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Abstract

Life cycle impact assessment (LCIA) methods quantify the impact of life cycle inventory
data within each impact category by means of classification and characterization. This
paper evaluated whether the selected LCIA method influenced the life cycle assessment
(LCA) scenario analysis for decision support in process development and its possible rea-
sons. For this study, a scenario analysis was used from a biorefinery LCA case study, as this
is a key practice in process development. The analysis was investigated using various LCIA
methods for the three midpoint impact categories of global warming potential (GWP, 12
LCIA methods totaling 48 subcategories), eutrophication potential (EP, 9 LCIA methods
totaling 18 subcategories), and water assessment (WA, 10 LCIA methods totaling 26 sub-
categories). The GWP category showed consistent interpretations for the scenario analysis
from different LCIA methods. The subcategory of marine EP from the two LCIA methods
disagreed on the best-case scenario. Another discrepancy was identified within the three
general EP indicators, where the trend of the scenario analysis was inverted in one method
because of the sensitivity of a single substance (ethanol). Within the subcategories of WA,
the inclusion or exclusion of hydropower water impacts changed the scenario analysis in
the blue water use and total freshwater use subcategories, and the general WA indicators
also disagreed on the best-case scenario. It is important to understand these influences and
the reasons behind the variations for decision support in process development.
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1 Introduction

Life cycle assessment (LCA) is an instrument used to quantify the environmental impacts
of a product, service, or system and is standardized by the ISO 14040 series (ISO, 2006a,
2006b). The method is divided into 4 phases: defining the goal and scope; the life cycle
inventory (LCI); the life cycle impact assessment (LCIA); and the interpretation. During
the LCIA phase, a particular set of methods and models is used to calculate the environ-
mental impacts based on flows into and out of the environment from the LCIL. Typically,
these methods describe emissions into the environment in terms of impact-related refer-
ence indicators by classifying and characterizing each emission. It is critical that this link
between emissions and impacts be identified correctly to yield a valid representation of
the environmental impact. Therefore, in recent decades, advancements in LCIA methods
have been a focus of global research. For instance, the Institute of Environmental Sciences
Leiden (CML) method was developed in the Netherlands (Guinée et al., 2002), the Envi-
ronmental Development of Industrial Products (EDIP) method was developed in Denmark
(Hauschild & Potting, 2005), and the Tool for the Reduction and Assessment of Chemi-
cal and Other Environmental Impacts (TRACI) method was developed in the USA (Bare,
2011). More impact categories were introduced, as well as further LCIA methods for each
impact category, expanding the toolset available to LCA practitioners. Recently, categories
have been advanced that quantify the consumption of limited resources, such as freshwa-
ter or land. Impact categories are generally divided into midpoint and endpoint groupings,
where midpoint categories quantify the environmental impact along with its underlying
mechanism and endpoint categories quantify the damage caused in one of the three areas
of protection (human health, natural resources, and the natural environment). The results of
the midpoint categories are more precise and accurate than those of the endpoint catego-
ries, as fewer assumptions are required. Thus, the focus of this study lies on the midpoint
categories.

When more than one LCIA method is available for the same impact category, a deci-
sion must be made as to which method is the best. Differences between methods should be
identified, and more importantly, whether these differences could make a difference to the
outcomes should be evaluated. When investigating two LCIA midpoint methods for several
impact categories of the same LCA in an investigation of a water-based ultraviolet lacquer,
Dreyer et al. (2003) observed minor differences between the EDIP97 and CML2001 meth-
ods in all impact categories but two, where major differences were identified. The human
and ecosystem toxicity categories showed differences of up to two orders of magnitude for
some indicators; furthermore, the results were caused by differences between the meth-
ods in the classification and characterization of the causing chemicals. In a more recent
study of five different LCIA methods, Bueno et al. (2016) showed, in a comparative LCA
of various building materials, that the LCIA method selection could make a difference in
the midpoint results. In this instance, the following categories showed the highest discrep-
ancies: acidification, terrestrial and aquatic eutrophication, marine ecotoxicity, and water
depletion.

This dependency is problematic, as its general awareness is limited among LCA practi-
tioners. It is a common practice to investigate variation and variability in results by means
of a sensitivity or scenario analysis; however, this analysis is performed mostly on the LCI
or the technical system and rarely on the selected LCIA method. The focus is often on the
LCIA impact category, but the LCIA method is rarely considered, as is apparent in this
systematic review by McClelland et al. (2018).
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In contrast to the LCA study by Bueno et al. (2016), where different products with
diverse materials and frameworks were compared, the focus of LCAs in process develop-
ment is to compare process variations for the same product within a single technical sys-
tem. Quantifying the potential environmental impacts of a prospective system based on the
technology under development will help further our understanding of the environmental
implications of innovative concepts at an early stage. Therefore, environmental advantages
and disadvantages can be incorporated into decision support in process development. This
early environmental assessment has the advantage of presenting environmental advantages
and disadvantages in the process development phase when many commitments and deci-
sions of a technology have not yet been finalized, and changes can be made more easily.
Hot spots along the entire process chain and trends embodied in different process varia-
tions can be investigated in terms of their environmental impacts. However, this method
is not without challenges, as technology at an early stage also implies less data and infor-
mation to model the LCI of the prospective system and the environmental implications.
Consequently, this approach results in more variation and variability within the LCI for this
type of LCA, and therefore, even more importantly, variation and variability in other parts
of the LCA should be eliminated. For instance, a novel lignin nanoparticle biorefinery was
investigated to foster decision support in process development to find an optimum during
the purification and ethanol recovery stages across several impact categories (Koch et al.,
2020). An LCA for decision support in process development values the relative impact
between the scenarios more than the absolute numbers to give a recommendation between
the scenarios; therefore, it is important to analyze possible influences from the selected
LCIA method not only on one scenario but also on the whole scenario analysis.

The objective of this paper was to evaluate whether the chosen LCIA method could
change or influence the conclusion of a scenario analysis in process development. The vari-
ability from the LCIA method selection was shown for different products with different life
cycle inventory compositions, such as in the study by Bueno et al. (2016). However, this
approach has never been used to analyze different scenarios of the same system, having
similar life cycle inventories with only changing parameters. If scenario analysis is used for
decision support, it is critically important to understand possible influences of the selected
LCIA method. Furthermore, the reasons for these possible changes and the influences of
the selected LCIA method were identified and discussed. The impact categories of global
warming potential (GWP), eutrophication potential (EP), and water assessment (WA) were
investigated by utilizing part of the scenario analysis with four scenarios from the lignin
biorefinery case study published by Koch et al. (2020). In addition to the GWP and EP,
water assessment has not been a common term in the LCA community, but it will be used
within this study to summarize the midpoint water impact indicators that are commonly
utilized.

