
LCA FOR AGRICULTURE

Attributional versus consequential life cycle assessment and feed
optimization: alternative protein sources in pig diets

Hannah H. E. van Zanten1
& Paul Bikker2 & Bastiaan G. Meerburg2 &

Imke J. M. de Boer1

Received: 15 January 2016 /Accepted: 2 March 2017 /Published online: 14 March 2017
# The Author(s) 2017. This article is published with open access at Springerlink.com

Abstract
Purpose Feed production is responsible for the majority of the
environmental impact of livestock production, especially for
monogastric animals, such as pigs. Some feeding strategies
demonstrated that replacing one ingredient with a high impact,
e.g. soybean meal (SBM), with an alternative protein source,
e.g. locally produced peas or rapeseed meal, has potential to
reduce the environmental impact. These studies, however,
used an attributional life cycle assessment (ALCA), which
solely addresses the direct environmental impact of a product.
A replacement of SBM with alternative protein sources, how-
ever, can also have indirect environmental consequences,
which might change environmental benefits of using alterna-
tive protein sources. This study aims to explore differences in
results when performing an ALCA and a CLCA to reduce the
environmental impact of pig production.We illustrated this for
two case studies: replacing SBM with rapeseed meal (RSM),
and replacing SBM with waste-fed larvae meal in diets of
finishing-pigs.
Methods We used an ALCA and CLCA to assess global
warming potential (GWP), energy use (EU) and land use

(LU) of replacing SBM with RSM and waste-fed larvae meal,
for finishing-pigs. The functional unit was 1 kg of body
weight gain.
Results and discussion Based on an ALCA, replacing SBM
with RSM showed that GWP (3%) and EU (1%) were not
changed, but LU was decreased (14%). ALCA results for
replacing SBM with waste-fed larvae meal showed that EU
did not change (1%), but GWP (10%) and LU (56%) were
decreased. Based on a CLCA, replacing SBM with RSM
showed an increased GWP (15%), EU (12%) and LU
(10%). Replacing SBM with waste-fed larvae meal showed
an increased GWP (60%) and EU (89%), but LU (70%) was
decreased. Furthermore, the results of the sensitivity analysis
showed that assumptions required to perform a CLCA, such
as definition of the marginal product, have a large impact on
final results but did not affect the final conclusions.
Conclusions The CLCA results seem to contradict the
ALCA results. CLCA results for both case studies
showed that using co-products and waste-fed larvae
meal currently not reduces the net environmental impact
of pork production. This would have been overlooked
when results were only based on ALCA. To gain insight
into the environmental impact of feed, animal nutrition-
ists can use an ALCA. If policy makers or the feed
industry, however, want to assess the net environmental
impact of a potential feeding strategy, it is recommend-
ed to perform a CLCA. Feed and food markets are,
however, highly dynamic. Pig feed optimization is based
on least cost optimization and a wide range of ingredi-
ents are available; diet compositions can, therefore,
change easily, resulting in different environmental im-
pacts. Ideally, therefore, a CLCA should include a sen-
sitivity analysis (e.g. different feed prices or different
marginal products) to provide a range of possible out-
comes to make the results more robust.
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1 Introduction

The global demand for animal source food is expected to in-
crease (Alexandratos and Bruinsma 2012). Simultaneously,
livestock production causes severe environmental pressure via
emissions to air, water and soil (Steinfeld et al. 2006). The global
livestock sector is responsible for about 15% of the total anthro-
pogenic emissions of greenhouse gases (Gerber et al. 2013). The
sector also increasingly competes for scarce resources, such as
land, water and fossil-energy.

Feed production is responsible for the largest part of the envi-
ronmental impact of livestockproduction, especially formonogas-
tric production systems (DeVries andDeBoer 2010; Gerber et al.
2013). Several studies, therefore, assessed the potential benefits of
using different feeding strategies to reduce the environmental im-
pact. An often applied strategy is to replace feed ingredientswith a
high environmental impact for ingredients with a lower environ-
mental impact. Studies exploring the environmental impact of dif-
ferent feed ingredients demonstrated, for example, that diets con-
taining soybeanmeal (SBM) often result in a large environmental
impact (Cederberg and Flysjo 2004; Eriksson et al. 2005; Van der
Werf et al. 2005; Weightman et al. 2011). Currently, SBM is the
mainproteinsourceinpigdiets(Vellingaetal.2009).Cultivationof
SBM has a high environmental impact due to large transport dis-
tances,due toahigheconomicallocationasSBMnowadaysdrives
the production process (Cederberg and Flysjo 2004; Van derWerf
etal.2005;Vellingaetal.2009)anddue toemissionsrelated to land
use change (LUC), such as deforestation in SouthAmerica (Foley
et al. 2007; Prudêncio da Silva et al. 2010).

