2. Emission factors and milk production

Methane is produced by the fermentation of feed within the animal’s digestive system and the 
amount of CH4 produced increases with feeds with higher fiber content and lower digestibility. 
A diet rich in concentrate (cereals) orientates the fermentation towards the production of 
propionate, which reduce the CH4 emissions. 

CH4 emissions are reduced when the feed intake per animal increases because the food stays 
a shorter time in the rumen. It is considered that “+1 kg of dry matter intake = 7,8% of CH4 
less” (Jouany, 2006). Additionaly the feed intake is positively related to animal size, growth rate 
and milk production. Expressed in term of unit of milk produced, methane emissions decline as 
milk production per cow increases (table1).

The emission factors for enteric fermentation proposed by the IPCC are compared with the 
milk production in table 2.

Table 2. Enteric fermentation emission factors for cattle at the animal level  (IPCC, 1996)

Region Cattle type Emission factor 
(kg/head/yr) Comments

North America Dairy
Heifer

118
47 Average milk production of 6,700 kg/head/yr

Western Europe Dairy
Heifer

100
48 Average milk production of 4,200 kg/head/yr

Eastern Europe Dairy
Heifer

81
56 Average milk production of 2,550 kg/head/yr

Oceania Dairy
Heifer

68
53 Average milk production of 1,700 kg/head/yr

Latin America Dairy
Heifer

57
49 Average milk production of 800 kg/head/yr

Asia Dairy
Heifer

56
44 Average milk production of 1,650 kg/head/yr

Africa and Middle East Dairy
Heifer

36
32 Average milk production of 475 kg/head/yr

Indian Subcontinent Dairy
Heifer

46
25 Average milk production of 900 kg/head/yr

Table 1. Methane emission related to milk production at the animal level (Vermorel, 1995)

Milk production (kg/year) Methane emission (l/day) Methane emission (l/ kg milk)

6 500 442 24.8

5 500 423 28.1

4 500 404 32.8

3 400 382 41.1
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2.3. Emissions from Manure: CH4 and N2O Emissions

2.3.1. Decomposition of organic and nitrogen components

Methane is produced from the decomposition of organic components in animal waste. Animal 
manure contains organic compounds such as carbohydrates and proteins. These compounds 
are broken down naturally by bacteria. In the presence of oxygen, the action of aerobic 
bacteria results in the carbon being converted to carbon dioxide and, in the absence of oxygen, 
anaerobic bacteria transform the carbon into methane. When carbon dioxide is emitted, this 
is part of the natural cycling of carbon in the environment and there is no overall increase 
in atmospheric carbon dioxide. The carbon dioxide, originally absorbed from the atmosphere 
through photosynthesis by the plants which formed the livestock feed, is simply being released. 
In an anaerobic reaction however, the carbon dioxide which was absorbed is being converted 
into and released as methane, resulting in a global warming effect 21 times higher than that 
from the equivalent amount of carbon dioxide. Emissions of methane can occur from the excreta 
of animals deposited in buildings and collected as either slurry or solid manure, including 
emissions from animal excreta at all stages : animal housing, manure storage and from the 
spreading of manure on the farm.

Production of N2O may occur via the combined nitrification-denitrification of ammoniacal 
nitrogen contained in the wastes (see Section 4).

2.3.2. Emission factors and the impact of climate and the manure management 
system

When stored as a liquid, manure tends to decompose anaerobically and can produce an 
important amount of methane (table 3). When the manure is handled as a solid or when it is 
deposited on pastures, it tends to decompose aerobically and little methane is produced. On 
pasture, methane formation underneath dung pads is very low (Jarvis et al., 1995) and is often 
neglected when quantifying methane emissions from manure.

Nitrous oxide emissions are low during manure storage, except for some solid manure 
handling systems. An average emission factor for animal waste excreted in pastures is 0.02 kg 
N2O-N/kg of nitrogen excreted (IPCC, 2000).

Temperature has a strong influence on methane production, with a suggested exponential 
increase in production with increasing temperature (Sommer et al., 2004). For stored liquid 
manure, studies have shown that emissions may vary between 24 to 47 g CH4/m

3/day (Sommer 
et al., 2000). Significant differences in emissions are expected between the waste management 
system: anaerobic lagoons, liquid system, daily spread, solid storage and drylot, pasture range 
and paddock. The emission factors will also be dependant of animal type and feeding system. 

Some data have been published on this topic, but they are very diverse and more studies 
are needed to confirm the results. There are still large uncertainties related to the size of these 
emissions from the various elements of the manure flows. However, the IPCC estimate some 
emissions factors depending on the climate region shown on table 4.

Table 3. Emission factors for dairy cows manure (IPCC, 2000)

Manure management

slurry

Methane ( kg CH4/head/yr) 40 (at 17°C)

Nitrous oxide (kg N-N2O/kg N produced) 0 (without crust) 0.005 (with crust)
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2.4. Agricultural Emission from the Soil : N2O Emission

2.4.1. The natural process of nitrification-denitrification

Nitrous oxide may be emitted naturally from agricultural fields as a result of the process of 
nitrification and denitrification explained in figure 5. Nitrification is the aerobic microbial 
oxidation of ammonium to nitrate, and denitrification is the microbial reduction of nitrates 
or nitrite to di-nitrogen or N-oxides. Nitrous oxide is a gaseous intermediate in the reac-
tion sequences of both processes which leaks from microbial cells into the soil atmosphere. 
The main bacterials responsible for denitrification are Pseudomonas, Bacillus, Paracoccus and 
Rhizobium. These bacteria are facultative aerobes, but can use nitrate as an electron acceptor 
in the absence of oxygen. Denitrification occurs in anaerobic, flooded soils, and in anaerobic 
microsites in otherwise aerated soils. The major regulators of these processes are temperature, 
pH, NH3 soil content and soil moisture content.

Table 4. Manure management emission factors in kg CH4 per animal (IPCC, 1997)

Region Livestock 
Type

Emission factor by Climate region (kg/head/yr)

Cool Temperate Warm

North America : liquid-based system. Dairy
Heifer

36
1

54
2

76
3

Western Europe : liquid/slurry and pit storage 
system.

Dairy
Heifer

14
6

44
20

81
38

Eastern Europe : solid based system. Dairy
Heifer

6
4

19
13

33
23

Oceania : virtually all livestock manure is 
managed as solid on pastures.

Dairy
Heifer

31
5

32
6

33
7

Latin America : almost all livestock manure is 
managed as solid on pastures.

Dairy
Heifer

0
1

1
2

2
1

Africa : almost all livestock manure is managed 
as solid on pastures.

Dairy
Heifer

1
0

1
1

1
1

Middle East : over two thirds of cattle manure 
is deposited on pastures.

Dairy
Heifer

1
1

2
1

2
1

Asia : about half of cattle manure is used for 
fuel with the remainder managed in dry systems.

Dairy
Heifer

7
1

16
1

27
2

Indian Subcontinent : about half of cattle 
manure is used for fuel with the remainder 
managed in dry systems.

Dairy
Heifer

5
2

5
2

6
2

Figure 5. Nitrification and denitrification process
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2.4.2. The three sources of agricultural N2O emissions 

Agricultural N2O emissions derive from three principal sources:

2.4.2.1. Emission from the soil: direct emissions from the soil due to nitrogen fertilisers, 
the mineralisation of organic soils, and crop residues

The N2O emissions from agriculture are believed to be caused by increasing soil nitrogen (N) 
availability driven by increased fertilizer use, agriculture nitrogen fixation and deposition. There 
is a strong relationship between mineral nitrogen levels in the soil and emissions of N2O. The 
flux of N2O is affected by both the type of soil and environmental conditions. Quantifying 
emissions from soils is thus difficult, due to the heterogeneity of terrestrial ecosystems and the 
variability of the factors that control the fluxes. Nitrous oxide emissions from grazed pasture soils 
are both spatially and temporally highly variable, due to soil heterogeneity, organic compounds 
repartition, etc., and accurate measurement of emissions is difficult and expensive (Soussana, 
2006). The emissions estimates are therefore subject to considerable uncertainty. Nonetheless, 
for inorganic fertiliser, it is estimated that around 1,25 % of the nitrogen applied, is released as 
N2O (IPCC, 2000).

2.4.2.2. Emissions from the spreading of livestock wastes 

Manure can also be a source of nitrous oxide emissions when applied under wet conditions to 
poorly drained soils. Nitrification is the process that changes ammonium forms into nitrous 
oxide. Animal manure contains nitrogen in the form of various complex compounds. If the 
manure is applied to land, then this nitrogen enters the nitrogen cycle, as various bacteria in 
the soil break down these nitrogen containing compounds. Under the right conditions this can 
lead to nitrous oxide emissions. 

2.4.2.3. Indirect emissions from nitrogen lost in the agricultural system through leaching, 
runoff or atmospheric deposition.

The nitrogen lost by runoff, leaching and atmospheric deposition of nitrogen compounds (such 
as nitrates (NO3-) nitrogen oxides (Nox) and ammonium (NH3)) enter the nitrogen cycle and 
indirectly produce some N2O, through the denitrification process (figure 5). 

2.5. Energy Consumption and Refrigerants in the Dairy Industry :  
CO2 and Refrigerant Emissions

2.5.1. Consumption of fossil fuels at the farm level

Emissions of CO2 on the farm arise from the consumption of fossil fuels, notably petroleum 
products used in tractors and other farm vehicles. The use of electricity at the farm may 
also have implications for CO2 emissions, depending on the electricity generation sector of 
the country concerned. Intensive dairy farm systems tend to consume more fossil energy 
and produce more CO2, than extensive ones. A study of 69 French dairy farm showed that 
the average energy consumption per 1000 litres of milk was around 93 litres oil equivalent  
(Charroin et al, 2006). Not surprisingly, the results showed that fuel consumption increases with 
the maize forage area on the farm.

2.5.2. Energy consumption and refrigerating systems at the manufacturing level

CO2 is emitted at the dairy manufacturing level due to energy consumption required by the 
process used. In Europe, each dairy plant with a combustion installation exceeding 20 MW 
(thermal output) has a CO2 emissions quota, which means they have to save energy during the 
processes (steam, electricity, refrigeration, pressed air) to reach the target or purchase additional 
emissions permits on the European market. CO2 is the main byproduct of the combustion of 
all fossil fuels. The CO2 emissions are directly related  to the carbon content of the fuels. The 
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content of carbon varies for hard and brown coal between 61 and 87 wt.-%(maf), for wood it is 
about 50 wt.-% and for gas oil and heavy fuel oil about 85 wt.-% (IPCC, 2000).

Emissions of refrigerant gases from the refrigerating system in the factory may occur if the 
system leaks. The emissions of refrigerant generally only occurs at the industry level.

Industrial refrigeration includes three applications :
- process refrigeration which is an integrated part of the production process,
- industry refrigeration for the freezing of products,
- storage refrigeration for the conservation of products.
Refrigerant can be released through leakage. All new installations are assumed to have an 

average annual leakage of 5%.

2.6. Total GHG Emissions from the Dairy Industry 

2.6.1. The approach level 

In the previous sections, GHG emissions in the dairy industry have been presented for individual 
gases or for separate parts of the production chain. However, the potential mitigation measures 
should not be evaluated for individual sources or processes on the farm, but needs to consider 
the whole production chain. From the life cycle analysis conducted in the French dairy industry 
(Dupré, 2005) for yogurt production in 2000, it appeared that more than half of the GHG 
emissions come from the production of milk. The results show that 53% of the GHG emissions 
occurred at the milk production level, while yogurt production accounted for only 6% of the 
total emissions (plus 26% during selling/buying and 9% for packaging). The results show that 
the share of the different gases emitted during the entire production chain was : CO2 (31%), 
CH4 (28%), N2O (22%) and refrigerants (18%).

