TRansition paths to sUstainable
legume-based systemsin Europe

TRUE Deliverable 5.1 (D29), Report, Public

Report on Life Cycle Assessment
Methodology for Assessing the
Environmental Sustainability of
Legume Value Chains

............................................................................................................

Last updated: 25 April 2018
Compiled by: David Styles (Bangor University)

.......................................................................................................................................................................

- This Project has received funding from the European Union “s Horizon 2020 www.true-project.eu
research and innovation programme under grant agreement No 727973


http://cordis.europa.eu/project/rcn/210171_en.html

Report on Life cycle assessment for legume value chains

TRansition paths to sUstainable
legume-based systems in Europe

........................................................................................................................................................................

Deliverable Description & Contributors

e Duedate: 31" March 2018

e Actual submission date: 25th April 2018

e Project start date: 1st April 2017

e Duration: 48 months

e Work package: Environment (WP5)

e Work package leader: Mike Williams (TCD, IE)

e Deliverable Title: Life cycle assessment for legume value chains
e Nature of deliverable: Report

e Dissemination level: PU: Public

e Deliverable description: This report, ‘Report on Life Cycle Assessment Methodology for
Assessing the Environmental Sustainability of Legume Value Chains’, presents the
overarching approach and specific methodological details planned for the environmental
assessment of legume value chains in accordance with the objectives of Work Package 5 of
the TRUE project. Particular emphasis is placed on functional units, system boundaries and
impact categories to be considered in life cycle assessment, and interaction with economic
modelling and nutritional assessment being undertaken in other TRUE project work
packages.

e Contributors:

David Styles, Bangor University, (BU), UK;

Maggie March, Scotland Rural Collage (SRUC), UK;
Sabhdh Sheeran,(TCD), IE;

Mike Williams, Trinity College Dublin, (TCD), IE;

o O O O

........................................................................................................................................................................

This Project has received funding from the European Union “s Horizon 2020

www.true-project.eu
research and innovation programme under grant agreement No 727973 Page 2 proj


http://cordis.europa.eu/project/rcn/210171_en.html

TRansition paths to sUstainable
legume-based systems in Europe

........................................................................................................................................................................

Deliverable Description & CONtrIDULOrS .....cccceueeeieieninrencincencencectacsocescacassassscsscascassosssssscns 2
00T 1 = 1 s 3
1. Background to the TRUE ProjeCt.....ccccueieecreciencresiecansssccacsrossaccssssascassssssassssssassssssassanssnss 5
1.1 TRUE Project Executive Summary (abbreviated) ..............c.ccoccueeueeeevreceeieieeeeieseeeesenens 5
1.2 WOrk Package StrUCTUN@...........ocooiiiiiecicciectct ettt erte e s teesr e s ae st sbe e baessaesrnessnesnes 6
1.3 TRUE Objectives (abbreviated)..............ccoooiriiiiiiceeeeeeees et 7
1.4 Work Package 5 (Environment) objectives ..............ccoceoeeciiiieieciececceeeeee et 8
1.5 Purpose of this LCA Methodology REPOIt..............ccooieiiiiiiieeeeeeeeeree e 8
1.6 Context for environmental assessment of legumes ................ccccoeeieirvininierecceeceseeeee 9

2. Life Cycle Assessment Methodology .....cccccereiieireninireniacineniacieenraninecrasiaccsessaccsessascsesses 11
21 ARHDULIONALLCA ...ttt ettt et e et et sa e et este s st e stesbe st e seeaeesenaeen 11
2.1.1 Scope and fuNCIONAl UNIES.....ccviiiieiiecieceeeeeeee et re e re e s raesaneeanas 11
2.1.2 ENVIironmMeNtal iMPACS ...ueecveiiieeciecie ettt ete e teerte e te e sta e s r e sbesbe e saessaesraesnaeennas 13
2.1.3INVeNntory COMPILAtioN ...ccviiiieiecceecteee ettt e e e e e s ra e et e s te e be e be e raesraesnteeaeas 13
0 B [ 0} (T g0 (= = A [0 o DO OO USSR 13
2.2C0oNSEQUENTIALLCA............oeiieeieeeceeceee ettt ettt et e e eete e eebeeesteeeesseeebeeentseeenseeeseeensreeens 14
2.2.1 Goal and ScOPe definitioN.......ccoeecieiieeeiieeecee ettt et ae e esaerens 14
2.2.2 ENVIronmMeENtal iMPACS .o..veeiieciecieeceeeteee ettt te e teesbe e be e s e e sraesate e beenbaessaensnas 15
2.2.3 INTEIPIrETAION....eiiiiecee ettt et e et e e st e e te e e aa e e e rbe e e baeesraeeebeeenaaaeans 15

2.3 Farm system and SCenario asS@SSMENT .............ccccocveriirieiieiiieerie et reesre e raeseees 16
2.3.1 OVEIrVIEW Of PPIOACKH. .. .cti ittt et st ete et e st e s be e e e bessaesesbaensensassnensens 16
2.3.2 Baseline farm tyPOlOZIES ....cueirieiririerierieeeteeeer ettt 18
2.3.3 LEBUME SCENATMIOS «eueteeeeuterterieerteeeteesttesute s et e bt ebe e st esstesatesatesbeebeebeesstesseesasesaseeseeaseensees 19
2.3.4 Reference farm SYSTEMS ...ttt ettt e sae s be e ae s e esaesbeeraennens 20

2.4 Diet SUDSHIHUTION ..ottt be s 21
2.4.1 0Verview of aPPrOaCh.....co ittt e et 21

2. 4.2 NUtrient qUAlity INAICES .c.vviiiieieeeeeecteceeeet et ste et ra e s e e st e e b e e be e bnenbnas 21
2.4.3 Combined Nutritional Analysis: Environmental Impact of Diet........ccceovevveveneeceneneenens 23
2.4.4 Initial meta-analysis of agricultural protein production..........ccceceveveveneneneneneneeenenes 24
2.4.5 Mediterranean Adequacy Index (MAI) methodology for TRUE.........ccccecevvererenieneeneeernennen 27

This Project has received funding from the European Union s Horizon 2020 www.true-project.eu

research and innovation programme under grant agreement No


http://cordis.europa.eu/project/rcn/210171_en.html

Report on Life cycle assessment for legume value chains

TRansition paths to sUstainable
legume-based systems in Europe

........................................................................................................................................................................

2.4.6 Nutrient-Rich FOOd INAEX (NRF) ...veiiuiiiiieiereceteeeeeceeee ettt e e s et enve e eseesnessneeeneas 28
2.4.7 Nutrient Density Environmental Impact INdiCeS .......covvvveririerinerieececeeeeeeeee e 31

REFEIEINCES veeeureriernrerrererercecerercecesescesesescasssescassseseasssssessssessassssssssssssssssssssssassssssassssssnsnse S
DiSClAIMEL «eeueeeneneneneeeeeececececececececececececececececssecscsscsssssssssssssssssssssssssssssssssssssssssssssssssssse 39
Lo0T + 3T -4 11 S PRR: 1|

.
(o8] -1 { '] | JS RPN 1

ANNEX I: Case study farm data requirements .......ccccceeiecnnninceecinnceccsnsssccsessacssssasssesssssaess 40

........................................................................................................................................................................

This Project has received funding from the European Union “s Horizon 2020 www.true-project.eu

research and innovation programme under grant agreement No 727973


http://cordis.europa.eu/project/rcn/210171_en.html

[Ransition paths to sUstainable
legume-based systems in Europe

........................................................................................................................................................................

TRUE’s perspective is that the scientific knowledge, capacities and societal desire for legume
supported systems exist, but that practical co-innovation to realise transition paths have yet to be
achieved. TRUE presents 9 Work Packages (WPs), supported by an Intercontinental Scientific
Advisory Board. Collectively, these elements present a strategic and gender balanced work plan
through which the role of legumes in determining ‘three pillars of sustainability’ - ‘environment’,
‘economics’ and ‘society’, may be best resolved.

