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SUMMARL

Scrutiny of ackaging environmental impacts has led to a variety of sustainability directives but

has largelﬁocused on the direct impacts of materials. A growing awareness of the impacts of food
waste WMalibration of packaging environmental assessment to include the indirect effects
due to inﬂmn food waste. In this study, we model thirteen food products and their typical

packaging

effect @ce on overall system greenhouse gas emissions (GHGE) and cumulative energy

through a consistent life cycle assessment framework in order to demonstrate the
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demand (CED). Starting with food waste rate estimates from the US Department of Agriculture
(USDA), we calculate the effect on GHGE and CED of a hypothetical 10% decrease in food waste
rate. Thm limit for increases in packaging impacts from innovative packaging solutions that
will still lsystem environmental benefits. The ratio of food production to packaging
productien emvimemmental impact provides a guide to predicting food waste effects on system

performanh on a survey of the food LCA literature, this ratio for GHGE ranges from 0.06

(wine exa@SO (beef example). High ratios with foods such as cereals, dairy, seafood, and

meats sugmter opportunity for net impact reductions through packaging-based food waste

reduction 1MROv&ions. While this study is not intended to provide definitive LCAs for the

product/package s¥tems modeled, it does illustrate both the importance of considering food waste

U

when comy ckaging alternatives, and the potential for using packaging to reduce overall

system im educing food waste.
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<hea Introduction

th

While the modegh food industry has concerned itself with maintaining food safety and quality, the

u

moral imperatj feeding a rapidly growing population, combined with a maturing recognition of

the bio- lanetary limits within which this food must be supplied, has brought acute focus to

A

the problem of food waste. The FAO estimates that one-third of food produced for human

consumption is lost or wasted globally (Gustavsson et al. 2011). Food produced and not eaten has an

2
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annual carbon footprint of 3.3 Gtonnes CO, eq. (if it were a country, it would be the 3" top emitter

after U.S. and China) and occupies 30% of the world’s agricultural land area (FAO 2013).

In respodstaggering losses, The United Nations Global Sustainable Development Goals
(SDG 12.3 0% reduction in per capita global food waste at the retail and consumer levels
H .
by 2030 (Umited Nations 2015). The USDA and US EPA also announced in 2015 the first U.S. food
waste reduction goal, calling for a 50% reduction by 2030 (2015). An estimated 70 MMT of edible
food is los‘Uy

in the U.S., with nearly 60% of this occurring at the consumer level (Dou et al.

2016). Gr sdieas emissions (GHGE) associated with production of this food loss are estimated

$

at 1.4 kg pita” day™” (160 MMT CO, eq. in annual total), increasing the carbon footprint of

U

the averag et by 39% (Heller and Keoleian 2015). Meeting ambitious waste reduction goals

will requir@iconcerted effort from stakeholders throughout the food value chain.

f

Sustaina rts aimed at reducing the environmental impact of packaging often overlook the

d

primary role¥of'"6od packaging: protecting and preserving both perishable and shelf-stable foods.

Environme ncerns about packaging tend to focus on the direct environmental impacts of

M

packagi production and packaging end-of-life, despite indication that efforts to reduce
indirect impacts of food waste often far outweigh options to reduce direct impacts (Russell 2014;
Wikstrom 6; Silvenius et al. 2013; Williams and Wikstrom 2011; Wikstrom et al. 2014). A

recent coll@b effort in the U.S. between business, non-profit, foundation and government

or

leaders repg packaging adjustments alone have the potential to divert 189000 metric tonnes of

n

food w, y in the U.S., with an economic value of $715 million; active or intelligent

{

packagi slowing spoilage offers an additional potential 65000 metric tonnes of food waste

diverted (ReFED 20816).

Ul

Life ¢ essment (LCA) is a tool used to account for the emissions and resource use

A

throughout a t’s life cycle, including raw material acquisition production, distribution, use, and
disposal, and assign these emission and resource flows to prospective environmental impacts (ISO

2006a). LCA applied to agricultural and food product systems present a unique set of challenges (Roy
3
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et al. 2012; Andersson et al. 1994; Schau and Fet 2008). As these have been addressed over the past

decade and a half, there have been exponential increases in the number of reported food LCA studies

t

(Heller e

P

LCA of ing dates back to the earliest applications of the LCA method (Guinee et al.

|
2011). Yetglimited attention has been given to the balancing act that arises between the environmental

[

impact of praduaiie and disposing of the packaging itself and its ability to moderate food waste — and
associated i ental impact — along the food value chain. Wikstrdém and Williams have made

significant flitefdtuté contributions aimed at raising awareness of the importance of considering food

10

waste in fi aging design and sustainability (Williams et al. 2008; Wikstrom and Williams

U

2010; Willg Wikstrom 2011; Williams et al. 2012; Wikstrom et al. 2014; Wikstrom et al.
2016). Thay have mathematically described the relationships between environmental impact of food
waste and food packaging within a life cycle perspective (Wikstrom and Williams 2010), and

establishe to utilize a functional unit based on the food eaten in order to account for

an

consu losses. These authors and others have demonstrated through specific case studies

the import including the environmental impact of wasted food when evaluating packaging

%

systems. As an example, the GHGE of bread packaging could be doubled without increasing overall
climate impact if the packaging change led to a bread waste reduction of 5% (Williams and Wikstrom
2011). Notgd ing food waste may lead to contradictory results, favoring larger packaging for
geometrica s, or less packaging material per unit of food product. In addition, such studies
have es@e importance of the ratio between the environmental impact of the specific food

item and itlgacka"ng as a predictive parameter of food waste effects.

