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Abstract

Purpose Uncertainty is present in many forms in life cycle assessment (LCA). However, little attention has been paid to analyze
the variability that methodological choices have on LCA outcomes. To address this variability, common practice is to conduct a
sensitivity analysis, which is sometimes treated only at a qualitative level. Hence, the purpose of this paper was to evaluate the
uncertainty and the sensitivity in the LCA of swine production due to two methodological choices: the allocation approach and
the life cycle impact assessment (LCIA) method.

Methods We used a comparative case study of swine production to address uncertainty due to methodological choices. First,
scenario variation through a sensitivity analysis of the approaches used to address the multi-functionality problem was conducted
for the main processes of the system product, followed by an impact assessment using five LCIA methods at the midpoint level.
The results from the sensitivity analysis were used to generate 10,000 independent simulations using the Monte Carlo method
and then compared using comparison indicators in histogram graphics.

Results and discussion Regardless of the differences between the absolute values of the LCA obtained due to the allocation approach
and LCIA methods used, the overall ranking of scenarios did not change. The use of the substitution method to address the multi-
functional processes in swine production showed the highest values for almost all of the impact categories, except for freshwater
ecotoxicity; therefore, this method introduced the greater variations into our analysis. Regarding the variation of the LCIA method, for
acidification, eutrophication, and freshwater ecotoxicity, the results were very sensitive. The uncertainty analysis with the Monte Carlo
simulations showed a wide range of results and an almost equal probability of all the scenarios be the preferable option to decrease the
impacts on acidification, eutrophication, and freshwater ecotoxicity. Considering the aggregate result variation across allocation
approaches and LCIA methods, the uncertainty is too high to identify a statistically significant alternative.

Conclusions The uncertainty analysis showed that performing only a sensitivity analysis could mislead the decision-maker with respect
to LCA results; our analysis with the Monte Carlo simulation indicates no significant difference between the alternatives compared.
Although the uncertainty in the LCA outcomes could not be decreased due to the wide range of possible results, to some extent, the
uncertainty analysis can lead to a less uncertain decision-making by demonstrating the uncertainties between the compared alternatives.
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1 Introduction

Life cycle assessment (LCA) methodology (ISO 2006a; ISO
2006b) has been widely used to evaluate and compare envi-
ronmental profiles of products and services. LCA is a model
that is mainly used to support decision making (Huijbregts
1998; Soares et al. 2013). However, certain issues in the meth-
odology require the LCA practitioner to decide between dif-
ferent possibilities to conduct their study. This freedom of
choice can sometimes lead to widely varying results, thus
creating uncertainty. Uncertainty is present in many forms in
all stages of an LCA and is generated from the sparse and
imprecise nature of the available information and simplified
model assumptions (Soares et al. 2013; Heijungs and Lenzen
2014). Therefore, the uncertainty in LCA outcomes can mis-
lead decision makers in a scenario comparison (Huijbregts
1998; Geisler et al. 2005).

Finnveden et al. (2009) define uncertainty as “the discrep-
ancy between a measured or calculate quantity and the true
value of that quantity.” The authors distinguish between the
sources of uncertainty in LCA (e.g., data, choices, and rela-
tions) and types of uncertainty, such as data variability, incon-
sistent choices across alternatives, and incorrect relations to
reflect the relationship between a pollutant emission and its
environmental impact. Several of these uncertainties in the
four LCA phases are related to the definitions of system
boundaries, cutoff rules, functional unit (FU), data quality,
allocation approach, identification of representative impact
categories, characterization models, normalization, weighting,
and interpretation of trade-offs for decision making.

Perhaps two of the most remarkable causes of uncertainty
are the approach used to address multi-functional problems
and the LCIA method selection. The allocation approach
(hereafter, “allocation approach” means both allocation and
system expansion/substitution method) selection is one of the
most discussed and controversial methodological issues be-
cause of the profound effect on the results in LCA studies
(Curran 2007; Finnveden et al. 2009; Weidema and Schmidt
2010; Cherubini et al. 2011). This problem is very common in
LCA because almost all product systems will present at least
one multi-functional process, i.e. how to fairly allocate the
environmental impacts between the different coproducts gen-
erated by the same process?

Galindro (2012), in a LCA of biodiesel production, performed
a sensitivity analysis in the allocation approach and concluded
that depending on the approach used, the results for eutrophica-
tion potential in a scenario comparison can change the ranking of
the most favorable system (scenario with chemical fertilizer vs.
Bioflocs technology). Schmidt and Dalgaard (2012) reached the
same conclusions using different allocation approaches in a com-
parison of two different systems of milk production.

Conversely, in a case study conducted by Curran (2007),
the allocation procedure selection had no impact on the
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relative ranking in a comparative LCA. Similarly, Huijbregts
(1998), in a comparative LCA of two roof gutters, evaluated
the uncertainty due to choices on the LCA results through a
scenario analysis and a Latin hypercube simulation. This
study found that the sensitivity analysis did not change the
relative ranking of the scenarios. However, when a statistical
analysis was applied, the results showed no significant differ-
ences in acidification between the two production systems
considering different allocation procedures, i.c., statistically,
it was not possible to state which scenario further decreased
the acidification impacts. In this sense, an interpretation of the
LCA results without an uncertainty analysis could indicate
that one of the scenarios is the best environmental choice to
decrease acidification potential. Therefore, it is not possible to
state an uncertainty factor of all LCA studies based on previ-
ous sensitivity analyses.

