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• LCA on dairy farms highlights factors 
affecting environmental impact and 
profits.

• Increasing share of dairy cows reduced 
GHG, N and E intensities, and land use.

• Increasing N fertiliser per ha increased 
GHG, N and E intensities.
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A B S T R A C T

Context: Dairy farming contributes approximately 2.5 % of annual global anthropogenic greenhouse gas (GHG) 
emissions, necessitating effective mitigation strategies. Two approaches are often discussed: low-intensity, low- 
cost production with minimal reliance on purchased inputs; and high-intensity production with higher-yielding 
cows to reduce land use and reduce methane emissions per unit of milk.
Objective: The objective was to identify management factors and farm characteristics that explain variations in 
GHG emissions, environmental, and economic performance. Indicators included were GHG emissions, land use 
occupation, energy intensity, nitrogen intensity, and gross margin.
Methods: Life Cycle Assessment (LCA) was used to calculate the environmental impacts for 200 commercial dairy 
farms in Central Norway based on farm activities, purchased inputs, machinery, and buildings from 2014 to 
2016. A multiple regression analysis with backward elimination was conducted to highlight important variables 
for environmental impact and economic outcome.
Results and conclusions: A higher share of dairy cows was found to be the most important factor in reducing GHG 
emissions, energy and nitrogen intensity, and land use but also to decrease gross margin. Additional key factors 
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for reducing environmental impact included less purchased nitrogen fertiliser, and higher forage yield. There 
were no statistical correlations between GHG emissions and gross margin per MJ of human-edible energy 
delivered.
Significance: Conducting LCA for many dairy farms allows to highlight important factors influencing environ
mental impact and economic outcome. Using the delivery of human-edible energy from milk and meat as a 
functional unit allows for a combined evaluation of milk and meat production on a farm.

1. Introduction

Dairy farming contributes approximately 2.5 % of the annual global 
anthropogenic greenhouse gas (GHG) emissions (IPCC, 2021). De
mographic, socio-economic and political factors influence farmers' 
adaptability to climate change (Dang et al., 2019), which impacts their 
long-term economic performance and livelihoods.

The discourse on GHG mitigation on dairy farms mainly presents two 
approaches, often framed as the “land share” vs. “land spare” debate. 
The land share approach proposes low-intensive and low-cost methods 
like pasture-based systems with minimal reliance on purchased inputs 
(Basset-Mens et al., 2009; Casey and Holden, 2005). This approach 
potentially reduces the competition between ruminant feed and human 
food production, particularly when feed is produced in areas unsuitable 
for direct food production (Rouillé et al., 2023). However, these systems 
may increase enteric methane emissions per cow and the demand of 
agricultural area due to lower milk yields (Beauchemin et al., 2009). 
Conversely, the land spare approach favours high-intensity production 
with higher-yielding cows, which reduces methane emissions per unit of 
milk (Capper et al., 2009) and subsequently lowers land use. Using more 
concentrates in the feed ration also alters enteric fermentation, leading 
to lower methane emissions per unit of energy fed, although it increases 
emissions from manure storage (Crosson et al., 2011; Kristensen et al., 
2011).

Life Cycle Assessment (LCA) has been utilized widely to evaluate 
dairy farm production (e.g. Cederberg and Mattsson, 2000; Haas et al., 
2001). The method accounts for environmental and climatic implica
tions across the product life cycle. GHG emissions are estimated for a 
100-year Horizon using the metric for Global Warming Potential 
(GWP100) with factors for CO2-equivalents from the fourth (AR4) and 
sixth assessment report (AR6) from IPCC (2007, 2021), and one for 
Global Temperature Change Potential (GTP100), described by IPCC 
(2021). GWP100 expresses the energy from solar radiation the different 
gasses trap in the atmosphere over a century relative to 1 kg CO2 as kg 
CO2-equivalent. In the sixth IPCC report, the CO2-equivalent for non 
fossil methane were raised from 25 in the fourth report to 27.2 CO2- 
equivalents, while for nitrous oxide it was lowered from 298 to 273 CO2- 
equivalents. GTP100 was introduced as a metric in the sixth assessment 
report (IPCC, 2021), describing the impact of climate gases over a cen
tury on measured global temperature change caused by different climate 
gases. The CO2-equivalents for GTP100 are for non fossil methane 4.7 and 
for nitrous oxide 223 (see Table 2).

Indicators for GHG emissions, energy (E) intensity, nitrogen (N) in
tensity, and land use occupation are highly relevant for todays' climatic 
and environmental threats (Richardson et al., 2023) and can be calcu
lated from dairy farm accounts and herd records. The impact of energy 
use is indirect and stems from the environmental burdens from the use of 
fossil fuels or renewable energy. It is not possible to quantify the total 
impact of energy intensity exactly with the present data. Gross margin 
has been chosen as a proxy for economic sustainability of the farm 
production. These factors are influenced by various management factors 
(Asgedom and Kebreab, 2011; Jayasundara et al., 2019; Kiefer et al., 
2014; O'Brien et al., 2015; Flaten et al., 2019). The management factors 
encompass purchased inputs, farm characteristics, soil and climatic 
conditions, and farming systems such as organic or conventional man
agement. In this study we used the term management factors and farm 
characteristics to denote all these factors. Previous environmental and 

economic assessments of dairy farms often involve small samples sizes 
which differ in their economic considerations or apply few environ
mental impact categories. Such broad investigations as the present one 
have only to a limited degree been carried out at Norwegian farms. 
These limitations are likely due to the challenges associated with col
lecting and analyzing data from the large number of farms required to 
conduct comprehensive LCAs and economic assessments. Most Norwe
gian dairy farms are dual purpose, focusing on both dairy and beef 
production using the Norwegian Red cattle breed, though the emphasis 
on beef production varies (Norwegian Dairy Herd Recording System, 
TINE, 2024).

Analyzing a larger number of farms can provide valuable insights 
into cost-effective strategies for reducing environmental and climatic 
impacts. To mitigate the influence of conditions from a single year of 
production, three years of data from 200 commercial Norwegian dairy 
farms were utilized. The objective was to identify management factors 
and farm characteristics that explain variations in GHG emissions, 
environmental and economic performance. The indicators included 
GHG emissions (GWP100-AR4, GWP100-AR6, and GTP100-AR6), land use 
occupation, energy intensity, N intensity, and gross margin. Addition
ally, we aimed to identify the level of impact, synergies and trade-offs 
between farm management practices and environmental and economic 
performance.

2. Materials and methods

2.1. Farm data

Production data from farms in central Norway were obtained from 
the Norwegian Dairy Herd Recording System collected by the dairy 
cooperative's (TINE) Advisory Service (TAS) for the calendar years 2014 
to 2016. The studied farms are in the counties of Møre og Romsdal and 
Trøndelag between 62◦ and 64◦N. In this region, the average temperature 
in January is − 2 ◦C near the coast and − 10 ◦C in inland areas and in July 
14 ◦C near the coast and 10–15 ◦C in inland areas, respectively. The 
mean annual precipitation ranges from 1000 mm to 2000 mm near the 
coast and 800 mm to 1000 mm in inland areas, mainly evenly distrib
uted through the year (Dannevig, 2020, 2019).

In central Norway, 200 of the 345 farms participating in TAS's pro
gram to monitor farm economic performance were selected based on 
consistency of data across three years. The criteria included the invari
ability of farm area, herd size, milk quota, milking system, and housing 
system. The farms are located in four different regional deficiency 
payment zones, depending on differences in altitude, local climate, and 
soil conditions, potentially impacting yield levels.

2.1.1. Farm area
Dairy farm agricultural area (DF) includes arable land and perma

nent pasture. Free rangeland in mountain or forest areas, used solely for 
grazing, can contribute to the feed supply but is not included in the 
agricultural land calculated in this study because the free rangeland 
area, grazed by the animals, is hard to define and there are large vari
ations in feed availability. While free rangeland was not included as 
farm area, feed intake from these areas was estimated based on feed 
demand, allowing to calculate climate gas emissions from digestion and 
excretion of faeces and urine.

