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• Much of the U.S.'s environmental bur-
den is due to food loss andwaste (FLW).

• The United Nations has called for 50%
FLW reduction worldwide by 2030
(SDG 12.3).

• Weused an EEIOmodel to explore envi-
ronmental consequences of FLW reduc-
tion.

• Halving FLW could reduce the environ-
mental impact of the U.S. food system
by 8–10%.

• FLW policy and practice should target
foodservice, food processing, and
households.
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Reducing food loss and waste (FLW) is widely recognized as an important lever for lowering the environ-
mental impacts of food systems. The United Nations Sustainable Development Agenda includes a goal to re-
duce FLW by 50% by 2030. Given differences in resource inputs along the food supply chain (FSC), the
environmental benefits of FLW reduction will vary by stage of the FSC. Here, we identify the points along
the supply chain where a 50% FLW reduction could yield the largest potential environmental benefits, as-
suming that decreases in consumption propagate back up the supply chain to reduce production. We use
an environmentally extended input-output (EEIO) model combined with data on rates of FLW to calculate
the scale of the total environmental impacts of the U.S. food system resulting from lost or wasted food. We
evaluate the maximum potential environmental benefit resulting from 50% FLW reduction at all possible
combinations of six supply chain stages (agricultural production, food processing, distribution/retail, res-
taurant foodservice, institutional foodservice, and households).
We find that FLW reduction efforts should target the foodservice (restaurant) sector, food processing sector,
and household consumption. Halving FLW in the foodservice sector has the highest potential to reduce
. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. A simplifiedmodel of how food flows through the f
and consumption. We distinguish between consumption
greenhouse gas output and energy use. Halving FLW in the food processing sector could reduce the most
land use and eutrophication potential, and reducing household consumption waste could avert the most
water consumption. In contrast, FLW reduction at the retail, institutional foodservice, and farm level averts
less environmental impact. Our findings may help determine optimal investment in FLW reduction
strategies.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

1.1. The food waste problem

The global food system, with its complex links between producers,
processors, retailers, and consumers, generates vast amounts of waste
(Gustavsson et al., 2011). Existing production, distribution, and con-
sumption practices are likely unsustainable given a changing climate
and a growing population. Reducing food loss and waste (FLW) along
the food supply chain (FSC), thereby increasing efficiency of resource
use, can reduce the toll exacted on the environment by the food system
(Willett et al., 2019). It is possible that waste reduction would be more
politically and logistically tractable than other changes such as large-
scale dietary shifts (Smith, 2013). Governments and the United Nations
(Rosa, 2017) have set reduction goals, and private companies and NGOs
have begun to implement various interventions aiming to reduce FLW
(ReFED, 2016). To prioritize specific interventions, it is vital to quantify
the potential environmental benefit of interventions that target differ-
ent stages of the supply chain (Garrone et al., 2014). Only by analyzing
effects along the supply chain (Beretta et al., 2017) can we determine
the system-wide impact of individual efforts to reduce FLW (Muth
et al., 2019).
ood supply chain, as conceptualized i
at foodservice establishments, at inst
1.2. Food losses along the food supply chain

FLW occurs for different reasons at different points along the FSC
(Fig. 1). For instance, at the agricultural production stage, a portion of
the crop may be left unharvested because the potential revenue from
selling that crop may be less than the cost of harvesting (Johnson
et al., 2018a), or because farmers hedge against uncertainty by inten-
tionally planting more than needed to fill their contracts (Milepost
Consulting, 2012). At intermediate stages, food may spoil because of a
failure of logistics (Jedermann et al., 2014), or it may be intentionally
discarded if it does not meet cosmetic standards (Kantor et al., 1997).
Consumers at home and at foodservice establishments may throw out
excess uneaten food resulting from poor meal planning or
overpurchasing, or discard unspoiled food due to confusion about the
expiration date (Wilson et al., 2018), among many other waste drivers
(Quested and Johnson, 2009).

The variation in causes of FLW along the supply chain leads to vari-
ation in the volume of waste generated at each stage. The U.N. Food
and Agriculture Organization (FAO) estimates that worldwide, 413 MT
of food is wasted at the agricultural production stage, 293 MT in post-
harvest handling and storage, 148MT in processing, 161MT in distribu-
tion, and 280 MT in consumption (Gustavsson et al., 2013).
n this study. FLW is generated at all stages: agricultural production, food processing, retail,
itutions such as school or hospital cafeterias, and in households.

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
heidi
Highlight

heidi
Highlight

heidi
Highlight



3Q.D. Read et al. / Science of the Total Environment 712 (2020) 136255
Furthermore, different types of food are lost or wasted at different rates
both within and among stages: the U.S. Department of Agriculture esti-
mates that ~30% of fruits and vegetables are wasted in the retail and
consumer stages combined, compared to 26% of meat, poultry and
fish, 15% of nuts, and 41% of sugars and sweeteners (Buzby et al.,
2014). Because waste occurs for many reasons at each stage, and be-
cause each FLW reduction intervention typically addresses only one or
two causes, it is necessary to combine multiple interventions at each
stage to have an appreciable impact on the total amount of waste.

