
Engineering 4 (2018) 371–380
Contents lists available at ScienceDirect

Engineering

journal homepage: www.elsevier .com/ locate/eng
Research
Green Industrial Processes—Review
Comparing End-Use Potential for Industrial Food-Waste Sources
https://doi.org/10.1016/j.eng.2018.05.010
2095-8099/� 2018 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author.
E-mail address: aengelbe@purdue.edu (A.S. Engelberth).
Raymond RedCorn a,b, Samira Fatemi a,b, Abigail S. Engelberth a,b,c,⇑
aDepartment of Agricultural and Biological Engineering, Purdue University, West Lafayette, IN 47907-2093, USA
b Laboratory of Renewable Resources Engineering, Purdue University, West Lafayette, IN 47907-2022, USA
cDivision of Environmental and Ecological Engineering, Purdue University, West Lafayette, IN 47907-2022, USA

a r t i c l e i n f o
Article history:
Received 4 December 2017
Revised 27 March 2018
Accepted 15 May 2018
Available online 21 May 2018

Keywords:
Industrial food waste
Food-waste valorization
Value-added recovery
a b s t r a c t

Approximately one quarter of the global edible food supply is wasted. The drivers of food waste can occur
at any level between production, harvest, distribution, processing, and the consumer. While the drivers
vary globally, the industrialized regions of North America, Europe, and Asia share similar situations; in
each of these regions the largest loss of food waste occurs with the consumer, at approximately 51% of
total waste generated. As a consequence, handling waste falls on municipal solid waste operations. In
the United States, food waste constitutes 15% of the solid waste stream by weight, contributes
3.4 � 107 t of carbon dioxide (CO2) equivalent emissions, and costs 1.9 billion USD in disposal fees. The
levels of carbon, nutrients, and moisture in food waste make bioprocessing into higher value products
an attractive method for mitigation. Opportunities include extraction of nutraceuticals and bioactive
compounds, or conversion to a variety of volatile acids—including lactic, acetic, and propionic acids—that
can be recovered and sold at a profit. The conversion of waste into volatile acids can be paired with bioen-
ergy production, including hydrogen or biogas. This present review compares the potential for upgrading
industrial food waste to either specialty products or methane. Higher value uses of industrial food waste
could alleviate approximately 1.9 � 108 t of CO2 equivalent emissions. As an example, potato peel could
be upgraded to lactic acid via fermentation to recover 5600 million USD per year, or could be converted to
methane via anaerobic digestion, resulting in a revenue of 900 million USD per year. The potential value
to be recovered is significant, and food-waste valorization will help to close the loop for various food
industries.

� 2018 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

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

On a global scale, one quarter to one third of food is lost, gener-
ating 1.3 � 109 t of food waste annually [1,2]. In the United States,
3.84 � 107 t of food was lost in 2014 [3], while a survey of eight
large cities in China found that consumers wasted 8 � 105 t of food
per year [4]. For comparison, 23% of cropland fresh water, fertilizer,
and land use are futilely expended to produce the fraction of food
that is lost [5]. Meanwhile, the disposal and treatment of food
waste is a major concern, as uncontrolled decomposition con-
tributes to global warming and the loss of food resources compro-
mises sustainability [3,5,6]. It is also often expensive to transport
and handle food waste, thus enhancing the economic advantage
of onsite treatment [7]. Consequently, valorizing food loss has
gained significant traction in the past decade due to the volume
of waste created on a daily basis and the strain this loss places
on both industry and the environment [7,8].

Food loss from industrial processing facilities is a small fraction
(5%) of total food loss but offers multiple advantages as a starting
point for mitigation [1]. First, most food loss is geographically dis-
tributed; in contrast, industrial food loss is generated in high vol-
ume at specific points, which eases the capturing of its value.
Second, industrial food-loss streams are relatively homogenous
in nature because they are a byproduct of the specific food being
processed. This homogeneity allows each food-loss stream to be
targeted for unique high-value products that can economically jus-
tify the bioconversion or separation needed; in addition, in the case
of anaerobic digestion (AD), it allows for onsite utilization of the
generated biogas. Finally, having the means for conversion to
higher value products can create market demand for the food lost
on the field and post-harvest, which accounts for 50% of total food
loss [1]. The inedible fraction of this upstream food loss can be
valorized if combined with the downstream byproducts of
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food-processing facilities. In combination, these factors make
industrial food loss an effective entry point to mitigate the greater
food-loss problem.

