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Abstract  The aim of the study was to investigate both environmental and eco-
nomic performances of Luxembourgish dairy farms in order to assess possibilities 
and limits of improving economic competitiveness via increasing environmental 
efficiency. In the environmental field, four LCA impact categories (carbon footprint, 
energy consumption, acidification, eutrophication) were analysed, while in the eco-
nomic field, costs, incomes and profit of the farms were investigated. A main result 
was that a sustainable dairy production with less environmental impact in all con-
sidered categories is also of advantage in terms of farm competitiveness. The most 
efficient farms reach also the highest profit. The case study proves that a high envi-
ronmental performance is not only of advantage in terms of economic competitive-
ness, but is even a necessary prerequisite for best economic performances.

1  �Introduction

The case study was carried out in the frame of the Interreg VA Program of the 
European Union (Project AUTOPROT). This project aims to investigate if and to 
which extent an increase of protein self-sufficiency (autarky) can lead to a better 
competitiveness of dairy farms and to a reduction of their environmental impact as 
well. After the abolition of the milk quota system in the European Union at the end 
of March 2015, dairy farms were forced more than ever to increase production effi-
ciency as a precondition to improve their own competitiveness. Thus, in the frame 
of this study, a combined environmental and economic analysis of dairy farms was 
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carried out in order to highlight possibilities and limitations of a conciliation of 
environment and competitiveness in dairy farming.

2  �Material and Methods

2.1  �The Investigated Farms and the Protein Autarky

The investigation refers to a sample of 80 Luxembourgish dairy farms supervised in 
the years 2014, 2015 and 2016. The figures of crop production and animal hus-
bandry of the investigated farms (Tables 1 and 2) as well as all the figures presented 
in this study refer to the average of the three investigation years. The farms (ca. 11% 
of all dairy farms of the land) cover the different dairy production systems in the 
country and are representative of dairy production in Luxembourg.

A very important indicator for the farms is the self-sufficiency degree of protein 
in dairy farms, in subsequently called protein autarky. There are two possibilities to 
express protein autarky. The first one refers to the performance of farm crop produc-
tion to deliver protein for the herd. In case of crop production, the autarky is the 
amount of on-farm produced protein in relation to the total protein fed [1]. The other 
indicator of protein autarky refers to the performance of animal production to valo-
rise protein fed. This figure takes into account the protein need based on need Tables 
[2] and considers as valorised the difference between needed and purchased (with 
concentrate and roughage) protein. The purchased protein is estimated based on 
feed protein Tables [3]. A detailed description of this figure is shown in [4].

2.2  �The LCA Methodology Applied and Economic 
Indicators Used

The investigation of environmental impact was carried out on four LCA midterm 
impact categories (carbon footprint, energy consumption, acidification and eutro-
phication). The carbon footprint takes into account not only emissions deriving 
from production means, animal husbandry and crop production but also carbon 
credits deriving from humus storage into arable soils and via renewable energies 

Table 1  Main figures of crop 
production

Figure Average St. dev.

Farm size (dairy production) 87.08 ha 45%
Cereals 8.25 ha 78%
Maize silage 16.39 ha 54%
Grassland (permanent + temporary) 61.89 ha 46%
Other feed plants 0.55 ha 328%
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(Table  3). This means that the carbon footprint results in a net balance of 
CO2-equivalents.

In the case of humus balance of arable soils [7], the balance results in an emission 
if negative, and in a credit, if positive. The global warming factors used for carbon 
footprint were 25 for methane and 298 for dinitrogen oxide, according to [6]. The 
allocation between milk and meat was carried out following their protein content.

The energy consumption (no renewable energy) was estimated by taking into 
account not only direct energy (fuel and electricity) but also the indirect energy for 
manufacturing and transport of used production means and investments (buildings 
and machinery). The source of these energy consumptions was the Ecoinvent data-
basis [5].

Acidification takes into account the SO2-equivalents deriving from SO2, NH3 
and NOx. The sources for the emission factors for the three gases were in the case 
of used production means [5] and in the case of livestock and crop production [8] 
for NH3 and [6] for NOx (as NO). The characterisation factors for NH3 and NOx 
(as NO) were derived from [9].

