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Abstract

Purpose Beef and dairy production systems produce several by-products, such as fertilizers, bioenergy, hides, and pet foods,
among which the environmental impacts arising from production should be allocated. The choice of allocation method there-
fore inevitably affects the results of life cycle assessment (LCA) for milk and beef. The aims of this study were to map out the
different allocation methods used in dairy and beef LCA studies and to clarify the rationale for selecting a certain method.
Methods A literature review was conducted to identify the different allocation methods used in LCA studies of milk and beef
production and the products using beef by-products as a raw material. The justifications for the use of different methods in
the studies were also collected. To map out the perspectives of LCA practitioners and further clarify the reasoning behind
the use of certain allocation methods, a mixed method survey with quantitative questions and qualitative explanatory fields
was sent to the authors included in the literature review.

Results and discussion The literature review showed that the most commonly used allocation method between milk and meat
was biophysical allocation, which is also the recommended method in LCA guidelines of milk production. Economic allo-
cation was the second most common method, although the rationale for using economic allocation was weak. By-products,
such as inedible body parts, were not considered in milk studies and were taken into account in only a small number of beef
studies. This might be because most of the studies have cradle-to-farm gate system boundaries. According to the survey, a
significantly higher share of LCA practitioners would allocate impacts also to these by-products.

Conclusions The allocation is usually done between milk and meat, and other by-products are not taken into account. Since
these materials are an unavoidable part of production and there are numerous uses for them, these outputs should be recog-
nized as products and also taken into consideration in LCA studies.

Keywords LCA - Allocation methods - System expansion - Integrated dairy-beef production - By-product

1 Introduction

Environmental impacts of beef production have been investi-
gated extensively using life cycle assessment (LCA) (Poore and
5% Venla Kytti Nemecek 2018). Studies have found the impacts of beef from
venla kytta@helsinki.fi dairy production to be notably lower than those of specialized
meat production systems. As the edible parts of a bovine animal
are only approximately 50% of the live weight, other materials,
such as hides, bones, and body parts not suitable for food, are
also generated (Mogensen et al. 2016). Most of these materials
are utilized in, for example, garments, animal feeds, or biogas
3 o o ) feedstock, thus could also be handled as by-products of the
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the use of raw materials are undergoing scrutiny, emphasiz-
ing the importance of by-products in the food system and thus
also in the assessment of the life cycle environmental impact
of (current) main products.

Even though the LCA method is in accordance with the
International Organization for Standardization (ISO) (ISO
2006), the standard gives some freedom to decide how to
implement the method for different products and processes, as
long as the solutions are in line with the goal and scope of the
study. Impact allocation between by-products is one decision
that depends on the interpretation of the researcher perform-
ing the LCA. However, different allocation methods result in
different allocation ratios between products, affecting the LCA
results. ISO (2006) and ISO/TS 14,067 provide the follow-
ing steps as a guideline for allocation in LCA (ISO 2013):
(1) allocation should be avoided by creating sub-processes or
applying a system expansion approach; (2) if allocation can-
not be avoided, allocation should be based on the underlying
physical relationships between products or functions; and (3)
when physical allocation cannot be used, the allocation method
should be based on another relationship between the products
or functions (e.g., economic). When several allocation meth-
ods are applicable, sensitivity analysis should be performed
to indicate the effect of methodological choices (ISO 2006).
The standard leaves room not only for the choice of method
but also for how a particular method is implemented. Hence,
the term “system expansion” is sometimes used from two dif-
ferent perspectives: (1) assessing avoided burden/substitution
and (2) expanding comparable systems by adding functions
so that the systems include production of similar functions
(Brander and Wylie 2011).

ISO standards are further specified by different institutions
that have published guidelines concerning certain product
groups. The International Dairy Federation (IDF) developed
guidelines for attributional LCA, first launched in 2010 and
updated in 2015 (IDF 2010, 2015). The recommendation for
allocation between milk and meat is to use physical allocation,
which is consistent with step 2 in the ISO 14044 standard. The
allocation ratio is based on the formula presented by Thoma
et al. (2013), which utilizes the mathematical relationship of
feed energy converted to tissue or milk. In this approach, func-
tions that are clearly associated with either product should be
allocated accordingly (e.g., electricity used for milking) and
the unassigned impacts at the farm gate allocated by the bio-
physical causality. Allocation ratio (AF) is calculated with the
following formula:

AF =1-5.7717 xR in IDF 2010, and AF,
= 1 - 6.04 x BMR in IDF 2015,

where variables R and BMR have the same meaning, which
is the ratio of meat and milk with meat being the live weight
sum of animals sold and milk the sum of sold fat- and
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protein-corrected milk (FPCM). Thus, the formula given for
calculating FPCM in the IDF guidelines is incorrectly the for-
mula for energy-corrected milk (ECM) (Baldini et al. 2017).
It is also noteworthy that the formula is based on US data,
and therefore, might not be geographically, technologically,
and temporally representative of other types of production
systems (Rice et al. 2017; Nemecek and Thoma 2020). Based
on typical values for BMR, IDF also gives (default) an alloca-
tion ratio of 0.856 to milk in IDF 2010 and 0.88 in IDF 2015.
Biophysical allocation between milk and meat is recom-
mended also in FAO’s LEAP guidelines (FAO 2015) and the
European Commission’s Product Environmental Footprint
Category Rules (PEFCR) for Dairy Products (EDA 2018).
Another approach introduced by FAO is allocation based on
protein content of products, which is applied after deducting
other products and services (manure, draught power, capital
functions) from the system (Opio et al. 2013).

Since the allocation takes place at farm gate between
milk and live animal, the milk LCA guidelines do not
take a stand on how impacts should be allocated between
different parts of the animal. However, the FAO LEAP
guidelines state that meat processing to edible and non-
edible parts should be allocated first according to system
separation based on product-specific activities and then
based on 5-year average economic values of groups with
different functions (e.g., edible parts, pet foods, hides, ren-
dering products) (FAO 2015). The PEFCR for pet food
and leather has also suggested allocating impacts to the
slaughterhouse and rendering outputs according to eco-
nomic value (De Rosa-Giglio et al. 2018; FEDIAF 2018).

The effects of using different allocation methods
to partition impacts between milk and beef have been
addressed in several studies previously (Cederberg and
Stadig 2003; Flysjo et al. 2011; Kristensen et al. 2011;
Nguyen et al. 2013; Weiler et al. 2014). The methods for
handling other by-products, such as hides, bones, tallow,
and manure, have received less attention, however, as have
LCA practitioner’s perspectives and arguments for using
a certain method. The aims here were to explore the dif-
ferent allocation methods used in milk, beef meat, edible
organs, and inedible by-product studies and to investigate
LCA practitioners’ rationale for using specific allocation
methods.

2 Materials and methods
2.1 Literature review
The structured literature review was started by reviewing

the included and excluded milk and beef environmental
impact studies, both peer-reviewed and non-peer-reviewed,
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collected by Poore and Nemecek (2018). A further litera-
ture search in Google Scholar was conducted for milk on
2 March 2020 and for beef on 2 April 2020 to also include
studies published after June 2016. The same search terms
were used as in Poore and Nemecek (2018) for full text:
“life cycle assessment” OR “life cycle analysis” OR “GHG
emissions” AND the relevant product name (“milk” or
“beef”). For milk the search terms “cow” AND “alloca-
tion” were also added to decrease the number of refer-
ences from 12,900 to 1200. Based on title and abstracts,
214 publications were assessed for compliance with the
inclusion criteria (presented below), resulting in a total of
161 milk LCA studies included in this study. For beef, the
search terms “meat” AND “allocation” were also added
to decrease the number of references from 9790 to 1900.
Based on title and abstracts, 134 full publications were
assessed more closely, 21 of which met the inclusion
criteria.

To inspect the allocation of impacts to different beef by-
products from another perspective, LCA studies of prod-
ucts using beef by-products as raw material (e.g., biodiesel,
leather goods) were also searched. A search with the terms
“life cycle assessment” OR “life cycle analysis” OR “GHG
emissions” AND “allocation” AND “animal by-products”
from the year 2000 to present day was conducted on 23
April 2020. As a result, 104 full publications were assessed
more closely and 11 were included in this study.

A complementary search with the same search terms
was conducted in Scopus on 13 August 2021. The search
resulted in 25 milk studies, 11 beef studies, and 3 by-
product studies that met the inclusion criteria and were
not found in the first search in Google Scholar, and thus,
were included in this study.

The following inclusion criteria for studies were
applied: published 2000 or thereafter, accessible, uses
LCA method, reports an allocation method, calculates the
product’s carbon footprint, and reports results in numeric
form per product output unit ( e.g., FPCM, live weight).
Studies rejected for failing to meet the criterion “accessi-
ble” included mostly reports from organizations for which
no full publications were found. The following information
was collected from the studies: product being investigated,
publication type, goal of the study, system boundary used
in the study, functional unit, and allocation method used
(presented in Supplementary material S1). The publica-
tions were classified into different publication types such
as peer-reviewed journal articles, reports, conference
papers, or other types of studies.

The goals of the studies were classified as follows: com-
parative studies (comparing different production systems

or scenarios of the same product), comparative studies
comparing different products (e.g., beef with other meats),
studies quantifying the environmental impacts of a product
(typically seeking hotspots), methodological studies devel-
oping, testing, or comparing methods or methodological
approaches, consequential LCA studies, and studies that
do not fit into any of the above categories. Based on this
classification, we evaluated whether studies using a certain
allocation method differ in their goals.