Food loss is the ‘‘. . . decrease in quantity or quality of food,”
according to the Food and Agriculture Organization (FAO) of the
United Nations (UN), while food waste is the subset of food loss
that occurs due to the disposal or non-food use of food that is
otherwise safe for consumption [9]. This paper reviews and com-
pares the production of major industrial food-waste streams, and
reports on recent progress in the end-use valorization of those
streams. Specifically, we look into seven major industries—potato
processing, cucumber pickling, coffee roasting and serving, pome-
granate juice, citrus processing, fish processing, and cheese pro-
cessing—that produce a significant volume of waste each year.
First, we explore upgrading food-waste streams into higher value
products using a variety of technologies. We then look at those
same industries and determine the potential for upgrading the
food-waste streams to methane using AD. Note that, to date, the
pickle brine produced from the pickling industry cannot be pro-
cessed using AD, and was thus excluded from that comparison.
This paper focuses on the theoretical potential of the food-waste
streams and does not take processing costs into account. This
review demonstrates the significant potential for further down-
stream use of these often-discarded food-waste streams.
2. Methodology

Three types of studies were examined in this literature review:
① studies that utilized waste sources generated during the indus-
trial processing of foods; ② studies on generating a value-added
product from that waste source, other than biogas; and ③ studies
on developments in the value-added product that have been made
in the past five years (prior work on those food-waste streams is
also cited, and products where relevant). Industrial food-waste
streams were chosen because they generate predictable food-
waste streams that are more homogeneous than consumer food-
waste streams; such predictability is needed in order to target
the recovery or processing of specific compounds. Examining only
those studies that fell into these categories led to a focus on seven
industrial food-waste streams, which are shown in Table 1 [10–
25], along with their general characteristics. Cucumber pickling
brine is included in the review but omitted from Table 1 because
its relevant characteristics do not fully align with those of the other
industrial food-waste sources. This review is organized with
respect to the products generated from the food-waste streams.
Resource potential calculations assume full global capture of the
resource, and gross profit at experimentally observed yields.
Fig. 1 is included to demonstrate the flow of food from production
Table 1
Characteristics of industrial food-waste streams.

Industry Resource Total
solids 1

VSs Readily
degradable
carbohydrate

Cellulo

Potato processing Potato peels 9% 90% 63% —
Coffee roasting

and serving
Coffee grounds 20% 98% — 9%

Pomegranate juice Pomegranate peels 92% 95% — 5%–20
Pomegranate seeds 13%–19% 98% — 19%

Citrus processing Citrus peels 19% 95%–97% 1% 22%–3
Fish processing Fish tails, skin,

heads, and bones
20%–50% 75%–81% — —

Cheese processing Whey 6% 92% 78% —

Values are shown as a percentage of total solids (dry solids), unless otherwise stated; ‘‘
1 Percentage of total mass.
2 Measured as uronic acids.
to disposal, and is simplified in order to demonstrate both conven-
tional disposal and where our methods fit within the scheme. Food
waste generated from industrial applications can be diverted from
landfills to higher value processing. After processing, some low-
value waste will remain and will need to be disposed of; however,
this disposal is likely to result in reduced greenhouse gas emissions
since most of the complex carbohydrates will be simplified during
the downstream processing.
3. Results and discussion

3.1. Identifying industrial food waste

Industrial food wastes are derived from various industries and
are thus as varied as their sources. Fruit juice facilities often pro-
duce peels, seeds, and other organic matter as waste [10,11,26].
Liquid byproducts from industries, such as whey from cheese-
making and brine from cucumber pickling, are also common and
serve as substrates for various conversions [27,28]. Agricultural
waste, such as animal and post-harvest waste, have applications
in bioenergy production [29–32]. Although the proteins, lipids, car-
bohydrates, and other compounds available in food waste render it
a suitable alternative to produce commodity and higher value
chemicals, some challenges for each source are discussed in this
section. On a global scale, 1.3 � 109 t of food is wasted annually,
which amounts to approximately a third of the food produced for
humans [2]. One current challenge is food-waste handling; land-
fills are not a sustainable solution [3,6]. It is also often expensive
to transport and handle food waste. However, onsite treatment
of the waste may be economically advantageous [8].
3.2. Specialty products from industrial food waste

3.2.1. Lactic acid
The proliferation of lactic acid bacteria on food sugars has been

exploited for thousands of years as a means of preserving foods
[33]; however, the recent development of polylactic acid (PLA)
polymers—a biodegradable alternative to polypropylene, with sim-
ilar properties—has resulted in microbial fermentation being used
for commodity chemical production [34]. The bioplastics industry
grew 17.7% per year from 2007 to 2017, and PLA polymers sell
for 1.87–2.20 USD�kg�1, a relatively high value [35,36]. As a conse-
quence, interest in the utilization of food waste to produce lactic
acid is increasing, especially for food waste that is high in carbohy-
drates. Recent attention on the utilization of industrial food waste
to produce lactic acid has focused on potato peel waste, but the
brine from pickling operations also demonstrates promise.
se Hemi-
cellulose

Pectin Proteins Lipids Lignin Antioxidant Refs.

— — 17% 1% 10% — [12,13]
37% — 14% 17% — — [14,15]

% — 5%–11% 2 — — 9% 32% [10,16,17]
— — — 12%–20% 21% 10% [18–22]

7% 5%–17% 23% 16%–23% 1%–4% 7%–9% — [11,23]
— — 15%–30% 0–25% — — [24]

— — 11% 7% — — [25]

—” indicates value unknown; VSs: volatile solids.