The different sources of GHG emissions in the dairy industry are summarised in figure 6 
below. The three main emission sources at the dairy production level are :

- Animals : primarily CH4 emissions.
- The manure storage : CH4 and N2O emissions.
- Crop, pasture, direct emissions on the pasture and indirect emissions through leaching: N2O 

emissions.
The two main sources at the manufacturing level are :
- Process energy consumption.
- Fossil fuel consumption for transport.

Figure 6. Main sources of GHG in the dairy industry (source Hacala et al 2006)
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2.6.2. Direct and indirect emission due to inputs at farm level

The evaluation of GHG emissions must consider not only the dairy farm, but also incorporate 
the total area of land used. In addition it needs to consider other indirect contributors (fertiliser 
production, transport of concentrate, etc) that have emitted gases during their production. 
For example, mineral fertilisers result in significant emissions of N2O and CO2 during their 
production, while the transport of feed to the farm also emits CO2. A dairy farm is a source of 
direct and indirect GHG emissions (figure 7). The direct emissions are emitted within the farm 
system (animals, manure, fuel, electricity, forage, etc). The indirect emissions are emitted 
before the products arrive on the farm (fertiliser, concentrate, etc).

A comparison was made between very different conventional French dairy farm systems 
(24 dairy farm representative of 5 different management system), on a whole farm approach, 
including emissions of CH4, CO2, and N2O from enteric fermentation, manure, crop production, 
fertilizer, feed transportation, other associated processes, etc (Hacala et al, 2006). The average 
estimated emissions for each farm system are shown in table 5.

The differences in the emissions per litre of milk are very small in this study. The results of the 
comparison show that there is no relation between the total GHGs emitted on the 24 farms and 
milk production (figure 8). Within each farm system, the nature and quantity of gases produced is 
different, but in total the difference is small. No link has been found between the GHG produced 

Figure 7. Direct and indirect emissions on the farm

Direct Energy Indirect Energy

Mineral and organic fertilization, concentrates, 
forage, seeds, animals, building, farm

equipment (for cultivation, spreading etc…),
pesticides (not take into account here), others

purchases   

Table 5. GHG emissions at the whole farm level, for different farm systems, in CO2 eq per milk litre 
produced (Hacala et al., 2006)

Emission Farm structure

Farm system Kg CO2/milk litre Milk litre/cow Number of cows Total area in ha

> 30% maize 0.98 6 749 36 40

10 to 30% maize 1.17 6 444 41 63

100% Pasture 1.08 5 673 32 50

Milk + crops 0.98 7 234 51 133

Mountain farm 1.06 5 232 24 42
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per litre of milk and the farm system : intensive, extensive, organic, self produced feed, bought 
feed, percent in pasture, percent in maize, etc. This research suggests that each farm system 
produces milk with a similar efficiency of GHG emissions.

It is important to keep in mind that grassland could also store carbon and that sequestration 
could partly balance GHG emissions by the dairy industry. The ruminant livestock systems store 
carbon in their soil under pasture. The quantity of carbon stored is more important under 
pasture than under crops. This carbon sequestration could be added to the national inventories, 
and partly balance GHG emission of the agricultural sector. It is considered that a permanent 
pasture could store from 0,1 to 0,5 t C/ha/year during the first 20 years, if not too intensively 
managed (Soussana, 2005). In a recent study on French dairy farm, (Hacala et al., 2006), it 
was estimated that the carbon storage under pastured land could balance 10 to 40% of the total 
GHG emissions (direct plus indirect at farm level). 

To convert a crop land into pasture increase the carbon storage to 0,5 t/ha/year, during the 
first 40 years. But to turn a pasture into a crop result on a decline of the carbon storage, two 
times bigger and two times quicker. The loss is around 1 t C/ha/year, during the first 20 years. 
So to convert a crop land into pasture is a way to store carbon. It is thus a potentially important 
area of future research.

2.6.3. Direct and indirect emissions at the dairy plant 

Direct emissions occur at the dairy plant site from the combustion process. Significant CO2 
emissions occur at the dairy plant in the processing and treating of the milk, or transforming 
it into other products (butter, cheese, etc). Direct emissions may also occur due to leaking of 
refrigerant (figure 9).

Indirect emissions occur outside the plant site, before and after the milk treatment (figure 9). 
Four main emission sources can be identified :

- transport : milk truck to collect the milk, and truck to deliver products to shops,
 - transport of the dairy staff,
- production of packaging and transport,
- treatment of waste and used packaging.

Figure 8. Emission in kg eq CO2 per milk litre related to the milk production per cow per year
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2.7. Conclusion

To conclude, it is important to highlight again that methane emissions from enteric fermentation 
of dairy cows is only responsible for 3% of the global greenhouse gas warming.

This paper demonstrates that strategies to reduce GHG emissions in the dairy industry have 
to be evaluated at a global level to ensure that mitigation strategies to reduce emissions do not 
increase emissions at another point in the chain of production. It demonstrates as well that to 
focus on only one gas could lead to wrong conclusions.

For instance, the average estimated emission on a dairy farm is around 1 kg CO2 per unit of 
milk litre. Nevertheless, its’ important to keep in mind that carbon storage under pasture could 
partly balance the emissions at farm level.

Some reasonable reductions have already been done in the inputs amount at farm level in 
most dairy countries (fertiliser, concentrate, energy consumption, etc), and should continue in 
the future. These reductions should help to reduce GHG emissions in the dairy industry. 
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3. National Dairy Inventories

J.W. Barnett1, J.M. Russell1

Abstract

The national reporting mechanism to the United Nationals Framework Convention on Climate 
Change (UNFCCC) requires reporting emissions of greenhouse gases according to sector.  The 
agriculture sector includes details of the number of dairy cattle to allow emissions of methane 
from this source to be calculated.  Data are also collected on the treatment and disposal of 
manure allowing good estimation of the methane from this source.

Only limited information is available about the amounts of nitrogen fertiliser that is used for 
forage production for the dairy sector.  Therefore, nitrous oxide emissions directly related to 
dairy farming can only be obtained for a very few countries.

A series of life-cycle-analyses have been performed in farming systems in The Netherlands, 
Sweden and Germany.  The results from these studies are:

In the national inventories greenhouse gas emissions from industrial manufacturing are 
aggregated and data from the dairy manufacturing sector are not available.  Data for carbon 
dioxide, methane and nitrous oxide emissions for the Finnish manufacturing sector of the dairy 
industry were obtained from country surveys of IDF members.

3.1. Introduction

Carbon dioxide, methane and nitrous oxide are important gases in maintaining the thermal 
balance of the atmosphere.  These gases are produced in significant quantities by the dairy 
industry. Carbon dioxide is produced through energy use on the farms, in the factory and during 
transport of milk and milk products.  Methane is produced primarily from the rumen of the cow, 
but also from anaerobic waste treatment operations and where dung is applied to land.  Nitrous 
oxide is a “by-product” of the nitrogen cycle and is produced from fertiliser and manure 
applications to land during the growing of feed crops and from grazing land. 

Contributors to the United Nations Intergovernmental Panel on Climate Change (IPCC) and 
signatories of the Kyoto Agreement are required to prepare an annual inventory of greenhouse 
gas emissions on an annual basis.  Much of the information in these inventories is aggregated as 
most of the information (e.g. carbon dioxide emissions) is most easily obtained from aggregated 
data such as fuel use.

1 Fonterra Co-operative Group Ltd, PO Box 14063, Longburn 4866, New Zealand, e-mail: Jim.Barnett@fonterra.com,  
john.russell@fonterra.com

GWP CO2 CH4 N2O

(g CO2-eqivalent/kg milk)

Sweden Conventional 885 178 357 350

Sweden organic 795 148 384 264

The Netherlands - conventional 320

The Netherlands - environment friendly 220

The Netherlands - organic 350

Germany - conventional intensive 177 395

Germany - conventional extensive 95 485

Germany – organic 88 545
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The national inventories for the agriculture sector separate different farming types.  There-
fore, the national inventories contain information on methane and nitrous oxide emissions for 
dairy cattle relating to enteric fermentation, manure management (including anaerobic lagoons, 
liquid systems, solid storage, and land spreading and pasture grazing) and nitrogen excretion.  
Fertiliser applications are aggregated, according to the source of the material, as synthetic 
fertilisers, animal manure applied to soil, nitrogen fixing crops, crop residues and the cultivation 
of histosols (wet organic soils such as peat soils). 

There is no disaggregated information in the national inventories for the dairy manufacturing 
sector.  In this sector, the main emissions are again carbon dioxide, methane and nitrous oxide.  
Carbon dioxide comes from the generation of energy (transport, steam, electricity etc). Methane 
emissions also come from fossil fuel recovery and (incomplete) combustion, and from waste 
treatment systems utilising anaerobic technologies.  Nitrous oxide is a combustion product from 
nitrogen containing fuels, and some emissions may arise from waste treatment systems where 
the wastes are applied to land.

For the dairy sector in any country to determine where reductions in greenhouse gases can 
most profitably be made it is necessary to have good inventory information on the sector’s 
emissions. Some of this information is available from the national inventories.

In completing the assessment of the dairy sector it is also necessary to take into account the 
different potentials that the individual gases will have on the temperature of the atmosphere.  
This is done through use of a factor known as the global warming potential (GWP) which depends 
on the amount of radiation that each gas will absorb and convert to thermal energy, and on the 
lifetime of the gas in the atmosphere.  Carbon dioxide has a global warming potential (GWP) of 
1 while that for methane is 21 and for nitrous oxide the GWP is 310 (FCCC, 1999).

This paper summarises data for the dairy sector obtained for some member IDF countries 
based on the national inventories submitted to the United Nations Framework Convention on 
Climate Change (UNFCCC) and a survey of some national IDF committees.  A comparison of 
the emissions from various farming systems in Sweden, the Netherlands, Germany and New 
Zealand is made and an estimate of worldwide dairy emissions made.

3.2. Country Inventories

Inventory information was obtained from Australia, Belgium, Canada, Denmark, Finland, France, 
Germany, Ireland, Italy, New Zealand, the United Kingdom and the United States of America 
through a questionnaire to IDF National Committees, and from the national inventories obtained 
from the UNFCCC website (UNFCCC, 2006).

Some of the data required for establishing national dairy sector greenhouse gas inventories 
were difficult to obtain especially where this information was not segregated in the national 
inventories.  For instance, estimates of the amount of nitrogen fertiliser that is used either 
directly on dairy farms, or indirectly to produce feed for dairy farms are unknown for most 
countries.  Information is available for total nitrogen fertiliser use.  Similarly, emissions from 
fuel usage on farms and from the manufacturing sector of the industry are not recorded on a 
national scale.  The reason for this is that the national emission inventories are usually compiled 
from national data that is easily obtained such as total amount of nitrogen fertiliser manu-
factured or sold, or the total amount of fuel used by a country.

