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A B S T R A C T   

The food production and supply systems are some of the biggest contributors to climate change, and food loss 
from the entire food chain aggravates the problem. We developed a model to estimate the GHG emissions from 
the entire food cycle (production, packaging, transportation, refrigeration, and waste management), and applied 
it to cherries, onions, and plums, the first time these produce have been assessed comprehensively in the United 
States. We pulled into the analysis 6 additional fruits and vegetables for which California accounts for more than 
50% of U.S. production and which we have assessed at least partially earlier: strawberries, avocados, lemons, 
celery, oranges, and tomatoes. We assessed uncertainty for 34 parameters through Monte Carlo simulation. The 
total life-cycle food losses for one unit of cherries, onions, and plums produced are 66%, 57%, and 44%, 
respectively. The consumer stage contributes most of the food loss for eight of the nine produce. The results show 
that food loss contributes 19–61%, transportation 14–46%, packaging 11–31%, and farm production 7.7–30% to 
the total emissions. Alternative packaging was also explored. Polyethylene produce bags substituted with PLA 
bags can lower the total food-loss-inclusive emissions by only 7%, 5%, and 4% for tomatoes, oranges and onions, 
respectively. Forgoing retail-provided PE bags for produce that are not pre-packaged could reduce total GHG 
emissions by 12%, 10%, 6%, 6%, and 4% for one unit of tomatoes, onions, lemons, plums, and oranges, 
respectively. The GHG emissions for the 9 produce can be significantly reduced by decreasing consumer-level 
food loss. For tomatoes and onions, more than half of the emissions due to food loss can be offset by forgoing 
packaging at the retail stores.   

1. Introduction 

Providing sufficient food for the world’s growing population while 
reducing the impacts on the environment is one of the major challenges 
of the 21st century (United Nations, 2015). Food consumption contrib-
utes a significant proportion to the world’s energy use and greenhouse 
gas (GHG) emissions (Camilleri et al., 2019; Clune et al., 2017; Hu et al., 
2016). Agricultural production accounts for 19–29% of annual global 
GHG emissions, generating 9,800–16,900 megatons of carbon dioxide 
equivalent (CO2 eq.) (Vermeulen et al., 2012). A recent study found that 
food-system emissions contributed 34% to the total GHG emissions 
globally due to agricultural and land use activities (Crippa et al., 2021). 
A European analysis found that 31% of the EU-25’s GHG impacts were 
contributed by food (Tukker et al., 2006). A recent study estimated that 
the U.S. food system is responsible for 985 megatons of CO2 eq. or 3200 
kg of CO2 eq. per capita per year (Hitaj et al., 2019). Beside the energy 

sector, transportation, buildings, and industry, the food sector has a 
significant responsibility to lower its environmental footprint. 

The food chain generates GHG emissions at all phases in its life cycle 
from the farm to processing, packaging, transportation, refrigeration, 
retailing, consumption, and waste management. Among the food-related 
emissions, food loss and packaging are thought to be significant sources 
of GHG emissions. A study based on U.S. diets indicates that food loss 
accounted for 34% of GHG emissions, 35% of energy use, and 34% of 
blue water use to the total food-related resource consumption (Birney 
et al., 2017). Packaging also accounts for a large proportion of the food 
carbon footprint, contributing about 20% to the emissions associated 
with fruits and vegetables (Heller, 2017). These are aggregate estimates. 
The task for industry and assisting researchers is to attribute emissions to 
specific food items and find ways to make food chains more environ-
mentally friendly. 

In this monumental task, life-cycle assessment (LCA) has an essential 
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role. It is a quantitative method that is performed according to the ISO 
14040 and 14044 principles, focuses on all life-cycle stages of a product, 
process or service, documents the steps and assumptions of the analysis, 
catalogues the data, and interprets the findings so that decisions can be 
made with confidence. Many studies on food products have used LCA to 
identify hotspots of environmental impacts and offer directions for 
improvement (Canaj et al., 2020; Cellura et al., 2012; Del Borghi et al., 
2014; Roy et al., 2009). 

