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a b s t r a c t 

Dairy farming systems are multifunctional processes that provide milk but also beef, veal and manure. These 
outputs provided by dairy farms are important foods for humans but their production require natural resources 
like water and land, and release emissions to the water and air contributing to climate change. Many studies 
quantified the environmental performance of dairy farms by using a life cycle assessment (LCA) or environmental 
footprint calculation. This study provides a better understanding of how different methodological decisions (e.g., 
the choice of system boundary, GHG metric, allocation procedure for multifunctionality, and multi-environmental 
indicators) influence the environmental performance calculation. From a footprinting point of view, the water 
footprints (WFs) (i.e., green, blue and grey), land footprints (LFs) and carbon footprints (CFs) of milk, beef and 
veal produced in two conventional (Dutch and Spanish) and an organic Dutch dairy system are estimated. Here the 
system boundaries are expanded so calve systems are included. Next, the use of different indicators is discussed, 
e.g., green WFs and the GWP100 or GWP20. The Dutch conventional system has relatively small footprints due to 
high efficiency. Green, blue and grey WFs per kg of milk are 0.62, 0.09 and 0.14 m 

3 . The Spanish system has green, 
blue and grey WFs per kg of milk of 0.67, 0.15 and 0.09 m 

3 ; the Dutch organic system of 0.84, 0.13 and 0.26 m 

3 . 
The Spanish system has the largest LF and CF, caused by feed import from countries with relatively low yields and 
transport greenhouse gas emissions. Dutch systems use more locally produced feed. Due to lower efficiency, the 
organic system has larger footprints than the Dutch conventional system. Expanding system boundaries to include 
calves results in an 8 to 15% CF increase. Green water dominates total WFs, an aspect excluded in LCA studies. 
For grey WFs, earlier studies only included nitrogen. However, if also pesticides would be included, results might 
be less favourable for systems relying on feed crops instead of grasslands. Also, water quality standards influence 
grey WFs. The study emphasizes that indicator choice influences final results. Indicators like animal welfare, 
biodiversity or pesticide use give different outcomes which might be more favourable for organic production. 
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ntroduction 

At present, dairy products have an important contribution to the hu-
an diet, especially in affluent countries, while demand for dairy might

ncrease in the near future in developing countries, e.g., in China [ 1 , 2 ].
airy farm systems require natural resources, like land and freshwater,
hile emitting pollutants, such as greenhouse gasses, to the environment
 3 , 4 ]. In 2006, the FAO has indicated that livestock, including dairy, is
esponsible for 37% of the anthropogenic methane emissions (with 28
Abbreviations: CF, carbon footprint; CH4, methane; CO 2 , carbon dioxide; CO 2e , ca
PCM, fat and protein corrected milk; GWP100, 100 year global warming potentia
ilometre; L, litre; LCA, life cycle analysis; LF, land footprint; m 

2 , square metre; m 

3 , 
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imes the global warming potential (GWP) of CO 2 ), especially from en-
eric fermentation by ruminants, like dairy cows, that also emit most
f the anthropogenic nitrous oxide (with 296 times the GWP of CO 2 ),
ainly from manure. To produce livestock feed, agriculture uses 70%

f available agricultural land, including 33% of the croplands, and 8%
f human blue water use. Moreover, it is an important cause of water
ollution [ 2 ]. In the past decades, the dairy sector made huge efforts to
mprove its environmental sustainability by reducing its contribution to
limate change and other environmental impacts. However, this sector
rbon dioxide equivalent; ES conv, spanish conventional system; FP, footprint; 
l; GWP20, 20 year global warming potential; ha, hectare; Kg, kilogram; Km, 
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s facing external challenges that compromise these efforts. For instance,
lobal milk consumer demand has increased continuously. As a result,
he GHG emissions from this sector have increased by 18% from 2005 to
015, and without the efforts taken by the dairy sector, the GHG emis-
ions would have increased by 38% [ 5 ]). At the dairy farm, the major
ource of GHG emissions is methane (CH 4 ) from enteric fermentation,
hich is responsible for nearly 59% of the GHGs released at the farm.
n-farm feed production contributes to two other important GHG emis-

ions: nitrous oxide (N 2 O) by 20% and carbon dioxide (CO 2 ) by roughly
%. In addition, manure management, which includes manure storage
nd processing, accounts for 4% of the total N 2 O emissions released at
airy farms and 5% of the total CH 4 emissions. To a lesser extent, dairy
arm operations (e.g., milking, lighting, heating, cooling and machin-
ry) and land use change contribute to a lesser extent to the total GHG
missions, being 2% and 1%, respectively [ 5 ]). 

Many studies have quantified these resource needs and emissions, for
xample, using a life cycle assessment (LCA) or environmental footprint
alculation. The first studies applying an LCA approach for agricultural
roducts started in the end of the 20th century [ 6 ] and guidelines for the
ssessment have been developed, e.g., by Guinée et al. [ 7 ]. Since then,
any studies on dairy farm systems used this approach. For example,
ospido et al. [ 8 ] introduced a simplified LCA for milk production in
pain. Many LCA studies on dairy systems have followed since. De Vries
 de Boer [ 9 ], for example, gave a review of 16 LCA studies of dairy pro-
uction systems, indicating a focus on land and energy use, including
limate change, but missing topics like water consumption, eutrophi-
ation and acidification. The review of Baldini et al. [ 10 ] of 44 milk
CA studies published after 2009 has shown that, although guidelines
n LCA’s exist, many LCA studies are still lacking harmonization and
enerate results that are difficult to compare. Between 2009 and 2017,
ost attention went to global warming, eutrophication and acidifica-

ion, while impacts like water use are often lacking an in-depth analysis.
o support comparable environmental analyses related to the dairy sec-
or, the International Dairy Federation (IDF) provides guidelines for the
alculation of, for example, water and carbon footprints based on proto-
ols of the International organization of standardization (ISO) [ 11 , 12 ]. 

The second method to quantify needs of natural resources and pol-
utant emissions is the use of footprints belonging to the footprint fam-
ly, for example, the ecological footprint, green, blue and grey water
ootprint (WF) or carbon footprint (CF) [ 13 ]. The ecological footprint
imed to connect human consumption to land use, including the land
reas needed to take up carbon dioxide emissions, indicating the huge
ressure on available land [ 14 ], followed by the WF [ 15 ]. The first CF
nalyses appeared in 2007 [ 13 ]. For example, the study of Giurco &
etrie [ 16 ], who made a material flow analysis for copper production
iming to decrease CO 2 emissions, used the terminology CF. From then
n, especially the number of CF studies increased, dominating the foot-
rint studies [ 13 ], also indicating the increased importance of global
arming on the policy agenda’s. 