TRUE realises a - multi-actor approach, the basis for which are three Regional Clusters managed by
WP1 (‘Knowledge Exchange and Communication’, University of Hohenheim, Germany), that span
the main pedo-climatic regions of Europe, designated here as: Continental, Mediterranean and
Atlantic, and facilitates the alignment of stakeholders’ knowledge across a suite of 24 Case Studies.
The Case Studies are managed by partners within WPs 2-4 comprising ‘Case Studies’ (incorporating
the project database and Data Management Plan), ‘Nutrition and Product Development’, and
‘Markets and Consumers’. These are led by the Agricultural University of Athens (Greece),
Universidade Catolica Portuguesa (Portugal) and the Institute for Food Studies and Agro Industrial
Development (Denmark), respectively. This combination of reflective dialogue (WP1), and novel
legume-based approaches (WP2-4) will supply hitherto unparalleled datasets for the ‘sustainability
WPs’, WPs 5-7 for ‘Environment’, ‘Economics’ and ‘Policy and Governance’. These are led
respectively by greenhouse gas specialists at Trinity College Dublin (Ireland; in close partnership
with Life Cycle Assessment specialists at Bangor University, UK), Scotland’s Rural College (in close
partnership with University of Hohenheim), and the Environmental and Social Science Research
Group (Hungary), in association with Coventry University, UK). These Pillar WPs use progressive
statistical, mathematical and policy modelling approaches to characterise current legume
supported systems and identify those management strategies which may achieve sustainable
states.

A key feature is that TRUE will identify key Sustainable Development Indicators (SDls) for legume-
supported systems, and SDI thresholds (or ‘safe limits’) consistent with sustainable states. Data
from the foundation WPs (1-4), shared between the Pillar WPs (5-7), will be resolved by WP8,
‘Transition Design’, using machine-learning approaches (e.g. Knowledge Discovery in Databases),
allied with DEX (Decision Expert) methodology to enable the mapping of existing knowledge and
experiences. Co-ordination is managed by a team of highly experienced senior staff and project
managers based in The Agroecology Group, a Sub-group of Ecological Sciences within The James
Hutton Institute. Further information is available via the project webpage:
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1.2 Work Package Structure

The flow of information among TRUE WPs displayed in Figure 1. This current report is part of WP5
on the Environmental consequences of legume production and consumption, which will generate
environmental indicators of legume sustainability that will complement economic indicators
generated in WP6, and feed in to policy (WP7) and overall assessment (WP8) objectives. WP5 will
rely on data provided by project partners and project Case Studies, in addition to literature review
and data mining undertaken within the WP.

WP5 WP8
| Environment Integration
WP2 4 4
i OPTIMISATION
Case Studies WP1 ’ _
WP4 WP7 Assessment
Knowledge .
— Market & — Policy & =
Consumers S EIERDG G
l Communicatio over?ance \CCEPTABLES
n
WP3 Nutrition & i
Product Development y YES
| wpPe || NO
ESouomy CHANGES
WP9 Coordination

Figure 1. Flow of information and knowledge in TRUE, from definition of the 24 Case Studies (left), quantification
of sustainability (centre) and synthesis and decision support (right).
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Overall TRUE project objectives are listed below.
Objective 1: Facilitate knowledge exchange (UHOH, WP1)

e Develop a blue-print for co-production of knowledge

Objective 2: Identify factors that contribute to successful transitions (AUA, WP2)

e Relevant and meaningful Sustainable Development Indicators (SDIs)

Objective 3: Develop novel food and non-food uses (UCP, WP3)

e Develop appropriate food and feed products for regions/cropping systems

Objective 4: Investigate international markets and trade (IFAU, WP4)

e Publish guidelines of legume consumption for employment and economic growth
e EUinfrastructure-map for processing and trading

Objective 5: Inventory data on environmental intensity of production (TCD, WP5)

e Life Cycle Analyses (LCA) -novel legumes rotations and diet change

Objective 6: Economic performance - different cropping systems (SRUC and UHOH, WP6)

e Accounting yield and price risks of legume-based cropping systems

Objective 7: Enable policies, legislation and regulatory systems (ESSRG, WP7)

e EU-policy linkages (on nutrition) to inform product development/uptake

Objective 8: Develop decision support tools: growers to policy makers (JSI, WP8)

e User friendly decision support tools to harmonise sustainability pillars

........................................................................................................................................................................
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The aim of this WP is to provide a coordinated life cycle based assessment (LCA) of the
environmental impact of legume production and processing coupled with a nutri-economic
analysis of legume-enriched diets for feed and food. This work package will answer the following
overarching questions.

e Whatis the environmental footprint of animal feed and food produced from legumes,
considering nutrient cycling and break-crop effects in legume-rotations across major EU
agro-climatic zones?

e What are the optimum legume-enriched diets/food choices for improving health, that
decrease the environmental footprint - including indirect effects incurred during supply
chain transitions - and reduce direct costs to the consumer?

The specific objectives of this WP are as follows.

1. Produce a practical report outlining the LCA methodology to be used in TRUE (this report).
Assess using attributional LCA the environmental footprints of legume products, and
benchmark against conventional alternatives.

3. Assess arange of European diets in terms of environmental burden and nutrient quality. By
constructing a suitable nutrient density functional unit for the attributional LCA, food
choices will be scored according to both decreasing environmental impact and increasing
health.

4. Assess how increasing the proportion of legumes and legume products in a range of
European diets may increase the beneficial nutrient content of diet/food choice but
decrease their environmental impact, accounting for rotation and land use effects
associated with supply chain transitions.

5. Calculate the combined environmental, health and purchase costs of diet/food choices,
and assess if increasing the proportion of legumes and legume products in these may
increase the affordability and environmental sustainability of healthier diets.

This LCA Methodology Report is the first deliverable from WP5, and addresses Objective 1 (above).
The purpose of this report is to describe the analytical framework for both the attributional and
consequential LCA studies that will be undertaken as part of the TRUE project. The report will
outline the methodological approach in terms of scenarios to be analysed, data sets to be used,
and LCA methods to be applied.

........................................................................................................................................................................
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Globally, “sustainable intensification” of agriculture, to deliver more output from less input, is
imperative if projected demand for food is to be met from a finite land area, minimising further
encroachment onto areas of high nature value and terrestrial carbon (C) storage (Godfray et al.,
2010). Major challenges to the sustainability and resilience of EU food production include: (i)
dependence on resource use including energy, water, fertilisers, animal feed and food; (ii) low
nutrient use efficiency (NUE) and associated nutrient pollution; (iii) high levels of greenhouse gas
emissions; (iv) soil degradation. In developed countries, food consumption contributes between
15 to 28% to overall GHG emissions (Garnett, 2011). Agriculture requires large quantities of water
and inorganic fertilisers, accounting for the majority of water withdrawals from groundwater,
rivers and lakes (Jagerskog et al., 2012), causing dramatic disruption to global N and P cycles
leading to pollution of groundwater, aquatic ecosystems and marine fisheries (Diaz et al., 2008),
and is a dominant cause of biodiversity loss (Foley et al., 2011). Across the EU, high dependence on
synthetic nitrogen (N) fertiliser (SNF) and overall NUE of just 20% lead to annual leaching losses of
3 Tg, NHs-N emissions of 2.8 Tg and N,O emissions of 0.37 Tg (Godfray et al., 2010).

Legumes offer a form of ecological intensification that can address many of these challenges.
Legume cropping has resource and environmental advantages over non-legume cereal and forage
systems, including lower fertiliser usage, higher NUE, lower GHG emissions, improved soil quality,
and possibly enhanced biodiversity of favourable organisms (Table 1) (Jensen and Hauggard-
Neilsen, 2003; Murioz et al., 2010; Jensen et al., 2011).

Table 1. Environmental aspects of lequme cropping, adapted from Jensen and Hauggard-Neilsen, (2003).

Positive Aspects Negative Aspects
N, Fixation and Reduced Decreased GHG emissions Soil acidification
Fertiliser Usage Decreased fossil energy use
Increased soil C and N
assimilation
Increased soil N uptake
Legume Crops: Cropping/ Decreased GHG emissions N losses from green
Pre-Cropping Decreased ammonia manure/cover crop/residue
volatilisation incorporation

Decreased N leaching
Increased soil N uptake
Legume Crops: Post-Harvest Increased N-benefit to following | N losses particularly in
and Long-Term crop intensive systems
Increased soil fertility
Increased C sequestration
Increased above/below ground
biodiversity
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In terms of N,O, emissions from N-fertilised pastures may be more than 8 times higher than those
from grass/clover swards, while emissions from N-fertilised crops maybe more than 3 times higher
than those from grain legumes (Jensen et al., 2011). Although the use of legumes in agriculture
may reduce reliance on SNF, NUE may remain relatively low where legumes are used as a cover
crop for mulching or green manure. In such cases, N,O fluxes may equal those from conventional
crops (Baggs et al., 2000; Gomes et al., 2009), accompanied by significant leaching of N to
groundwater (Beaudoin et al., 2005; Campiglia et al., 2011; Jensen et al., 2011). Increasing NUE may
be possible by incorporating cereal straw with the high N legume residues and thus trapping the N
for longer within the soil (Frimpong et al., 2011). WP5 will mine data and liaise with WP2 partners
on legume Case Studies to match the most appropriate emission factors to cropping regimes
across major EU agro-climatic zones, feeding in to LCA of legume and conventional crop
cultivation.