The goal of thi§jpaper is to consider a large number of food items and their typical packaging
configurations usimg a consistent LCA model in order to map the potential influence of food waste
effects ¢ental performance. The intention is not to provide a definitive impact assessment
of the cases studied but instead to use the best available data to demonstrate the need for consideration

of food waste in environmental assessments of food packaging. We expect that this mapping exercise
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will offer packaging design engineers preliminary guidance on the significance of food waste in
optimizing the environmental performance of packaging. We also aim to raise general awareness to
the poten!1l| Tole !Lat packaging can play, when properly designed, in reducing food waste and, in

turn, the e @ tal impacts of our food system.

H
<headinievel 1> Methods

To orienff this r@earch in the existing food LCA literature, we conducted a thorough literature
review, extracting GHGE and energy demand data across life cycle stages of various foods (see the
mion S1 available on the Journal’s website for details of literature review). This

supporting

literature review provides a basis for a broad exploration of the food to packaging (FTP)

Ul

environmental impact relationship, defined here as:

_ ultural (farm gate) production food processing packaging materials
FTPE - kg food ) +E ( kg food )]/E ( kg food ) (1)
where: nvironmental impact indicator of interest (e.g., GHGE, CED).
A literature-bas ploration of FTPgygg is presented in the first Results section.

We then developed an LCA model aimed at assessing the system-level balance in environmental

impact resWting from food waste / food packaging interplay. The following sections detail the

3

developme model and the data used in evaluating a range of food / packaging configurations.

<heacr Food /packaging selection and food waste rates

The foodg and packaging configurations under consideration in this mapping exercise are shown in

O

Table 1, a: the assumed baseline retail and consumer-level waste rates, taken from the 2013

USDA Lo ed Food Availability (LAFA) dataset (USDA ERS 2013). This selection of foods
was cho irst considering the foods with the largest flows (kg capita™ yr'") at retail in each food
category of t FA dataset, and then adjusting to provide greater diversity. Primary packaging

configurations were chosen (by expert opinion, as no known data exists) to represent the most popular

options available in the U.S. marketplace. It is important to note that the USDA LAFA database
5
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reports food /oss rates (losses as a fraction of the food available at each stage), often based on the
differences between per capita availability and survey-based consumption of specific foods. These
losses irMs due to cooking that are not differentiated from consumer-level spoilage or plate
waste. To this in meats, which are expected to be most affected by cooking losses, we
considened mypiealmeooking losses as reported by USDA (Showell et al. 2012). The reported cooking
losses (thng yield %) vary greatly by meat cut and cooking method, but averaging over

entries resglted in23% for turkey, 24% for pork, and 26% for beef. These cooking losses are then

C

subtracted msumer loss rates from LAFA to provide an estimate of spoilage and plate waste
for the meats” ever, LAFA reports a consumer loss rate for beef of 20%, lower than many

reported cooking 155 rates; we therefore assume a consumer waste rate of 4% for beef.

<headingevel 2> Functional unit

The fun it forms the comparative basis of LCA studies and the denominator of presented

results, and thef®ore can influence conclusions drawn from study results. Given the focus on food

waste in t ject, the functional unit should reflect food actually consumed, therefore accounting
for wa ages. Throughout this study a functional unit of 1 kg of food consumed is
maintained.

<heading > System boundaries

The generiC system diagram in Figure 1 outlines the stages and processes included in this study.

Given the &ended focus on packaging trade-offs, food losses/waste at the agricultural production and

primary“ssing stages are not explicitly considered. The study instead focuses on food

loss/waste gurm tail and consumption stages. As shown in Figure 1, the environmental impacts

from final disposal, of food waste are included, as are the impacts of recycling and/or disposing of

packagi @ e. Transportation is accounted for between major stages, although generalized

assumptions have Deen made to reasonably represent U.S. national average transportation distances.
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Refrigeration is included in distribution, retail and consumer level storage for all foods except

potatoes, potato chips and chopped (canned) tomatoes.

T

<headinﬁ'fe cycle inventory and data sources

In thiﬁsew describe generic modeling and inventory approaches, as well as data sources that

arc comm

[

case studies. Additional parameters and data sources unique to individual cases

are detailedfin the Supporting information S2 on the Web.

<headin Agricultural production and food processing

SC

GHGE a lative energy demand (CED) of food agricultural production and food processing
are drawn m from existing LCA literature, as detailed in Table 2. Table 2 also indicates the
boundary d@ndition for which we extracted data within each study. In all cases, contributions from
packaging wiihimatltis literature were excluded from the extracted data and modeled independently as
described e acknowledge that, in most cases, the literature studies are not representative of
US. p n and therefore serve as a proxy for our cases. This is appropriate given that the
intentio paper is to demonstrate the importance of food waste rather than provide a definitive

assessment of the cases considered.