When comparing data on greenhouse gas emissions between countries, and the changes that 
have occurred over time, it is usual to relate the data to 1990 as a base year.  It has proven 
difficult to obtain 1990 data for some countries.  The results of the surveys, and the national 
inventory information are summarised in Tables 1a and 1b.  Where possible information on 
nitrous oxide emissions from the dairy farming sector is included, but reliable, disaggregated 
information is only available from Finland and New Zealand with limited data from France.  Data 
for the manufacturing sector were only obtained from Finland.
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Table 1a. National greenhouse gas emissions from dairying countries  
(expressed as equivalents of carbon dioxide)

NEW ZEALAND AUSTRALIA CANADA

1990 2003 1990 2003 1990 2003

Country Totals

CO2 or CO2 net Gg 3 944 11 834 382 028 402 282 459 776 586 066

CO2 removal Gg

CH4 Gg 25 284 26 645 114 633 110 295 73 299 94 047

N2O Gg 10 397 13 501 22 292 31 198 51 584 50 180

Total CO2-eq Gg 39 626 51 979 518 953 543 775 584 659 730 292

Dairy sector

Milk production FAO mill L 7 509 14 354 6 456 10 642 7 975 8 050

Milk Production mill L 7 424 14 599

Cattle Numbers 1000s 3 391 5 165 2 568 3 090 1 370 1 060

Fertiliser Use T N/y 41 429 238 704

CH4 emission factor kg/head/y 71 79 107 114 126 126

N excretion kg/head/y 106 117 129 141 105 105

CO2 used on farm Gg 1 117 2 196

CH4 enteric Gg 5 040 8 585 5 784 7 386 3 625 2 805

CH4 manure Gg 63 96 425 578 935 724

Methane (% country  total) % 20 33 5 7 6 4

Nitrous Oxide Gg 2 361 3 553

    Manure Gg 22 31

    Direct from soil Gg 288 397

    Pasture Gg 1 675 2 551

    Indirect losses Gg 376 574

Manufacturing Sector

Carbon dioxide Gg

Methane Transport Gg

Methane Waste tr Gg

Nitrous oxide Gg

Total CO2-eq from dairy Gg 8 581a 14 430a 6 209a 7 964a 4 561a 3 529a

Percent of country’s  
total from dairy % 21.7a 27.8a 1.2a 1.5a 0.8a 0.5a

Total CO2eq /mill L milk Gg/mill L 1.1a 1.0a 1.0a 0.7a 0.6a 0.4a

a Excludes nitrous oxide and manufacturing sector data
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Table 1a (continued). National greenhouse gas emissions from dairying countries  
(expressed as equivalents of carbon dioxide)

DENMARK BELGIUM GERMANY

1990 2003 1990 2003 1990 2003

Country Totals

CO2 or CO2 net Gg 54 378 60 754 119 010 126 204 1 015 032 865 367

CO2 removal Gg -1 204.28 -3 103.47 -3 492.79 -28 943.98 -35 690.29

CH4 Gg 5 702 5 894 10 788 8 487 132 099 75 220

N2O Gg 10 735 8 091 12 192 11 253 86 388 63 693

Total CO2-eq Gg 70 815 73 534 138 886 142 451 1 204 575 968 589

Dairy sector

Milk production FAO mill L 4 742 4 675 3 900 3 400 31 342 28 380

Milk Production mill L

Cattle Numbers 1000s 753 596 950 787 6 355 4 363

Fertiliser Use T N/y

CH4 emission factor kg/head/y 109 118 100 105 94 103

N excretion kg/head/y 129 127 114 113 100 116

CO2 used on farm Gg

CH4 enteric Gg 1 731 1 475 1 995 1 740 12 582 9 434

CH4 manure Gg 213 225 401 358 8 694 7 840

Methane (% country  total) % 34 29 22 25 16 23

Nitrous Oxide Gg

    Manure Gg

    Direct from soil Gg

    Pasture Gg

    Indirect losses Gg

Manufacturing Sector

Carbon dioxide Gg

Methane Transport Gg

Methane Waste tr Gg

Nitrous oxide Gg

Total CO2-eq from dairy Gg 1 945a 1 700a 2 396a 2 098a 21 275a 17 274a

Percent of country’s  
total from dairy % 2.7a 2.3a 1.7a 1.5a 1.8a 1.8a

Total CO2eq /mill L milk Gg/mill L 0.4a 0.4a 0.6a 0.6a 0.7a 0.6a

a Excludes nitrous oxide and manufacturing sector data
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Table 1b. National greenhouse gas emissions from dairying countries  
(expressed as equivalents of carbon dioxide)

FINLAND UNITED KINGDOM IRELAND

1990 2003 1990 2003 1990 2002

Country Totals

CO2 or CO2 net Gg 56 296 73 185 591 416 555 927 31 797 45 808

CO2 removal Gg -22 794 -17 802 -66 -978

CH4 Gg 6 433 4 965 77 480 40 583 11 900 12 795

N2O Gg 7 638 6 718 67 893 40 424 9 545 9 740

Total CO2-eq Gg 47 573 67 066 736 789 636 934 53 177 67 366

Dairy sector

Milk production FAO mill L 2 817 2 472 15 251 15 056 5 402 5 299

Milk Production mill L 2 600 2 323 0 0 0 0

Cattle Numbers 1000s 490 334 2 847 2 192 1 356 1 206

Fertiliser Use T N/y 79 286 61 973

CH4 emission factor kg/head/y 97 117 88 104 100 100

N excretion kg/head/y 100 96 101 113 93 93

CO2 used on farm Gg 325 290

CH4 enteric Gg 999 821 5 264 4 778 2 848 2 533

CH4 manure Gg 66 60 1 293 1 173 453 403

Methane (% total) % 17 18 8 15 28 23

Nitrous Oxide Gg 1 553 976

    Manure Gg 328 231

    Direct from soil Gg 655 496

    Pasture Gg 102 70

    Indirect losses Gg 467 179

Manufacturing Sector

Carbon dioxide Gg 378 196

Methane Transport Gg 58 63

Methane Waste tr Gg 16 10

Nitrous oxide Gg 32 12

Total CO2-eq from dairy Gg 3 426 2 428 6 557a 5 951a 3 300a 2 935a

Percent of country’s  
total from dairy % 7.2 3.6 0.9a 0.9a 6.2a 4.4a

Total CO2eq /mill L milk Gg/mill L 1.2 1.0 0.4a 0.4a 0.6a 0.6a

a Excludes nitrous oxide and manufacturing sector data
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Table 1b (continued). National greenhouse gas emissions from dairying countries  
(expressed as equivalents of carbon dioxide)

ITALY FRANCE USA

1990 2003 1990 2003 1990 2003

Country Totals

CO2 or CO2 net Gg 430 636 487 282 396 928 408 155 5 009 552 5 841 504

CO2 removal Gg -60 884 -81 900 -32 668 -53 073 -1 042 050 -828 046

CH4 Gg 38 320 34 637 68 144 60 590 605 345 544 955

N2O Gg 39 925 42 352 93 149 74 608 381 988 376 749

Total CO2-eq Gg 447 997 482 371 525 553 490 280 4 954 835 5 935 132

Dairy sector

Milk production FAO mill L 11 956 12 180 26 807 25 423 67 005 77 252

Milk Production mill L 0 0 22 600 22 200 0 0

Cattle Numbers 1000s 2 642 1 901 5 380 4 156 14 143 12 978

Fertiliser Use T N/y

CH4 emission factor kg/head/y 94 100 99 103 97 100

N excretion kg/head/y 95 109 100 100 84 84

CO2 used on farm Gg 10 718 9 887

CH4 enteric Gg 5 221 3 986 11 158 9 020 28 883 27 308

CH4 manure Gg 1 112 800 2 082 1 613 11 441 15 713

Methane (% total) % 17 14 19 18 7 8

Nitrous Oxide Gg 62 961 56 203

    Manure Gg 6 913 6 293

    Direct from soil Gg

    Pasture Gg

    Indirect losses Gg 56 048 49 910

Manufacturing Sector

Carbon dioxide Gg 674

Methane Transport Gg

Methane Waste tr Gg

Nitrous oxide Gg

Total CO2-eq from dairy Gg 6 333a 4 787a 86 919 77 398 40 324a 43 020a

Percent of country’s  
total from dairy % 1.4a 1.0a 16.5 15.8 0.8a 0.7a

Total CO2eq /mill L milk Gg/mill L 0.5a 0.4a 3.2 3.0 0.6a 0.6a

a Excludes nitrous oxide and manufacturing sector data
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The amount of methane emitted per animal was 71-126 kg head-1 y-1 in 1990 and 79-126 
kg head-1 y-1 in 2003.  This varied (increased) from year to year for some countries (Australia, 
Belgium, Denmark, Finland, France, Germany, Italy, New Zealand, the United Kingdom and the 
United States of America) probably reflecting improved knowledge of animal feed composition 
and/or feed conversion and methane emissions per animal.  For Canada and Ireland the 
emission rate was constant.  Overall the national inventories recognise an increasing rate of 
emission of methane from animals.

When methane emissions are expressed on a unit of production basis (Gg per million litres 
of milk), the methane emissions have dropped or stayed constant for all countries examined 
(Table 2).  This reflects improved efficiency of feed conversion, improved genetic worth of the 
animals and improved feeds for the animals.

Similarly the amount of nitrogen excreted per animal varied significantly between countries 
84-129 kgN head-1 y-1 in 1990 and 84-141 kgN head-1 y-1 in 2003).The reasons for this will be 
similar to those for methane emission factors.

Other comparisons of emissions between countries are difficult to make because of the 
incomplete data.  It should be a priority for individual countries to obtain reliable data on 
nitrous oxide emissions from their dairy sectors (rather than the aggregated agricultural data 
that is currently available), and to improve data collection and aggregation of data from the 
manufacturing sector.

3.3. Life-Cycle Analyses

Lifecycle analyses (Table 3) have been published for farming systems in Sweden (Cederberg, 
1998; Cederberg and Mattsson, 2000), the Netherlands (de Boer, 2003) and Germany (Haas et 
al., 2001). The results in Table 3 have been corrected to a common basis for comparison purposes 
and each system includes common contributing factors and the same emission factors.

Methane emissions are highest in the German systems but overall were similar over all of 
the systems examined.  As with the national inventories, nitrous oxide emissions were difficult 
to estimate and little comparison can be drawn.  The differences in nitrous oxide emissions 
probably reflect higher nitrogen fertiliser use.  

Factors that will affect overall greenhouse gas emissions will include the relative importance 
of forage cropping, the time for which animals are housed and whether or not feeds are dried 
prior to feeding.  Differences in methane production depends on a number of factors including 
forage quality, feed maturity, feeding frequency, feed processing, feed preservation, grazing 
management and genetic selection.  These are discussed elsewhere in this workshop (Russell 
et al., 2006).

Table 2. Methane emissions expressed on a per unit of production basis

1990
(Gg CH4 (million L)-1)

2003
(Gg CH4 (million L)-1)

New Zealand 0.032 0.028

Australia 0.043 0.033

Canada 0.022 0.017

Denmark 0.017 0.015

Belgium 0.024 0.024

Germany 0.019 0.016

Finland 0.017 0.016

United Kingdom 0.016 0.015

Ireland 0.025 0.023

Italy 0.021 0.016

France 0.020 0.017

USA 0.021 0.017
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The data comparing greenhouse gas emissions from different farming systems throughout 
the world is limited at this time, but further life-cycle analyses of the type shown in Table 3, 
should be undertaken.  Comparison of life-cycle analyses, collected on a similar basis will further 
contribute to the identification of best practices.
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Table 3. Greenhouse gas emissions and global warming potential of different milk production systems

GWP CO2 CH4 N2O

(g CO2-eqivalent/kg milk)

Sweden Conventional 885 178 357 350

Sweden organic 795 148 384 264

The Netherlands - conventional 320

The Netherlands - environment friendly 220

The Netherlands - organic 350

Germany - conventional intensive 177 395

Germany - conventional extensive 95 485

Germany - organic 88 545
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4. Mitigation Strategies to Reduce GHG Emissions from the 
Dairy Industry

J.M. Russell1, J.W. Barnett1, E. Désilets2, S. Bertrand3

Abstract

The main sources of greenhouse gas emissions on dairy farms are:
• Methane- from the rumen of the cows, manure management
• Nitrous oxide- from nitrogen fertiliser used for growth of forage, deposition of excreta onto 

land
• Carbon dioxide- from energy use on farm.
This paper identifies critical control points in the generation of each of these gases and 

outlines existing or proposed strategies to reduce emissions.
Methane emissions can be reduced by:
• altering feed quality e.g. Level of intake, forage species, forage maturity, processing forage 

to improve availability, preservation of forage
• altering the rumen processes and microbiological functions that produce methane e.g. 

addition of oils and fats to the diet, addition of ionophores, elimination of protozoa, addition 
of inhibitory chemicals, use of probiotics, use of bacteriocins, use of archaeal viruses, 
immunization, reductive acetogenesis, inoculation by methane oxidisers, use of propionate 
enhancers 

• altering animal characteristics and processes e.g. altering the frequency of feeding, grazing 
management, genetic selection.