2 Case study description and methods

2.1 Case study

For the purpose of this study, part of the scenario analysis from the case study of Koch
et al. (2020) was used. When renewable biomass is utilized to produce various chemical

products by using integrated extraction processes that separate the components for further
treatment, it is called biorefining. Many different approaches exist, one of which focuses on
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the production of lignin nanoparticles (Beisl, Friedl, et al., 2017), which has great poten-
tial for a wide range of possible applications (Beisl, Miltner, et al., 2017). This LCA case
study was carried out in a prospective lignin nanoparticle biorefinery that used wheat straw
as an input material and ethanol as an extraction solvent to produce nanoscale lignin par-
ticles. The biorefinery LCA from which the scenarios were investigated was published in
Koch et al. (2020). The purpose of the LCA was to identify an optimized process setup
and parameterization regarding its environmental impacts. Specifically, the purification of
lignin nanoparticles and the ethanol recovery steps were evaluated, and a scenario analysis
with different purification setups and ethanol recovery settings was outlined.

The scope of this case study was set from cradle-to-gate, in which the cradle includes
raw material extraction, agricultural processes, and the production of utilities and the gate
is the product: lignin nanoparticles in water (Fig. 1). In the first process step, wheat straw
was treated by organosolv extraction, where the lignin fraction of the straw was dissolved
with parts of recovered and virgin ethanol (depending on the ethanol recovery process).
The reaction mixture was further separated into liquid and solid fractions. The solid frac-
tions, including cellulose, hemicellulose, and undissolved lignin, were beyond the scope of
this study and were therefore not considered. The liquid phase, with dissolved lignin, was
brought into the precipitation steps. Here, lignin nanoparticles were precipitated by adding
an antisolvent and shifting the solution pH.

The product dispersion was introduced in the cleaning stage, where the lignin nanopar-
ticle dispersion was separated through membranes from an excessive liquid phase, which
contained the bulk of ethanol and was brought back for solvent recovery. During solvent
recovery, ethanol was separated from water in a rectification column, and most of it was
brought back into the organosolv process, as depicted in Fig. 1. A more detailed descrip-
tion can be found in Koch et al. (2020).

2.2 Life cycle inventory and scenarios

The functional unit for this case study was 1 kg of lignin nanoparticles suspended in
water, which was considered the gate of the cradle-to-gate scope. The LCI was com-
piled from three sources: experimental data, process simulation results, and commercial
LCA datasets. Suitable LCA data systems that aim to represent specific technological
processes must be composed of two vital types of data: own case-specific technological

R
Wheat straw Organosolv ————* Solid residues

treatment Scope |

—\—> Precipitation

S/L separation

Ethanol Cleaning ¢—l

recovery

Liquid
residues

—> Lignin nanoparticles

Fig.1 Scope of the case study, with a simplified scheme of the lignin nanoparticle biorefinery. Solid resi-
dues are outside the scope of this case study. Cradle (raw material extraction, agricultural processes, and the
production of utilities) to gate (lignin nanoparticles in water)
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information (owing to own data measurements, calculations, or collection) and comple-
mented by suitable and up-to-date background data (e.g., of documented and consistent
LCI databases). The technological information comprises experimental data (yields, dry
mass, etc.) and process simulation results (thermal energy demand for ethanol recovery,
mass/energy balances, etc.). For the background data, the latest version of the profes-
sional database from Sphera Solutions GmbH was used (thermal energy, wheat straw,
process water, chemicals, and solvents). This case study was assessed by means of an
LCA corresponding to ISO 14044 and was performed using the LCA software GaBi
version 9.2.0.58, schema 8007, with professional database version 8.7, service pack 39.
For a detailed description of the life cycle inventory and foreground and background
data, see the publication and supplementary material from Koch et al. (2020).

To investigate how the selection of the LCIA method influences a scenario analy-
sis, four scenarios were considered: A, B, C and D (Fig. 2). The setup of the cleaning
stage and related changes in ethanol recovery varied across the scenarios. Cleaning was
implemented through membrane modules, where the permeate was an ethanol and water
mixture, and lignin nanoparticles were suspended in the same mixture as the retentate.
In one module, 90% of the volume was passed through the membrane as permeate, and
the retentate was refilled with water before the next module. The number of modules
increased from one in scenario A to four in scenario D. More modules resulted in more
ethanol being brought into the solvent recovery while also increasing the total volume
that must be treated in the rectification process step. The goal of this scenario analy-
sis was to provide a recommended number of cleaning modules from an environmental
impact perspective as decision support for the process development of a lignin nanopar-
ticle biorefinery.

Lignin nanoparticle
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Fig.2 Cleaning process in detail, with the membrane modules increasing from one in scenario A to four in
scenario D
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2.3 Methods

Three relevant impact categories were selected for this investigation, namely global
warming potential (GWP), eutrophication potential (EP), and water assessment (WA).
GWP is essential when assessing renewable resource utilization, and EP is important
when considering agricultural processes; therefore, both categories were included, as
the cultivation of wheat is part of the LCI’s input material. Water is utilized in signifi-
cant quantities in the cleaning stage and should therefore be included. The term water
assessment (WA) was used to summarize the available midpoint water impact indica-
tors in GaBi that were used in this study. The GWP is emission-oriented, and the EP is
an effluent-oriented impact indicator; however, the WA is a resource depletion-oriented
impact indicator. Alongside the environmentally relevant aspects, the EP and WA cat-
egories already demonstrated different results when altering the selected LCIA method
in the study by Bueno et al. (2016). However, the GWP should have little to no varia-
tion from the selected LCIA method. Other impact categories were excluded for being
beyond the scope of this study and will be investigated in future research.