<heading® Packaging production: Inventory data for the production of packaging materials
as well as @ ormation of materials into packaging forms were taken from the Ecoinvent 3.1
database. imelnde both primary packaging (in direct contact with food product) and the tertiary
packagi:ansport and distribution (typically not seen by customers). Secondary packaging,
used to MHdiVidual packages for retail display or multipack sales, is not included in the
configurations stufied here. Preference was given to USLCI datasets, where available. Specific

processes, th et origin, and impact factors are shown in table S1 in the supporting information

S1 on the ote that transport of packaging materials is not included in our assessment.

Gases used in Modified Atmosphere Packaging (MAP) were modeled using Ecoinvent processes

for liquefied oxygen and liquefied carbon dioxide, applying appropriate densities and expansion
7
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ratios, as purified and pressurized gases were not available. While liquefied gases are likely not the
source for MAP applications, the impacts based on this modeling approach are negligible, and non-

liqueﬁea gt sources are anticipated to have even smaller impacts.

<headinQ Transport: processor to retail: Transportation from processing to retail

dlStI’lbuthIgaS modeled using a generic freight trucking process from Ecoinvent 3.1 which is based

on a tonne-kan unit. Impact factors for transportation processes are shown in table S2 in the supporting
informatio he Web. Since many fresh products require refrigerated trucking (and Ecoinvent

3.1 does nw process for refrigerated shipping), the trucking process was modified to account

for refrigerﬁhe following:

The majority of medium to large vehicles use self-contained refrigeration units that utilize a
self-contaiiml engine. Various sources estimate the fuel consumption of these compressor

engines to per hour (Tassou et al. 2012; Roibas et al. 2014); we chose a value of 2 L per hour

diesel consumptiéni. Assuming an average operating truck speed of 56.3 miles (90.6 km) per hour

(Statista 6 hours of idling per day (Gaines et al. 2006), or 6 hours every 1013 miles (1630

km), w diesel consumption of 0.0295 L per km. In addition, a refrigerant leakage of

0.0052 g R134a/km (Roibas et al. 2014) was also assumed.

Tra distance from unspecified processors to retail outlets across the country is difficult
to determi ately. Where no additional information was available to estimate otherwise,
transport di§tance was based on “average miles per shipment” in Table 24: “Shipment Characteristics
of Temperature trolled Shipments by Three-Digit Commodity for the United States: 2012 in the

2012 Conﬁﬂow Survey (U.S. Department of Transportation 2015). Specific transport

distances f od are reported in the supporting information S1 on the Web.

<headifig ] 3> Retail Energy Use: Energy use (and associated emissions) at retail are divided

into two pieces: refrigeration, and all other energy uses, including space heating and cooling,

ventilation, water heating, lighting, cooking, and office equipment and computers. “Food sales” sector

This article is protected by copyright. All rights reserved.



data from the 2003 U.S. EIA Commercial Buildings Energy Consumption Survey (U.S. Energy
Information Administration 2006) is used to represent non-refrigeration energy use. This energy use is
then allocatﬂ i product categories on an economic basis. While a physical basis for allocation (likely

area in thi @ 5 preferred where possible according to ISO 14044 standards (ISO 2006b), the

complexitysamdmvamiability of the national food retail sector prohibits such methods here. To perform
the econorLation, total annual national sales at retail for the food in question (e.g., beef) is

divided byfltotal sBpermarket sales ($475,317 million in 2013 according to Progressive Grocer’s

C

Annual Coasu xpenditures Study (Progressive Grocer 2014)). This ratio is multiplied into the

S

energy use s and then divided by total annual kg of food commodity sold at retail to arrive at

an energy use per Kg. It was assumed that space heating, water heating and cooking utilize natural gas,

d

whereas all d uses utilize electricity (U.S. national grid average).

[

While reftigeration energy is available through the above source, because packaging

configurati fluence impacts, it is desirable to allocate it on a more physical (rather than

a

econo individual food products. We estimate energy use for specific commercial

refrigerati ment via the U.S. Department of Energy equipment standards (U.S. Department of

%

Energy 2014). This document provides maximum daily energy consumption (kWh/day) for various

equipment §€ategories, e.g.: for “vertical open equipment” with “remote condensing” operating at

]

“medium t re (38°F=3.3°C)”, the standard energy level is given by

Q

0.66 X TDA + 3.05 @)

wher 1 display area of the case, in ft°.

th

Appropr ment types and sizes are chosen for each food type, and the energy use per day is

U

allocated t 1vidual product with the ratio of consumer facing area per kg for the product in

questio . This value is then averaged annually and nationally by multiplying by 365 and by

A

total number o il stores (37716 in 2014 (FMI 2014)) and divided by the kg of food commodity

sold annually at retail (i.e., annual throughput).
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Refrigerant leakages also contribute to global warming. EPA estimates annual U.S.
supermarket refrigeration leakage to be 397 kg/year, and assumes R-404A to be the typical
commerMergerant used (U.S. EPA 2011). To estimate the refrigerant leakage per kWh
refrigeratio @ used, this value is divided by the total annual refrigeration energy for food sales
(U.S. Emcrgymimfemnation Administration 2006). This leakage per kWh is then multiplied by the
refrigeratih consumption as calculated above to allocate a portion of the leakage to a given

product.