From studies reporting the allocation ratios used, all allo-
cation methods and different allocation ratios were separated
for individual observation (Supplementary material S1).
The ratio was calculated for studies in which no allocation
ratio was directly reported, but the results were presented as
unallocated and allocated. It was unclear whether the ratio
was calculated based on data from the study or using the
default ratios (0.88 and 0.856) presented by IDF in some
milk studies applying biophysical allocation but not present-
ing the allocation ratio values used. These observations were
excluded from the review.

To survey the argumentation behind selection of a certain
allocation method and to detect possible repeating argumen-
tations, the reasoning presented in studies using only one
allocation method was collected and classified according to
the given reasoning. The following categories were used:
no reasoning presented, recommendation by ISO standard,
recommendation by IDF, recommendation by PAS2050,
comparison with another study using a certain method, the
same method being used in another study or studies, consid-
ering the quality of the by-products, accounting for certain
functions, consequential model, and accordance with the
study goal.

2.2 Survey

To improve understanding of the perspectives of LCA
practitioners and further clarify the reasoning behind the
choice of certain allocation methods, a mixed method
survey consisting of multiple-choice and open-ended
questions was sent to the 192 authors included in the first
literature search. The survey form is presented in Sup-
plementary material S2. Quantitative data obtained from
the survey were analyzed with MS Excel, and open-ended
questions were grouped based on respondents’ answers to
the related multiple-choice questions. The representative
reasonings behind choosing a certain reply are presented
in the Results section together with the multiple-choice
results. All survey replies are presented in Supplementary
material S3.

@ Springer
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Table 1 Number of milk, beef, and by-product studies reporting the
allocation method used. Several methods=two or more methods
used, No allocation=study reported to allocate all impacts to one
product, CLCA = consequential LCA model

Allocation method  Milk studies Beef studies By-product
studies
Biophysical 60 8 -
Economic 49 13 5
Several methods 40 3 5
Mass 1 3
Own method 6 2 1
System expansion 6 1 -
No allocation 12 4 -
Protein 4 - -
CLCA 2 - -
Energy 2 - -
Fat and protein 1 - -

3 Results
3.1 Literature review

A total of 186 milk, 32 beef, and 14 by-product studies
reported the allocation method that they used (Table 1).
Of these studies, most were peer-reviewed journal articles

Fig. 1 Study goals when using
a certain allocation method.
Details concerning the clas-
sification are presented in the
Materials and methods section.
Methods that were used in less
than five studies were excluded
from the figure. n=number of
studies reported in Table 1

Biophysical

Economic

Several methods

Mass

Own method

System expansion

No allocation

W System comparison
[0 Method research
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(85%), followed by reports (10%), other type of studies (3%),
or conference papers (2%).

The classification according to study goals showed that
the share of different goals was similar regardless of alloca-
tion method, except that method research was more com-
mon in studies using several allocation methods and system
expansion was more common in studies comparing different
systems (Fig. 1). Biophysical allocation was not used in a
single study aiming to compare different products.

In milk LCA studies, the biophysical allocation method
was most commonly used, followed by economic alloca-
tion (Table 1). Contrary to the recommended ISO allocation
steps, system expansion was used less often. In all these
studies, system expansion was implemented as substitution
with other sources of meat (beef from beef herd or pork),
except in one study where it was unclear how the method
was used. Aside from these, several other methods were
used, including mass, protein, energy, and allocating all
impacts to milk (Table 1).

Six authors also presented their own method comprising
allocation of all impacts from birth to first lactation to meat and
all emissions after that to milk (resulting in 84% allocated to
milk), allocation based on the energy and protein requirements
of the herd (88%), allocation based on relation of milk produc-
tion and live weight gain of herds (85%), allocation based on
farmers’ assessment and valuation of the role of cattle in their
livelihoods (60%), allocation based on metabolizable energy

100%

20% 40% 60% 80%

@ Product comparison B Impact quantification

O Other
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content (87%), and allocation based on farmers’ perception of
the importance of different functions (49%).

Despite the great number of beef carbon footprint stud-
ies published, only 32 of the studies covered by this review
reported applying any allocation. The most commonly used
method was economic allocation, followed by biophysical
allocation (Table 1).

In LCA studies of products utilizing beef by-products,
economic allocation was the most frequently used single
method, but the use of several methods to test the impact of
the methods was also common (Table 1).