ReplacingSBMwith alternativeprotein sources such as local-
ly produced protein sources or co-products from the bio-diesel or
food industry, therefore, might be a potential mitigation strategy.
ReplacingSBMwith locallyproducedprotein sources resulted in
a reduction of globalwarming potential (GWP) up to 13%andof
land use (LU) up to 11% (Eriksson et al. 2005;Meul et al. 2012;
Sasu-Boakye et al. 2014). Replacing SBM with rapeseed meal
(RSM)resultedinareductionofLUupto12%,butdidnotchange
GWP and energy use (EU) (Van Zanten et al. 2015a). Although
the results of those studies seem to be promising, one should
consider the fact that feed ingredients such as locally produced
proteinsourcesandco-products are limitedavailable.Thosestud-
ies, however,were basedon an attributional life cycle assessment
(ALCA), implying they addressed the direct environmental im-
pact of a product in a status quo situation.Thedirect environmen-
tal impacts result from the use of resources and emissions of
pollutants directly related to the production of 1 kg of pig meat,
suchasfeeduse,diesel for transportandelectricity forheating,ata
specific moment in time. Although commonly used in pig

production (McAuliffe et al. 2016), an ALCA does not include
consequences of a change in diet composition, outside the pro-
duction chain of pork. It, therefore, does not consider that co-
products or the land needed to produce locally produced protein
sources might already have applications. An increase in demand
of co-products or locally produced protein sources might, there-
fore, result in shifting of the application of the co-product or
shifting local land sources from one sector to another sector. To
assesssuch indirect consequences,aconsequentialLCA(CLCA)
can be used. A CLCA describes how environmental flows/
processes change within and outside the production cycle of a
product, in response to a change in the system (Ekvall and
Weidema 2004). Applying a CLCA might, therefore, result in
different outcomes compared to the results of an ALCA. Van
Zanten et al. (2015b), for example, explored the environmental
consequences of using waste-fed larvae meal as feed ingredient.
These larvaewerepartly fedon food-waste,whichwasoriginally
used for production of bio-energy. Accounting for these indirect
consequencesimpliedincludingtheenvironmental impactofpro-
duction of energy needed to replace the original bio-energy func-
tion of food-waste in the analysis. The results ofVanZanten et al.
(2015b)showedthat the impact increasedsignificantlywhencon-
sequences where considered, showing the importance of consid-
eringthoseconsequences.ThisstudyofVanZantenetal. (2015b),
however,was applied at the levelof an individual feed ingredient,
andnot at the level of the entire pigdiet.VanZanten et al. (2015b)
assumed that larvae meal could be replaced with SBM or
fishmeal. In reality, if one feed ingredient is replacedwith another
feed ingredient, the whole diet composition will change to meet
thenutritional requirementsof theanimal. If, forexample,SBMis
replacedwithRSMbasedoncrudeproteincontent, thenetenergy
contentperkilogrammeoffeedwill decrease.Meaning that ifone
aims tomaintain the same growth performance of the animal, an
increase inanenergy-rich ingredient suchasanimals fat (havinga
highGWP and EU) is required.

To our knowledge, there are only a few studies that
assessed the difference in results between an ALCA and a
CLCA, when assessing the environmental impact of changing
livestock diets (Mogensen et al. 2010; Nguyen et al. 2013);
none of them relates to pig production. This study, therefore,
aims to explore the differences in results when performing an
ALCA and a CLCA to reduce the environmental impact of pig
production in the Netherlands. We assessed two feeding strat-
egies replacing SBM with RSM, and replacing SBM with
waste-fed larvae meal in diets of finishing-pigs. In this study,
GWP, EU and LU were assessed per kilogramme of body
weight gain.

2 Material and method

An ALCA and a CLCA will be used to assess the environ-
mental impact of replacing SBMwith RSM or with waste-fed
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larvae meal. RSM was chosen as an alternative protein source
because co-products from bio-diesel production, such as rape-
seed meal (RSM) became increasingly available during the
last decade in Europe (Makkar et al. 2012). Consequently,
the RSM content in pig diets more than doubled (Vellinga
et al. 2009). Increasing the use of RSM might be interesting
from an environmental perspective as feeding co-products has
potential to lower the environmental impact (Elferink et al.
2008). RSM is a protein-rich feed ingredient and, therefore,
can replace soybean meal (Thamsiriroj and Murphy 2010;
Reinhard and Zah 2011). The aim of this case was, therefore,
to assess the environmental consequences of replacing SBM
with RSM in finishing-pig diets. Waste-fed larvae meal was
chosen as an alternative protein source as recent developments
indicate environmental benefits of rearing insects for livestock
feed (Van Huis et al. 2013; Sánchez-Muros et al. 2014). The
nutritional value of insects is high, especially as a protein
source for livestock (Veldkamp et al. 2012). Insect-based feed
products, therefore, can replace conventional feed ingredients,
like fishmeal or soybean meal. Replacing SBM with waste-
fed larvaemeal at the level of the entire pig diet is not analysed
so far, but preliminary results of Van Zanten et al. (2015b) on
the individual feed ingredient level showed that waste-fed
larvae meal has potential to reduce the environmental impact
of feed production. The aim of this case was, therefore, to
assess the environmental consequences of replacing SBM
with waste-fed larvae meal in diets of growing pigs. To assess
those two feeding strategies, we first describe the diet formu-
lation and growth performance of finishing-pigs (2.1), and
subsequently explain the environmental impact assessment
methods used (2.2).

2.1 Diet composition and growth performance

All diets were designed to meet the requirements of a Dutch av-
erage standard diet for finishing-pigs, and contained 9.50MJ net
energy (NE) and 7.59 g standard ileal digestible (SID) lysine per
kilogramme of feed, while pigs were fed ad libitum. Diets had to
meet requirements for SID methionine and cystine 62%, SID
threonine 65% and SID tryptophan 20%, relative to SID lysine.
Furthermore, because of nutritional reasons and taste, the follow-
ing dietary restrictions were applied in all scenarios: a diet
contained a maximum of 30% maize, 40% wheat, 40% barley,
10% peas, 2% molasses, contained 500 FTU phytase per
kilogramme and 0.4% premix to provideminerals and vitamins.