The number of papers across the vast range of food items is impos-
sible to cite, but to date, the most comprehensive summary of the field 
has been provided in Clune et al.’s (2017) study, which evaluated 369 
LCA studies that covered 168 food types and 1718 values of GHG 
emissions. A trend that has emerged from the Clune et al. (2017) paper is 
that although the applications of LCA techniques to food studies have 
increased, there are relatively few analyses available for fruits and 
vegetables, considered high-value, specialty, fresh, and perishable pro-
duce that we should be consuming more of in a healthy diet. 

In this article, for the first time in the United States, we estimate the 
GHG emissions of three fruits and vegetables: cherries, plums, and on-
ions. Table 1 lists the available LCA studies over the past decade. The 
life-cycle GHG emissions of one kilogram of cherries range from 0.26 to 
0.88 kg CO2 eq., and the emissions for one kilogram of onions range 
from 0.21 to 0.42 kg CO2 eq. One kilogram of plum production emits 
0.88 kg CO2 eq. emissions. However, several of these studies did not 
consider comprehensively the emissions due to food loss, and packaging 
was omitted. The growing regions may not be significant (e.g., Norway), 
representative, or specific. The United States, on the other hand, is the 
world’s second largest producer of cherries (FAOSTAT, 2019a), third for 
plums (FAOSTAT, 2019b), and fourth for onions (FAOSTAT, 2019b). 

Even beyond the articles shown in Table 1, most of the limited 
number of LCA studies on high-value produce only focus on the cradle- 
to-farm-gate phase, and do not consider food loss anywhere in the food 
cycle, packaging, or waste management of food waste and packaging 
(Astier et al., 2014; Cerutti et al., 2014; Khoshnevisan et al., 2013; 
Knudsen et al., 2011; Pergola et al., 2013). To our knowledge, the 
question of whether food loss or packaging contributes more to the total 
GHG emissions of food cycles has also not been addressed yet. 

2. Methods and data 

To help fill the gap in food environmental assessment studies, we 
have developed a model to estimate the GHG emissions from the entire 
life cycle of fruits and vegetables (from farm to consumers and waste 
management), and considered the food loss in each life-cycle stage. We 
have also evaluated the emission differences in switching from typical 
customer packaging to alternative packaging. The functional unit in the 
study is one packaging size of produce. We also included the detailed 
food loss results per serving size of produce. 

The life cycle of produce covered in our study consists of the 
following stages (Fig. 1): farm production, packaging, farm-to-retail 
transportation and refrigeration, retail refrigeration and sales, con-
sumption, and end of life (waste management). We evaluated food loss 
at four main stages, and the categorization of food loss stages was 
inspired by the FLW Standard, the UN Food and Agricultural Organi-
zation’s definition, and the FUSIONS Definitional Framework for Food 

Waste (FAO, 2013; Hanson et al., 2016; Östergren et al., 2014). Table S1 
in the Supplementary Material presents the glossary of terms used in the 
study. Note that the retail-to-consumer stage is not included in the 
environmental assessment of produce because it varies with the con-
sumer’s choices to carry home the produce. 

For one unit of consumed food, the total emissions from cradle to 
grave are: 

Et = Ec + El (1)  

where Ec denotes the cradle-to-grave emissions without food loss for 
one unit of consumed food; El is the cradle-to-grave emissions from food 
loss for one unit of consumed food. 