Nitrous oxide emissions result largely from the microbial transformations of nitrogen that 
occur in the soil and particularly the process of denitrification.  Intervention points are:

• Manipulating feed- e.g. to reduce the excess nitrogen fed to cows
• Microbial biochemistry- e.g. manipulating soil pH, application of nitrification inhibitors.
Carbon dioxide emissions can be lowered by reducing direct energy uses (e.g. use of 

tractors and machinery, energy conservation in the milking operations) and indirectly by 
reducing fertilizer use etc.

It is important to evaluate greenhouse gas mitigation strategies in terms of the total 
greenhouse gas budget.

4.1. Introduction

There are three major greenhouse gases produced on-farm through dairy farming operations: 
methane, nitrous oxide and carbon dioxide.  

Methane production is primarily produced from the rumen with smaller amounts from manure 
deposits and treatment.  

Nitrous oxide is a significant by-product from soil systems used to grow pasture and crops 
for consumption by farm animals.  Excess nitrogen in the soil forms nitrates and these are 
decomposed through anoxic biochemical reactions to nitrous oxide and nitrogen gas.  This 
process is known as denitrification.

Carbon dioxide production on the farm arises from fossil fuels used during the farming 
operations.

1 Fonterra Co-operative Group Ltd, PO Box 14063, Longburn 4866, New Zealand, e-mail: john.Russell@fonterra.com, 
jim.Barnett@fonterra.com

2 Dairy Farmers of Canada, 680 Road 365, Neuville, Quebec G0A 2R0, Canada
3 Institut de l’Elevage, 9 rue André Brouard, BP 70510, F-Angers cedex 02, e-mail: sophie.bertrand@inst-elevage.asso.fr
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Smaller amount of secondary emissions occur during the manufacture of components used 
by the dairy industry.  Examples of this are the production emission of carbon dioxide during 
fertiliser and vehicle manufacture.  These off-farm emissions have not been considered further 
in this report.

The objective of this work is to provide an update on current management practices and new 
strategies recently proposed to reduce CH4 emissions from ruminants and nitrous oxide 
emissions from farm systems.

4.2. Mitigation Strategies to Reduce GHG Emissions from the Manure 

Existing mitigation strategies for dairy, e.g. the addition of ionophores, fats, use of high 
quality forages, and increased use of grains, have been well researched and applied. They 
either reduce CH4 emissions by: altering the nutrition and management of animals, manipulating 
ruminal fermentation, directly inhibiting methanogens and protozoa, or by diverting hydrogen 
ions away from methanogens. Current literature has identified new CH4 mitigation options. 
These include, the use of: probiotics, acetogens, bacteriocins, archaeal viruses, organic acids 
(fumarate and malate), plant extracts (e.g. essential oils), immunization and genetic selection. 
However, the mode of action and mechanism of reduction by these new mitigation strategies 
are not yet well defined. More information is needed to evaluate the level of inclusion of some 
of the new additives as well as the animal response and possible adaptation to these new 
mitigation strategies.

It is also important to evaluate CH4 mitigation strategies in terms of total GHG budget and 
to consider the cost associated with the various strategies. More basic understanding of the 
natural differences in digestion efficiencies among animals as well as a better knowledge 
of methanogens and their interaction with other organisms in the rumen, would enable us to 
better exploit the potential of some of the new CH4 mitigation strategies for dairy cattle 
production.

4.2.1. Enteric methane production and measurements techniques

Enteric CH4 emission is produced as a result of microbial fermentation of feed components into 
simple molecules for absorption by the animal. Methane, a colourless, odourless gas is produced 
predominantly in the rumen (87%) and to a small extent (13%) in the large intestines. Rumen 
CH4 is primarily emitted from the animal by eructation (O’Hara et al., 2003; Miller 1995; Murray 
et al. 1976; Torrent and Johnson 1994).  Smaller amounts of methane (on a farm scale) are 
produced by anaerobic degradation of manure in waste and in the soil.

The conversion of feed material to CH4 in the rumen involves the integrated activities of 
different microbial species, with the final step carried out by methanogenic bacteria (Figure 1).  
Primary digestive microorganisms (bacteria, protozoa and fungi) hydrolyze proteins, starch and 
plant cell wall polymers into amino acids and sugars. These simple products are then fermented 
to volatile fatty acids (VFAs), H2 and CO2 by both primary and secondary digestive microor-
ganisms. Acetate, propionate and butyrate, which are the major VFAs, are then absorbed and 
utilized by the host animal.  Although H2 is one of the major end products of fermentation by 
protozoa, fungi and bacteria, it does not accumulate in the rumen, it is used by other bacteria 
mainly the methanogens which are present in the mixed microbial ecosystem.

In the rumen, methanogens use hydrogen, carbon dioxide and formic acid as substrates to 
generate energy for growth. CH4 has no nutritional value to the animal and its production 
represents a loss of dietary energy. In general, CH4 production in cattle constitutes about 2 -12% 
of dietary gross energy intake and therefore represents an energy loss to the animal. Reduction 
in CH4 production can result from decreased extent of fermentation in the rumen or from a shift 
in the VFA pattern towards more propionate and less acetate.

Different methods are used to measure CH4 from dairy cows.  These include the use of: 
the respiration calorimetry chamber, isotopic techniques, tracer techniques (sulfur hexafluoride 
(SF6)) and mass balance/micro-meteorological techniques.
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In the respirometer/calorimeter method air is passed through a chamber containing one or 
more animals.  The volume of gas and the inlet and outlet concentrations of oxygen, carbon 
dioxide and methane are usually measured.  From known feed consumption energy balances 
and gaseous outputs can be calculated.  This method is most suited to dried diets.  Research in 
the United Kingdom has adapted this method for grazed pasture (Murray et al., 2001; Murray 
et al., 1999; Kelly et al. 1994; Galbraith et al. 1998).

The tracer technique involves placing a source of SF6 in the rumen and measuring the rate of 
release of SF6 from the source and the ratio of methane to SF6 in the expired breath of the test 
animals.  This method was developed by Johnston et al. (1994).

Mass balance and micro-meteorological techniques range from the use of aircraft to sample 
methane concentrations at different levels in the atmosphere (Lassey et al., 2000; Lassey et al., 
1997) to paddock scale applications (e.g. Judd et al., 1999).

4.2.2. Existing enteric methane mitigation strategies
4.2.2.1. Improving animal productivity

In general, when animal productivity is improved through nutrition, management, reproduction 
or genetics, CH4 production per unit of milk is reduced. Indeed, as productivity increases, 
CH4 emissions per animal increase slightly, but CH4 emissions per unit of milk production is 
decreased.  Expressing CH4 production in terms of efficiency (g or L CH4 per kg milk) instead 
of g d-1 or L d-1 would enable the dairy producers to assess the potential benefits of mitigation 
strategies based on production.

This strategy is widely used in the dairy industry of a supply management country like 
Canada, where fewer animals are required to produce the same amount of milk, thereby 
reducing the number of animals maintained in production, and the overall CH4 produced.

Some suggested that increasing milk production of dairy cows from 5,000 to 10,000 litres 
of milk annually in the EU through high grain ration or through improving the genetic merit of 
the dairy cow would only increase total CH4 production per year by 5% (i.e. from 110 to 115 
kg yr-l), however overall CH4 emissions would be reduced by 20-30% through reduced animal 
numbers.

Changes in the milk pricing systems to one based on protein has been suggested to reduce 
CH4 emissions.  Reducing milk fat content will reduce the feed energy needed and consequently 

Figure 1. Formation of methane in the rumen
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CH4 production. A change in milk pricing based on non-fat solids has been estimated to reduce 
CH4 emissions from US milk cows by 15%. With the demand for low fat milk increasing, 
pricing based on protein will encourage producers to modify feeding regimes to include the use 
of highly digestible protein feeds which will increase productivity and reduce CH4 emissions. 
However high protein feeds are costly in dairy rations, and excessive amounts of nitrogen may 
be excreted in urine and faeces. The impact on the environment as well as costs associated 
with such a strategy must be evaluated in terms of the overall profits that can be achieved. In 
a country like Canada, where solid non-fats are already in surplus, this would create a bigger 
problem to the industry.

Increasing animal productivity is beneficial in reducing CH4 production if animal numbers are 
reduced correspondingly.  It can be concluded that continuous improvement of the efficiency of 
dairy production is an efficient and profitable strategy for reducing CH4 production. Nutritional 
and management strategies to improve animal productivity are evaluated below.

4.2.2.2. Production Enhancing Agents (Bovine Somatotropin)

Production enhancing agents are available for use to increase production efficiency in cattle. 
Bovine somatotropin (bST) for dairy is a naturally occurring growth hormone produced by the 
pituitary gland. Recombinant bST is produced using biotechnology and has been shown to in-
crease milk production in dairy cows (Bauman et al., 1995) (Johnson et al., 1992). Enteric CH4 
production was reported to be reduced by 9% with the use of bST (Johnson et al., 1996). In 
general the use of bST leads to an increase in milk production by 10 to 20%, and therefore 
animal stock can be reduced to lower total enteric emissions. (Johnson et al., 1996; Clemens, 
J. and Ahlgrimm, H. J. 2001).

There is still a considerable debate regarding the health risks of bST, even though it has been 
approved for use in the US. Consumers concern over the hormones residues in milk prevents 
its use in Canada.

4.2.2.3. Nutritional and management Strategies for Methane Reduction

Type of Carbohydrates
The nature and rate of fermentation of carbohydrates influences the proportion of individual 
VFAs formed in the rumen and thus the amount of CH4 produced (Benchaar et al, 2001).

Diets rich in starch, which shift in fermentation pattern with increased passage rate and high 
rates of digestion which favour a higher propionic acid production, will decrease CH4 pro-
duction. High digestion rates of grains will also lower ruminal pH, which inhibits the growth 
of methanogens and protozoa. Inversely, a roughage based diet will favour acetate production 
and increase CH4 production.

The type of grain in the diet also influences the amount of CH4 that is produced. The starch in 
barley grain is known to be more rapidly and extensively fermented in the rumen compared to 
the starch of corn grain, and therefore more CH4 may be produced with barley than with corn 
based diets.

Cows with low milk yields usually receive higher contents of roughage or high fibre content 
feeds, which are replaced by an increased amount of concentrates as milk yield increases.  As a 
consequence, CH4 production is lower in the high producing dairy cow. Thus optimizing the diet 
to match the production level will reduce CH4 production.