<h@adijllg I&vel 3> Transport: retail to home: The 2009 National Household Transportation

SC

Survey (S . 2011) reports that the average vehicle trip length for shopping is 6.4 miles. We

U

use this di s a proxy for average grocery trips, and utilizing a process for “transport in

passenger gar with internal combustion engine” from Ecoinvent 3.1, we allocate this transportation

[

burden to the individual product in question on an economic basis (total annual sales of product in

question / t@tal al supermarket sales).

a

level 3> Home refrigeration: The 2009 Residential Energy Consumption Survey

M

(U.S. ation Administration 2013) reports that the annual energy consumption per

household by refrigerators is 1259.9 kWh, and the average refrigerator volume is 22 ft* (0.62 m’). The

I

annual ene divided by 365 to provide a daily energy use, and allocated to the food product in

question bas volume fraction (volume per kg of food-package in question divided by 22 ft’).

While packagi fers varying shelf life stability to foods, residence time in home refrigeration is

n

determi by consumer behavior, and no empirical data is available. Rather than introduce

L

subjecti ty, we have assumed a default of 4 days in home refrigeration for all foods

requiring refrigeration.

U

evel 3> Food waste rates: The rate of food wastage at retail and consumer stages is

A

central to the ff explored in this study. They are also challenging to quantify. Consumer-level
food waste at the individual product level is, for all practical purposes, unavailable. Gathering such

data would require extensive (and expensive) surveying, and is outside of the scope of this project. In

10
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this study, we rely on waste rates from USDA’s LAFA dataset (USDA ERS 2013), provided at the

food commodity level, as an estimate for product-specific waste rates (see Table 1). These represent

|

the best estiimate for food loss at the consumer level, considered broadly as a national average.

<h

|
disposal ofgfood and packaging follows EPA’s Waste Reduction Model (WARM, version 13) (U.S.

3> End-of-life disposal of food and packaging: Modeling of end-of-life

P

[

EPA 2015@ARM model uses a life cycle approach to estimate energy use (or credit) and

GHGE assoui with recycling, combustion, composting and landfilling of different materials.
While the odel uses the avoided burden approach to credit recycling by the offset of virgin
material ( 2015), in our model we account for the influence of recycled content in material
production mw cycled content (or cut-off) method. Thus, recycling aids the system by avoiding

end-of—lifegurdens from landfill or incineration, but does not result in a material displacement credit

at the end-of-life process.

US EPA Mu al Solid Waste data (U.S. EPA 2014) were used to establish the default fractions

distribute cling (or composting), landfill, and combustion pathways. These fractions are based

on US ages for 2012. The fractions used in the model are shown in Table 3.

<headin§evel 2> Impact assessment methods

This stu @ ed on global warming impact and non-renewable CED. Energy demand is a
valuable indiCator in considering food/packaging systems as many other impact categories correlate
with energs;Huijbregts et al. 2006) and, given the embodied energy of packaging materials, energy
demandeormation not captured by GHGE. Global warming impact was characterized
using the Im.’» GWP 100a method (IPCC 2013). Non-renewable CED was calculated using the

b

method publishe Ecoinvent version 2.0 (Frischknecht and Jungbluth 2003): non-renewable fossil,

non-re uclear and non-renewable biomass energy demands were summed in the results

presented, although sums throughout are dominated by fossil non-renewable energy demand.

Inventory data necessary to evaluate additional indicators of interest, such as water and land use or

11
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eutrophication, were not available for agricultural production of all of the food types considered, and

therefore this demonstration assessment focuses on GHGE and non-renewable CED.

T

<headinﬁesults

<heaﬁng |i¥i| i> Food to packaging environmental impact relationship: literature review

While in&ociated with agricultural production dominate many food life cycles, this can vary
significantly de ing on food type and scenario specifics, as revealed in a review of existing
literature t s LCA to various food product chains. Figure 2 presents the Food To Packaging
GHGE (FTP ratio for a large number of food products, aggregated by food type. The FTPguge
ratio was calculated according to Equation 1, using GHGE data across life cycle stages extracted from

the literat e supporting information S1 on the Web for details of the literature review and
ns).

calculatio ference, the cases evaluated in this study are also included in Figure 2.

While lmtion clearly exists, general trends in Figure 2 are informative: cereals, dairy, fish

and sea meats have large FTP ratios relative to other food types. When FTP ratios are high,

it is mo for changes in packaging configuration that lead to food waste reduction to result in

M

net system decreases in environmental impact, even when packaging impacts increase.

I

<heading leve Characterization of food / packaging life cycles

9,

Figure 3 s the distribution of GHGE across the full cradle-to-grave life cycle stages for the

food/packaging combinations modeled in this study. Note that contributions due to food waste

g

accumulatggacrossgthe life cycle, but are represented as a separate “stage” in Figure 3 in order to

{

demonstra lative contribution. Foods in Figure 3 are ordered left to right by the percent

U

contributio ood production and processing. Thus, on the left are foods where GHGE from

produci onsumed portion is small relative to the contribution from other stages (packaging,

A

transport, accu ted food waste impacts). Foods on the right are dominated by food production
impacts. Lettuce and orange juice show disproportionately high distribution burdens because it was

assumed that they were produced in a single U.S. location and distributed to the continental U.S.
12
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population; upwards of 75% of U.S. lettuce is produced in California whereas 90% of U.S. orange
juice is made from Florida-grown oranges. The distribution of non-renewable CED across life cycle
stages ispwﬁn figure S1 in the supporting information S1 on the Web. The trend is similar to
Figure 3, a @ packaging production represents a larger percentage of energy demand due to the

embodied emengymef the packaging materials.