For each impact category, the most common LCIA methodologies available within the
GaBi software were included. The LCIA methods investigated for each of the three impact
categories used are listed in Table 1. An LCIA method in the impact category of GWP
often contains subcategories to present or process certain types of relevant CO,-equivalent
flows in various ways. These are required because not every LCI dataset has information on
all types of relevant CO,-equivalent flows because of outdated data, different approaches,
varying system boundaries, or reasons for data gaps. However, depending on the goal cho-
sen and the scope of the LCA, these subcategories may be assigned low or high impor-
tance. These subcategories include or exclude biogenic carbon and land use change (LUC).
Another subcategory shows only the GWP impact caused by LUC. The LCIA methods
of ISO14067, EN15804 (2018), and EF 2.0 also feature a subcategory for biogenic emis-
sions only. ISO14067 uniquely contains a subcategory that summarizes emissions from
aviation. Three LCIA methods, namely EDIP, EPD EN15804 (2014), and 102*, contain
no information in their description in the software regarding subcategories. However, the
results of these methods indicate that they can be assigned to one of the subcategories.
This result was further confirmed by reviewing the documentation on these LCIA meth-
ods and the flow implementation in the LCA software. These three LCIA methods were
identified within the subcategory that includes biogenic carbon and includes or excludes
LUC. Although EDIP and 102 include LUC, EPD EN15804 (2014) does not include LUC.
Environmental federal points (UBPs) feature subcategories for LUC but do not clarify bio-
genic carbon processing. As stated above, the results indicated that biogenic carbon was
not accounted for in the UBP method, and the documentation and flow investigation con-
firmed this conclusion.

As in the GWP category, the EP category can be split into subcategories for different
compartments: terrestrial, aquatic, marine, or freshwater. TRACI, EPD EN15804 (2014),
and CML have one general EP indicator, with no specification of the compartment.
102* and EDIP have two EP subcategories for aquatic EP and terrestrial EP. EF 2.0 features
the same subgroups as EF 3.0 and EN15804 (2018): the freshwater EP, marine EP, and ter-
restrial EP. These three LCIA methods also showed the exact same results; therefore, only
EF 2.0 was presented. ReCiPe had a freshwater EP and a marine EP subcategory.

Several subcategory indicators existed in the WA and were defined through the ter-
minology and method for the WA following the UNEP/SETAC working group on water

@ Springer



6275

Influence of different LCIA methods on an exemplary scenario...

0D 10§ an[eA D) Y} vIA A[[eornowt
-0IDT0)S PAZIIBJORIRYD Ik JeY) suoqIesoIpAy oneydie ajdwrs 1oy

910T uopra y1yIsIoATu) ‘uaddeyos

‘bo ojeydsoyd Sy doysyury) Aq paje[nofed axe s10Joe) [euonIppy ‘(z661) ‘T 10 sSunfiog () 29uINDHZ00T Krenuef ¢/ -U9JOMNIIIJA] JOOA WNHUD I TIND
Jun “Joy [9poW UOTJBZLIdIORIBYD PUB UONBIYISSBD) uoneuAWNI0q UOISIOA QuieN [[n] ‘POYIRIN
renudjod uoneosydonnyg
dan P1°TI9RL PV (L00T) T2 32 DOdI (€10T) 19sSng PUE JYOIWNYISLI] £10C apjund sapunq Jjomwn g€
sjoedwl [EJUSWUOIIAUD JOYIO pue
"ba 20D By P1°T3I9RL PV (L00T) T2 32 DOdI (1107) 2reg 1°C  [eSIWAYD JO JUSWISSISSE PUE UONINPAT A} 10§ [00) [V YL
ST'INS'S 21qel [erarew Arejusworddns pue /g a1qe) I'1A
"ba 0D By [0rqPa”) UOQIED SB[ SUIPNAUL ‘SYV (€£10T) T8 10 DI (L107) 'Te 19 $1301qfiny (H) 910C 00T dMD 2drDd
"ba 20D By OIIMD ‘T'V"8 FIQEL ‘SAV (£102) T8 1 DDdI (€102) T2 32 DOdI £10C €107 d8ueyd aew[o uo [dued [euoneuIAUL ;)DL
uoneoynuenb 1oj sourpoping pue sjuowarnbar ‘sjon
"ba 20D By papnoul Yorqpasy uoqred +O'gmo (€102) T8 1° DDdI (8102) OSI 6107 -poid joutidiooy uogres ‘sosed asnoyuasid 119011 OSI
"ba 0D By 5 gMD (1002) T8 12 DDdI (€007) & 12 3911101 £00C +7200¢ 10edwt : +70]
sjonpoid uornonnsuod jo A10391ed
jonpoid 2y Joj SA[NI 2109 ‘suonere[oap 1onpoid [ejusw
"ba 0D By PIgMD (£107) 'TE 30 DDdI (8102) negVN 810  -UOIIAUD ‘SHIOM UOTINNSUOD JO AN[IGRUIRISNS (08G [NH
P1°TIQeL ‘YIV
BfOD BN (L00T) T8 19 DDdI TIOT 19qOI00 JO [ UOISIOA POYIaw TND (¥100) "eGVN 10T (YOSSTNE) uonere[d3p 1pnpoid [eJUSWUOIAUD :qdH
papnjour
ba 20D S yorqpasy uoqred pue suondope + %l gMD (£102) T8 1° DDdI (88107) 'Te 10 ‘1jozuedig ‘o1zeq 0¢ JuLId)00J [BIUSWIUOIIAUD :
papnjout
‘ba 20D 8y Yoeqpaay uoqies pue suondope + Xl gM0 (¢107) T8 1° DDdI (q8107) ‘Te 10 ‘Tue[[AIse)) ‘o1ze] 07c Ju11d)00J [RIUSWUOIAULD :JH
"bo t0D By suonerdepe +(1002) ‘I8 1 D0dI (S00T) Sumod pue pyryosney £00C s100poid [ernsnput Jo uSisap [EJUSWIUONAUS ‘J[(TH
00T 910T uopre]
"ba 0D By dMD ‘T'V'8 AI9BL ‘SAV (€102) DIdI (BE10T) T8 19 UK (2007) ‘[er0umy  Arenuef /'y MANSIGATU( ‘UdddRYISUSIOMNIIAL I00A WNHUD TIND
un “Joy [OPOW UOTEZLIA)OBIRYD PUE UONBIYISSB[D) UOTEIUSWNIOC] UOISIOA awreu [[ng ‘poyIdA