In the life cycle impact assessment (LCIA) phase, uncer-
tainties are due to the different pollutant substances and char-
acterization factors adopted by each method (Cellura et al.
2011). Several studies (Dreyer et al. 2003; Bovea and
Gallardo 2006; Renou et al. 2008; Hung and Ma 2009;
Pizzol et al. 2011; Alvarenga et al. 2012; Cavalett et al.
2013; Owsianiak et al. 2014) have evaluated the sensitivity
in LCA results due to different LCIA methods. Dreyer et al.
(2003), comparing three different LCIA methods, concluded
that in some cases, the selected impact assessment method
does matter, especially when toxicity-related impacts are eval-
uated. Owsianiak et al. (2014) also evaluated the conse-
quences of selecting different LCIA methods (ILCD 2009,
IMPACT2002+ and ReCiPe 2008) on the impacts of four
window designs. The results did not change the ranking of
the environmental profiles between the best and worst
alternative, although some differences in the absolute values
were observed. However, for the toxicity impacts, the authors
observed differences in scenario ranking. In addition, the
authors only focused on sensitivity analysis without an
uncertainty evaluation of the variations caused by the
sensitivity; therefore, even though the scenario ranking did
not change for some impact categories, the compared
alternatives may not be statistically different. The results
from the toxicity impacts are in line with the statement from
Hung and Ma (2009) that differences across the LCIA
methods can introduce a large degree of uncertainty into
LCA outcomes.

Despite this recognized problem, no correct procedure cur-
rently exists to address the choice between the existing
methods. However, the number of characterization models
continues to increase. Thus, the selection of the LCIA method
depends on the LCA practitioner’s experience and interpreta-
tion of the evaluated product system and the available
methods, which is a subjective choice (Weidema and
Wesnees 1996; Cellura et al. 2011; Hauschild et al. 2013).
One of the recently published International Reference Life
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Cycle Data System (ILCD) handbook guides (EC-JRC 2011)
attempted to standardize the characterization model selection.
The ILCD handbook provides the basis for greater consisten-
cy and quality in life cycle data, methods and LCA studies
(Hauschild et al. 2013). Specifically, for the LCIA phase, a
group of experts and stakeholders reviewed the existing
models and provided individual recommendations per impact
category (Hauschild et al. 2013). However, even though ILCD
recommends some of the existing models due to its satisfac-
tory level of scientific quality, the choice of the LCIA method
remains a value judgment, and therefore there is no correct
procedure for choosing between the existing methods.

To address the aforementioned sources of uncertainty, sev-
eral statistical methods have been used in an attempt to in-
crease the reliability of LCA results. Some statistical theories
used in LCA are parameter variation and scenario analysis,
classical statistical theory (e.g., probability distributions and
tests of hypothesis); Monte Carlo simulations, bootstrapping
and other sampling approaches; analytical methods based on
first-order error propagation; non-parametric statistics,
Bayesian analysis, fuzzy theory; and the use of qualitative
uncertainty methods (e.g., based on data quality indicators)
(Finnveden et al. 2009).

Although uncertainty is often not considered in LCA stud-
ies, it can be very high; thus, quantifying the uncertainty is an
important step to provide support for the interpretation of
LCA results to reach trustworthy and transparent decisions
(Geisler et al. 2005; Finnveden et al. 2009). For a reliable
judgment of the environmental gains in a comparison between
products or options for improvement, the uncertainty analysis
is very helpful in understanding to what extent the LCA re-
sults are in fact different between different scenarios
(Huijbregts et al. 2001).

Uncertainty due to methodological choices has already
been studied (Huijbregts 1998; Hung and Ma 2009), but only
in the past few years, more attention has been paid to this
topic. According to Zamagni et al. (2009), scenario uncertain-
ty is the least addressed in studies and is generally treated at a
qualitative level. As noted by the authors, major efforts should
be made to address this source of uncertainty because of the
significant consequences on the LCA results.

Although uncertainty due to methodological choices have
already been studied for allocation approach (Mendoza
Beltran et al. 2016; AzariJafari et al. 2017; Mendoza Beltran
etal. 2017) and allocation along with LCIA methods (Gregory
etal. 2016), treating uncertainty due to choices with a stochas-
tic modeling framework is still poorly applied (Baustert and
Benetto 2017) and the topic remains as an important issue for
research. In addition, the uncertainty analyses due to alloca-
tion were only applied to partitioning methods, which can
have small differences in the allocation factors. The inclusion
of the substitution method can introduce a broad range of
scenario space since the avoided product can bring a positive

impact to the product system under study (e.g. climate change
impacts in Luo et al. 2009). Furthermore, the uncertainty of
different methodological choices in the swine production life
cycle and its byproducts has not been evaluated by a probabi-
listic analysis. Therefore, two main questions can be raised:
Considering the uncertainties due to methodological choices
is it possible to differentiate four alternatives for manure man-
agement in the swine supply chain? Moreover, which meth-
odological choice leads to greater uncertainty in the LCA re-
sults? To answer these questions, we evaluated the LCA un-
certainty and sensitivity due to two methodological choices:
the allocation approach and the LCIA method.

2 Material and methods

To address the uncertainty in LCA, we used a scenario varia-
tion with sensitivity analysis followed by uncertainty analysis.
For the scenario variation, a comparative case study of four
manure management systems (MMS) in swine production
was used to evaluate whether the uncertainty due to method-
ological choices could change the scenario ranking. The func-
tional unit of the case study was 1000 kg of swine carcasses
(deadweight) in the equalization chamber for cutting or further
distribution. The scenarios for the MMS are liquid manure
storage in slurry tanks (Sce.Ref), the biodigestor by flare
(Sce.Flare), the biodigestor for energy purposes (Sce.CHP),
and composting (Sce.Comp). A detailed description of the
scenarios is given in Cherubini et al. (2015a). The system
boundaries with the main unit processes of swine production
are displayed in Fig. 1.

Figure 2 shows an overview of the schematic framework of
the statistical method used to evaluate the uncertainty. The
input data are based on the life cycle inventory (LCI) of the
case study, through a sensitivity analysis based on a determin-
istic approach, that is a function of the allocation procedure
and the LCIA method, and then the outcomes of this analysis
were used as inputs in the probabilistic approach for the un-
certainty analysis per impact category. Table S2 in the
Electronic Supplementary Material shows the input data used
in the Monte Carlo simulation. To compare the probability
that one alternative has lower impact than another through
the results of the Monte Carlo simulation we calculated a
comparison indicator based on Huijbregts et al. (2003). The
results of the comparison indicators were plotted in
histograms.