Giventheabovementionedrestrictions, thebasicscenario(S1)
was defined, using SBM as major protein source (see Table 1),
based on Van Zanten et al. (2015a). In the second scenario (S2),
SBMwas replaced with RSM based on their crude protein (CP)
content, as described in detail by Van Zanten et al. (2015a). In
summary, the amount of CP in 15% SBM and 8% barley was
replacedwith theCPin23%RSM.In the lastdiet (S3),15%SBM
was replacedwith 15%waste-fed larvaemeal also based on their

CP content. The final dietwas formulated by using a commercial
linear programming tool (i.e. Bestmix®, Adifo, Maldegem,
Belgium), with the nutritional value of feed ingredients from
CVBdatabase (CVB (Dutch feed tables) 2011). Linear program-
mingwasused tooptimize thedietbyminimizing thecostpriceof
the diet. The same pricelist was used as in S1 and S2 (the price of
ingredients was based on the average of a quarterly published
pricelist of Nuscience 2012). The CVB database, however, does
not contain information about the nutrient content and digestibil-
ityofwaste-fedlarvaemeal.Thedigestibilitycoefficient isneeded
toassess theactualnutritional intake.Becausetheactualnutrition-
al intake is based on the nutrient content multiplied with the di-
gestibility coefficient. The nutrient content of waste-fed larvae
meal (Table 2) was adapted from Van Zanten et al. (2015b), but
values were consistent with a literature review of Makkar et al.
(2014). Information about the digestibility coefficient of waste-
fed larvaemeal forpigs isunknown.Informationabout thedigest-
ibilitycoefficientofwaste-fed larvaemeal forpoultry is,however,

Table 1 Diet composition of scenario 1 (S1) containing SBM, scenario
2 (S2) containing RSM, and scenario 3 (S3) containing larvae meal

Ingredients S1 S2 S3

Rapeseed meal, CP <380 – 23.00 –

Soybean meal, CP <480 15.00 – –

Waste-fed larvae meal – – 15.00

Peas 9.36 10.00 –

Maize 30.00 30.00 30.00

Wheat 29.74 30.24 24.29

Wheat middlings 0.90 – 26.57

Barley 10.10 – –

Sugarcane molasses 2.00 2.00 2.00

Vit. and min. premix 0.40 0.40 0.40

Phytase premix 0.65 0.65 0.65

Animal fat – 2.09 –

Limestone 1.24 0.96 1.10

Salt 0.37 0.29 0.26

Monocalcium phosphate 0.11 0.01 –

Sodium bicarbonate – 0.09 0.15

L-Lysine HCL 0.10 0.22 0.03

L-Tryptophan – 0.01 –

L-Threonine – 0.02 –

DL-Methionine 0.03 0.01 –

Nutrient content g/kg

Nett energy, MJ 9.5 9.5 9.5

Crude protein 162 160 166

Lysine (SID) 7.59 7.59 7.59

Crude fibre 30 47 45

Crude fat 27 50 60

Phosphorus (P) 3.75 4.65 5.31

Digestible P 2.27 2.27 2.27

Int J Life Cycle Assess (2018) 23:1–11 3



available. As the digestibility coefficient for poultry and pigs is
quite similar for other protein-rich ingredients, such as SBMand
fishmeal, calculation on the digestibility coefficient of waste-fed
larvaemealwere based on the digestibility coefficient for poultry
(Appendix Table A.1 and Table A.2, Electronic Supplementary
Material). By using the following equation (CVB 2011), the net
energy (NE) value of waste-fed larvae meal was calculated
resulting in 13.01MJ per kgwaste-fed larvaemeal:

13:01 NE kJ=kgDSð Þ
¼ 10:8� 425 digestible crude proteinð Þ
þ 36:1� 228 digestable crude fatð Þ
þ 13:7� 0 starchð Þ þ 12:4� 0 sugarð Þ
þ 9:6� 20 remaining carbohydratesð Þ

As the nutrient content of the diet in each scenario was
identical (9.50 MJ NE/kg feed and 7.59 g lysine/kg feed),
and no adverse effect of pig performance were found by in-
cluding RSM (McDonnell et al. 2010) or waste-fed larvae
meal (Makkar et al. 2014) in finishing-pig diets, a similar
growth performance was assumed between the three scenari-
os. Growth performance was based on Van Zanten et al.
(2015a), who calculated the growth performance of
finishing-pigs for S1 and S2. Scenarios started with 100 days,
weight at start 45 kg, final age 180 days and total feed use
183 kg. The final body weight of the growing pigs was
116.4 kg (Van Zanten et al. 2015a).