Finally, in the case of eutrophication, the estimation of nitrate leaching was made 
as difference between the nitrogen balance at farm gate and the sum of all emission 
of N-species as well as the N-storage into the soil, in analogy to [10]. The PO4-
equivalents coming from phosphorous emission are estimated based on farm gate 
balance for phosphorus. Even in the case of eutrophication, characterisation factors 
for PO4-equivalents from different eutrophication sources were derived from [9].

As shown by [11] and [12], the behaviour of carbon footprint when expressed in 
function of product (kg ECM) or farm size (ha) is contradictory. Thus, to avoid 

Table 2  Main figures of 
animal husbandry

Figure Average St. dev.

Animal density 1.56 LAU/ha 19%
Dairy cows 84 (n) 55%
Production intensity 7.550 kg ECM/ha 29%
Dairy performance 7.847 kg ECM/year 15%
Concentrate use 6.33 kg/cow/day 26%
Concentrate efficiency 0.29 kg/kg ECM 21%

LAU Large animal unit, ECM Energy-corrected milk

Table 3  Sources of emission and credit factors for carbon footprint

Emission or credit post Source

Production means (manufacturing and transport) Ecoinvent 2009 [5]
Enteric fermentation and manure management IPCC 2006 [6]
Indirect soil emissions IPCC 2006 [6]
Mineral nitrogen fertilisation IPCC 2006 [6]
Fuel (manufacturing and combustion) Ecoinvent 2009 [5]
Humus balance of arable land Leithold et al. 1997 [7]
Electricity from biogas Ecoinvent 2009 [5]
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misunderstandings in interpretation of results, for all investigated impact categories, 
both functional units (per kg ECM and per ha) were used.

In this study, the incomes without subsidies, the production costs for a kg ECM 
as well as the profit (as a difference between the first two) were used as economic 
indicators.

2.3  �The Principle of Farm Segregation and Statistics Analysis

In order to analyse result variability, according to [13], the investigated farms have 
been divided into groups by crossing the X and the Y axis in the average value of 
carbon footprint per ha (11.2  t CO2eq) and per kg ECM (1.32  kg CO2eq) (see 
Fig. 1).

This allows the segregation of farms into four groups, which are well differenti-
ated in terms of production intensity and efficiency of production mean use (as will 
be clear more below, Fig.  4). In particular, the farms with only one indicator of 
carbon footprint better than the average are farms with the highest or lowest produc-
tion intensity. The farms of the other two groups (with both values of carbon foot-
print better or worse than the average) are farms with a middle-intensive production 
intensity, when compared with the other two groups. Figure 1 also shows the used 
denomination of the four farm groups.

Concerning the statistic methodology, the analysis was carried out by using the 
program “R”, which is freely available on the Internet [14]. ANOVA test was used 
for determining the significance of selected figures in the whole pool, while Tukey 
post hoc test was used among the segregated farm groups. The conditions of 

Fig. 1  The segregation and the denomination of the four farm groups
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application of the ANOVA test, homogeneity and homoscedasticity, were tested 
using the Shapiro test and the Bartlett test, respectively. An exhaustive description 
of ANOVA test can be found under [15].

3  �Results and Discussion

The value of protein autarky of crop production of investigated farms (Table  4) 
shows that two thirds of the protein fed were produced on farm, and the other third 
was purchased. In the case of animal production, on average the farms show a valo-
risation of the on-farm produced protein of 49%.

This means that roughly one half of the on-farm produced protein is lost. These 
losses are problematic, because they result in higher emissions (especially NH3, 
[16]) and in a higher import of feed (with consequent higher energy consumption 
and carbon footprint). In terms of variability, the purchased protein shows the maxi-
mum value. As we will see below (Fig. 5), the protein purchase plays a key role in 
explaining differences among the farms.

The results of LCA impact categories show a very high variability both in prod-
uct (Table 5)- and in surface (Table 6)-related figures. The largest spread between 
minima and maxima values can be found in the eutrophication figures. The calcu-
lated figures for dairy farming in Luxembourg are consistent with the range of val-
ues from literature [17–19] concerning all product-related figures as well as 
surface-related figures of carbon footprint and energy consumption. Only in the 
case of surface-related figures of acidification and eutrophication, it was not possi-
ble to find values in the literature because relating these figures to the farm area is 
unusual.