2.1 Sensitivity analysis of the methodological choices
in LCA

The sensitivity analysis was conducted and interpreted in two
steps: (1) considering different approaches to address the
multi-functionality problem in the main processes of the case

@ Springer



Int J Life Cycle Assess

I

: Soybean

| Sebaii | processing

| production

I

| Feed
| production
|

| Maize

|| production

| I Maize

: processing

I

I

Fig. 1 Simplified system boundaries of swine production

study; and (2) the use of several life cycle impact assessment
(LCIA) methods. The results from this analysis identify which
choice (allocation or LCIA) more significantly influences the
LCA outcomes and also generates the data used in the uncer-
tainty analysis.

2.2 Multi-functionality problem in the case study

In swine production, the main multi-functional processes are
grain processing (i.e., soybean and maize), animal rearing, the
manure management system (MMS) and the slaughtering
stage.

There are two main approaches to address the multi-
functionality problem: the partitioning methods and the
avoided burdens or substitution method, also called system
expansion' (Heijungs and Suh 2002; Heijungs and Guinée
2007; Finnveden et al. 2009; Cherubini et al. 2011). The
partitioning methods are commonly based on weight (mass),
volume, market value, energy, exergy, and demand (Curran
2007; Cherubini et al. 2011). A detailed background of the
mathematical procedures on the partitioning methodologies
can be found in Curran (2007).

According to Schmidt and Dalgaard (2012), for recycling
processes such as the MMS stage, allocation can also be di-
vided into two types: type I, where the allocation occurs after
the MMS, i.e., before manure application in soil (point of
substitution), and type II, which occurs before sending the
manure to the MMS, i.e., not at the point of displacement. In
the second type, the impacts of treatment and/or recycling are
attributed to the product system that will receive the
byproducts. Following the authors’ definition, we considered
type I allocation.

! Some authors argue that system expansion and the substitution method are
equivalent concepts (Tillman et al. 1994; Ekvall and Tillman 1997; Ekvall and
Finnveden 2001). However, equivalent does not mean equal, and the two
concepts will not generate the same results, so the concepts can be compatible
(Wardenaar et al. 2012; Heijungs 2014).
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Table 1 shows the scenario variation and the approaches
used to address the multi-functionality problems in the main
processes of swine production. The reference scenario con-
siders the allocation of the environmental burdens on a case-
by-case basis and was described in Cherubini et al. (2015a).
Regarding scenario variation for economy allocation, all of
the multi-functional processes in the case study were handled
considering the market values. Similarly, in the remaining
scenario variation, we applied the same procedure considering
only the mass allocation and system expansion through the
substitution method for all of the main processes with coprod-
ucts. Table lalso describes the allocation factors attributed to
each coproduct using the partitioning methods and the
avoided products for the substitution method. Further infor-
mation about scenario assumptions and definitions are pre-
sented in the following sections.

2.2.1 Economic allocation assumptions

The market values for piglets, sows, boars, and swine in ani-
mal rearing and for swine carcasses and their coproducts in the
slaughtering house stage were taken from the Brazilian
agroindustry and are representative for the period of 2014—
2015. To define a market value for the manure used as organic
fertilizer in the economic allocation variation, we assume the
same commercial price of urea, triple superphosphate, and
potassium chloride, which are equivalent to the fertilizing po-
tential of manure. One disadvantage of economic allocation is
the simplified assumption that market value remains constant
which in practice cannot be realistic. To address possible ef-
fects of price in our results, we conducted a sensitivity analysis
assuming an arbitrarily price variation of £50%. The out-
comes of this sensitivity analysis showed little variations on
the means and standard deviations of our results; therefore,
even considering such a high variation, our results were not
affected. A detailed description of estimating the fertilizing
potential of manure is given in Cherubini et al. (2015b), and
the allocation factors are displayed in Table 1.
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Fig. 2 Schematic framework of the method used to estimate the uncertainty in LCA

2.2.2 Mass allocation assumptions

The mass allocation in the MMS stage considered the mass of
the fertilizer content in manure (e.g., 80.2 kg of chemical
fertilizer in Sce.Ref) due to the greater amount of manure
generated per ton of swine carcasses (i.e., 6.33 m®). For
Sce.CHP, we decided to not consider any burden attributed
to electricity or heat production in the MMS because it is not
possible to set a weight on energy (Table 1). To overcome this
situation, we expanded the system boundaries of Sce.Ref,
Sce.Flare, and Sce.Comp to also consider the impacts of elec-
tricity and heat production. Therefore, all the system products
provide the same functions (i.e. meat, electricity, and heat).

2.2.3 Substitution method assumptions

The system expansion through the substitution method im-
plies that the coproducts of swine production avoid other
products in the market (sometimes also called replaced prod-
ucts). In this case, the most price competitive product of each
coproduct needs to be identified along with in which propor-
tion that product would be avoided or replaced by the coprod-
uct of swine production.

However, as stated by Gac et al. (2014), finding an equiv-
alent product is a weak point of this approach because this
definition is often difficult and quite subjective and it is
sometimes not possible to identify an avoided product.
Heijungs and Guinée (2007) argue that the substitution meth-
od or system expansion introduces many “what-if” assump-
tions into LCA modeling. For these reasons, this type of ques-
tion should preferably be left out of a primarily scientific tool.

Therefore, it should further be considered that our results
could be quite different depending on the assumptions made
to identify an avoided product. Nevertheless, we believe that
the assumptions made in this case study are adequate to illus-
trate the uncertainty in a comparative LCA.