Off-farm area refers to agricultural land on other farms used to 
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produce forage or ingredients for concentrates or to raise cattle imported 
by the dairy farm. The dairy system agricultural area (DS) includes the 
off-farm area. In this research, land use occupation for the dairy system 
includes the off-farm and dairy farm areas.

In the region covered by this study, dairy cows typically graze for a 
maximum of three months, while heifers graze for up to four months 
annually. Otherwise, the animals stay inside the barn due to the climate 
conditions at the farm, where they are mostly fed silage and purchased 
concentrates. During late autumn, early spring, and winter months, 
plant production is limited or not possible at the investigated farms. On 
the farm's arable land, grass and grass-clover leys are cultivated. Occa
sionally, cereals are used as a cover crop when establishing new leys and 
harvested as whole crop silage. As a cover crop grain is used to suppress 
weed growth. In such cases, grain is harvested at the early heading stage 
as a whole crop and ensiled. Depending on the individual structure of 
each dairy farm, animals are fed forages on arable land, such as pre
served forage from temporary grasslands and whole crops, preserved 
forage from permanent grasslands, and grazed forage from temporary 
and permanent grasslands as well from rangelands (Fig. 1). When 
housed indoors, the livestock are primarily fed farm-produced silages 
and purchased concentrates.

2.1.2. Production data
There were large variations among the selected farms, in terms of, e. 

g., numbers of dairy cows, milk yield per cow, farm area per cow, and 
purchased inputs such as N fertiliser and concentrates (Table 1). Of the 
200 farms, 185 were managed conventionally and 15 were managed 
organically. Seventy-eight farms had automatic milking systems (milk
ing robots), while 122 had conventional milking systems (parlour or 
pipeline). Eighty-four farms had tie-stall barns and 116 had free-stall 
housing. Most farms, 160 of 200, were single-farm enterprises, while 
40 were joint venture farming operations. Delivered meat included both 
sold live animals and animals sent for slaughter.

2.1.3. Purchased inputs
The farm account data collected by TAS were used alongside annual 

product prices for Norwegian farmers (Hjukse, 2017) to calculate the 
physical amount of purchased inputs. The data on concentrate types 
used at regional level and their composition as well as the origin of the 
different ingredients were obtained from the Norwegian Agricultural 
Purchasing and Marketing Co-operation (Felleskjøpet), both for con
ventional and organic concentrate-types. Basic data and methodology 
for calculation of the environmental impact during production of pur
chased forage, livestock, machinery and buildings were based on data 
from a previous project in the region (Koesling et al., 2017b, 2015). The 
estimated impact per unit of purchase were multiplied with relevant 
units like kg fodder, number of animals, amount of machinery etc. for 
each purchase. Burdens from all raw materials and production of the 
purchase were included. To include the environmental impact of raw 
materials and producing the different ingredients of the purchased fer
tilisers, data from the Norwegian Agricultural Purchasing and Marketing 
Co-operation for the different types of fertilisers sold during the study 
period in the two counties were used.

2.2. Functional unit

The first functional unit (FU) was defined as 2.78 MJ of edible energy 
from milk and meat, delivered at the farm gate (2.78 MJMM). This value 
represents the edible energy content of 1.0 kg of Energy Corrected Milk 
(ECM) (Norwegian Food Safety Authority, 2015) and is equivalent to 
0.42 kg of meat (Heseker, 2013). The FU can be used for any combi
nation of milk and meat delivered at the farm gate (Koesling et al., 
2017b) without needing allocation between them. Sold life animals were 
converted to carcass weight and then to edible energy for inclusion in 
the FU.

The FU reflects the dual-purpose Norwegian Red breed, bred for both 
milk and meat production. It acknowledges that farmers prioritize milk 
or meat based on specific farm factors such as yield, prices of milk and 

Fig. 1. The different areas of the dairy farm and dairy system.
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meat, land availability, and barn space. A fixed allocation factor as 
proposed as one solution by the International Dairy Federation (2010)
would not reflect these differences. The choice of allocation method 
between milk and meat affects the reported emission levels for milk 
(Kristensen et al., 2011).

The entire number (n) of FUs produced on each farm was calculated 
as shown in Eq. (1). 

By dividing the sum of climate gases, energy input, N input, or land 
use occupation - including the values for purchased inputs and gross 

margin - by the number of functional units produced on a farm, the value 
per functional unit is obtained (see Table 3).

Additionally, a second and more commonly used FU was used: 1 kg 
ECM delivered at the farm gate, where only the environmental impact 
allocated to milk was included. This biophysical allocation approach 
allows easier comparison with other studies. The allocation between 
milk and meat was specific for each farm, based on the energy re

quirements for producing milk and meat. Calculations used average net 
energy requirements per animal grouped as calves, heifers, dairy cows, 
suckling cows and bulls, utilizing Norwegian feed requirement data 

Table 1 
Key characteristics of the 200 commercial dairy farms (DF) in the study, average across the years 2014–2016.

Variable Unit Mean SDa CVa Min Max

Animal herd
Milking Cow unitb MCUdairy/farm 36.5 18.7 0.51 9.15 96.5
All cattlec MCUall/farm 56.8 32.8 0.58 13.1 173
Non-dairy cattled MCUcattle/farm 20.4 16.0 0.79 0.30 99.8
Dairy cow share MCUdairy/MCUall 0.67 0.09 0.14 0.33 0.98
Heifers Number 39.9 23.4 0.59 0.95 124
Bulls Number 21.2 24.8 1.17 0.56 154
Stocking density, cows MCUdairy/haDF 1.26 0.34 0.27 0.55 2.56

Animal health
Age cows Months 46.5 3.60 0.08 37.5 57.6
Age at first calving Months 25.6 1.29 0.05 22.7 31.6
Calving interval Months 12.3 0.70 0.05 11 15.4
Replacement rate Share 0.45 0.10 0.22 0.25 0.75
Milk somatic cell count 1000/l 127 27.47 0.22 43.0 194
Days from parturition to last insemination Days 99.6 17.4 0.17 55.2 214

Feeding
Concentrate use, dairy cowse,f MJNEL/MCUdairy 18,900 2900 0.15 8600 24,600
Concentrate use, all cattle MJNEL/MCUall 16,100 2300 0.14 7600 20,700
Forage share in diet, cows MJforage/MJdairy 0.56 0.06 0.10 0.44 0.80
Pasture share in diet, all cattle MJpasture/MJall 0.17 0.08 0.49 0.00 0.39
Pasture share in diet, cows MJpasture/MJdairy 0.08 0.06 0.72 0.00 0.25
Concentrate use MJconcentrates/kg ECM 233 28.2 0.12 123 292

Farm and feed production
Diesel usage litre/haDF 133 53.4 0.40 6.07 325
Electricity per ECM kWh/kg ECM 0.25 0.09 0.36 0.03 0.68
Farm agricultural area ha 46.2 26.6 0.58 12.00 185
Share of arable land haarable/haDF 0.89 0.12 0.13 0.36 1.00
Off-farm areag ha 40.6 26.7 0.66 7.68 157
Fertiliser import, nitrogen kg N/haDF 117 49 0.42 0.00 271
Forage yield MJ/haDF 34,100 7900 0.23 13,600 55,800
Baling by contractor bales/haDF 6.96 8.15 1.17 0.00 34.5

Production and economy
Milk yield produced kg ECM/MCUdairy 8360 846 0.10 5330 10,400
Milk quota 1000 l/farm 280,000 153,000 0.55 72,000 781,000
Milk delivered kg/farm 274,000 153,000 0.56 73,000 756,000
Milk, delivered of total quota Share 0.93 0.04 0.04 0.80 1.06
Milk price NOK/l 5.32 0.22 0.04 47.54 62.28
Regional deficiency payment milk NOK/kg ECM 0.31 0.13 0.42 0.07 0.62
Meat delivered kg/MCUall 137 58.1 0.42 50.9 388
Meat price NOK/kg 47.75 3.87 0.08 47.54 62.28
Regional deficiency payment meat NOK/kg meat 4.42 1.65 0.37 0.00 7.39

a SD: Standard Deviation and CV: Coefficient Variation.
b Milking Cow Unit (MCU) is standardised to an annual NEL (net energy lactation) requirement of 42,000 MJ. For example, this is the energy requirement of a 640 kg 

cow, including foetal growth and the annual production of 7000 kg milk (Benoit and Veysset, 2021).
c The whole herd on each farm is expressed as MCU equivalent.
d Non milking cattle in herd expressed as MCU.
e NEL is Net Energy Lactation in MJ.
f Total concentrate use in relation to dairy cows and all cattle.
g Off-farm area refers to agricultural land on other farms used to produce forage or ingredients for concentrates or to raise cattle imported by the dairy farm (Hjukse, 

2017, 2016).