A significant share of the environmental footprint of EU food consumption arises outside of the EU
(PBL, 2011), via “teleconnections” in global commodity markets. Soybean meal is a high quality
animal feed associated with high yields and high feed conversion efficiency, which can enhance
the apparent efficiency of milk and meat production (Janker et al., 2002; Havlik et al., 2014).
However, the upstream ecosystem damage caused by soybean can be high owing to indirect land
use change (ILUC) (Morton et al., 2006). Annually, the EU imports around 14 Mt of soya, largely from
South America, a hotspot for biodiversity and terrestrial C loss from agricultural expansion (Morton
et al., 2006; Liischer et al., 2014). This makes the EU vulnerable to future soya availability
constraints, particularly given the projected growth of soya imports to China. Indigenous protein
feed sources including forage legumes, faba beans, peas and lentils are an effective substitute for
imported soybean (Smith et al., 2015). The mitigation opportunity represented by imported-soya
substitution will be evaluated in WP5.

........................................................................................................................................................................
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Attributional LCA is a vital tool to evaluate the environmental intensity and resource efficiency of
food value chains, accounting for environmental burdens (e.g. GHG emissions) and resource use at
all stages from production through distribution to consumption and disposal. The basic framework
is an iterative procedure involving: (i) system boundary definition; (ii) data collection to quantify
relevant inputs and outputs (energy, raw materials, co-products, waste, emissions); (iii)
characterisation of inputs and outputs in relation to specific environmental impacts; and (iv),
interpretation (Finkbeiner et al., 2006). This WP will combine statistical data-mining of published
literature with data from past?, and present EU-funded projects and other partner projects?, and
from LCA databases (e.g. Ecoinvent v.3), to undertake an attributional LCA of forage and grain
legume cropping in grassland and arable rotations representative of major EU agro-climatic zones.
To this core analysis will be added LCA building blocks for legume processing specific to three
production pathways highlighted from TRUE project Case Studies, namely:

e legumes for animal feed;
e legumes for fish feed; and,
e legumes for human consumption.

The primary purpose of the attributional LCA is to quantify the environmental intensity of legume
products, expressed as food footprints, for comparison against “conventional” food products that
may be substituted by European-grown legumes, especially animal-based protein foods or
imported animal feeds (Figure 2). Products to be foot-printed will include clover/grass pasture,
faba bean, common bean, pea and soybean.

' LEGUME FUTURES ; EUROLEGUME ; LEGATO

2E.g. CLEANER COWS
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Figure 2. Boundaries for attributional LCA of lequme product chains, indicating expansion of boundaries to
calculate wider environmental consequences of product substitutions via consequential LCA.

Multiple functional units will be considered for food/feed footprints will be applied, depending on
the specific purpose of the study question being answered (see WP5 objectives):

e kgfeed/food product (basic data presentation);

e kg protein (to compare alternative protein-rich food/feeds);

e MJ metabolisable energy (to compare alternative energy-dense food/feeds); and,

e nutritional quality unit (e.g. Aresanault et al., 2012) (to compare foods as key nutritional
components of diet in nutri-environmental footprints - elaborated in section 2.4).

Where possible, systems will be entirely separated for LCA, as per ISO recommendations
(Finkbeiner et al., 2006). However, where multiple co-products are derived from a single crop,
shared processes (e.g. during cultivation) will be allocated based on the respective energy flows in
the co-products as a default allocation methodology. Sensitivity analyses will be performed by also
employing an economic allocation method.

Significant SNF substitution has been reported for legume-cereal rotations (Godfray et al., 2010)
and for grass-clover swards (Nyfeler et al., 2009). LCA boundaries will be expanded to evaluate full
legume- and baseline- rotation cycles as per Kopke and Nemecek (2010) - elaborated in next
section on consequential LCA. Break crop and enhanced N cycling effects will be considered in full
rotations within the consequential LCA framework (section 2.2), but will also be accounted for
within an attributional LCA framework as environmental “credits” and allocated co-products,
respectively. This will generate novel, more accurate environmental footprints for legume crops
that will be expressed alongside footprints derived from more conventional energy- and economic-
based allocation.

........................................................................................................................................................................
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Environmental footprints will be expressed using JRC (2012) methodology for global warming (CO,
eq.), eutrophication (N eq.), acidifying gas emissions (primarily NH;) (mmol eq.), fossil resource
depletion (MJ eq.) and water footprint (Hoeskstra, 2016).

Inventory compilation will be based on activity and yield data for cultivation and processing from a
wide range of sources, including TRUE Case Studies, statistics on fertiliser application and yields of
representative rotations in each agro-climatic zone (Euostat, FAO Stat, national statistics such as
Defra 2011 RB209 fertiliser manual in the UK), unit process data (Ecoinvent v.3) and legume yield
and emission factors from past and present projects. Data required for nutri-environmental
assessment in relation to diet choice are detailed in section 2.4. In order to benchmark
environmental footprints for legume products against substituted food products, data mining will
be undertaken, supplemented by additional LCA where necessary, to compile environmental
footprints for major sources of imported EU legumes, animal-protein and cereal starch products.

A basic database will be generated for important legume processes and legume crop/product
footprints, and will be made publicly available via TRUE project dissemination. Data quality and
parameter uncertainty will be recorded in the database, and used to inform subsequent
uncertainty analyses in attributional and consequential LCA. This work will also provide the
building blocks for subsequent consequential LCA of human and animal diet scenarios.

Results will be presented in both conventional (allocated product footprints) and novel (e.g. credit-
adjusted footprints) formats, with detailed contribution breakdowns to facilitate interrogation and
interpretation. Scenarios will cover a range of plausible cropping parameters (sensitivity analyses).
Uncertainty will be quantified by inputting uncertainty ranges for important but uncertain
variables, in order to evaluate aggregate uncertainty in results, e.g. using Monte Carlo and/or error
propagation methods. Peer review will be sought for all results to be made public, undertaken
through the journal review process for published results and invited review by independent
academics with expertise in food footprints.

........................................................................................................................................................................
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Consequential LCA evaluates environmental loading changes associated with management and
policy interventions, accounting for indirect effects incurred via market signals (Schmidt, 2008;
Styles et al., 2017). WP5 will apply consequential LCA to evaluate the net global environmental
benefits associated with transitions towards legume-modified diets that include direct substitution
of meat and dairy proteins and also the inclusion of EU-grown legumes in animal product supply
chains.

Consequential LCA will be applied in order to extrapolate the potential environmental benefits of
increased legume production and consumption at the EU scale, considering diet change and
substitution of animal protein and soya imported to the EU (Figure 3), for a series of diet change
scenarios shaped by policy (WPT), value chain innovation (WP4), and macro-economic modelling
(WP6), as indicated in Figure 4.

EU scenarios: 1-n farms, agro-ecological region x Global effects

1
|
Fertilisers, crop protection agents, diesel Baseline rotation | | (WPS, WP8)
(WPs 2,8) : Avoided animal (e.g.
crop 1 M= crop 2 N8l crop n MNeBfcrop 1] 9 Mg Crop 1 ! UK beef) & feed
b Mg Crop 2 i production (e.g.
1 . 1 1 c¢Mg Cropn 1 Brazilian soya)
Losses to air: N,, N,O, NH,;, CO, :
Losses to water: DIN, DON, DIP, DOP, SOC | Displaced crop

wheat to Ukraine)

1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
: production (e.g. 1

1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1

|
Fertilisers, crop protection agents, diesel Legumerotation | !
(WPs 2,5,6,8) : Cascade effects...
1
Faba | Ng| Crop2 B! Crop n Neg [Crop 1] d Mg faba beans | ‘
beans e Mg Crop 2 :
' } } fMgCropn I Agricultural expansion
Lossestoair: N,, N,O, NH;, CO, (WP5) : at global frontier (LUC)
e { JSEL | couNODNDON
Transitions Crop-residue N (N); Dissolved inorganic N (DIN); Dissolved organic N (DON); Dissolved
(consequential LCA) inorganic P (DIP); Dissolved organic P (DOP); Dissolved organic C (DOC)

Figure 3. Legume-modification of baseline rotations, changing mix of rotation outputs, with consequences for
product substitution via global trade effects.

