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Globally, approximately one-third of food produced for human consumption is lost or

discarded, comprising 1. 3 billion tons annually. Factors contributing to food waste from

the food manufacturer to the consumer level are numerous. Events that may result in

food waste include, but are not limited to, manufacturing food by-products, improper

handling within the supply chain (e.g., cold chain deviations), misunderstood food date

labels, over-purchasing, and consumer-level temperature abuse. From the manufacturer

to consumer, each node in the food supply requires concerted efforts to divert food

waste from entering municipal landfills. Depending on the state of the food waste, it

is diverted to various outlets, from food donation for consumption to composting for

soil amendment. To better understand the opportunities in the United States to divert

food waste from landfills, current and emerging federal policies as well as the causes

of food waste generation must be understood. Unfortunately, information on both the

composition of food waste in the U.S. and how it impacts critical factors in food waste

treatment, especially in food waste composting, is limited. Specifically, this review aims

to: (1) discuss and compare critical factors that impact the fate of food waste and (2)

examine emerging opportunities to advance the processing and products of food waste.

Keywords: food waste, animal feed, compost, energy production, additives

INTRODUCTION

Globally, approximately one-third of food produced for human consumption is lost or discarded,
which is nearly 1.3 billion tons annually (Gustavsson et al., 2011). Of the food that goes unused, the
waste streams can be classified into two primary categories: food loss and food waste. Since there
is no legal definition for either terminology, past studies have defined food loss and food waste
differently (Chaboud and Daviron, 2017).

However, despite there not being a specific definition of “food waste,” it is important to highlight
how groups define this term. For instance, Östergren et al. (2014) and Bellemare et al. (2017)
do not define the terms “food waste” and “food loss” separately, but rather refer to them as a
single group of “food waste.” However, Parfitt et al. (2010) define food loss at the end of the food
supply chain (e.g., retail, consumer) as “food waste” which is also in accordance with Gustavsson
et al. (2011). However, Gustavsson et al. (2011) go on to define that all products intended for
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human consumption—but that do not result in
consumption—are considered food waste including products
that are diverted for other final uses (e.g., animal feed, industrial
by-products). In the current review, the authors follow the
definitions of “food loss” and “food waste” set by the Food
Agriculture Organization of the United Nations (FAO) (2019b).
Specifically, the FAO defines “food loss” as occurring along
the food supply chain up to, but not including, the retail level,
whereas “food waste” occurs at the consumer and retail level.
Therefore, the present review will focus on food waste that occurs
after the final product is created, as the majority of food wasted
in the U.S. occurs at this final stage of the food supply chain (i.e.,
retailers, food service providers, and consumers) (Buzby et al.,
2014).

According to a database established by the Food Agriculture
Organization of the United Nations (FAO) (2019a), based on
data from 2016, ∼13.8% of food worldwide goes unused due to
food loss ranging from 5 to 6% in Australia and New Zealand
up to 21% in Central and South Asia across all commodity
areas (Table 1A). The FAO database aggregates data from more
than 480 publications and reports from various sources and
further characterizes food commodity categories. The top three
commodities with the most significant amount of loss are (1)
roots, tubers, and oil-bearing crops, (2) fruits and vegetables, and
(3) meat and animal products, respectively (Table 1B). Notably,
at the time of this review, there is not a comprehensive database
addressing and characterizing food waste; although, the Food
Agriculture Organization of the United Nations (FAO) (2019b,
2021) states that the first estimates of worldwide food waste are
in preparation. In a similar effort, Barco et al. (2019) published
a recent study suggesting new methodologies for facilitating the
quantification of food waste based on European Union data
points. However, on a global scale, accruing food waste data
is challenging because nearly all studies focus on food waste
in developed countries, such as the U.S., United Kingdom,
and Japan (Hackes et al., 1997; Harrington et al., 2005; Griffin
et al., 2009; Buzby et al., 2011; Lebersorger and Schneider,
2014; Lehmann, 2015; Loke and Leung, 2015; Parry et al.,
2015; Liu et al., 2016; Welch et al., 2018; Filimonau et al.,
2020).

In the meantime, the Economic Research Service (ERS)
in the U.S. Department of Agriculture (USDA) has estimated
the amount of food waste annually in the U.S. alone (Buzby
et al., 2014). Researchers concluded that ∼60.3 million tons
of the 195 million tons of food at the retail and consumer
levels in 2010 went uneaten. This food waste represents the
equivalent of 161.6 billion USD lost where the top three
food commodity categories include meat, poultry, and fish
(30%; $48 billion), vegetables (19%; $30 billion), and dairy
products (17%; $27 billion). With food waste impacting such
a large part of the U.S. food supply, researchers are actively
looking for opportunities to optimize the uses of food waste.
Specifically, this review aims to: (1) discuss and compare critical
factors that impact the fate of food waste and (2) examine
emerging opportunities to advance the processing and products
of food waste.

TABLE 1 | Food losses by (A) global regions and (B) commodity, in descending

order.

Food loss (%)

(A) Region

Central and Southern Asia 20–21%

Northern America and Europe 15–16%

Sub-Saharan Africa 13–14%

Latin America and the Caribbean 11–12%

Western Asia and Northern Africa 10–11%

Oceania (Excluding Australia and New Zealand) 8–9%

Eastern and South-Eastern Asia 7–8%

Australia and New Zealand 5–6%

Worldwide 13–14%

(B) Commodity

Roots, tubers and oil-bearing crops 25–26%

Fruits and vegetables 21–22%

Meat and animal products 11–12%

Other 10–11%

Cereals and pulses 8–9%

Table based on information provided by the U.S. Environmental Protection Agency (EPA)

(2019a).

HISTORIES OF U.S. POLICIES ON FOOD
WASTE

Over the past decade, initiatives to reduce food waste and to
optimize its use have drastically increased (Aboulam et al., 2006;
Zhang et al., 2007; Chang and Hsu, 2008; Cuéllar and Webber,
2010). With a piqued interest in the scientific communities and
across the general public, lawmakers have been called to action.
Federal governmental policy is often motivated by public outcry
as well as trade association advocacy over a specific topic, such
as the Consumer Brands Association (2017) initiative to address
food date labeling. For food waste, the first U.S. federal policy was
passed in the mid-1990s (Table 2).

While reducing the amount of food waste generated is
the primary goal, donating safe, quality food is the next-best
option in reducing the amount of food waste going to landfills
(Figure 1). However, food manufacturers and retailers were
fearful of liability for any resulting illness or reactions when
donating food (143 Cong. Rec. S9532., 1996; Haley, 2013). For
this reason, the U.S. Congress passed the Bill Emerson Good
Samaritan Food Donation Act (1996); Table 2, which provides
criminal and civil liability protection to those bodies that donate
food as well as the organizing bodies that receive and distribute
the donated food. Of course, if gross negligence and intentional
misconduct are found to result in the harm or well-being
of a person, the donor or non-profit organization responsible
is not protected from civil or criminal liability in the event
litigation occurs.

To further encourage food manufacturers to donate food
to nonprofits, the U.S. government provides tax incentives
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TABLE 2 | Food waste legislation in the United States.

Regulation Year Goal Pathway

Legislation aimed at food

donation for human consumption

Bill Emerson Good Samaritan Food

Donation Act

1996 Divert food waste from landfills and

increase food donations

Provides criminal and civil liability protection to those

bodies that donate safe food as well as the organizing

bodies that receive and distribute the donated food

Katrina Emergency Tax Relief Act of

2005

2005 Encourage donations in response to

Hurricane Katrina

Provides temporary federal tax incentives to a variety of

business, including food donation

Protecting Americans from Tax Hikes

Acts

2015 Permanent federal tax incentives Provides permanent federal tax incentives, including

food donation

Legislation aimed at food

donation for animal use

Swine Health Protection Act 1980 Regulate the treatment of food waste

for swine feed

Ensuring that food waste (e.g., waste derived whole or in

part from meat animal products) used for feed is free of

disease-causing pathogens so that the swine, and

subsequently, human consumers, are protected

Ruminant Feed Ban Rule 1997; 2009 Reduce the risk of dissemination of

transmissible spongiform

encephalopathy

Does not allow the use of mammalian protein in animal

feed for all ruminant animals. Thus, the enforcement of

this rule requires rigorous recordkeeping by the

manufacturer to ensure the regulation is being met

Food Safety Modernization Act 2011 Introduce preventive controls to

ensure a safer food supply

The Preventive Controls for Animal Food does not focus

on food waste, but it creates another safeguard between

food waste and safe animal feed

Pending legislation

Food Recovery Act 2015; 2017 Wide-ranging food waste reduction Diverting and reducing food waste reduction at farm,

processing, retail, and consumer levels

Food Date Labeling Act 2019 Standardize food date labels across

the food chain

Establish a federal food date labeling system that

includes a quality and safety label

Food Donation Act 2018 Expansion of the Bill Emerson Good

Samaritan Food Donation Act

Add liability protections of a greater scope of donated

food products

School Food Recovery Act 2020 Broad-spectrum food waste program

at the local, school-district level

Focus on food waste quantification, reduction, and

education in school districts

to businesses that decide to donate food, according to the
Federal Enhanced Tax Deduction for Food Donation: A Legal
Guide (Blazek et al., 2016). In 2005, federal tax incentives were
temporarily expanded to cover a wider variety of businesses in
response to Hurricane Katrina (Katrina Emergency Tax Relief
Act, 2005). As a result, food donations to nonprofits in the
U.S. sharply increased in the following year (ReFed, 2019a). In
2015, U.S. Congress made the expansion permanent to continue
encouraging food donation (Protecting Americans from Tax
Hikes Act of, 2015) (Table 2).