The life-cycle emissions without consideration of food loss ( Ec) for 
one unit of consumed food can be calculated as: 

Ec = Epr + Epa + Et + Ert + Ere + Erh + Ew (2)  

where Epr is the emissions of food production; Epa denotes the emissions 
of food packaging; Et is the emissions of food transportation; Ert is the 
emissions of food refrigeration in truck transportation; Ere is the emis-
sions of food refrigeration in a retail store; Erh is the emissions of food 
refrigeration at home; Ew is the emissions of waste management of 
packaging materials for consumed food. The detailed calculation steps 
and data used to assess emissions associated with production, on-farm 
and customer packaging, transportation, refrigeration in the truck, 
refrigeration in the retail store, consumption at home, and waste man-
agement are included in the Supplementary Material (Section S5-S8). 

The production data were sourced from the “cost and return studies” 
of the University of California, Davis, and they are representative of the 
newest data (2016-2017) for Californian growing practices (Bolda et al., 
2016; Day et al., 2016; Grant et al., 2017; O’Connell et al., 2015a, 
2015b; Takele et al., 2013, 2011; Turini et al., 2018; Wilson et al., 2016). 
The state produces 95% of U.S. plums (UCDavis, 2021), the most onions 
(Lazicki et al., 2016), and is second in cherry growing (Shahbandeh, 
2020). Detailed data of production inputs and yields are provided in the 
Supplementary Material (Table S2). 

The packaging of agricultural produce consists of two stages: (1) 
packaging on the farm, usually in large boxes, and (2) packaging for 
retail sale, which can be in plastic boxes and produce bags or pouches. In 
some stores, produce is available for purchasing in bulk, without indi-
vidual packaging. 

Fig. 2 illustrates the food packaging assessed. Big carton boxes are 
used in bulk delivery of produce from the farm to the point of retail sale 
(Fig. 2 (a)). We also considered the packaging in retail stores, which 
includes default packaging for the produce in retail stores and alterna-
tive packaging that customers can use to carry the produce home (Fig. 2 
(b)). For example, cherries are typically packaged in polyethylene (PE) 
pouches. Onions and plums are most often displayed in bulk in the 
stores, and customers can choose to use the provided PE produce bags or 
forgo packaging and carry the produce home in their own shopping 
bags, commingled with other purchased goods. We estimated the 
emissions associated with the amount of typical packaging for 1 kg of the 
produce. Detailed information on packaging methods and materials can 
be found in the Supplementary Material (Tables S7 and S8). 

The cradle-to-grave GHG emissions from food loss El can be calcu-
lated for one unit of consumed food as: 

El =
∑4

i=1
ri(ei + Wi) (3)  

where ri is the food loss ratio of food loss phase i (i= 1 is the on-farm 
phase; i = 2 is the farm-to-retail phase; i= 3 is the retail phase; i= 4 is 
the consumption phase); fi denotes the emissions of food production, 
transportation, and refrigeration of the wasted food during phase i; and 
Wi is the parameter for emissions associated with food waste manage-
ment at phase i. e1 includes the emissions of food harvesting; e2 includes 

Table 1 
LCA studies on cherries, plums, and onions.  

Source Produce Region Emissions (kg CO2/kg) 

Svanes and Johnsen (2019) Cherries Norway 0.64 
Rana et al. (2019) Cherries Italy 0.58 
Clune et al. (2017) Cherries World average 0.26–0.88 
Tassielli et al. (2018) Cherries Italy 0.44 
Svanes and Johnsen (2019) Plums Norway 0.88 
Maraseni et al. (2010) Onions Australia 0.21 
Wiltshire et al. (2009) Onions UK 0.42  
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the emissions from food harvest, on-farm packaging, transportation, and 
refrigeration in the truck; e3 includes the emissions of food harvesting, 
on-farm packaging, transportation, and refrigeration in the truck and 
retail store, e4 includes the emissions of food harvesting, on-farm 
packaging, transportation, and refrigeration in the truck and retail 
store, customer packaging and home refrigeration storage. 