In the case of economic results (Table 7), there is an evident difference between 
incomes and costs on the one hand and profit on the other hand. Indeed, the vari-
ability of the first two parameters is clearly lower than those for the profit, which 
varies very largely among the farms. In any case, on an average, the farms are capa-
ble of reaching only a very low profit, if subsidies are not considered.

Table 4  Figures of protein 
autarky of investigated farms

Protein autarky Value St. dev.

On-farm produced protein (1) 966 kg CP/ha 54%
Purchased protein (2) 497 kg CP/ha 81%
Total protein fed (3) = (1) + (2) 1.462 kg CP/ha 60%
On-farm protein autarky = (1) / 
(3) * 100

66% 14%

Needed protein by dairy herd (4) 982 kg CP/ha 62%
Valorised protein (5) = (4) – (2) 485 kg CP/ha 58%
CP-autarky (anim. prod.) = (5) / 
(4) * 100

49% 29%

CP Crude protein
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The farm segregation allows ranging the results among farm groups. As can be 
seen in Table 8, the middle-intensive farms with a high efficiency (EFF) show the 
lowest environmental impact, if all the ranges in the eight impact categories are 
added up. In the hierarchy of the range, the group EFF is followed by the intensive 
farms (INT), then by the extensive (EXT) and finally by the middle-intensive farms 
with a low efficiency (NEF). In the case of product-related emissions, the farm 
group INT each times reaches the best performances, but this situation inverts 
when the results are related to the ha of the farm. In that case, the intensive farm 
group shows the weakest results in the range with only one exception (kg PO4eq/ha).  

Table 5  Product-related impact of farms in the investigated LCA categories

Impact category
Functional unit:
1 kg ECM St. dev. Min. Max.

Carbon footprint 1.32 kg CO2eq 16% 1.02 2.14
Energy consumption 4.8 MJ 19% 3.3 8.0
Acidification 17.3 g SO2eq 21% 12.0 36.3
Eutrophication 11.7 g PO4eq 36% 6.1 29.4

Table 6  Surface-related impact of farms in the investigated LCA categories

Impact category
Functional unit:
1 ha St. dev. Min. Max.

Carbon footprint 11.2 t CO2eq 21% 6.5 18.8
Energy consumption 41 GJ 27% 19 65
Acidification 148 kg SO2eq 23% 80 230
Eutrophication 99 kg PO4eq 33% 35 196

Table 7  Economic figures of investigated farms (incomes are without subsidies)

Economic figures €-cent/kg ECM St. dev. Min. Max.

Incomes 39.7 9% 34.3 55.7
Costs 38.8 20% 23.1 63.2
Profit (incomes-costs) 0.9 822% −24.6 19.9

Table 8  LCA figures of segregated farm groups and range of results

LCA figure EFF Range EFF Range EFF Range EFF Range

Kg CO2eq/kg ECM 1.2 2 1.17 1 1.51 4 1.45 3
t CO2eq/ha 9.2 1 13.9 4 9.5 2 12.6 3
MJ/kg ECM 4.4 2 4.3 1 5.3 4 5.1 3
GJ/ha 34 2 51 4 34 1 45 3
g SO2eq/kg ECM 16.6 2 15.4 1 19.5 4 18.9 3
Kg SO2eq/ha 127 2 182 4 123 1 164 3
g PO4eq/kg ECM 10.5 2 9.7 1 14.1 4 13.3 3
Kg PO4eq/ha 81 1 115 3 88 2 116 4
Sum of ranges – 14 – 19 – 22 – 25
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The situation of the extensive farm group (EXT) is inverse to the intensive farms. 
This suggests that the farm structure is important in order to influence the range 
of result.

This hierarchy in environmental results among the farm groups is found to be the 
same also as in the case of economic results. As shown in Fig. 2, the farm group EFF 
reaches the best profit per kg ECM, followed by the groups INT, EXT and NEF.