If food donation is not an option, the use of food waste
in animal feed is highly encouraged. As a result, there are
several laws and regulations regarding the use of food waste
as animal feed which have been outlined in Table 2. The
Swine Health Protection Act (1980); SHPA focuses on ensuring
that food waste (e.g., waste derived wholly or in part from
meat animal products) used for feed is free of disease-
causing pathogens so that the swine, and subsequently, human
consumers, are protected. The SHPA requires that food waste
containing animal tissue or animal by-products is thermally
treated (≥100◦C) for at least 30 mins. This waste-to-feed
must also be stored under conditions that prevent spoilage
microorganisms or the proliferation of pathogenic bacteria. The

Ruminant Feed Ban Rule (RFB) (1997) (21C.F.R. § 589.2000) was
also developed in 1997 in response to animal disease outbreaks
linked to animal feed and has a shared goal with SHPA—
protection of consumer health as well as ruminant animals
(Table 2).

In the most extensive food safety reform enacted in the
U.S., the Food Safety Modernization Act (2011) was signed
into law. While there is a complex set of guidelines in the
Preventive Controls for Animal Food (PCAF) Rule, facilities that
are in compliance with the Preventive Control for Human Food
(PCHF) Rule are not required to follow the additional rules
outlined by the PCAF. This includes food processing facilities
that produce food under conditions that adhere to the PCHF and
the Food, Drug and Cosmetic Act (1938). While this legislation
is not solely focused on food waste, it creates another safeguard
between food waste and safe animal feed.

In addition to the current rules and regulations, there are
several bills regarding food waste that have been introduced to
the U.S. Congress (Table 2). In the past few years, several gaps
in food waste regulation have been identified, resulting in the
introduction of the (1) Food Recovery Act, H.R. 4184. (2015),
Food Recovery Act, H.R. 3444; S. 1680. (2017), (2) the Food Date
Labeling Act, H.R. 3981; S. 2337 (2019), (3) the Food Donation
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FIGURE 1 | The fate of food waste. Adapted from the U.S. Environmental

Protection Agency (EPA) (2017b). The ultimate endpoint of food waste from

the best- to worst-case scenario. Created with BioRender.com. MSW,

municipal solid waste.

Act, H.R. 952. (2017), Food Donation Act, S 2787. (2018), and
(4) the School Food Recovery Act, H.R. 5607. (2020). All of these
policies have been introduced to U.S. Congress. However, none
have passed the House of Representatives or Senate.

The FRA has broad, overarching goals to reduce food waste.
Unsurprisingly, many of the goals are focused on reducing
waste generated at the farm, processing, retail, and consumer
levels, respectively (Pingree, 2018). However, some specific goals
are targeted at reducing waste generated at U.S. kindergarten
through 12th-grade public schools and throughout the federal
government. Moreover, the FRA bill aims to reduce food waste
by encouraging and supporting USDA and U.S. Environmental
Protection Agency (EPA) initiatives to redirect food waste from
landfills, such as supporting food anaerobic digestion projects
at the local level for energy production. Additionally, the FRA
wants to allocate money for research addressing the barriers that
prevent the donation of surplus food as well as new technologies
to increase the shelf life of highly perishable food. Lastly, if passed,
the FRA would mandate the USDA to establish a standard for
how much food is wasted at the farm level (Pingree, 2018).
However, there are still gaps remaining in food waste regulations.

The FDL bill was written to address the lack of standardization
of food date labels in the U.S. (ReFed, 2019b). Partially due to the
lack of labeling standardization, consumers discard food based
on labels set for quality, not food safety (Gong et al., 2021).
Additionally, some retailers in certain states cannot sell food past
the date label resulting in more food waste (Kosa et al., 2007;
ReFed, 2019b). The FDL has two primary goals: (1) establish
a “dual label system” for two label indicators and (2) provide

monetary funds for educating consumers about interpreting the
aforementioned label system to make better-informed decisions.
The dual label system would include one date label, which
indicates quality, and the other, a safety-based label. Ultimately,
the legislation should result in less food being discarded.

Another bill introduced to the U.S. House of Representatives
is the Food Donation Act, H.R. 952. (2017), Food Donation Act, S
2787. (2018). This bill is an expansion of the Bill Emerson Good
Samaritan Food Donation Act, allowing for liability protections
of a greater scope of donated food products. For example, if this
bill is signed into law, foods that are mislabeled in a way that does
not impact the safety of the product could be donated.

Recently, the bipartisan SFRA of 2020 was introduced to
the House. This bill instructs the USDA to provide grants “to
implement food waste measurement and reporting, prevention,
education, and reduction projects” at the local level [School Food
Recovery Act, H.R. 5607. (2020)]. The School Food Recovery Act,
H.R. 5607. (2020) states that when reviewing grant proposals, the
USDA must prioritize allocating funds to local agencies that will
focus on specific research areas. In the School Food Recovery
Act, H.R. 5607. (2020), those areas include the (1) experiential
food waste activities that encourage the children involved to
participate in food waste measurement and education; and (2)
the establishment of local, sustainable food waste measurement,
prevention, and reduction projects. Local initiatives to combat
food waste have also been proposed and/or passed in at least six
states across the U.S. [National Conference of State Legislatures
(NCSL), 2020].

As food waste reduction has entered the national dialogue,
food waste-based policies have been introduced to the U.S.
Congress in efforts to increase the amount of food donated to
those in need. However, once the food is no longer safe and
cannot be donated, other food waste treatments are needed.

PRODUCERS OF FOOD WASTE

Food waste results in a reduced availability of consumable food.
This waste also impacts the environment by reducing usable land
via landfills, creating greenhouse gas emissions, and consuming
surface and groundwater resources (Scialabba et al., 2013; Barco
et al., 2019). While food waste occurs at every node in the
food supply chain, Buzby et al. (2014) found that retail-level
establishments waste ∼10% of all food. Furthermore, consumers
waste ∼21% of available food in the U.S. annually (Buzby et al.,
2014). Therefore, the present review focuses on these end stages
of the food supply chain. However, these data do not account for
food waste or loss prior to the retail level. Buzby et al. (2014)
did not include any analysis of on-farm up to retail waste due
to data limitations. To better understand the contributors of food
waste, the authors have split food waste into three categories: (1)
industry, (2) retail, and (3) household.

Industry
In this review, the authors are qualifying “industry” as the food
processor and/or manufacturer up to the retail level. According
to a survey conducted by the Business for Social ResponsibilityTM

(BSR) (2013), U.S. food manufacturers (n = 13) disposed of an
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estimated 2.4 billion pounds (1.1 billion kg) of food and donated
∼700 million pounds (318 million kg) in 2011. However, not
all the food that was disposed of by manufacturers went to a
landfill—73% of food disposed went into animal feed (Business
for Social ResponsibilityTM (BSR), 2013). These data and analyses
were to represent the U.S. food industry as a whole from a
survey of 13 respondents, which represents merely 17% of the
food manufacturing industry by revenue. Analysis of the food
industry and its generated waste is challenging because only one-
quarter of the world’s major food manufacturing companies have
measured food loss and waste within their operations (Flanagan
et al., 2019). Furthermore, of those food manufacturers that track
their food waste and losses, only 20% had established food waste
and loss reduction initiatives and goals (Flanagan et al., 2019).
To determine where food waste is occurring in the food industry,
efforts are underway to better understand how much food waste
is generated in manufacturing facilities.

Research by Griffin et al. (2009) analyzed the community
food waste stream of a single county (population 97,000) in
upstate New York, which featured the entire food system
from farm to fork. In this study, researchers interviewed food
processing operations (n = 27) regarding their generation of
food waste. The authors found that most of the processing
facilities were small in scale—but did not define “small”—and
served the local marketplace. During the survey, the authors
reported that several (n = 4) food processors were unable to
estimate how much waste they generated. Meanwhile, other
processors could estimate their food waste but used a myriad
of measurements (e.g., volume, weight, monetary). Ultimately,
the authors estimated that 258,414 pounds (117,215 kg) and
17,660 gallons (66,850 L) of food waste were generated per year
from the surveyed operations. It is important to understand
how companies track food waste as it has been shown that
companies who measure surplus food more effectively manage
food waste (Garrone et al., 2016). Based on data gathered by
Garrone et al. (2016), the efficiency and effectiveness of surplus
food management in the food industry are primarily influenced
by measurement, coordination, and organization within the
company. Unsurprisingly, the authors found that the companies
which regularly measured the quantity of surplus food produced
weremanagedmore effectively than those companies that did not
monitor the amount of surplus.