The emissions from waste management of discarded food and 
packaging for each phase can be calculated as: 

Wi = ti +
∑5

n=1
rfn,ifn,i + rpn,ipn,i (4)  

where ti denotes the emissions from transporting the food and packaging 
wastes in the food loss phase i; n is the waste management method (n = 1 
is incineration; n = 2 is landfilling; n= 3 is composting; n = 4 is 
anaerobic digestion; n= 5 is recycling); rfn,i is the ratio of food waste 
management for the waste management method n; fn,i is the emission 
factor of the food waste management method n; rpn,i is the ratio of 
packaging waste management for the waste management method n; pn,i 

is the emission factor of the packaging waste management method n. 
Table 2 shows the food loss ratios, the rate of wasted food to food 

available for final consumption. The on-farm food loss ratio represents 
the produce left on the field after harvest as a proportion of the food 

Fig. 1. Flow diagram of assessed food cycle and food loss stages and processes in the study.  

Fig. 2. Diagram of food packaging considered in the food supply chain. Typical packaging types and sizes are analyzed in the study.  
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intended for human consumption. The farm-to-retail food loss ratio 
denotes the ratio of food lost before retail to the food sold at the farm. 
The retail-level food loss ratio represents the rate of unsold food to total 
food for sale. The consumer-level food loss ratio is the percentage of 
uneaten food to purchased food. The on-farm data came from field 
studies (Baker et al., 2019; Campbell and Munden-Dixon, 2018; Franke 
et al., 2016; McKenzie et al., 2017; Svanes and Johnsen, 2019). The food 
loss ratios at the farm-to-retail, retail, and consumer phases were 
extracted from the LAFA dataset (USDA Economic Research Service, 
2019) . 

The life-cycle food losses for one unit of produced cherries, onions, 
and plums are 66%, 57%, and 44%, respectively. That means, for 
example, that 15% of cherries will be lost on the farm after 1 kg was 
produced (thus 0.85 kg leaves the farm). Then 8% of the remaining 
cherries will be lost during transportation from farm to retail, followed 
by an additional loss of 10% in retail and about 50% in the consumer’s 
home. Therefore, of the original 1 kg of cherries produced, only about 
34% will be eaten. From the consumption perspective, the Sankey dia-
grams in Figs. 3–5 show that 1.9, 1.3, and 0.75 units of produce are 
wasted for every unit of cherries, onions, and plums consumed, 
respectively. For example, in order to consume 1 kg of cherries, 2.9 kg of 
cherries need to be grown on the farm; 0.45 kg will be wasted on the 
field; 0.20 kg will be spoiled during transportation from farm to retail; 
0.23 kg will be thrown away at retail stores, and 1.0 kg will be thrown 
away at home. 

On-farm and consumer-level food-loss ratios vary significantly across 
the different produce, while the farm-to-retail and retail-level loss ratios 
are similar. Consumer-level food loss is the top contributor to total food 

loss, adding about one-half for cherries, onions, and plums. On-farm 
losses contribute about a half to the total food loss for onions. 

The model considers 34 main life-cycle inventory (LCI) parameters 
associated with each produce’s supply chain, including food loss ratios 
in each phase, transportation distances, refrigeration duration, emission 
factors of energy, fertilizer, biocides, packaging materials, and waste 
management practices, etc. (Energy Star®, 2020; Fricke and Becker, 
2010; Hottle et al., 2017; Karakaya and Özilgen, 2011; Nahlik et al., 
2016; Sanjuán et al., 2014; Taptich and Horvath, 2014; Tassou et al., 
2012; Vink and Davies, 2015). Table 3 presents the key parameters and 
assumptions for environmental assessment of cherries, onions, and 
plums. The detailed LCI parameters can be found in the Supplementary 
Material (Tables S10.1–S10.9). 