LCA and footprint communities apply different definitions of termi-
ology and system boundaries. For example, the term “water footprint ”
s defined as “volume of freshwater used to produce goods and services ”
n the water footprint community [ 17 ], but as “metric(s) that quantify
he potential environmental impacts related to water ” in the LCA
ommunity [ 18 ]. This difference reflects the conflictive opinions on
hether the water footprint (WF) should be a volumetric or impact-
rientated indicator [ 19 ]. Other differences include the quantification
f green water from precipitation and grey water as an indicator of
ater needs to dilute polluted water. In general, footprint studies

an contribute to a better understanding of consequences of human
onsumption on planetary boundaries, while LCA studies especially
ocus on environmental impacts. Basically, LCA and footprint studies
oth aim to achieve more sustainable production and consumption
long the value chains of products and services and perform the same
uantitative assessment for supply chains. This makes it possible to use
ach other’s quantitative input results. 
2 
Nonetheless, the different methodological decisions made when
nalysing the environmental burden of the dairy sector have a sub-
tantial consequence for the environmental indicator results [ 10 ]. For
nstance, the selected greenhouse gas (GHG) metric has an important
ole. Focusing on the production stage, methane (CH 4 ) is the predomi-
ant GHG in the total CF, and unlike carbon dioxide (CO 2 ) and nitrogen
xide (N 2 O), it is a short-lived gas. When a 100-year Global Warming
otential (GWP100) is employed, it is treated as a long-lived gas. In this
ase, the characterization factor for CH 4 is relatively low at 34 kg CO 2 -
q/kg, but when a 20-year GWP is used, the characterization factor is
6 kg CO 2 -eq/kg [ 20 ]. As this has lately been a matter of controversy,
he GWP ∗ has been developed as an alternate application of the GWP
o capture the disparate effects of the various time-period climate pol-
utants [ 21 ]. In addition, another methodological decision that has a
onsequence for the environmental indicators is the chosen allocation
rocedure. Most studies follow an attributional approach in which the
nvironmental burden of raw milk is attributed to the functional unit
e.g., De Boer et al. [ 22 ]; (Fantin et al. [ 23 ]). However, dairy systems
re multifunctional systems where milk, beef and veal production are in-
erently interconnected. When the assessment focuses only on milk pro-
uction, it neglects the environmental burdens outside the dairy farm
oundaries (i.e., beef and veal from dairy cows and calves). To deal with
his multifunctionality, several authors have used a system expansion
pproach (e.g., Cederberg & Stadig [ 24 ]; Mazzetto et al. [ 25 ]). Finally,
nother point of discussion is the selection of only one environmental
ndicator to assess environmental sustainability, such as the CF that fo-
uses only on climate change, leaving aside other environmental prob-
ems and leading to different conclusions. For instance, when different
roduction systems are compared, the application of several environ-
ental indicators is relevant as it allows a trade-off analysis amongst

ndicators, providing accurate suggestions on the different production
ystems analysed [ 26 ]. Examples of studies that used three indicators
howing differences and trade-offs between livestock production sys-
ems are Ibidhi et al. [ 27 ] who compared the land, water and carbon
ootprint of different production systems of sheep and chicken meat in
unisia, and Guzmán et al. [ 28 ] who did the same for Tilapia production
ystems in Mexico. 

This study aims to provide a better understanding of how differ-
nt methodological decisions (e.g., the choice of system boundary,
HG metric, allocation procedure for multifunctionality, and multi-
nvironmental indicators) influence the environmental performance of
 dairy production system. It analyses the environmental consequence
f one kg of fat-protein corrected milk (FPCM), one kg of dairy cow
eat (beef), and one kg of calf meat (veal) produced in two different
roduction systems (i.e., conventional and organic) using three envi-
onmental indicators, the green, blue and grey water footprints (WFs),
he land footprint (LF) and carbon footprint (CF). The study analysed
hree different dairy systems as case studies: (i) conventional dairy pro-
uction systems in the Netherlands; (ii) conventional dairy production
ystems in Galicia in Spain; and (iii) organic dairy production systems in
he Netherlands. The two research questions are: (i) “What are the land,
ater and carbon footprints of milk, beef and veal from a conventional
airy system in The Netherlands and Spain, and from an organic dairy
ystem in The Netherlands? ” and (ii) “What are the consequences of
hanging the system boundaries and methodological choices in a dairy
ootprint study? ”

The study uses the Netherlands and Galicia in Spain as case study ar-
as, because they are highly productive dairy areas for which informa-
ion is available. The focus of this study is to describe the environmental
ootprints of a complete dairy system that not only consists of a dairy
arm and all its animals (i.e. lactating cows, dry cows, calves), but also
he calve farms where calves are raised for veal. We emphasize that the
ndustrial processes to convert raw milk, and the slaughtering of cows
nd calves, that also have environmental impacts fall outside the sys-
em boundary. For example, it is possible to improve the environmental
mpact of cheese production [ 29 ]. Next, it discusses the use of different
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ndicators and allocation methods generating different outcomes that
nfluence the results. 

ystem analysis 

airy systems 

In general, a dairy system produces raw milk, beef and veal. It in-
ludes different bovine groups: adult dairy cows, juvenile dairy cows
nd calves. An adult dairy cow is a female cow producing milk, calves
re young male or female cows that do not produce any milk. Female
alves grow up to become dairy cows after the juvenile stage. To pro-
uce milk, dairy cows have to give birth every year. The cow generally
ives birth to its first calf at two years of age, followed by four years of
ilk production [ 30 ]. This means that the average dairy cow reaches an

ge of six years before it produces beef. Normally, dairy cows produce
ilk throughout most of the year, i.e. for an average period of 305 days,

lthough some cows produce milk year-round [ 30 ]. 
Artificial insemination initiates the pregnancy of a dairy cow. There-

ore, the gender of the calf is determined beforehand [ 31 ]. The farmer
hoses a male-to-female ratio in such a way that dairy cows are replaced
fter four years of producing milk. Moreover, there is the profitability of
elling the male calves that are worth more than females, because they
roduce more meat, especially when dairy cows are crossbred with beef
ulls [ 32 ]. When born, calves stay on farm for a minimum of two weeks
y law. Then, most male calves leave to calve raising farms, while fe-
ale calves remain. 

airy farms in the Netherlands 

Dairy systems are often located in countries or regions with
avourable weather conditions for grasslands, such as in the Netherlands
r in the North of Spain, since these locations have a rainy climate. The
ain two dairy farm types in the Netherlands are the conventional and

rganic system. A conventional farm focuses on productivity and effi-
iency, the main goal is high milk production at low costs. Dairy cows
ometimes stay indoors, sometimes go out for grazing. Around a third
f the cows stays indoors year-round. If the cows have outdoor pastures,
hey generally have access in spring, summer and autumn [ 30 ]. Organic
airy systems have to adhere to guidelines with a focus on animal wel-
are and low pollution performance from chemical herbicides, pesticides
nd chemical fertilizer [ 33 ]. The costs are higher, but this is offset by a
igher milk price. Dutch organic milk needs an official label, complying
o requirements set by the SKAL Foundation [ 33 ]. 