1.3. Virtually and physically embodied impacts

As food travels along the FSC, various inputs of resources are used to
transport, process, store, and preserve it – the consumption of these re-
sources burdens the environment in various ways (Muth et al., 2019).
For example, previouswork has found the yearly per capita energy foot-
print of FLW in the United States to be ~6–9 GJ (Birney et al., 2017;
Cuéllar and Webber, 2010; Hall et al., 2009), the total blue water
(i.e., surface water and groundwater combined) consumed to produce
wasted food to be ~40,000–50,000 L (Birney et al., 2017; Kummu
et al., 2012), and the land used to be ~500–1100 m2 (Birney et al.,
2017; Kummu et al., 2012). At a given point along the supply chain,
some materials and resources are physically present in the food. How-
ever, most of the resources consumed or emitted to the environment
do not remain in the product, but instead are ‘virtually’ embodied in
that food item. An accounting of these virtual resources allows for a bet-
ter representation of the true resource use and environmental impact
associated with the production, distribution, and consumption of a
food item from farm to fork. If the food ends up lost or wasted, both
the physically and virtually embodied resources are lost. If FLW occurs
further downstream along the FSC nearer the consumer, the virtual re-
source loss dwarfs the direct loss (Leach et al., 2012). If reduction in
downstream purchases results in any decrease in upstream production,
reducing waste in downstream stages will reduce both direct environ-
mental impacts at that stage and, indirectly, the virtual impacts gener-
ated at upstream stages.

1.4. The 50% food loss and waste reduction goal

The United Nations Sustainable Development Goals, adopted in
2015, include a FLW reduction objective. The resolution sets the target
of 50% FLW reduction at the retail and consumer levels by 2030, along
with a nonspecific goal of reducing waste at earlier supply chain stages,
including post-harvest losses (Target 12.3; Rosa, 2017). The agreed-
upon agenda includes some proposed methods for measuring progress
toward the target in terms of quantity of waste reduced. However, it
provides no guidelines for quantifying the environmental benefits asso-
ciatedwith thewaste reduction, nor does it make specific policy recom-
mendations for reaching the 50% goal. Despite this lack of concrete
guidance, the goal of halving FLW by 2030 has been adopted in the
United States at the federal level by the EPA, FDA, and USDA (US EPA,
2019), as well as by some state and local governments (Association of
Washington Cities, 2019). These resolutions do not detail how the
governing body plans to achieve the 50% reduction, nor are they accom-
panied by plans to assess environmental benefits. Non-governmental
organizations have also included language about the 50% reduction in
their publications, notably ReFED, which lists 50% as the ultimate goal
while providing specific recommendations for reducing FLW by 20% in
the near future (ReFED, 2016).

The commitment of institutions around the globe to cut FLW in half
has led researchers to include it in projections of food system sustain-
ability. A recent study estimates that the 50% FLW reduction goal
would reduce the amount of resources used by the food system by a
magnitude comparable to the reductions resulting fromwidespread di-
etary changes and technological changes in agricultural production
(Springmann et al., 2018). The goal of halving FLW has clearly gained
momentum as a policy objective. However, setting the 50% target for
the entire food system does not lend itself to developing feasible solu-
tions because of the multitude of stakeholders involved. An alternative
approach is to assess the potential effects of 50% FLW reduction at indi-
vidual stages of the FSC, where one or several policy interventions can
be implemented to achieve that waste reduction. In this study, we com-
pare the potential environmental benefits from 50% FLW reduction at
individual stages of the supply chain to help prioritize FLWreduction ef-
forts. Here, we do not account for variation in the cost of FLW reduction
efforts among different stages nor do we prescribe specific intervention
methods. Our sole focus is the potential environmental benefit of meet-
ing the 50% target at each stage of the FSC, ignoring any other potential
social or health effects.

1.5. Research question

The motivating question for this study is: Using the 50% reduction
goal as a benchmark, which stages of the FSC in the United States have
the highest potential to reduce resource use and environmental impact?
We hypothesize that reducing FLW at downstream stages of the supply
chain will avert the most environmental impacts, especially at the con-
sumer level, because more impacts are virtually embodied in that food
at later stages and because reduction at downstream stages may reduce
demand upstream (Rutten, 2013).

2. Materials and methods

2.1. Outline of approach

We took the following approach to answer our research question.
First, we modified an environmentally extended input-output (EEIO)
model (Miller and Blair, 2009) to represent the United States FSCwithin
the context of thenational economy.Weassigned the industriesmaking
up the economy to different stages of the FSC. Next, we used FLW rates
for each stage of the FSC to estimate the baseline environmental impacts
and resource use of the entire food system and the proportion of those
impacts virtually embodied in food that is lost orwasted. Finally, we cal-
culated the reductions in intermediate and final demand values that
would result from 50% reductions in the FLW rate at each individual
stage of the FSC.We used these values to estimate themaximumpoten-
tial reduction in the food system's environmental impact and resource
use that would result from reducing FLW at one or more stages of the
FSC. These estimates are upper bounds because we assumed that re-
duced demand at downstream stages causes equivalent decreases in
production upstream, and that there is no demand for potential surplus
created because of reduced waste rates. Finally, for each impact cate-
gory, we ranked stages by priority of reduction.