2.2 Life cycle assessment

To assess the environmental impact of each scenario, a life cycle
assessment (LCA) was used. LCA is an internationally accepted
and standardized method (ISO 14044 and 14040 2006) to eval-
uate the environmental impact of a product during its entire life

cycle (Guinée et al. 2002; Bauman and Tillman, 2004). During
the life cycle of a product, two types of environmental impacts
are considered: emissions of pollutants and use of resources, such
as land or fossil-fuels (Guinée et al. 2002). We assessed GHG
emissions EU, and LU. These impacts were chosen because the
livestock sector contributes significantly to both LU and climate
change worldwide (Steinfeld et al. 2006a). Furthermore, EUwas
used as it influences GWP considerably and plays an important
role in the rearing of insects (Van Zanten et al. 2015b). LU was
recalculated to square meters and expressed in square meter per
year per kilogramme of body weight gain, whereas EU to
megajoules of primary energy and expressed in MJ. The major
GHGs related to livestock production (Steinfeld et al. 2006) were
included in this study: carbon dioxide (CO2), methane (CH4) and
nitrous oxide (N2O). These GHGs were summed up based on
their equivalence factors in terms of CO2 (100 years’ time hori-
zon) per kilogramme of body weight gain, i.e. carbon dioxide
(CO2), biogenic methane (CH4, bio) 28 kg CO2-eq/kg, fossil
methane (CH4, fossil) 30 kg CO2-eq/kg and nitrous oxide
(N2O) 265 kg CO2-eq/kg (Myhre et al. 2013). In this study, only
the environmental impact related to feed production is assessed
because no changes are expected on related emissions of piglet
production (rearing), enteric fermentation from pigs and from pig
housing. Changes from manure management can be expected
but no data is available on related emissions of manure manage-
ment when insects are used as feed.

As stated in the introduction two types of LCA exist:
ALCA and CLCA. Both methods are explained below.

2.2.1 Attributional LCA

An ALCA describes the environmentally relevant physical
flows to and from all processes, in the life cycle of a product,
at one specific moment in time. During the life cycle of a prod-
uct, like pork, multifunctional processes occur. A multifunc-
tional process is an activity that fulfils more than one function
(Ekvall andWeidema 2004), yielding two or more products: the
determining product, which determines the production volume
of that process (e.g. rapeseed oil), and a co-product (e.g. rape-
seed meal; Weidema et al. 2009). In case of a multifunctional
process, most ALCA studies of livestock products partition the
environmental impact of the process to the various products
based on their relative economic values, a method called eco-
nomic allocation (De Vries and De Boer, 2010). In our ALCA,
we used economic allocation to divide the environmental im-
pact between the determining product and the co-product.

2.2.2 Environmental impact of feed ingredients

To assess the environmental impact of the three scenarios, the
environmental impact of each ingredient must be known. GWP,
EU and LU of most feed ingredient were based on Vellinga
et al. (2013). Production of feed ingredients included impacts

Table 2 Nutrient content (g/kg) of soybean meal (SBM) and rapeseed
meal (RSM) based on CVB (2010), and waste-fed larvae meal (a) based
on data of a laboratory plant (Van Zanten et al. 2015a) and waste-fed
larvae meal (b) based on the average value found in Makkar et al. (2014)

SBM RSM Larvae meal (a) Larvae meal (b)

Dry matter 87.3 87.3 88.0 –

Crude protein 46.4 33.5 47.9 50.4 ± 5.3

Crude fat 1.9 2.6 24.2 –

Crude fibre 3.7 12.0 6.4 5.7 ± 2.4

Ash 6.5 6.7 6.2 10.1 ± 3.3

Phosphorus 0.6 1.1 9.5 16.0 ± 5.5

Calcium 0.3 0.7 8.5 4.7 ± 1.7

Lysine (g/16gN) 6.2 5.5 6.8 6.1 ± 0.9

Methionine (g/16gN) 1.4 2.0 2.4 2.2 ± 0.8
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from cultivation (e.g. impacts related to the production and use
of fertilizers, pesticides, machinery and energy), impacts from
drying/processing and impacts from transport to the farm.
GWP, EU and LU related to waste-fed larvae meal were based
on Van Zanten et al. (2015b). Production of 1 ton dry matter of
waste-fed larvae meal based on ALCA resulted in a GWP of
770 kg CO2-eq, an energy use of 9329 MJ and a land use of
32 m2. Production of larvae meal, however, also has environ-
mental consequences. The food-waste to feed the larvae, for
example, was originally used for production of bio-energy.
Accounting for these consequences implies, e.g. including the
environmental impact of production of energy needed to re-
place the original bio-energy function of food-waste. Based
on the CLCA, the production of 1 ton larvae meal reduced
LU (1713 m2), but increased EU (21,342 MJ) and consequent-
ly GWP (1959 kgCO2-eq). LU and EUvalues of feed additives
(salt, chalk, vitamins and minerals, phytase, monocalcium
phosphate and amino acids) were based on Garcia-Launay
et al. (2014) (GWP was based on Vellinga et al. (2013)).
Appendix Table A.3 (Electronic Supplementary Material) pro-
vides an overview of GWP, LU and EU per kilogramme of feed
ingredient. To assess the average impact of 1 kg feed, the envi-
ronmental impact per kilogramme feed ingredient was multi-
plied with its relative use in the diet. Next, for each scenario, the
average environmental impact per kilogramme feed was multi-
plied with the total feed intake during the finishing period and
divided by the growth performance during the finishing period
(116.4 kg − 45 kg = 71.4 kg). The functional unit was 1 kg
weight gain.

2.2.3 Consequential LCA

A CLCA describes how environmental flows change in re-
sponse to a change in the system (Ekvall and Weidema 2004).
Only those processes (within and outside the system) that re-
spond to the change are considered. Considering changes is
especially important when a mitigation strategy includes the
use of co-products or food-waste. This is because the produc-
tion volume is restricted for co-products and food-waste. For
co-products, for example, a change in demand of the determin-
ing product (e.g. sugar) directly affects the production volume
of the co-product (e.g. beet pulp) (Weidema et al. 2009), where-
as a change in demand of co-product does not. Due to this, co-
products are limited available. Increasing the use of co-products
in animal feed, therefore, results in a reduction of co-product
use in another sector necessitating substitution (see Appendix 1
for more information). We define the sector which was using
the co-product before, as the previous user.