FU (n) =

(

ECM (kg delivered) × 2.78
(

MJ
kg

))

+

(

carcass (kg delivered) × 6.47
(

MJ
kg

))

2.78 (MJ)
(1) 
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(Breines et al., 2002). Energy requirement for milk production and dairy 
cow maintenance was allocated to milk, while energy for fetal growth in 
cows and heifers during gestation, and for rearing calves and heifers 
needed for replacement, was also allocated to milk. Energy for calves 
and heifers not needed for replacement, as well as for bull-calves, bulls, 
and suckler cows, was allocated to meat.

2.3. Environmental impact

The LCA was conducted using the FARMnor model (Flow Analysis 
and Resource Management for Norway), which was developed to 
calculate the environmental impact of milk and meat production at the 
farm gate based on the Farm model (Schueler, 2019). The model, 
developed and run using the LCA software Umberto (ifu Hamburg, 
2017), allows for an LCA from cradle to farm-gate, adhering to the 
standards ISO 14040 and ISO 14044 (ISO, 2006a, 2006b). The assess
ments included environmental impacts on each farm, from various farm 
activities, purchased inputs, machinery, and buildings, as well as emis
sions from grazing rangeland. Details on calculated emissions, emissions 
factors and equations used in the calculations are given in Supplemen
tary Table A1.

2.3.1. Greenhouse gas emissions
The Global Warming Potential (GWP) and the Global Temperature 

Change Potential (GTP) were calculated using metrics from the Fourth 
(IPCC, 2007) and Sixth Assessment Report (AR) of the Intergovern
mental Panel on Climate Change (IPCC, 2021) for a one-hundred-year 
horizon (Table 2). To refer to the reports and the time-horizon, the re
sults were denoted as GWP100-AR4, GWP100-AR6 and GTP100-AR6.

For each farm, the environmental impact was calculated based on the 
amount of purchased inputs such as diesel, electricity, fertiliser, lime, 
silage foil, chemicals, machinery, buildings, and feed ingredients 
sourced from Norway or other countries. Data from the ecoinvent© life 
cycle inventory (LCI) database version 3.6 (Wernet et al., 2016) were 
used for these inputs. The environmental impact of domestically pro
duced grain used as ingredients in concentrates was also included, based 
on results from (Korsaeth et al., 2012).

The forage intake for the different animal categories (calves, heifers, 
dairy cows, suckling cows and bulls) on each farm was estimated by 
TAS. It was calculated from the total net energy intake requirements for 
maintenance, growth and milk production of the different animal cate
gories with subtraction of net energy intake from concentrates. The 
transport of purchased inputs from their origin to the farm was included 
in the LCA calculations. The amounts of the inputs were calculated on a 
three-year average using annual farm accounting data combined with 
Norwegian annual prices for farmers (Hjukse, 2017) to estimate the 
physical amount of purchased inputs.

In addition to the environmental impact from purchased inputs, on- 

farm emissions were calculated for each farm based on farm-specific 
data. The emission factors used are shown in Appendix Table A1. On- 
farm methane emissions were calculated using a Tier 2 approach with 
a fixed methane energy conversion factor. Results for Norwegian dairy 
cows (Storlien et al., 2014) were used to calculate the emissions based 
on dry matter intake. Enteric methane emissions for various animal 
groups, including dairy cows, suckling cows, calves, heifers, and bulls, 
were calculated based on the average feed demand for animals in each 
group, considering their weight, weight gain and milk yield under 
Norwegian conditions (Breines et al., 2002). From the entire feed de
mand, the amount of purchased concentrates and purchased forage was 
subtracted, and the resulting amount was used to estimate both grazed 
and harvested yields on the dairy farm. Expected dry matter losses from 
gross yield to intake by animals were included as 0.03 for concentrates 
and 0.15 for forage based on Steinshamn et al. (2004).

It was assumed that the soil carbon content was stable on the farms 
because the fields are semi- permanent or permanent grassland (Herron 
et al., 2019), where soil organic carbon decreases after ploughing for 
renewal and increases in years used as meadow. Results for Norway 
show that soil carbon is relatively stable in leys on mineral soils, inde
pendent of renewing interval (Rasse et al., 2019), while there can be 
large soil C losses from peat soil (Grønlund et al., 2008). Plant-available 
N was calculated based on purchased fertilisers, manure, atmospheric 
deposition, biological N fixation, and droppings (Koesling et al., 2017a). 
Farm-specific emissions from plant production, including fertilization, 
diesel combustion, and manure management, were calculated based on 
IPCC (2019) guidelines and ecoinvent© 3.6.

2.3.2. Nitrogen intensity, energy intensity, and land use occupation
Nitrogen (N) intensity was calculated as the sum of N from purchased 

inputs, the N-surplus from the production of purchased feed and live
stock, biological N-fixation, and atmospheric N-deposition, divided by 
the N in delivered milk and meat (kg N/kg N). Purchased inputs 
included concentrates, forage, fertiliser, imported manure, and pur
chased livestock. The N-surplus from off-farm production of forage and 
ingredients for concentrates, as well as for purchased livestock, were 
included as input in the calculations of N-intensity (Koesling et al., 
2017a).

Energy (E) intensity was calculated as the total amount of direct and 
embodied energy, used to produce milk and meat, divided by the 
number of FUs delivered. Embodied energy is the energy which was 
necessary to produce machinery and infrastructure. Energy demand for 
transporting the ingredients was calculated using ecoinvent v3.6, 
considering the varying types of transportation and distances from the 
country of origin to the farmers' reseller in the region.

The land use occupation for the dairy system was calculated as the 
sum of off-farm area and on-farm farm agricultural area (see Fig. 1) 
divided by the number of FUs delivered. In addition, the land use 
occupation of DF and DS area per kilogram ECM was calculated (m2

DF/kg 
ECM and m2

DS/kg ECM).

2.4. Economic calculations

Farm accounting data provided by TAS from 2014 to 2016 were 
utilized to calculate the gross margin in Norwegian kroner (NOK). The 
average exchange rate was 8.7 NOK to 1.0 € for these years. The gross 
margin was derived from total revenues, including income from milk 
and meat and direct governmental payments. Variable production costs, 
such as concentrates, forage cultivation costs (mainly fertilisers, diesel, 
pesticides, and lime), and other variable production costs, were sub
tracted from the total revenue (Steinshamn et al., 2021b) to calculate the 
gross margin. The gross margin was expressed as NOK per number of 
2.78 MJMM delivered, and NOK per MCU.

Table 2 
Emission metrics relative to CO2 as suggested by the IPCC.

Common 
name

Formula Global 
warming 
potential for a 
100-year time 
horizon 
GWP100-AR4

Global 
warming 
potential for a 
100-year time 
horizon 
GWP100-AR6

Global temperature 
change potential 
for a 100-year time 
horizon GTP100-AR6

IPCC (2007) IPCC (2021) IPCC (2021)

Carbon 
dioxide

CO2 1.0 1.0 1.0

Methane 
non 
fossil

CH4 25a 27.2 ± 11 4.7 ± 2.9

Nitrous 
oxide

N2O 298a 273 ± 130 233 ± 110

a No uncertainty range given.
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2.5. Statistical analysis

To assess the influence of farm data uncertainty and the values 
applied in the model's formulas on various impact categories, we con
ducted both sensitivity and uncertainty analysis (Igos et al., 2019). 
These analyses can show possible limitations but also enhance the reli
ability of their findings from this study (Guo and Murphy, 2012). An 
overview of the sensitivity and uncertainty analysis and its results is 
provided in the appendix (Table A2 and Fig. A1).