Another influential factor in food waste management is
coordination within the company regarding a “best” option for
the fate of the surplus food, such as rework, donation, or other
foodwaste fates. Similar to coordination, organizational structure
within the company can reduce the amount of food waste. For
instance, if a company has an established, structured plan for
surplus food that can be executed immediately after generation,
this will reduce the likelihood that the foodwill become unsafe for
donation or other uses, such as animal feed. Food manufacturers
are increasingly aware of the importance of food waste reduction
and its influence on food waste generation in the supply chain
(Champions 12.3., 2020). In fact, almost 200 food suppliers and
retailers have committed to a 50% food waste reduction target
within their own operations, to measuring and publishing their
food loss and waste, and to take action to reduce their waste

(Champions 12.3., 2020). However, food manufacturers are only
one aspect of amuchmore complicated food chain when it comes
to food waste.

Retail
At the marketing stage of the supply chain, food waste occurs
for a multitude of reasons (Buzby et al., 2011). Retail food waste
may occur due to the natural senescence of fruits and vegetables,
damage to foods during transportation and stocking (e.g., dented
cans), sell-by dates, temperature abuse in cold chain storage,
overstocking of product, and improper stock rotations, such as
not adhering to the “first in, first out” rule (Buzby et al., 2011;
Mena et al., 2011; Goodman-Smith et al., 2020).

Moreover, according to the U.S. Department of Agriculture
(USDA)-Economic Research Service (ERS) (2019), 21,435 new
food and beverage products were introduced to the marketplace
in 2016. As innovative food products hit the shelves, they often
have low success rates (Buzby et al., 2011). The failure rate of
some product categories exceeds 90%. As a result, unpurchased
products are often sent back to the manufacturer, where the
product is ultimately discarded, or the product exceeds a safety or
quality use-by date and is removed from the shelves (Connor and
Schiek, 1997; Buzby et al., 2011). In the diverse food marketplace,
there are many factors that contribute to the acute ongoing
problem of food waste.

In the BSR report (2013) described in the subsection Industry,
U.S. food retailers (n = 10) and wholesalers (n = 3) discarded
∼1.3 billion pounds (589 million kg) of food waste that went
to landfills or incinerators in 2011. However, the retail and
wholesale sector donated an estimated 670 million pounds (303
million kg) of food products during the same year. The survey
respondents represented 30% of the industry. Despite donations,
∼50% of the food products were wasted, indicating the need
for innovative downstream technologies to turn food waste into
value-added products, such as agricultural soil amendments (i.e.,
compost), animal feed, and energy.

Household
Household, or “consumer” food waste, is one of the largest
categories of waste that occurs in the food chain (Rohm et al.,
2017; Welch et al., 2018; Aschemann-Witzel et al., 2019; Yu and
Jaenicke, 2020). On the consumer level, there are many different
facets that can contribute to the generation of food waste. Often,
these variables are diverse in nature (Chen and Chen, 2018).
Table 3 outlines some variables of food waste generation and
their potential remedies as summarized by Chen and Chen
(2018).

Many contributing factors regarding food wastage in the
household are based on consumer behaviors, and thus, could
be remedied through education and outreach initiatives.
For instance, in the home, a driver of food waste is the
misunderstanding of the various date labels, as described in
the subsection Policies. The different labeling systems can cause
confusion among consumers. An example of this confusion is
a consumer throwing away a carton of eggs past the ‘best by’
date and misinterpreting this listed date as an expiration rather
than an indicator of quality. Date labeling confusion could be
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TABLE 3 | Food waste in the household.

Drivers Drivers example Remedies Remedies example References

Misunderstanding

food labeling

information

Date label

confusion

Consumer education; federal

regulations

Standardized date labeling
Neff et al., 2019

Label education and outreach

Over-preparation Event foods Planning; save leftovers Information about portion size (e.g.,

“feeds 3–4”) Buzby et al., 2011

Holidays Packaging suggestions for storing

and reheating

Over-purchasing Bulk shopping Consumer preparation Meal planning
Koivupuro et al., 2012

Spontaneous

purchases

Adhering to prepared grocery lists

Food safety Concerns

regarding the

safety of product

Food safety training Proper storage techniques
U.S. Food Drug Administration (FDA),

2019

Use of items, such a meat

thermometer

Selection Defect-free

produce

Consumer education Purchasing imperfect foods (e.g.,

misshapen produce) de Hooge et al., 2017; Janssen et al.,

2017

Short-shelf life

foods

Purchasing frozen products (e.g.,

meat, produce) to extend shelf-life

addressed by industry initiatives, consumer education programs,
and legislation to create a streamlined date labeling system (Read
and Muth, 2021).

A recent trend in food waste reduction is the attempt to
change consumer acceptance of “ugly” fruits and vegetables (see
Table 3; Pantano, 2015). The concept of ugly produce stems
from the rejection of fruits and vegetables at peak ripeness and
quality. This produce is being left in the field or sorted out at
the processing level due to deformities in shape. The edible but
“ugly” produce is now reaching the mainstream through produce
delivery boxes and small sections of retailers who advertise the
use of imperfect produce to reduce food waste. This acceptance
and call-to-action at the consumer level not only brings forth
the issue of food waste but allows the consumer to be an active
participant in the food waste reduction strategy (de Hooge et al.,
2017).

As illustrated, food waste generation occurs at all points in
the food chain. Although the remedies for food waste reduction
appear different, food waste reduction is possible with planning,
education, and action. Nevertheless, food waste generation will
continue to occur at some level, so it is valuable to optimize the
technologies used to give food waste a new purpose which will be
the focus of this review from here forward.

CURRENT FOOD WASTE USES

The current uses of food waste from best- to the worst-case
scenario are illustrated in Figure 1. Unfortunately, an overall

estimated 35.6% of food waste generated in the U.S. ends up
in a landfill (U.S. Environmental Protection Agency (EPA),
2020. Additionally, when excluding the U.S. food industry
manufacturer and supplier sector, more than half (55.9%) of food
waste generated by residential, commercial, and institutional
sectors is sent to the landfill, according to the U.S. Environmental
Protection Agency (EPA) (2020). Overall, the EPA estimates that
food waste comprises 24% of all materials sent to landfills in
the municipal solid waste stream (MSW) (U.S. Environmental
Protection Agency (EPA), 2020).

Of the millions of tons of food waste generated annually in
the U.S., an estimated 3.4 to 5.3% of food waste is composted
(Buzby et al., 2014; U.S. Environmental Protection Agency
(EPA), 2019a). As indicated in Figure 1, other uses of food
waste include the creation of animal feed (21.3%), fuel for
energy sources (12.5%), donation for human consumption
(7.2%), land application (8.9%), controlled combustion (7.5%),
and sewer/wastewater treatment (3.6%) [U.S. Environmental
Protection Agency (EPA), 2020]. A key to the success of food
waste recovery efforts hinges on the composition of the food
waste, which varies greatly (Zhang et al., 2007; Chang and Hsu,
2008; Adhikari et al., 2009). While no data analyses are available
on the regionality or seasonality of raw food waste composition,
it is known that variations in food waste composition directly
impact the effectiveness of the composting system as well as
animal feed (Chang and Hsu, 2008; Chang and Chen, 2010). This
data gap is a problem repeatedly reported in food waste research
(Xue et al., 2017). For instance, composted food waste relies
on the biological process of food degradation, which, in turn,
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reduces in volume and creates an enriched soil amendment for
further use (Manu et al., 2017). In animal feed, the heterogeneity
and composition of food waste can impact the nutrient content
making the food-to-feed conversion variable. In this subsection,
the optimization of food waste recovery efforts that result in
usable secondary products (e.g., energy, soil amendments, animal
feed) will be the focus.

Animal Feed
An alternative fate for food waste is animal feed. Over the last
decade, the interest in sustainable animal feed production has
increased (Angulo et al., 2012a). In 2014, Makkar and Ankers
(2014) conducted a survey (n = 1195) that found those involved
in the animal feed market (i.e., industry, non-governmental
organizations, academe) identified food waste as a priority
research area for animal nutrition. Particularly, the use of fruit
and vegetable waste (FVW) and crop waste have been studied
as a supplement in bovine feed (Angulo et al., 2012b), fish feed
(Ulloa et al., 2004;Mo et al., 2014), and inclusion into poultry feed
(Khempaka et al., 2009; Abdel-Hafeez et al., 2018; Pandi et al.,
2018). In addition, albeit less frequently, studies have investigated
the use of food waste products in sheep, goat, and swine feed
(Westendorf et al., 1998; Yang et al., 2006; Márquez et al., 2010;
Sahoo et al., 2021).