3.1.1 Allocation methods and their impact on results

From studies reporting allocation methods, those also reporting
allocation factors, consisting of 121 milk studies (349 observa-
tions), 15 beef studies (34 observations), and 12 by-product
studies (21 observations), were further analyzed (Table 2).
The differences in allocation factors between allocation
methods were notable, and allocation was applied mainly
between milk and meat (Fig. 2). Nevertheless, in many stud-
ies, it was unclear whether allocation to meat referred to the
whole animal (live weight) or only to actual meat since for
instance in the IDF allocation formula “meat” stands for live
weight. Manure was handled as a by-product in 18 studies.
Most of these studies (n=12) applied economic allocation
and the rest (n=0) used substitution. The average economic
allocation ratio to manure (15 observations) was 4% and sub-
stitution 27% (9 observations). One study allocated impacts
to hides and pet foods according to their economic value and
two studies also included allocation to insurance value of
stock on hand and financing value of animals to by-products.

In beef LCA studies, the allocation factors in different
methods differed considerably (Fig. 3). Economic, energy,
and mass allocation resulted in 87%, 80%, and 73% of
impacts being allocated to meat, whereas biophysical allo-
cation resulted in only 27% being allocated to meat and the
rest to by-products. One study applied its own allocation
method by using economic allocation to hide and substitu-
tion to handle other by-products.

In LCA studies of products utilizing beef by-products,
economic and mass allocation were the most used. Allocat-
ing according to energy content resulted in an even greater
share of impacts (52%) being assigned to by-products than
to meat. Mass allocation also resulted in a relatively low
share of impacts being allocated to meat (55%), compared
with economic allocation (88% to meat) (Fig. 4). One study
applied its own allocation method, which was the average
ratio of mass, energy, and economic allocation.

3.1.2 Rationale for the use of a certain method

Most of the studies presented some argumentation to support
the methodological choices concerning allocation between
by-products. Authors applying several allocation methods,
or an allocation method and consequential model, were
aware of the effects of methodological choices and therefore
decided to apply several methods.

The studies using only biophysical allocation method
(n=160) mostly justified the choice of method by either stat-
ing that it is recommended by IDF or that the approach is
used by IDF (n=26), and some studies also referred directly
to the study by Thoma et al. (2013) underlying the IDF 2015
guidelines. Of the studies applying biophysical allocation,

Table 2 Number of included studies and allocation methods used in milk, beef, and by-product LCA studies. AR =allocation ratio, No alloca-

tion =study allocated all impacts to one product

Allocation method Milk studies Beef studies By-product studies
No. of studies No. of No. of studies No. of No. of studies No. of
reporting AR observations reporting AR observations reporting AR observations
Biophysical 59 123 2 2 - -
Economic 58 116 11 16 7 7
Mass 18 35 1 1 7 9
Protein 12 23 - - - -
Energy 7 11 1 1 2 2
Emergy 1 3 - - - -
Nitrogen 2 2 - - - -
Fat and protein 1 3 - - - -
Fat 1 1 - - - -
System expansion® 5 7 - - - -
Own method 10 11 1 8
No allocation 13 13 4 4 2 2

2Also includes substitution method

@ Springer



The International Journal of Life Cycle Assessment (2022) 27:191-204

196
Fig.2 Allocation ratios (min— 1.00 r
max-average) used in milk LCA T
studies by different methods as -
a ratio of total impact of the sys-
tem allocated to milk. n=obser-
vations reported in Table 2 0.80

0.60 | -— —
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only four failed to present argumentation concerning their
methodological choices.

Among studies applying only economic allocation
(n=49), a large proportion (n=9) presented no reasoning
behind the methodological choice, and the most common
argumentation (n=11) was that the same method is used in
another study or studies. Two studies referred to PAS2050
recommendations, one to EDEN tool, and three argued
that economic allocation considers the variable quality of
by-products.

Of the studies using only system expansion (n=38), two
were consequential LCA studies and the rest applied sys-
tem expansion as a substitution method. Of these studies,
only one referred to ISO standard allocation procedure and
three to other studies. One study applied system expan-
sion to account for multiple functions or enterprises on the
farms, such as energy from biogas plant or non-feed plant
production.

Of the studies using only mass allocation (n=4), none
presented the reasoning behind the allocation choices. Of
the studies using only protein allocation (n=4), two used
the method since it reflects the primary function of the
dairy sector as a provider of edible protein and two failed
to provide reasoning.

Two studies used only allocation based on energy out-
puts without providing their rationale. In studies allocating
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all impacts to milk (n=13), the most common reason
(n=35) was that this approach is consistent with the study
goal or that the approach is also used in other studies
(n=4).

One study used nitrogen allocation, presenting as
reasoning that nitrogen input is the most important fac-
tor determining the level of N,O emissions (Weiss and
Leip 2012). Only one study used fat and protein content-
based allocation since nutritional content-based allocation
methods are also used in other milk LCA studies.