For soybean processing, based on Weidema (1999) and
Dalgaard et al. (2008), it was assumed that the rapeseed meal
and oil are the marginal products avoided by the soybean meal
and oil, respectively. Conversely, soybean hulls are most price
competitive with maize grain in cattle feed; even though the
former has lower total digestible nutrients, we considered a
1:1 ratio with maize because soybeans have a positive impact
on feed intake and digestibility in cattle feed (Ipharraguerre
and Clark 2003; Rankins 2015). Data on rapeseed coproducts
were from the ecoinvent® database (Jungbluth et al. 2007),
and the data for the maize production and processing were
obtained from Alvarenga et al. (2012).

For maize processing, we consider that maize gluten meal
feed and maize gluten meal (60) avoid the production of maize
grain in a 1:1 ratio and urea used in animal feed in a 1:0.015
and 1:0.023 ratio, respectively (Santos 2004; Kim and Dale
2005; Pedroso et al. 2009). For maize oil, we assume that the
avoided production of soybean oil is a 1:1 ratio (Kim and Dale
2005). Maize starch was assumed to replace wheat starch at
the ratio of 1:1 because wheat is the second most used crop to
produce starch and has similar compositions (i.e., fiber, lipids,
protein, moisture, and starch) (European Commission 2002;
International Starch Institute 2015). Data on wheat starch were
based on the ecoinvent® database (Jungbluth et al. 2007) and
Wiirdinger et al. (2002) for crop production and wheat pro-
cessing, respectively.
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Table 1

Multi-functional processes in swine production with allocation factors and avoided products used in the scenario variation

Stage/products Case-by-case

Economic allocation Mass allocation

Substitution method

Soybean processing All scenarios

Soybean meal 55.7 55.7 71.4 Rapeseed oil and maize grain
Soybean oil 41.7 41.7 19.4 Rapeseed meal and maize grain
Soybean hulls 2.6 2.6 9.3 Rapeseed meal and oil

Maize processing All scenarios

Maize starch 83.2 83.2 67.2 Wheat starch

Maize gluten feed 7.0 7.0 25.1 Maize grain and urea

Maize oil 3.1 3.1 2.7 Soybean oil

Maize gluten meal (gluten 60) 6.7 6.7 5.0 Maize grain and urea

Piglet production (PP) Ref/flare/CHP/comp Ref/flare/CHP/comp Ref/flare/CHP/comp Ref/flare/CHP/comp

Piglets 82.7 88.8/88.7/88.3/88.8  79.6/79.5/79.5/79.9  100.0

Sows 16.9 10.2/10.2/10.1/10.2  16.3/16.2/16.2/16.3  Poultry (live weight)

Boars 0.5 0.1/0.1/0.1/0.1 0.2/0.2/0.2/0.2 Poultry (live weight)

Organic fertilizer Chemical fertilizer 0.9/1.0/1.0/0.9 4.0/4.1/4.1/3.6 Chemical fertilizer

Heat (only for Sce.CHP) Wood heat in poultry production 0.5 nat Wood heat in poultry production
Electricity (only for Sce.CHP) Brazilian electricity at grid 0.04 nat Brazilian electricity at grid
Growing to finishing (GF) Ref/flare/CHP/comp Ref/flare/CHP/comp Ref/flare/CHP/comp Ref/flare/CHP/comp

Swine (live weight) 100.0 98.0/98.0/96.9/98.2  94.4/94.2/94.2/95.0  100.0

Organic fertilizer Chemical fertilizer 0.9/1.0/1.0/0.9 5.6/4.1/4.1/3.6 Chemical fertilizer

Heat (only for Sce.CHP) Wood heat in poultry production 0.5 nat Wood heat in poultry production
Electricity (only for Sce.CHP) Brazilian electricity at grid 0.04 nat Brazilian electricity at grid
Slaughtering house All scenarios

Swine carcass 86.9 96.7 86.9 100.0

Edible offal 6.8 3.1 6.8 Protein from poultry meat
Inedible offal 6.3 0.2 6.3 Poultry meal for PET feed production®

#Not applicable because it is not possible to state a mass for energy flows

® Some byproducts were not considered due to lack of data for the avoided product

In the animal production stage, it was assumed that sows
and boars sent to slaughter replace poultry meat (live weight)
ata 1:1 ratio. Data on poultry production were from Prudéncio
da Silva et al. (2014). In the MMS, for all scenarios, manure
avoids the production of chemical fertilizer. The Sce.CHP also
considered the avoided production of electricity on the grid
and wood-based heat.

Establishing an avoided product in the slaughtering stage
was quite difficult because it is not clear that the edible offal
could replace other products. However, if we consider that the
main function of meat products is to provide protein, then one
approach is to assume that the consumption of protein from
edible offal can replace the protein consumption of other
sources such as poultry meat, cattle beef or even vegetable
sources. Therefore, due to the availability of data on poultry
production in our database (Prudéncio da Silva et al. 2014),
we assume that the protein provided by the coproducts of the
slaughtering stage could avoid the production of a certain
amount of protein from poultry carcasses (Table 1). We con-
sider that swine blood and livers replace poultry meal in the
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production of PET feed on a protein-basis. No avoided pro-
duction was considered for the intestinal mucous due to lack
of data on the replaced product and because this byproduct has
low environmental relevance for the product system. The in-
testinal mucous is often used to produce heparin and replaces
mucosal tissues from bovine lungs.

2.3 Life cycle impact assessment (LCIA) methods

For the sensitivity analysis of the LCIA, five methods were
compared at the midpoint level. The criteria used to select the
methods were (a) the indicator at the midpoint level and (b)
the possibility to assess at least four common impact catego-
ries across the methods. In this sense, the selected methods
were the ReCiPe 2008 (H) midpoint, CML-IA, EDIP 2003,
ILCD 2011, and TRACI 2.1. ReCiPe 2008 was used as the
baseline method to compare the results of the sensitivity
analysis because it was the method used in Cherubini et al.
(2015a) to evaluate the environmental impacts of swine
production.
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To convert the impact scores into a common metric, we
used the approach proposed by Dreyer et al. (2003) and re-
cently used by Owsianiak et al. (2014). This method defines a
new reference substance with a characterization factor for all
compared methods and a reference substance in at least one of
the compared methods. In methods that divide the eutrophica-
tion potential between freshwater and marine (e.g., ReCiPe
2008), the impact scores were aggregated using the Redfield
conversion ratio between phosphate and nitrogen compounds
(Goedkoop et al. 2013; Owsianiak et al. 2014). The conver-
sion to a common unit is necessary to compare the impact
categories across the methodologies. Table 2 shows the
methods, the impact categories and the new reference
substances.

