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Byproduct-based concentrates in Swedish dairy cow diets – evaluation of
environmental impact and feed costs
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ABSTRACT
This study compared use of byproduct-based concentrates and a control feed based on cereal
grains and soybean meal in dairy cow diets and evaluated effects on the environment and feed
costs. To achieve a nutrient-dense feed ration to dairy cows byproducts are commonly
combined with cereal grains and protein-rich feeds such as soybean meal. The present analysis
was based on experimental data for high-yielding dairy cows showing that feeding concentrate
based on byproducts gives similar milk yield as feeding concentrate based on cereal grains and
soybean meal. Evaluation of the different concentrates using life cycle assessment showed that
using byproducts required less cropland (−35%), reduced carbon footprint (−20%) and lowered
eutrophication potential (−20%) compared with the control. Energy use was higher (+30%), due
to the need for drying wet byproducts. Feed costs per kg energy-corrected milk did not differ
between the feeds, which is beneficial from a sustainability perspective.
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Introduction

Agriculture currently occupies around 38% of global land
area (Flysjö et al., 2011) and accounts for 23% of total net
anthropogenic greenhouse gas emissions (IPCC, 2019).
The demand for food is projected to increase by 25–70%
from recent levels by 2050 (Huhtanen et al., 2017), and
this will be achieved by increasing the resilience of the
food system, for example, closing yield gaps, reduce
waste and by dietary changes (see, e.g. Bajželj et al.,
2014; Davis et al., 2016). Of the farmland currently used,
nearly 60% is devoted to livestock feed production, either
as crops (33% of land) or grassland used for grazing (26%
of land) (FAO, 2010). However, most livestock diets do
not currently compete with human food supply, since
they consist of roughages, crop residues and agricultural
byproducts (Mottet et al., 2017). Globally, a wide range of
byproducts are used for feeding livestock, for example,
wheat bran, distillers grain, beet pulp, molasses, rapeseed
cake, corn gluten, cottonseed meal, citrus pulp and rice
bran. Sweden accounts for 1.3% of all compound feed for
livestock produced in EU-28 per year and 37% of the
feed consists of byproducts, mainly oil cakes/meal and
byproducts from food and biofuel industries (FEFAC, 2021).

When evaluating resource utilisation for crop pro-
duction or the environmental impact of production,

the burden is distributed over more than one crop in
the case of byproducts. Byproducts are also known to
be advantageous regarding competition between feed
and food production as they do not compete for land,
which is important in improving the land-use efficiency
of livestock systems (Eisler et al., 2014; van Zanten
et al., 2016). Use of byproducts has the additional
benefits that it may reduce the cost of feed for the
farmer and provide an additional income stream for
the food and biofuel industry (Eggleston & Lima, 2015).
Feed is the largest cost in dairy farming and economic
sustainability in the food chain is crucial for the resilience
of the food system. Hence, changes in a production
system should not reduce farm profitability (Darnhofer,
2014). Previous life cycle assessments (LCA) on milk pro-
duction have not included economic evaluations (e.g.
Flysjö et al., 2011; Henriksson et al., 2014). However, a
scenario analysis by Hessle et al. (2017) showed that
increased production efficiency was the most important
factor to reduce negative environmental impact and
improve profitability in Swedish dairy production.

Roughage and byproducts from processing food for
humans and from the biofuel industry have long been
used to feed ruminants. In diets for high-producing
dairy cows, it is common practice to combine
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byproducts with cereal and legume grains in concen-
trate feeds, to achieve a nutrient-dense feed ration
that covers the animals’ nutritional requirements.
However, using cereal grains and protein-rich legumes
such as soybeanmeal in livestock diets may have a nega-
tive impact on food security since these products can be
used directly as human food and are grown on cropland
where human food can be produced (Muscat et al.,
2020). The soybean meal used for livestock in Sweden
is mainly imported from Brazil, where its cultivation is
associated with high greenhouse gas emissions, due to
land-use change, and with loss of biodiversity (Castan-
heira and Freire, 2013; Lathuillière et al., 2017).