While the redirection of food waste to animal feed is an
option, there are some concerns. As described in the subsection
Policies, there are parameters (e.g., refraining from feeding
mammalian proteins to ruminant animals) that must be adhered
to in order to protect the animals and, eventually, human
consumers (U.S. Food and Drug Administration (FDA), 2018).
With those considerations in mind, many of the studies focus
on FVW. However, there are problems that can arise from using
horticultural food waste as animal feed. For instance, FVW varies
throughout the year due to seasonality. Therefore, those that rely
on food waste products for animal feed will have to re-formulate
often to address these seasonal changes (Martin et al., 2016).
Another issue that can emerge with food waste is the proliferation
of pathogen contamination, especially due to the high water
activity (≥ 0.9 Aw) (Garcia et al., 2005; Martin et al., 2016). If
pathogenicmicroorganisms are present, many of these organisms
can cause disease in the animals if the food waste is not treated, as
thoroughly reviewed by Avery et al. (2012). For example, a swine
farmer fed unprocessed food waste to pigs, which led to a foot-
and-mouth disease outbreak resulting in an 8 billion EUR (∼8.8
billion USD) loss (Scudamore and Harris, 2002). In addition to
the risk of disease, the high Aw makes processing the food waste
to animal feed challenging (Martin et al., 2016). Often, food waste
has a moisture content of >80% and would need to be reduced
to ∼10% to be used as animal feed (Garcia et al., 2005; Martin
et al., 2016). These risk factors must be mitigated via processing
techniques to utilize food waste as animal feed.

Ruminant
There are many studies that have investigated the use of food
waste as livestock feed (Abarghuei et al., 2014; Das et al., 2019;
de Evan et al., 2020). For instance, Angulo et al. (2012b) studied
the impact of integrating FVW into lactating Holstein cow feed.

The authors evaluated the use of FVW and its impact on milk
yield and quality. FVW was included in 0, 6, 8, 12, and 18%
concentrations of the feedstuff. The top three components of the
FVW were cabbage (15%), orange (13%), and refuse (11%). The
authors defined “refuse” as small pieces of indiscernible products.
The data showed that including FVW did not statistically impact
the yield ofmilk produced or reduce the quality ofmilk. Although
the use of FVW as a dietary ingredient in Holstein cow feed is
limited to a proportion of 6–18%, this could still lead to other
alternative uses of FVW in the future.

Another study by de Evan et al. (2020) assessed the potential
of cauliflower and Romanesco waste (e.g., leaves, stems, and
sprouts) in an in vitro ruminant feeding study. Specifically, the
authors investigated in vitro ruminal fermentation and intestinal
digestibility. de Evan et al. (2020) found that all fractions of
cauliflower and Romanesco waste were highly degradable the
in vitro rumen study and resulted in high digestibility for a
protein source. During these in vitro studies, it was observed
that up 24% of dried cauliflower in concentrate can be included
in feed for dairy sheep without negative ruminal fermentation
effects. However, these studies should be confirmed in vivo and
must address the impact of cauliflower and Romanesco waste on
overall animal health and end-product quality. While the use of
food waste in ruminant nutrition is promising, more research
needs to be done.

Fish
Meanwhile, Ulloa et al. (2004) analyzed tropical FVW residues
(e.g., green banana, coffee cherry pulp, rice hulls, pineapple,
papaya) and their potential uses for fish feedstuff. This study
considered many of the factors that would impact developing
fish feed from FVW. Based on data gathered analyzing the
FVW produced in Costa Rica, the authors found that most
FVW products contain high levels of moisture (80–84%) and
low levels of protein (5–12.2%), with the exception of protein
content levels in papaya (23.2%). In addition to this, the tropical
FVW also contained variable amounts of other compounds (e.g.,
polyphenols, caffeine), high fiber levels (1.6–57.1%), and toxic
substances and pesticides. Low protein content and high fiber
levels are not beneficial in feed utilization and can hinder fish
growth (Ulloa et al., 2004). Additional issues the authors explored
include the nutritional density of the waste, the availability
throughout the year, and the pollution and toxicity risk of
the waste-turned-feed.

In application, Mo et al. (2014) studied the impact of food
waste-based diets in polyculture of low trophic level fish (grass
carp, bighead, and mud carp). Three diets were fed to the
fish–one control and two food waste-based diets–for 6 months.
The food waste was acquired from hotel kitchens. Diet A was
composed of fruits and vegetables (10%), cereal (53%), bone meal
(8%), fish meal (10%), corn starch (15%), and other food waste
(4%), whereas Diet B was composed of fruits and vegetables
(10%), meat products (25%), cereal (28%), bone meal (8%),
fish meal (10%), corn starch (15%) and other food waste (4%).
Diet A did not include meat waste and was 53% cereal-based,
whereas Diet B was 25% meat and 28% cereal. Over the six-
month period, the authors analyzed the presence of plankton,
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water quality, and fish growth. The water quality did not appear
to be significantly impacted by the various feeds. Meanwhile,
plankton density was the highest in the Diet A body of water,
but not significantly different. However, Diet B feedstuff seemed
to be a better formulation in terms of the overall performance
on fish growth factors. Thus, the increased diversity in feedstuff
generation could allow for more food waste to be utilized for
many fishery species.

Poultry
Recently, Abdel-Hafeez et al. (2018) evaluated the use of
potato peels and sugar beet pulp with and without enzyme
supplementation in broiler chicken diets. The application
of enzyme supplementation was investigated due to the
significant amounts of non-starch polysaccharides (e.g., cellulose,
hemicellulose, xylose, and lignin) in potato peels and sugar beet
pulp (Abdel-Hafeez et al., 2018), and poultry do not possess the
enzymes required to break down the non-starch polysaccharides
(Annison, 1993). Thus, poultry would be unable to access the
nutrients without enzyme supplementation (Chesson, 2001).
Abdel-Hafeez et al. (2018) fed alternative diets to the broilers
from 1 to 42 days of age while observing growth performance,
carcass characteristics, and blood parameters. The birds were
split into five groups: group 1 was the control; groups 2 and
3 were fed diets containing potato peels and sugar beet pulp
at the rate of 15 and 7.5%, respectively; and groups 4 and 5
were fed the same altered diet with an enzyme mixture. The
authors found that potato peels can be added to feedstuff at a
maximum proportion of 15%, without the inclusion of enzymes,
in the grower diet of broilers. Conversely, the inclusion of
sugar beet pulp at 7.5% in the diet resulted in poor growth
performance in the absence of enzymes. In addition, the authors
concluded that poultry producers could include potato peels
(≤15%) and sugar beet pulp (≤7.5%) in the diets of broilers
after enzyme treatment while potentially reducing costs of
conventional feeding methods.

Furthermore, Pandi et al. (2018) studied the evaluation of
the effects of sweet potato integrated into broiler diets. The
authors used broiler diets that contained 0 and 25% sweet
potato flour with and without enzyme supplements. While
this study was not an analysis of growth performance,
the researchers evaluated gastrointestinal tract (GIT)
parameters associated with digestion and GIT health and
found that these factors were not undermined by the
addition of sweet potato flour to broiler feedstuffs. While
these studies are not an exhaustive list, they represent a
glimpse into food waste-to-feed research that is analyzing
and optimizing food waste for animal feedstuffs. However,
not all food waste is optimal or available to use as animal
feed. In cases such as this, some food waste can be
converted into energy.

Energy Production
With food waste that is no longer safe or wholesome for
human or animal consumption, it can be directed into further
processes that create energy or an energy source by-product
(U.S. Environmental Protection Agency (EPA), 2019b). There are

three ways to process food waste into alternative energy or by-
product: anaerobic digestion (AD), rendering, and biodiesel (U.S.
Environmental Protection Agency (EPA), 2019b). Each energy
generation pathway has different goals in mind. For instance,
the processing of food waste oils and fat to biodiesel creates
a renewable energy source and less pollution (Hossain et al.,
2008; U.S. Environmental Protection Agency (EPA), 2019b).
In contrast, rendering uses food waste, liquid fats, and meat
products as raw materials to create processed products such
as cosmetics and soaps (Woodgate and Van Der Veen, 2004).
Rendering has been a long-standing process to reduce food waste
at the manufacturing level and facilitates the use of all parts of the
animal in meat production (Shareefdeen et al., 2005). However,
AD can create usable energy and a soil amendment from food
waste [U.S. Environmental Protection Agency (EPA), 2017a].
Altogether, these processes utilize different parts of food waste
and create valuable products.

Biodiesel
Biodiesel is used as an alternative to conventional diesel fuel
that does not require significant modifications in current fuel
engines (Ma and Hanna, 1999; Sensöz et al., 2000; Demirbas,
2007; Hossain et al., 2008). However, biodiesel can be expensive
to produce due to the high cost of the refined oils used (Marchetti
et al., 2008). Given this high cost as well as the moral dilemma
of using edible materials to create refined feedstocks, researchers
have investigated the use of waste products as the raw materials
to reduce the cost and limit the number of edible feedstocks used
in biodiesel production (Karmee et al., 2006, 2015a,b; Ugarte and
He, 2007; Ajanovic, 2010). More recently, studies have focused
on the use of food waste as a biodiesel material. For instance,
Yang et al. (2014) utilized instant noodle manufacturing waste
as a feedstock for conversion to bioethanol and biodiesel. The
authors isolated the instant noodle waste into starch residues
and palm oil. By treating the food waste, the researchers were
able to convert the waste to bioethanol and biodiesel at a
conversion of 98.5 and 95.4%, respectively. The authors found
that these conversion rates would support the manufacturing-
scale use of instant noodle waste as a viable raw material for
energy production.