2.2.4 Changes in the use of feed ingredients

First, we had to define the changes in diet composition when
we replace SBM with RSM or waste-fed insects. By

subtracting all feed ingredients used in S1, from those in S2
and in S3, differences in use of feed ingredients becomes clear
(see Table 3). Table 3 shows which feed ingredients changed
compared with the basic scenario containing SBM, for exam-
ple, replacing SMB with RSM, i.e. resulted in an increase in
RSM of 23%, a decrease of 15% SBM, etcetera. As a conse-
quential LCA only considers the changes, only the conse-
quences related to those feeding ingredients of which the use
changed were considered. In case a feed ingredient is used in
the same amount, such as maize, it is, therefore, not consid-
ered as it does not result in an environmental change.

2.2.5 Environmental impact of feed ingredients

After we identified the changes in diet composition, the sec-
ond step was to identify the environmental consequences for
each feed ingredient (Table 3). The environmental conse-
quences for each feed ingredient are largely determined
whether or not a feed ingredient is a determining product
without a co-product, or a determining product with a co-
product, or a co-product (Table 4).

The following feed ingredients are determining products
without a co-product: peas, maize, wheat, barley, limestone,
salt, monocalcium-posphate, bicarbonate, lysine, threonine
and methionine. For those ingredients, the environmental im-
pact of cultivation can be fully ascribed to this single product.
The environmental impact of the cultivation of peas, for in-
stance, is fully allocated to one product, namely peas. The
environmental impact of determining products without a co-
product, therefore, could be based on ALCA data of Vellinga
et al. (2013). This is reasonable because when a product is not
part of a multifunctional process, the environmental impact
related to cultivation does not have to be allocated between
products. Similar to an ALCA, therefore, the environmental
impact related to cultivation is fully ascribed to this single
product. We, therefore, assumed no differences in environ-
mental impact between the ALCA and the CLCA for a deter-
mining product without a co-product.

Of all the feed ingredients in the pig diets, SBM is the only
determining products with a co-product. Furthermore, RSM,
waste-fed larvae meal, wheat middlings and animal fat were
the co-products used in the pig diets. An increase or decrease
of the determining product (SBM) will also result in an in-
crease or decrease of the co-product (soy oil). Co-products can
already have applications, resulting in shifting the application
of the co-product from one sector to another sector. To assess
the environmental consequences of using co-products in live-
stock feed, we used a framework developed by Van Zanten
et al. (2014). Based on this framework, the net environmental
impact can be calculated. The net environmental impact de-
pends on the environmental benefits minus the environmental
costs. The environmental benefits are determined by the de-
crease in environmental impact related to the product that was
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replaced with co-products or food-waste. The environmental
costs are determined by the increased environmental impact
related to the marginal product which is replacing the co-
product used by the previous user (the product that replaces
the ‘old’ application of the co-product or food-waste).
Whether or not this results in an improved net environmental
impact depends on the environmental benefits of using the
product in its new application minus the environmental cost
of replacing the product in its old application.

2.2.6 Zoom in: the assessment of RSM

Figure 1 gives an example, based on RSM, on how the environ-
mental consequences of the co-products are assessed. RSM is a
co-product from the bio-diesel industry, and does not drive the
production process. An increased use of RSM in diets of
finishing-pigs, therefore, results in a reduction of the original

applications ofRSM.We assumed that RSMwas originally used
in diets of dairy cows (the previous user). Increasing the use of
RSMinpigdiets, therefore, resulted inadecreaseduseofRSMin
diets of dairy cow. RSM in diets of dairy cows, therefore, was
replaced (or also often called displaced) with the marginal prod-
uct, which we assumed to be SBM (Weidema 2003). Replacing
RSMwithSBMindietsofdairycowswasbasedonnetenergyfor
lactation, as this was the limiting nutritional factor of SBM. An
increasedproduction of SBMalso results in an increasedproduc-
tion of soy oil, the depended co-product. The increased produc-
tionofsoy-oilwasassumedtoreplacethemarginaloil,beingpalm
oil (Dalgaard et al. 2008; Schmidt 2015). A reduction in produc-
tionofpalmoil,however,alsoimpliesareductioninproductionof
palm kernelmeal. A reduction of palm kernelmeal resulted in an
increased use of themarginalmeal SBM.Replacing palm kernel
mealwithSBMwasbasedon their energy andprotein content, as
suggestedbyDalgaardetal. (2008).Thereductionof19gofpalm

Table 4 Overview of the classification of feed ingredients into determining product without a co-product, or a determining product with a co-product,
or a co-product

Determining product without co-product Determining product with co-product Co-product

Ingredients Peas, maize, wheat, barley, limestone, salt, monocalcium-
posphate, bicarbonate, lysine, threonine and methionine

SBM RSM, waste-fed larvae meal, wheat
middlings, animal fat

Table 3 Global warming potential (GWP) expressed in g CO2-eq per
kg of final diet, energy use (EU) expressed in MJ per kg of final diet, and
land use (LU) expressed in m2.year per kg of final diet of replacing

soybean meal (S1) with rapeseed meal (S2) and replacing soybean meal
(S1) with waste-fed larvae meal (S3) in pig diets