<headin®2> Demonstrating influence of food waste: hypothetical waste rate reduction

scenarios

The un(w premise in including the impact of food waste in evaluating packaging

environmental pefformance is that improvements in packaging that can reduce food waste may result
in net system environmental benefits even if the impacts of the packaging system itself increases. To
demonstrat tionships between environmental impacts of food production, packaging and food
waste, we 10% hypothetical reduction in the baseline waste rates and use the LCA model to
calculate the“rel@#ve increase in packaging system impacts (primary and tertiary packaging material
production, ing disposal) that could be afforded by such waste reductions. Figure 4 shows this
increas ssociated with the packaging system that would break even with 10% reductions
in retail waste rate, consumer waste rate, or both. In Figure 4, this permissible increase in packaging

GHGE is hainst FTPguge for the food/packaging combinations. A trend begins to emerge in

Figure 4: FTPguce, limited increases in packaging impacts are permitted with food waste
reduction. i TPsuce, large increases in packaging impacts can be tolerated if they lead to such
food wﬁns. While there is a notable trend with FTPgygg, this ratio alone is not predictive
of system to a reduction in food waste rate; the magnitude of the baseline waste rate is also

important. Howevs, the exercise does begin to map out the space available for changes in packaging
systems. As ch in packaging would likely also influence processing, distribution, retail, disposal,
and co age behaviors, this available “space” should be considered conceptually as not just

for packaging materials per se but for all of these associated factors.

13
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Figure 5 gives the same relationships but with non-renewable CED. A similar trend exists, but the
influence of food waste is not as strong for non-renewable CED, largely because of the embodied
energy iﬁagmg materials (which does not present itself in GHGE) and the agricultural emissions
not related @ 1 fuel use (enteric methane and field-level N,O emissions). Because of these
factors, themdifferemce between energy demand for food production and energy demand for packaging

production r, resulting in lower values of FTPcgp.

As a remue intention of this paper and the demonstrations presented in Figures 4 and 5 are

meant to §ho neral patterns and to highlight the influence that food waste can have in
food/packagi ems; care must therefore be taken in drawing far-reaching or detailed conclusions.
For assess ant to serve as the basis for intervention, LCA should be performed using specific

data and pfmeters for both the packaging and food product in question.

<headin Sensitivity analysis

Tod e influence of parameter uncertainty on system performance, we have considered
a £20% chan dividual parameters. The resultant change in overall system GHGE and CED for
the cas in PET clamshell (low FTP) and ground turkey in MAP packaging (high FTP) are

presented ! table S4 in the supporting information S1 on the Web. Agricultural production and

processing inate the system contributions to total CED and GHGE in the turkey case (see Figures
3 and S1), fore show strong sensitivity to parameter perturbations (18% and 13% changes in
system G and CED, respectively, from 20% changes in agricultural production impact per kg).
Sensitiv&HGE to agricultural production contributions is greater than that of CED due to
non-energy, GHGE (N,O, CH,) in agriculture as well as embodied feedstock energy
contributio ackaging materials that do not have a direct GHGE component. With exception to
agricultur. ction and consumer-level food waste rate, all other modeling parameters in the
turkey case trate less than 3% change in total impacts from 20% parameter perturbations.

Total system impacts for spinach show much lower sensitivity to agricultural production GHGE and

CED and increased sensitivity to primary packaging weight. The spinach case is also more sensitive

14
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to changes in food waste rates and parameters that are associated with the impacts of refrigeration.
Due to the lower FTP ratio for spinach, the case is more sensitive to the weight of primary packaging,

but still le! than IO% change in total impacts from a 20% perturbation. This analysis suggests that

unceﬁainti&del parameters are likely to have notably less influence on results than the

anticipated mmeentainty in food waste rates.

<heading evelpl> Discussion

Cr

This study apalyzes a group of generic foods in typical packaging configurations in order to

demonstra uence of food waste on product system (food plus packaging) environmental
performance. TheSunderlying implication is that changes in food packaging configurations aimed at
reducing food waste at the retail and consumer level can reduce environmental impacts of the product

system eve creases in the impact of the packaging itself.

<headinglle Packaging design and food waste

Food ing design can influence food waste in a variety of ways. The most obvious, of course,
is thro cting food from mechanical damage (e.g., bruising, crushing) and physical-chemical
degradation (e.g., oxidation, microbial spoilage). Countless examples of packaging that extend
product shwmst, but consumer preference often interferes with optimization of shelf-life
extension e.g., vacuum packaging of beef). Packaging can also influence food waste at the
consumer-le eyond its ability to postpone spoilage. A survey of Swedish households determined
that 20—25‘ of household food waste was related to packaging design attributes, including the
attribute“empty and contains the correct quantity (Williams et al. 2012). Additional

packaging E that can influence food waste include resealability, easy to: open, grip and dose,

and communicatiog of food safety/freshness information (Wikstrom et al. 2014; Lindh et al. 2016).

ibutes are considered from the standpoint of reducing food waste, the potential of

packaging to improve system environmental performance may be realized.