3.2 Survey of LCA practitioners’ reasons
for choosing allocation methods

The response rate of the survey was 9.4% with 18
responses. The results for each question are presented
below.

3.2.1 Q1:”In the context of milk and beef production
systems, what are the strengths and weaknesses
of different allocation methods?”

Although dividing into sub-processes is the first recom-
mended method in ISO allocation steps, this approach was
not used in any of the publications included in this study.
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Fig.3 Average allocation ratios

1.00 %
used in beef (from beef herd)
LCA studies by different meth-
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The survey respondents described this method as “the most
accurate and logical” but also as “not possible to imple-
ment” in the context of animals. System expansion was also
described as an “accurate” and “exact” method that “avoids
arbitrary decisions about allocation factors,” “takes into
account the whole production process,” and “contributes to
the understanding of a more detailed scenario of the conse-
quences that an action can cause.” Weaknesses of the method
cited included that it “is difficult to implement,” “includes
too many assumptions,” “should not be used unless it is a
full consequential model for the entire system,” “limits use
of results,” “is often not relevant for research questions,” and
“lacks alternative systems.”

The biophysical allocation method was the most com-
monly used method in milk LCA studies, and in the survey
replies it was said to be “the easiest to implement and
the most accurate according to IDF and PEF guidelines,”
“independent of most external factors,” and “applicable
and available.” Weaknesses of the method were described
as “difficult to quantify,” “poor pedigree data for calcu-
lation,” “difficult to explain to people outside the field,”
and “does not necessarily agree with value of the prod-
ucts.” Rarer responses were “difficult to find the causality
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involved” and “there is no biophysical causality in milk
production.”

Economic allocation is also widely used, but the literature
review showed that studies usually presented no rationale for
the choice of method. In the survey, researchers described
economic allocation as “easy to use and easily understood,”
“reflecting the value driving the production system,” which
“can provide a good relative assessment of the importance
of a product or by-product.” It was also seen as a “standard
method in LCA that provides results comparable with other
studies.” The weaknesses were listed as “too variable over
time”; “may not represent true value to society”; “prices
do not reflect local conditions, values, and demands (e.g.,
local milk price depends on global auction pricing, not local
economy)”; “the allocation factor changes depending on
which person buys the product, for instance, whey as fod-
der or whey for human nutrition”; and “not all functions of
livestock systems have a market value.”

Allocation based on mass was seen as an “easy” method,
but otherwise, it was described as “not relevant,” “mean-
ingless,” or “cannot think of any case where this would be
a reasonable representation.” Dry mass allocation was also
said to be “easy” and a method that “avoids major errors that

@ Springer
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Fig.4 Average allocation ratios 1.00 X
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can be introduced through economic allocation.” The weak-
nesses of the method were “not easy to collect data on dry
mass,” “not the best representation of the true value of each
(product),” “lots of bias,” “quality or value not considered,”
“not relevant,” and “meaningless.”

The strengths of protein allocation were described as “use-
ful for comparison with other food,” “quite easy,” “reflects an
important aspect of milk composition and a positive aspect of
health,” and “relevant for food.” Listed weaknesses were that
it “does not fully represent food value,” “it is economically
important but may not reflect a holistic view of the system,”
it is “arbitrary,” and difficult to implement due to “lack of
data.” It was also argued that “milk and meat have nutritional
value besides protein” and, for example, “whey is a product
that has much protein but is a by-product that cannot always
be sold at suitable prices and is partly used as fodder.” Protein
allocation was also stated to have “no particular weakness;
the use of this allocation method should be related to the
functional unit used and to the purpose of the study. Protein
content does not reflect the reality of why milk is processed.”

Strengths of energy allocation were described as “use-
ful for comparison with other food,” “sound mechanistic
basis,” “simple,” “precise,” and “environmental adherence.”

99 ¢
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Weaknesses were similar to those of protein allocation, e.g.,
“does not consider quality or value,” “protein represents
only one part of the system,” “arbitrary,” “lack of data,”
and “milk and meat have nutritional value besides protein.”

3.2.2 Q2:"Which allocation method would you use
for allocating impacts between milk and living
animals?”

Most respondents would use biophysical allocation between
milk and live animals since it is “the easiest to implement
and the most accurate according to IDF and PEF guide-
lines” and “less context-dependent and takes into account
the requirement difference between milk and meat” (Fig. 5).
The second most frequently selected method was eco-
nomic allocation since “it is the simplest and most accurate
method” that “reflects the economic reality that drives the
production system,” “best reflects input to system or output
of system,” and is “used in most LCA studies of livestock
products.” However, “it assumes that production is market-
oriented, and thus, it is not the best method for smallholder
systems with production aimed at self-sufficiency.”
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Mass None of these
5% 5%

Sub-processes
5%

Biophysical
System 38%
expansion
19%

Economic
28%

Fig.5 Share of different methods that respondents would use to allo-
cate impacts between milk and the living animal

Of the respondents, 19% would use system expansion
“because in milk production we have several by-products
with a value higher than whole milk.”