Level of Intake
Higher level of intake will increase total daily CH4 methane production. However, when CH4 is 
expressed relative to the gross energy intake (GEI) or digestible energy, CH4 yield is depressed 
when dry matter intake is increased (Ulyatt, 1996; Benchaar et al. 2001). An increase in 
feeding level induces lower CH4 loss as a percentage of daily energy intake. The CH4 loss 
as a percentage of GEI declined by 1.6 percentage units for each multiple increase of intake. 
However, this effect will vary depending of the composition of the diet.

Forage species and maturity
Methane production in ruminants tends to increase with maturity of the feed forage, and CH4 
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yield from the ruminal fermentation of legume forages is generally lower than the yield from 
grass forages. The lower CH4 loss observed with legumes compared to grasses can be attributed 
to the lower proportion of structural carbohydrates in legumes and faster rate of passage of 
the feed through the rumen, which shifts the fermentation pattern towards higher propionate 
production.

In New Zealand, Friesian and Jersey dairy cows grazing sulla (Hedysarum coronarium), a 
condensed tannin containing legume, emitted less CH4 per unit of DMI compared to cows grazing 
perennial ryegrass pasture (Woodward et al. 2002). The scientists concluded that condensed 
tannins containing legumes such as sulla effectively reduces CH4 production from dairy cows 
without compromising milk solids production.

Feeding frequency
Low meal frequencies tend to increase propionate production; reduce acetic acid production and 
lower CH4 production in dairy cows. This effect is associated with the lowering of methanogens 
as a result of high fluctuations in rumina1 pH, since low meal frequencies increase diurnal 
fluctuations in ruminal pH that can be inhibitory to methanogens.

Producers are encouraged to increase their feeding frequency to reduce daily fluctuations in 
ruminal pH and to ensure efficient digestion and milk production. Thus, low frequency feeding 
as a strategy to reduce CH4 production would not be practical to producers.

Forage processing
Grinding or pelletising of forages to improve the utilization by ruminants has been shown to de-
crease CH4 losses per unit of feed intake by 20-40%. (These effects are more marked in animals 
offered feed at ad-libitum level of intake compared to those whose intake is limited.)

The lowered fibre digestibility, decreased ruminally available organic matter and faster rate of 
passage associated with ground or pelletised forages can explain the decline in CH4 production.

However, fine grinding of forages, has not proved to be economical to dairy producers 
because of increased incidence of acidosis and lower milk fat content of milk, which are 
associated with a lower effective fibre content of finely ground forages. Also, grinding and 
pelleting mitigation impact may be offset by the energy used to grind and pellet the forages.

Forage preservation
There is limited information with regard to the effects of forage preservation on CH4 production. 
Methane production was shown to be lower when forages were ensiled than when dried. This is 
because digestion is reduced in the rumen with ensiled forages due to the extensive fermentation 
that occurs during silage making.

Silage additives such as enzymes and organic acids are used to enhance the quality and  
palatability of the finished silage. The addition of inoculant-enzyme preparations during  
ensiling lowers acetic acid production and increases propionate production in the rumen. 
Branched chained VFAs are also increased in the rumen when compared to formic acid. Thus 
the addition of additives has potential for reducing enteric CH4 emissions.

Exogenous fibrolytic enzymes (cellulase and xylanase mixture) have the potential to improve 
utilization of fibrous feed.  Differences in crude enzyme preparation, types of diet and appli-
cation methods have produced inconsistent results. There is no clear evidence of the effects of 
exogenous enzymes on CH4 production, but their ability to improve feed digestion, may improve 
productivity and indirectly reduce CH4 production.

Grazing management
Implementing proper grazing management practices to improve the quality of pastures will 
increase animal productivity and lower CH4 per unit of product.

At higher stock rates, there is low availability and intake of forages by animals and the methane 
production is lower. When animals are rotationally grazed, stocking rate had no effect on CH4 
production.

Measurements of CH4 production from grazing beef cows indicated 25% lower CH4 production 
with alfalfa-grass pastures compared to grass-only pastures.  Early grazing of alfalfa-grass pas-
tures, reduced CH4 production compared to grazing at mid to late season. 
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Some researchers observed that CH4 loss (% of GEl) was similar from dairy cows fed TMR 
compared to those that grazed pastures, while other researchers observed some differences. 
Pasture quality is a critical factor in reducing CH4 emissions from pasture.

There is evidence that pastured-based dairy farming systems can be as profitable as housed-
feeding systems. A major drawback of intensive grazing is the likelihood of achieving slightly 
lower milk production than with confinement feeding.  However, net returns under managed 
intensive grazing are lower because of the lower feeding cost of pasture forages. The use 
of pasture will reduce the need for growing, harvesting and preserving forages on farm. This 
means less machinery, fuel and fertilizers, and therefore less GHG produced with grazing 
systems.

4.2.2.4. Manipulation of Rumen Fermentation for Methane Reduction

Addition of fats
Fats are added to dairy cattle diets to increase the energy density of diets, enhance milk yield 
and to modify the fatty acid composition of milk fat.  Fats have also been shown to depress CH4 
production.  Differences in the response of CH4 production following the addition of fats may be 
due to the type of fat added and how available it is for biohydrogenation in the rumen (Dong et 
al., 1997; Johnson and Johnson, 2002; Johnson et al. 2002). 

The depression in CH4 production with the addition of fats has been attributed to the fact that 
unsaturated fatty acids can serve as electron acceptors during biohydrogenation in the rumen. 
Also, saturated fatty acids, such as coconut oil, have been shown to have a toxic effect on 
protozoa and methanogens in the rumen. Thirdly, long chain fatty acids are non-fermentable 
and therefore they decrease the percentage of CH4 that can be produced.

Although the addition of fats appears to reduce CH4 production, excessive addition would 
not result in increased energy availability to the animal due to depressed fibre digestion. The 
major problem associated with excessive fat addition (more than 5-6% of the ration) is that it 
depresses fibre degradation in the rumen, reduces acetate production and milk fat content.

Ionophores
Addition of ionophores to ruminant diets to improve the efficiency of feed utilization has been 
shown to decrease CH4 production (Johnson and Johnson, 2002; Mathison et al. 1998; Moss et 
al. 2000).  Ionophores are highly lipophilic substances which are able to shield and delocalize 
the charge of ions and facilitate their movement across membranes.  Monensin is the most com-
monly used and studied ionophore, with others such as lasalocid, tetronasin, lysocellin, narasin, 
salinomycin and laidomycin also being used commercially.

It appears that ionophores are not toxic to methanogens, but to the bacteria that provide 
substrate for the methanogens. The problem is that ionophores, such as monensin, are not 
persistent for the suppression of CH4 activity. This may be due to the development of resistance 
of methanogenic strains to the ionophores. Future potential therefore, lies in the development 
of more persistent ionophores, and the combination of different ionophores that can avoid 
eventual microbial adaptation.  Because of the beneficial effects of ionophores on feed efficiency 
and productivity, the use of ionophores is an economically justifiable option.

Defaunation
Defaunation is the elimination of protozoa from the rumen by dietary or chemical agents.  
Ciliate protozoa form a symbiotic relationship with methanogens, with the methanogens living 
both on and in the protozoa.  This symbiotic relationship can account for 37% of the total CH4 
production.  Therefore, defaunation of the protozoa from the rumen would reduce ruminal CH4 
production by about 20 to 50% depending on the diet composition (Moss et al., 2000; O’Hara et 
al., 2003; Whitelaw et al. 1984; Itabashi et al. 1994; Van Nevel and Demeyer 1996).  

It has been shown that defaunation may depress fibre digestion, thus complete elimination 
of protozoa (rather than partial control) is not recommended as a method for reducing CH4 
production. Defaunating agents or protozoa inhibitors are not currently available for commercial 
or practical use as many of them are toxic to the animal. The control of protozoa is unlikely to 
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lead to hydrogen accumulation and an inhibition of fermentation, therefore biological control 
of protozoa is a promising method of CH4 reduction and further work is needed in this area to 
develop commercial means of eliminating rumen protozoa.

Direct Inhibition by chemicals
Bromoethanesulphonate (BES) is a potent inhibitor of methanogenesis (up to 70% CH4 
inhibition potential), but the methanogens seems to adapt quickly to BES (within a few days). 
Thus, it may not play a significant role in reducing CH4 on a commercial level.  Chlorinated 
methane analogues (chloroform, carbon tetrachloride, methylene chloride) and related com-
pounds have been reported to inhibit methanogenesis, since CH4 analogues are directly toxic 
to methanogenic bacteria (van Nevel and Demeyer, 1996; Mathison et al., 1998). However, 
microbial populations have been found to adapt to or degrade many of these compounds so that 
favourable long lasting effects on animal performance and health are limited.

Longer lasting chemical agents may also offer improved efficacy in animals. However, 
consumer concerns about chemical residues in milk will need to be addressed.

4.2.2.5. New potential Mitigation options for Methane Reduction

Probiotics
There is very little information (and mixed reports) on the effects of probiotics on CH4 production 
in dairy cattle (Wallace and Newbold, 1993; Moss et al., 2000; O’Hara et al, 2003).

The effects of the most widely used microbial feed additives, Saccharomyces cerevisiae and 
Aspergillus oryzae on rumen fermentation were earlier studied in vitro (Frumholtz et al. 1989; 
Mutsvangwa et a1. 1992). Aspergillus oryzae was shown to reduce CH4 by 50% as a result of 
a reduction in protozoal population (Frumholtz et a1. 1989). On the other hand, the addition 
of Saccharomyces cerevisiae reduced CH4 by 10% in vitro, but was not sustained over a long 
period (Mutsvangwa et al. 1992).

It has been shown that yeast culture influenced microbial metabolism, improved DMI,  
fibre digestion and milk production in lactating cattle, however the specific mode of action is 
still unknown. The effects of probiotics on fermentation pattern are not consistent across  
experiments and between strains of yeast.

It has been proposed that probiotics provide growth factors, provitamins, and nutrients that 
stimulate the growth of ruminal bacteria, resulting in increased bacterial population. Another 
theory indicates that probiotics stimulate lactic acid utilizing bacteria, resulting in a reduction of 
lactic acid, which causes a more stabilized ruminal environment. These result in better growth 
of rumen cellulolytic bacteria, increased fibre digestion, intake and production response.

Although microbial preparations are commercially available as ruminant feed additives, there 
is a need for more current research to establish the potential of probiotics for reducing CH4 
production. Producers are sceptical about the benefits of probiotics and there is a need to 
identify the dietary and management situations in which probiotics can give consistent  
production benefits as well as the added effect of reducing CH4 emissions (Moss et al. 2000).

Bacteriocins
Bacteriocins (e.g. Nisin) are bactericidal compounds that are produced by bacteria.  However, 
little information is available concerning their occurrence among ruminal isolates or the effects 
of exogenous bacteriocins on methanogenesis. Direct suppression of methanogens may be 
possible through stimulation of natural or introduced ruminal organisms to produce bacteriocins 
as a means of biological control.

Bacteriocins have advantages over other antibiotics in terms of target specificity, broad 
spectrum of activity, and possibility of genetic transfer and manipulation into other organisms. 
Bacteriocins could possibly be delivered as microbial inoculants or delivered through silage. The 
challenge is the controlled colonization of the rumen by genetically engineered rumen bacteria.