S2–S1 g/kg GWP CO2-eq EU MJ LU m2.year S3–S1 g/kg GWP CO2-eq EU MJ LU m2.year

Rapeseed meal 230.0 289 2.4 4.83 0.0 – – –

Soybean meal -150.0 267 2.5 0.57 -150.0 267 2.5 0.57

Larvae meal 0.0 – – – 150.0 3068 36.5 0.07

Peas 6.4 741 6.6 5.71 -93.6 741 6.6 5.71

Maize 0.0 – – – 0.0 – – –

Wheat 5.0 378 3.0 1.14 -54.5 378 3.0 1.14

Wheat middlings -9.0 387 3.4 1.07 256.7 387 3.4 1.07

Barley -101.0 379 2.9 1.28 -101.0 379 2.9 1.28

Sugarcane molasses 0.0 – – – 0.0 – – –

Premix 0.0 – – – -2.0 4999 0.8 0.00

Phytase premix 0.0 – – – -2.0 4999 26.0 0.15

Fat from animals 20.9 4828 21.53 1.76 0.0 – – –

Chalk -2.8 19 0.00 0.00 -1.4 19 0.0 0.00

Salt -0.8 180 3.50 0.00 -1.1 180 3.5 0.00

Monocalcium-phosphate -1.0 4999 18.4 0.32 -1.1 4999 18.4 0.32

Bicarbonate 0.9 180 3.9 0.00 1.5 180 3.9 0.00

L-Lysine HCL 1.2 6030 119.9 2.27 -0.7 6030 119.9 2.27

L-Threonine 0.2 16,978 119.9 2.27 0.0 – – –

DL-Methionine -0.2 5490 89.3 0.01 -0.3 5490 89.3 0.01
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kernel meal, therefore, was replaced with 3 g SBM and 15 g
barley. Barley is assumed to be the marginal feed grain
(Weidema, 2003). Thus, the amount of CP and energy in palm
kernelmeal is equal to the total amount ofCPand energy inSBM
andbarley. In theAppendix, the calculations related to animal fat,
wheat middlings and SBM are also explained.

2.3 Sensitivity analysis

For assessing the indirect environmental impact of RSM, an-
imal fat, wheat middlings and SBM, we made assumptions
based on current situations of feed and food. World food and
feed markets, however, are highly complex and dynamic. To
what extend did these assumptions affect our final results?
Our main assumptions were related to (1) previous user, (2)
the limiting nutritional factor and (3) the marginal product. To
determine how sensitive our results are to changes in these
assumptions, we varied our assumptions. Related to livestock
species, for example, we first assumed that RSM was used as
feed for cattle and changed this to broilers. The assumption
related to the limiting nutritional factor changed from net en-
ergy for lactation to true protein digested in the small intestine.
Last, the assumption related the marginal oil changed from
palm oil to sunflower oil. For a more detailed description
about the sensitivity analysis, please see Appendix 3
(Electronic Supplementary Material).

3 Results and discussion

Using an ALCA approach, S1 resulted in 1.62 kg CO2-eq,
14.01 MJ and 4.81 m2.year per kg weight gain; S2 in 1.67 kg
CO2-eq, 14.11 MJ and 4.12 m2.year per kg weight gain and S3
in1.45kgCO2-eq,14.17MJand2.14m2.yearperkgweightgain.

Replacing SBM (S1) with RSM (S2) based on an ALCA,
therefore, hardly changed GWP and EU but it decreased LU
per kilogrammeweight gain, implying that this strategy has no
potential to reduce GWP and EU but has potential to reduce

LU of pork production. Using a CLCA approach, this strategy
resulted in an increase of 0.25 kg CO2-eq, 1.61 MJ and
0.48 m2.year per kg weight gain, yielding even less unambig-
uous results. Relative differences between the ALCA and
CLCA approach are presented in Fig. 2.

Replacing SBM (S1) with waste-fed larvae meal (S3)
based on an ALCA approach resulted in a decreased GWP
and LU and hardly changed EU, implying this strategy has
potential to reduce GWP and LU but has no potential to re-
duce EU of pork production. Using a CLCA approach, this
strategy resulted in an increase of 0.97 kg CO2-eq, 12.51 MJ
and a reduction of 3.38 m2.year per kg weight gain, yielding
less unambiguous results. Relative differences between the
ALCA and CLCA approach are presented in Fig. 3.

3.1 Sensitivity analysis

Livestock speciesWe assumed, based on Dutch practice, that
RSM and wheat middlings were used in diets of dairy cows,
whereas animal fat was used in diets of broilers. Based on the
nutritional value of SBM compared to RSM, however, dairy
cows need more SBM compared to broilers to replace 1 kg of
RSM. Dairy cows also need more barley to replace 1 kg of
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Fig. 1 Principle to assess the
environmental consequences of
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wheat middlings compared to broilers, while they need less
palm oil to replace 1 kg animal fat. In case livestock species
are, therefore, shifted (RSM andwheat middlings were used in
broiler diets and animal fat in diets of dairy cows), results will
change. If livestock species are shifted in S1-S2, GWP de-
creased from 15 to 14%, EU from 12 to 11% and LU from
10 to 5%. If livestock species are shifted in S1-S3, GWP
decreased from 60 to 54%, EU from 89 to 87% and LU from
−70 to −76%. So, GWP, EU and LU decreased in both sce-
narios (Fig. 4).