An experimental study by Karlsson et al. (2018) showed
that feeding concentrate based entirely on non-human-
edible byproducts (sugar beet pulp, distillers grain and
rapeseed meal) to high – producing dairy cows can
result in similar milk yield as feeding concentrate based
on cereal grains and soybean meal. The study also
showed promising results in terms of net food production,
that is, human-edible output in milk and meat minus
human-edible input in animal feeds. However, the study
identified a need for further investigations on effects on
the environment to assess whether increased use of
byproducts in dairy cow diets can reduce the negative
impact from cattle production. The aim of the present
study was therefore to compare use of byproduct-based
concentrates and a control feed, in combination with
grass-clover silage, in the diet of lactating dairy cows
and to evaluate different environmental impacts and the
feed costs as a measure of economic sustainability.

Previous LCAs on milk production have relied on infor-
mation from surveys with farmers, databases or other
large records of compiled data (Poore & Nemecek,
2018). In these studies, simple equations or more
refined models are used to calculate, for example,
manure production and methane emissions from
enteric fermentation. In addition, feed intake may be esti-
mated based on milk production, growth, etc., instead of
actual measured consumption due to lack of data (see
e.g. Oishi et al., 2011). A novel feature of this study is
that it complements previous work by using data from
actual feeding trials, using measured individual data on
feed intake and thereby improved data input for calcu-
lations of emissions and provides additional information
on farm profitability when using these different feeds.

Material and methods

Assessment of the environmental impact

Data from a previous dairy cow feeding experiment that
included different types of concentrate mixtures

(Karlsson et al., 2018) were used to estimate environ-
mental impact and profitability of the feed rations. The
environmental impact was calculated using LCA based
on guidelines from the International Dairy Federation
(IDF, 2015) and two Product Environmental Footprint
Category Rules (EDA, 2018; PEFCR, 2018). Attributional
LCA was performed, that is, each product’s total environ-
mental impact was calculated and all environmentally
relevant flows to and from the product’s entire life
cycle were accounted for. Economic allocation was
used for the concentrate ingredients. The system bound-
ary was set to farm-gate (see Figure 1 for system bound-
aries and processes included). The functional unit (FU)
was 1 kg ECM delivered from the farm, which is a
common FU in LCA of milk production (Poore &
Nemecek, 2018). The IDF guidelines states 1 kg of Fat –
and protein-corrected milk (FPCM) as the FU, but
energy-corrected milk (ECM) yield (Sjaunja et al., 1990)
is the common unit in Sweden. The results were
expressed both with and without allocation of environ-
mental burdens to meat according to IDF (2015).
Environmental categories considered in the analysis
were carbon footprint (Global Warming Potential;
GWP100 excl. climate-carbon feedback) (Myhre et al.,
2013) (kg CO2e), land requirement (m2), potential eutro-
phication (CML 2; re-calculated to g NO3e) and use of
non-renewable energy (MJ). These categories are con-
sidered among the most relevant for dairy production
according to PEFCR Dairy (EDA, 2018) and LEAP (FAO,
2016). Greenhouse gas emissions from the foreground
system were calculated as (1) Enteric fermentation:
feed intake in the animal trials and methane emissions
calculated according to NorFor (Tier 3 method used in
Sweden’s national inventory report). (2) Manure man-
agement: feed intake based on the animal trials, N and
organic matter in excreted manure calculated according
to NorFor. Methane and N2O emissions calculated with
emission factors according to Sweden’s national inven-
tory report (Volden, 2011; SEPA, 2019). The results are
presented with and without direct land-use change
(dLUC) for feedstuffs where this was considered relevant,
that is, ingredients based on soybean from Brazil and
palm oil from Malaysia. dLUC was calculated according
to PAS 2050 (BSI, 2012). The LCA input data can be
found in Table S2 in supplementary material (SM).