Moreover, Yu et al. (2011) used an oil fraction gathered from
food waste leachate. In the process, the authors found that the
leachate oil fraction contained various fatty acid methyl esters
(FAME), commonly referred to as biodiesel (Bautista et al., 2009;
Demirbas, 2009), after pretreatment with sulfuric acid as an acid
catalyst. Based on the FAME collected, the authors anticipate
that biodiesel production from food waste oil fractions will be
feasible as systems become optimized for processing food waste.
In addition, Karmee et al. (2015a) found similar results when
isolating lipids from café bakery waste. The authors determined
the peak biodiesel yield was 100% for the base (KOH) catalyzed
transesterification at a 1:10M ratio of lipid to methanol in 2 h at
60◦C. Similarly, Karmee et al. (2015b) found that waste cooking
oil could also be a suitable material for biodiesel generation.
These studies highlight the future use of food waste as a biodiesel
feedstock. However, food waste can be used to generate energy in
other ways.
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Anaerobic Digestion
Anaerobic digestion, which is the degradation of the product in
the absence of oxygen, is emerging as one of the most efficient
systems to process food waste (Gujer and Zehnder, 1983; Zhang
et al., 2007; Wambugu et al., 2019). In addition to removing
food waste from landfills, the energy that is produced via AD
is a renewable source (Milán et al., 2001; Bouallagui et al., 2003;
Meyer-Kohlstock et al., 2016). The concept of using food waste in
AD to produce energy has been thoroughly reviewed by Xu et al.
(2018). The biogas produced during AD is comprised of ∼65 to
70% methane (CH4) and 35–40% carbon dioxide (CO2), which
is ultimately used as compressed natural gas and electric energy.
Moreover, the use of food waste in AD to produce energy is not
only a concept; there are some active ADs that utilize the food
waste stream in the U.S., as described below.

More specifically, The University of Wisconsin (UW)
Oshkosh began producing renewable energy via a dry
fermentation anaerobic biodigester in 2011 (Potts, 2012).
At maximum capacity, the UW Oshkosh’s biodigester can
generate up to 10% of the campus’ electricity and heat and
processes 11,000 tons of organic waste annually [Potts, 2012;
University of Wisconsin Oshkosh (UWO), 2021]. It utilizes
decomposed agricultural plant waste, city of Oshkosh yard
clippings, and campus food waste where input materials must
balance out to a moisture content of <75%. In a similar fashion,
the East Bay Municipal Utility District (EBMUD) in Oakland,
California, is the first wastewater treatment plant in the nation
to convert food waste to energy via AD (Day, 2012; U.S.
Environmental Protection Agency (EPA), 2019b). However, this
food waste is not collected from residents’ homes; it is obtained
from local restaurants and food markets (U.S. Environmental
Protection Agency (EPA), 2019b). The utilization of local food
waste allows the EBMUD system to produce enough electricity
to power the EDMUD facility and generate ∼15% more power
than it uses annually (Day, 2012). However, AD of food waste
and other biological products is sensitive due to the variety of
microorganisms that are involved (Fagbohungbe et al., 2016).
There are multiple ways to use food waste to create energy or
utilize it as animal feed. However, it is necessary to understand
the composition and current sources of food waste in order to
optimize methods.

Composting
Approaches
As described, food waste originates from various sources ranging
from industry to household-scale; thus, food waste composting
can occur using a variety of approaches. According to the U.S.
Environmental Protection Agency (EPA) (2016), there are four
defined types of foodwaste aerobic composting (Table 4). Turned
windrow composting systems can process a wide variety of
feedstocks—the raw, green food waste prior to processing—
ranging from grease and animal by-products to yard trimmings.
However, this system requires mechanized turning based on
its size, continuous labor and produces noticeable odor and
leachate (Table 4). This outdoor turned windrow system can
be contrasted with vermicomposting, which is much smaller in
scale and limited in its input/output. As described in Table 4,

the vermicomposting utilizes live worms to process the food
and yard waste feedstock. Specifically, 800–1,000 worms can
consume approximately one-half pound of organic material per
day. However, this system is typically on a household scale
and is temperature and light-sensitive with little to no odor or
leachate production. Additionally, there is aerated static pile and
in-vessel composting. Aerated static composting is not turned
but is aerated through forced-air below the compost pile. This
method of composting requires an investment in equipment and
expertise. Whereas in-vessel composting is held in a container,
often on a smaller, household scale, but does not necessarily
require extensive financial investments. There is a substantial
diversity in the feedstock input, the timeframe to process
the waste, and equipment and labor requirements depending
on the approach used for composting food waste (Table 4).
Recently, Awasthi et al. (2020) have highlighted the ever-evolving
global food waste composting trends and challenges, including
gaseous emissions, nutrient loss mitigation, and assessing mature
compost quality.

Laboratory-Based Composting Studies
As food waste has moved to the forefront of research interest and
focus, food waste composting studies have rapidly proliferated
in the past 20 years. However, to our knowledge, nearly all
food waste composting studies utilize in-vessel composters on
a pilot- or bench scale. Yet, despite the limited variety in the
type of composting system, studies characterizing food waste
composting are diverse, as summarized in Table 5. Although all
studies in Table 5 utilized a food waste feedstock, the similarities
across these composting studies end there. From the bulking
agent to the in-vessel design to themeasured parameters, the food
waste composting studies are limited in comparability.

Bulking agents are the organic additives (e.g., rice husks,
grass clippings, sawdust) added to the feedstock used to increase
porosity, reduce moisture content, and buffer organic acids
produced in composting (Adhikari et al., 2009; Chang and
Chen, 2010). Nevertheless, in the available data, several patterns
emerged from the published literature on in-vessel food waste
composting: (1) the average pH of the compost turned from
acidic to basic, (2) the average carbon-to-nitrogen (C/N) ratio
changed over time based on bulking agents used, and (3) the
peak temperatures recorded ranged from 41 to 75.2◦C. These
three reported parameters are critical factors in converting raw
food waste feedstock to mature compost (Chang and Hsu, 2008;
Adhikari et al., 2009; Kumar et al., 2010; Guo et al., 2012; Huet
et al., 2012).

Additionally, aeration and moisture content are important
factors in the composting of food waste (Chang and Hsu, 2008;
Adhikari et al., 2009; Kumar et al., 2010; Huet et al., 2012). Yet,
those two factors are irregularly reported in the literature. The
importance of aeration and moisture content, in addition to pH,
temperature, and C/N ratio, are reviewed extensively by Li et al.
(2013). Furthermore, within current research, the reported use of
microbial additives varied from study to study (Table 5) and is
not well quantified. Effective microorganism (EM) uses in food
waste composting is explored further in the subsection Additives
in Composting.
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TABLE 4 | Categories of composting methods for food waste.

Type Feedstock Producer size

range

Timeframe Unique features Limitations

Turned Windrow FW, YT, grease,

liquids, animal

by-products

Community

High-volume food

processor

Months Requires periodic mechanized

turning

Optimal size: 1.2–2.4m tall and

4.2–4.9m wide

Large amount of leachate that requires

treatment

Requires odor control

Large tracts of land

Equipment

Continuous labor

Aerated Static Pile FW, paper, YT Community

Farms

Landscaper

Months Does not require turning

Utilizes forced air through pipes

beneath pile or strategic layering of

organic matter and bulking agent

Significant cost and technical

assistance to purchase, install, and

maintain equipment

In-Vessel FW, YT, animal

by-products

Household

Food processor

Weeks Limited odor and leachate

production

Expensive

Can range from small to large scale Technical expertise to operate

Vermi-composting FW, paper, YT Household Months Utilizes red worms Red worms are temperature sensitive

Does not require turning or aeration

systems

Should be out of direct sunlight

FW, food waste; YT, yard trimmings. Table based on information provided by the U.S. Environmental Protection Agency (EPA) (2016).

Challenges
One of the biggest challenges that arise from food waste
composting is environmental odor and leachate production.
Community and industry-sized food waste composting methods
often generate leachate that must be treated and require an odor
control plan [see Table 5; U.S. Environmental Protection Agency
(EPA), 2016]. These detectable environmental odors have an
established impact on human health (Heida et al., 1995; Bruno
et al., 2007; Tsai et al., 2008; Gallego et al., 2012) and are often
difficult to address (Jackson et al., 2014) as they are a result of
hundreds of identified odorous substances (Smet et al., 1999;
Sundberg et al., 2013). Moreover, the diversity and intensity
of food waste compost odor can vary significantly based on
the composition of food waste (Kim et al., 2009), such as a
low starting pH, potentially causing discomfort to those near
composting facilities (Müller et al., 2004).