<heading level 2> Food-to-Packaging ratio: useful indicator?
15
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In Figures 4 and 5, the FTP ratio offers a general orienting trend to the role of food waste reduction
in total system environmental impact. Figure 2 provides a broader perspective on the variability of
FTPGHGMd types, based on literature reported food LCAs. Consideration of this ratio, even
at a scan-lg @ pximation using best available data, may help packaging engineers direct attention
to apprepriatemimpact reduction strategies. At very low FTP ratios, it is likely preferable to focus
attention ohng the impact of the packaging — through lightweighting, alternative material
selection, <c. - ; food waste reduction will not have significant influence on the total system
environmengal ormance. At very high FTP ratios, where emissions or resource use of food
productioth larger than that of the packaging, emphasis on food waste reduction will likely
yield larger syste;beneﬁts. At intermediate FTP ratios, trade-offs require evaluation on a case-by-
case basis. duct chain characteristics, most notably heated greenhouse production and air
freighting, :rtant to consider in such a scan-level approximation, however, as they could

greatly infmod production impacts. For example, tomatoes grown in heated greenhouses can

have carbon footprints 2-3 times those grown in open field or under unheated, protective structures

(Webb et al. Theurl et al. 2014; Page et al. 2012). One example of air freighted green beans

otprint at 20-26 times that of regional production without air freight (Sim et al.

<hea(!1n% ievei ;;> Study limitations

The difTetween results based on non-renewable CED and GHGE also emphasize the

danger of relying, on single environmental category assessments, especially when involving

ucts. While it may be common with industrial products for other impact categories to
trend with fossil fuel use, biological and field-level emissions in agriculture can disrupt this trend.

Speaking very generally, we can expect food product system eutrophication and water use impacts to
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be dominated by agricultural production; other categories such as acidification potential, ozone

depletion potential, photochemical smog potential, and human health impacts such as respiratory

effects Wi |lequ1re case-by-case evaluation.

We use Qata from the USDA LAFA dataset as our baseline estimates of retail- and

H . . . . .
consumer-gel food waste rates. This dataset is the only known collection that provides a consistent
estimate of doodplosses across all food commodities in the U.S. diet, but it certainly presents
challenges. Higstgi®”the generic nature of food commodity categories. For example, the relatively high

consumer 1@ss gateffor turkey likely reflects whole turkeys prepared for holidays and special occasions

3

and may n eflective of the ground turkey products considered here. Second, LAFA reports

U

food losse iei’include avoidable food waste (spoilage, plate waste) as well as unavoidable losses
of moisturgfand fat from cooking. We have attempted to account for these cooking losses with meats,
but available estimates are strongly dependent on specific cuts of meat and cooking methods and, in

the case oflbge ast, do not appear to be compatible with LAFA reported losses. We have gathered

an

actual aste rates from a U.S. regional food retailer for the foods considered here to

compare AFA data. These waste rates, averaged over two years of sales at circa 200

\%

storefronts, are notably smaller (factor of 10 or more) than the LAFA loss rates in most cases (see

table S3 infghe supporting information S1 on the Web for values). Meats (turkey, pork, beef) are the

£

exception, AFA retail loss rates are close to the empirical values collected from our retail

O

partner. At e, it is impossible to determine whether our gathered data reflect a more efficient

retail busifiless and the LAFA data are more appropriate national averages for retail losses. As

#

indicated the gensitivity results in table S4 in the supporting information S1 on the Web,

¢

uncertaint waste rates can have a moderate influence on LCA results and should be taken

U

into consid! efore drawing conclusions.

<hea 1 2> Future research and data needs

A

The above concerns signal the need for high quality food waste rate data. Numerous efforts to

improve our understanding of food waste are underway, including an international standard for food
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loss and waste accounting and reporting (Food Loss & Waste Protocol 2016), improved
measurements by the Food Waste Reduction Alliance (Food Waste Reduction Alliance 2016), efforts
to make H!lsmn—makers and consumers aware of food waste through the Save Food Initiative (Save

Food Initi b), and others. Repeated analyses highlight the challenges presented by food date

)

labelingmschemesmthat vary in terminology and application from region to region, and are largely
misundersthdustry and consumers, leading to significant unnecessary food waste. A recent

review of fhe histdiy and current practices of date labeling concludes with a call to action to move

C

toward un mn date labeling (Newsome et al. 2014). Innovations in “intelligent” packaging

strive to au, r replace date labeling through various indicator technologies that sense, detect, or

record changes in i‘:e product, the package or its environment (Vanderroost et al. 2014; Realini and

Marcos Z(treas the emerging field of “responsive” food packaging is designing stimuli

response

(BrockgrelmAbbas 2016). These technologies may likely offer additional means for packaging

nabling real time food quality and food safety monitoring or remediation

to reduce food waste, but also further emphasize the need for LCA of the product/package system to

assure net enV1Eental benefits.

Establishing accurate consumer-level food waste rates is extremely difficult, especially for specific
products. Snducting household surveys can be costly and laden with methodological challenges
(Edjabou ¢ 5). A growing body of information on consumer behavior and psychology with
regard to b aging and food waste provides a starting point for initiatives and packaging design
aimed eﬂconsumer-level food waste (Aschemann-Witzel et al. 2015; Stancu et al. 2016;

Secondi_et Il. 201’ Neff et al. 2015; Martinho et al. 2015; Wikstrom et al. 2016). Trade-offs between

consumers or convenience, consumer perceptions of packaging, food waste generation and
whole pro n environmental impact have also been explored by comparing ready-to-eat meals
with m red at home (Hanssen et al. 2015).