Uncertainty assessment. We performed Monte Carlo simulation to 
explore the uncertainties in the 34 parameters used in our model. The 
probability distribution functions of the parameters can be found in the 
Supplementary Material (Tables S10.1–S10.9). The uncertainty sources 
included food loss ratios, transportation distances, refrigeration times, 
and emission factors for materials, electricity, fuels, refrigeration, and 
waste management covering the four food supply phases. The ranges of 
on-farm food loss ratios and packaging emission factors were based on 
the existing literature (Baker et al., 2019; Hottle et al., 2017; Johnson 
et al., 2018; Sturges et al., 2019; Vink and Davies, 2015). Based on how 
much confidence we had in the accuracy of data, we assumed uncer-
tainty ranges of 20% for the emission factors for electricity, fuels, 
refrigeration, transportation, and materials used on the farm, and un-
certainty ranges of 50% for the emission factors of food and packaging 
waste management and refrigeration time. Triangular distributions were 
assigned to the parameters because they are appropriate here and are 
commonly used to present uncertainties of parameters in LCA 
(Björklund, 2002; Heard et al., 2019; Huang et al., 2020; Lloyd and Ries, 
2007; Qin and Suh, 2017). We conducted 10,000 iterations for each 
produce. The ranges, which indicate 95% uncertainty intervals of the 
simulated results, are presented as error bars in Fig. 6. 

3. Results and discussion 

The 100-year global warming potential (GWP) results are illustrated 
in Figs. 6–8. The total GHG emissions (Et) for one packaging size of 

Table 2 
Food loss rates for cherries, onions, and plums.   

Cherry Onion Plum 

On-farm (Baker et al., 2019; Campbell and 
Munden-Dixon, 2018; Franke et al., 2016; McKenzie 
et al., 2017; Svanes and Johnsen, 2019) 

15% 15% 13% 

Farm-to-retail (USDA Economic Research Service, 
2019) 

8.0% 6.0% 5.0% 

Retail (USDA Economic Research Service, 2019) 10% 6.5% 5.5% 
Consumer (USDA Economic Research Service, 2019) 51% 43% 27%  

Fig. 3. Sankey diagram for the production and food loss of one kilogram of cherry consumption. Ec covers the life-cycle emissions for consumed food from pro-
duction, packaging, transportation, and refrigeration in the truck, retail store, and consumer’s home. El covers the cradle-to-grave emissions from total food loss. 
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consumed fruits and vegetables, accounting for farm production, pack-
aging, transportation, refrigeration during transportation, retail opera-
tions, home refrigeration, food loss, and waste management are shown 
in Fig. 6. To put the results for cherries, plums, and onions into context, 
and be able to make stronger points, with more data, about the signifi-
cance of farm production, packaging, transportation, and food loss, we 
pulled into the analysis 6 additional fruits and vegetables for which 
California supplies more than 50% of U.S. production: strawberries, 
avocados, lemons, celery, oranges, and tomatoes. The first four we have 
assessed previously in (Qin and Horvath, 2020a, 2020b), and oranges 
were partially analyzed in (Bell and Horvath, 2020). A tomatoes analysis 
we have not yet published (Bell et al., 2021). The analysis of alternative 

packaging and food loss for oranges and tomatoes has not yet been 
published. The Sankey diagrams and the probability distribution func-
tions (Tables S10.1–S10.9) for the six are included in the Supplementary 
Material. Tables S2 and S3 presents the key parameters and assumptions. 

The U.S. retail packaging sizes for avocado, lemon, onion, orange, 
plum, and tomato are one unit, and for strawberry, cherry, and celery 
are 454 g (1 pound) (U.S. Department of Agriculture, Agricultural 
Research Service, 2019). Food loss contributes 61%, 49%, 44%, 40%, 
and 40% to the total emissions (Et) of cherries, onions, plums, straw-
berries, and celery, respectively. Transportation contributes 42%, 33%, 
33%, 31% to the total emissions of tomatoes, plums, celery, and onions, 
respectively. Cherries and strawberries are packaged in PE pouches and 

Fig. 4. Sankey diagram for the production and food loss of one kilogram of onion consumption.  