airy farms in Spain 

Although The Netherlands and Spain are different countries, the
haracteristics of the areas where dairy farms are located are similar.
ost of the Spanish dairy farms are located in the Northwestern region

f Spain, i.e. Galicia, which has a similar climate to The Netherlands.
.g., rainfall and temperatures are comparable [ 34 ]. In Spain, conven-
ional dairy systems dominate and organic milk production is relatively
ow [ 35 ]. 

airy cow feed 

Dairy cow feed consists of roughage and concentrates and is carefully
anaged based on the nutrients cows require in a specific stage of their

ife. Roughage includes mostly grass and maize, while the concentrates
onsist of feed ingredients high in nutrients, such as soybeans [ 36 ]. Feed
equirements differ amongst bovine groups and depend on the nutrient
equirements of the animals, depending on their weight and age [ 37 ].
able I in the supporting information (SI) gives the feed inputs of the
onventional Dutch and Spanish system, and the organic Dutch system.
3 
nvironmental footprints 

The environment footprints relevant for the dairy sector are the
reen, blue and grey water footprint (WF), land footprint (LF) and car-
on footprint (CF). 

reen, blue and grey water footprint 

The WF of a product is defined as the volume of freshwater used
o produce the product, measured over the full supply chain [ 17 ]. The

F includes a blue, green and grey component. The blue WF refers to
onsumed surface and groundwater (known as “blue water ”), while the
reen WF refers to consumed rainwater ( “green water ”) defined as pre-
ipitation on land that does not run off or recharge groundwater but is
tored in the soil or temporarily stays on top of the soil or vegetation.
ventually, this part of precipitation evaporates or transpires through
lants. Green water can be made productive for crop growth (although
ot all green water can be taken up by crops, because there will always
e evaporation from the soil and because not all periods of the year or
reas are suitable for crop growth). The grey WF is determined by the
mount of pollutants released in the different processes in the produc-
ion chain. These pollutants need to be diluted to a level that is safe for
elease in the environment and meets accepted water quality standards.
he grey WF is defined as the volume of water needed to dilute polluted
ater to accepted water quality standards [ 17 ]. A WF is always calcu-

ated for one or multiple products. Therefore, to determine the WF, an
llocation to the product is necessary. 

Dairy systems generate green and blue WFs, because water is needed
or the production of feed (crops and grass) as well as for drinking pur-
oses. This includes the direct WF, which is the water usage on the farm,
nd the indirect WF, which describes the water used in processes off-
arm. In addition, there is an emission of pollutants causing grey WFs. 

and footprint 

The LF of a product refers to the amount of land needed to produce
he product [ 14 ]. It also includes a direct and indirect component. The
irect LF is the land area for on-farm feed production, while the indirect
F refers to the land for the production of feed off-farm. Similar to the
F, allocation of the LF to the products is necessary. 

arbon footprint 

The CF is the output of greenhouse gas emissions, expressed as CO 2 e,
f a product [ 13 ]. The CF of dairy includes the CF of: (i) feed ingredients
elated to agricultural energy use; (ii) N 2 O emissions from fertilizers and
anure; (iii) manure storage; (iv) on-farm electricity use; (v) enteric

ermentation and (vi) transport. Methane emissions can be presented
ia different indicators for its global warming potential (GWP), namely
he 100-year potential (GWP100) and the 20-year potential (GWP20)
 38 ]. Again, it is important to apply an allocation step to the CF data. 

ethods and data 

The calculations of the WF, LF and CF of a conventional and an or-
anic dairy system in the Netherlands and for a conventional dairy sys-
em in Galicia (Spain) is done in two clusters of calculation steps, the
luster of the dairy and the calves system. The dairy system consists of
dult dairy cows, dry cows, female calves and male calves until the age
f two weeks. The calves system consists of the male calves that have
eft the dairy farm at the age of two weeks, and produces veal or beef.
ig. 2 shows a diagram of the two clusters of calculation steps. The first
luster including Step 1 to 6 calculates the footprints of the dairy system,
he second cluster including Step 7 to 11 the footprints of the calves sys-
em. The SI gives the detailed method and data including calculations
nd data sources per step. The first cluster describes the calculation steps
or the WF, LF and CF of the three dairy systems, the second cluster the
alculation steps for the calves system. Each system shows differences
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Fig. 1. A visual representation of the crop (FP[i]1), co-products (FP[i]2) and 
crop residue (FP[i]3). After harvest, a crop and a crop residue are separated. 
The crop can further be processed into different co-products. 
FP[i] includes three different types: FP[i]1, the footprint of a crop, FP[i]2, the 
footprint of a co-product of a crop, and FP[i]3, the footprint of a crop residue. 
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f feed composition and volumes, composition of cows and output vol-
mes. Data on WFs, LFs and CFs of crops are available from different
ources. However, this study argues that also crop residues and crop
o-products have a footprint. Therefore, the study re-allocated the foot-
rints available for crops over crops, residues, and by-products ( Fig. 1 )
dopting the allocation method from Hoekstra et al. [ 17 ], using product
nd value fractions. 

esults 

and footprints 

Fig. 3 a-c shows the on-farm and off-farm land footprint (LF) per
g FPCM (3a), beef (3b) and veal (3c) for the Dutch and Spanish con-
ig. 2. Overview of inputs, outputs and calculation steps of the footprint assessment
lue and grey WFs. 
 ∗ Veal and beef originating from calves that left the farm at two weeks old. 
bbreviations: WF (Water Footprint), LF (Land Footprint), CF (Carbon Footprint), N 

4 
entional and the Dutch organic dairy system. On-farm refers to crops
rown on the farm grounds, while off-farm refers to imported feed in-
redients. 

Fig. 3 a-c shows that the Spanish system has the largest total LF of
ilk, beef and veal, and that most LFs are related to off-farm sources.
he Spanish LF per kg milk is 0.81 m 

2 on-farm, and 1.52 m 

2 off-farm.
n the Dutch systems, the off-farm LF is relatively small. Per kg of milk,
he conventional system has an on-farm LF of 0.95 m 

2 and an off-farm
F of 0.35 m 

2 , while the organic system has a relatively large on-farm
F of 1.24 m 

2 , and 0.68 m 

2 off-farm. Differences between on-farm and
ff-farm LFs for Spain and the Netherlands can be explained by the fact
hat Spanish dairy systems have larger feed imports, e.g., from Thailand,
ndonesia, and Brazil. Spanish dairy feed also contains more concen-
rates than Dutch feed, which are not produced locally. Dutch systems
se more locally grown feed, i.e., roughages and less concentrates. The
rganic system has a relatively large LF, because it has a smaller milk,
eef and veal production. In the Spanish system, the production of veal
s smaller, which results in a larger LF per unit of product. Table IX of
he SI shows all LF data. 

ater footprints 

Fig. 4 a-c gives the green, blue and grey WFs for the Dutch and Span-
sh conventional and the Dutch organic dairy system for milk (4a), beef
4b) and veal (4c). 