<heading level 1> Conclusion
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Investments in packaging have the potential to reduce overall environmental impacts associated
with food production, distribution, and consumption, through reducing food loss and waste. A systems
approacMcyCIe assessment will help to determine the potential benefits and guide packaging
design dec @ e hypothetical waste rate reduction scenarios presented here begin to map out the
opportumi tysspaeesavailable for packaging innovations that lead to reduced food waste and net system
impact red en when impacts of the packaging system increase. For some foods, such as leafy
greens, w@lmral production burdens are small and FTP ratios as small, net system impacts
are sensitivggto aging production impacts, whereas in other cases, such as meats, with high FTP
ratios, foo st8 dominate the tradeoff with packaging impacts. This study provides a framework
to evaluate the en;onmental tradeoffs between package configurations and food waste that can also
be used to Cther relevant impacts such as water stress. Ongoing improvements in food waste

data collec eeded to fully inform packaging design decision-making.
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Supportimation

Supportingd ation is linked to this article on the JIE website:

Supporti rmation S1: This supporting information provides details of data
sources and impact factors for packaging materials and transportation, results on energy
demand distribution, and food waste rates utilized compared with empirically collected

values. It also includes results from a sensitivity analysis and the methods and citation
sources for Figure 2 in the main article.
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Supporting Information S2: This supporting information provides the food/packaging scenario

modeth, and a reference list of sources used.

—— -

Tables

Table 1. F(u\ary packaging, and baseline food waste rates considered in this study. “NFC OJ”

= not—from—coni%trate orange juice; “PCR” = post-consumer recycled.

2013 USDA LAFA food
waste rates”

Primary package retail consumer
R PET clam, 100% virgin PET 14.4% 9%
spinach PET clam, 100% PCR PET 14.4% 9%
ready-to-caf le LDPE/PP bag 13.9% 24%
NFC O 1 L PET, 100% virgin PET 6% 10%
1 L PET, 100% PCR PET 6% 10%
1 gal (3.8 L) HDPE, 100% virgin HDPE 6% 10%
NFC OJ s 1 gal (3.8 L) HDPE, 100% PCR HDPE 6% 10%
chopped to steel can 6% 28%
mushroom 8 0z (0.24 L) PET tray 100% virgin PET 12.7% 21%
T 8 0z (0.24 L) PET tray 100% PCR PET 12.7% 21%
potatoe 51b (2.27 kg) LDPE bag 6.5% 16%
eggs# PET carton, 100% virgin PET 9% 23%
eggs : PET carton, 100% PCR PET 9% 23%
eggs paperboard carton 9% 23%
PP bag 6% 4%
milk 1 gal (3.8 L) HDPE, 100% virgin HDPE 12% 20%

This article is protected by copyright. All rights reserved.

26



milk

1 gal (3.8 L) HDPE, 100% PCR HDPE

12% 20%

milk

ground turty

1/2 gal (1.9 L) paperboard

12% 20%

3 1b. (1.36 kg) MAP

3.5% | (35-23)=12%"

* USDA repofts
equivalent
ground turkey), t

5

ground turQ 3 1b. (1.36 kg) chub 3.5% (35-23)=12%"
pork m m——— PS tray w overwrap 4.4% (29-24)=5%"
cheese L PET bag, 100% virgin PET 6% 24%°¢
cheese O PET bag, 100% PCR PET 6% 24%°
beef PS tray w LDPE overwrap 4.3% 4%°

4

tomatoes, fresh romaine and leaf lettuce, turkey).

ese as food loss rates, but after correcting for cooking losses, we consider them
waste rates. In some cases (NFC OJ, chopped tomatoes, ready-to-eat lettuce,
waste rates are from a more generic commodity category (orange juice, canned

" ConsumeRfoss rates modified to account for cooking losses. See above text for description.

‘Average o

Table

[

SES.

a

d sources for agricultural production and processing of foods evaluated in this
study. Included life cycle stages have been truncated in all cases to either at farm gate or processor
gate, as indicated for each; impacts exclude packaging and distribution.

spinach

romaine
lettuce

ready-to-ea

-

GHGE Non-renewable CED
M
source (MJ Source

kg)
average of "Spinach, at 0.66 average of "Spinach, at farm"
farm" Agrifootprint Agrifootprint processes for
processes for Netherlands Netherlands and Belgium (Blonk
and Belgium (Blonk Consultants 2015)
Consultants 2015)
average of UK and Spain 10.4 average of UK and Spain values

values from (i Canals et al.