The calculations included the environmental impact
of all inputs and activities until the milk left the farm
and, for roughage production, until the silage was dis-
tributed on the feeding table. Regarding feedstuffs, the
environmental impact of the silage was calculated
specifically for this study. Silage was the single largest
component in the dairy cow diets, so its environmental
impact had a major influence on the total environmental
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impact from production. Emissions of nitrous oxide were
calculated according to IPCC guidelines (Tier 1; 2006). A
decision support tool ‘VERA’ developed by the Swedish
Board of Agriculture (2019) was used to calculate
ammonia losses and nitrate leaching, that is, a higher
tier than indicated by the PEF and IDF guidelines. Poten-
tial changes in soil carbon stock were not considered,
that is, the stock was assumed to be in balance. Data
for other feedstuffs were obtained from previous
national and international LCAs. Primarily, Swedish
data were taken from LCAs performed by the Research
Institutes of Sweden AB (former Institute for Food and
Biotechnology) (Flysjö et al., 2008; Berglund et al.,
2013; RISE, 2013). When Swedish data was missing or
considered old, Danish values were used (Mogensen
et al., 2018) or values were derived from the LCA data-
base Agri-footprint (Blonk Consultants, 2018). Infrastruc-
ture on-farm (capital goods, which includes material in
tractors, buildings, etc.) was only included for tractors
in this study, through a surcharge on the environmental
footprint of diesel. Building infrastructure was not
included, according to PEFCR Dairy (EDA, 2018).

For concentrate ingredients, economic allocation was
used to distribute the environmental impact of crop cul-
tivation and processing between the products obtained,
for example, between rapeseed cake and rapeseed oil
after pressing rapeseed (PEFCR, 2018). The same allo-
cation factors as in the studies cited were used. Grass-
clover crops are normally included in a crop rotation
where certain interventions are made for the entire

crop rotation, for example, liming. The inputs for
liming were therefore spread over the four-year crop
rotation (spring barley followed by three years of tem-
porary grass-clover ley). Calculation of replacing
natural gas with biogas in the drying of beet pulp
were made using data from the Swedish Energy
Agency (2020) and Klackenberg (2021).

Data from feeding experiment

The animal experiment was a mid-lactation change-over
trial in which high producing dairy cows were fed a flat
rate (11 kg per cow and day) of concentrates based on
non-human-edible byproducts (sugar beet pulp in com-
bination with heat-treated rapeseed meal and/or distil-
lers grain) or a control concentrate based on cereal
grain (wheat, oat and barley) and soybean meal (Table
1). All diets were formulated to be isoenergetic and iso-
nitrogenous, that is, providing the same concentrations
of metabolisable energy and crude protein, although the
feedstuffs differed. In addition to the concentrate, grass-
clover silage was fed for ad libitum intake. Data on daily
feed intake and milk yield, milk fat and milk protein from
the animal experiment were recalculated in this study to
values of feed intake and milk yield over the lactation
and for the dry period, according to the NorFor feed
evaluation system (Volden, 2011). Data on milk yield
and milk constituents (milk fat, milk protein and
lactose) were used to calculate ECM yield (Sjaunja
et al., 1990). The statistical analyses in the experimental

Figure 1. System description.
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study showed no differences between treatments in
feed intake and milk yield. Enteric methane emissions
were calculated according to Nielsen et al. (2013).

Adjustments to herd level

The calculations were adjusted to an assumed herd of
100 Holstein dairy cows plus recruitment heifers.
During summer, the cows were assumed to be fed the
complete ration indoors and the recruitment heifers
were assumed to be kept on pasture for 210 days
during the total rearing period of 27.3 months. Feed
rations for the heifers were calculated according to
NorFor using different concentrates: a commercial calf
starter and concentrate for heifers with the addition of
the same byproduct-based concentrate as for the dairy

cows (Table 2). Optimisation limited the intake of only
byproduct-based concentrate due to the maximum
filling value in the rumen according to NorFor. Second-
cut grass-clover silage (data on nutritional composition
taken from the NorFor feed table; http://feedstuffs.
NorFor.info/) was used in the feed rations for the
heifers. Herd data were based on national statistics
(Växa Sverige, 2017). Bull calves (51% of all calves
born) were assumed to be sold at two months of age
and all heifer calves were used for recruitment. Percen-
tage of culled cows was 38%, while stillbirths were set
to 5.2%, calf mortality 1–60 days to 3.8%, calf mortality
2–15 months to 3% and heifer mortality to 1%. It was
assumed that first-lactation cows achieved 85% of the
milk production level in older cows.