It can be concluded that bacteriocins have the potential to reduce CH4 production, but further 
studies in vivo are needed to establish their adaptability and long term effectiveness as a feed 
additive.
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Archaeal viruses
A possible agent of biological control of methanogens, is the use of archaeal viruses. They are 
obligate pathogens than can infect and lyse bacteria and methanogens. Although the knowledge 
of bacteria viruses (bacteriophages) is well known in the rumen, the knowledge of archaeal 
viruses is still limited. At this time, it is difficult to assess its potential as a biological control 
agent since the use of archaeal viruses to control methanogens has not been reported.

Immunization
In the past years, researchers in Australia have vaccinated sheep with a number of experi-
mental vaccine preparations against methanogens, so that the animal produces antibodies 
to methanogens (Baker, 1998). Methane production was reduced between 11 and 23%, and 
simultaneously, productivity was improved in vaccinated animals. No long or short term adverse 
effects on the sheep have been found. Researchers anticipate that commercial vaccines will be 
able to achieve a 3% gain in productivity and a 20% reduction in CH4 production.

Some researchers noted that vaccine preparations are likely to work on some methanogens 
and not on others, thus information on the types of methanogens, and their interactions with 
other organisms in the rumen must be examined before the development of biological strategies 
can be effectively targeted.

Reductive acetogenesis
Inorganic sulfate and nitrates have been identified as possible competitors with methanogens 
for available H2 (Mathison et al, 1998).  Reduction of sulfate and nitrate by microbes is thermo-
dynamically more favourable than reduction of CO2 to CH4 by methanogens.

The maximum tolerable concentration of sulfur in the diet is low (0.4% of dietary dry matter; 
NRC 1996) which means there is little potential for utilization of sulfate as means of reducing 
CH4 emissions.

Diets containing more than 0.45% nitrate N are potentially toxic to ruminant animals. Methane 
emissions from ruminants were shown to be reduced by 13% when nitrate was administered at 
subclinical levels of nitrate-poisoning in sheep. Simultaneous administration of L-cysteine with 
the nitrate tended to suppress the nitrate-nitrite induced poisoning. An appropriate combination 
of nitrate and L-cysteine makes it possible to suppress rumen methanogenesis without toxicity. 
There is however the need for further studies to establish the appropriate levels of combinations 
suitable for ruminants.

Methane Oxidizers
A long term technology which may hold some promise of diverting electrons from methanogens 
is the production of acetic acid by acetogens. Increasing the populations of acetogens through 
exogenous inoculations into the rumen could be useful for competing against methanogens.  
However, an attempt at inducing acetic acid by inoculation of acetogens has not yet been 
successful.

Propionate enhancers
As a result of the awareness over antibiotic residues in animal products, there is increasing 
interest in alternatives to antibiotics as growth promoters. Dicarboxylic acids such as fumaric 
(Lopez et al., 1999) and malic acids (Martin and Streeter, 1995) have been studied in vitro as 
feed additives in ruminant diets. (Callaway and Martin 1996; Lopez et al. 1999; Asanuma et al. 
1999).

Fumaric acid is an intermediate in the propionic acid pathway. In this reaction, hydrogen ions 
are needed and therefore reducing fumaric acid may provide an alternative electron sink for 
hydrogen, thereby decreasing utilization by methanogens. There is little information available 
on the actual effects of fumaric acid on fermentation and animal performance in vivo. Researchers 
concluded that fumaric acid may be put to practical use for ruminant diets since it has the dual 
benefit of decreasing CH4 production, and increasing net energy retention.

Malate which is converted to propionate via fumarate also increased propionate production 
and inhibited CH4 production in vitro. However, malate failed to increase rumen propionate 
concentrations in cattle and did not affect CH4 production although it stimulated daily gains in 
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steers. There is a need for further testing and evaluation of these enhancers in vivo to assess 
their potential as feed additives in the industry.

Essential oils
There is an increasing interest in exploiting natural products as feed additives to manipulate 
enteric fermentation and possibly reduce CH4 emissions from livestock. Essential oils are a type 
of plant secondary compounds that hold promise as natural additives for ruminants. Essential 
oils are any of a class of steam volatile oils or organic-solvent extracts of plants (e.g. thyme, 
mint, oregano, sage) possessing the odour and other characteristic properties of the plant 
(mainly antimicrobial).

The antimicrobial properties of essential oils have been shown through in vitro and in vivo 
studies to inhibit a number of bacteria and yeasts and to control fermentation gases, volatile 
fatty acids, livestock waste odours and human pathogenic bacteria such as Escherichia coli 
0157:H7, Enterococcus faecalis and Salmonella sp. The potential of essential oils for modulating 
the ruminal function on a long term basis has to be evaluated. It is also important to know the 
most effective level of inclusion of essential oils in the diet, as well as the possible adaptation of 
rumen microorganisms to this feed additive.

Genetic Selection
It was observed that Dutch/US cross Holstein cows produced 8-11 % less CH4 (%GEI) than 
New Zealand Friesian cows for about 150 days post calving (Waghorn et al., 2002; Robertson 
and Waghorn 2002). There is current information to breed animals which consume less feed or 
which produce less CH4 per unit of feed through genetic selection. Natural variation among 
animals in the quantity of feed eaten per unit of live weight gain can be exploited to breed 
animals that consume less feed than the unselected population while achieving a desired rate 
of growth. This trait is referred to as the Net Feed Efficiency (NFE) of the animal, and is more 
used in beef production. The NFE of an animal is moderately heritable (h2 =0.39), and is 
independent of the rate of gain.

Selection for high NFE in beef cattle also decreased manure N, P, K, output due to a 
reduction in daily feed intake and more efficient use of feed, without any compromise in 
growth performance. Testing facilities to identify animals with high NFE is currently taking 
place in Canada and in Australia). Selecting animals with high NFE offers an opportunity to  
reduce daily CH4 emissions without reducing livestock numbers. Even if most of the work to date 
have been realised on beef cows, comparable work could be realised in dairy cattle as well.

4.2.3. Methods for Reducing Nitrous Oxide Emissions

Nitrogen is an essential element for the growth of animals.  Nitrogen ingested by the animal is 
converted to protein for body growth and milk production.  Excess nitrogen, and nitrogen from 
the breakdown of body tissue, is excreted in the dung and urine.

During the degradation of dung and urine components, whether in biological treatment 
systems or in the soil converts the nitrogen to the ammonium form and to nitrate. Denitrification 
processes convert nitrate to nitrous oxide (a greenhouse gas) and nitrogen gas. Nitrous oxide 
may also be emitted when the ammonium form of nitrogen is transformed to nitrate (Figure 2).

If nitrous oxide emissions to the atmosphere are to be reduced a number of points where 
intervention can occur can be identified.  These critical areas can be classified as grassland/crop 
management (e.g. if less nitrogen (as fertiliser) is used then less nitrogen will be available for 
later emission), animal manipulation and management and soil management. 

Nitrous oxide measurements from agricultural systems is very difficult.  This is because 
emissions from soil systems are highly variable in both space and time.  This variability is due 
mainly to variations across the landscape including numbers and types of microorganisms, 
substrate for the microorganisms (including organic carbon and nitrate), soil moisture, 
temperature, oxygen level and pH.
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The two main methods of measuring nitrous oxide emissions are chamber methods and 
micrometeorological methods.  In the chamber methods relatively small chambers are placed 
on the soil surface and the increase in nitrous oxide concentration in the chamber is measured 
after a set time.  The nitrous oxide concentration is usually determined by gas chromatography 
using a 63Ni electron capture detector.

Micrometeorological methods integrate emissions over large areas and typically use tuneable 
diode laser detection of nitrous oxide concentration in the air transported into and out of the 
test area or the vertical concentration profile of nitrous oxide in the air.

4.2.3.1. Grassland Management to Reduce Nitrous Oxide Emissions

Improved fertiliser use
The inefficient use of nitrogen by growing plants is the primary reason for high losses of nitrous 
oxide to the atmosphere, and losses of nitrates to ground waters.  If nitrogen applications were 
better matched to plant growth then the efficiency of nitrogen fertilisation would increase and 
nitrous oxide emissions would reduce.

Several methods have been proposed to better match nitrogen supply with nitrogen demand 
(O’Hara et al, 2003).   These methods include:

• Soil and plant testing to determine if adequate nitrogen levels are in the soil and the plant 
requirements.  Any such process requires consideration of all sources of nitrogen to the 
plants and includes mineralization of soil organic nitrogen, inputs from legumes, decompo-
sition of plant residues, manure, nitrogen containing wastes, nitrogen in irrigation water, 
atmospheric deposition and fertilisers.

• Use of agricultural systems that provide a continuous plant cover with minimal fallow 
periods.  During fallow periods nitrate accumulates in the soil which may subsequently by 
denitrified or leached.

• Application of fertiliser at the time the nitrogen is required (i.e. when plants are in a rapid 
stage of growth).

• The use of slow release or organic fertilisers.
• Reduction of over-fertilisation through nutrient budgeting.
• Precision agriculture techniques where fertiliser application is closely matched to crop, soil 

type topography etc.

Figure 2. Formation of nitrous oxide in soil systems
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Integration of Farm systems
Dairy farming systems rely on the production of a crop and the consumption of that crop by 
dairy cows to produce milk.  Two contrasting systems are used: the extensive grazing system 
where pasture (or crop) is produced and the grazing animals consume the pasture at its 
production site, and where the crop production is separated in both time and space (i.e. the 
barn feeding system typically used in Europe and the USA.

In either system the reuse of manure and urine to fertilise crop production integrates the 
farming system and reduces the potential for nitrous oxide emissions.  The more evenly the 
animal waste materials are applied the lower the risk of losses occurring and the lower the 
nitrous oxide emissions will be. 

Maintaining plant residues on site will also contribute to lowered nitrous oxide emissions, 
particularly where plant residues are burned and will further contribute to nitrous oxide 
emissions.

Reduced compaction and Improved Drainage
The formation of nitrous oxide under anoxic conditions is reliant on low oxygen levels in the 
soil.  Maximum denitrification rates are usually observed when the soil water-filled pore space 
exceeds 90% (O’Hara et al, 2003).  Soil management measures that lower the water-filled 
pore space are therefore effective in reducing denitrification rates, and hence nitrous oxide 
emissions.

Compaction of soils, through vehicle traffic and/or stock reduces the volume of macropores 
in the soil structure reducing the amount of oxygen that is in the soil profile and the amount 
that can be transported into the soil (Saggar et al., 2004). Therefore, measures to reduce 
compaction such as aeration of the soil, reduced vehicle traffic and good stock management 
will reduce nitrous oxide emissions.  Similarly, measures to improve drainage will also reduce 
nitrous oxide emissions.  However, although nitrous oxide emissions may be reduced the 
potential for increased losses of nitrate, particularly to groundwater will then occur.

Better plant cultivars
Breeding high soluble carbohydrate grass cultivars has been suggested as a method of improving 
nitrogen metabolism in animals as dairy cows fed diets containing high sugar grasses excreted 
up to 30% less nitrogen than those animals fed normal diets (IGER, 2005).

4.2.3.2. Improved Animal Management to Reduce Nitrous Oxide Emissions

Reduced Stock Numbers
Nitrous oxide emissions from farm systems result from losses of nitrogen excreted by the 
animals to the atmosphere as nitrous oxide.  Reducing stock numbers would be an effective 
way of reducing nitrous oxide emissions if milk production per animals could be increased, and 
if the amount of nitrogen excreted by the animal remained constant or reduced (O’Hara et al., 
2003).  At this time little is known about the change in nitrogen excretion, and hence nitrous 
oxide emissions, that are associated with increased animal productivity.