For example, a study by Mohee et al. (2015) found that food
waste compost feedstock with a low C/N ratio (17.7± 0.7) gave a
noticeable noxious odor. A reduction in odor could be achieved
by the addition of inorganic additives to raise the C/N ratios
(27.2–31.2). Koivula et al. (2004) found similar results in odor
reduction after adding inorganic ash to compost. It is important
to understand that reducing some of the factors contributing to
malodorous compounds may, in turn, reduce the efficiency of
other critical factors, such as microbial activity, by altering the
pH and composting temperatures (Fang et al., 1997, 1998, 1999;
An et al., 2012). However, this was not explored by Mohee et al.
in their 2015 study.

Rather than attempting to reduce the odors from food waste
composting, Mao et al. (2006) identified which compounds
were exceeding the human olfactory threshold in a food waste
composting facility in Taiwan. The study authors identified
six types of compounds that crossed the olfactory threshold—
ammonia, amines, dimethyl sulfide, acetic acid, ethyl benzene,

and p-Cymene. These compounds contribute to the odor
nuisance problem and require intervention to reduce the odors
released in the community. As food waste composting grows
in the U.S., an infrastructure to combat food waste composting
odors will become necessary (D’Imporzano et al., 2008; Tsai et al.,
2008; Gallego et al., 2012; Qamaruz-Zaman and Milke, 2012;
Sundberg et al., 2013; Maulini-Duran et al., 2014; Ermolaev et al.,
2015).

Moreover, food waste composting producesmore thanmature
compost and odors. During the composting process, some
liquid percolates through the compost and begins to pool
(Sall et al., 2019). This liquid is referred to as “leachate” and
contains much more than water (Yu et al., 2011). Food waste
compost leachate includes water, oils, minerals, heavy metals,
suspended solids, and various other by-products (Le Man et al.,
2010; Heo et al., 2011; Yu et al., 2011). To protect the soil
integrity and water supply, this leachate should be collected
and treated for toxic organic pollutants (Behera et al., 2010;
Roy et al., 2018; Sall et al., 2019). Considering the regulatory
framework of some countries requiring further treatment,
research efforts on the utilization of the leachate have begun
to arise (Behera et al., 2010; Le Man et al., 2010; Heo et al.,
2011; Li et al., 2013; Sall et al., 2019). For example, Sall et al.
(2019) highlighted the opportunity for the use of FVW leachate
to be used as a crop fertilizer. In addition to the work being
done to mitigate food waste environmental challenges, other
research is focused on the use of additives in composting for
process optimization.

ADVANCING FOOD WASTE UTILIZATION

Additives in Composting
Additives are diverse materials added to the feedstock
or other compostable organic materials. These
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TABLE 5 | Variability in recorded research parameters from in-vessel composting of food waste feedstock.

Bulking agent(s) Scale Addition of

microorganisms

(Yes/No)

Average

initial pH

Average

final pH

Average

initial C/N

ratio

Average

final C/N

ratio

Peak

temperature

(◦C)

References

Newspaper or

onion peels

Bench Yes N/Aa 9.0 Newspaper:

36.0

Newspaper:

37.0

54.3 Abdullah

et al., 2013

Onions: 21.0 Onions: 8.15

Woodshavings;

mulch hay

Pilot No 4.6 8.1 19.7 12.95 61.3 Cekmecelioglu

et al., 2005

Biochar (BC) Bench No 0% BC: 5.87 0% BC: 7.81 0% BC: 20.73 0% BC: 11.60 0% BC: 61 Chaher et al.,

2020

10% BC: 7.38 10% BC: 8.05 10% BC:

27.05

10% BC:

14.97

10% BC: 66

20% BC: 7.94 20% BC: 9.12 20% BC:

27.91

20% BC:

19.26

20% BC: 72

N/A Bench No 5.1 8.4 35.1 N/A 55.5 Chang and

Hsu, 2008

Rice bran; rice

husk; sawdust

Bench No N/A 9.2 28.4 37.9 50.2 Chang and

Chen, 2010

Rice hull; chipped

tree cuttings

Pilot Yes 5.5 7.5 29.3 20.3 66.6 Chikae et al.,

2006

Rice husk Pilot No 4.5 8.6 48 46.3 41.0 Guidoni et al.,

2018

Sawdustb Pilot No 7.7 7.7 22.0 16.0 58.0
Kalamdhad

et al., 2009

Rice husk Bench No N/A 8.2 16.4 N/A 75.2 Kumar et al.,

2010

Mature compost Pilot No 6.0 8.0 23.1 13.5 70.0 Li et al., 2015

Yardwaste Pilot Yes 5.4 8.0 N/A 25.0 60.0 Malakahmad

et al., 2017

Grass; shredded

branches of palm

tree; horse manure

Bench;

Pilot

Yesc 4.3 N/A 40.2 N/A 60.0
Pandey et al.,

2016

Fine-textured

softwood shaving

Pilot No 4.3 9.0 N/A N/A 60.0 Smith et al.,

2006

Elm leaves; coal

ash amendment

Bench No 6.0 8.8 23.8 N/A 70.0 Sun et al.,

2009

Raw zeolite (RZ); Bench Yesd 10% RZ: 6.7 10% RZ: 7.5 N/A N/A 10% RZ: 52 Waqas et al.,

2019

Modified zeolite 15% RZ: 6.7 15% RZ: 8.0 15% RZ: 56.7

(MZ) 10% MZ: 6.7 10% MZ: 7.7 10% MZ:

55.3

15% MZ: 6.7 15% MZ: 8.3 15% MZ:

65.3

Leaves Bench Yese 6.0 8.8 20.5 N/A 68.0 Yu and

Huang, 2009

a “Acidic conditions.”
b This study used green vegetable waste and cattle manure for feedstock.
c Used a commercial additive that contained thermophilic microorganisms in addition to enzymes.
d “…After feedstock feeding, a small amount of cow manure was added at 1:0.1 (wet weight basis) as microbial inoculum….”
e “…garden soil was added to provide more desired microorganisms.”

BC, Biochar; RZ, raw zeolite; MZ, modified zeolite.

additives are often multifaceted in nature. Additives
normally serve the purpose of (1) accelerating the
composting process, (2) enhancing the finished
product for its intended use (e.g., nutrient availability),
(3) or both.

Biological
To decrease the time between the feedstock and mature,
finished compost, biological additives can be used to accelerate
the process (Wakase et al., 2008; Fan et al., 2018). Effective
microorganisms, sometimes referred to as bio-inoculants, are the
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microorganisms that can be added to food waste composting
systems and assist in the conversion of food waste into
mature compost (Bolta et al., 2003; Vargas-García et al., 2005;
Jurado et al., 2015). While most EM are sold as proprietary
commercial solutions, an additive EM mixture often contains
some combination of the following microorganisms: fungi,
yeasts, lactic acid bacteria, and phototrophic bacteria (Wakase
et al., 2008; Pan et al., 2012; EM Research Organization, 2016).
Those microorganisms are frequently utilized for ammonia
absorption (Wakase et al., 2008) or in the breakdown of
lignocellulose (Jurado et al., 2015).

In 2016, Muttalib et al. (2016) published a review of the
application of EM in food waste composting. Overall, the authors
found that EM is a promising additive in the acceleration of
food waste composting. However, the uncertainty of microbial
reactions and variability in food waste compost composition was
also highlighted, noting that more research is needed in the area
of EM additives in diverse food waste streams. Since Muttalib
et al. (2016) published this review, additional studies have been
published on EM and food waste compost.

In 2017, Siddiquee et al. (2017) published a study with
empty fruit branches from the oil palm industry utilizing two
Trichoderma strains as additives. However, the Trichoderma
strains (SICCI and 11B) were not mixed and were used as
individual inocula. The laboratory-scale composting process
occurred for 30 days under anaerobic conditions, which varied
from most types of food waste composting as these are typically
aerobic processes (Table 4). The authors concluded that this
process, for both Trichoderma strains, was an effective method
to dispose of empty fruit branches from the oil palm industry.
However, further work is needed to determine the effectiveness
of mixed green waste, such as food waste.

Manu et al. (2017) used modified composting drums to
allow natural air circulation within the food waste compost and
inoculated the waste with EM. The feedstock was a combination
of food waste sourced from a university dining hall, and grass
trimmings, leaves, and small plants were used as bulking agents.
The authors used a control (drum 1), a modified drum with
additional air ventilation and turning (drum 2), and a modified
drum (same modifications as drum 2) with the addition of
EM (drum 3). This study utilized a commercially available
liquid EM solution (EM•1 R©) that contained Lactobacillus
plantarum, L. casei, L. fermentum, L. delbrueckii, Bacillus subtilis,
Saccharomyces cerevisiae, and Rhodopseudomonas palustris.