The conventional Dutch and Spanish systems show similar total WFs
or milk and beef, with a slightly larger grey WF in the Dutch system
nd a slightly larger blue WF in the Spanish one. However, the green
nd grey WFs of milk and beef of the organic system are larger, because
f lower efficiency. The blue WF is also small, because there is not much
rrigation in the Netherlands. The total WF of the organic Dutch system
s 1.23 m 

3 per kg of FPCM, 43% larger than the total WF of the Dutch
onventional system of 0.86 m 

3 . Blue and green WFs are larger due
o lower efficiency of the organic system. For veal, the Spanish system
hows a relatively large total WF, similar to the WF of the organic sys-
em, because it has a relatively small amount of calves, and thus smaller
 of the dairy system and the calf system. ∗ WF (water footprints) includes green, 

(Nitrogen). 
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Fig. 3. a-c. On and off-farm land footprint per kg fat and protein corrected milk (FPCM) (3a), beef (3b) and veal (3c) for the Dutch and Spanish conventional and 
the Dutch organic dairy system. On-farm refers to crops grown on the farm grounds, while off-farm means that feed ingredients are imported. NL conv is the Dutch 
conventional system, ES conv the Spanish conventional system, and NL org the Dutch organic system. 

Fig. 4. The green, blue and grey water footprints per kg fat and protein corrected milk (FPCM)(4a), beef (4b) and veal (4c) for the Dutch and Spanish conventional 
and the Dutch organic dairy system. NL conv is the Dutch conventional system, ES conv is the Spanish conventional system, and NL org is the Dutch organic system. 
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eal production, increasing WFs. Tables Va-c and Table VIII of the SI
ive the data. 

arbon footprints 

Fig. 5 shows the carbon footprints (CFs) for the Dutch and Spanish
onventional and the Dutch organic dairy system based on two different
alculation methods for methane, the GWP100 (100-year global warm-
ng potential) and GWP20 (20-year global warming potential). 

The selection of the CF assessment method has a large effect on the
Fs. When using the GWP20 method instead of GWP100, CFs more than
ouble. For example, Fig. 5 shows that CFs of the Dutch conventional
ystem increase from 701,000 to 1624,000 kg CO 2 e./year. The Dutch
ystems have a relatively large increase, because methane contribution
s relatively large, while the Spanish system has more non-methane
missions. Fig. 6 shows the annual CFs of the three dairy systems with
wo different system boundaries, with and without the calve system. 

Fig. 6 shows that expanding the system boundary to include the calve
ystem increases the CF. In the Dutch conventional and organic system,
he increase is 12 and 15%, respectively. In the Spanish system, 8%. This
eans that excluding calve systems underestimates CFs of milk and beef.

Fig. 7 a-c shows the contribution of on-farm electricity use, feed pro-
uction and transport, fertilizer application, manure storage, and enteric
ermentation to the CF per kg FPCM (7a), beef (7b) and veal (7c) based
n the GWP100 indicator for the Dutch and Spanish conventional and
he Dutch organic dairy system. 

The CF of the Dutch conventional system is 0.76 kg CO 2 e, of the
panish conventional system 0.94 kg CO 2 e, and of the Dutch organic
ystem 0.95 kg CO 2 e per kg of FPCM. CFs of beef and veal show similar
rends. Fig. 7 a-c shows that CFs of on-farm electricity and fertilizer use
re relatively small. The largest contributor is enteric fermentation. In
5 
he Netherlands, it contributes 71% in the conventional and 73% in
rganic systems to total emissions, followed by a contribution of 10%
y manure storage. In Spain, feed production and transport contribute
ore than in the Netherlands, because Spain imports more feed, while
utch systems have more local feed supply. Table X, XI and XIV of the
I show all results. 

iscussion 

ethodological choices 

To determine the environmental consequences of milk, beef and veal
roduction in dairy systems, this study applied footprint analysis using
Fs, LFs and CFs as indicators, it expanded the system boundary to in-

lude the calve system, and adopted an allocation method from the WF
oncept. This footprint study also used data from LCA studies. Footprint
nalyses and LCA studies share the quantification stage in their assess-
ents [ 19 ], making it possible to apply each other’s data. However, the

ssessment encountered the importance of the system boundary and in-
icator selection, data uncertainties and limitations, and had to make
everal assumptions discussed below. 

ystem boundary 

Dairy production systems are complex with several product out-
uts. The choice of system boundary influences results significantly,
ecause the output of a dairy system not only includes milk, but also
eef, veal and manure that have footprints too. While most earlier stud-
es focused on milk, this study expanded the system boundary and as-
essed the footprints of all outputs. This study took into account that
ale calves leave the farm at two weeks old, and included the calve

ystem into the system boundaries, giving a complete overview of the
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Fig. 5. Carbon footprints for the Dutch and Spanish conventional and the Dutch organic dairy system based on the GWP100 (100-year global warming potential) 
and GWP20 (20-year global warming potential) methods. NL conv is the Dutch conventional system, ES conv the Spanish conventional system, and NL org the Dutch 
organic system. 

Fig. 6. Annual carbon footprints (CFs) for the 
Dutch and Spanish conventional and the Dutch 
organic dairy system with two system bound- 
aries with and without calves leaving the farm 

at two weeks of age. NL conv is the Dutch con- 
ventional system, ES conv the Spanish conven- 
tional system, and NL org the Dutch organic 
system. 
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ootprints of dairy production based on all output products. We showed
hat the expansion of the system boundary increases annual CFs by 8
o 15%. However, it is important to avoid “double counting ” of emis-
ions. For example, emissions included within expanded system bound-
ries might already be accounted for elsewhere. Calves that left the
airy farm move to a different system, the meat industry. This means
hat the footprints of calves might be double counted if a footprint
tudy of the meat industry is carried out. Additionally, the expansion
f the system boundaries makes it hard to compare studies. In order to
ompare results with earlier studies, the calf system must be excluded
gain. 

hoice of indicator 

This study highlights that results depend on methodological choices,
uch as choice of indicator. For water, we included the green and blue
Fs to quantify consumed volumes. Green water is related to precip-
6 
tation and included in WF analyses, but excluded in LCA studies. For
xample, the proposed LCA assessments of Hospido et al. [ 8 ] and of the
nternational Dairy Federation (IDF) [ 11 , 12 ] only take irrigation water
nto account. This means that the relatively large green WFs of graz-
ng systems are not shown in terms of water consumption, but as large
and use. For water pollution we adopted nitrogen pollution from fertil-
zer and manure as an indicator from Mekonnen & Hoekstra [ 39 ]. That
tudy made assessments based on 10% nitrogen losses and water quality
tandards of 10 mg NO 3 –N per litre of water. However, other countries
se other guidelines concerning water pollution. For example, in China,
he standard for nitrogen (N) in surface water is 2 mg/l, which comes
own to 9 mg NO 3 –N/l (State Environmental Protection Administration
f China and General Administration of Quality Supervision, Inspection
nd Quarantine of China, 2002) causing larger grey WFs. Moreover, if
lso other pollutants are taken into account, e.g., pesticides or herbi-
ides, systems applying relatively many chemicals might have relatively
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Fig. 7. a-c. Contribution on-farm electricity use, feed production and transport, fertilizer application, manure storage, and enteric fermentation to the CF per kg fat 
and protein-corrected milk (FPCM) (7a), beef (7b) and veal (7c) based on the GWP100 indicator for the Dutch and Spanish conventional and the Dutch organic dairy 
system. NL conv is the Dutch conventional system, ES conv is the Spanish conventional system, and NL org is the Dutch organic system. 
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arge grey WFs. In addition, other water quality indicators, like biolog-
cal oxygen demand might give other results. 