In addition to direct environmental burdens of legume production calculated using attributional
LCA, key factors accounted for will include changes to crop rotations and any associated
displacement of conventional crop production, avoided animal feed and animal-protein
production, and possible indirect land use change (land sparing) effects associated with (avoided)
agricultural expansion at the global frontier. We will achieve this using a consequential LCA model
for cropping systems (Styles et al., 2015) and for cattle systems (Styles et al., 2015b; 2017),
detecting possible complementarities or trade-offs in terms of feed conversion efficiency and
animal emissions from e.g. legume forages.

........................................................................................................................................................................

This Project has received funding from the European Union “s Horizon 2020 www.true-project.eu
research and innovation programme under grant agreement No



http://cordis.europa.eu/project/rcn/210171_en.html

TRansition paths to sUstainable
legume-based systems in Europe

........................................................................................................................................................................

Legume scenarios

Baseline farms : i Animal no.s, yields, areas (crop/grass), operations, prices,
1
|

1
1. Define typical farms | | Legume parameters;
in EFEM (4 zones) e 11 break crop & N effects;
e ————— I i_legume prices !

I -

| [ e VO
1| wee3 jLe8ume il | \wpe.2 {Dietchange | !
I pricedev. ! | bemmmmem—eee- |
¥
|
|
|

|
(I | %% I | [6. EFEM updates for
\‘ I 1 |legumes
|
|
/ 1

h 4

2. Update parameters

| 5. Scenario development

A

- B - 7. EFEM i
P4 { Innovative products i WP7 ) Policies I scenarioruns

a

A 4

8. LCAD updates for
legumes

(stakeholders, stats?) "1 areas, activities

A

) . EP. AP i
R LCAD outputs: GWP; EP; AP; FRDP farm and | 9. LCAD model runs
product level 1 1

4. LCAD
parameterisation

|
|
|
|
|
|
1
|
|
|
|
|
|
I
|
1
|
|
|
: 3. Validate farms .| EFEM outputs: diesel, products, fertilisers (agrochems),
|
1
|
|
|
|
_P
|

Figure 4. Sequence of economic and environmental modelling for baseline and legume-integrated farm
systems, including feedback from macro-economic (WP6) and policy (WP7) assessment.

Net annual environmental loading changes will be calculated following a transition from
substituted annual “baseline” food consumption to legume consumption at the EU level, relating
directly to EU sustainable development targets in terms of GHG emissions, water quality, air
quality, food and energy security.

Environmental loading changes will be converted into (avoided) external costs which will be
combined with market effects calculated in WP6 to underpin cost-benefit analyses of legume
scenarios from a public good perspective. Appropriate external costs associated with main
environmental burdens will be sourced from the scientific literature and relevant policy
documents, multiplied by relevant loading changes (e.g. carbon costs applied to tonnes CO2e
emission change, eutrophication costs applied to tonnes N eq. emission change). This will enable
the potential “public good” benefits of legume deployment scenarios to be presented, alongside
market-based economic effects from WP6 and raw environmental loading indicators (e.g. tonnes
year® CO2 eq. avoided).

Uncertainty can be high when undertaking consequential LCA owing to the wide range of (indirect)
effects considered at different scales, but this uncertainty can in itself provide useful insight. Errors
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will be propagated from attributional LCA and economic modelling (WP6) output ranges using
Monte Carlo analyses. Sensitivity analyses will also be performed to explore responses to specific
changes/uncertainties, generating new insight into hitherto unexplored relationships that only
become apparent when linking multi-scale models, and highlighting priority areas for further
investigation (and, indeed, areas where further investigation to improve process-level accuracy
would lead to minimal overall improvements in accuracy at the value-chain-level). Extensive
sensitivity analyses will be undertaken to test for key uncertainties identified in the attributional
LCA, and for scenario effects (e.g. indirect land use change associated with imported or displaced
commodities). Uncertainty will be estimated using error propagation and/or Monte Carlo analysis.
The selection of relevant scenarios to test will be central to the validity of the consequential LCA
results. This is described in the following section.

Figure 4 in the previous section illustrates the iterative, multi-stakeholder and multi-disciplinary
approach to baseline farm and legume scenario definition. The definition of baseline farm systems
must to some extent anticipate the most likely (profitable) deployment of legumes in terms of farm
typologies, which will ultimately be determined by economic modelling. At the same time, to
enable upscaling of ambitious legume deployment scenarios, legume integration should be
modelled for a range of major (by land area and output) farm typologies. Meanwhile, economic
and LCA farm models must be parameterised using consistent data to ensure compatibility of
economic and environmental indicators. According to these aforementioned principles, the
following sequence of steps is proposed.

1. Select major relevant farm typologies to model on the basis of:

(i) major farming systems in each agro-climatic (AC) region;

(i) farm systems into which priority legume crops (peas, faba beans, common beans, soya
beans and forage legumes) are likely to be integrated (or for which data on legume
integration are available) in each region; and,

(iiif) AC farm typologies representing marginal production of animal proteins consumed in
Europe, or animal feeds imported into Europe, that can be replaced by EU legume
production.

2. Run farm economic model for major farm typologies in each AC region.
(i) Parameterise the EFEM model with basic data on typical yields, grass and arable areas,

animal numbers, output prices and input costs (FSS and FADN data). It may be possible to
use code to extract price and cost data from FADN database. Otherwise, national data
should be available (e.g. NIXin the UK).

(i) Predict rotations to maximise gross margin based on linear optimisation modelling.

(iii) Validate/calibrate farm characteristics based on observed cropping patterns.
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3. Run LCAD model using EEFEM input and output data to parameterise baseline farms.
(i) Run LCAD model (Styles et al., 2015a; b) to generate data on GHG emissions, nutrient

losses, energy use, etc, expressed at farm and product (footprint) scale.

(ii) Outputs used to characterise baseline situation (e.g. conventional diets) via attributional
LCA, and also to calculate environmental credits associated with animal protein
substitution in legume scenarios (consequential LCA).

4. Adapt EFEM and LCAD models to represent legume effects at farm level
(i) Obtain basic information on legume yields, management practises and establishment

costs, etc.

(ii) Obtain data on legume-rotation-effects such as break-crop yield effects and N supply to
following crops from literature, Case Studies (WP2) and stakeholder consultation.

(iii) Derive new set of conventional crop parameters to represent effect of following legumes in
rotation, in terms of yield and fertiliser requirements, etc and parallel work and
assumptions for EFEM and LCAD models.

(iv) Account for animal N excretion and enteric methane effects of legumes in dairy and cattle
diets in LCAD model (CLEANER COWS project).

5. Develop scenarios of legume integration
(i) Engage with stakeholders and TRUE colleague in other work packages to identify

promising/realistic legume scenarios at farm level.

(ii) Focus on legume scenarios for which we have obtained robust legume-interaction data.
(iii) Re-parameterise baseline farms in EFEM, either based directly on Case Studies (WP2) or
stakeholder input, or based on exogenous price signals that can be related to wider

scenarios of increased demand for EU legumes.

6. Run EFEM and LCAD models for the new legume scenarios.
(i) Generate farm-level results that can be extrapolated up in proportions relevant to the final

project scenarios.
(i) Calculate attributional footprints for legume products and apply consequential LCA to
evaluate environmental loading changes for scenarios at regional/EU scale.
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2.3.2 Baseline farm typologies

Baseline farm typologies into which legumes can be profitably integrated will need to be identified
and parameterised. To ensure scalability of results, baseline farm typology selection will be
restricted to major farm typologies from each of the three European Agro-Climatic (AC) zones
being studied in the TRUE project (Table 2). Table 3 provides example typologies for dairy farms.