A multiple regression analysis with backward elimination was con
ducted using the REG procedure of the statistical software SAS (SAS 
Institute, 2013). This analysis aimed to ascertain if a reduced set of in
dependent variables could describe the environmental performance 
with sufficient accuracy (Pascual-González et al., 2015). Variables that 
remained in the model generated F statistics significant at a P < 0.01 cut- 
off. To address skewness in the distribution of the residuals of the linear 
model, GHG emissions, and energy intensity, where transformed using 
Box-Cox with λ = − 1, while land use occupation had an optimum λ =
− 0.25. Gross margin and Nitrogen intensity were transformed using 
log10 transformation. To manage covariation, the Variable Inflation 
Factor (VIF) was assessed, and factors with a VIF higher than five were 
removed. The different variables were ranked based on Squared Partial 
Correlation Type II. The Squared Partial Correlation Type II measures 
the proportion of variance in the dependent variable that is uniquely 
explained by each specific independent variable, after accounting for the 
effects of all other independent variables.

Principal component analysis (PCA) was conducted to examine the 
relationships between the environmental and economic impact cate
gories - including GHG emissions, N intensity, E intensity, agricultural 
land use occupation, and gross margin - and the farm characteristic 
variables identified in the multiple regression. The analysis utilized 
PROC PRINCOM and PRINQUAL in SAS. Biplots were created including 
all variables from the PCA with PC1 and PC2 values serving as the x- and 
y-axis, respectively.

3. Results

3.1. Greenhouse gas emissions, gross margin, energy intensity, nitrogen 
intensity, and land use occupation

The average greenhouse gas (GHG) emission of farms, calculated as 

GWP100-AR4, was 1.4 kg CO2-eq/2.78 MJMM (Table 3). The average es
timate was higher for GWP100-AR6, at 1.52 kg CO2-eq/2.78 MJMM. The 
GTP100-AR6 result were lower (0.83 kg CO2-eq/2.78 MJMM) than the 
estimates based for GWP. This difference was due to lower values for 
CO2 equivalents of non-fossil methane and nitrous oxide (Table 2). The 
gross margin on the farms averaged 5.87 NOK/2.78 MJMM, while the 
average gross margin per dairy cow was 30,427 NOK. The average N 
intensity for the farms was 6.77 kg N/kg N. The energy intensity was, on 
average, 6.33 MJ/2.78 MJMM, and the land use occupation was, on 
average, 2.97 m2

DS/2.78 MJMM delivered. When related to kg ECM 
delivered, the average land use occupation was 1.58 m2

DF/kg ECM and 
2.87 m2

DS/kg ECM.
When emissions from the production and transportation of pur

chased products and on-farm activities were allocated between milk and 
meat, the emissions calculated as GWP100-AR4 were, on average, 1.07 kg 
CO2-eq/kg ECM (Table 4). The lower estimated GHG emissions allocated 
to solely milk can be explained by higher energy demand and thus 
higher GHG emissions from producing edible energy in meat compared 
to milk.

A principal component analysis was performed to examine the 
relationship between environmental indicators and the key variables, 
and a biplot created (Fig. 2 shows a reduced number of variables, Fig. A9 
shows all variables). Component 1 represents the primary direction 
along which the samples show the largest variation (23.4 %), while 
Component 2 represents the second most significant direction (17.7 %). 
Organic farms were clustered together, almost separate from conven
tional farms, and were characterized by lower N intensity (NI) and en
ergy intensity (EI), as well as lower GHG emissions compared to 
conventional farms. GHG emissions, estimated using different IPCC 
metrics (only GWP100-AR6 included in Fig. 2), were positively associated 
with both energy and N intensity (the vectors point in the same direction 
and have similar lengths). Land use occupation (LO) and gross margin 
(GM) were strongly associated but had week correlations with GHG 
metrics and N intensity. The biplot revealed that GHG and N intensity 
were negatively associated with a high proportion of dairy cows in the 
herd, and they had low association with livestock density, concentrate 
use, and milk yield per cow. Organic production was also associated 
with a high share of dairy cows and negatively associated with N 
fertilization, GHG emissions estimated after the different IPCC metrics 
(GWP100-AR4, GWP100-AR6, GTP100-AR6) were strongly and positively 
correlated with both energy and N intensity. Land use occupation 
correlated positively with gross margin. However, gross margin was not 
correlated with the different GHG metrics.

GHG emissions estimated after the different IPCC metrics (GWP100- 

AR4, GWP100-AR6, GTP100-AR6) were strongly and positively correlated 
with both energy and N intensity. Land use occupation correlated 
positively with gross margin. However, gross margin was not correlated 
with the different GHG metrics.

The GHG emissions, N intensity, and E intensity were higher at the 
conventional farms than at the organic managed ones. However, the 
organic managed farms had a higher land use occupation and gross 
margin than the conventional managed farms (Table 5).

3.2. Management factors and farm characteristics affecting 
environmental impact and gross margin

The most significant influence on the gross margin and all environ
mental indicators, excluding N intensity, was the dairy cow share of the 
total cattle herd (Table 6 and Figs. A2 to A8). An increase in the dairy 
cow share was found to reduce GHG emissions but also to decrease the 
gross margin per 2.78 MJMM. For N intensity, dairy cow share had a lower 
contribution compared to purchased nitrogen fertiliser. Increased use of 
purchased nitrogen fertiliser resulted in higher N intensity and was the 
second most important variable for GWP100-AR4, GWP100-AR 6, and 
GTP100-AR6 associated with increased GHG emissions per 2.78 MJMM. 
For E intensity, the positive correlation with purchased nitrogen fertiliser 

Table 3 
Results for the different environmental impact categories GHG emissions, N 
intensity, E intensity, agricultural land use occupation, and gross margin.

Variable Unit Mean Median CVa Min Max

GWP100-AR4 kg CO2-eq/ 
2.78 MJMM

1.40 1.36 0.21 0.66 2.98

GWP100-AR6 kg CO2-eq/ 
2.78 MJMM

1.52 1.48 0.20 0.76 3.22

GTP100-AR6 kg CO2-eq/ 
2.78 MJMM

0.83 0.80 0.24 0.34 1.83

Gross margin NOK/2.78 
MJMM

5.87 5.76 0.15 4.05 8.88

Gross margin NOK/MCUb 30,427 30,258 0.13 20,409 43,609
Energy 

intensity
MJ/2.78 
MJMM

6.33 6.12 0.23 3.35 13.03

Nitrogen 
intensity

kg NDS/kg 
NMM

6.77 6.58 0.20 3.30 12.18

Land use 
occupation

m2
DS/2.78 

MJMM

2.97 2.83 0.21 1.78 6.15

Land use 
occupation

m2
DS/kg ECM 2.87 2.71 0.24 1.69 7.22

Land use 
occupation

m2
DF/kg ECM 1.58 1.47 0.34 0.64 3.53

a CV: Coefficient Variation.
b Milking Cow Unit (MCU) is standardised to an annual NEL feed requirement 

of 42,000 MJ.
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Table 4 
GHG emissions from purchased products and on-farm activities allocated to milk-production per kg ECM and from milk and meat production per 2.78 MJMM, delivered 
at farm gate.