For land, we expressed footprints in terms of square meters of land,
ot considering land quality aspects. If a distinction had made between
he use of high quality croplands and low quality grasslands, also other
esults would come out. 

For the CFs, the choice of indicator makes a huge difference for the
utcomes. For example, the metric choice for calculating the Global
arming Potential (GWP) of methane, a gas with a high global warm-

ng potential stronger than carbon dioxide. Methane is a short-lived gas,
nd stays shorter in the atmosphere than carbon dioxide, so that the
ffect of methane is strong on a relatively short timescale. Therefore,
he 100-year global warming potential (GWP100) of methane is much
maller than its 20 year-potential (GWP20) [ 20 ]. Probably, the GWP20
s a more accurate metric, but most studies use the GWP100 since it is
idely accepted as the standard. To resolve this, scientists introduced

he GWP ∗ , intending to improve its accuracy [ 21 ]. Therefore, this study
ncluded both the GWP20 and GWP100 metric indicating a CF doubling
or the GWP20, showing the unfavourable contribution of dairy to global
arming. 

The study also showed that the Dutch organic dairy system has
igher footprints than the Dutch conventional system, mainly because
he organic system has a lower efficiency of milk, beef and veal produc-
ion. Since it allocated footprints to the output products, the footprints
re larger when the output is smaller. However, if other factors besides
Fs, LFs and CFs, such as biodiversity, animal welfare, limited pesticide

nd artificial fertilizer use, and more healthy products, were used, the
tudy would generate different outcomes. The footprints therefore do
ot show the complete perspective. 

llocation 

This study allocated the footprints to milk, beef and veal via an eco-
omic allocation, based on their prices and total output adopted from
oekstra et al. [ 17 ]. However, prices fluctuate depending on prices on

he global market. It is possible to allocate based on other factors, like
utritional energy, protein content, or dry mass. Different allocation
ethods also generate different outcomes. 

ssumptions and uncertainties 

The study had to make several assumptions. For example, no data
ere available on calf feed composition, since feed companies treat

his information as a business secret. Therefore, the study assumed that
7 
alves receive the same feed as adult dairy cows but in a smaller quan-
ity, based on their nutritional energy requirements. 

Based on information from [ 30 ], the study assumed that dairy cows
re kept for six years and cows produce milk for four years. However,
ome farmers might choose to keep their cows longer. This results in
 smaller total milk yield, because when dairy cows get older and pro-
uce more calves, milk production declines. Peak production is after
he fourth lactation, then it declines [ 40 ]. Moreover, female calves born
rom a relatively old cow tend to be smaller and produce less milk [ 41 ].
astly, beef production is smaller when cows are kept longer. 

The study adopted data on the WF of crops from Mekonnen & Hoek-
tra [ 39 ] that cover the period 1996–2005. This database is not recent,
ince these data are not easy to calculate. Therefore, the study used data
or the same time period, to match the WF data. For example, data on
rop yields and weight and number of bovines slaughtered. The foot-
rints, therefore, give an indication for the period 1996–2005. Over
ime, yields have improved, and animal weights might have changed.
he results might change by using data that are more recent. 

omparison with other studies 

Our WFs are in line with results from Mekonnen & Hoekstra [ 42 ],
lso because we applied the same data for crops and allocation method,
o that differences originate from feed input and product output. That
tudy gives green, blue and grey WFs for Dutch milk of 0.516, 0.044
nd 0.026 m 

3 /kg milk, and 0.976, 0.154 and 0.181 m 

3 /kg milk for
pain. Our WFs of the Dutch conventional system are slightly larger
han WFs of Mekonnen & Hoekstra, but for the Spanish system our WFs
re smaller. However, a comparison of the Dutch organic milk to the
nicla milk studied by Roibás et al. (2016) shows similar results. 

LFs are relatively large compared to other studies with a LF of 1.30
 

2 /kg FPCM for the Dutch conventional system, 1.93 m 

2 /kg FPCM for
he Dutch organic system and 2.26 m 

2 /kg FPCM for the Spanish system.
’Brien et al. [ 43 ] found a total LF of 0.93 m 

2 /kg FPCM for an intensive
airy farm, and De Boer [ 44 ] a total LF of 0.97 m 

2 /kg FPCM for a con-
entional Dutch system, and 1.18 m 

2 /kg FPCM for an organic system.
n explanation for our relatively large LF could be that data were taken

or the period of 1996–2005, when yields were smaller than today. 
Our results for the Dutch and Spanish conventional and the Dutch

rganic dairy system indicate CFs in between CFs of other studies. This
tudy found a CF of 0.76 kg CO 2 e per kg FPCM for the Dutch conven-
ional, 0.94 for the Spanish conventional, and 0.95 for the Dutch organic
ystem. Some studies give larger CFs. For example, Noya et al. [ 45 ] give
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 CF of 1.32 kg CO 2 e per kg FPCM in Spain, Thomassen et al. [ 46 ] and
homassen et al. [ 47 ] CFs of 1.40 and 1.36, respectively, in the Nether-

ands, while Flysjö et al. [ 48 ] give a CF of 1.00 kg CO 2 e per kg ECM in
ew Zealand and 1.16 kg CO 2 e per kg ECM in Sweden. Other studies
ive a smaller CF. For example, de Léis et al. [ 49 ] found a CF of 0.54 kg
O 2 e per kg ECM in Brazil for an intensive dairy system mainly caused
y small enteric fermentation emissions. 

onclusions 

Green, blue and grey water (WFs), land (LFs) and carbon footprints
CFs) of milk, beef and veal from three dairy systems in Europe, a con-
entional Dutch and Spanish system, and a Dutch organic system differ,
epending on feed use, feed origin and production efficiency. However,
esults also depend on the system boundary and indicator selection.
hanging the traditionally applied system boundary that only includes
he dairy system and include calves that leave the farm at the age of two
eeks increased the total CF by 8 to 15%. Indicator choice also gener-
tes huge differences. If the GWP20 is applied to calculate CFs instead
f the GWP100, CFs double. 