2.4 Uncertainty analysis of the methodological
choices in LCA

The uncertainties due to scenario variation were estimated
using a Monte Carlo simulation that is a probabilistic model-
ing technique widely used to evaluate the uncertainties in in-
put parameters and scenarios (Clavreul et al. 2012). This sta-
tistical method can run 10,000 independent repetitions
representing the probability distribution of the scenarios re-
sults. Although some authors (Morgan and Henrion 1990;
Gregory et al. 2016) argue that uncertainty generate by

normative choices should not be treated probabilistically, it
is technically feasible and has been done in the context of
LCA (Huijbregts et al. 2003; de Koning et al. 2010;
Mendoza Beltran et al. 2016; Gregory et al. 2016).
Moreover, the effect of this uncertainty is similar to those
generated due to data variability (parameter); in both cases
we are not sure of the precise choice or value (Mendoza
Beltran et al. 2016). Therefore, the use of probabilistic
methods can be defendable (Mendoza Beltran et al. 2016).
The input data used in this analysis were the minimum
(x_Min) and the maximum (x_Max) impact scores for each
impact category per scenario variation from the sensitivity
analysis (see Fig. 2), assuming a uniform distribution
(Mendoza Beltran et al. 2016; Gregory et al. 2016;
AzariJafari et al. 2017) since we assume that all scenarios
are equally likely due to lack of information on actual
distributions.

3 Results
3.1 Sensitivity analysis of the allocation approaches

The summary of the LCA results due to the allocation ap-
proach selection is shown in Table 3. The percentages

Table 2 LCIA methods and
impact categories used in the

sensitivity analysis

Method Impact categories Original unit New unit
ReCiPe 2008 (H) version 1.09 Climate change kg CO; eq. kg CO; eq.
(Goedkoop et al. 2013) Terrestrial acidification kg SO, eq. kg SO, eq.
Freshwater eutrophication kg P eq. kg PO, eq.
Marine eutrophication kg N eq.
Freshwater ecotoxicity kg 1,4-dB eq. kg 1,4-dB eq.
CML-IA version 3.01 Global warming potential kg CO; eq. kg CO; eq.
(Guinée et al. 2002) Acidification potential kg SO, eq. kg SO; eq.
Eutrophication potential kg PO, eq. kg PO, eq.
Freshwater aquatic ecotoxicity kg 1,4-dB eq. kg 1,4-dB eq.
EDIP 2003 version 1.04 Global warming 100a kg CO, eq. kg CO, eq.

(Hauschild and Potting 2005)

ILCD 2011 version 1.03
(EC-JRC 2011)

TRACI 2.1 version 1.01
(Bare et al. 2003)

Acidification m? kg SO, eq.

Aquatic eutrophication EP (N) kg N kg PO, eq.
Aquatic eutrophication EP (P) kg P

Ecotoxicity water chronic m’ kg 1,4-dB eq.
Climate change kg CO; eq. kg CO; eq.
Terrestrial acidification molc H+ eq. kg SO; eq.
Freshwater eutrophication kg P eq. kg PO, eq.
Marine eutrophication kg N eq.

Freshwater ecotoxicity CTUe kg 1,4-dB eq.
Global warming kg CO, eq. kg CO; eq.
Acidification kg SO, eq. kg SO, eq.
Eutrophication kg N eq. kg PO, eq.
Ecotoxicity CTUe kg 1,4-dB eq.
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Table 3

impact category for each scenario

Sensitivity analysis of scenario variation on the allocation procedures. The values highlighted in bold represent the lowest emissions per

Scenario variation Climate change Acidification Eutrophication Freshwater ecotoxicity
(kg CO; eq.) (kg SO, eq.) (kg PO, eq.) (kg 1,4-dB eq.)
Sce.Ref (ReCiPe method) % of Case-by-case % of Case-by-case % of Case-by-case % of Case-by-case
Case-by-case 3503 76 11.7 7.94
Economic allocation 38906 +11 74 -3 85 —28 11.00  +39
Mass allocation 3634 +4 63 17 80 -—-32 1026 +29
Substitution method 4332 +24 84 +10 159  +35 354 55
Sce.Flare (ReCiPe method) % of Case-by-case % of Case-by-case % of Case-by-case % of Case-by-case
Case-by-case 3389 82 11.8 7.89
Economic allocation 3842 +13 75 -9 85 —28 11.04 +40
Mass allocation 3581 +6 65 —21 80 -—-32 1027 +30
Substitution method 4197  +24 91 +11 159  +35 349 -56
Sce.CHP (ReCiPe method) % of Case-by-case % of Case-by-case % of Case-by-case % of Case-by-case
Case-by-case 3114 82 11.8 7.46
Economic allocation 3548 +14 75 -9 84 —-29 10.89  +46
Mass allocation 3323 +7 65 -21 8.0 32 9.87 +32
Substitution method 3872 +24 91 +11 159  +35 298 -60
Sce.Comp (ReCiPe method) % of Case-by-case % of Case-by-case % of Case-by-case % of Case-by-case
Case-by-case 3552 83 11.8 8.43
Economic allocation 3962 +12 80 -3 8.6 —27 1133 +34
Mass allocation 3705 +4 69 -—16 82 -3lI 10.58  +25
Substitution method 4390 +24 92  +11 16.0  +35 413 -51

demonstrate the impact variation compared to the case-by-
case scenario of each alternative for manure management.