Table 2. Major baseline systems across agro-climatic regions into which legumes could be integrated.

v | c
ol o
Baseline - =
@ | © | Notes
system v | = | =
S|E|E| £
SIS E|3
2| 2| 8| =
Cropping Major region-specific rotations into which
Horticulture legumes can be integrated
Dairy
Forage legumes and EU soya beans for feed.
Beef
Do intensive systems vary much by region (i.e.
Pork - o
could “generic” pork and poultry systems be
Chicken modelled)? Main change is EU soya beans for
feed (could be modelled with less farm detail).

Farm Accounting Data Network (FADN) data will be used to identify representative farm types for
the selected regions (NUTS Il level) as baseline farms, but given the low uptake of legume cropping
across Europe, FADN data will provide limited insight into farm typologies most likely to take up
legume cropping. Additional regional-specific information regarding agronomic and economic
potential of legumes will be sought from TRUE Case Studies, from project partners, and from
national institutions. In the first instance, data will be collected from one country representing
each AC zone (e.g. Germany for Continental; UK for Atlantic; Spain for Mediterranean). This may
need to be supplemented for some farm types, as e.g. Irish and UK dairy systems differ
significantly. To ensure compatibility with macro-economic modelling, it may be possible to use
CAPRI farm layer farm typologies for different regions in order to define baseline farms.
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Table 3. Examples of different major typologies of dairy farm in the UK.

Milk . .
production System Types Housing Type Diet
Mostly grazed grass minimal
Grass based Little or none purchased concentrates ~ 600
kg /cow/ year
Partially grazed with
Dalr)( Composite Housmg when grass purchased concent'rate's plus
farming not available conserved forages in winter
~1200kg/cow/year
No grazing up to
Housed Housed 100% 4000kg/cow/year purchased
concentrates plus conserved
forages.

Diet change and associated legume cropping scenarios will be defined in collaboration with
project partners, in particular based on macro-economic and policy analysis defined in WP6 and
WPT (Figure 4). Physical, biological and economic barriers to adoption of some form of legume
crop will be identified by regions and farm types. Scenario storylines will be validated via
consultation with all project partners and external stakeholders through a stakeholder workshop.
Scenarios will need to be prospective, including ambitious legume deployment, and therefore
extrapolating beyond current low rates of legume integration. Case study data will be needed to
identify legume performance and interaction with conventional crops.

Legume-crop interactions will determine profitability and environmental performance at farm and
product level as needed to inform legume scenarios, but won’t be known until literature is
reviewed to parameterise these relationships and preliminary scenarios are evaluated. A key
component of the modelling work will be the benchmarking of legume-integrated rotations
against baseline rotations existing before legume uptake (Figure 5). The reference time period for
modelling will therefore need to be equal to the longest rotation sequence. Additional long-term
effects such as soil C change can be modelled on an annualised basis using annualisation factors
(e.g. equilibrium soil C change divided by a 20 year default transition period: IPCC, 2006).

Scale-out of legume integration across farm typologies to European (regional) level will involve
feedback between farm economic (EFEM) and macro-economic (CAPRI) models. This will involve
multiple runs to simulate a new equilibrium for legume scenarios. CAPRI outputs will include land
use change effects that can be integrated consequential LCA at regional level when combined with
extrapolations of farm typology results.
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BASELINE ROTATION (BEFORE)

1st quarter 2nd quarter 3rd quarter 4th quarter
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1styear winter wheat 2 |fa||ow
2nd year fallow |[spring vegetables
3rd year spring vegetable |fal|ow winter rape
4th year winter rape winter barley
5th year winter barley
othvesr [sigarhects (NUNNUDUNININIUNUNININIIIIN]  winerwheat/falon__
7th year Iwinter wheat or fallow(so/so) 1 winter wheat 2
8th (1st) year winter wheat 2 |fa||ow
: MODIFIED ROTATION (AFTER)
: 1st quarter 2nd quarter 3rd quarter 4th quarter
: Jan Feb Mar Apr May  Jun Jul Aug Sep Oct Nov Dec
|1st year winter wheat 1 |fa||ow
:an year fallow [spring vegetables
:3rd year spring vegetable |fallow
|4th year winter rape
|5th year winter rape winter barley
:Gth year winter barley
|7th year
I8th year(1st) winter wheat 1

Figure 5. Example of rotation modification, indicating baseline and modified rotation sequences that need to
be modelled over a reference time period.

2.3.4 Reference farm systems

In addition to baseline farm systems, reference farm systems will also need to be modelled for the
consequential LCA scenarios. Reference systems are those producing animal proteins or non-
European soybeans that are likely to be substituted by expansion of EU legume production. Within

the EU, these include milk, beef, pork and chicken (
Table 4). There will be overlap with baseline farm typologies insofar as livestock systems will be
considered for specific (forage) crop baselines, and reference systems will also be selected from

major farm typologies.

Table 4. Reference farm systems producing products substituted by an expansion of EU legumes.

Reference system | Marginal EU producer(s) | Marginal global producer(s)
Milk
Beef
Pork
Chicken
Soybeans
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A major aim of this study is to link both the environmental and nutritional analyses of food
products, food production pathways and diet in order to advise consumers and policy makers on
the benefits of legume cropping and legume products to the sustainability of food production. The
2005 Millennium Ecosystem Assessment (MEA) identified pollution from N and P, and global
warming as the main environmental pressures degrading ecosystems worldwide; the
anthropogenic change of ecosystems being more rapid and extensive over the past 50 years than
in any comparable time in anthropogenic history (Millennium Ecosystem Assessment, 2005). The
combined environmental and nutritional analysis of food production and food products adopted
for TRUE has therefore focused primarily on creating new functional units for sustainability
assessments based on global warming potential, eutrophication potential and Mediterranean diet
adherence, and nutrient content.

Functional units quantify a particular aspect to a system being studied and provide a reference
with which inputs and outputs are compared (section 2.1.1). The functional unit therefore links
and compares environmental and nutritional criteria across systems and scenarios, but whereas
the environmental impact of food production is usually expressed on a weight basis, nutritional
data is not taken into account (Schau and Fet, 2008). Weight or volume based functional units are
sufficient when comparing environmental criteria of alternative food production pathways, but
when considering food products that have different nutritional roles then an alternative approach
is required; one that can underline sustainability of food in terms of low life cycle impact and high
nutritional content (Heller et al 2013). Smedman et al., (2010), used the nutrient density approach
of Drewnowski to link healthy food profiling to global warming potential in beverage production,
whilst Heller and Keoleian (2012), and Saarinen (2012) have assessed the relative contribution of a
number of food items to recommended daily nutrient values compared with their environmental
impact. There is however no consistent view as to a preferred functional unit, the specific
requirements of these varying according to scale and food-related question (c.f. Heller et al., 2013).

Nutrient quality indices are a key tool in comparing food production pathways, connecting
attributes of health and dietary choice, and in conjunction with environmental analyses, allow a
more inclusive assessment of the sustainability of both individual food items and diet (Heller et al.,
2013). By considering nutrient content of food items as a proportion of a person’s daily
recommended intake, then a thorough and more accurate overview of nutrient quality is possible
(Drenowski et al., 2005). This may be achieved on a broad-based diet scale using indices relating
food choice to ‘healthy’ diets, such as the Mediterranean adequacy index (MAI) (da Silva et al.,
2009; Bonaccio et al., 2016), or by a more focused nutrient profiling of food items and diet using
the nutrient-rich food index (NRF) (Drenowski et al., 2005; 2009; Drenowski, 2010).

The essential difference between the two approaches is that MAI assesses the adherence of a given
diet to a perceived healthy diet, whilst the NRF compares the concentration of both essential
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nutrients and ones deemed harmful, to daily recommended intake values. Both indices may be
used to create useful functional units relating environmental footprints of food production
pathways to health.

The Mediterranean diet is considered an optimal healthy diet due to its association with better
health status and lower prevalence of chronic conditions such as heart disease, cerebrovascular
disease, tumours, lower serum cholesterol and neurodegenerative disease (Trichopoulou et al.,
2003; da Silva et al., 2009; Sofi et al., 2010). The diet is in line with healthy eating guidelines set out
by the World Health Organisation (WHO, 2003) and further scientific bodies such as the American
Heart Association Nutrition Committee, and the US Department of Health and Human Services
encourage adoption of the Mediterranean diet in order to reduce the risk of disease.