Silage production

On Swedish dairy farms today, it is common practice to
include a three-year grass-clover ley in a four-year crop
rotation fertilised with manure in combination with
mineral fertilisers. Therefore we based our calculations
of silage production on such a system. Calculation of
the environmental impact and production cost for the
silage was performed separately for each feed ration.
The amount of nitrogen (N) and phosphorus (P) applied
via manure differed between the scenarios due to vari-
ations in N and P excretion rate between feeding strat-
egies, for example, high proportions of rapeseed meal
or other feed ingredients rich in P led to higher concen-
trations of P in the manure. There were also differences
due to the different needs for cropland for spreading
manure, and hence less P mineral fertiliser was needed
to supply crop P requirements (Table S1 in SM).

The temporary grassland was assumed to be a mix of
33% red clover and 66% grass. The final crop yield was
set to 8200 kg dry matter (DM) per hectare (ha), which
corresponds to approximately 8600 kg DM per ha
before field losses. Feed losses of silage during storage
in bunker silos to feed out were set to 15% of DM
(Spörndly, unpublished observations). The annual
supply of N to grass-clover cultivation was set at
160 kg per ha. Crop requirement of P and potassium
(K) was set to 17 and 120 kg per ha and year, respectively
(Swedish Board of Agriculture, 2017). The annual
amount of N, P and K excreted in manure was calculated
as a balance calculation, that is, the amount of plant
nutrients added to the cows via feed minus the require-
ment for milk production and for maintenance and
growth. Additions were made for plant nutrients enter-
ing the manure via feed waste and bedding material,
and deductions were made for losses of ammonia in
animal houses and warehouses. The output of N, P and

Table 2. Calculated feed intake of different feedstuffs by
recruitment heifers, in total kg dry matter (DM), during the
rearing period of 27.3 months

Control
Rapeseed

(RS)
Distillers grain

(DG)
RS +
DG

Silage 2920 2925 2925 2925
Pasture 1407 1407 1407 1407
Concentrate
(byproducts)

0 281 281 281

Concentrate for dairy
heifers

513 240 240 240

Calf starter
concentrate

44 44 44 44

Milk replacer 45 45 45 45

Table 1. Dry matter intake (DMI), proportion of roughage,
proportion of feed components in concentrate (% of DMI),
and milk yield of dairy cows based on data from a feeding
trial (Karlsson et al., 2018), recalculated to 305 days of
lactation and 60 days of dry period. The treatments differed in
type of concentrate
Concentrate type Control RSa DGb RSa + DGb

Total DMI, kg 7403 7406 7406 7407
Of which (% of DMI)
Roughage 60 60 60 60
Cereals 28 – – –
Other, non-byproductsc 3.1 1.8 2.0 1.7
Cereal byproductsd – 3 1 3
Beet pulp – 21 20 20
Distillers grain – – 14 6
Rapeseed meale – 12 – 7
Soy productsf 8 – – –
Other byproductsg 1.2 2.0 2.0 2.4
Milk yield
Produced, kg energy-
corrected milk (ECM)

10,065 10,065 10,065 10,065

Deliveredh, kg ECM 9360 9360 9360 9360
aRS, rapeseed.
bDG, distillers grain.
cRapeseed, corn kernel, green pellet, fat, minerals.
dBran and middlings. eIncluding Expro, that is, heat-treated rapeseed meal.
fSoybean meal, soybean expeller, soybean.
gIngredients representing <5%, that is, molasses, palm expeller, sunflower
meal, pea residues.

h93% of milk produced was assumed to be delivered to the dairy plant.
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K in manure was calculated using the NorFor feed evalu-
ation system (Volden, 2011) for each feed ration. Nitro-
gen losses in houses and during storage were
deducted from the amount of excreted N. The area avail-
able for spreading manure was assumed to correspond
to the area required for the grass-clover ley (see Table
S1 in SM). This assumption was based on the fact that
grass-clover silage was the only feedstuff cultivated on-
farm, since concentrate was purchased. Since it was
assumed that the grass-clover ley was included in a
crop rotation, the calculations included spring barley as
the nurse crop when established. The yield of barley
was assumed to be 4.5 tonnes per ha, which is the
nationalmeanvalue (Swedish Boardof Agriculture, 2017).