renuajod Surwrem [eqo[n

JUQWISSasse Iojem pue ‘[enuajod uonesrydonns ‘renuajod Sururem [eqo[3 ay) 10§ sa13o[oporow Jo0jed1put Jutodprjy | ajqel

pringer

As



D. Koch et al.

6276

‘bo N 3y ounrey

(810T ‘S107) '8 19 9Ws0D) (L 10T) PIWYISNBH PUB dWSOD) :DULIRIA

‘ba g (2T107) 'Te 32 saW[aH (€107) [ 12 ‘W[AZ UBA ‘OPRAIZY
3Y 197eMUSAI] {(€107) ‘T 19 ‘UOSIOPUIH ‘OPIAIZY ‘({]()7) OPRAIZY :I19JBMUSAL] (L107) 'Te 19 s1321qliny 1'TA 9102 Ad1DY
‘ba °0g
3Y TernsarIa,
‘bo (1007) ewsuaridg pue dooypaon) 66O :UOHRIYLNNU [BLISALID],
Y0d 34 onenby (8661) 19zUdap pue p[rydsney + (z00g) 2uIny :onenby (€007) 'Te 10 191770( £00T 4200 10rdut : +z01
‘ba N JO sjonpoid uononnsuod
QoW [BINSALID], 8007°d1DaY ur payuswardur se (6007) ‘Te 10 dooy Jo K1039380 10npoid ay 1oy
‘b N 8Y sunrejy -paon [opowr NHYLNF :QuLrew/1jemysaij—onenbe uoneosydonnyg S9N 2100 ‘suoneIe[d9p 1onpoxd
‘bo g (8002) 'T& 12 y2sod (90027) [BIUSUWIUOIIAUD ‘SHIOM UOT)ONIIS
3y 1ojemysar] e 30 ereddog 9ouepoRdXy PAlR[NWNIIY :[BLNs1Id) uoneoydonnyg (8107) negVN 8107 -uo0d jo Ajfiqeureisns :$08S T NH
(YOSSTNH) uoneIe[op
‘bo areydsoyd 3y (2661) 'Te 10 s3unfiof z10g 1990390 JO ['{ UOISIOA poylow TIND (#107) negVN 102 jonpouid [ejuswuoNAuS :qddq
‘ba N Jo
Qo [eINSALII], 8007°d1DaY ur payuswordur se (6007) ‘Te 3o dooy
‘bo N Y suLRy -paooH [opowr ANHY.LNH :QuLIew/1ajemysaij—onenbe uoneorydonnyg
‘bag (8002) 'Te 12 49s0d *(9007)
3y 199emysar]  Te 30 greddog 9ouBpoooXy PAIR[NWNOOY ([ellsald) uonedorydonnyg  (B1(7) [ 190 ‘ljozuedig ‘o1zeq 0¢ JuLId100] [BIUSWUOIIAUD :JH
‘ba N Jo
Qo [eLNSALII], 8007°d1DoY ur payuswordur se (6007) ‘Te 3o dooy
‘bo N Y aunRy -paooH [epowr GNHY.LNH :Qulrew/1ajemysaj—onenbe uoneorydonnyg
bag (8002) 'Te 12 49s0d *(9007)
3Y 197BMYSAI] ‘Te 10 ereddog 9ouBpa2oXe paje[nNOOL [eLnsald) uoneomdonnyg  (q8107) ‘T8 19 ‘TUR[[AISE)) ‘OIZB 0 JuLId100] [BIUSWUOIIAUD :JH
sdn
LW [eLOSALIA],
‘bo [opow SNV Y} U0 paseq a1e uonedydonna [eLnsa1rd) 10y 4D syonpoid [ernsnpur
EON Sy onenby  ‘[opow NHINYV)D Y} uo paseq a1e uonedrydonns onenbe 10§ s,1D (S007) ‘Sumod pue plyosne €007  Jo u3Isap [ejuowuoIIAUL :J[dH
Jun Joy [OPOW UONRZLIDIORIRYD PUR UOTJROYISSB[) uoneu_dWNO0(J UOISIOA duweN [N ‘POYIIN

renuaod uonesrydonnyg

(ponunuoo) | sjqey

pringer

A s



6277

Influence of different LCIA methods on an exemplary scenario...

SUTEWI I0JIAY) SIOLID )M UOISIOA 9] ()7 Uk[ 9} PUE IgeD) Ul UoNejudwa[dr-a1 & 9sned 0) [[BWS 00} 3q 0} PAJBN[BAD dIoM
SOZUBYD Y} ISAMOH "910T SNV TIND UL PIJIILI0O 1M S, SIOLIS YIIM GV paruswafduwr pey TIAD ‘UOISIOA SIY} U] 90T Uef TIND S UOISIoA pajuswdldwl IgeD YL,

Sur
"ba prom w (8100) 'e 12 Ae[nog (8100) '[e 10 Ae[nog 810C -UIRWI I9JeM S[QR[IRAR ‘HY VMV
ddan (€107) Tossng pue WOAUNYISLL (€107 1SS Pue WOIUNYISLL] £10C apjung sapung jpmwn) 4N

(6007) T2 12

A IS (T107) USUUONI pue BNSYOH :(Z00T) M2qaIS Pue [1oq (L100) 'Te 10 $1521q[Iny 910¢ odIDoy

muos_uoa uononnsuod

Jo K1039180 30npoid ay) 10§

S9N 2109 ‘suoneIe[d9p Jonpoid

[BIUSWIUOIIAUD ‘SHIOM UOT)ONI)S
"bo pprom w (9100) 'Te 12 sfeueD (8107) Te 10 Kenog HIVMY (8107) neg¥N 810C  -U0 jo A)[IqeureIsns 408G TNH