2.2. EEIO model

We used an EEIO model (Miller and Blair, 2009), which is an exten-
sion of the basic input-output model originally developed by Leontief
(1970), to estimate the direct and indirect environmental impacts of
the FSC. The model consists of a matrix A of coefficients representing
economic flows between industries, a final demand vector f
representing the final industry output available to consumers after ac-
counting for intermediate uses of gross industry output by other indus-
trial processes, and a matrix of coefficients B representing the direct
environmental impact of producing a given amount of output by each
industry. The productm= B(I− A)−1f is the total environmental foot-
print of satisfying the given final consumer demand across all impact
categories.

The primary source of data used to parameterize input-output
models in the United States are the Bureau of Economic Analysis'
(BEA's) input-output accounts. The BEA releases benchmark input-
output tables every five years, with 2012 being the most recent
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available year. These tables show the relationships among 389 indus-
tries classified using a scheme based on the North American Industry
Classification System (NAICS; https://www.census.gov/eos/www/
naics). Many of the BEA industry codes correspond exactly to a single
NAICS industry code, but some represent aggregations of multiple
NAICS codes.

We use the EPA's USEEIOmodel, version 1.1 (Yang et al., 2017) to es-
timate environmental impacts at each stage of the FSC. The environ-
mental impact coefficients that the EPA compiled include values
across 389 industries by 21 environmental impact categories that repre-
sent the incremental increase of environmental impact in that category
for each additional $1 of output produced by that industry. For example,
production of every $1 of output by the bread industry results in a cer-
tain amount of GHG emissions, land use, water use, etc. If consumer de-
mand for bread is increased in the model, both the direct impacts
incurred by the bread industry and the indirect impacts of bread pro-
duction (e.g., from the grain farming industry) increase. The various sat-
ellite tables in the USEEIO model were compiled from many data
sources. The results presented in this manuscript derive from the satel-
lite tables for energy, greenhouse gases, land, nitrogen, and water (see
Appendix A.1 for details on the data sources).

The USEEIOmodel has been applied to the U.S. food system (Boehm
et al., 2019; Heller et al., 2018; Ingwersen et al., 2017), but our study
represents one of the few applications of the EEIO approach to deter-
mining the environmental impacts of wasted food. To our knowledge,
similar approaches have only been applied to Australian (Reutter
et al., 2017; Reynolds, 2013), and Japanese food systems (Nakamura
and Kondo, 2009; Takase et al., 2008).

2.3. Data sources and data processing

2.3.1. Estimating baseline rates of FLW
We used a combination of data sources to estimate the loss rates for

different food commodity groups at different stages of the FSC. The FAO
(Gustavsson et al., 2013, 2011) estimated the loss rates for eleven food
groups at five stages of the FSC. The loss estimates come from disparate
data sources documented in the appendix of Gustavsson et al. (2013).
Though data for North America and Oceania are pooled, for most food
groups U.S. values were used to represent the region.

The five stages in the FAO report are agricultural production, han-
dling & storage, processing & packaging, distribution, and consumption.
We combined handling& storagewith processing& packaging to repre-
sent the processing stage, resulting in four stages (Table 1). The produc-
tion stage is assigned the agricultural production loss rate, the
processing stage is assigned the total loss rate between handling/
Table 1
Food loss and waste rates by food group and stage of the food supply chain.

Food group Stage of food supply chain Total

Production Processing Retail Consumptiona

Cereals 2.0% 11.8% 2.0% 27.0% 38.2%
Roots and
tubers

Fresh 20.0% 23.5% 7.0% 30.0% 60.2%
Processed – 23.5% 3.0% 12.0% 34.7%

Oilseeds and
pulses

12.0% 5.0% 1.0% 4.0% 20.5%

Fruits and
vegetables

Fresh 20.0% 5.9% 12.0% 28.0% 52.3%
Processed – 5.9% 2.0% 10.0% 17.0%

Meat 3.7% 6.0% 4.0% 11.0% 22.6%
Fish and
seafood

Fresh 12.0% 6.5% 9.0% 33.0% 49.8%
Processed – 6.5% 5.0% 10.0% 20.0%

Milk 3.5% 1.7% 0.5% 15.0% 19.8%
Eggs 4.0% 0.5% 2.0% 15.0% 20.4%
Sugar 2.0% 11.8% 11.0% 34.0% 49.2%
Beverages – 4.5% 5.0% 8.0% 16.5%

Modified from Gustavsson et al. (2013); see text.
a The consumption stage includes foodservice, institutional foodservice, and household

consumption.
storage and processing/packaging, and the retail stage is assigned the
distribution/retail loss rate. We used the same consumption loss rate
for the foodservice industry, institutional consumption, and household
consumption. The foodservice industry includes restaurants as well as
food sold by the transportation, recreation, and hospitality industries.
Institutional foodservice includes food provided at schools, universities,
hospitals, residential facilities, community services, and government fa-
cilities, typically by contracted foodservice operators.