The Dutch conventional system has relatively small footprints com-
ared to the other systems. Its green, blue and grey WFs per kg FPCM
re 0.62 m 

3 , 0.09 m 

3 and 0.14 m 

3 , respectively. The Spanish conven-
ional system shows green, blue and grey WFs of 0.67 m 

3 , 0.15 m 

3 and
.09 m 

3 per kg FPCM. These footprints are relatively large due to feed
mport. The Dutch organic system has larger footprints than the Dutch
onventional system due to its lower efficiency. For the WF, the green,
lue and grey WFs are 0.84 m 

3 , 0.13 m 

3 and 0.26 m 

3 per kg FPCM. The
F of the Dutch conventional system is 1.30 m 

2 per kg FPCM, while the
utch organic system has a LF of 1.93 m 

2 and the Spanish system a LF
f 2.26 m 

2 per kg FPCM. The relatively large Spanish LF is due to large
eed import from countries where yields are lower than in Europe. 

For the CF based on the GWP100, the Dutch conventional system also
hows the smallest footprint of 0.76 kg CO 2 e./kg FPCM, while the Span-
sh conventional and Dutch organic systems have similar CFs of 0.94 and
.95 kg CO 2 e./kg FPCM, respectively. For beef and veal, the Spanish
onventional system has the largest CFs with a relatively large contribu-
ion of methane from enteric fermentation. In addition, there is a large
ontribution of feed production and transport. To make comparisons
ith other studies possible, the study also applied the GWP100. How-

ver, the GWP20 might give a more accurate CF, because the GWP100
oes not properly represent short-lived methane emissions. 

Indicator choice has a large influence on final results. 

eclaration of Competing Interest 

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

ata availability 

All calculations and data sources are available in the Supporting In-
ormation. 

upplementary materials 

Supplementary material associated with this article can be found, in
he online version, at doi:10.1016/j.nexus.2023.100217 . 

eferences 

[1] OECD/FAO. (2022). OECD-FAO agricultural outlook. OECD Publishing, Paris,
France. https://doi.org/10.1787/f1b0b29c-en . 

[2] H. Steinfeld, P. Gerber, T. Wassenaar, V. Castel, M. Rosales, C. De Haan, Livestock’s
long shadow, FAO Agriculture and Consumer Protection Department, Food and Agri-
culture Organization of the United Nations, Rome, Italy, 2006 . 
8 
[3] FAO, The state of the world’s land and water resources for food and agriculture -
systems at breaking point, Synthes. Rep. (2021) 2021, doi: 10.4060/cb7654en . 

[4] J. Poore, T. Nemecek, Reducing food’s environmental impacts through produc-
ers and consumers, Science 360 (6392) (2018) 987–992, doi: 10.1126/science.
aaq0216 . 

[5] Food and Agriculture Organization of the United Nations (FAO), Global Dairy
Platform (GDP). (2019). Climate change and the global dairy cattle sector - The
role of the dairy sector in a low-carbon future. FAO and GDP, Rome, Italy.
http://www.fao.org/3/ca2929en/ca2929en.pdf . 

[6] S.A. Wegener, R. Kleijn, O.M. Meeusen-van, H. Leneman, H.H.W.J.M. Sengers, &
H. van Zeijts (1996). Application of LCA to agricultural products: 1. Core method-
ological issues; 2. Supplement to the LCA guide; 3. Methodological background. In
CML. 

[7] J.B. Guinée, M. Gorrée, R. Heijungs, G. Huppes, R. Kleijn, A. De Koning, L. Van
Oers, A. Wegener Sleeswijk, S. Suh, A.H. Udo de Haes, H. De Bruijn, R. Van Duin,
M.A.J. Huijbregts, E. Lindeijer, A.A.H. Roorda, B.L. Van der Ven, B.P. Weidema,
Handbook on life cycle assessment operational guide to the ISO standards, Int. J.
Life Cycle Assess. 7 (5) (2002) 311–313, doi: 10.1007/BF02978897 . 

[8] A. Hospido, M.T. Moreira, G. Feijoo, Simplified life cycle assessment of gali-
cian milk production, Int. Dairy J. 13 (10) (2003) 783–796, doi: 10.1016/S0958-
6946(03)00100-6 . 

[9] M. de Vries, I.J.M. de Boer, Comparing environmental impacts for livestock products:
a review of life cycle assessments, Livest Sci. 128 (1–3) (2010) 1–11, doi: 10.1016/
j.livsci.2009.11.007 . 

10] C. Baldini, D. Gardoni, M. Guarino, A critical review of the recent evolution of life
cycle assessment applied to milk production, J. Clean. Prod. 140 (2017) 421–435,
doi: 10.1016/j.jclepro.2016.06.078 . 

11] IDFA Common Carbon Footprint Approach For dairy: The IDF Guide to Standard
Lifecycle Assessment Methodology For the Dairy Sector, Bulletin of the Interna-
tional Dairy Federation 479/2015. International Dairy Federation, Brussels, Bel-
gium, 2015, doi: 10.1016/s0958-6946(97)88755-9 . 

12] IDFThe IDF Guide to Water Footprint Methodology For the Dairy Sector, Bullettin
of The International Dairy Federation 486/2017. International Dairy Federa-
tion, Brussels, Belgium, 2017 Retrieved from http://www.ukidf.org/documents/
Bulletin-of-the-IDF-No-486-2017-The-IDF-Guide-to-Water-Footprint-Methodology- 
for-the-Dairy-S.pdf . 

13] D. Vanham, A. Leip, A. Galli, T. Kastner, M. Bruckner, A. Uwizeye, K. van Dijk,
E. Ercin, C. Dalin, M. Brandão, S. Bastianoni, K. Fang, A. Leach, A. Chapagain, M. Van
der Velde, S. Sala, R. Pant, A.Y. Hoekstra, Environmental footprint family to address
local to planetary sustainability and deliver on the SDGs, Sci. Total Environ. 693
(2019) 133642, doi: 10.1016/j.scitotenv.2019.133642 . 

14] M. Wackernagel, R.E. Rees, Our Ecological Footprint: Reducing Human Impact on
the Earth, New Society Publishers, Philadelphia, USA, 1996 . 

15] A.Y. Hoekstra, P.Q. Hung, Virtual water trade: a quantification of virtual water flows
between nations in relation to crop trade, Value Water (11) (2002) . 

16] D. Giurco, J.G. Petrie, Strategies for reducing the carbon footprint of copper: new
technologies, more recycling or demand management? Miner. Eng. 20 (2007) 842–
853, doi: 10.1016/j.mineng.2007.04.014 . 

17] A.Y. Hoekstra, A.K. Chapagain, M.M. Aldaya, M.M. Mekonnen, The Water Footprint
Assessment Manual, Earthscan, 2011, doi: 10.4324/9781849775526 . 

18] International Organization for Standardization (ISO). (2014). ISO 14046 water
footprint - principles, requirements and guidance. https://www.iso.org/obp/ui/en/
#iso:std:iso:14046:ed-1:v1:en . 

19] W. Gerbens-Leenes, M. Berger, J.A. Allan, Water footprint and life cycle assess-
ment: the complementary strengths of analyzing global freshwater appropria-
tion and resulting local impacts, Water 13 (6) (2021) 803 Basel, doi: 10.3390/
w13060803 . 