2008), at farm gate

from (i Canals et al. 2008), at
farm gate + 0.0562 kWh/kg
lettuce for processing
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NFCOJ

(Dwivedi et al. 2012), at
processor gate

8.96

(Beccali et al. 2010), minus 36%
attributable to distribution; at
processor gate

as-sold basis (incl.
moisture), at processor gate

sold basis (incl. moisture) ), at
processor gate

Chopped (Del Borghi et al. 2014), at | 9.15 (Del Borghi et al. 2014), at
tomatoes processor gate processor gate
- primary data gathered from | 25.3 primary data gathered from
mushroom Highline Mushrooms, Highline Mushrooms, Ontario,
Ontario, CA and modeled CA and modeled in SimaPro
in SimaPro
(Williams et al. 2006; 1.27 (Williams et al. 2006), average of
Moudry Jr et al. 2013), 2 scenarios, at farm gate
potatoes .
average of 4 scenarios, at
farm gate
Average values from four 12.3 Average values from four
studies: (Pelletier et al. studies: (Pelletier et al. 2014;
2014; Pelletier et al. 2013; Pelletier et al. 2013; Cederberg et
Cederberg et al. 2009; al. 2009; Nielsen et al. 2013).
Nielsen et al. 2013), at farm Values for whole egg at farm
gate gate.
il 1. 2011 22. il 1. 2011
Potato ch (Nilsson et al. 2011), at 8 (Nilsson et al. 2011), at processor
processor gate gate
milk (Thoma et al. 2013), at 3.99 (Gronroos et al. 2006), at
processor gate processor gate
5.42 average of 4 production 29.4 average of 4 production systems
systems at farm gate from at farm gate from (Leinonen et
(Leinonen et al. 2014), al. 2014), converted to carcass
converted to carcass weight weight using dress yield of
using dress yield of 79.13% 79.13% + 3.85 MJ/(kg dress
carcass) for processing (Ramirez
turkey et al. 2006)
(Thoma et al. 2011), at 22.5 Average of 4 upper midwest US
pork processor gate, boneless scenarios, (Pelletier et al. 2010),
equivalents boneless equivalents
6. (Kim et al. 2013) Based on | 25.2 (Kim et al. 2013) Based on as-
Cheese
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beef

14.5 (Battagliese et al. 2013) 30.0 (Battagliese et al. 2013) adjusted
adjusted to processor gate. to processor gate. boneless
boneless equivalents equivalents

H I
Table 3. M'Seled fractions of disposal pathways for various materials
Material Recycled” | Landfilled® | Combusted®
food O 4.8%" 78.1% 17.1%
PET 24.2% 62.2% 13.6%
HDPE 16% 68.9% 15.1%
PVC : 0 82% 18%
ﬂ 11.5% 72.6% 15.9%
PP 2.1% 80.3% 17.6%
PS—$ 3.8% 78.9% 17.3%
PLA 0° 82% 18%
Steel 72.2% 22.8% 5.0%
Aluminum can 54.6% 37.2% 8.2%
Aluminur!foil 0 82% 18%
Glass 34.1% 54.0% 11.9%
CorrugateQard 90.9% 7.4% 1.6%
m 24.7% 61.7% 13.6%
wood 25.1% 61.4% 13.5%
R

“recycling

U

b represent

¢ derived

ge composted

disposa % landfill, 18% incineration.

A

the year reported (2012) from US EPA MSW data tables (U.S. EPA 2014)

tracting recycling fraction and distributing remaining by national average MSW
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Figure 1. jiagram indicating the life cycle stages to be included in this study. Thick
arrows rep tages where transport is included. Colors correspond to those in Figure 3 and
S1.

d

Author M

30

This article is protected by copyright. All rights reserved.



1,000+

500-| 8

200- O

100+

O

w O O
GO
Q0O

FTP GHGE -atio

QO

e
-
(2]
-
p—
=
=
=
=

X
pid
0.1
0.05+ 8
beverages = Cereals and | Dairy " Fishand Fruit "Legumes and Meat " Vegetables

Grains Seafood Nuts

Figure 2. Demonstration of the “food to packaging” (FTP¢uce) ratio for a large number and
variety of gods and packaging configurations (beyond those identified in Table 1 and assessed
in this study)- upporting information on the Web for details of the literature review and
calculatio ertical scale is presented as logarithmic in order to compactly show a wide
range of va d horizontal bars represent average values for each food grouping, and boxes
are 95% confidence intervals around the average. Green horizontal bars represent median
values for @ach food grouping. The cases modeled in the current study are shown as orange “x”s
for refi r foods, packaging configurations, system boundaries, and background data
conditi nted in this figure are as reported in the literature and do not reflect the
currenW
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O spinach; recycied PET clamehall & mushrooms; 3 o2 recycied PET tray v MFC 04, 1 gal recysied HOPE
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& pottnes; 5 i LOPE bag & MIK; 1 gal racycied HDPE w Cheage: roycled PET bag
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Figure onstration of the increase in GHGE associated with the packaging system

rimary, tertiary and disposal) that would balance a 10% reduction in food waste rate at the
(p y y p

retail (blue symbols), consumer (orange symbols), and retail plus consumer (red symbols) level

for the fooq :Eackaging combinations in Table 1. The allowable percent increase in packaging
GHGE is plotted against FTP¢uge (food production GHGE to packaging production GHGE,

calculated
display a
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& potaioes; 5B LDPE bag ® 2005, papesboand caron + beef, PS fray w LDPE ovenwan
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Figure 4ation of the increase in non-renewable CED associated with the packaging
system (primary, tertiary and disposal) that would balance a 10% reduction in food waste rate
at the retajh (blue symbols), consumer (orange symbols), and retail plus consumer (red
symbols) 1 he food: packaging combinations in Table 1. The allowable percent increase
in packaging oy demand is plotted against the FTP ratio (food production energy demand to
packaging(p glion energy demand, calculated without food waste contributions).
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