(YO8STNH) UoneIR[d3p
S (#102) negVN (#1027) negVN ¥10T yonpoid [eIUSWUOIIAUS :qdH
"ba pprom w (9100) '8 12 speueD (810¢) [e 10 Aenog FIVMY  (B8107) '[& 1 ‘T0ZueSIq ‘O1ze 0°¢ 100§ [eIUOILOIIAUS 145
"ba priom (w (9107) 'Te 30 sfeue)) $(8107) 'T& 12 Aenog HYVMY  (4810T) 'Te 12 ‘TUB[[aISE)) ‘OIZe] 0c 1uL1d}00] [EJUSUIUOIIAUD :H
nun "3y [9pOoW UONRZLISORIRYD PUB UONIBIYISSR[D) uorneuaWnNIo UOISIOA swreu [[nJ ‘POYIN
JUQWISSISSE I

sjoedwl [BIUSWIUOIIAUD IYIO

pue [eOTWAYD JO JUSWISSISSL pue
"ba N 8 (2007) SHION (1107) oTegq (1107) areg ['C  Uonodnparay) I0j [00) IOV AL
un “Joy [epow UONRZIIS)ORIRYD puk UONBOYISSB[D) uonejuawnooJ UOISIOA QuwieN [N ‘POYION

renuaod uonesrydonnyg

(ponunuod) | sjqer

pringer

As



6278 D. Koch et al.

and the new ISO standard definitions (Bayart et al., 2010; ISO, 2015; Pfister et al.,
2009). Four definitions in particular are important for the results in this category: fresh-
water, blue water, water use, and water consumption. Freshwater is defined as any water
with a low concentration of dissolved solids. Blue water comprises freshwater that is
removed from groundwater or surface water bodies, whereas rainwater is specifically
excluded. Water use is the total water removal from a freshwater body (only inven-
tory input), and consumption is the total water removal reduced by the water that is
returned to the freshwater body (inventory input—output). Subcategories are available
that include or exclude the impact of hydropower generation within the electricity mix
used in an LCI. Hydropower generation, as a side effect, involves the evaporation of
water from water reservoirs, which leads to an impact within the WA. However, there
is great variance in the scale of these impacts that stems from their spatial dependency.
Therefore, it is recommended to use both water impact indicators in a scenario analysis,
including and excluding hydropower impacts (Pieper et al., 2018). The relatively new
methods of the available water remaining (AWARE) and water stress index (WSI), in
addition to water consumption, account for the availability or scarcity of water in a local
area, and this entails characterized water flows with water scarcity-dependent factors
[(inventory input—output) multiplied by scarcity (low, average, or high)].

The environmental impacts of the four scenarios were calculated for the LCIA methods
(Table 1), and these results were plotted within each impact category. Because of vari-
ous reference units and to highlight any potential influence on the scenario analysis of the
selected LCIA method, the results were normalized within their respective LCIA method
by dividing all four scenarios by scenario A. See Formula I, where i can be ... A, B, C,
or D, depending on the corresponding scenario, y; ... is the relative value of scenario i
that is displayed in the figures, x; ... is the result of scenario i in the respective impact cat-
egory, x, ... is the result of scenario A in the respective impact category, and hence y, will
always have the value of 1:

Vi =X;/xp (1)

3 Results

The results are presented to highlight the differences in the scenario investigation. The rea-
sons for these differences are elaborated in the discussion of this paper.

3.1 Global warming potential (GWP)

Because of the many LCIA methods for the GWP category and its subcategories, the
results of the investigated methods are presented in three figures and similar subcatego-
ries are colored as follows: green for the total GWP impact including biogenic carbon, red
for the land use change related to the GWP impact only, blue for the exclusively biogenic
carbon GWP impact, and black for the fossil GWP impacts excluding the biogenic carbon
impacts. The single impact subcategory of fossil GWP impact from aviation is colored in
gray.

Figure 3 displays all subcategories, including biogenic carbon, with and without LUC.
In this case, in the study’s LCIA calculation, LUC made a small contribution within the
GWP category; therefore, its inclusion or exclusion did not change the results significantly.
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The same was found for the subcategories excluding biogenic carbon GWP impacts,
including or excluding LUC (Fig. 4). The fossil GWP impact from aviation is displayed in
Fig. 4 with little difference from the other fossil-only subcategories.

When looking at the LUC-only subcategories, the differences in the four scenarios were
insignificantly small (Fig. 5). In the LUC-only subcategory, all LCIA methods investigated
agreed on the scenario analysis, and there was little to no variation.

A similar outcome was found in the GWP subcategory “including biogenic carbon” and
the GWP subcategory “excluding biogenic carbon.” All the LCIA methods exhibited the
same outcome for the scenario analysis and agreed that scenario B was the most favora-
ble of the three subgroups, “including biogenic carbon,” “excluding biogenic carbon,” and
“only LUC.”

The three “biogenic carbon only” GWP methods, displayed in Fig. 5, showed similar
trends within the subcategory, increasing the CO, equivalent from scenarios A to D. How-
ever, the EF 2.0 method recorded a substantially larger increase than the other two meth-
ods, ISO14067 and EN15804 (2018), and thus, a second axis was used in Fig. 5 to better
present the results.

3.2 Eutrophication potential (EP)

Figure 6 displays the EP results for the four scenarios calculated by the EP LCIA methods
from Table 1.

The two LCIA methods with the subcategory of freshwater EP presented the same
result, favoring scenario A. The results of the terrestrial EP agreed within its subcategory,
with minimal variations, but favored scenario B. The subcategory of aquatic EP showed
significant divergence for the scenario analysis but still agreed on scenario A as being the
most favorable. The two marine EP subcategory methods diverged regarding the most
favorable scenario, with ReCiPe identifying scenario A as the best and EF 2.0 identifying
scenario B as the best. The general EP LCIA methods showed the strongest divergence.
Although CML clearly favored scenario D by some margin and suggested scenario A as
the worst scenario, TRACI and EPD EN15804 (2014) favored scenario A and concluded
that scenario D was the worst.
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Fig.3 Environmental impacts in the global warming potential subcategory including biogenic carbon (with
and without land use change) calculated using different life cycle impact assessment (LCIA) methods. The
results within an LCIA method are related to scenario A, as described in 2.3 Methods

3.3 Water assessment (WA)

Figure 7 displays the results of the water impact calculated for the four scenarios. Three
graphs were chosen to provide a better overview of the different LCIA methods, which
are represented by abbreviations that are explained in Table 2. The general indicators
from the LCIA methods that were also represented in the other impact categories of GWP
and EP were displayed in the left graph of Fig. 7: EF 2.0, ReCiPe, UBP, and EN15804
(2014). Again, EF 3.0 and EN15804 (2018) showed the exact same results as EF 2.0;
therefore, only EF 2.0 was presented. Water indicators that included characterization,
namely AWARE and WSI, were in the middle graph. These methods, in addition to water
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Fig.4 Environmental impacts in the global warming potential subcategory excluding biogenic carbon (with
and without land use change) calculated using different life cycle impact assessment (LCIA) methods. The
results within an LCTA method are related to scenario A, as described in 2.3 Methods

consumption, accounted for the local water availability with scarcity factors. Total fresh-
water and blue water use and consumption methods are presented in the right-hand graph.