When considering only the substitution method for the
product system, the results showed greater differences for
the case-by-case scenarios. For instance, the ecotoxicity po-
tential displayed a difference of up to 3.2.

In addition to the divergence in the absolute values, the
scenario ranking did not show relevant changes independent
of the approach adopted for the multi-functionality problems.
Similar results were reported by other authors for climate
change (Curran 2007; Kaufman et al. 2010; Cherubini et al.
2011), acidification, eutrophication, and freshwater
ecotoxicity (Curran 2007; Luo et al. 2009).

However, these results should be interpreted carefully be-
cause minor changes in scenario ranking were noted for eu-
trophication. The rationale for neglecting these changes was
that the impact scores were very similar for these impact cat-
egories with slight differences in the decimal values. For in-
stance, Sce.Ref shows the lowest PO, eq. emissions compared
to the other scenarios, except for the economic allocation
(8.5 kg, Table 3). When the multi-functional processes were
handled only by economic allocation, Sce.CHP showed the
lowest eutrophication emissions, with 8.4 kg PO, eq. (differ-
ence of 0.9%). Therefore, the results are not conclusive and
cannot be generalized for other product systems. Changes in
scenario ranking due to different allocation approaches were
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reported in Luo et al. (2009) for climate change in a compar-
ative LCA of fuels.

An interesting result is that the lowest emissions for each
impact category varied according to the allocation approach
used (the values highlighted in bold in Table 3), i.e., all case-
by-case scenarios displayed lower values for climate change,
while mass allocation had lower emissions for acidification
and eutrophication. Conversely, the use of the substitution
method to address the multi-functional processes in swine
production showed the highest values for almost all of the
impact categories, except freshwater ecotoxicity, in contrast
to the results achieved by Cherubini et al. (2011), in which
the substitution method represented the lower emissions for
the main product.

For climate change, higher values in the scenarios with the
substitution method are strongly related to soybean meal pro-
duction. Soybean crops in west central Brazil are associated
with deforestation impacts, resulting in higher CO, eq. emis-
sions compared to rapeseed production, which is the avoided
product production assumed for this scenario.

The decrease in the environmental impacts for acidification
and eutrophication when considering only economic and mass
allocation is partly due to the differences in the system bound-
aries. In the case-by-case and substitution method scenarios,
the byproducts in the manure management system (MMS)
stage avoid the production of chemical fertilizer, electricity
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and heat (the latter two are only in Sce.CHP). Hence, the
boundaries are expanded to consider the manure application
in soil and the consequentially avoided production of the
aforementioned products. In economic and mass allocation
scenarios, the system boundaries in the MMS stage end at
the point of substitution, i.e., before manure application to
the soil.

For freshwater ecotoxicity, the lower values from ReCiPe
are due to the assumption that coproducts from soybean pro-
cessing avoid the production of rapeseed meal and oil.
Although rapeseed cultivation uses relatively low amounts
of pesticide compared to the relatively high pesticide use for
soybeans (Schmidt 2010), the type of pesticide used in each
crop is one of reasons for this lower value. In rapeseed pro-
duction, greater usage of pyrethroid insecticide cypermethrin
is one of the causes of the ecotoxicity impacts (Schmidt 2010).
For the ReCiPe method, the cypermethrin used in rapeseed
has high ecotoxicity potential compared to diflubenzuron,
which is used in soybean production (see Goedkoop et al.
2013 for more details). Thus, these results should be
interpreted with caution once for rapeseed and soybean culti-
vation we use secondary data from ecoinvent® (Jungbluth
et al. 2007) and Prudéncio da Silva et al. (2010), respectively.
In either case, one can already note the influence of the LCIA
method on the results and consequently on decision making
(this issue is addressed in the next section).

The results presented in this section highlight the impor-
tance of a detailed explanation of the avoided product as well
as the strong dependency of the LCA outcomes on the alloca-
tion approach selection. We also demonstrated that it is not
possible to state that a specific allocation approach will always
increase or decrease the impacts of the main product.

3.2 Sensitivity analysis of LCIA methods

The sensitivity analysis of the LCIA methods displayed al-
most no variations for climate change compared to the sensi-
tivity generated by the allocation approach selection (Table 3).
This behavior was expected because all LCIA methods follow
the characterization model of IPCC with a time horizon of
100 years, except the IMPACT 2002+ method that considers
a time horizon of 500 years (not evaluated here, see Jolliet
et al. 2003). For acidification, eutrophication and freshwater
ecotoxicity, the results were very sensitive to the LCIA meth-
od selection (Table 4).

Acidification and eutrophication potential are regional im-
pact categories, i.¢., very site-dependent. In addition, there are
differences in the number of substances covered by each
method, the inclusion of fate modeling and the characteriza-
tion model and factors, e.g., only CML-IA also covers water-
borne emissions for acidification (EC-JRC 2011; Hauschild
et al. 2013). For eutrophication potential, CML-IA and

TRACI 2.1 address both terrestrial and aquatic eutrophication
(EC-JRC 2011).

Although Table 4 demonstrates differences in the final
scores per impact category, using a substance contribution
analysis, we observed that for all of the LCIA methods, the
impacts on climate change and acidification were due to the
carbon dioxide and ammonia emissions, respectively. For eu-
trophication, the phosphorus emissions were mainly responsi-
ble for the impacts in EDIP 2003, ILCD 2011, ReCiPe 2008,
and TRACI 2.1, with nitrate being another main driver of the
impacts in the latter LCIA method. For CML-IA, ammonia
was the main contribution to the PO4 eq. emissions. This
divergence is likely because CML-IA did not separate the
impacts of eutrophication in terrestrial and aquatic systems,
as several of the LCIA methods (EC-JRC 2011).