Manu et al. (2017) noted that both drum 1 and 2 resulted in
active decomposition to be complete in 54 days, whereas drum
3 was completed by day 36. The study determined that active
decomposition concluded when the temperature profile of the
compost dipped down and remained constant at 30◦C, which was
the ambient temperature at the time of the study. Drum 3, with
added EM, reached thermophilic (≥55◦C) temperatures after 9
days of composting and peaked at ∼60◦C during the fifth week
of decomposition, then rapidly decreased to 30◦C. Importantly,
extended periods at thermophilic temperatures are an effective
time-temperature combination considered to be lethal for many
human and plant pathogens as well as noxious weed seeds (Avery
et al., 2012; Pandey et al., 2016; Manu et al., 2017). Moreover,

the lignocellulosic components decomposed more efficiently in
the presence of the EM inoculum, and the mature compost was
composed of more fine particles (≤15mm) in drum 3 (21%)
compared to the 2 and 18% from drums 1 and 2, respectively. The
fine particles are the most desirable product of composting to use
as a homogenous, humus-like soil amendment (Pan et al., 2012).
Manu and collaborators studied the performance of multiple
composting vessels, and future research should focus on the
optimization and scaling-up of food waste compost systems with
the use of EM in mind.

A study by Nakasaki and Hirai (2017) utilized a yeast,
Pichia kudriavzevii RB1, as a biological additive to assist in
food waste degradation. This specific yeast type assists in
the control of organic acids produced during the composting
process (Nakasaki et al., 2013). The authors used a synthetic
food waste composed of commercial rabbit food (pelleted,
timothy grass meal blend) and rice with a sawdust as the
bulking agent and EM. This study found that utilizing a
yeast inoculum and controlling the temperature (≤40◦C) for
2 days (days three and four) of composting accelerated the
composting process of a “high concentration of easily degradable
carbonaceous compounds” (Nakasaki and Hirai, 2017). Under
these circumstances, composting is accelerated; however, the
composting process often reaches temperatures that are lethal
to yeast (≥55◦C) and would require additional energy to cool
and maintain the cooled temperature of the compost for those 2
days (Nakasaki et al., 2013; Nakasaki and Hirai, 2017). Moreover,
this process was tested with a synthetic feedstock; thus further
research is needed to determine its effectiveness in variable
compost, such as in the presence of high fat or animal proteins.

Overall, EM is a promising avenue to accelerate the food waste
composting process, but there are still many unknowns. More
research utilizing authentic food waste is needed; in addition,
further optimization of EM and the characterization of food
waste and microbial interactions are needed. However, biological
additives are not the only additives that can be optimized for food
waste composting.

Organic Matter
Bulking agents such as yard trimmings or other by-products U.S.
Environmental Protection Agency (EPA) (2019c) often must be
added to the feedstock to enable composting via optimization of
the critical factors described in the Composting subsection. The
addition of organic matter to food waste as a bulking agent can
help modify pH, increase porosity, decrease moisture content,
and balance C/N ratios (Adhikari et al., 2009; Chang and Chen,
2010). Organic matter is often the by-product of other waste
streams, as seen in Table 5.

Abdullah et al. (2013) studied the impact of different bulking
agents, specifically onion peels and newspapers, on food waste
composting. In their study, the authors found that the onion
peels were a more suitable bulking agent when compared to
the newspaper for composting household kitchen waste. This
is particularly interesting because the authors also studied the
use of EM and, in contrast with other studies, found that there
were no significant differences in compost with EM additives
when compared to compost without. The use of EM and organic
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additives and their interactions together in the decomposition of
food waste is an area that needs further exploration.

In another study, Adhikari et al. (2009) investigated the
influence of organic bulking agents on raw and cooked
produce food waste compost maturation. The researchers used
(1) chopped wheat (Triticum) straw, (2) chopped mature
hay composed of 80% timothy (milium), and 20% clover
(triphullum), and (3) pine (pinus) wood shavings as their
bulking agents. For the bulking agent to be considered the
most successful, the authors determined that the final compost
had to meet the following criteria: (1) reach thermophilic
temperatures (≥ 50◦C) during its active composting stage, (2)
lose the most dry and wet mass during its maturation phase, (3)
degrade so that no individual particles would be recognizable,
(4) have a final moisture content under 50%, and (5) hold an
acceptable level of total nitrogen (≥ 2.5%), total phosphorus
(≥ 0.25%), and total potassium (≥3.0%) once matured. The
food waste with a 20% dry matter content of chopped wheat
straw and the chopped mature hay both were successful in
meeting the outlined criteria. However, the pinewood shavings
did not meet multiple criteria factors such as thermophilic
temperatures, particle decomposition, and nutrient levels. The
authors determined that further research is needed when utilizing
wood shavings in combination with other organic materials.

Other studies have used rice husk, leaves, wood shavings,
sawdust, and sometimes a combination of multiple organic
additives as their bulking agent (Table 4). Bulking agent selection
can be directly influenced by availability; thus, if there is a specific
bulking agent readily available, the composting process would
need to be optimized with that in mind specifically. However, it
is challenging to compare the bulking agent studies due to the
differences in composter design, waste source, waste-to-organic
matter ratio, environmental conditions, and other factors. With
this in mind, there are many opportunities to study the influence
of organic and inorganic additives in food waste composting.

Inorganic Additives
Aside from the addition of organic bulking agents and biological
inoculants into the feedstock, inorganic additives are also utilized
to encouragemore rapid degradation into stable, mature compost
or to enrich the end-product of the composting process (Barthod
et al., 2018). However, those two goals are not frequently
achieved together in the same compost batch. For instance, in
food waste compost, the pH increases over time and becomes
stable in an alkaline environment. As indicated previously, the
initial low pH has been linked to malodourous compounds;
therefore, to quickly increase the pH of the compost, studies
have added alkaline additives, such as lime, red mud, fly ash,
and calcium bentonite (Wong et al., 1997; Fang and Wong,
1999; Fang et al., 1999; An et al., 2012; Gabhane et al., 2012).
However, the addition of basic additives can initially decrease
the thermophilic microbial activity (Chen and Li, 2006). This
initial impact on microbial activity is essential to consider due
to the role microorganisms play in composting (Additives in
Composting section).

For instance, a study by Gabhane et al. (2012) utilized the
feedstock that was composed of sundried grass cuttings and

fallen leaves and vegetable waste (1:1 ratio) and analyzed the
impact of several organic and inorganic additives. The additives
used include polyethylene glycol, jaggary, phosphogypsum, fly
ash, and lime. The authors declared the inorganic additives
were the phosphogypsum, fly ash, and lime, based on their
negligible amounts of organic matter and organic carbon
(Gabhane et al., 2012). However, the authors ultimately
concluded that none of the inorganic additives positively
influenced the composting efficiency or the quality of finished
compost. Of note, Gabhane et al. (2012) did find that jaggery
and polyethylene glycol improved the composting process
by increasing microbial biomass and encouraging enzymatic
activity. Jaggery and polyethylene glycol increased the rate of
organic matter degradation and improved the quality of mature
compost. Unfortunately, the authors found that the use of this
additive in composting was cost-prohibitive.

An et al. (2012) also considered inorganic additives in the
food waste composting process. The feedstock was composed
of steamed rice, meat, potatoes, carrots, leaves, and starter
culture with no inorganic additive, one additive, or two
additives. The additives used in this study were coal ash and
uric acid, both of which are often found in agricultural and
industrial waste (An et al., 2012). The authors found that
the inclusion of additives increased oxygen uptake, lowered
the final C/N value, increased active composting temperatures,
increased the pH, and reduced a greater amount of organic
matter over time. These results were consistent with both the
coal ash-only treatment and the coal ash/uric acid treatment.
Interestingly, the authors also found increased thermophilic and
mesophilic microbial activity in the treatments that included
the coal ash-only and coal ash and uric acid amendment
throughout the experiment when compared to the control. This
contrasts with studies by Wong et al. (1997) and Fang et al.
(1998), who found the presence of alkaline additives decreased
microbial activity in the composting process. This could be
the result of varying food waste feedstock composition and
experimental design differences across studies, making it an
imperfect comparison.

The study of additives has a far-reaching scope due to the
various biological, organic, and inorganic additives that can
potentially be used in the composting process, especially since
many additives can be derived from under-utilized waste streams.
The appropriateness of additives used is often based on the
composition of the feedstock; wherein, food waste is very diverse.
Considering any negative environmental impacts, such as run-off
or odor, more research is needed on the application of additives
in food waste composting.

Application of Alternative Technologies to
Food Waste
Conventional Ensiling
Silage is the anaerobic fermentation and preservation of moist
forages, such as legumes, grasses, or cereals (Adesogan and
Salawu, 2004). This high moisture, fermented product is often
used for livestock feed (Derbyshire et al., 1976; Eriksson and
Murphy, 2004; Jaakkola et al., 2006). Ensiling these harvested
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crops for animal feed is not a new methodology but one that is
still being improved and researched today.

Ensiling is often conducted on-site where the forage is
harvested and does not necessarily require any established
infrastructure aside from land, moving and packing equipment,
and something to cover the silage pile (e.g., tarp). This is
advantageous for producers due to its limited maintenance
during the ensiling process. This process can be broken into four
general phases, as adapted from Weinberg and Muck (1996) and
is described in Figure 2.