The FAO dataset excludes two important categories that together
comprise a substantial portion of the food system: sugars/sweeteners
and beverages. For sugars and sweeteners, we used the FAO's loss
rates for cereal crops for the production and processing stages, and the
weighted mean of all sweetener loss rates from the USDA's Loss-
Adjusted Food Availability data series (Buzby et al., 2014) for the retail
and consumption stages. For beverages, we derived an estimate for pro-
cessing loss from a report produced in the U.K. by the Waste and Re-
sources Action Programme (WRAP, 2012), distribution loss from a
report on retail shrink rates (Retail Profit Solutions, 2012), and con-
sumption loss from anotherWRAP report (Quested andMurphy, 2014).

2.3.2. Weighting each industry by FSC proportion and food group
composition

We assigned 76 of the 389 industries in the BEA input-output table
to a stage of the FSC, assigning industries to FSC stages based on the
first digit of the industry's BEA code (Table B.1; Appendix A.2). Some
of the 76 industries belong entirely to the FSC, while others represent
aggregations of multiple smaller industries, only some of which belong
to the FSC. In addition, in order to determine the baseline FLW rate for
each industry, we determined what food commodity groups it pro-
duces. We used multiple data sources to find the proportion of each
industry's output that belongs to the FSC, as well as the proportions of
each industry's output consisting of each food commodity group
(Table B.1; Appendix A.3).

2.3.3. Limitations of data sources
There are two reasons why the FLW rates we used may be slightly

underestimated, potentially leading to even greater environmental im-
pact estimates than those reported here. First, there may be a high
amount of unreported retail loss, or retailers may attribute the loss of
product to producers or consumers. For example, retailers may refuse
to accept a shipment of imperfect produce, so that the producer is re-
sponsible for its loss. Second, on-farm loss may be underestimated; for
example, the on-farm loss rate estimate cited by FAO for all fruits and
vegetables in North America, Oceania, and Europe is derived from a sin-
gle study of potatoes in Sweden conducted in 2001, and other FAO on-
farm loss rates are derived from assumptions rather than data. Some re-
cent work shows that at least for fruit and vegetable crops, the propor-
tion of unharvested produce may be much higher than previously
thought (Johnson et al., 2018b).

The coarseness of the EEIO approach, and the high number of as-
sumptions required, may limit the precision of our results. In particular,
the EEIOmodel is a linearmodelwhich assumes that changes in produc-
tion are perfectly responsive to changes in consumption. In addition, the
model represents a single “snapshot” of economic relationships over the
course of a single year. Therefore, it assumes that responses to
technologically-driven or policy-driven changes in demand or con-
sumption takeplace instantaneously. Another limitation is the relatively
crude treatment of imports and exports. In the model, imports and ex-
ports are included as final uses of industry output but their origins and
destinations are not differentiated. A full accounting of the impact of
FLW on the environment should include the virtual environmental im-
pacts attributable to food imported into the United States. Global multi-
regional input-outputmodelswith each country represented as a region
(Lenzen et al., 2013) can be used, for example to model how biodiver-
sity threats are exported among countries (Chaudhary and Kastner,
2016; Lenzen et al., 2012). A more complete accounting of the
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environmental impacts of FLW in the United States would include the
global impacts resulting from U.S. food trade.

2.4. Estimating baseline environmental impacts of the food system

We used the 2012 BEA benchmark input-output tables to build the
EEIO model, but we mapped the 2012 BEA industry coding schema
back to the 2007 schema for compatibility with the remainder of the
model. Three of the 2012 industry codes (of a total of 389) needed to
be split, and five needed to be aggregated, to match the 2007 codes.
We renormalized the values in the new split or aggregated columns
using the ratios of total column values from the 2007 tables where nec-
essary. The resulting input-output table for 2012 was used to construct
the A matrix (commodity-by-commodity direct requirements matrix)
used in the model. Next, we evaluated the input-output model using a
final demand vector in which demand for the output of all non-FSC in-
dustries was set to zero. We multiplied the final demand for industries
that only partially belong to the FSC by the FSC proportion for those in-
dustries. Therefore, the final demand vector represents total personal
consumption expenditures on food in the United States in 2012. We
evaluated the EEIO model to yield total environmental impact values
for the following five categories: energy use, eutrophication potential
due to nitrogen (N) release, global warming potential due to green-
house gas (GHG) emissions, land use, and water use (total blue water
withdrawals).