It should also be noted that the farms of the group EFF have the highest value in 
terms of incomes and the lowest value in terms of costs, which explains the higher 
profit in comparison with the other groups. It is also interesting to observe that 
intensive farms are able to keep the costs low, but in terms of income, they reach the 
lowest rates. The other two groups (EXT and NEF) are not able to reach a positive 
profit, if subsidies are not taken into consideration.

In order to explain this hierarchy in the results, it is helpful to show the figures 
linked to the structure (Fig. 3) as well as to the management of the farm groups 
(Fig. 4). The figures of animal density as well as production intensity confirm that 
the groups INT and EXT have respectively the highest and the lowest production 
intensity and that the other two groups (EFF and NEF) are located in between, with 
NEF showing on average a higher intensity than EFF. The EFF group shows the 
lowest value in the farm area and the second lowest value in terms of number of 
dairy cows, very close to the lowest value of EXT group. This is a first hint that the 
farms of the EFF group try to capitalise maximally their own resources because 
these are limited in comparison with other groups. It appears consistent with the 
figures of animal density and production intensity that intensive farms (INT) show 
the highest values in farm size as well as in number of cows.

Fig. 2  Economic figures of segregated farm groups
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Fig. 4  Main figures of farm groups related to the feeding management

Fig. 3  Main figures of farm groups related to the farm structure

A second important point concerns the influence of management quality on the 
environmental impact of farm groups. As can be observed in Fig. 4, the most effi-
cient farms (EFF) show also the best values not only in concentrate management but 
also in protein autarky. This is consistent with observation of other authors [20, 21], 
who stressed that feed management has a huge impact on the environmental result 
in livestock/dairy production in general and on carbon footprint in particular. 
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Further, it is interesting to point out that the hierarchy in feed management, as 
shown in Fig. 4, is more similar to the figures of surface-related impacts (Table 8) 
than to those of product-related ones. Indeed, if results are expressed per ha, exten-
sive farms score better than intensive ones, and the latter show the worse result, 
which also is the case in Fig. 4. The highest level of milk production of intensive 
farms is evidently capable of concealing deficits in important management sectors 
such as feeding and providing better figures for these farms, if results are expressed 
related to the kg ECM.

A last consideration concerns statistical significance of differences in results 
among farm groups. As shown in Fig. 5 (for reasons of space, the analysis refers 
only to carbon footprint, but with few differences to the other three impact catego-
ries), the major part of differences among the groups are significant, although only 
in two situations (NEF-EFF and INT-EXT), the significance is given for both 
product- and surface-related indicators, which could be expected because of the 
kind of segregation. Further, the most efficient farms (EFF) show a behaviour that 
is closer to the extensive one, if the result is related to the surface, and to the inten-
sives, if the result is related to the product. This suggests that these farms are best 
capable of combining a higher level of efficiency with a low level of environmen-
tal impact.

In the case of economic figures, the significance is only given for the groups 
EXT-EFF and NEF-EFF (Fig. 6). In the case of the pair EFF-INT, there is no sig-
nificance in economic results, despite the fact that in the average the profit of the 
farm group EFF is higher than the group INT (Fig. 3). Nevertheless, the fact that in 
comparison with the other two groups (EXT and NEF) the results of the EFF group 
are better underlines that a better management also results in better economic 
figures.

Fig. 5  Statistics of carbon footprint for the farm groups (ns not significant)
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4  �Main Conclusions

•	 The use of product- and surface-related functional units allows a better under-
standing of differences in results among the farms.

•	 In particular, differences among intensive and extensive farms are mostly due to 
the farm structure, those among middle-intensive ones mostly to the efficiency in 
farm management.

•	 Although not always supported by statistics, there is evidence that efficient 
middle-intensive farms show better performance both environmentally and eco-
nomically. Their environmental efficiency allows best economic performance.

•	 Based on this study, the conclusion that intensive farms always show better per-
formance because of better product-related results cannot be confirmed.

•	 In times of liberalisation of milk quota, a smart feed management (especially of 
feed protein) seems to be a key lever for realising best performances both envi-
ronmentally and economically.
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