Limiting nutritional factor Replacing RSM with SBM and
wheat middlings with barley was based on their energy value,
as energy was the limiting factor. It should, however, be noted
that besides energy, those ingredients also provide protein. In
case the replacement is based on protein, GWP, EU and LU
will change (Fig. 4). If calculations were based on protein
content instead of energy in S1-S2, GWP decreased from 15
to 13%, EU decreased from 12 to 9% and LU from 10 to −9%.
If calculations were based on protein instead of energy in S1-

S3, GWP decreased from 60 to 54%, EU from 89 to 86% and
LU from −70 to −74%. Replacement based on the limiting
factor (energy), therefore, will result in an overestimation,
while replacement based on protein will result in an underes-
timation. Replacement based on either energy or protein is,
therefore, restrictive.

Marginal product RSM, wheat middlings, animal fat and
bio-diesel were replaced by a marginal product. The marginal
product is the product that responds to a change in demand.
RSMwas assumed to be replaced with SBM, wheat middlings
with barley, animal fat with palm oil and bio-diesel with fossil-
fuel. The marginal product is, however, subject to numerous
socio- and economic aspects. The marginal product, for ex-
ample, can change over time and can differ across space.
Changing the assumption related to the marginal product af-
fects the results. If the marginal oil is sunflower oil instead of
palm oil, for example, GWP decrease from 15 to 12%, EU
would increase from 12 to 14% and LU from 10 to 23% for
S1-S2. In S1-S3, GWP would decrease from 60 to 50%, EU
increased from 89 to 96% and LU increased from −70 to
−33%. The results of a CLCA, therefore, largely depend
on the assumptions made related to the marginal prod-
uct (Schmidt and Weidema, 2008; Reinhard and Zah,
2011; Dalgaard et al. 2014; Schmidt et al. 2015). As a
change in a system can result in different possible
chain-of-event pathways, CLCA results are, therefore,
rather uncertain (Thomassen et al. 2008; Nguyen et al.
2013; Plevin et al. 2014).

4 Discussion

Based on an ALCA, replacing SBM with RSM reduced LU,
but hardly changed GWP and EU. Based on a CLCA, how-
ever, replacing SBMwith RSM resulted in an increased GWP,
EU and LU. Differences in results between ALCA and CLCA
were caused because the net environmental impact was in-
creased. In S1, 15% SBM and 8% barley was replaced with
23%RSM and 2% animal fat. As RSM and animal fat are both
co-products, using them resulted in indirect environmental
consequences. The increased impact (environmental costs)
related to the consequences of using co-products (using
RSM resulted in an increased use of SBM in diets of dairy
cows, whereas using animal fat resulted in an increased use of
palm oil in broiler diets) was higher compared to the reduction
in impact (environmental benefits) due to decreasing SBM
and barley in pig diets.

Based on an ALCA, replacing SBM with waste-fed larvae
meal reduced GWP and LU, but hardly affected EU. Based on
a CLCA replacing SBM with waste-fed larvae meal resulted
in an increased GWP and EU but LUwere still decreased. The
difference in results between ALCA and CLCAwere mainly
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caused by the high environmental impact of the waste-fed
larvae meal. The environmental impact of waste-fed larvae
meal was based on Van Zanten et al. (2015b). Larvae were
fed partly on food-waste. Food-waste was originally used for
anaerobic digestion in the Netherlands. Using food-waste for
waste-fed larvae meal production decreased its availability for
anaerobic digestion, as the amount of food-waste was limited
by the amount of food spilled by humans. The decreased pro-
duction of electricity, heat and digestate, therefore, was
substituted by fossil-fuels and synthetic fertilizer, resulting in
an increased environmental impact. Although waste-fed lar-
vae meal can be a feed ingredient with a high nutritional value,
changing the application of food-waste, from bio-fuel produc-
tion to waste-fed larvae meal production, does not reduce the
overall environmental impact.

Results of both case studies, therefore, showed that using
co-products and food-waste not necessarily results in a reduc-
tion of the environmental impact. Based on the CLCA results,
a comparative assessment can be made between possible ap-
plication of a co-product or food-waste. This comparative as-
sessment can provide building blocks to make a hierarchy.
Such a hierarchy provides information about which type of
application of a co-product or food-waste should be used to
optimally reduce the environmental impact. Based on the re-
sults of this study, for example, one can conclude that from an
environmental perspective it is better to feed RSM and wheat
middlings to cows, feed animal fat to chickens and use food-
waste for the production of bio-energy. The building blocks of
a hierarchy, however, depend on the current situation which
determines the related consequences, e.g. currently fossil-
energy is the marginal energy source but this can shift to
solar- or wind-energy overtime. Each co-product or type of
food-waste, therefore, needs its own hierarchy, and the hierar-
chy is time specific.

To gain insight into the full environmental impact of re-
placing SBMwith RSM or with waste-fed larvae meal, and to
prevent burden shifting, other environmental impact catego-
ries such as eutrophication and acidification should be
assessed as well. One other important point which should be
considered before a feeding strategy is implemented are con-
sequences from land use change (LUC). As the results of this
study indicated, feeding strategies (mainly) affect land use. An
increase in crop demand, e.g. barley, however, leads to in-
creased production and, if production cannot be increased it
leads to the displacement of another crop product which may
be compensated by production somewhere else (Kloverpris
2008). Increased production of a specific crop, therefore, can
be achieved by displacement of another product.
Displacement will, however, lead to replacement and, ulti-
mately, the marginal response will be a combination between
expansion (e.g. deforestation) and intensification (e.g. increas-
ing yields). Assessing LUC is due to feed-food-fuel competi-
tion for arable land, an important topic which is often

addressed in studies assessing the environmental conse-
quences related to bio-diesel production.