GHG emissions allocated to the production of 1 kg ECM 
delivered at farm gate

GHG emissions to produce 2.78 MJ of edible energy from milk and meat, 
delivered at farm gate

Ratiob

unit for GWP100-AR4 Mean CVa Median Unit for GWP100-AR4 Mean CVa Median

Emissions from purchased products
Purchased silage kg CO2-eq/kg ECM 0.01 1.09 0.01 kg CO2-eq/2.78 MJMM 0.02 1.06 0.01 1.27
Concentrates kg CO2-eq/kg ECM 0.16 0.22 0.16 kg CO2-eq/2.78 MJMM 0.21 0.24 0.21 1.30
Other inputs kg CO2-eq/kg ECM 0.15 0.43 0.14 kg CO2-eq/2.78 MJMM 0.20 0.44 0.19 1.32
Infrastructure kg CO2-eq/kg ECM 0.07 0.31 0.07 kg CO2-eq/2.78 MJMM 0.10 0.28 0.09 1.35
Sum purchased products kg CO2-eq/kg ECM 0.39 0.23 0.39 kg CO2-eq/2.78 MJMM 0.52 0.25 0.50 1.32

Emissions from on-farm activities
Plant production kg CO2-eq/kg ECM 0.22 0.31 0.22 kg CO2-eq/2.78 MJMM 0.28 0.32 0.27 1.28
Manure storage kg CO2-eq/kg ECM 0.04 0.59 0.04 kg CO2-eq/2.78 MJMM 0.05 0.59 0.06 1.28
Animals grazing kg CO2-eq/kg ECM 0.03 1.10 0.02 kg CO2-eq/2.78 MJMM 0.04 0.69 0.04 1.80
Animals in barn kg CO2-eq/kg ECM 0.40 0.12 0.40 kg CO2-eq/2.78 MJMM 0.50 0.16 0.49 1.25
Sum on-farm emissions kg CO2-eq/kg ECM 0.68 0.15 0.68 kg CO2-eq/2.78 MJMM 0.87 0.17 0.85 1.28
Total emissions kg CO2-eq/kg ECM 1.07 0.16 1.07 kg CO2-eq/2.78 MJMM 1.40 0.19 1.36 1.29

a CV: Coefficient of variation.
b Ratio of mean GHG emission as kg CO2-eq/2.78 MJMM to kg CO2-eq/kg ECM.

Fig. 2. Biplot from principal component analysis (PCA) showing the relationship between GWP_6 = Box-cox transformed GWP100-AR6 (CO2-eq/2.78 MJMM), EI =
Box-cox transformed Energy intensity (MJ/2.78 MJMM), NI = Log10 transformed nitrogen intensity (MJ/2.78 MJMM), LO = Land use occupation (m2/2.78 MJMM), 
GM = Log10 transformed gross margin (NOK/2.78 MJMM), Bsys = Barn system (0 = Loose housing, 1 = Tie stall), Msys = Milking system (0 = Automated milking 
systems, 1 = Parlour or pipeline), Cow_F = Milking Cow Unit (MCUdairy/farm), LU_ha = Stocking density, cattle (MCUcattle/haDF), Cow_S = Dairy cow share 
(MCUdairy/MCUall), ECM_C = Milk yield produced (kg ECM/MCUdairy), Part_D = Days from parturition to last insemination, Conc_C = Concentrate use, dairy cows 
(MJ NEL/MCUdairy), Past_P = Pasture share in diet for all cattle (MJpasture/MJtotal), Arable_S = Share of arable land (haarable/hatotal), Yield_ha = Forage yield (MJ/ 
haDF), N_ha = Purchased nitrogen fertiliser (kg N/haDF), Milk_R = Regional deficiency payment for milk (NOK/kg ECM), and Meat_R = Regional deficiency payment 
for meat (NOK/kg meat). The PCA was conducted for the relationship between all environmental indicators and gross margin and all key variables selected by 
multiple regression (see Table 6).
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was ranked lower than for GWP.
Higher levels of forage yield and a greater share of arable land were 

associated with lower GHG emissions per 2.78 MJMM (GWP100-AR4 and 
GWP100-AR6). For GHG emissions calculated by GTP100-AR6, milk yield 
produced per cow was more important than GHG emissions per 2.78 
MJMM calculated by GWP100-AR4 and GWP100-AR6. A higher gross margin 
was associated with a lower dairy cow share and lower concentrate use for 
dairy cows. The regional deficiency payment for milk positively contrib
uted to the gross margin. When a regression analysis was conducted for 
the functional unit of 1 kg ECM delivered, including only GHG emissions 
allocated to milk, the impact of variables on GHG emissions (GWP100) 
changed compared to the results for 2.78 MJMM delivered at farmgate. 
Although the dairy cow share was ranked as the most importance for 
GHG emissions related to 2.78 MJMM, it was not selected as an important 
factor for emissions related per kg ECM delivered. However, the other 
main drivers remained similar in order, as purchased nitrogen fertiliser 
(+0.003, P < 0.001, rank 1), forage yield (− 0.00001, P < 0.001, rank 2), 
and share of arable land (− 0.74, P < 0.001, rank 3) (see appendix 
Table A3).

4. Discussion

4.1.1. Greenhouse gas emissions
The estimated GHG emissions were higher per unit of 2.78MJMM 

than per kg ECM (1.4 CO2-eq/2.78MJMM vs 1.07 CO2-eq/kg ECM) due to 
higher feed conversion efficiency for milk over meat (Alexander et al., 
2016). The average GHG emissions (1.07 CO2-eq/kg ECM) were lower 
than the global average for dairy production (2.4 CO2-eq/kg FPCM, 
FAO, 2010) and within the range of other industrialised countries 
(0.8–1.5 CO2-eq/kg ECM, Wattiaux et al., 2019). Compared to Norwe
gian studies, the estimated GHG emissions in this study were close to 
those reported by Bonesmo et al. (2013), which found 1.02 kg CO2-eq/ 

kg FPCM, and the baseline scenario by Samsonstuen et al. (2024), 
reporting 1.14 kg CO2-eq/kg FPCM. In this study estimated GHG emis
sion per kg ECM were lower than the 1.5–1.6 kg CO2-eq/kg ECM found 
by Roer et al. (2013), modelling three representative Norwegian Dairy 
farms. All the modelled farms investigated by Roer et al. (2013) had 
lower milk yields per cow, and two of the scenarios had higher imports 
of mineral N fertilisers than the average for farms in the current study. In 
addition, the study of Roer et al. (2013) differs from the approach in this 
study by using economic allocation between milk and meat, contrib
uting to higher estimated GHG emissions for milk.

4.1.2. Nitrogen intensity
The N intensity in this study (6.77 kg N/kg N) was comparable to 

Koesling et al. (2017a) for 20 Norwegian dairy farms in the same region, 
reporting values of 7.38 kg N/kg N for conventional and 5.26 kg N/kg N 
for organically managed dairy farms. The N intensity was within the 
higher range reported by Bleken et al. (2005) for European farms 
ranging from 2.7 to 7.0 kg N/kg N. The farms in this study had relatively 
high milk yields compared to European (Eurostat, 2024) and previous 
studies in Norway (e.g. Flaten et al., 2019). The farms imported higher 
levels of N in concentrates and fertilisers, compared to the earlier 
mentioned studies, relative to the milk delivered. Thus, a reduction in N 
intensity may be achieved by extensification, as suggested by Quemada 
et al. (2020). If the path of extensification were followed while main
taining milk and meat yields, external measures are likely needed, such 
as producing high-quality silage and emphasising cow longevity by 
improving reproductive performance (Clasen et al., 2024; Beauchemin 
et al., 2009).

4.1.3. Energy intensity
The E intensity in this study was 6.33 MJ/2.78 MJMM (2.28 MJ 

input/MJ output) and included the energy needed to produce machinery 
and buildings (embodied energy). The results are within the range found 
by Koesling et al. (2017b) for conventional farms (2.6 ± 0.4 MJ input/ 
MJ output) but higher than for organic farms (2.1 ± 0.3 MJ input/MJ 

Table 5 
Results for the different environmental impact categories GHG emissions, N intensity, E intensity, agricultural land use occupation, and gross margin after conventional 
management (n = 185) organic managed farms (n = 15), farms with milking robots (n = 78), conventional milking system (n = 122), tie-stall barns (n = 84), free-stall 
housing (n = 116).