Although the EF 2.0 indicator showed minimal changes from scenario to scenario, UBP
and, even more so, EN15804 (2014) and ReCiPe exhibited a larger change. Although sce-
nario C had the lowest value for UBP, EN15804 (2014) and ReCiPe, scenario B was the
best case for the LCIA method of EF 2.0. The AWARE and WSI methods varied in their
scenario behavior only in terms of magnitude. Both methods agreed on scenario B as being
the best, but the AWARE method, with a low characterization factor and also including
hydropower water utilization, displayed a different scenario as the worst case, namely sce-
nario D instead of scenario A. The average and high characterization factor methods with
and without hydropower generation showed little difference. The WSI low characterization
factor methods also showed a larger difference in magnitude than did the low characteriza-
tion factor methods of AWARE. Considering the water consumption indicators, the blue
water consumption indicator, excluding hydropower, clearly favored scenario B, whereas
the blue water consumption indicator, including hydropower, highlighted scenario C as the
most favorable, with only a small margin relative to scenarios B and D. Among the indica-
tors of total freshwater consumption with and without hydropower, there was a minimal
difference including and excluding hydropower. The total freshwater and blue water use
indicators favored scenario A when hydropower was excluded, whereas the same indicators
favored scenario B when hydropower was included.
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Fig.5 Environmental impacts in the global warming potential subcategories “only land use change” and
“only biogenic carbon” calculated using different life cycle impact assessment (LCIA) methods. The results
within an LCIA method are related to scenario A, as described in 2.3 Methods

4 Discussion

The results demonstrated that the selected LCIA method had an influence on certain
impact categories or subcategories of the scenario analysis in this case study. LCA
scenarios for process development are designed to assess interactions between process
variations or different process paths and life cycle inventories with subsequent envi-
ronmental impacts. When the best-case scenario in an impact category changes in the
selection of a different LCIA method, e.g., as was the case with marine eutrophication,
it may influence the conclusions and interpretations of the LCA and therefore affect the
decision support for the process setup during development. If the reasons for the differ-
ences are not assessed and evaluated, even more ambiguous conclusions can arise when
opposing trends in the scenario progression are observed in the same impact category
on selecting a different LCIA method, as was the case with the general eutrophication
indicator of CML and TRACI.

In an interview and assessment with Sphera Solutions (the software and database devel-
opers of GaBi), several possible reasons were identified that could potentially cause issues
in the LCIA methods and lead to different results across comparable impact categories.

Scientific findings are the basis of the methods in each impact category, and their pro-
gress varies in each category. Within the GWP category, which is one of the most agreed
upon and least disputed in LCA among method developers and implementers, scientific
progress is incorporated continually every 5-7 years using the Intergovernmental Panel
on Climate Change (IPCC) reports on climate change (IPCC et al., 2001, IPCC et al.,
2007, IPCC et al., 2013). However, not all the LCIA methods investigated always use of
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Table 2 Explanation of the LCIA method abbreviations from Fig. 7

Legend short name Full name

EF EF 2.0/3.0 Water scarcity

UBP UBP 2013, Water resources

EN15804 EPD EN15804 (2014)—use of net fresh water

ReCiPe ReCiPe 2016 v1.1 Midpoint (H)—freshwater

consumption

AWARE/WSI
High CF High characterization factor for unspecified water
Average CF OECD +BRIC average for unspecified water
Low CF Low characterization factor for unspecified water

(e.h.) Excluding hydropower

BW-U Blue water use

BW-C Blue water consumption

TF-U Total freshwater use

TF-C Total freshwater consumption

the newest IPCC reports for their impact assessments; even if they use the latest avail-
able report, the IPCC publishes many tables with partly different GWP values and no
explicit recommendation for which to use in LCAs, e.g., Table 8.A.1 (IPCC et al., 2013)
and Table 8.SM.16 (Myhre et al., 2013b). This uncertainty leaves the choice to the method
developer, database generator, or software implementer. Impact 2002+ and EDIP derive
values from the IPCC report from 2001, and TRACI and UBP utilize values from 2007.
Despite using different IPCC reports, these methods agreed on the scenario analysis of this
case study LCA, and no major influence was seen on its outcome in the GWP category in
terms of the differences in their scientific progress. The EP classification and characteriza-
tion model sources in Table 1 demonstrate various studies from the last 30 years as the
basis for the EP LCIA methods, for example, the CML eutrophication potential method
(Heijungs et al., 1992). Fewer resources might be available for the scientific advancement
of this impact category compared to the GWP, and thus, global political attention would
not be drawn, as EP is a fairly regional or local and spatially significant impact. In addition
to the water use and water consumption indicators, more sophisticated and newer indica-
tors, such as AWARE and WSI, seek to further include the spatial aspects that are also
important to the WA. Local water body conditions are required to assess the water availa-
bility in a region. There is a need to further advance research on how to manage the spatial
aspects effectively and efficiently. The spatial importance can be seen in newly developed
methods such as the IMPACT World + globally regionalized life cycle impact assessment
(Bulle et al., 2019).

The reference unit of the indicator could lead to a different absolute result and might
influence the scenario analysis if different impact calculation models are applied. Although
all of the GWP methods investigated use the reference unit kg of CO, equivalent, apart
from the UBP method, seven different reference units were found in the EP LCIA methods
included, which may cause differences in the results, as seen in the aquatic EP subcategory.
Different methods and their characterization factors are more or less sensitive to different
emissions. In the WA conducted, four different reference units were observed. Although
we looked at relative values in this study, where no significant influence was measured, the
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absolute values, which can also be important for process development, might exhibit a dif-
ferent picture and should be investigated in future research.