2.5. Altering model structure to simulate 50% FLW reduction

In our analysis, we assume that reducing FLW in FSC industries (the
production, processing, retail, foodservice, and institutional industries)
reduces the intermediate inputs required for those industries to pro-
duce output. Reducing waste on the consumer side (in the foodservice,
institutional, and household consumption phases) reduces final de-
mand for food and beverages in the EEIO model. For example, if the re-
tail stage generates 50% less waste but continues to satisfy the same
amount of demand, the column of input coefficients to the retail stage
would decrease. If the household consumption stage becomes 50% less
wasteful, final demand by households for all food-related products
would decrease because households need to purchase less food in
order to attain the same level of final, non-wasted consumption. If the
foodservice or institutional foodservice stages become 50% less waste-
ful, both intermediate and final demand for those industries would
decrease.

The counterfactual final demand value dnew associated with a pro-
portional reduction r in the rate of FLW and an original demand value
dbaseline is given by Eq. (1).

dnew ¼ dbaseline 1þ pFSC
1−Wbaseline

1−Wbaseline 1−rð Þ−1
� �� �

ð1Þ

In Eq. (1), Wbaseline is the baseline rate of FLW in that industry and
pFSC is the proportion of that industry's output that is associated with
the FSC. As mentioned above, pFSC = 1 for many industry sector codes
such as “cookie, cracker, and pasta manufacturing,” but pFSC b 1 for in-
dustry sector codes such as “warehousing and storage”; the latter is an
aggregation of food and non-food industries. Eq. (1) is derived from
first principles, assuming that there is a direct linear relationship be-
tween the value of inputs and value of outputs for an industry, that
there are no additional resources required when implementing waste
prevention, that there are no by-products of waste prevention that
must be dealt with, and that the proportion of an industry's output by
value that is food is directly proportional to the proportion of its input
by value that is food.

We simulate FLW reduction in an industry by reducing all values in
the column of the direct requirements coefficients matrix by the pro-
portion given in Eq. (1), representing intermediate demand for inputs
by that industry. If households generate less FLW, the appropriate ele-
ments of the final demand vector (personal consumption expenditures
column), representing consumer purchases of agricultural products,
processed food, and food from retail stores, are reduced by the propor-
tion in Eq. (1). If less FLW is generated in one ormore foodservice indus-
tries, the elements of the final demand vector corresponding to those
industries are reduced, as well as the intermediate inputs to those in-
dustries. Altering the coefficients exogenously in this way does not re-
quire any rescaling of other coefficients (Wiebe et al., 2018). Note that
input-output models are both linear and demand-driven, requiring
the assumption that the supply curve is infinitely elastic with respect
to demand (Miller and Blair, 2009). Furthermore, wemade the assump-
tion that reduction in demand at a downstream stage (Eq. (1)) will
cause upstream producers to reduce supply by the same amount.
After applying the changes to the direct requirements coefficients and
personal consumption expenditures values and rebuilding the model,
we evaluated the model again.

We evaluated themodel for all possible combinations of 50% FLWre-
duction among the six stages (26= 64 different scenarios). In each sce-
nario, we reduced FLW by exactly 50% in one or more of the six stages.
We also evaluated the model assuming 100% FLW reduction in all six
stages. The resulting impact vector from the 100% reduction scenario
represents the total environmental impact of the food system excluding
impacts due to food that is lost or wasted. Subtracting this vector from
the baseline impact vector yields the environmental impact due to
FLW in the baseline scenario.

We repeated the above procedure for each of the thirteen food com-
modity groups separately. To disaggregate downstream FLW volumes
(foodservice, retail, and household) to individual commodity groups,
we multiplied the FLW rate for each industry by the proportion weight
for each food group. This multiplication yields the FLW rate for each
food groupwithin each industry, relative to the total volume of demand
for that industry. We used these food group-specific rates to calculate
the demand reductions associated with 50% reduction in waste of only
the target food group. Using these reductions, we created a separate pri-
oritization by stage forwaste reduction for each separate food commod-
ity group.

2.6. Characterizing uncertainty in results

2.6.1. Sources of data uncertainty
There are four sources of data uncertainty: the baseline FLW rate

data compiled by FAO from various sources, the weighting values used
to assign industries to the FSC and to different food groups, the input-
output data derived from BEA, and the environmental impact data com-
piled by EPA fromvarious sources. Because no formal uncertainty values
are provided with any of the input data, we conducted a semi-
qualitative sensitivity analysis, accounting for uncertainty in the FLW
rate data and the weighting values. Treatment of uncertainty in the
input-output coefficients and environmental impact coefficients is out-
side the scope of this study (Yang et al., 2017).

2.6.2. Distributions around parameter values
Both the FAO baseline FLW rate data and the food-nonfood propor-

tion data are proportions bounded between 0 and 1. We modeled
error around these proportions with the beta distribution, defined on
the interval [0, 1]. The beta distribution has two parameters.We can ex-
press the parameters as a function of two values, a and b, as follows:
Beta(ab,a(1 − b)). The mode is at b, and a is inversely proportional to
the width of the peak. We use the value a = 100 for all distributions
(Fig. B.2).