Dividing into sub-processes “where the data exist to be
able to use this method, it is the most appropriate and exact,”
and mass “proportions of raw material and products/deriva-
tives well documented in the literature” were also selected.
In addition, “none of the methods” was selected since “this
question is impossible to answer as it depends on the goal
of the specific study. No universal LCA rule exists for this
problem as it depends on the stakeholders, reason, and
intended application.”

3.2.3 Q3: How the following system outputs should be
handled in LCA; as products, residues, or waste?

(Product =any good or service burdened with impacts, Resi-
due =any material output without burdens allocated to it,
Waste = substances or objects which the holder intends or is
required to dispose of, impacts from disposal are allocated
between products.)

Milk and meat were categorized as products since they
are the “primary desired product” and have “high com-
mercial value.” Meat was also said to be “usually one of
the things that the system exists to produce. If it is not a
primary product (e.g., dairy system), it still has a food
function.” Manure was categorized as product, residue,
and waste, but almost all explanations stated that the allo-
cation to manure “depends on the system — would be a
waste in a high input system and a product in a circular
system at lower intensity” and how the manure is used “in

the systems I model, manure is 100% returned to land (a
legal requirement) so I have never had to build a model
in which manure is an output; it normally lies within the
system boundary” (Fig. 6).

Hides, bones, and tallow were mostly seen as a “valu-
able by-product” with economic value, but also as residue
or waste. At the same time, internal organs or blood were
seen more as residue, e.g., “useful by-product,” or as a
waste, e.g., “I do not know if they have any other indus-
trial use.”

3.2.4 Q4:"If you would apply allocation
in the following cases, which methods would you use
and at what point of life cycle would the allocation
take place?” For example which economic values
and at what point (e.g., farm or slaughterhouse
gate)”

Case 1: Between milk and body parts (including meat)?

Most respondents would apply economic or biophysical
allocation. All replied that the allocation should take place
at the farm gate and one specified “at the farm gate, for
body parts at the slaughterhouse” (Fig. 7).

Case 2: Between meat and different body parts (e.g.,
organs, bones, blood)?

The majority of respondents would use economic allo-
cation to divide impacts between meat and the rest of the
body parts. Mass was also cited relatively often consider-
ing that in previous questions, the view of mass allocation
was rather negative. All replied that the allocation should
take place at the slaughterhouse (Fig. 8).

Case 3: Allocation to manure?

Most would not allocate any impacts to manure or alter-
natively would use economic value, in case it exists. Some
would also use system expansion to calculate credits from
avoided fertilizer production. One reply stated “biophysical
using LEAP Nutrient cycling guidelines.” All replied that
the allocation would take place at the farm gate (Fig. 9).

4 Discussion

This study supported the widely recognized problematic
nature of by-product allocation methods. This methodologi-
cal decision has an impact on the results, which has also been
established in earlier studies (Flysjo et al. 2011; Kristensen
et al. 2011). The review showed large variations in allocation
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Fig.6 Share of replies con-
cerning how to categorize
different dairy system out-
puts. Product=any good or
service burdened with impacts,
Residue =any material output
without burdens allocated to it,
Waste = substances or objects
that the holder intends or is
required to dispose of; impacts
from disposal are allocated
between products
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expansion are mainly used in studies comparing different  ies also reported allocating all impacts to one product since
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Fig.9 Share of different allocation methods according to which LCA
practitioners would allocate impacts to manure

allocation has no relevance for the study goal (e.g., compar-
ing impact of mitigation practices). Thus, it should be noted
that despite attempts to harmonize the method, allocation
decisions should be in accordance with the study goal, and
therefore, one method may not be suitable for all purposes.

4.1 Allocation between different outputs

In milk LCA studies, the allocation is mainly done between
milk and meat, and other by-products, such as manure, hides,
bones, and inner organs, are not taken into account. Only a
few beef LCA studies included allocation to by-products.
This might be due to most of the milk and beef studies hav-
ing cradle-to-farm gate system boundaries, and therefore, the
allocation is done only between the products that are sold
from the farm (Baldini et al. 2017). Allocation should take
place at the point where the products separate, but it should
be discussed whether the allocation to different body parts
could also take place at the farm gate in studies with a farm
gate system boundary. Although body parts are not sepa-
rated, they are still undeniably produced by the system and
are one of the outputs of the system. This approach would
also simplify problems arising from the use of different
methods at different stages. For example, applying protein
allocation at the farm gate and economic allocation at the
slaughterhouse favors meat, but applying allocation at the
same point allows allocation to by-products first, after which
the impacts can be shared between meat and milk.
Provision of food and income for farmers was consid-
ered a general function of milk and beef production in the
reviewed studies, but agricultural systems are also func-
tioning ecosystems. Provisioning of food, fibers, and fuels
is only one function of ecosystems, and other important

benefits through supporting, regulating, and cultural services
are also derived from ecosystems (MEA 2005). This kind of
multifunctionality is generally not considered in LCA, but
the few studies conducted on the topic show that the results
obtained with inclusion of ecosystem services as outputs
with impacts allocated to them differ greatly from the results
of a standard LCA (Kiefer et al. 2015; Boone et al. 2019).