For freshwater ecotoxicity, greater variations in the abso-
lute values were observed. The EDIP 2003 method showed a
result two orders of magnitude higher than our baseline meth-
od, ReCiPe 2008, i.e., an increase of up to 24,325% from the
reference value in Sce.CHP. Rosenbaum et al. (2008), com-
paring seven methods for toxicity impact categories, observed
differences in the characterization factor of up to 12 orders of
magnitude, which can partly explain the high discrepancy for
this impact category.

Specifically analyzing the results between ReCiPe 2008
and ILCD 2011, our findings disagreed with the outcomes
obtained by Owsianiak et al. (2014), where minor differences
for freshwater ecotoxicity were observed. The high dependen-
cy of the LCIA scores on the LCI associated with the very
different environmental aspects per product category are not
feasible for generalizing both results for other system products
(e.g., the ones from this case study and from Owsianiak et al.
2014). In this sense, it is recommended to always conduct a
sensitivity analysis in the LCIA method when the main pur-
pose of an LCA is to decrease toxicity impacts.

The substance contribution analysis for freshwater
ecotoxicity also demonstrates that it is not easy to see agreement
across the LCIA methods. Different emissions were mainly
responsible for the freshwater ecotoxicity impacts between the
methods. Another remarkable difference was the small agree-
ment among the pollutants with potential to impact freshwater
ecotoxicity, i.e., only copper, nickel and zinc appear in all LCIA
results with a contribution of higher than 1% of the total im-
pacts. Similar results were found by Dreyer et al. (2003), eval-
uating the pollutant contribution on human toxicity for
CML2001 (current CML-IA), EDIP97 and Eco-indicator 99.

Greater variations can be expected for freshwater
ecotoxicity once toxicity impact categories can be modeled
with a high variety of impact pathways. There are a large
number of chemical substances used in industrial production
that even the latest developments are sufficient to satisfactorily
cover all the inventory flows (Geisler et al. 2005; Hauschild
etal. 2013).
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Table 4  Sensitivity analysis of LCIA method variation. The values highlighted in bold represent the lowest emission per impact category for each

scenario

LCIA methods variation Climate change

(kg CO, eq.)

Acidification
(kg SO, eq.)

Eutrophication
(kg PO, eq.)

Freshwater ecotoxicity
(kg 1,4-dB eq.)

Sce.Ref (case-by-case) % of ReCiPe

% of ReCiPe

% of ReCiPe % of ReCiPe

ReCiPe 2008 3503 76 11.7 7.94

CML-IA 3502 - 43 —43 22.5 +92 201 +2432

EDIP 2003 3502 - 43 —43 11.5 -2 1915 +24,034
ILCD 2011 3503 - 72 -5 12.7 +8 18.8 +137
TRACI 2.1 3502 - 61 =20 12.4 +6 18.8 +137
Sce.Flare (case-by-case) % of ReCiPe % of ReCiPe % of ReCiPe % of ReCiPe
ReCiPe 2008 3389 82 11.8 7.89

CML-IA 3388 - 47 —43 233 +97 200 +2436

EDIP 2003 3388 - 47 —44 11.7 -1 1908 +24,071
ILCD 2011 3389 - 78 -5 12.8 +8 18.8 +138
TRACI 2.1 3388 - 66 =20 12.5 +6 18.8 +138
Sce.CHP (case-by-case) % of ReCiPe % of ReCiPe % of ReCiPe % of ReCiPe
ReCiPe 2008 3114 82 11.8 7.46

CML-IA 3113 - 47 —43 232 +98 189 +2438
EDIP 2003 3113 - 47 —44 11.7 -1 1823 +24,325
ILCD 2011 3114 - 78 -5 12.8 +8 18.4 + 147
TRACI 2.1 3113 - 66 =20 12.5 +6 18.4 +147
Sce.Comp (case-by-case) % of ReCiPe % of ReCiPe % of ReCiPe % of ReCiPe
ReCiPe 2008 3552 83 11.8 8.43

CML-IA 3551 - 47 —43 26.3 +122 213 +2421

EDIP 2003 3551 - 47 —43 11.8 - 2009 +23,717
ILCD 2011 3552 - 78 -5 13.3 +12 19.2 +128
TRACI 2.1 3551 - 67 -19 12.9 +9 19.2 +128

In addition to the greater differences between the methods,
the overall ranking of scenarios did not change across the
sensitivity analysis, i.e., Sce.Ref is the most favorable for de-
creasing the impacts on acidification and eutrophication,
while Sce.CHP had lower emissions for climate change and
freshwater ecotoxicity. Similar results were reported by
Owsianiak et al. (2014). The agreement in scenario ranking
can be expected when few processes dominate the impacts for
all compared options (Huijbregts et al. 2010; Owsianiak et al.
2014). This was the case for swine production, where the
impacts are driven by feed production (the same for the four
options) and, to less extends, due to the manure management
system (the compared options).

Nevertheless, this agreement in the scenario ranking is spe-
cific to our case study and to these impact categories. Another
case study or even other variations of the LCIA methods at the
endpoint level can generate contrasting results. For instance,
Cavalett et al. (2013) found that ethanol presents lower poten-
tial environmental impacts with single-score results using
ReCiPe endpoints, while gasoline is the most favorable when
evaluated through IMPACT 2002+, Ecological Scarcity 2006
and Eco-indicator 99 (H).
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It should further be considered that the uncertainty gener-
ated by the selected LCIA method is not due to an etror in the
models but comes from different assumptions and data used to
model the environmental mechanism. In addition, occasional
errors in the implementation of the characterization factors
into software have been reported (Owsianiak et al. 2014),
although we did not consider this issue in our evaluation.

3.3 Choice of allocation approach vs. LCIA method

To identify which methodological choice influences the re-
sults’ variability more, we plotted the outcomes from the sen-
sitivity analysis in scatter diagrams with the LCIA scores
against the allocation approach categorized by the LCIA
method. Our findings are displayed in Fig. 3 only for
Sce.Ref because the methodological choices had the same
behavior for all of the compared alternatives for MMS.