Reduced Losses in Excreta
If the amount of nitrogen in the excreta can be reduced, then nitrous oxide losses will also be 
reduced.  Excreted nitrogen represents nitrogen that is not converted into protein or milk and is 
nitrogen that is excess of animal requirements.  Castillo et al. (2001) and Kebreab et al. (2002) 
have shown that reducing the excess nitrogen in the diet of grazing animals will reduce urine 
and faecal outputs of nitrogen.  Therefore, feed rations that closely mimic the energy and 
nitrogen requirements of the animal are likely to produce lowered nitrogen concentrations in 
excreta and lower nitrous oxide emissions.  The use of feed supplements, and carbon rich feed 
(such as maize silage) is one way of achieving this.

Condensed tannins in feeds increase the excretion of nitrogen in the faeces rather than the urine. 
Losses of nitrous oxide from dung is less than that from urine because of the more readily avail-
able forms of nitrogen in urine compared to dung (Saggar et al, 2004). Some crops, such as Lotus 
corniculatus contain naturally high concentrations of tannins (Waghorn and Sheldon, 1977). 
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Off-Wintering of Animals
Nitrous oxide emissions from grazed pasture systems will be greatest when soil oxygen levels 
are low and soil moisture is high (e.g. winter).  Inputs of dung and urine to the soil system 
during this time will increase nitrous oxide emissions.  Wintering of animals in barns, on pads 
or off-farm will reduce nitrous oxide emissions, particularly during winter. 

4.2.3.3. Altered Soil microbiology to Reduce Nitrous Oxide Emissions

Soil pH
The ratio of nitrous oxide to nitrogen gas produced by denitrifying microorganisms and the total 
amount of nitrous oxide produced by denitrification is known to be strongly dependant on pH 
(Focht, 1974).  Clough et al. (2004) found that at field capacity nitrous oxide emissions were 
least when the soil pH was greater than 5.9.  This was achieved by liming of the soil.  

Nitrification and Urease Inhibitors
Nitrification inhibitors, such is dicyanamide (DCD) are well known to block the formation of 
nitrate by nitrifying bacteria (Di and Cameron, 2002).  In these studies DCD applied to pasture 
has been found to reduce nitrous oxide by up to 80%.

 Similarly, urease inhibitors slow the conversion of urea to ammonium nitrogen, retaining the 
nitrogen in the soil for longer.  Since the release of nitrogen from the fertiliser is controlled over 
a longer period of time it is easier to match crop requirements with the formation of nitrate (the 
precursor for nitrous oxide formation under anaerobic conditions) in the soil. 

4.2.4. Methods of Reducing Carbon Dioxide Emissions

On-farm carbon dioxide emissions can be classified as both direct emissions (e.g. from fuel, 
transport etc), and indirect (from the manufacture of inputs to the farm such as fertiliser, 
electricity, refrigerants etc). Many of the processes described earlier in this paper will have a 
flow-on effect to carbon dioxide emissions.  For example, reduced fertiliser use to reduce 
nitrous oxide emissions will result in less carbon dioxide (energy) used in fertiliser manufacture, 
and in lowered on-farm fertiliser spreading costs.

4.3. Integration of Greenhouse Gas Reduction Strategies

Most studies on greenhouse gas emissions have focused on the individual gases rather than the 
total greenhouse gas budget (Saggar et al., 2003). Many of the strategies to reduce greenhouse 
gas emissions described in this paper will also affect the emissions of other greenhouse gases. 
For example, options to improve drainage and reduce soil compaction to reduce nitrous oxide 
emissions from soils will also reduce anaerobic zones within the soils and reduce soil methane 
emissions.  Improved feed formulations will result in reduced methane and often better energy 
to nitrogen balances in the diet. It is important to evaluate greenhouse gas mitigation 
strategies in terms of the total greenhouse gas budget.
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5. Mitigation of Greenhouse Gas Emissions in Manufacturing 
Dairies

R. Bertsch1

Summary

The importance and sources of the Kyoto greenhouse gases in the dairy processing sector are:

1. Carbon Dioxide (CO2): less combustion - energy savings
2. Methane (CH4): no importance
3. Nitrous oxide (N2O): no importance
4. Fluorinated Hydrocarbons CHF3 no importance
5. Per fluorinated Hydrocarbons (CF4) choice of refrigerants, less losses of refrigerants
6. Sulphur hexafluoride (SF6) no importance
In summary it can be concluded that carbon dioxide and perfluorinated hydrocarbons 

are the greenhouse gases that the dairy processing sector can have a significant influence on.

5.1. Carbon Dioxide

Carbon dioxide results from the production of energy from fossil energy sources. Energy is used 
in dairies in different forms depends on the demands of the process.
Usually these are:

• Steam
• Electricity 
• Refrigeration
• Compressed air
The main methods that can be used to reduce the emissions of carbon dioxide are to decrease 

energy consumption or to produce the required energy with a higher efficiency.
More information is available in IDF Bulletin N° 401-2005 “Energy Use in Dairy Processing”.
Energy saving is a big challenge for the future, not only in the field of environmental protection, 

but also for economic reasons because of rising energy costs. 
The effect of energy savings on emissions of carbon dioxide in a German dairy are shown in 

Table 1 and Figure 1.

1 Regierungspräsidium, Konrad-Adenauer-Str. 20, 72072 Tübingen, Germany, e-mail: rainer.bertsch@rpt.bwl.de

Figure 1. Development CO2-Emissions per Unit of Product 1994-2002
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These reductions have been achieved by:
• Conversion from a multistage thermal vapour recompression evaporator to a mechanical 

vapour recompression evaporator
• Utilization of RO processes for pre-concentration
• Optimizing CIP-Processes with new process control systems
Detailed information about energy savings in the dairy industry are given in IDF Bulletin 

N° 401-2005 “Energy Use in Dairy Processing”.
The combustion of fossil energy from different sources causes different specific emissions of 

carbon dioxide (Figure 2).

Table 1. CO2-Reduction in a dairy plant

Input Output

Year Natural gas 
 [Nm3]

CO2-
Emissions 

Gas  
[to]

Fuel HEL 
[kg]

CO2-
Emissions 

Fuel  
[to]

Sum of 
all CO2-

Emissions 
[to]

Year
Whey 

powder 
[to]

Skimmilk 
powder

[to]

Whey- and 
Skimmilk 
powder 

 [to]

1994 8 023 357 15 854 68 871 217 16 072 1994 25 120 2 033 27 153

1995 8 173 920 16 152 99 125 312 16 464 1995 25 711 1 973 27 684

1996 8 811 670 17 412 19 325 61 17 473 1996 30 155 2 717 32 872

1994-
1996 25 008 947 49 419 187 321 591 50 009 1994-

1996 80 986 6 723 87 709

2000 10 564 457 20 876 118 536 374 21 249 2000 40 504 2 735 43 239

2001 11 544 114 22 812 64 987 205 23 016 2001 46 693 1 886 48 579

2002 10 514 366 20 777 61 582 194 20 971 2002 43 263 2 868 46 131

2000-
2002 32 622 937 64 464 245 105 773 65 237 2000-

2002 130 460 7 489 137 949

CO2/Product

Time Period Unit Diference

1994-1996 0.570 100.00% (Base Year)

2000-2002 0.473 82.94%

Reduction: -17.06%

Figure 2. Specific carbon dioxide emissions from different fuels
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The choice of the energy source can considerably reduce the emissions of carbon dioxide 
(Table 2). However, the regional availability of energy sources and the fuel cost must also be 
considered.

Theoretically, the biggest reductions in carbon dioxide emissions can be achieved when it is 
possible to avoid fossil energy sources. 

This requires the utilization of so-called renewable energy sources such as:
1. Geothermal heat
2. Renewable energy fired boiler (wood, waste, straw, organic fuels)
3. Biogas utilisation
4. Wind
5. Photothermic or photoelectric (sources from the sun)
In reality there are only a few examples of renewable energy sources being used in the dairy 

industry.

5.1.1. Geothermal hot water heating

The ground temperature increases with depth from the surface of the earth. This effect can be 
used for power generation (Figure 3).

Table 2. Effects on carbon dioxide emissions from changing fuel (energy) sources

Brown carbon Stone carbon Heavy fuel Light fuel Gas

Brown carbon 0% -16% -29% -34% -52%

Stone carbon +18% 0% -19% -22% -44%

Heavy fuel +40% +19% 0% -7% -33%

Light fuel +52% +28% +8% 0% -28%

Gas +111% +78% +50% +39% 0%

Figure 3. Example of a geothermal hot water heating system
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Thermal energy is difficult to use and boreholes with a 2500 m depth are expensive. The capital 
costs are the dominant cost. Some applications are known in countries with natural sources of 
thermal energy (e.g. Iceland, New Zealand and Japan).

In dairies a higher temperature level is required for processing than for heating of buildings 
and geothermal options are less efficient. 

5.1.2. Renewable energy fired boilers

Trees produce oxygen and sugars from water and carbon dioxide from the atmosphere. Sunlight 
is the energy source for these processes (the process of photosynthesis). The sugars produced 
(glucose) are an energy rich material, which is converted into wood through biochemical proc-
esses. Therefore, wood is effectively stored sun energy. During the combustion of wood only 
the amount of carbon dioxide that was necessary for the tree’s growing cycle is released back 
to the atmosphere. 

The released carbon dioxide is then used by other growing plants. Therefore, wood combustion 
is effectively CO2 neutral.

Wood can be used energetically in different forms (Figure 4).

Wood contains, as its main chemical elements, carbon, hydrogen and oxygen. These elements 
combine to form the main components of wood: lignin and cellulose. When lignin and cellulose 
are burned (oxidized) by the addition of oxygen the main combustion products are carbon 
dioxide and water. In these processes free energy is released as heat.

Wood always contains water in different amounts. The water content has the most influence 
on the calorific value of the wood. The drier the wood the higher the calorific value (Figure 5).

Figure 4. Forms of wood that can ve used as energy sources
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Wood is often used in smaller dairies and sometimes in larger dairies in countries with a 
natural rich source of wood.

Using wood as a fuel is a good solution when the wood is harvested from forest areas with 
reforestation. Rising fossil fuel energy costs makes wood burning economic and a lot of examples 
exist in the dairy industry (Figure 6).

Figure 6. Example of a wood fired boiler house

Figure 7. Example of a big wood fired boiler house
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Other natural sources of biomass fuel that can be used are:
Straw (4 KWh/kg)
Wheat (4,17 KWh/kg)
Rape seeds (6,83 KWh/kg)
These applications are under development and have not yet been used in dairies.

5.1.3. Biogas utilisation 

Biogas is naturally produced in dairy farming in manure fermentation.
This is increasing in importance in some countries. A typical operation is shown in Figure 8.

Figure 8. Typical farm biogas facility
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Fermentation of manure is not very effective for producing biogas (Figure 9) and it is often 
necessary to use co-fermentation with other by-products.

An example of biogas utilisation in a dairy is the anaerobic waste water treatment (Figure 10). 
This technology is well-know in dairy wastewater treatment plants with an high COD/BOD load. 
A new application is the co-fermentation of whey residues. 

An example from a German supplier is shown in Figure 10, 11, 12 and 13, and in Tables 3 
and 4. In a Norwegian dairy, whey residues and waste water enter an anaerobic waste water 
treatment plant. The liquid phase is cleaned, a reduced sludge volume is produced and biogas 
can be used in the processing plant boiler.