Variable Unit Conventional 
management (n = 185)

Organic 
management (n =
15)

Free-stall 
housing (n =
116)

Tie-stall 
barns (n =
84)

Automated milking 
system (n = 78)

Parlour or 
pipeline (n =
122)

GWP100-AR4 kg CO2-eq/ 
2.78 MJMM

Mean 1.42 0.98 1.39 1.42 1.37 1.42
Median 1.38 1.00 1.37 1.33 1.37 1.35
CVa 0.19 0.16 0.19 0.23 0.15 0.23

GWP100-AR6 kg CO2-eq/ 
2.78 MJMM

Mean 1.55 1.13 1.51 1.53 1.49 1.54
Median 1.50 1.15 1.50 1.45 1.49 1.46
CVa 0.18 0.17 0.17 0.22 0.14 0.22

GTP100-AR6 kg CO2-eq/ 
2.78 MJMM

Mean 0.86 0.49 0.80 0.87 0.80 0.85
Median 0.81 0.50 0.80 0.81 0.80 0.81
CVa 0.21 0.15 0.23 0.26 0.17 0.27

Gross margin NOK/2.78 
MJMM

Mean 30,100 34,400 29,500 31,700 29,000 31,300
Median 30,000 34,600 29,000 31,600 28,700 31,000
CVa 0.12 0.13 0.13 0.12 0.11 0.13

Gross margin NOK/MCUb Mean 5.82 6.50 5.57 6.27 5.36 6.19
Median 5.69 6.62 5.50 6.15 5.30 6.07
CVa 0.14 0.15 0.13 0.14 0.11 0.14

Energy 
intensity

MJ/2.78 
MJMM

Mean 4.10 3.14 3.84 4.29 3.76 4.20
Median 3.91 3.07 3.66 4.12 3.67 3.99
CVa 0.22 0.11 0.21 0.24 0.16 0.25

Nitrogen 
intensity

kg NDS/kg 
NMM

Mean 6.91 5.04 6.56 7.05 6.50 6.94
Median 6.65 5.07 6.36 6.77 6.34 6.67
CVa 0.18 0.17 0.18 0.22 0.14 0.22

Land use 
occupation

m2
DS/2.78 

MJMM

Mean 2.92 3.57 2.82 3.17 2.74 3.11
Median 2.78 3.40 2.71 3.01 2.68 2.99
CVa 0.21 0.14 0.18 0.23 0.16 0.22

a CV: Coefficient Variation.
b Milking Cow Unit (MCU) is standardised to an annual NEL feed requirement of 42,000 MJ.

M. Koesling et al.                                                                                                                                                                                                                               Science of the Total Environment 981 (2025) 179609 

8 



Table 6 
Results from the regression analysis identifying key variables influencing environmental impact and gross margin. The response variables presented in the table were transformed using Box-Cox transformation before the 
statistical analysis. The standard error (SE) is given for each variable inside the brackets.

Variable Unit GWP100-AR4 GWP100-AR6 GTP100-AR6 Gross margin Energy intensity Nitrogen intensity Land use 
occupation

Rankb

CO2-eq/2.78 MJMM CO2-eq/2.78 MJMM CO2-eq/2.78 MJMM NOK/2.78 MJMM MJ/2.78 MJMM kg N/kg N m2/2.78 MJMM

Parametera Rankb Parametera Rankb Parametera Rankb Parametera Ranka, 

b
Parametera Rankb Parametera Rankb Parametera

(SE) (SE) (SE) (SE) (SE) (SE) (SE)

R-squared 0.81 0.8 0.83 0.8 0.86 0.79 0.88
Constant 2.52 *** 2.58 *** 1.28*** 1.19*** 2.39 *** 1.58 *** 1.61 ***

(0.20) (0.18) (0.13) (0.03) (0.07) (0.10) (0.06)
Farming system2 FSorganic/FSall − 0.11 ** 7 − 0.09 ** 8 − 0.20 *** 5 − 0.15 *** 5 0.06 *** 8 0.05 *** 4

(0.03) (0.03) (0.04) (0.02) (0.02) (0.01)
Milking system1 MSparlour+pipeline/ 

MSall

0.02 ** 7 0.01 ** 9
(0.01) (0.004)

Barn system3 BStie stall/BSall − 0.04 ** 9 − 0.06 ** 8
(0.01) (0.017)

Milking Cow Unit4 MCUdairy/farm − 0.001 *** 3
(<0.001)

Stocking density, 
cattle

MCUcattle/haDF − 0.15 *** 6 − 0.05 *** 5 − 0.18 *** 2 − 0.05 *** 7 − 0.008 *** 2
(0.03) (0.01) (0.02) (0.01) (0.007)

Dairy cow share MCUdairy/MCUall
5 − 1.09 *** 1 − 1.07 *** 1 − 1.26 *** 1 − 0.37 *** 1 − 0.65 *** 1 − 0.32*** 2 − 0.387 *** 1

(0.07) (0.06) (0.08) (0.02) (0.05) (0.03) (0.02)
Milk yield produced kg ECM/MCUdairy − 5.2 × 10− 5 

***
6 − 5.4 × 10− 5 

***
5 − 5.3 × 10− 5 

***
3 − 2.8 × 10− 5 

***
8 − 2.4 × 10− 5 

***
4 0.02 *** 3

(<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)
Milk, delivered of 

produced
Share − 0.57 ** 8 − 0.54 ** 7 − 0.24 ** 9 − 0.28 * 7

(0.17) (0.16) (0.08) (0.05)
Parturition to last 

insemination
Days 0.001 ** 10

(<0.001)
Milk somatic cell 

count
1000/l 1.8 × 10− 4 

(<0.001)**
10

(<0.001)
Concentrate use, 

dairy cows
MJ NEL/MCUdairy − 7.0 × 10− 6 

(<0.001) ***
2

(<0.001)
Pasture share in diet 

for all cattle
MJpasture/MJtotal − 0.58 *** 5 − 0.52 *** 6 − 0.20 ** 11 − 0.22 *** 5 − 0.12*** 8

(0.08) (0.08) (0.06) (0.04) (0.03)
Share of arable land haarable/hatotal − 0.44 *** 4 − 0.41 *** 4 − 0.34 *** 4 − 0.22 *** 7 − 0.12 *** 6 − 0.09 *** 6

(0.05) (0.05) (0.06) (0.04) (0.03) (0.02)
Forage yield MJ/haDF − 7.7 × 10− 6 

***
3 − 7.6 × 10− 6 

***
3 − 5.9 × 10− 6 

***
7 1.1 × 10− 6 ** 8 − 3.5 × 10− 6 

***
10 − 3.4 × 10− 6 

***
3 − 2.5 × 10− 6 

***
5

(<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)
Purchased nitrogen 

fertiliser
kg N/haDF 0.001 *** 2 0.002 *** 2 0.003 *** 2 − 2.6 × 10− 4 

***
6 0.001 *** 3 0.002 *** 1

(<0.001) (0.08) (<0.001) (<0.001) (<0.001) (<0.001)

(continued on next page)
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output). The farm
s in this study had a low

er average size concerning 
dairy cow

s, on 36.5 M
CU

dairy per farm
, com

pared to the EU
 average of 

58 dairy cow
s per farm

 in 2020 (EC, 2022), suggesting potential econ
om

ies of scale in reducing E intensity (Kraatz, 2012).

4.1.4.
Land use occupation

The total land use occupation w
as w

ithin the higher range found in 
com

parable regions (Bakken et al., 2017; Cederberg and Flysjö, 2004). 
The average dairy farm

 area w
as 1.56 m

2D
F per kg ECM

 delivered, ac
counting for approxim

ately half of the total land use occupation of the 
dairy system

 (2.87 m
2D

S /kg ECM
). The higher share of off-farm

 area 
suggests greater reliance on purchased feed than found in the earlier 
studies in N

orw
ay and Sw

eden (Bakken et al., 2017; Cederberg and 
Flysjö, 2004). This can be explained by an increase in m

ilk yield per cow
, 

m
ainly driven by the increased proportion of concentrate in the diet 

(TIN
E, 2024).

4.1.5.
G

H
G

 em
issions, nitrogen intensity, energy intensity and land use 

occupation in conventional versus organic production
The G

H
G

 em
issions (CO

2-eq/2.78M
JM

M
), E and N

 intensity, w
ere 

higher at the conventional m
anaged farm

s than at the organic m
anaged 

farm
s. The m

ain reason for the organic farm
s having less environm

ental 
im

pact than the conventional ones w
as the avoidance of N

 fertiliser and 
higher share of dairy cow

s in the herd. Som
e studies report low

er G
H

G
 

em
issions at organic m

anaged farm
s (e.g., Cederberg and M

attsson, 
2000), w

hile others do not find any differences betw
een the tw

o m
an

agem
ent form

s per product unit (de Boer, 2003; Kristensen et al., 2011). 
Sim

ilar G
H

G
 em

issions on organic and conventional m
anaged farm

s, 
despite less purchase on organic farm

s, are often caused by low
er m

ilk 
yields at organic than conventional m

anaged farm
s (e.g., de Boer, 2003). 