2.6.3. Relative uncertainty of environmental impact values
We ran a Monte Carlo uncertainty analysis to estimate the relative

confidence in results among impact categories. We created 100 repli-
cate parameter sets by taking a random draw from the beta distribution
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for each parameter value, for both the FAO-derived FLW rates and the
food-nonfood proportions. We ran the entire analysis for each of the
100 replicates and found the 2.5% and 97.5% quantiles of the total im-
pact values for each category across all replicates.

In addition to showing how much the results vary in magnitude
when varying the input values, we also calculated howoften the priority
ranking swapped orders with each replicate parameter set. We consid-
ered thedegree of confidence in each ranking to be theproportion of the
iterations of the uncertainty analysis in which the relative rank did not
change.

3. Results

3.1. Baseline environmental impacts of food loss and waste in the United
States

We found that approximately 16–18% of the total environmental im-
pact of the United States food system is associated with food that is ul-
timately lost or wasted (Fig. 2), across the categories of energy use,
eutrophication potential, GHG warming potential, land use, and water
use (blue water withdrawals). Our estimates agree reasonably well
with previously published estimates (see references in Muth et al.,
2019), with only our land use estimate exceeding a twofold difference
from any other published estimate. Our estimates of the land use,
water use, and greenhouse-warming potential of FLW were slightly
higher than previous studies, while our energy use and eutrophication
potential estimates were slightly lower. The disagreements could be
due either to differingmethodology used to estimate the total footprint
of the food system, or to different estimates of the rate of FLW. It is likely
that the high value we estimated for land use is because the USEEIO
methodology includes grazing land and pastureland, while other esti-
mates only include cropland.

3.2. Effects of halving food loss and waste at each stage of the food supply
chain

Halving FLW in all six stages would reduce the total environmental
footprint of the food system by about 8–10% across all five impact cate-
gories (Fig. 3) if reductions in demand by the industry sectors or
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Fig. 2. Baseline environmental impact due to lost or wasted food from the study (large red poin
et al., 2019 and Section 1.3 of this manuscript).
households that halve their rate of FLW result in equivalent decreases
in production by the sectors that supply them. The bulk of the environ-
mental impact reduction could be achieved by reducing FLW in the fol-
lowing three stages: food processing, foodservice, and household
consumption. For example, halving FLW across those three stages
would cut the total greenhouse gas emissions of the food system by
7.8%, with the remaining three stages only bringing the total reduction
to 8.5% (Fig. 3). The foodservice industry and food processing industries
both have high direct impacts, and the household consumption stage
accounts for a large volume of final demand. In addition, both the
foodservice industry and household consumption are at the final down-
stream point of the FSC where food is consumed. Reducingwaste in the
foodservice industry and in households has the potential to reduce de-
mand for inputs fromupstreamstages including agricultural production
and food processing.

Reducing FLW at the remaining three stages (primary agricultural
production, retail, and institutional foodservice) has little additional di-
rect effect (Fig. 3) after accounting for the indirect effects on those three
stages from reductions at the top three priority stages. The primary ag-
ricultural production stage is less influential because it is the furthest
upstream. Although reducing losses at the production stage averts the
direct impacts of production, reduced demand for agricultural products
caused by lower waste at downstream stages has the potential to cause
a much greater reduction in the resource use and emissions of agricul-
tural production. Halving the rate of FLW in the retail stage yields a
smaller impact reduction because the baseline waste rate is relatively
low. Finally, the volume of food consumed in institutional foodservice
establishments such as school and hospital cafeterias is much smaller
than the volume consumed at households and restaurants, though it
has the same baseline FLW rate. Therefore, cutting foodwaste at institu-
tions has a smaller system-wide effect.