Feed costs

Economic calculations were performed on feed costs.
Input data for feed calculations are presented in Tables
S3 and S4 in SM. Concentrate prices were obtained
from the manufacturer of the experimental feeds and
the price of roughage was obtained from calculations
of farm production costs aiming to make roughage com-
parable to the alternative of buying concentrate or
cereals. The costs included production and silage with-
drawals from the bunker silo. This was done to include
the additional cost of handling roughage in comparison
with handling concentrate, which is often simpler. Infor-
mation on the price and amounts of inputs was taken
from production calculations for the crops (Hushåll-
ningssällskapet, 2017). Machine costs were calculated
so that all costs for the machine were taken into
account (fuel, maintenance, depreciation and interest)
and the cost for the driver (Maskinkalkylgruppen &
HIR-Skåne, 2017). Costs for tillage and sowing were dis-
tributed with 50% on the nurse crop and 50% on the
temporary grass-clover ley, the latter divided over
three years. Information on the costs of storage, other
work, general business costs and land costs was
retrieved from Cederberg et al. (2018).

Results and discussion

Environmental impact of the concentrate
composition

The environmental impact was highest for the control
concentrate in all categories, except non-renewable
energy use or when land-use change was excluded
from calculations of carbon footprint. When emissions
from dLUC were included, the control concentrate
showed a large carbon footprint mainly due to the use
of soybean meal (Figure 2). Due to the large contribution

of dLUC to carbon footprint, there has been a discussion
on how to account for pressure on land, where defores-
tation actually takes place, or where land pressure is
caused anywhere in the world where crop production
takes place (Cederberg et al., 2013). Therefore it was con-
sidered interesting to show these differences with and
without dLUC. The feed fat included in the concentrate
was assumed to be based on palm oil from Malaysia
and, therefore, to have a relatively large impact on the
total emissions (Fargione et al., 2008).

A larger area of arable land was required for the
control dietary treatment (Figure 3). This was because
of cultivation of cereals and soybeans and because
feed ingredients carried all or much of the environ-
mental impact of cultivation of these crops. Land
requirement was a minor item for byproducts, as the
allocation placed a larger share on the primary products
(sugar, cereal starch and rapeseed oil). This agrees with
results reported by, for example, van Zanten et al.
(2014). However, the availability of byproducts is
limited in terms of quantities produced and competition
from other industries. Thus, if byproducts would be the
sole source of concentrate feeds, dairy production
would need to be reduced (van Zanten et al., 2018).
The results for eutrophication impact showed the
same pattern as land requirement, and the reason for
this was also the link between land area and emissions.
The level of N-fertiliser used in Swedish dairy farming
varies widely, partly due to variation in the type of
crops, soil and climate conditions, and Henriksson
et al. (2011) found no correlation between access to
manure and purchase of synthetic fertiliser. Thus, there
are possibilities to improve N use efficiency in feed pro-
duction, which would affect both eutrophication and
carbon footprint. For use of non-renewable energy,
large amounts of energy were required to dry the bypro-
ducts, especially products with low dry matter content
such as beet pulp and distillers grain. In the energy con-
sumption values used for beet pulp in the calculations, a
large proportion of the energy originated from natural
gas, which contributed to high impacts. Beet pulp was
the main feed ingredient in the byproduct-based con-
centrates (see Table 1), and thus had a strong
influence on the results. The lower use of non-renewable
energy for drying distillers grain was due to use of a
large proportion of renewable energy in the drying
process (Mogensen et al., 2018). Some of the natural
gas used for drying of the beet pulp could potentially
be replaced by upgraded biogas that is injected to the
natural gas grid. In Sweden, most of the upgraded
biogas in is currently used as vehicle fuel. The average
carbon footprint was 15.8 g CO2e per MJ gas of vehicle
gas (95% biogas and 5% natural gas) distributed in
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Sweden in 2019 (Swedish Energy Agency, 2020; Klacken-
berg, 2021). If it can be assumed that there is the same
carbon footprint for biogas for the sugar industry and
that all-natural gas is replaced with this gas, carbon foot-
print and non-renewable energy for drying of beet pulp
can be reduced by 58% and 75%, respectively.