Fig. 5. Sankey diagram for the production and food loss of one kilogram of plum consumption.  
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PET clamshells, respectively, and the other seven produce are packaged 
in PE produce bags. Packaging contributes 31%, 25%, 24%, and 20% to 
the total emissions of tomatoes, strawberries, oranges, and avocados, 
respectively. Production contributes 31%, 27%, and 22% to the total 
emissions of avocados, oranges, and lemons, respectively. In general, 
food loss is the largest contributor to total GHG emissions of produce 
from cradle to grave. Overall, food loss contributes 19–61% to the total 
emissions for the nine produce, transportation 14–46%, packaging 
11–31%, and production 7.7–30%. The food loss contributions to GHG 
emissions ranged from 22 to 43% for fresh produce from a previous 
study of various types of food, while that study only provided the food 
loss analysis for three fresh produce (Heller et al., 2019). The detailed 
contribution results can be found in the Supplementary Material 

(Table S11). 
Fig. 7 presents GHG emissions due to food loss for the 9 produce per 

serving size in the four life-cycle phases. The serving sizes for avocados, 
celery, cherries, lemons, onions, oranges, plums, strawberries, and to-
matoes are 0.05, 0.51, 0.14, 0.084, 0.11, 0.14, 0.066, 0.14, and 0.091 
kg, respectively. The emissions due to food loss are 0.13, 0.13, 0.028, 
and 0.022 kg CO2 eq. for one serving size of cherries, strawberries, or-
anges, and avocados, respectively. The emissions from consumer-level 
food loss contribute, on average, the largest fraction of the total emis-
sions because the food loss rates at the consumer level are high, and the 
consumer stage cumulates all the embodied emissions from the previous 
phases. The emissions associated with food loss at the consumer level 
contribute 89%, 82%, 70%, and 70% of the total emissions of food loss 
for oranges, onions, cherries, and plums, respectively. The food loss 
emission results from our study are consistent with a previous study that 
found that more than 40% of food loss emissions occurs at the retail and 
consumer level (Heller and Keoleian, 2015). On-farm food loss con-
tributes 91%, 44%, and 35% of the total emissions of food loss for to-
matoes, celery, and strawberries, respectively. 

We also explored how the total emissions of produce would change 
by switching to different packaging from the consumer side. They can 
choose to forgo store-provided PE produce bags for avocados, celery, 
lemons, onions, oranges, plums, and tomatoes, or use PE produce bags 
instead of PE pouches or PET clamshells for cherries and strawberries. 
The results of total emissions which used the alternative packaging 
methods were compared with those using the typical packaging 
methods, and the percentage changes are indicated in Fig. 6. Switching 
to no packaging from using PE bags reduced GHG emissions by 12%, 
10%, 6%, 6%, and 4%, for one unit of tomato, onion, lemon, and plum, 
and orange, respectively. For tomatoes and onions, more than half of the 
emissions due to food loss can be offset by forgoing packaging at the 
retail stores. 

Fig. 8 compares the emissions from one produce bag and one pack-
aging size of produce, including food loss without customer packaging. 
The emissions from one PE produce bag and one polylactic acid (PLA) 
produce bag are 0.0044 CO2 eq. and 0.0014 CO2 eq., respectively. The 
emissions of one PE produce bag are 11%, 7%, 7%, 6%, and 6% of the 
total emissions, including food loss, for one tomato, orange, lemon, 
onion, and plum, respectively. If we substitute PE produce bags with 
PLA produce bags, the total food-loss-inclusive emissions can be lowered 
by 7%, 5%, and 4% for tomatoes, oranges, and onions, respectively. 