Each impact category can highlight particular issues in its description of the LCIA
model. For the GWP category, biogenic carbon is a special case and is treated in two gen-
eral approaches that include or exclude biogenic carbon. When included, the uptake of
atmospheric CO, within the cultivation of biomass is accounted for as a CO, incorporation
into the biomass (plus the related CO, withdrawal from the atmosphere) and, consequently,
the emitted greenhouse gases of biogenic origin must be accounted for as well, with the full
impact calculated. This method would potentially make biogenic emissions carbon neutral.
If biogenic carbon is excluded, CO,-equivalent incorporation for biomass cultivation and
its withdrawal from the atmosphere is neglected, and there is no impact (biogenic carbon
CO,-equivalent) when greenhouse gases that originate from biogenic sources are emitted.
However, special attention should be given to the transformation of biogenic carbon, that
is, if the CO, incorporated is transformed into CH, and emitted as such. Methane has a
higher GWP than CO,: 1 kg of CO, can be transformed into 0.36 kg of CH,, and when
emitted, it will have an IPCC GWP100 impact of 10.93 kg CO,-equivalent. This could
lead to suboptimal outcomes if biogenic carbon is simply forgotten. The carbon balance is
easier to reproduce if all carbon is included, as it can be difficult to separate biogenic car-
bon from fossil carbon incorporated in products (e.g., composites of wood and plastic, par-
tial biogenic plastics or bioethanol in various fuels blended in with different percentages).
Regardless of the selected method, it is important to maintain consistency throughout an
analysis to avoid the double-counting of biogenic carbon and consider possible anaerobic
transformations to methane. This problem is also recognized in the LCA of buildings, as
in the paper investigated by Hoxha et al. (2020). The individual goal and scope of any
study should inform a decision to exclude or include biogenic carbon, and therefore, it is an
advantage to have both options available. In this case study, where the scope was cradle-to-
gate, the selected biogenic carbon management process could have had an effect. However,
the scenario analysis indicated some differences but agreed on the best and worst cases.
For process development in general, cradle-to-gate is a common scope; therefore, both bio-
genic carbon management approaches should be investigated. The larger increase in the
subcategory “biogenic carbon only” of EF 2.0 could be explained through the characteriza-
tion table, since EF 2.0 exclusively assesses biogenic emissions from methane, whereas in
the other two methods, biogenic methane makes only a small contribution. The dominant
flow, next to the other flows, is the biogenic carbon uptake within the renewable resource
of wheat straw. As methane increases equally in all three methods, the contribution to the
results is low in the ISO14067 and EN15804 (2018) methods and is very prominent in
EF 2.0, illuminating the difference. Table 3 displays the flow characterization of the three
“biogenic carbon only” subcategories.

EF 3.0 and EF 2.0 featured the exact same results; therefore, only EF 2.0 was presented
here. The LCIA method of EN15804 (2018) is based on EF 3.0, with the difference being
biogenic carbon. Although the latter method excludes all biogenic carbon flows apart from
biogenic methane, the former incorporates biogenic carbon uptake and reemission.

The EP category also exhibited a special issue in that the actual impact of a substance
on the EP depends on the nutrients available within the affected area. If nitrogen is the
limiting nutrient and phosphorus is emitted, there will be a smaller impact than in the case
where phosphorus is the limiting nutrient. Carbon is also required for biomass growth;
however, in most cases, it is not the limiting factor. The methodological challenge was also
recognized by a case study on farms in New Zealand, which showed that it is necessary
to couple the N and P emissions since both can be the limiting factors (Payen & Ledgard,
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2017). This issue influenced our results, as the LCIA method of CML takes carbon emis-
sions into account in the EP, whereas other EP LCIA methods do not, which results in
different outcomes because of the sensitivity of a single substance. In scenario A, emitted
ethanol was responsible for 96% of the environmental impact in the CML LCIA method for
EP. In scenarios B, C, and D, more ethanol was recovered and less ethanol was emitted (a
reduction of 82-91 mass% of ethanol emissions), reducing the EP drastically in the CML
results. This single substance sensitivity is important to highlight and is best identified by
utilizing a sensitivity analysis, as suggested in the methodological review on the life cycle
interpretation phase by Laurent et al. (2020). In terms of process development, it is not
clear, for example, where the biorefinery will be built and which nutrient could be the lim-
iting factor. All EP-relevant substances should therefore be investigated.

For the water impact, a particular issue is water loss when utilizing hydropower. In the
modeling principles for the WA in GaBi, it was highlighted that the actual loss of water in
hydropower reservoirs depended strongly on the conditions of the location of the hydro-
power generation (Pieper et al., 2018). A relevant uncertainty—still in discussion among
hydroscientists—exists with respect to acceptable amounts of water loss by these hydro-
power plants, and it is recommended to use both indicators, including and excluding hydro-
power, for sensitivity analysis (Bakken et al., 2017; Scherer & Pfister, 2016). This case
study and the scenario investigation, including and excluding hydropower, showed a sig-
nificant change in the magnitude of the results of some water indicators. Virgin ethanol
production showed a larger impact in the freshwater use and blue water use subcatego-
ries when including hydropower impacts due to the use of hydropower within the dataset
of virgin ethanol production; therefore, scenario B (where more ethanol is recovered and
less virgin ethanol is produced) was more favorable. In scenarios C and D, the water used
for ethanol recovery outweighed the savings from virgin ethanol production, and a mini-
mum was found in scenario B. When excluding hydropower, virgin ethanol production had
a smaller share of impacts; therefore, in this impact category, the water used for ethanol
recovery outweighed the virgin ethanol production savings in each scenario. For the con-
sumption indicators, virgin ethanol production exhibited, for both cases, i.e., including and
excluding hydropower, the same smaller share of the impact, and therefore, smaller differ-
ences between the methods were observed.

Referring to the source of the classification and characterization model can sometimes
be ambiguous, as the IPCC published two tables in its report of 2013: Table 8.A.1 (IPCC
et al., 2013) and Table 8.SM.16 (Myhre et al., 2013b). The latter includes the effects of
climate—carbon feedbacks for other substances rather than only CO,. Most methods base
their GWP calculation on Table 8.A.1. Although the characterization factors differ signifi-
cantly for single substances, the scenario analysis in this case study had little influence
when comparing two methods that utilized the two different tables: ReCiPe 2016 (h) v1.1
and CML 4.7. A generally recommended table in future [PCC reports would be beneficial
to avoid confusion.