In addition to milk and meat, several other usable mate-
rials (e.g., inedible body parts and manure) are recovered
from milk and beef production systems, even though they
are usually not considered as products in the assessments.
Still these materials are efficiently utilized, and a decrease in
livestock production would also lead to a demand of alterna-
tive production of products derived from these materials.
Efficient utilization of these by-products will be increasingly
important when transitioning towards circular economy, and
therefore, development of the methodology for handling
these materials should also be advanced.

4.2 Rationale for allocation methods

Although being the most frequently used allocation method
and recommended in the ISO standard as step 2, biophysical
allocation, established particularly by IDF guidelines, has
been criticized for favoring milk and not being applicable to
extensive production systems, where the beef-to-milk ratio
is high, since it results in a very low or even a negative
allocation ratio for milk (Rice et al. 2017; Nemecek and
Thoma 2020). The method also does not consider heifers
sold to other dairy farms. Moreover, the confusion over
ECM and FPCM formulae in IDF guidelines is not com-
monly recognized since it was not mentioned in the milk
studies or in the survey, which increases the uncertainty of
the milk LCA results. To avoid misunderstandings, report-
ing the entire formula used to calculate the functional unit
in milk LCA studies is recommended (Baldini et al. 2017).

Another inaccuracy in the IDF formula is that it presents
allocation between milk and meat, but the “meat” in fact
includes the whole live weight of the animal. Thus, it is
unclear whether the allocated result is meant for the whole
animal or only the meat. To further allocate impacts of the
whole animal, a biophysical allocation method for different
body parts has been developed (Chen et al. 2017). However,
this method leads to a relatively low share, around 50%, of
impacts being allocated to body parts used as human food.
Since the method does not address the varying quality of
the different by-products, it may overestimate the impacts of
by-products in favor of edible parts. In addition, our study
showed that biophysical allocation is not used in studies
comparing different products, which might be due to a lack
of established biophysical allocation procedures for other
food products.
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Although biophysical allocation is based on physical
causality, it usually uses economic value as a criterion to
determine which output materials are considered as products
with impacts allocated to them (Mackenzie et al. 2017). In
this sense, the currently used biophysical allocation manner
is not completely based on physical causality and detached
from the socioeconomic context since materials classified
as waste might vary depending on economic and cultural
circumstances (Chen et al. 2017).

Economic allocation is widely used, even though bio-
physical allocation is the recommended method in milk LCA
guidelines and also preferred over economic allocation in the
ISO procedure. The literature review showed that the rationale
for using economic allocation is weak, based usually only on
the fact that it is used in other studies. In the reviewed stud-
ies and in the survey, subjects also mentioned that economic
allocation makes the results more comparable with other stud-
ies since it is a widely used method. According to the survey,
most of the LCA practitioners would still apply economic
allocation between all products — milk, meat, manure, and
non-edible body parts. Popularity of economic allocation may
be due to its being simple to apply and illustrating proper-
ties of complex systems, also including differences in output
material qualities (Ardente and Cellura 2012). Another reason
to apply economic allocation is that it reflects the value to
society or that the economy is the driving force of production.
Instead of physical realism, economic allocation reflects the
socioeconomic cause of impacts (Pelletier et al. 2015). How-
ever, Pelletier and Tyedmers (2011) argue that providing
nutrition is the fundamental reason why food has economic
value in the first place, and therefore, biophysical allocation
approaches also cover socioeconomic functions of foods since
they are based on physical properties of inputs and outputs.

Disadvantages of economic allocation are market fluc-
tuations and context dependence, e.g., whether milk is
produced in organic or conventional systems. The survey
replies also revealed that prices depend on who the buyer is
and the purpose of the product. Another weakness of eco-
nomic allocation is that it easily indicates the cheapest by-
products as also being those with the lowest environmental
impacts (Pelletier and Tyedmers 2011; Pelletier et al. 2015).
Therefore, an increase in demand and consequently in
prices would also lead to greater environmental impacts
being allocated to by-products. This could lead to situa-
tions signaling that utilizing or recycling materials would
be nonbeneficial from the environmental perspective. Thus,
this kind of fluctuation only increases uncertainty since the
demand of the by-product does not really affect the physical
shares of the products derived from an animal.