4. Conclusions 

This study has evaluated the GHG emissions of high-value produce, 
including all life-cycle stages, food loss, packaging, and management of 
packaging and food waste. The analysis focused on production and 
consumption in California, but the results are applicable to other states 
in the United States because the food-loss rates from farm gate to con-
sumer represent the national average, and the study uses typical con-
sumer packaging methods in the United States. However, factors such as 
transportation distances, refrigeration periods, and emission factors 
would need to be adjusted in an analysis for another state or region 
(Cicas et al., 2007) (Vergara et al., 2011). 

The results showed that food loss contributes 61%, 49%, 44%, 40%, 
and 40% to the total emissions of cherries, onions, plums, strawberries, 
and celery, respectively. Transportation contributes 42%, 33%, 33%, 
31% to the total emissions of, tomatoes, plums, celery, and onions, 
respectively. Packaging contributes 31%, 25%, 24%, and 20% to the 
total emissions of tomatoes, strawberries, oranges, and avocados, 
respectively. Production contributes 31%, 27%, and 22% to the total 
emissions of avocados, oranges, and lemons, respectively. In general, 
food loss, transportation, packaging, and production contribute 36%, 
28%, 19%, and 19%, respectively, to the total emissions for the nine 
produce on average. Even when the very impactful food loss is 
accounted for, packaging contributes more than 6% to the total life- 

Table 3 
Key LCI parameters and assumptions used in the study.   

Unit Cherry Onion Plum 

Assumption     
Transportation distance from 

farm to retail 
km 300 300 300 

Transportation distance of 
waste 

km 30 30 30 

Refrigeration period in retail Day 3 0 0 
Refrigeration period at home Day 2 0 0 
Emission factor     
Truck transportation (Taptich 

and Horvath, 2014) 
kg CO2 eq./ 
(kg*km) 

0.00036 0.00036 0.00036 

Transportation refrigeration ( 
Tassou et al., 2012) 

kg CO2 eq./ 
(m3*km) 

0.0025 0.0025 0.0025 

Retail refrigeration (Fricke and 
Becker, 2010; Sanjuán et al., 
2014) 

kg CO2 eq./ 
(m3*day) 

2.0 2.0 2.0 

Paperboard packaging ( 
Karakaya and Özilgen, 2011) 

kg CO2 eq./ 
kg 

1.1 1.1 1.1 

PET packaging (Hottle et al., 
2017) 

kg CO2 eq./ 
kg 

2.7 2.7 2.7 

PE packaging (Hottle et al., 
2017) 

kg CO2 eq./ 
kg 

1.9 1.9 1.9 

PLA packaging (Vink and 
Davies, 2015) 

kg CO2 eq./ 
kg 

0.62 0.62 0.62 

Home refrigeration (Energy 
Star, 2020) 

kg CO2 eq./ 
(m3*day) 

0.80 0.80 0.80  

Fig. 6. GHG emissions for 9 fruits and vegetables at the consumer level in 
typical retail packaging and sizes. The percentages above the bars indicate the 
changes in GHG emissions when switching from typical packaging to alterna-
tive packaging. The typical packaging includes PE produce bags for avocados, 
celery, lemons, onions, oranges, plums, and tomatoes, PE pouches for cherries, 
and PET clamshells for strawberries. The alternative packaging includes PLA 
produce bags for cherries and strawberries, and forgoing packaging for 
avocados, celery, lemons, onions, oranges, plums, and tomatoes. 
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cycle emissions for tomatoes, onions, oranges, lemons, and plums. 
We have found that consumer-level food loss is the top contributor to 

total food losses of eight of the nine produce. As much as 80% of the total 
food loss can be saved at the consumer level. However, the food loss 
rates are based on the EPA LAFA database, which does not consider 
regional differences and relies on household surveys on food waste 
instead of direct measurements. A comprehensive database with mea-
surement data on food loss, including regional characteristics, would be 
beneficial to understand the actual food loss and associated environ-
mental impacts. 