While the absolute uncertainty in the environmental impact values
cannot be determined, the relative uncertainty is roughly similar for
four of the five impact categories we considered, but is substantially
higher for energy use (Fig. 3). Just four industries (unrefined oil and
gas, electricity, coal, and refined fuels) provide the bulk (95%) of energy
inputs to the FSC industries, and the relative proportions of energy input
from those few industries varies highly among the FSC industries.
Therefore, the energy use results are relatively more sensitive to
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Fig. 3. Simulated decrease in environmental impactwhen reducing food loss andwaste rates by 50% in each of six food supply chain stages. In each panel, a different environmental impact
category is targeted for minimization: a, energy use; b, eutrophication potential; c, greenhouse warming potential; d, land use; e, water use. The stage that would reduce that
environmental impact metric the most is reduced first, then additional stages are reduced in sequentially decreasing order of the size of impact reduction. Each panel shows the
impact expressed as a percentage of the baseline impact value. Error bars represent the 2.5 and 97.5 percentiles of impact values from a semi-qualitative sensitivity analysis; the
relative width of the error bars can be compared among categories.
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changes in the weights assigned to the different industries. Considering
the individual environmental impact categories (Fig. 3), reducing FLW
in the foodservice industry would be especially important for reducing
energy use and GHGwarming potential. Reducing FLW in the food pro-
cessing industrywouldmaximize reduction of land use and eutrophica-
tion potential. This is because cereals and meats are wasted at a higher
rate in processing than in production or retail (Table 1); livestock has a
high land use requirement and cereal requires heavy fertilization
(Fig. 4), contributing disproportionately to eutrophication. Household
food consumption has an especially high blue water footprint, largely
due to the disproportionately high rate of fresh produce waste in the
home and the high water requirements of fruit and vegetable crops
(Table 1; Fig. 4). When considering each food commodity group sepa-
rately, the prioritization order tended to be consistent across food
groups (Fig. 4; Fig. B.2). Meat and cereal grains had the highest waste-
associated impacts across most categories. Household waste of fruits
and vegetables represented a disproportionately high embodied water
loss, and beverage waste (alcoholic drinks and soft drinks) represents
a large waste of embodied GHG and energy. Finally, the relative priority
ranking of the stages within each impact category was relatively
insensitive to uncertainty in parameter values, with rankings remaining
unchanged in at least 84% of Monte Carlo iterations across all categories
(Table B.2).

4. Discussion

4.1. FLW reduction and sustainability

Transforming the food system to reduce land use and maximize the
capacity of terrestrial land to absorb CO2 emissions is critical for sustain-
ably feeding the global population and mitigating the negative effects of
climate change (IPCC, 2019). FLW reduction anywhere along the supply
chain has the potential to reduce food production, take pressure off agri-
cultural land, and decrease direct GHG emissions of the food system. Fur-
thermore, a food system with less built-in waste is not only more
sustainable but also more resilient, buffering food production from the
complex effects of global change (Schipanski et al., 2016). Risks of glob-
ally widespread crop losses are projected to increase with each addi-
tional degree of warming (Gaupp et al., 2019). Through increasing
efficiency, reducing FLW could have beneficial outcomes for the
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Fig. 4. Potential averted environmental impacts assuming 50% FLW reduction at each stage for each food commodity group separately. Each line shows the marginal increase in potential
impact averted as FLW is reduced at one additional stage, for a single food commodity group. The five commodity groupswith the largest potential averted land use impact are shown. The
y-axis at left shows the result in per capita yearly impact averted in absolute units, and the y-axis at right shows the result relative to the total baseline impact of the food system. Stages are
labeled for each food commodity group to show the prioritization order for each food group; there was little variation across groups in the order of the three stages with the greatest
marginal reduction.
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resilience of the food system and for food security without unnecessarily
enlarging the food system's environmental footprint (West et al., 2014).

Recently, calls to transform the food system tomaximize sustainabil-
ity have been framed in terms of the circular economy (EllenMacArthur
Foundation, 2019; Rood et al., 2017). In the present study, we did not
explicitly model interconnections among industries in which product
that is prevented from being lost or wasted by one industrial process
is used as input to another industry. However, we emphasize that
transitioning to a circular economy in the context of FLW does not
only refer to developing alternative uses for already wasted product,
but also reducing the use of natural resources across the food system.
FLWprevention is a key component of this transition. Below, we outline
potential interventions that could contribute to FLW prevention in the
priority FSC sectors we identified in this study.

4.2. Priority interventions to minimize the environmental impact of FLW

If the goal of FLW reduction is to minimize environmental impacts,
efforts should be concentrated at the food processing, foodservice, and
household consumption stages. At each of those three stages, there
are a number of actions that could be taken to reduce FLW, including
technology enhancements, policy changes to regulate the actions of
processors and retailers (such as limiting organicwaste disposal in land-
fills or facilitating donations), and behavioral interventions that directly
influence consumer choices (Muth et al., 2019). It is important to note
that an intervention designed to reduce FLW at one particular stage
may actually be implemented at a different stage; for example, packag-
ing or labeling changes that influence consumers to discard less food in
the home would be implemented and presumably paid for by proces-
sors or retailers. In such a case, government incentives might help en-
courage processors or retailers to adopt the new FLW reduction
technology (Katare et al., 2017).

Many possible interventions have the potential to reduce FLW. At
the food processing stage, where manufacturers are already highly mo-
tivated by the desire to maximize profit, the most effective interven-
tions are likely to be technological solutions that improve logistics or
improve forecasting capability to guide proper production quantity.
These interventions include improved cold chainmanagement or direct
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shipments from manufacturers to retail distribution centers (ReFED,
2016).

In the foodservice industry, inventorymanagement systems and an-
alytics show promise for preventing FLW by optimizing the quantity of
food purchases and the size of batches to prepare. Most policies aimed
at reducing foodservice waste, such as an ordinance enacted in the
city of San Francisco, have focused on reducing the use of non-
recyclable packaging materials such as polystyrene foam containers
(San Francisco Department of Environment, 2013). However, the high
resource-use intensity of food wasted at foodservice establishments
likely means that reducing the volume of FLW could yield greater ben-
efits than reducing packaging.