20] G. Myhre, D. Shindell, F.M. Bréon, W. Collins, J. Fuglestvedt, J. Huang, D. Koch,
J.F. Lamarque, D. Lee, B. Mendoza, T. Nakajima, A. Robock, G. Stephens, T. Take-
mura, H. Zhang, Anthropogenic and natural radiative forcing, in: Climate Change
2013: the Physical Science Basis. Working Group I Contribution to the Fifth Assess-
ment Report of the Intergovernmental Panel On Climate Change, Cambridge Univer-
sity Press, Cambridge, United Kingdom and New York, NY, USA, 2013, pp. 659–740,
doi: 10.1017/CBO9781107415324.018 . 

21] J. Lynch, M. Cain, R. Pierrehumbert, M. Allen, Demonstrating GWP: a means of
reporting warming-equivalent emissions that captures the contrasting impacts of
short- A nd long-lived climate pollutants, Environ. Res. Lett. 15 (2020) 044023,
doi: 10.1088/1748-9326/ab6d7e . 

22] I.J.M. De Boer, I.E. Hoving, T.V. Vellinga, G.W.J. Van De Ven, P.A. Leffelaar,
P.J. Gerber, Assessing environmental impacts associated with freshwater con-
sumption along the life cycle of animal products: the case of Dutch milk pro-
duction in Noord-Brabant, Int. J. Life Cycle Assess. 18 (1) (2013) 193–203,
doi: 10.1007/s11367-012-0446-3 . 

23] V. Fantin, P. Buttol, R. Pergreffi, P. Masoni, Life cycle assessment of Italian high
quality milk production. A comparison with an EPD study, J. Clean. Prod. 28 (2012)
150–159, doi: 10.1016/j.jclepro.2011.10.017 . 

24] C. Cederberg, M. Stadig, System expansion and allocation in life cycle assessment
of milk and beef production, Int. J. Life Cycle Assess. 8 (6) (2003) 350–356,
doi: 10.1007/BF02978508 . 

25] A.M. Mazzetto, G. Bishop, D. Styles, C. Arndt, R. Brook, D. Chadwick, Compar-
ing the environmental efficiency of milk and beef production through life cycle
assessment of interconnected cattle systems, J. Clean. Prod. 277 (2020) 124108,
doi: 10.1016/j.jclepro.2020.124108 . 

26] C.A. Rotz, R.C. Stout, M.A. Holly, P.J.A. Kleinman, Regional environmen-
tal assessment of dairy farms, J. Dairy Sci. 103 (4) (2020) 3275–3288,
doi: 10.3168/jds.2019-17388 . 

https://doi.org/10.1016/j.nexus.2023.100217
https://doi.org/10.1787/f1b0b29c-en
http://refhub.elsevier.com/S2772-4271(23)00047-5/sbref0042
https://doi.org/10.4060/cb7654en
https://doi.org/10.1126/science.\penalty -\@M aaq0216
http://www.fao.org/3/ca2929en/ca2929en.pdf
https://doi.org/10.1007/BF02978897
https://doi.org/10.1016/S0958-\penalty -\@M 6946(03)00100-6
https://doi.org/10.1016/\penalty -\@M j.livsci.2009.11.007
https://doi.org/10.1016/j.jclepro.2016.06.078
https://doi.org/10.1016/s0958-6946(97)88755-9
http://www.ukidf.org/documents/Bulletin-of-the-IDF-No-486-2017-The-IDF-Guide-to-Water-Footprint-Methodology-for-the-Dairy-S.pdf
https://doi.org/10.1016/j.scitotenv.2019.133642
http://refhub.elsevier.com/S2772-4271(23)00047-5/sbref0046
http://refhub.elsevier.com/S2772-4271(23)00047-5/sbref0019
https://doi.org/10.1016/j.mineng.2007.04.014
https://doi.org/10.4324/9781849775526
https://www.iso.org/obp/ui/en/\043iso:std:iso:14046:ed-1:v1:en
https://doi.org/10.3390/\penalty -\@M w13060803
https://doi.org/10.1017/CBO9781107415324.018
https://doi.org/10.1088/1748-9326/ab6d7e
https://doi.org/10.1007/s11367-012-0446-3
https://doi.org/10.1016/j.jclepro.2011.10.017
https://doi.org/10.1007/BF02978508
https://doi.org/10.1016/j.jclepro.2020.124108
https://doi.org/10.3168/jds.2019-17388


S. Bronts, P.W. Gerbens-Leenes and P. Guzmán-Luna Energy Nexus 11 (2023) 100217 

[  

 

 

[  

 

 

[  

 

 

[  

 

 

[  

 

[  

 

 

[  

 

[  

[  

 

 

[  

 

 

[  

 

 

[  

 

 

 

[  

 

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

 

27] R. Ibidhi, A.Y. Hoekstra, P.W. Gerbens-Leenes, H. Chouchane, Water, land and
carbon footprints of sheep and chicken meat produced in Tunisia under different
farming systems, Ecol. Indic. 77 (2017) 304–313, doi: 10.1016/j.ecolind.2017.02.
022 . 

28] P. Guzmán-Luna, P.W. Gerbens-Leenes, S.D. Vaca-Jiménez, The water, energy,
and land footprint of tilapia aquaculture in Mexico, a comparison of the foot-
prints of fish and meat, Resour. Conserv. Recycl. 165 (2021) 105224, doi: 10.1016/
j.resconrec.2020.105224 . 

29] J. Mabrouki, M.A. Abassi, B, Khiari, S. Jellali, A.A., Zorpas, M. Jeguirim.
The dairy biorefinery. Integrating treatment process for Tunesian cheese val-
orization. Chemosphere 293, (2022) 133567. doi: 10.1016/j.chemosphere.2022.
133567 . 

30] L. Moffat, & M. Wenker (2014). Giving milk a good shake: looking at better op-
tions in the way we produce dairy. Eyes on animals, Wageningen/Amsterdam,
the Netherlands. https://www.eyesonanimals.com/wp-content/uploads/2014/11/
Giving-Milk-a-Good-Shake.pdf . 

31] K. McCullock, D.L.K. Hoag, J. Parsons, M. Lacy, G.E. Seidel, W. Wailes, Factors af-
fecting economics of using sexed semen in dairy cattle, J. Dairy Sci. 96 (10) (2013)
6366–6377, doi: 10.3168/jds.2013-6672 . 

32] S. Eriksson, P. Ask-Gullstrand, W.F. Fikse, E. Jonsson, J.Å. Eriksson, H. Stålhammar,
A. Wallenbeck, A. Hessle, Different beef breed sires used for crossbreeding with
Swedish dairy cows - effects on calving performance and carcass traits, Livest Sci.
232 (October 2019) (2020) 103902, doi: 10.1016/j.livsci.2019.103902 . 

33] SKAL (Organic food control organisation). (2022). Certificering (organic control
certification). Retrieved october 28, 2022, from https://www.skal.nl/certificeren/
veehouderij/inspectie/certificering . 