Figure 10. Application of anaerobic digestion at a Norwegian dairy

 
UmeåBurträsk

Whey

Whey permeate

Milk residues

Process outflow

To the biogas plant

UF facility
WPC

80

Whey

ROfacility

Table 3. Input flows and COD to the anaerobic plant

Substrate Flow
[m3/a]

Flow
[m3/a]

COD
[kg/m3]

COD
[kg/m3]

Whey 66 000 180.8 51 9 222

Threshold milk 5 200 14.2 77 1 097

Wastewater 328 500 900 1.57 1 413

Whey Burträsk 16 500 45.2 56 2 532

Total: 416 200 1 140.2 12.51 14 264
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Figure 11. Schematic of the anaerobic treatment plant

 

Figure 12. Unit processes in the anaerobic treatment plant
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There are many examples of the application of anaerobic treatment and biogas recovery from 
dairy plants worldwide.  Further information can be given by IDF Bulletin 252-1990 “Anaerobic 
wastewater treatment”.

5.1.4. Wind Power

Wind is a natural energy source produced in the equalization of atmospheric pressure (low and 
high pressure zones). In general, the closer to a coast and the higher above the surrounding 
landscape the turbines are located, the higher the wind energy potential.  A typical wind turbine 
installation is shown in Figure 14.

Figure 13. Photograph of the anaerobic treatment plant

 

Table 4. Treatment efficiency of the anaerobic treatment plant

Parameter Amount [Unit]

Waste water intake 1 100 - 1 700 [m3 d-1]

COD- Inlet 8 500 - 13 500 [mg L-1]

COD- Load 12 500 - 17 500 [kg d-1]

COD-Outlet 1 500 - 1 750 [mg L-1]

COD-Effect 82 - 87 % [%]

Biogas production 5 700 [m3 d-1]

Energy production 35 000 [kWh d-1]
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The energy that can be tapped from the wind is proportional to the cube of the wind speed, so 
a slight increase in wind speed results in a large increase in electricity generation.

A fivefold increase in rotor diameter (from 10 meters on a 25-kW turbine like those built in 
the 1980s to 50 meters on a 750-kW turbine common today) yields a 55-fold increase in yearly 
electricity output, partly because the swept area is 25 times larger and partly because the tower 
height has increased substantially, and wind speeds increase with distance from the ground.

Advances in electronic monitoring and controls, blade design, and other features have also 
contributed to a decrease in cost. Table 5 shows how a modern 1.65-MW turbine generates 120 
times the electricity at one-sixth the cost of an older 25-kW turbine.

Wind power is rarely used in dairy manufacturing because electricity is always needed, not 
only on windy days. Therefore, additional power plants are necessary and this makes the 
equipment expensive. However, the proportion of wind power generated for national grids is 
increasing and this change in national energy balances also benefits the dairy industry.

Figure 14. Example of wind power turbines

Table 5. Comparison of turbine energy output and costs- 1981 and 2000

 1981 2000

Rated Capacity 25 kW 1 650 kW

Rotor Diameter 10 meters 71 meters

Total Cost ($000) $ 65 $ 1 300

Cost per kW $ 2 600 $ 790

Output, kWh/year 45 000 5.6 mollion
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5.1.5. Photothermic or Photoelectric Power (Sources from the sun)

All renewable energy sources ultimately originate from energy from the sun. Direct utilization of 
the sun’s energy is possible with photothermic systems. Warm water is effectively produced by 
warming effect of the sun’s rays.  A dual solar/boiler hot water system is shown in Figure 15. 

This application is recommended for small dairies in areas with high sunlight hours.  In bigger 
dairies it is oftern better to utilise waste heat for warm water heating. Also, for large installations, 
investment costs are relatively high.

The photoelectric process is the direct production of electricity with solar light (Figure 16 and 17).

Figure 15. A dual solar and boiler hot water heating system
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Figure 16. Schematic showing the generation of electricity from solar energy
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The economics of the solar electric or photovoltaic (PV) system are determined by both the 
capital and operating costs. Capital costs include the initial costs of designing and installing a 
PV system. Operating costs include the costs associated with maintaining and operating the PV 
system over its useful life.

Actual investment costs in Germany are 4000 € per KW PV and electricity costs are about 52 
cent per KWH PV.  Therefore, PV electricity is expensive compared to other energy sources and 
in dairies higher voltages are usually required. In summary, solar electric systems play no role 
in dairy manufacturing.

5.2. Perfluorinated Hydrocarbons

Perfluorinated hydrocarbons are used in refrigeration. Milk processing requires a large amount 
of refrigeration and because of this, dairy refrigeration plants are usually large (Figure 18).

Figure 17. Example of a solar cell plant

 

Figure 18. Electricity consumption in a dairy plant
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Losses of refigerants through leaks and during disassembly of plant are the main causes of 
losses to the atmosphere , rather than use of the refigerants. In the past different laws have 
been introduced to avoid the loss of dangerous gases to protect the ozone layer of the atmos-
phere. One kg of CHF3 has a global greenhouse gas warming potential equivalent to 6.500 kg 
Carbon dioxide.  Therefore, the use of refrigerants such as, for example R12, was prohibited 
and the use of R22 is being phased out.  Up until recently these were the most common 
refrigerants used world wide.   Use of different refrigerants in the German dairy industry is 
shown in Figure 19.

Different refrigerant gases have different ozone destruction potential (ODP) and greenhouse 
gas warming potential (GWP) values (Figure 20). Alternative refrigerants are being developed 
by the chemical industry (e.g. R134a).  Larger refrigeration plants should be run using ammonia 
as the refrigerant gas.  Ammonia refrigeration plants have relatively low energy consumption 
and a very low ODP and GWP.  However, investment costs are higher so the change to ammonia 
plants is only viable for plants larger than 300 KW.

Figure 19. Use of different refrigerants in German dairies
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Figure 20. Ozone destruction potential (ODP) and greenhouse warming factors (GWP) for various 
refrigerants, relative to R11 (ODP=1.-, GWP=1.0)  
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6. Reduction of Ammonia-Emissions at Farm Level – a Decision 
Between Environmental and Animal Protection?

Rudolf Schmidt1, Runa Mosel1

Emissions from agriculture have recently become a matter of increased public interest. Ammonia 
emissions rank among the most important substances polluting the ecosystems. The con-
sequences of ammonia emissions are acidification and eutrophication in soils and waters which 
are difficult to balance and correct in the long-term. 

In 2001, NH3-emissions in Germany amounted to a total of 607 000 tons, with 94.9 % from 
agricultural sources. In other EU-countries, results are similar. Due to the environmental 
pollution which is caused by NH3-emissions, political action was taken at the EU level as well 
as the UN level in order to reduce the atmospherical NH3-emissions. The Geneva Convention on 
Long-range Transboundary Air Pollution of the United Nations (UN) was established in 1999. In 
this so-called multi-component protocol, Germany committed to, among other issues, to reduce 
the emission of NH3 to 550 000 tons by 2010. This represents a reduction of 28 % compared 
to the emission in 1990. In 2000, an EU-regulation on national emission limits for certain air 
pollution concentrations was passed, which also requires the reduction of NH3-emissions. The 
achievement of the national emission ceilings is interrelated with the reduction of NH3-emissions 
from agriculture. 

The main NH3-emissions from agriculture result from animal husbandry (82 %) and the use 
of mineral fertilisers (18 %). The animal NH3-emissions result from cattle (49 %), followed by 
pigs (22 %) and poultry (7 %). With respect to animal husbandry, the highest emissions result 
from the stalls (37 %) and the spreading of manure (39 %).

Emissions from animal husbandry amounted to 610 000 tons NH3 in 1990 (base year) and 
decreased to approximately 466 000 tons NH3 in 1999. This sharp decrease is explained by 
the reduction in livestock numbers in the New Laender (former GDR) between 1990 and 1992. 
Further reductions in livestock numbers all over Germany after 1992 should have decreased 
NH3-emissions even more but they have remained approximately constant since 1995. 

Ammonia emissions from the stall area depend on the animal species, animal productivity, 
stall system and temperature. Reasons why the reduction of livestock numbers have not resulted 
in a reduction of NH3-emissions are, on the one hand, the increasing use of appropriate 
livestock management like loose housing while on the other hand, there is more ammonia 
excreta per animal related to the increasing milk yield. 

Stall-related experiment results for Germany show that the lowest NH3-emissions occur for 
the tethered stalls. In pen barns, NH3-emissions triple. With increasing movement area per 
animal, emissions also increase, as cattle deposit their excrement over a larger surface area. 
An excessive reduction of the movement area or the returning to tethered stalls is, however, 
to be discouraged for reasons of animal welfare. As optimal animal husbandry contributes to 
increasing NH3-emissions, practical options for the reduction of emissions in cattle husbandry by 
stable construction measures are limited. Starting points in animal husbandry are, in the first 
instance, related to good stall hygiene. As a further measure for the reduction of NH3-emissions 
from dairy cattle barns, N-adjusted feeding is possible. However, studies show that the full 
potential for the reduction of emissions by N-adjusted feeding in dairy cattle farming in Germany 
is nearly realised.

Another possible way to reduce NH3-emissions from dairy cattle farming is to increase the 
milk yield. Through this, the NH3-emission per animal increases, but the resulting reduction in 
livestock numbers with constant total milk volume, N-excreta and thus the NH3-emissions are 
reduced per unit of milk produced. 

1 German Farmers Association, Deutscher Bauernverband e.V.,Claire-Waldoff-Str. 7, 10117 Berlin, GERMANY,  
e-mail: R.Schmidt@bauernverband.net
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Especially appropriate technical methods for the reduction of ammonia-emissions from cattle 
are the storage of manure in a basin and the application of the manure to the land as a fertiliser 
replacement. Ammonia emission from the manure basin depends on various factors such as 
animal species, feeding, focusing of production, temperature, period of storage, form of the 
basin and the amount of aeration. 

There is insufficient information on the absolute ammonia-emissions from manure basins 
to deduce absolute emission factors. Average NH3-emissions from cattle husbandry due to the 
open storage of liquid manure, manure and dung can only be partly estimated. Studies or rather 
estimations reveal that the highest NH3-emissions are from dung, followed by open lagoons and 
open liquid manure (note: open liquid manure storage is very rare). Round or deep manure 
basins show the lowest NH3-emissions. Covers on the basins can avoid NH3-emissions nearly 
completely. For cattle manure a hard cover (concrete, tent, plastic), an artificial floating cover 
(chaffed straw) or swimming pool plastic foil are useful measures for the reduction of emissions. 
However, cattle manure generates a natural floating cover normally within 4 to 6 weeks and no 
further reduction effect can be achieved by additional coverage.

The biggest potential for emission reduction lies in the application of fertilisers to the land. 
About 40 % of the entire ammonia-emissions occur after the spreading of sullage, dung and  
especially liquid manure onto land. With dung, emissions of ammonium-N amount to an 
average of 60 to 70 % of the ammonia and are therefore higher than those from spreading 
liquid manure. This is due to the fact that dung, in comparison to liquid manure, cannot drain 
into the ground. However, as there is less ammonium-N in dung compared to liquid manure, 
overall emissions are lower, related to the total-N, than for manure emissions.

Depending on the choice of the speading method, reductions in ammonia-N-emissions of 
between 10 to 90 % are possible. Band-formed application systems like flexible tube application 
systems, fixed application systems and grubbers (field cultivators) are suitable for the reduction 
of ammonia emissions. The reduction potential for a flexible tube application system for cattle 
manure grassland is in the range 10 to 30 %. Fixed application systems show a slightly higher 
reduction potential of 30 to 40 %. However, the most effective and lowest cost method is the 
immediate incorporation of liquid manure and dung into the farmland with a grubber (field 
cultivator). With this application method, ammonia-emissions can be reduced by up to 90 %.
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