The diet itself is not homogenous among the Mediterranean countries, as these vary with region,
food habits, cultures and recipes, but consists of several common features that are found in diets
along the Mediterranean basin (Noah and Truswell, 2001). The key features are a wide
consumption of fruit and vegetables, non-refined grains, legumes, cereals, nuts, fish and olive oil,
coupled with a low intake of meats and dairy and a moderate consumption of wine (Bonaccio et
al.,2016).

The Mediterranean Adequacy Index (MAI) has been used to study the adherence of a country or
population to the Mediterranean diet, and is based simply on the ratio of food groups considered
to be Mediterranean against food groups which are considered not. Higher MAI values for a
country (or diet) indicate a greater adherence to the Mediterranean dietary pattern.

By definition the MAI requires daily diet data, and in the absence of standardized dietary statistics
between countries, previous studies use mostly food availability data from the FAOSTAT database
provided by the United Nation’s Food and Agricultural Organization (FAO). These food balance
sheets are produced annually for every country and using national accounts of supply and food
use, provide a representation of the average availability of a food type per person in a population.
In effect the data represents the sum of food products imported and produced domestically,
minus the sum of food used as animal feed, food not used for human consumption and food losses
in transportation, storage and processing. By dividing the amount in one given year by that
particular country/region’s total population, then food availability is expressed per capita (FAO,
2018). Although not perfect representations of diet, food balance sheets allow inter-country
comparisons not possible with 24 hour recall diet survey statistics.

The nutrient -food index (NRF) allows individual food items to be assessed and given an overall
score based on how many beneficial macronutrients, vitamins and minerals each food item
contains minus the concentration of nutrients perceived to be harmful in excess and hence
required to be limited. By attributing individual nutrient contents to recommended daily intake
values, then weight-based functional units are normalized. The sum of the nutrients gained from
the product, divided by their required amounts, provides the Nutrient-rich Food Index, this
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algorithm can then be applied at different scales from individual food items, to meals to daily
dietary intake.

Drenowski (2010) recommends a 9:3 NRF algorithm which encourages 9 nutrients (protein, fibre,
vitamins A, C and E, calcium, magnesium and potassium) and limits 3 nutrients (saturated fat,
added sugar and sodium). Alternate versions of the NRF algorithm are available, these using
different numbers of beneficial nutrients ranging from 5 to 23, but maintaining the same 3 limiting
nutrients (Drewnowski, 2010).

The environmental footprint of food production and consumption is more realistically assessed if
considered on the basis of individual meals or diet, where the consumption of food contributes
significantly to a person’s total environmental impact (Dey et al., 2007). In developed countries,
food consumption contributes between 15 to 28% to overall GHG emissions (Garnett, 2011).
Agriculture requires large quantities of water and inorganic fertilisers, accounting for the majority
of water withdrawals from groundwater, rivers and lakes (Jagerskog et al., 2012), causing dramatic
disruption to global N and phosphorous (P) cycles leading to pollution of groundwater, aquatic
ecosystems and marine fisheries (Diaz et al., 2008), and is a dominant cause of biodiversity loss
(Foley et al., 2011). Across the EU, high dependence on SNF and overall NUE of just 20% lead to
annual leaching losses of 3 Tg, NH;-N emissions of 2.8 Tg and N,O emissions of 0.37 Tg (Godfray et
al., 2010).

Research on the relation between diet and environmental impact is in its infancy, but modelling
studies have suggested that reducing the consumption of meat and other animal-derived foods
can simultaneously reduce the GHG impact of the diet and reduce the risk of chronic disease (Lock
et al., 2010; Scarborough et al., 2012). Correlations of reduced environmental impacts of
production with improved nutrient quality of food products are possible using functional unit
bases representing key nutrient content such as weighted nutrient density scores or indices (cf.
Drenowski, 2010; Aresanault et al., 2012; Heller et al., 2013; Primavesi et al., 2014; Bonaccio et al.,
2016). In TRUE both the MAI and NRF indices will be combined with environmental LCA data to
calculate the optimum nutrition per environmental impact for a range of protein sources,
individual meals and daily diets.

Grunert et al., (2014) highlighted a ‘moderately high level of concern’ for sustainable food
production by consumers, and per capita consumption of protein may provide an aggregated
means of examining the intake of both animal and plant products. One of the key
recommendations of the 2007 report on Food, Nutrition, Physical Activity, and the Prevention of
Cancer (World Cancer Research Fund, 2007), is to increase the intake of non-starchy plant foods to
at least 600g d* with legumes contributing at least 25g d*. The adoption of a healthy diet across
Europe though, is far from ideal. In the most recent systematic assessment of global diets,
increased consumption of unhealthy food items has occurred over the past 20 years for high,
medium and low-income countries overall (Imamura et al., 2015), a switch away from the
consumption of plant protein to animal protein being a common observation for medium to high-
income earners (Messina et al., 1999). Over the last 50 years the quantity of pig meat, poultry and
dairy consumed in the EU has increased significantly, with the consumption of poultry in 2007
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being over 4 times what it was in 1961, and similarly the average consumption of animal protein
being 50% higher than in the early 1960s (Westenhoek et al., 2015). The high intake of animal
products in Western diets leads to a saturated fat intake 40% higher than the maximum limit and a
red meat consumption that is twice the maximum limit (Linseisen et al., 2009; Ocké et al., 2009;
Pan et al., 2012). Daily consumption rates for Europe are illustrated in Table? Based on FAO food
availability data.

Table 5. Mean Availability of Food Groups in Europe (2000 to 2013).

Mean availability of food groups (kcal per person per day) over 2000 to 2013
Northern Europe Southern Europe Western Europe Eastern Europe

mean se mean se mean se mean se
CEREALS 890.7 5.6 978.9 4.3 847.9 7.86 1143.6 5.8
MEATS 4211 2.8 373.1 3.8 402.4 4.10 265.9 6.5
ANIMAL FATS 159.7 3.1 119.4 2.2 271.0 3.60 129.9 1.6
FISH AND SEA FOOD 48.6 0.3 55.5 0.6 50.4 0.51 35.1 1.6
FRUITS 116.6 2.9 150.4 2.7 111.6 1.05 68.6 25
VEGETABLES 242.9 34 200.6 3.3 196.4 2.29 279.6 1.5
OLIVE OIL 18.6 1.2 234.4 4.6 25.1 0.76 2.6 0.4
PULSES 49.4 1.7 57.0 0.5 29.2 0.81 26.9 0.6
NUTS 17.0 0.9 38.8 0.7 36.2 0.57 8.1 0.5
VEGETABLE OILS 374.5 4.6 326.4 7.9 4215 4.42 299.9 74
SUGAR AND SWEETENERS 377.2 4.5 289.9 1.3 436.6 3.14 404.9 3.2
MILK 356.0 1.1 280.6 0.9 347.3 1.76 266.6 2.8
EGGS 41.9 0.5 441 0.4 50.9 0.54 51.9 0.8
ALCOHOLIC DRINK 178.9 4.1 149.6 3.8 203.4 4.51 170.0 6.5
TOTAL 3293.1 36.7 3298.6 37.0 3429.9 35.91 3153.5 1.7

The gross over consumption within the EU and the West, raise questions around the implication
for the environment and human health if consumers replace part of their meat. Dairy and egg
intake with plant-based proteins. The Nitrogen on the Table Report (Westenhoek et al., 2015)
explored six alternative diet scenarios based on current consumption in the EU. These diets
presented a 25% or 50% decrease in the intake of beef, dairy, pig meat, poultry and eggs. The
report compensated the reduced intake of protein by increasing the intake of cereals but did not
consider other plant-based protein sources such as legumes as compensators. Legumes have
been championed as pioneer plants; a means of sustainably intensifying agriculture, improving
nutrient efficiency and closing yield gaps (lannetta et al., 2013). They have traditionally played an
important role in global diets, although in the West they tend to play a minor role (Messina, 1999;
Kearney, 2010). They are however an excellent source of protein, fibre and micronutrients and
consumption of legumes has been correlated with a reduction in cancer and improved health over
all (Messina et al., 1999; Polak, Phillips and Campbell, 2015; Li and Mao, 2017). Alternative diet
scenarios will be analysed in TRUE based on protein consumption and will incorporate the
combined nutritional and environmental indices approach mentioned above, as will novel legume
products and legume meal recipes provided by the specific Case Studies.

Development of functional units incorporating both environmental and nutritional aspects to food
pathways necessitate a systematic review of the life cycle impacts involved. Both global warming
and eutrophication potential were chosen in this study, these being the most common variables
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published in LCA studies, and ones representing opposite extremes in scale. Protein sources
chosen depended on the availability of LCA data, incorporating 28 food types for global warming
potential (GWP) and 24 for eutrophication potential.