Environmental impact of dietary strategy

The cows consumed the same amount of silage in the
different dietary strategies, but estimated methane
production from enteric fermentation was higher in
the control group than in the groups that received

byproduct-based concentrates, where the levels were
similar. This is probably due to the fat content in the
concentrate being lower in the control feed, since in
the calculation model for methane emissions the
amount of fatty acids in the feed ration affects the
amount of methane produced from fermentation
(Nielsen et al., 2013). The environmental impacts of
the complete diets based on total DM intake, including
for recruitment heifers, are presented per kg ECM in
Table 3.

Recruitment heifers make up a large part of a herd,
especially if recruitment rates are high, and more or
less all heifer calves are kept in the herd and consume

Figure 2. Carbon footprint (kg CO2e) of feed composition per kg concentrate: (a) without direct land use change (dLUC) and (b) with
dLUC included in the calculations.
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feed for more than two years before first calving. When
the calves start to consume feeds other than milk, they
also produce methane. Since the age of heifers at first
calving varies greatly between farms, this period has a
major impact on the animal’s lifetime production of
methane and total herd emissions (Garnsworthy, 2004;
Hristov et al., 2013). However, in the present study, the

composition of the heifers’ feed rations was quite
similar and had limited influence on the total environ-
mental impact of milk when added to the cows’ feed
rations, accounting for on average 12% of the carbon
footprint from feedstuffs (Figure 4). In addition, the
majority of the ration consisted of roughage, as silage
and pasture made up more than 80% of the feed

Figure 3. Environmental impact of feed composition per kg concentrate in terms of (a) land requirement (m2), (b) potential eutro-
phication (g NO3e) and (c) use of non-renewable energy (MJ).
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Table 3. Environmental impact per kg ECM (recruitment heifers included), with and without allocation between milk (84%) and meat (16%), divided over different sources, for the
environmental categories: (a) carbon footprint (kg CO2e), (b) eutrophication (g NO3e), (c) non-renewable energy use (MJ) and (d) land requirement (m2). For carbon footprint in (a),
part I shows results without emissions from land use change and part II shows results with emissions from land use change (dLUC) from soybean and palm oil production. dLUC is
calculated according to PAS 2050 (BSI, 2012)

(a) Carbon footprint Feeda

Enteric fermentation Manure managementb Electricity at farmc Total no allocation Total with allocationdkg CO2e Total Roughage Concentrate

I. Without dLUC
Control 0.44 51% 49% 0.541 0.069 0.015 1.07 0.90
Rapeseed (RS) 0.49 46% 54% 0.529 0.069 0.015 1.10 0.93
Distillers grain (DG) 0.47 48% 52% 0.525 0.070 0.015 1.08 0.91
RS + DG 0.48 47% 53% 0.528 0.070 0.015 1.09 0.92
II. dLUC included
Control 0.79 28% 72% 0.541 0.069 0.015 1.42 1.19
Rapeseed (RS) 0.50 44% 56% 0.529 0.069 0.015 1.11 0.94
Distillers grain (DG) 0.48 47% 53% 0.525 0.070 0.015 1.09 0.92
RS + DG 0.49 46% 54% 0.528 0.070 0.015 1.10 0.93

(b) Eutrophication Feeda

g NO3e Total Roughage Concentrate Manure managementb Electricity at farmc Total no allocation Total with allocationd