At the household stage, achieving large reductions in FLW may be
more difficult due to the large number of individual consumer decisions
involved. Technological interventions implemented by manufacturers
and retailers may be the most effective way to reduce household FLW.
These solutions include optimization of package sizes (ReFED, 2016),
standardized date labeling (Wilson et al., 2018), or smart labels that in-
dicate freshness by changing color (Rossaint and Kreyenschmidt, 2015).
Education and awareness campaigns aimed at directly influencing con-
sumer behavior have also been piloted, such as in the U.K. by WRAP
(Yamakawa et al., 2017) and in the United States (US EPA, 2016), but
are very costly and have rarely been shown to have persistent effects
after the end of the campaign.

The results of this study suggest which stages of the FSC are the
most promising targets for waste reduction interventions. However,
when evaluating specific interventions to reduce FLW, the environ-
mental benefits should be compared to the costs of implementation
(Ellison et al., 2019; Muth et al., 2019). Such a comparison must ac-
count for which individuals or institutions incur the cost of the inter-
vention, as well as who benefits (Ellison et al., 2019). Predicting the
effectiveness of interventions at national or regional scales may be
difficult because most studies of FLW reduction interventions have
been local in scope (Reynolds et al., 2019), and both the costs and ef-
fectiveness of individual interventions may vary regionally (US EPA,
2016).
4.3. Rebound effects

Our approach assumes that reducing FLW at a particular stage in
the supply chain will propagate backward through the FSC and result
in reduced production in proportion to the downstream increase in
demand. In reality, efficiency gains, in this case FLW reductions by
businesses or consumers, are partially offset by increased consump-
tion of the same good (Hamilton and Richards, 2019; Rutten, 2013)
or respending on other goods and services that have their own envi-
ronmental footprint (Salemdeeb et al., 2017) – respectively, primary
and secondary rebound effects. Most studies of FLW interventions
have not adequately assessed rebound effects (Reynolds et al.,
2019).

It is possible that a reduction in FLW at the downstream (con-
sumption) end of the supply chain will initially decrease the prices
of food due to decreased demand, thereby increasing some food pur-
chases and thus subsequently increasing food production (Drabik
et al., 2019). In contrast, FLW reduction at the upstream (produc-
tion) end might have other consequences. If agricultural producers
reduced on-farm food losses without simultaneously decreasing
production, the increased amount of output they would provide to
processors and consumers could potentially end up wasted further
downstream along the supply chain, after incurring the additional
environmental impacts associated with processing and distribution.
Thus, the results presented in this paper represent an upper bound
on potential impact reduction, because rebound effects and effects
due to price changes would both tend to increase system-wide envi-
ronmental impact.
5. Conclusion

Reducing FLW is a component of the transformations necessary to
keep the food system's impacts within planetary boundaries
(Springmann et al., 2018). With growing interest in the problem, new
solutions are constantly being proposed, but we know little about
their potential effectiveness. This study presents a first-order estimate
of the potential benefits of FLW reduction and identifies the food pro-
cessing and foodservice sectors, as well as households, as the three
most promising areas to target for FLW interventions. Future research
will incorporate data on cost-effectiveness of specific interventions to
refine the prioritization presented here. In addition, policymakers are
not only responsible for reducing FLW but also for ensuring equitable
access to food for everyone. We recommend that future research on
FLWsimultaneously addressminimizing environmental impact and im-
proving food access.

The conclusions of our study are dependent on the reliability of the
baseline FLWrate data.While the rates of household andmanufacturing
waste provided by FAO tend to be well-supported by data, the rates for
on-farm and retail losses are based on conservative assumptions or data
from one or a few studies. As new data are collected (Johnson et al.,
2018b), those rates may be revised upward, potentially affecting the
prioritization presented in this study. In this context, we recommend
that any future FLW interventions have a strong component ofmonitor-
ing and data collection, enabling policymakers to identify the best can-
didate interventions to implement at large scale. In addition, we
recommend thatwaste-reducing interventions be implemented atmul-
tiple stages simultaneously to minimize unwanted feedback effects in
which reduced FLW at one stage leads to an oversupply of unwanted
product at another. Finally, the most important goal of FLW reduction
interventions should be source reduction – preventing waste from oc-
curring in the first place. To prevent waste at the source, we must re-
move incentives to generate it. Currently, market conditions
incentivizemany stakeholders tomaintain the current level of FLWpro-
duced by the food system. For example, the foodservice industry is mo-
tivated to sell large portions to customers to justify higher prices, and
consumers may purchase more food than they need to reduce the fre-
quency of shopping trips. Creating positive incentives to reduce waste
at all stages of the FSC is the most important avenue to reduce the rate
of food loss and waste to a sustainable level.
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