The systematic review strategy employed was based on that followed by Clune et al., (2017)
incorporating the PRISMA (Preferred Reporting Items for Systematic reviews and Meta-Analyses)
protocol of Liberati et al., (2009). The literature search was carried out from May to July 2017 and
encompassed data from peer reviewed journal papers, industry and government reports,
laboratory test results, publicly available databases, conference proceedings and Environmental
Product Declarations (EPD). A diagram of the full systematic process is given in Figure 6.

Data collected were annotated under the following headings:

e Food Group (dairy/meat/meat substitute etc.)

e Food Type (milk/mozzarella/pork/ etc.)

e Food Sub Category (legume/cheese/fish/tree nuts/cereals etc.)

e Geographic Region

e Year of Publication

e Report Type (EPD, journal article, report etc.)

e kgCO.e kg raw product (GWP) or g PO.*e kg™ raw product (eutrophication potential)
e Additional Notes (farming methods, feed type, species, cultivar etc.)

e Full Reference

Literature search: (Google Scholar/Google) Database search: (Science Direct/Web of Science)
Keywords: LCA, food, CO,, PO,*, global warming Keywords: LCA, food, CO,, PO,*, global warming
potential, eutrophication, carbon footprint, food potential, eutrophication, carbon footprint, food
‘name’ ‘name’

Exclude: irrelevant titles

Full text acquired for
additional evaluation

Scan reference list, ‘cited in” and
search author names for further
references

Exclude: not meeting
inclusion criteria

Full text reviewed

Final meta-analysis

Figure 6. Outline of systematic literature review.
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Table 6. Conversion of GWP alternative functional units to bone free meat (BFM). Adapted from Clune et al.,
2017.

Ratio Beef Sheep  Pork Chicken Fish Rabbit

Hot standard carcass weight:

. 1:0.98 1:0.98 NA NA NA NA
carcass weight

Live weight: bone free meat  1:0.485 1:0.43 1:0.43 1:0.54 1:0.625 1:0.52

Carcass weight: bone free

1:0.695 1:0.66 1:0.59 1:0.77 1:0.85
meat

Avariety of LCA system boundaries needed to be accounted for in the data collected, to relate to
various functional units (Table 6). These ranged from:

e Farmto farm gate

e Farm to slaughter house

e Farm to regional distribution center (RDC)
e Farm toretail

e Farm to cooked product

e Farm to human excrement

The farm gate boundary was chosen to enable comparison between data, with inputs and outputs
considered illustrated in

Figure 7. Foods that required primary processing (milk, cheese, Quorn and butter) the system
boundary was considered to be at the completion of primary processing. Where system
boundaries finished post farm gate, and the farm gate sub-category had not been identified, the
median values for post gate stages were subtracted from the sum to give apparent farm gate
boundaries. Median values for post-gate GHG emissions from key LCA stages are given in

Table 7 (adapted from Clune et al., 2017).

Table 7. Post farm-gate emission data (Clune et al., 2017).

LCA stages occurring  No of GWP Median GWP Mean GWP
1 B SD
post farm gate values (kg COe kg) (kg CO.e kg?)
Processing meats 5 0.59 0.66 0.14
Processing 15 0.06 0.07 0.04
vegetables
Packaging 8 0.05 0.06 0.06
Transport to RDC 21 0.09 0.13 0.19
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Retail 20 0.04 0.1 0.25

2.4.5 Mediterranean Adequacy Index (MAI) methodology for TRUE

2.4.5.1 Compilation of Food Balance Sheet Data

Food balance sheet data (kcal capita-1day-1) of all food types available in Europe in 2013 was
downloaded from the FAOSTAT database and grouped according to Kearney, (2010). Here food
types were sorted into the following categories: cereals, roots and tubers, sugars and honey,
pulses, nuts and oil seeds, oils and fats, vegetables, fruits, meats, dairy, eggs, fish. Categories were
also added for: stimulants, spices, alcoholic drinks.

INPUTS Crop/feed production and harvest OUTP.UTS
Emissions from:-

Fertilisers

ise Plants
Herbicides Animals

Pesticides

i Machinery
v !
Water Animal growth and upkeep plant products Processing

Energy Waste

Raw Materials Food production and co-products

System boundary

1
Additional system : s ing/slaughteri I
boundary for cheese, : rocessing/slaughtering i
butter, milk and Quorn \_ _ _ _ _ _ __ |_________!
Packaging =~

Regional Distribution Centre

Retail sale

Consumer transport, storage and cooking
\

Disposal of food waste and packaging
and human excretion

Figure 7. System boundaries for meta-analysis of published LCA data for protein sources (adapted from Clune
etal., 2017).
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The MAl was calculated from the food balance sheet data incorporating baseline and alternative
European diets. Here the total kcal capita-1 day-1 value of the Mediterranean diet food groups was
divided by the kcal capita-* day™ total of the non-Mediterranean diet food groups. For this study
Mediterranean diet food groups were defined as olive oil, olives, cereals, starchy roots, herbs and
spices, fruits, vegetables, nuts, fish, legumes and wine. Non-Mediterranean food groups were
defined as fats (excluding olive oil), sugar and sweeteners, alcoholic beverages (excluding wine),
meat, sugar crops, oil crops, stimulants and animal fats.

As an example of the data produced, Table 8 illustrates the change in the average MAI between
1963-1973, and 2003 - 2013 for Ireland and Italy where a decline in adherence to the
Mediterranean diet has occurred for both countries (data from Byrne, 2018).

Table 8. Mediterranean Adequacy Index (MAI) scores (+ SE) for Irish and Italian diets between 1963-73, and
2003-2013 (Byrne, 2018).

Country Mediterranean Adequacy Index (MAI)

Years 1963-1973 2003-2013
Ireland 0.86+0.02 0.41+0.01
Italy 2.72+0.10 1.61+0.04

The NRF focuses on nutrient density, either as nutrients per calorie, or per gram of product.
Drewnowski (2010) recommends an algorithm which encourages 9 nutrients and limits 3 nutrients
(9:3 NRF), whereas our study incorporates both this and an 11:3 NRF.

The nutrient composition values of individual food products, food items and raw ingredients were
obtained from both the USDA National Nutrient Database for Standard Reference (version 28)
(USDA, 2017) and listings provided by food manufacturers and restaurants (SelfNutrientData,
2018). Each food listing provides nutritional information regarding calorie content, carbohydrates,
fats and fatty acids, protein and amino acids, vitamins, minerals and sterols. Data requirements
and daily reference values pertinent to TRUE 9:3 and 11:3 NRF calculations are given in

Table 9. Several of the nutrients to encourage (protein, fibre, vitamins A and C) are recommended
in the FDA definition of ‘healthy foods’ (FDA 2016), the remaining nutrients to encourage being
selected according to recommendations within ‘Dietary Guidelines for Americans’ (USDA and US
Department of Health and Human Services, 2005). The choice of nutrients to limit (saturated fat,
added sugar, sodium) was according to Drewnowski, 2005; Arambepola et al., 2008; Drewnowski
and Fulgoni, 2008 and Maillot et al., 2008.

........................................................................................................................................................................

This Project has received funding from the European Union “s Horizon 2020 www.true-project.eu
research and innovation programme under grant agreement No


http://cordis.europa.eu/project/rcn/210171_en.html

Report on Life cycle assessment for legume value chains

TRansition paths to sUstainable
legume-based systems in Europe

........................................................................................................................................................................

Table 9. Data requirements and daily reference values pertinent to TRUE 9:3 and 11:3 NRF calculations (cf
Drewnowski, 2005, 2010; Drewnowski et al., 2008).

. . Maximum
Nutrients to NRF 9:3 NRF 11:3 Recommended Daily Recommended Value
encourage Value (RDV)

(MRV)
Protein + + 50g
Fibre + + 25g
Vitamin A + + 5000 IU
Vitamin B-12 + 6 g
Vitamin C + + 60 mg
Vitamin E + + 20 mg
Calcium + + 1000 mg
Iron + + 18 mg
Potassium + + 3500 mg
Magnesium + + 400 mg
Zinc + 15mg
Nutrients to .
limit
Saturated Fat + + 20g
Sodium + + 2400 mg
Added Sugar + + 50g

The NRF11:3 compliments the 9:3 index in having two extra nutrients to encourage; vitamin B12
and zinc. Meat is the main source of vitamin B12 in humans, and with the increasing popularity of
vegan diets then nutritional deficiency in vitamin B12 is becoming common (Kuhne et al., 1990;
Stabler and Allen, 2004). Inclusion of zinc to the nutrient list was based on its importance in
subcellular metabiolism and the common observation of zinc deficiency in everyday diets
(Hambridge, 2000; Wessels and Brown, 2010).