Control 39.1 59% 41% 7.34 0.00003 46.4 39.1
Rapeseed (RS) 29.7 74% 26% 7.33 0.00003 37.0 31.1
Distillers grain (DG) 28.6 80% 20% 7.36 0.00003 36.0 30.2
RS + DG 28.8 76% 24% 7.36 0.00003 36.1 30.4

(c) Non-renewable energy use Feeda

MJ Total Roughage Concentrate Electricity at farmc Total no allocation TOTAL with allocation4

Control 3.17 43% 57% 0.080 3.25 2.73
Rapeseed (RS) 4.27 32% 68% 0.080 4.35 3.66
Distillers grain (DG) 4.10 33% 67% 0.080 4.18 3.52
RS + DG 4.14 33% 67% 0.080 4.22 3.55

(d) Land requirement Feeda

m2 Total Roughage Concentrate TOTAL no allocation TOTAL with allocation4

Control 1.75 51% 49% 1.75 1.47
Rapeseed (RS) 1.18 75% 25% 1.18 0.99
Distillers grain (DG) 1.11 80% 20% 1.11 0.94
RS + DG 1.15 77% 23% 1.15 0.97
aIncludes production (including of inputs), feed losses, transport to farm and fuel consumption at feeding (e.g. taking silage out of the silo).
bCH4 and direct and indirect losses of N2O from the house, storage and paddocks.
cfeeding, milking, manure management, light, ventilation.
dallocation between milk and meat applied according to IDF (2015), that is, 84% of emissions allocated to milk and 16% to meat.
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ration of young animals. For this reason, the heifers’
share of land requirement, especially for pasture, was
slightly higher than for the carbon footprint (approxi-
mately 17%, data not shown).

Silage production

Estimated environmental impact for the silage used in
the different feed rations is shown in Table 4. There
were small differences between the rations, due to
varying content of N and P in the manure and in tempor-
ary grass-clover ley area required for spreading the
manure. Differences in nutrient content in the manure
resulted in different amounts of manure N being
applied per hectare, and thus also the N supply from
mineral fertilisers, with a maximum of 170 kg total N/
ha according to the Nitrates Directive (EU, 1991) or a
maximum of 22 kg P/ha (Swedish Board of Agriculture,
2004) (see Table S2 in SM). The reason for this is that,
at a fixed yield of plant-available N per ha, more total
N is added when applied in the form of manure than
when applied as mineral fertiliser, since the manure con-
tains a large proportion of organic N that is not directly
available to the plants. The differences in the carbon

footprint of the silage and its contribution to eutrophica-
tion (Table 4) were due to the different amounts of
manure N applied per hectare. The greater the pro-
portion of mineral N in relation to total (plant-available)
N supply, the lower the silage carbon footprint, eutro-
phication, and N leaching (Henriksson et al., 2011). The
differences in energy use were a consequence of differ-
ences in manure quantities (diesel consumption) and in
the mineral fertiliser N requirement (energy use in man-
ufacturing) between different feeding strategies.

Phosphorus and nitrogen in manure

Phosphorus
The amount of P in Swedish feed rations is generally not
limiting for milk production, and in fact, it is more
common for cows to be overfed with P (Nordqvist,
2012). Feed intake is limited by other factors, such as
the digestibility of the organic matter, particularly the
fibre fractions, and nutrient content, which in turn limits
the amount of feed the cows can eat or the amount of
milk they produce (see e.g., Volden, 2011). The P
content of the feed directly determines the P content of
the manure, because any P not deposited in milk,

Figure 4. Carbon footprint of the feed rations of dairy cows and recruitment heifers, divided into roughage and concentrate,
expressed in CO2e per kg energy-corrected milk (ECM).