4.1 Feed optimisation, which method should we use,
ALCA versus CLCA

Assessing the status quo of a pig system by performing an
ALCA can create understanding about the environmental im-
pact of the current situation, and can yield hotspots (i.e. pro-
cesses with a major impact), and potential improvement op-
tions. By performing an ALCA, we identified that replacing
SBM with RSM or waste-fed larvae meal can (partly) reduce
the environmental impact. Results of this study, however, also
showed that an ALCA does not grasp the full complexity of
the consequences of implementing an innovation. Based on
the results of an ALCA study, one can easily conclude that
feeding more co-products or waste products to livestock re-
sults in an improved environmental impact, while this is not
necessarily the case.

To assess the environmental impact of implementing an
innovation, a CLCA is suitable, especially in combination
with a sensitivity analysis to underpin uncertainty (Zamagni
et al. 2012; Plevin et al. 2014; Meier et al., 2015). By
performing a CLCA, information will be provided on the en-
vironmental change in comparison with the current situation.
CLCA studies can be highly relevant especially in case we
assess the environmental impact of a novel feed ingredient.
Such studies provide information about interactions outside
the production chain, resulting in environmental conse-
quences when the innovation will be implemented and pro-
viding support to policy makers during decision making
(Zamagni et al. 2012; Plevin et al. 2014; Meier et al. 2015).

The difficulty of performing a CLCA-related feed optimi-
zation, however, is that it requires insight into world food and
feed markets. Especially in pig feed, where feed optimization
is based on least cost optimization and a wide range of ingre-
dients are available, diet formulations can change from day to
day, resulting each in different environmental impacts.
Currently, we see developments as precision farming in which
each finishing-pig is fed based on its individual needs. It is
hard to fully grasp such a complex and dynamic system with
an LCA (Plevin et al. 2014). Some researcher as in the report
of Dalgaard et al. (2007), therefore, assume that at the end, an
increased demand for pork always results in an increased de-
mand for the marginal protein source, SBM, and the marginal
energy source, barley, although different feed ingredients are
used. We can, however, wonder if this is correct? The starting
point of a CLCA is the point where the stone hits the water,
resulting in waves, the so called cause-and-affect chain
(Ekvall and Weidema 2004). The first waves, or first conse-
quences, have the most impact. Ekvall and Weidema (2004),
therefore, advise to include only the environmental relevant
waves and not to estimate consequences far down the cause-
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and-effect chain. Results of this study, however, showed that
diet formulations are complex. Each feed ingredient has its
own nutritional value, and are not solely energy- or protein
rich. For example, the study of Van Zanten et al. (2015b)
assumed based on CP content, that waste-fed larvae meal will
replace SBM or fishmeal. We found, however, based on feed
optimization, that waste-fed larvae meal replaces protein
sources (SBM) and energy sources (barley) and consequently
more co-products, e.g. wheat middlings were used in feed
optimization of pig diets, multiple feed ingredients have to
be used to meet the nutritional requirements of the pigs to
ensure optimal growth performance. The results of our study
showed, due to this complexity of feed optimization, a single
substitution of one ingredient with another ingredient based
on energy and/or protein not always results in a change in
demand for the marginal product.

Related to feed optimization, we recommend farmers and
animal nutritionist to use an ALCA to get insight in the envi-
ronmental impact of their feed. In case, however, a policy
maker or the feed industry wants to apply a mitigation strate-
gy, it is recommended to perform a CLCA. Such a CLCA
should be based on several scenarios (e.g. including different
marginal products) to provide insight into different pathways.

5 Conclusions

Based on an ALCA, replacing SBM with RSM reduced LU,
but did not affect GWP and EU. Whereas replacing SBM by
waste-fed larvae meal decreased GWP and LU, but increased
EU. Based on a CLCA, replacing SBM with RSM increased
impacts on the environment. Replacing SBM with waste-fed
larvae meal resulted in an increased GWP and EU but still
reduced LU. The CLCA results were, therefore, contradictory
with the standard ALCA results. Environmental benefits from
an ALCA appeared more promising than from a CLCA.
CLCA results for both case studies showed that using co-
products and food-waste not necessarily reduces the environ-
mental impact of pork production. For both cases, replacing
SBM with RSM or waste-fed larvae meal resulted in an in-
creased net environmental impact. This would have been
overlooked when results were only based on ALCA.

Furthermore, the results of the sensitivity analysis showed
that assumptions required to perform a CLCA, such as defini-
tion of the marginal product, have a large impact on final
results. Results of a CLCA, therefore, seem to be relatively
more uncertain compared to results of the ALCA, but more
exact. Although the assumption made did affect the results,
they did not have an effect on the final conclusions.

Related to feed optimization, we recommend animal nutri-
tionists to use an ALCA to get insight in the environmental
impact of their feed. If policy makers or the feed industry want
to assess the environmental benefits of a mitigation strategy,

however, it is recommended to perform a CLCA. One should,
however, keep in mind that feed and food markets are highly
dynamic. Pig feed optimization is based on least cost optimi-
zation and a wide range of ingredients are available; diet com-
positions can, therefore, change easily resulting in different
environmental impacts. A CLCA should, therefore, include
a sensitivity analysis to provide insight into different potential
pathways and decrease uncertainty.
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