The finished silage is ready to be utilized as livestock
feed. During the feedout stage, the proliferation of aerobic
microorganisms can cause spoilage in the finished silage (Inglis
et al., 1999; Saarisalo et al., 2006). In order to eliminate spoilage
while still fulfilling the role as feed, additives are used in
the ensiling process to help fermentation as well as during
preservation (Derbyshire et al., 1976; Lindgren et al., 1983;
Adesogan and Salawu, 2004; Saarisalo et al., 2006; Knický
and Spörndly, 2009). More recently, Muck et al. (2018) have
researched and reviewed the advancements of silage additives in-
depth, including microbial inoculants, chemical additives, and
enzymes. While there is extensive research on the optimization
of silage technologies for forage, there is limited work being done
utilizing alternative feedstocks, such as food waste.

Ensiling Food Waste
As discussed in the current review, food waste is very diverse
and is present in significant excess worldwide. To divert
this waste from entering landfills, emerging technologies are
being optimized to turn food waste into a usable by-product.
There are several different ways to compost food waste into a
usable soil amendment, as outlined in Table 4. However, many
of these methods require extensive infrastructure, personnel,
and management to turn food waste into mature compost.
These required investments could possibly discourage food
waste composting.

Interestingly, green silage shares some characteristics featured
in food waste. With comparable initial pH (4–6), high moisture
content (≥60%), starting ambient temperature, and reliance
on microbial activity, the nature of composting and ensiling
tend to overlap. Specifically, turned windrow composting and
aerated static piles share commonalities with ensiling. Turned
windrow composting relies on large piles of food waste to
degrade over time but requires the mechanized turning of the
piles, whereas the aerated static piles do not require mechanized
turning but do necessitate some type of installed forced-air
infrastructure. These aeration requirements are in stark contrast
to the anaerobic ensiling process, where the proliferation of
anaerobic bacteria is the driving force of fermentation and
remains in covered, outdoor static piles. To reduce the costs of
turned windrow and aerated static pile composting, there is value
in investigating the use of ensiling science and technologies in
food waste composting.

To the best of the authors’ knowledge, there has not been
any published research regarding the application of silage
technologies to food waste composting. There are some studies
specifically utilizing silage technologies in the conversion of food

waste to animal feed. Nearly 40 years ago, Moon et al. (1981)
observed the potential for ensiling vegetable food waste. A more
recent study by Yang et al. (2006) sought to determine the effects
of a lactic acid bacterium (Lactobacillus salivarius) inoculant on
pulverized restaurant and bakery food waste and broiler poultry
litter mixture in the conversion to swine feed. The authors found
that under anaerobic conditions, 0.2% LAB on a wet basis was
the optimal additive amount to convert and store fermented food
waste swine feed. However, the authors did note that further
studies would be needed to prove the impact with an in vivo
animal feeding study. A similar study by Froetschel et al. (2014)
found that ensiled food waste was a successful energy source for
cattle feed.

While gaps still exist in conventional silage technology, even
more gaps are present in research regarding the ensiling potential
of food waste. Food waste is an issue that is pervasive in
every community, and applying existing science and technology,
such as ensiling techniques, is an option to divert food waste
from landfills. This helps improve both conventional and non-
traditional ensiling techniques while generating economically
valuable food waste by-products.

DISCUSSION

Future Research
Society and the food industry continue to evolve. In-depth,
accelerated data collection, streamlined food recovery plans, and
food waste-preventive laws are desirable for regulatory agencies,
food processors, and the public. The benefits of accurate food
waste data help identify weaknesses in the food chain, from the
food manufacturer to the consumer environment. Presently, data
indicate that much of the food waste occurring in developed
countries is at the retail and consumer levels (Rohm et al.,
2017; Welch et al., 2018; Aschemann-Witzel et al., 2019; Yu and
Jaenicke, 2020). Besides future sweeping rules and regulations,
much of the food waste initiatives are implemented by local
governments, nonprofit organizations, and the food industry as
there are limited federal regulations. In order for these entities
to handle food waste efficiently, more food waste research
is needed.

On the food industry and retail scales, the manner in which
the public interacts with food is constantly evolving. With more
retailers now offering online shopping for convenience, curbside
grocery pick-up and grocery delivery services (e.g., Instacart; San
Francisco, CA) are becoming more prevalent. With the increase
in popularity of online grocery shopping, questions regarding the
impact of online shopping on consumer choices have arisen. For
instance, absent from meandering the aisles of a retailer, does a
consumer make less impulsive grocery choices when shopping
online? Or do consumers over-purchase items that are based
on the scale, such as meat or some produce? In addition to
behavioral research regarding online grocery shopping, research
is needed based on what occurs after the groceries are brought
home. Does purposeful grocery shopping in an online purchasing
model reduce food waste in the home? As the food retail
environments change, more research is needed to understand the
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FIGURE 2 | The phases of ensiling. Adapted from Weinberg and Muck (1996). The general four phases in the standard ensiling process of forages to silage. Created

with Biorender.com.

motivation and impact of consumer decisions and how it impacts
food waste generation.

Food waste generation will continue to occur at some
level, especially in consumer environments. Efforts to divert
food waste from landfills are of the utmost importance. This
diversion of food waste likely will result in valuable by-
products, such as animal feed and soil amendments. Another
option is by diverting wasted food by-products and utilizing
them as functional ingredients in human food (Lehmann,
2021). One of the challenging factors in diverting food waste,
particularly retail and consumer waste, is that it comes from
a variety of sources. There is a gap in the literature on the
characterization of food waste. As discussed in the present
review, moisture, pH, C/N ratio, and bulking agents are all
critical factors in food waste processing, whether for animal
feed or otherwise. To better optimize how diverted food waste
is processed, studies are needed to further characterize what
types of food products are being wasted. From this information,
other questions arise, such as is there a seasonality aspect to
food waste? Do seasonal changes impact what comprises food
waste, and how do the changes impact the aforementioned
critical factors? Moreover, in the U.S., research is needed to
investigate if there are quantifiable differences based on the
region. Although considerable strides have beenmade to quantify
how much food waste is being generated, more work needs to
be done.

In addition, as described in this review, the transformation
from feedstocks to mature compost is a challenge. The compost
system, the feedstock, bulking agents, and additives utilized
all impact the efficiency and quality of the mature compost.
It is challenging to compare the composting systems since
the methodologies rely on varying metabolic activities (e.g.,

vermi-composting compared to turned windrow). There will
likely never be a one-size-fits-all system when it comes to food
waste composting, but more research is needed. One area in
the literature that is frequently overlooked is mature compost
quality. Frequently, as reviewed, many studies are attempting
to optimize the food waste composting process and less so
the mature end-product. Moreover, in doing so, the success
of some composting additives is the absence of cost analysis.
Further research must consider the cost of infrastructure and
additives when conducting food waste composting research and
future, practical applications. For food waste research to become
applicable outside of the laboratory, efficiency, quality, and cost
must all be considered. This area of research would highly benefit
from a systematic literature review; however, researchers should
proceed with caution given the variety of bulking agents and
feedstock compositions utilized.

As researchers look to optimize the food waste composting
process, a mostly unexplored avenue is the application of
alternative, existing technologies, such as ensiling. The anaerobic
fermentation of forages is a process that can occur in large
quantities and uses additives similar to composting to create an
economically viable product. Ensiling and additives have been
used for decades, and as such, the available research is extensive
(Muck et al., 2018). Even so, there is a lack of research using
this technology to process food waste into mature compost. As
described in the present review, ensiling requires less labor and
infrastructure than many food waste composting methods and is
an area of great potential for food waste composting that warrants
further investigation.

As food waste concerns mount with a growing global
population, innovative methods to cope with food waste
generation become a necessity. Food waste studies with the
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inclusion of characterized food waste data, consumer behaviors,
optimization of by-product methods, attention to by-product
quality, or application of existing technologies are crucial data
for the advancement of food waste reduction programs. As
these data are released by non-governmental organizations,
governmental, and peer-reviewed publications, federal, state,
and local agencies can create informed legislation regarding the
reduction of food waste.

Conclusions and Recommendations
Studies of quantifying and utilizing food waste vary significantly
throughout the literature. The variability in results likely exists
due to the many factors outlined in this review, including,
but not limited to, food waste producer, the volume of waste,
location, size of the study, and treatment of waste. For instance,
many food waste studies focus on composting efficiency using
homogenous, synthetic food waste inputs in a laboratory-scale
environment with minimal focus on compost quality or cost. For
this reason, researchers may have difficulty choosing the most
applicable variables for a study due to the range of food waste
characteristics, additives, and methods used across the literature.
Moreover, those in a community setting who are looking to
reduce food waste may have even greater difficulty identifying the
most applicable method for their community or household.

The following recommendations are based in the current
review to aid researchers in moving forward on the management
and utilization of food waste:

• Systematic evaluation of consumer behaviors should be
investigated in the online grocery purchasing model.

• Food waste needs further compositional characterization on a
seasonal and regional level.

• Food waste composting studies must utilize community food
waste rather than synthetic, designed food waste.

• Food waste composting research must consider the cost and
efficiency of additives.

• Application of existing technologies needs to be investigated
in the transformation from feedstock (e.g., green food waste)
to mature by-products.
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