34] Weather & Climate. (2022). Worldwide weather forecasts and climate information.
Retrieved May 10, 2022, from https://weather-and-climate.com/ . 

35] R. Rodríguez-Bermúdez, M. Miranda, I. Orjales, F. Rey-Crespo, N. Muñoz, M. López-
Alonso, Holstein-friesian milk performance in organic farming in north Spain:
comparison with other systems and breeds, Span. J. Agric. Res. 15 (1) (2017),
doi: 10.5424/sjar/2017151-10037 . 

36] M.M. Mekonnen & A.Y. Hoekstra, The green, blue and grey water footprint of crops
and derived crop products. Value of, water research report series no 47, UNESCO-
IHE, Delft, the Netherlands, 2010 http://www.waterfootprint.org/Reports/
Report47-WaterFootprintCrops-Vol1.pdf . 

37] Centraal Veevoeder Bureau (CVB) (Central Feed Agency). (2016). Tabellenboek
veevoeding herkauwers (Tables feed ruminants). CVB series No. 52. Wageningen
livestock research, Wageningen, the Netherlands. file:///C:/Users/user/Downloads/
tabellenboek-veevoeding-herkauwers-2016-def%20(2).pdf. 
9 
38] Intergovernmental Panel on Climate Change (IPCC). (2019). Refinement to the
2006 IPCC Guidelines for National Greenhouse Gas Inventories. Volume 4: Agri-
culture, Forestry and Other Land Use. Chapter 11: N 2 O emissions from managed
soils, and CO 2 emissions from lime and urea application. file:///C:/Users/user/
Downloads/19R_V4_Ch11_Soils_N2O_CO2.pdf. 

39] M.M. Mekonnen & A.Y. Hoekstra (2010). The green, blue and grey water footprint
of crops and derived crop products. Volume 2 appendices. Value of Water Report
Series No. 47. UNESCO-IHE, Delft, the Netherlands. http://www.waterfootprint.
org/Reports/Report47-WaterFootprintCrops-Vol2.pdf . 

40] J. Dickrell, Six degrees of separation, DairyHerd Manag. (2016) Retrieved
from https://www.dairywellness.com/pdfs/dhm_six-degress-of-separation_dairy-
financial-drivers.pdf . 

41] D.L. Lubritz, K. Forrest, O.W. Robison, Age of cow and age of dam effects on
milk production of Hereford cows, J. Anim. Sci. 67 (10) (1989) 2544–2549,
doi: 10.2527/jas1989.67102544x . 

42] M.M. Mekonnen & A.Y. Hoekstra (2010). The green, blue and grey water footprint
of farm animals and animal products. Volume 2 appendices. Value of Water Report
Series No. 48. UNESCO-IHE, Delft, the Netherlands. 

43] D. O’Brien, L. Shalloo, J. Patton, F. Buckley, C. Grainger, M. Wallace, A life cycle
assessment of seasonal grass-based and confinement dairy farms, Agric. Syst. 107
(2012) 33–46, doi: 10.1016/j.agsy.2011.11.004 . 

44] I.J.M. De Boer, Environmental impact assessment of conventional and organic
milk production, Livestock Prod. Sci. 80 (1–2) (2003) 69–77, doi: 10.1016/S0301-
6226(02)00322-6 . 

45] I. Noya, S. González-García, J. Berzosa, F. Baucells, G. Feijoo, M.T. Moreira, Envi-
ronmental and water sustainability of milk production in Northeast Spain, Sci. Total
Environ. 616–617 (2018) 1317–1329, doi: 10.1016/j.scitotenv.2017.10.186 . 

46] M.A. Thomassen, K.J. van Calker, M.C.J. Smits, G.L. Iepema, I.J.M. de Boer, Life
cycle assessment of conventional and organic milk production in the Netherlands,
Agric. Syst. 96 (1–3) (2008) 95–107, doi: 10.1016/j.agsy.2007.06.001 . 

47] M.A. Thomassen, M.A. Dolman, K.J. van Calker, I.J.M. de Boer, Relating life cycle
assessment indicators to gross value added for Dutch dairy farms, Ecol. Econ. 68
(8–9) (2009) 2278–2284, doi: 10.1016/j.ecolecon.2009.02.011 . 

48] A. Flysjö, M. Henriksson, C. Cederberg, S. Ledgard, J.E. Englund, The impact of
various parameters on the carbon footprint of milk production in New Zealand and
Sweden, Agric. Syst. 104 (6) (2011) 459–469, doi: 10.1016/j.agsy.2011.03.003 . 

49] C.M. de Léis, E. Cherubini, C.F. Ruviaro, V. Prudêncio da Silva, V. do Nasci-
mento Lampert, A. Spies, S.R. Soares, Carbon footprint of milk production in
Brazil: a comparative case study, Int. J. Life Cycle Assess. 20 (2015) 46–60,
doi: 10.1007/s11367-014-0813-3 . 

https://doi.org/10.1016/j.ecolind.2017.02.\penalty -\@M 022
https://doi.org/10.1016/\penalty -\@M j.resconrec.2020.105224
https://doi.org/10.1016/j.chemosphere.2022.133567
https://www.eyesonanimals.com/wp-content/uploads/2014/11/Giving-Milk-a-Good-Shake.pdf
https://doi.org/10.3168/jds.2013-6672
https://doi.org/10.1016/j.livsci.2019.103902
https://www.skal.nl/certificeren/veehouderij/inspectie/certificering
https://weather-and-climate.com/
https://doi.org/10.5424/sjar/2017151-10037
http://www.waterfootprint.org/Reports/Report47-WaterFootprintCrops-Vol1.pdf
http://www.waterfootprint.org/Reports/Report47-WaterFootprintCrops-Vol2.pdf
https://www.dairywellness.com/pdfs/dhm_six-degress-of-separation_dairy-financial-drivers.pdf
https://doi.org/10.2527/jas1989.67102544x
https://doi.org/10.1016/j.agsy.2011.11.004
https://doi.org/10.1016/S0301-\penalty -\@M 6226(02)00322-6
https://doi.org/10.1016/j.scitotenv.2017.10.186
https://doi.org/10.1016/j.agsy.2007.06.001
https://doi.org/10.1016/j.ecolecon.2009.02.011
https://doi.org/10.1016/j.agsy.2011.03.003
https://doi.org/10.1007/s11367-014-0813-3

	The water, land and carbon footprint of conventional and organic dairy systems in the Netherlands and Spain. A case study into the consequences of ecological indicator selection and methodological choices
	Introduction
	System analysis
	Dairy systems
	Dairy farms in the Netherlands
	Dairy farms in Spain
	Dairy cow feed
	Environmental footprints
	Green, blue and grey water footprint
	Land footprint
	Carbon footprint


	Methods and data
	Results
	Land footprints
	Water footprints
	Carbon footprints

	Discussion
	Methodological choices
	System boundary
	Choice of indicator
	Allocation

	Assumptions and uncertainties
	Comparison with other studies

	Conclusions
	Declaration of Competing Interest
	Supplementary materials
	References