Two main recommendations for reducing food-related emissions 
from our study include reducing consumer-level food loss and avoiding 
the use of PE produce bags for produce. Though changing consumer 
behavior may not be easy, educating consumers about rational pur-
chasing and the environmental impacts of fruits and vegetables may 
help consumers reduce food loss and their environmental footprint. 
Studies have suggested that reducing food loss is an effective strategy to 
reduce GHG emissions, saving about 30% of the total GHG emissions 
(Clark et al., 2020; Xue et al., 2021). But if the emission intensity at the 
food production stage is reduced, the effectiveness of GHG reduction 

will be weakened (reduced by only about 10%) (Hu et al., 2020). 
Avoiding the use of store-provided PE produce bags can save up to 11% 
of the total emissions for produce such as onions and tomatoes. How-
ever, improved primary packaging can help reduce food loss for fresh 
and processed food by reducing damage in distribution and handling 
(Heller et al., 2019; Wikström and Williams, 2010; Yokokawa et al., 
2018). Future study is needed to evaluate the impact of forgoing 
customer packaging in the store, e.g., the use of PE produce bags, on 
food loss in transporting to and storing the produce at home. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

This material is based upon work supported by the National Science 
Foundation under Grant No. 1739676. Any opinions, findings, and 

Fig. 7. GHG emissions due to food loss for 9 fruits and vegetables in the four life-cycle phases.  

Fig. 8. Comparison between the emissions of one produce bag and emissions of food including food loss from the four life-cycle phases.  

Y. Qin and A. Horvath                                                                                                                                                                                                                        



Resources, Conservation & Recycling 176 (2022) 105945

8

conclusions or recommendations expressed in this material are those of 
the authors and do not necessarily reflect the views of the National 
Science Foundation. 

Supplementary materials 

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.resconrec.2021.105945. 

References 

Astier, M., Merlín-Uribe, Y., Villamil-Echeverri, L., Garciarreal, A., Gavito, M.E., 
Masera, O.R., 2014. Energy balance and greenhouse gas emissions in organic and 
conventional avocado orchards in Mexico. Ecol. Indic. 43, 281–287. https://doi.org/ 
10.1016/j.ecolind.2014.03.002. 

Baker, G.A., Gray, L.C., Harwood, M.J., Osland, T.J., Tooley, J.B.C., 2019. On-farm food 
loss in northern and central California: results of field survey measurements. Resour. 
Conserv. Recycl. 149, 541–549. 

Bell, E., Qin, Y., Horvath, A., 2021. Optimal allocation of tomato supply to minimize 
greenhouse gas emissions in major US metropolitan markets. Submitted. https://doi. 
org/10.21203/rs.3.rs-131252/v1. 

Bell, E.M., Horvath, A., 2020. Modeling the carbon footprint of fresh produce: effects of 
transportation, localness, and seasonality on US orange markets. Environ. Res. Lett. 
15, 034040. 

Birney, C.I., Franklin, K.F., Davidson, F.T., Webber, M.E., 2017. An assessment of 
individual foodprints attributed to diets and food waste in the United States. 
Environ. Res. Lett. 12, 105008. 

Björklund, A.E., 2002. Survey of approaches to improve reliability in LCA. Int. J. Life 
Cycle Assess. 7, 64–72. 

Bolda, M.P., Tourte, L., Murdock, J., Summer, D.A., 2016. Sample Costs to Produce and 
Harvest Strawberries: Central Coast Region, Santa Cruz and Monterey Counties. 
University California Agriculture and Natural Resources. 

Camilleri, A.R., Larrick, R.P., Hossain, S., Patino-Echeverri, D., 2019. Consumers 
underestimate the emissions associated with food but are aided by labels. Nat. Clim. 
Change 9, 53–58. 

Campbell, D., Munden-Dixon, K., 2018. On-farm food loss: farmer perspectives on food 
waste. J. Ext. 56 (3), 1–8. 

Canaj, K., Mehmeti, A., Cantore, V., Todorović, M., 2020. LCA of tomato greenhouse 
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