The G
ross m

argin w
as low

er for the autom
ated m

ilking system
 than the 

conventional m
ilking system

 w
ith parlour or pipeline.

4.2.
Environm

ental and econom
ic perform

ance

4.2.1.
Environm

ental im
pacts

Increasing the share of dairy cow
s in the herd w

as im
portant in 

reducing G
H

G
 em

issions (if not otherw
ise stated G

H
G

 em
issions are 

stated as kg CO
2 -eq/2.78M

JM
M ), E intensity, N

 intensity, and land use 
occupation. This can be attributed to the higher feed conversion effi
ciency for m

ilk production than m
eat production by cattle (A

lexander 
et al., 2016). Thus, producing higher levels of m

ilk than m
eat reduces 

the im
pact of G

H
G

 em
ission, E and N

 intensities and land use occupa
tion, at least w

ithin the system
 boundaries assessed. H

ow
ever, the share 

of dairy cow
s in the herd w

as not selected as an im
portant variable to 

low
er G

H
G

 em
issions w

hen expressed as kg CO
2 -eq/kg ECM

 (A
ppendix 

Table A
3). The beneficial effect of using m

ore concentrates depends on 
the production of the ingredients and associated clim

ate gas em
issions 

since reduced m
ethane em

ission from
 altered feeding practises and 

increased m
ilk yield can be underm

ined if em
issions related to im

port 
are higher than on farm

 forage production, as show
n by Bakken et al. 

(2017).
H

igher m
ilk yield per cow

 w
as associated w

ith low
er G

H
G

 em
issions, 

E, and N
 intensities and land use occupation per 2.78 M

J of edible en
ergy from

 m
ilk and m

eat, delivered at the farm
 gate. H

igh m
ilk yield, 

w
ith the intake of large am

ounts of dry m
atter per cow

, results in higher 
enteric m

ethane em
issions per cow

 w
hile low

ering the total m
ethane 

em
ission in production of m

ilk and m
eat as relatively less feed is needed 

for m
aintenance (D

ida et al., 2024; Knapp et al., 2014). H
ow

ever, cow
s 

w
ith high m

ilk yields m
ay be m

ore susceptible to diseases like m
astitis 

(G
röhn et al., 2004). A

 consequence of increased frequency of m
astitis is 

that farm
ers need to replace cow

s m
ore frequently to secure production 

and revenue, leading to higher replacem
ent rates. The reduction of the 

proportion of dairy cow
s being replaced after their first lactation 

reduced 
the 

G
H

G
 

em
issions 

observed 
in 

dairy 
farm

 
system

s 
in 

Sw
itzerland (G

randl et al., 2019). Em
issions reduction both w

ithin and 

Table 6 (continued )

Variable Unit GWP100-AR4 GWP100-AR6 GTP100-AR6 Gross margin Energy intensity Nitrogen intensity Land use 
occupation 

Rankb

CO2-eq/2.78 MJMM CO2-eq/2.78 MJMM CO2-eq/2.78 MJMM NOK/2.78 MJMM MJ/2.78 MJMM kg N/kg N m2/2.78 MJMM

Parametera Rankb Parametera Rankb Parametera Rankb Parametera Ranka, 

b
Parametera Rankb Parametera Rankb Parametera

(SE) (SE) (SE) (SE) (SE) (SE) (SE)

Diesel use Litre/haDF 3.8 × 10− 4 

**
11 6.1 × 10− 4 

***
4

(<0.001) (<0.001)
Electricity per ECM kWh/kg ECM 0.30 *** 6

(0.05)
Baling by contractor bales/haDF 0.003 *** 9

(<0.001)
Regional deficiency 

payment for milk
NOK/kg ECM 0.12 *** 4 − 0.11 ** 13

(<0.001) (0.04)
Regional deficiency 

payment for meat
NOK/kg meat 0.01 ** 9 0.008 ** 12

(0.005) (0.003)

Significant level at *** < 0.001; ** < 0.01; * < 0.05.
a Only variables where the parameter estimates with P < 0.01 were included in the final model.
b Ranking is based on Squared Partial Correlation Type II, with first place for highest influence.
1 Milking system: 0 = Automated milking systems (AMS), 1 = Parlour or pipeline.
2 Farming system: 0 = Conventional, 1 = Organic.
3 Barn system: 0 = Loose housing, 1 = Tie stall.
4 Milking Cow Unit (MCU) is standardised to an annual NEL requirement of 42,000 MJ.
5 MCUall is the number of all cattle on the farm expressed as milking cow unit, i.e., the annual total feed requirement in net energy lactation (NEL) in the herd divided by the annual requirement of a standard dairy cow 

set to 42,000 MJ NEL.
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outside the system boundaries may be achieved by balancing a high 
dairy cow share and milk yields per cow with a low replacement rate. 
This can be achieved through measures such as improving animal wel
fare and feed quality, extending the lactation periods, using sex- 
separated semen to control milk vs meat production, and lowering the 
age at first calving (Clasen et al., 2024; von Soosten et al., 2020). Long- 
term genetic selection to increase milk productivity while increasing 
disease resilience, lowering the age at first calving and the replacement 
rate also seems important (Brito et al., 2021).

Choosing between land sparing or land sharing depends on the 
regional conditions for dairy production and the national demand for 
milk and meat. Samsonstuen et al. (2024) modelled future milk pro
duction scenarios in Norway. They found that increasing milk yield 
while meeting the national demand for milk and meat led to a slight 
national decrease in GHG emissions. The reduction in GHG emissions 
was attributed to lower emissions in dual-purpose dairy production 
despite increased emissions from specialized beef production. 
Decreasing the milk yield per dairy cow reduces the feed quality re
quirements in forage production, allowing the use of permanent pasture 
and free rangeland, which are unsuitable for growing food crops. This 
approach can contribute to a higher contribution from on-farm areas, 
which only accounted for about 50 % of the land used per farm in the 
present study. In a regional context, higher use of areas unsuitable for 
growing food crops and less import of concentrates would support the 
land sharing paradigm and improve food security, as production be
comes less dependent on imported inputs at the farm level. Sacrificing 
high milk yield to lower feed quality demand, combined with less land 
use occupation outside the dairy farm, will likely increase GHG emis
sions and on-farm land use.

4.2.2. Effects on gross margin
Increasing dairy cow share in the herd was associated with decreasing 

gross margin. Since most farms in the study were close to filling their 
milk quota (on average with 93 %), farms with surplus areas could fatten 
animals instead of producing more milk and selling off the young stock, 
which may be more profitable. Producing milk instead of rearing young 
stock for beef is more profitable until the quota is reached. In addition, 
exceeding the quota leads to economic penalties, as a levy is imposed on 
each litre of milk produced above the quota (Norwegian Agriculture 
Agency, 2023). Previously, management traits such as implementing the 
automatic milking system (AMS), high beef production per cow, low age 
at first calving, and organic farming practices were found to be the main 
drivers in explaining the difference in revenue efficiency between dairy 
farms (Hansen et al., 2019b). In this study, AMS was associated with 
reduced gross margin relative to other milking systems. Earlier assess
ments of the effect of AMS have shown that dairy farms need at least 35 
to 40 cows to become profitable, with profitability increasing as farm 
size grows (Hansen et al., 2019a). The introduction of AMS has also been 
shown to be profitable after a four-year transition period (Hansen et al., 
2019a). However, as Vik et al. (2019) discussed investments in AMS may 
be motivated by additional factors beyond mere profit, such as 
improving the quality of life of the farmer and their family. The current 
study also showed that higher levels of purchased N fertilisers were 
associated with higher GHG emissions, E and N intensities, and lower 
gross margins. Strategies for better utilisation of cattle manure could 
reduce the need for N fertiliser and serve as an essential measure to 
reduce GHG emissions (Chadwick et al., 2011).