Table 4. Environmental impact of silage production per kg dry matter (DM)

Carbon footprint Land requirement Energy use Eutrophication Leakage

kg CO2e/kg DM m2/kg DM MJ/kg DM g NO3e/kg DM g N/kg DM g P/kg DMa

Control 0.390 1.43 2.37 39.4 3.66 0.06
Rapeseed (RS) 0.385 1.43 2.38 37.6 3.60 0.06
Distillers grains (DG) 0.389 1.43 2.37 39.2 3.66 0.06
RS + DG 0.385 1.43 2.38 37.6 3.60 0.06
aWeighted mean value for temporary grass-clover ley in Sweden.
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foetus or growth ends up in the manure. A relatively large
proportion of P in dairy cow feed comes from the concen-
trate because it has a high P content compared with the
roughage. A higher proportion of concentrates in the
feed ration can therefore provide more P in the manure,
that is, it reduces the P use efficiency. The P content in
the concentrates used in animal experiments differs
depending on the formulation and ingredients used.
The P content is high in rapeseed products compared
with soy products, distillers grain and cereals (Spörndly,
2003). A high proportion of rapeseed in the concentrate
can thus be a contributing factor to high P level in the
manure. This was seen for the experimental diets,
where the concentrates containing rapeseed meal (RS
and RS + DG) had somewhat higher P content than the
control concentrate and the concentrate with distillers
grain (DG) (Figure 5(a)).

Nitrogen
The N in manure is derived from the protein in the
feed (1 kg crude protein = 160 g N). On average, the
higher the N concentration in the feed, the lower the
N use efficiency, that is, the amount of N in milk in
relation to N in feed consumed (Huhtanen et al.,
2008). Excess N is excreted mainly in the urine, but
also in faeces. The experimental diets showed approxi-
mately 30% efficiency for all diets (Figure 5(b)). These
results refer to the content of manure per cow and
year if all manure ends up being excreted in the
animal house. Figure 5 also shows an efficiency
measure of P and N use expressed as a proportion of
the P and N in the feed that ends up in the milk. The
higher the value, the larger the proportions of plant
nutrients that end up in the milk and the more
efficient the use of N and P. The amount of P and N

Figure 5. Amount of (a) phosphorus (P) and (b) nitrogen (N) in feed consumed, milk produced and manure excreted per cow and year
(excl. heifers) (left axis), and nutrient use efficiency (amount of P and N in milk as % of P and N in feed) (right axis).

ACTA AGRICULTURAE SCANDINAVICA, SECTION A — ANIMAL SCIENCE 141



in the manure and the efficiency varied within the
experimental treatments.

Feed costs

The economic evaluation showed no major differences
in feed costs depending on the concentrate used
(Table 5). The price of the concentrates was set to
market price, and the byproducts used are common on
the feed market today, so there is not an excess of pro-
ducts. The use of byproducts will therefore be in compe-
tition with other potential users. Thus, the price was
balanced by the existing market for soy and cereals as
alternatives, rather than related to the production cost
of the byproducts. The same amount of silage was
used in the different rations, so the cost of that did not
differ. With the feed rations used in these calculations
and with the assumptions made, the feed costs per kg
ECM did not increase when using byproducts in the con-
centrate mixture. Differences seen in the feed costs were
marginal and mostly depended on variations in feed util-
isation that were not significant in the underlying feed
trial (Karlsson et al., 2018). The byproducts used in the
trial were all included in dry concentrate mixtures man-
ufactured at the feed factory. This means that they can
be used without changes to farm infrastructure or
internal farm routines. If using wet byproducts, comple-
tely different needs may arise for investing in machinery
and buildings for handling the feedstuffs on the farm.

Conclusions

The main advantage of using byproduct-based concen-
trate is that it requires less cropland compared with
cereals and legumes. Overall, the environmental
impact when using byproduct concentrates varies
depending on type of environmental impact category.
Carbon footprint (−20%), land requirement (−35%) and
eutrophication potential (−20%) are lower when bypro-
duct-based concentrates are used, whereas energy use is
higher (+30%) due to the need for drying wet bypro-
ducts. If drying were not needed or if largely renewable
energy sources were used in the future, the benefits of
using byproduct-based concentrates would increase.

The animal study on which these conclusions are
based showed that cows could produce equally well
on diets based on high-quality forage in combination
with byproduct-based concentrate or concentrate
based on cereals grains and soybean meal. The present
analysis showed that, at current market prices, there
are no large differences in feed costs per kg ECM when
concentrates fed to dairy cows are based on byproducts
rather than on cereals and soybean meal.
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