The depth of characterization, classification, and scope are important to capture all
potentially relevant emissions. More substances are included in each update of the IPCC
report for the GWP, from TAR (IPCC et al., 2001) with 42 flows to AR4 (IPCC et al.,
2007) with 63 flows to AR5 (IPCC et al., 2013) with 207 characterized flows. In this case
study, no uncommon emissions were assessed, and therefore, no influence from the depth
of characterization was observed in the GWP category results. However, in the process
development of innovative technologies, novel emissions are more likely to occur that are
not yet characterized by the LCIA method, which is especially challenging for categories
concerning human exposure pathways (Ernstoff et al., 2019). The EP category faces the
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same challenge, i.e., how to manage limiting and nonlimiting nutrients. Within the marine
EP, we noted differences in the scenario results comparing the method of ReCiPe 2016 (h)
with 33 characterized flows and the EF 2.0 method with 46 characterized flows. Moreover,
a difference in the aquatic EP results between the method of impact 2002 + (15 character-
ized flows) and EDIP (59 characterized flows) was observed, and they also featured dif-
ferent referencing units (PO,- and NOs-equivalents) as the indicator. However, similar to
water utilization, the EP is highly dependent on local circumstances. Therefore, the depth
of characterization (or specification) within the EP category and the WA further included
the spatial resolution. Advancements were seen as the characterization factor became avail-
able within the AWARE and WSI indicators to consider different water scarcity regions
(Boulay et al., 2018; Pfister et al., 2009). In addition to the depth of characterization of
an LCIA method, it is important to utilize standardized flow lists; otherwise, implemen-
tation in LCA software will be challenging and can lead to an incomplete application of
the method. The importance of these lists was also highlighted in the critical review from
Edelen et al. (2018).

Human error can always be a source of variation. Errors can be introduced by method
developers, database developers, software implementers, and users. First, the error must be
detected, then qualified, and, finally, its relevance must be assessed to identify responsibili-
ties and define a suitable way to correct it. For instance, an inconsistency was noticed in the
CML version 4.7 January 2016 categorization table for the GWP. The correct values were
updated with the CML version 4.8, August 2016 update; however, this was considered too
small and insignificant for a new reimplementation by Sphera Solutions GmbH into GaBi,
and therefore, the CML 2016 August update was not implemented and distributed immedi-
ately but rather was included in the next official release. Considering the scenario analysis,
no significant differences were sourced by this variation when considering CML 4.7 2016
January and IPCC, 2013. However, typically, only small errors such as this continued to go
unnoticed, and they had no impact on the scenario analysis.

In addition to the selected LCIA method and the issues discussed, implementation
within the software also matters, as Herrmann and Moltesen (2015) noted some differences
in the results of 100 randomly selected, single-unit processes from the ecoinvent database
2.1 between the LCA software GaBi and SimaPro. In many cases, each software showed
identical results, but where differences occurred, there were rarely errors and, more often,
different implementations of the LCIA method and the elementary flows used seemed to be
the main sources of the deviations.

5 Conclusions

In this study, the influence of the selected LCIA method on the interpretation of LCA
within process development was examined critically with the help of scenario analy-
sis that drew on a biorefinery case study. The influence of the LCIA method on cer-
tain impact categories and subcategories was identified and enumerated. For the GWP
category, the 42 subcategories investigated from 12 different LCIA methods exhibited
consistent interpretations in this case study. The depth of characterization and biogenic
carbon management were identified as potential issues for LCAs in process development
that could influence interpretations and which should therefore be used with care. In the
EP category, significant differences were observed within 18 subcategories across nine
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different LCIA methods. In addition to the variations due to the subcategories, there
were differences within the same subcategory of marine eutrophication potential, where
scenario A was preferred in the LCIA method of ReCiPe 2016 v1.1 and scenario B
was preferred in the LCIA method of EF 2.0. Strong divergence in the EP indicators of
CML, TRACI, and EPD EN15804 (2014) was also noted. The problem was partially
identified within the characterization of limiting and nonlimiting nutrients in the dif-
ferent LCIA methods. In the WA, 26 subcategories from 10 LCIA methods were com-
pared. The best-case scenario for blue water consumption depended on whether hydro-
power was included. Although the indicators from EF 2.0/3.0 and EN15804 (2018)
showed little variation in the scenario assessments, the indicators from UBP and, even
more so, from EPD EN15804 (2014) and ReCiPe, exhibited larger changes.

The influence on the interpretation changed the best and worst cases, showed oppo-
site trends, and changed the magnitudes, which could influence the conclusions of an
LCA in process development. Nevertheless, there are many methods to choose from,
each of which is derived from a justified environmental impact issue and is, therefore,
valuable. As long as it is stated clearly which method is used and interpreted, the vari-
ations that arise are comprehensible. The detailed citation of the LCIA method used,
including its version and/or publication year, is important to avoid unjustified criticism
of LCAs, such as their being ambiguous or even arbitrary. The selection of the LCIA
method is equally important to that of the impact category. One or several possible iter-
ations in selecting the LCIA method and comparing the various LCIA methods would
enhance and solidify LCA results for process development purposes. To be in agreement
with the ISO14040 and ISO14044 standards, it is recommended to examine whether dif-
ferent LCIA methods lead to different scenario results. Furthermore, the “behavior” and
specific characteristics of an LCIA method must be understood as being suitable to draw
adequate conclusions. Our discussion demonstrated a continuous need for further dialog
between the various models and indicated that the impact characterization should be
standardized.

We recommend assessing several, if not all, LCIA methods available, which normally
entails little extra effort if using any of the available LCA software tools. When differences
occur between methods, the following steps can help explain these, and if not, they help to
transparently show that they differ:

e What underlying classification and characterization models and versions are used for
the categories or subcategories of the used LCIA methods (e.g., utilized IPCC report
and table)?

e s there a difference between the reference unit of each LCIA method and could there
be a difference in its implementation (e.g., are carbon emission considered for the
eutrophication potential or only nitrogen- and phosphorus-containing substances)?

e Does the depth of characterization differ in the investigated LCIA methods (e.g., com-
paring the number of characterized flows)?

e s there a single driver for most of the impact in the investigated impact category or
subcategory, and is that one driver handled differently by different LCIA methods?

e Does this impact category or subcategory show special issues that require attention
(e.g., GWP biogenic carbon, EP limiting nutrients, water impacts from hydropower)?

e Could the identified variation between two LCIA methods be derived from human error
(e.g., wrong value in the implemented flow table)?
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