Protein and energy allocations are related to the funda-
mental purpose of dairy and beef production as a food pro-
vider. Nevertheless, implementing these methods through-
out the production chain requires data that may be difficult
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to obtain and the share of different amino acids and other
nutrients in milk and meat also differ from each other (Rice
et al. 2017). If methods used in LCA are nutrient content-
based, the approach should be more extensive to cover a
variety of nutritional requirements (Saarinen et al. 2017).
However, applying allocation based on nutritional properties
might be challenging for nonfood products such as manure
or inedible body parts.

In addition to allocation, the choice of functional unit as
“quantified performance of a product system” also reflects
the considered function of the system (ISO 2013). In this
sense, a functional unit (e.g., certain amount of protein or
energy) could also be seen as the first choice of allocation,
as it defines the system functions to which the impacts are
assigned. In addition, as suggested by one respondent in
the survey, allocation and functional unit are also related
and both should be selected in accordance with the goal
and scope of the study. They should support each other. For
example, recent efforts have been made to develop nutri-
tional units that emphasize the nutritional importance of
foods. In these cases, care should be taken that the environ-
mental impact assessment of the product system does not use
allocation solutions that distort the environmental impact
of the feed streams on the products of the product system in
terms of the nutritional properties presented in the functional
unit. For example, economic allocation may do so because
it reflects current economic relationships rather than causal
relationships in the production chain. Instead, biophysical
allocation could be a suitable allocation solution in this con-
text, which emphasizes the importance of methodological
solutions for the purpose and scope of the research, but the
issue warrants further investigation.

Although system expansion is the first allocation step in
the ISO standard allocation procedure, it is less frequently
used and is usually included only for comparison of dif-
ferent allocation methods. In the studies, system expansion
was implemented as substitution by assessing impacts from
avoided production, which is in line with the interpretation
made in early allocation studies (Brander and Wylie 2011).
Substitution in attributional models has been suggested to
favor milk production since all impacts from growing ani-
mals are fully allocated to beef, even though the animal is
an unavoidable part of milk production (Rotz et al. 2010).
The allocation factors found in this study also show the
low share of impacts allocated to milk by system expan-
sion (Fig. 2). Thus, system expansion is not implemented
by including also functions of by-products. In this case, it
would be impossible to obtain results for single products,
which can conflict with the study goal.

The ISO standard does not differentiate consequential
and attributional LCA. However, it has been proposed that
attributional LCA only include actual burdens from the sys-
tem and not those that do not physically occur (Brander and
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Wylie 2011). Since substitution method leads to a situation
where credits are given when physical removals of emissions
do not actually occur, it is possible to obtain negative LCA
results even when emissions of a system are greater than
removals occurring in the system (Brander and Wylie 2011).
Thus, credits from avoided production (e.g., fertilizer sub-
stituted with manure) should not be given, although this
approach is adapted in several studies (FAO 2015). The
ILCD Handbook also states that it is incorrect to perform
allocation to some by-products and substitution to others
(European Commission 2010).

4.3 Harmonization or compliance with study goals?

As different allocation methods are suitable for different
purposes, the method chosen should be congruent with the
study goal. Efforts are made to harmonize the LCA method,
but it should be noted that different objectives of the assess-
ments also require adaptable methodology.

5 Conclusions

Dairy and beef production systems are multifunctional and
produce several by-products, such as manure, hides, internal
organs, and bones. These materials are an unavoidable part
of production that have numerous uses as energy sources,
fertilizers, pet foods, and raw materials for other industries.
Demand for these materials is growing due to various circular
economy solutions. Therefore, these outputs should be recog-
nized as products and taken into consideration in LCA studies.

Most of the studies reported here had a farm gate system
boundary, which is undeniably appropriate for studies that
aim to compare different production practices. In applying this
system boundary, it should be acknowledged that it is a whole
animal leaving the farm, instead of meat, and product level
results for meat can only be obtained by including the slaugh-
tering stage in the study. The allocation guidelines also have
some inaccuracies that make it difficult to know whether the
impacts are allocated to meat or to the whole animal. There-
fore, we recommend that milk and beef guidelines consider
the slaughtering stage and provide the allocation method for
different by-products. This would clarify the units used and
the results obtained for both edible parts and by-products that
are further processed. LCA practitioners should also clearly
communicate the units used (e.g., instead of “milk,” specify
whether the unit is raw milk, ECM, or FPCM), the allocation
method, and the share of impacts allocated to each product.

Furthermore, it should be clearly defined which outputs
are considered as products in a specific study. The allocation
method should be in accordance with the study goal and
scope as well as the functional unit used, and consistently
applied throughout the life cycle, if applicable.
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