For climate change, the choice of allocation is mainly re-
sponsible for the uncertainty, while the LCIA method had no
influence on the results, as already discussed (see section 3.2).
Regarding acidification, both methodological choices led to
uncertainties with major contribution from the LCIA methods,
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especially due to the characterization models from ReCiPe
2008, ILCD 2011 and TRACI 2.1. Similar behavior can be
observed for eutrophication, differing only in the LCIA meth-
od, i.e., CML-IA.

For freshwater ecotoxicity, a first look at this figure could
result in a misleading interpretation due to the high influence
of CML-IA and (mainly) EDIP 2003. In Fig. 3, the LCI char-
acterization through the ILCD 2011, ReCiPe 2008 and
TRACI 2.1 appear to have minor effects on the allocation
approach selection. However, analyzing the scatter diagram

without CML-IA and EDIP 2003, we can observe that the
allocation approach also contributes to the uncertainties in
the LCA outcomes (Fig. 4). The graphics also demonstrate
that CML-IA consider an environmental positive net benefit
for freshwater ecotoxicity when the substitution method is
used. The rationale for this behavior was explained in section
3.1 for the ReCiPe method but is also applied to CML-IA; it is
related to the characterization factors for cypermethrin usage
in rapeseed production. Therefore, both methodological
choices introduce uncertainties for this impact category,
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although major contributions can be expected from the LCIA
methods, especially due to EDIP 2003.

3.4 Overall uncertainty in scenario comparison

The results of the comparison indicators are shown in
Fig. 5, if the value is higher than 1, the MMS through
the slurry tanks (Sce.Ref) has an impact score (e.g., kg
CO, eq.) higher than the alternative MMS, and vice
versa for a comparison indicator score lower than 1.
Analyzing the results of the case study in Cherubini
et al. (2015a) it seems, that Sce.Ref can decrease the
impacts of acidification, eutrophication and freshwater
ecotoxicity when compared to the alternative MMS.
However, for almost all the comparison indicators from
Fig. 5, the probability of Sce.Ref decrease in the envi-
ronmental impacts is around 50%, i.e., in almost half of
the cases, there is a probability that this choice will not
be preferable, except to the comparison between Sce.Ref
and Sce.CHP for climate change. These results mean
that almost all the comparison indicators do not differ
significantly and therefore it is not possible to indicate
the best alternative to decrease the environmental im-
pacts of our case study. When we consider the aggre-
gate result variation across allocation approaches and
LCIA methods, the uncertainty is too high to identify
a statistically significant alternative. These conclusions
are true even for climate change impact category that
uses a more consolidated characterization model.

Although for our case study the choice of allocation proce-
dure and LCIA method did not affected the scenario ranking,
the results from Fig. 5 demonstrate that every important deci-
sion based on the LCA outcomes should be evaluated using an
uncertainty or at least a sensitivity analysis due to the influ-
ence on the results that can be generated by the choices made
by the LCA practitioner. One possible way to reduce the un-
certainty in LCA is to search for scientific literature to validate
the data used as well as the decisions made during the LCA
(Soares et al. 2013; Gregory et al. 2016). For the environmen-
tal impact assessment, further developments in the models are
expected, such as site-dependent models for regional impact
categories (e.g., acidification and eutrophication) and the cal-
culation of characterization factors for many new substances
(Hauschild et al. 2013). Conversely, for the multi-
functionality problem (i.e., the allocation approach), it seems
to be more difficult to achieve improvements on the existing
approaches, although it can be noticed some recommenda-
tions depending on the goals of the LCA or lifecycle stage
(e.g., EC-JRC 2010; European Commission 2013).

4 Conclusions

The purpose of this paper was to evaluate the uncertainties in
LCA of swine production due to two methodological choices;
therefore, we addressed this issue with a deterministic model
to infer the sensitivity in LCA methodological choices
complemented by a Monte Carlo analysis. Our results have
shown that climate change was the impact category most af-
fected by the allocation approach, while acidification, eutro-
phication and freshwater ecotoxicity were most sensitive to
the LCIA method used. The use of the substitution method
to deal with the multi-functional processes introduced a great-
er variation in the absolute values of our analysis; this result is
somewhat different than those found by Cherubini et al.
(2011). Regarding the scenario comparison, the ranking of
the best and worst alternatives did not change regardless of
the allocation and LCIA method selection. However, some
authors have found contrasting results for variations of these
practitioner choices (e.g., Luo et al. 2009). Therefore, it is not
arule of thumb that the LCA outcomes will be consistent with
different allocation approaches and LCIA methods, highlight-
ing the importance of the sensitivity analysis in the interpre-
tation phase.

Conversely, the uncertainty analysis shows that performing
only a sensitivity analysis could mislead decision makers with
respect to LCA results; our analysis using the Monte Carlo
simulation indicates no significant difference between the al-
ternatives compared for the impact categories. Therefore, a
straightforward analysis with only a scenario variation might
not detect this similarity between the options.

The method used on this paper was effective to demon-
strate the uncertainty in the scenario comparison when con-
sidering the variation generated by different methodological
choices. Although the uncertainty in the LCA outcomes could
not be decreased due to the wide range of possible results, to
some extent, the use of statistical methods can lead to a less
uncertain decision making by showing the uncertainties be-
tween the compared alternatives. Furthermore, one must keep
in mind that the LCI in our comparative case study were very
similar. In this sense, another comparative case study in which
the alternatives have more differences in LCI (e.g., plastic
pallets vs wood pallets), the uncertainty analysis used in this
paper, could point to the better alternative.

Despite the efforts made in the past years in an at-
tempt to decrease the uncertainty in LCA outcomes, this
topic still remains as a topic for further research. Some
authors have already achieved interesting results dealing
with one of the many methodological choices that a
practitioner faces when conducting an LCA study. We
decided to go further and aggregate the uncertainty due
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to two methodological choices and even though our
uncertainty analysis used a robust statistical method
such as Monte Carlo simulation, the uncertainty was
too high to identify a statistically significant alternative.
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