........................................................................................................................................................................
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2.4.6.2 Calculation of NRF values
Standard procedure was used to calculate NRF scores for each food item/protein source (Sluik et
al., 2015). NRF scores were calculated either per 100kcals or per 100g of food item using equations
given in Table 10. The percentage daily values (%DV) were capped at 100% for each nutrient to
prevent disproportionate weighting of a single nutrient biasing the index score (Fulgoni et al.,

2009).

Table 10. Nutrient Rich Food Index (NRF) Algorithms.

........................................................................................................................................................................

Model

Algorithm

Notes

NRF 9:3 sub-score

Z(nutrienti/DVi) x 100

NRF 9:3100¢ Nutrient; = nutrient per 100g
1=9 DV;=daily value for the nutrient
. (RDV)
NRF 9:3100kcal Z(nutnentl/DVl)/Sl x 100 Si = calories per 100g

NRF 11:3 sub-score

NRF 11:3100g

NRF 11:3;100kcal

LIM sub-score

1-9

z (nutrient;/DV;) X 100

1-11

z (nutrient;/DV;)/S; X 100
1-11

LIM 300 Z(nutrienti/MRVi) x 100
1-3 MRV, = maximum
recommended value for the
LIM 00kcat Z(nutrienti/MRVi)/Si X 100  nutrient (grams)
1-3
NRF models
NRF 9:3100g NRF 9: 31009 - LIMlOOg
NRF 9:3100kcal NRF 9: 3100kcal - LIMlOOkcal
NRF 11:3100g NRF 11: 31009 - LIMlOOg
NRF 11:3100kcal NRF 11: 3100kcal - LIMlOOkcal
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2.4.7 Nutrient Density Environmental Impact Indices

Simple algorithms combining nutrient density of food items/protein sources with each of the
environmental indices were developed for the purpose of this study. Environmental impacts
considered were the mean global warming potential and eutrophication potential. Nutrient
density indices were both the NRF9:3 and NRF11:3 functions as shown above. Necessary
algorithms to calculate both the Nutrient Density Global Warming Potential, and Nutrient Density
Eutrophication Potential are given in Table 11. Additional indices are to be developed combining
the Mediterranean Adequacy Index of diets (as defined by FAO food balance sheet data) with the
global warming and eutrophication potentials calculated as above.

Table 11. Nutrient Density Environmental Impact (NDEI) Indices for NDGWP100g, NDGWP100kcal, NDEP100g

and NDEP100kcal
Model Algorithm Notes
NDGWP
NDGWPloog NRF 11 31009/GWP100Q GWPloog: kg COze lOOg'l pFOdUCt
NDGWP:00kcal NRF 11: 3100kcat/GW Prookeal GWP1o0kcal = kg CO,€ 100kcal™® product
NDEP
NDEP100g NRF 11: 3100g/EP1009 EP10g=§8 PO,>e 100! product
NDEP00kcal NRF 11:3100kcat/EProokcal EP100kcat = g PO4* e 100kcal™® product

........................................................................................................................................................................
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Disclaimer

The information presented here has been thoroughly researched and is believed to be accurate
and correct. However, the authors cannot be held legally responsible for any errors. There are no
warranties, expressed or implied, made with respect to the information provided. The authors will
not be liable for any direct, indirect, special, incidental or consequential damages arising out of
the use or inability to use the content of this publication.

Copyright

© All rights reserved. Reproduction and dissemination of material presented here for research,
educational or other non-commercial purposes are authorised without any prior written
permission from the copyright holders provided the source is fully acknowledged. Reproduction of
material for sale or other commercial purposes is prohibited.

Citation

Please cite this report as follows: Styles, D., March, M., Sheeran, S., Williams, M. (2018). Report on
Life Cycle Assessment Methodology for Assessing the Environmental Sustainability of Legume
Value Chains. Deliverable 5.1 for the EU-H2020 funded project, ‘TRansition paths to sUstainable
legume-based systems in Europe’ (TRUE), under Grant Agreement Number 727973. Available online
at: www.true-project.eu. DOI 10.13140/RG.2.2.34385.43367
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These are the data required, preferably at enterprise level (but could also be at field level for
specific cropping sequences), to undertake economic and LCA modelling of Case Studies.

Ideally case study partners could provide historic data before (baseline) and after incorporation of
legumes so that a before and after comparison of environmental footprints and economics can be
made to elicit net legume effects at rotation level (capturing interactions, break-crop effects, etc) -
see example for modified biogas-energy-crop rotations at the end of this document.

Cropping systems

e Crop varieties grown

e Areas (ha) under different crops/uses

e Rotation sequence (e.g. multi-year cropping plan)

e Yields forall crops (tonnes/ha, specify fresh matter or dry matter)

e Important crop quality parameters (water and nutrient content etc.)

e Crop use/marketing channel

e Inventory of main field operations for each crop (ploughing, tilling, fertilising, sowing...)

e Seedinput (kg/ha)

e Organic fertiliser application rate and type

e NPKand lime application at crop (kg/ha) or enterprise (kg/yr) level, and specific types of
fertiliser (e.g. urea-N, ammonium-nitrate-N, etc)

e Ifavailable, estimate of N delivery for following crop from legumes (kg/ha)*

e Agrochemical application at crop or enterprise level

e Diesel/electricity/fuel consumption at enterprise level

e Labourinputs

e Pricesforallinputs and outputs

¢ Information on (crop) price variability and yield variability for all crops considered

*If data such as this are not available, we can infer from “before” and “after” rotations

Animal (& cropping) systems

e Areaunder different crops/uses (including grazing, cut and grazed, woodland)?
e Rotation sequence (e.g. multi-year cropping plan)

e Yields forall crops (tonnes/ha, specifying fresh matter or dry matter)

e Important crop quality parameters (water and nutrient content etc.)

e Crop use/marketing channel
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e Tonnage of crops sold (need feed grown, used and sold)

e Dry Matter(DM) percentages at harvest for all crops (DM at feeding as well if possible)

e Inventory of main field operations for each crop (ploughing, tilling, fertilising, sowing...)

e Animal numbers by cohort (age groups; e.g. 0-6 month; 6-12 month, etc)

e Annual numbers and ages of animals born or bought in to farm, and sold from farm, lost or
dying

e Average live weight of each cohort

e Replacementrate and Involuntary culling rate

e Avg. Calving Interval (for dairy) and Calving pattern (AYR or Block Spring or Autumn)

e Type of system: Organic or conventional

e Ration/Diet details for each of the animal groups (if they differ) - at least % energy intake
as grass/concentrate/other feeds...

e Animal productivity (growth rates, milk production per animal per day/yr, final body
weights)

e Enterprise productivity (kg live weight or kg milk exported from farm - ideally include milk
fat and protein content details)

e Type of animal housing (slatted floor, solid floor, straw bedding, etc)

e Days/yranimals housed and days/yr animals grazed

e Type of manure management system (slurry tank, slurry tank covered, lagoon, anaerobic
digestion, farm yard manure, etc)

e Manure application details: rate (tonnes/ha), method of application (solid manure,
incorporated, broadcast, shallow injection, etc), time of year applied, to which crop

e Animal feed brought in to the farm (quantity by type), nutrient content

e Seedinput (kg/ha)

e NPKand lime application at crop (kg/ha) or enterprise (kg/yr) level, and specific types of
fertiliser (e.g. urea-N, ammonium-nitrate-N, etc)

e Agrochemical application at crop or enterprise level

o Diesel/electricity/fuel consumption at enterprise level

e Labourinputs (including unpaid labour)

e Pricesforallinputs and outputs

e Information on (crop) price variability and yield variability for all crops considered

If before and after data are not available at enterprise or field level, then estimated effects of
legume integration on fertiliser application rates and net productivity will be very important. Can
these be derived by comparing case study legume rotations with regional average yields and
fertiliser application rates?
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