4.2.3. Impact of different estimates of greenhouse gas emission by the 
Intergovernmental Panel on Climate Change

The GHG emissions can be estimated according to different IPCC 
metrics, such as GWP100 and GTP100. The weighting differs for methane 
and for nitrous oxide, roughly 1/5 and 4/5 respectively, in the estimated 
CO2-eq for GTP100-AR6 compared to the two GWP100 impact assessments. 
This difference in weighting has caused some variables to be ranked 
differently by the multiple regression between GTP100-AR6 and the two 

GWP100's impact assessments. For GTP100-AR6, the estimated relative 
importance of milk yield per cow increased for GHG emissions, and the 
importance of forage yield decreased compared to estimates using the 
two GWP100 impact assessment methods. The selection of GTP100-AR6 as 
metrics results in lower CO2-eq from nitrous dioxide and methane on 
climate change and higher importance of CO2 emissions from produc
tion and use of purchased inputs such as diesel and fertiliser, as well as 
from machinery and buildings, when the sum of emissions is lower. The 
farming system had a stronger impact on reducing GHG estimates when 
GTP100-AR6 was used than the two GWP100 indicators. This is probably 
likely a result of the combined effect of higher dairy cow share and lower 
purchased nitrogen fertiliser on organic farms than on conventional 
managed farms, leading to different effects when the weightings of 
methane and nitrous oxide change between the metrics.

4.2.4. Potential improvements between the different impacts investigated
In this study, higher use of concentrates was associated with reduced 

gross margin per product delivered. Using high proportions of concen
trates can be beneficial for increasing milk yields and gross margin (Dida 
et al., 2024). The gross margin depends also on the relative price of 
concentrates to milk and meat, and how efficient on-farm feed is pro
duced. However, reducing the use of concentrates without focusing on 
producing on-farm feed with high digestibility and reducing costs for 
producing on-farm feed is likely to reduce profitability. Therefore, a 
balanced approach considering the economic use of inputs and nutri
tional aspects of feed production is essential for maintaining or 
improving gross margins. In addition, Moitzi et al. (2010) pointed out 
that increasing the forage-to-concentrate ratio will likely improve E 
intensity. Additionally, central Norway's relatively short vegetation 
season and long indoor period contribute to higher energy intensity than 
in other regions of Europe. More resources are needed to obtain suffi
cient forage yields and maintain animals during the long indoor period.

A higher pasture share in the diet for all cattle was beneficial for 
reducing GHG emissions (GWP100), E, N intensities, and land use 
occupation. Increased pasture use contributes to reducing GHG emis
sions because it reduces the need for feed storage capacity, labour, and 
manure handling (Rotz, 2018). Additionally, grazing needs no harvest
ing machinery, thus lowering GHG emissions and E intensity. In the 
study of Shine et al. (2020), pasture-based dairy systems reduced the 
overall energy use per kg ECM by 35 %. In addition, the results from 
O'Brien et al. (2015), found that increasing milk production per ha from 
grazed grass reduced carbon footprint and improved profitability. 
However, the pasture share in the diet for all cattle was not found to affect 
the gross margin. This is likely due to a low share of pasture in the total 
diet on the farms studied. The lack of beneficial effects on gross margin 
from the use of pastures may also contribute to a weaker relationship 
between a high gross margin per 2.78 MJMM or per dairy cow and low 
GHG emissions. Grazing has been found to increase gross margin on 
dairy farms both in the Pó Valley in Italy and in central Norway, pri
marily driven by higher subsidies (Norway) and milk prices (Italy) 
(Steinshamn et al., 2021a). Therefore, while increased pasture use can 
reduce environmental impacts, its economic benefits may depend on 
regional factors such as subsidies, market conditions and the distance 
between barns and grazing areas.

Reduction of GHG emissions and E, and N intensities can be achieved 
through management practices such as increasing the dairy cow share 
and reducing purchased nitrogen fertiliser. Based on Flaten et al. (2019)
and Jayasundara et al. (2019), we expected reduced GHG emissions and 
lower E, and N intensities to result in improved gross margin. While they 
found that an increased use of concentrates tended to improve gross 
margin, the findings in this study showed a negative association between 
concentrate use for dairy cows and gross margin, while no correlation 
was found between the use of concentrates for dairy cows and the 
environmental indicators. The findings in the present study can be 
affected by higher milk yield based on more concentrates given, leading 
to a diminishing effect of concentrates compared to the study of Flaten 
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et al. (2019).

4.3. Limitations and uncertainty

The study's findings may be biased since farmers pay an extra fee to 
participate in the extended Tine Advisory Service. Participating farmers 
may represent a group more focused on improving production and 
economic outcomes.

The amount of purchased inputs was calculated from farm accoun
tancy data to physical units, while the milk and meat output of the farm 
were recorded as physical outputs. The results from the sensitivity 
analysis showed that the number of bulls had the highest impact on GHG 
emission when reduced due to high variability between farms, with 
some farms producing zero bulls. This led to no feed requirements or 
meat production from bulls at farms having zero production of bulls, 
while purchased inputs on farms remained constant, significantly 
affecting GHG results. The number of heifers showed similar but less 
variable impacts (see Appendix, Table A2).

The calculation of methane emissions was based on estimated dry 
matter intake (DMI) and had a high impact on the GHG emissions, 
comparable to what was shown in the sensitivity analysis by Niu et al. 
(2021), based on measuring feed uptake and methane emissions. Better 
knowledge of feed intake and resulting methane emissions would 
contribute to more exact estimates of actual GHG emissions. When 
converting the NEL intake to DM intake, important for estimating 
enteric methane production, we assumed that forage energy values were 
similar across the different farms. However, the forage NEL value was 
probably underestimated for high-yielding cows while being over
estimated for low-yielding farms.

More precise on-farm data may improve the estimated environ
mental impact level. However, the relative importance of the indepen
dent variables to the dependent variables should remain relatively 
constant, with little effect on the conclusion drawn.

The findings in the current study are based on associations, which do 
not imply causality since the regression is sensitive to variable selection 
and interactions. The current study did not assess other potentially 
relevant variables, such as agricultural education level, weather pa
rameters, soil conditions, and soil carbon changes. This LCA study uti
lises farm characteristics, such as farm area, number of animals in 
different sex and age categories, purchased concentrate, and diesel 
usage (Table 1), along with emission factors to estimate environmental 
performance. Multicollinearity was handled with a removal criterion of 
VIF > 5. Such variables may affect the amplitude of the estimates be
tween the independent and the dependent variables (Schneider et al., 
2010).

This study does not include the impact of labour costs on the gross 
margin. Additionally, water use was not included because it is not a 
limiting factor for dairy production in this region of Norway. Biodiver
sity was not included, as it is still developing within the LCA framework 
(e.g. Knudsen et al., 2019). Assessment of these factors could also be of 
interest for future environmental impact assessments.

4.4. Merging milk and meat delivered in one functional unit

Conducting LCA for dairy production using separate functional units 
for meat and milk and allocating the environmental impact between the 
two products, is useful to calculate emissions and to find pathways to 
reduce them. However, using human edible energy as functional unit, as 
shown in this study, allows for a combined evaluation of milk and meat 
production on a farm and related emissions.

We expect that using human edible protein from milk and meat will 
yield similar results in identifying key factors for reduced environmental 
impact, as seen in Letelier et al. (2022). Many of the important factors 
identified in this study align with those in other publications. However, 
our finding that a higher share of cows with high milk production is 
advantageous, novel and achievable only by using human edible energy 

or protein from milk and meat as functional units. Despite its advan
tages, human edible energy as a functional unit cannot replace the use of 
separate functional units for milk and meat.

5. Conclusions

This study offers insights into the balance between environmental 
impact and economic performance in dairy farming. An increased share 
of dairy cows relative to all cattle on the farm was associated with lower 
environmental impacts, including reduced GHG emissions, lower E in
tensity, lower N intensity, and less land use occupation per unit of edible 
energy from milk and meat delivered. However, while linked with lower 
environmental impact, an increase in the share of dairy cows was linked 
to a decrease in gross margin because exceeding the quota leads to 
economic penalties.

In addition to a high share of dairy cows, key factors for reducing 
environmental impact included less purchased N fertiliser, higher forage 
yield, higher share of arable land, and a higher milk yield per cow. No 
association between concentrate use and environmental impact was 
found, but an increased use of concentrates slightly reduced the gross 
margin.
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