Fig. 1. Simplified flow diagram of food from production to disposal. The dotted box highlights where the current report fits within the scheme. High-value waste can be
diverted from the landfill to processing to recover value. A small stream of waste will be disposed of, but should result in decreased greenhouse gas emissions since many of
the complex chemicals will be reduced or removed during processing.
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Potatoes are the fourth largest starch crop in the world after
rice, corn, and wheat, with 2 � 107 t of production in the United
States and 9.5 � 107 t in China [9]. In the United States, 68% of
the potatoes are destined for processing facilities [37]. The potato
peel waste generated from this processing has been shown to be
63% carbohydrates by dry weight, with more than half of the car-
bohydrates being present as starch [38].

Conversion of potato peels to lactic acid has a major advantage:
The process is quick, with an optimal fermentation of around 24 h
[13]. However, major drawbacks have yet to be overcome. The total
lactic acid concentration in the conversion product of 11.1 g�L�1 is
low for industrial fermentation [2], which is likely due to the low
solids-loading rates of 30–50 g�L�1 that have been used thus far
[13]. In contrast, the use of post-consumer food waste containing
up to 117 g�L�1 of dry carbohydrates has achieved 80–100 g�L�1

of lactic acid [39]. This discrepancy in lactic acid production is
due in part to the use of added enzymes to degrade long-chain car-
bohydrates prior to fermentation [39]. The market potential for
potato peel waste under the current technology is shown in Table 2
[9–11,13,14,25–27,37,40–53].

One feature of the potato peel waste experiments performed
thus far was the use of municipal sewage sludge as an inoculum.
This was associated with a relatively high specific production rate
of 0.125 g�(g�d)�1, compared with post-consumer food-waste
fermentations [13]. Similarly, other cafeteria food-waste experi-
ments utilizing municipal sewage sludge inoculum achieved
0.096 g�(g�d)�1, indicating that sewage sludge is an inexpensive
and abundant source of microbes to enhance process performance
[54]. However, a disadvantage to the use of sewage sludge inocu-
lum is that thus far, optical purity has been low and near equal
quantities of L- and D-lactic acid have been produced [13,54]. High
optical purity, typically greater than 90% L-lactic acid, is an impor-
tant quality if the acid is to be used for bioplastics [34]. High opti-
cal purity has been achieved in mixed cultures through control of
pH, but a relatively high pH of 8 is needed, which increases the
buffering demand [55]. To produce lactic acid that can compete
in the biopolymer market, it is expected that pure culture inocu-
lum will need to be paired with the enzymatic saccharification of
food-waste carbohydrates in order to achieve high yields, produc-
tion rate, concentrations, and optical purity.

Thus far, research into lactic acid from food waste has incorpo-
rated primarily post-consumer food waste rather than industrial
food waste, and demonstrates that the process is achievable with
high heterogeneity in the waste sources [39,54,55]. It is expected
that potato peel waste could be combined with other
carbohydrate-rich industrial waste sources, or post-consumer
waste, to achieve economy of scale and year-round production
beyond the season for potato harvesting.

A more direct, yet underexplored, opportunity for lactic acid
production from waste is through recovery from pickling brine.
Typical brine contains 7–12 g�L�1 of lactic acid [27]. The fermenta-
tion of cucumbers for preservation and flavor enhancement pro-
duces a high-salt (6%–12% NaCl) brine that must be discarded
[56,57]. In both the European Union and the United States, regula-
tions have been implemented that limit brine release, with the
United States also limiting chloride discharge to 230 mg�L�1

[27,58]. Recovery of lactic acid from the brine would allow for
reuse of the salty solution in subsequent pickling fermentations
while avoiding large quantities of questionable discharge. The eco-
nomic potential of recovering lactic acid from potato peel brines is
shown in Table 2.

Electrodialysis (ED) is one possible solution for recovering lactic
acid from brines; however, multiple obstacles must be overcome.
First, organic matter, including bacteria, must be removed via
ultrafiltration to protect ED membranes. Second, the pH of pickling
brine is often below the pKa of lactic acid (3.86), causing lactic acid
to be present in its undissociated form and thus leaving it unsus-
ceptible to influence from the applied electric field [56]. Therefore,
the pH must be raised to account for dissociation. Finally, the elec-
trophoretic migration across the membrane may preferentially tar-
get the salts present in the solution, given their smaller size,
charge, and high concentration. This preference would indicate



Table 2
Resource potential of industrial food waste to specialty products.

Industry Resource Global mass of
resource (t�a�1)

Potential
product from
resource

Yield of potential product
(kg(product)/kg(resource))

Mass of potential
product (t�a�1)

Technology required for
conversion

Market value of
potential product
(USD�kg�1)

Potential revenue of
specialty product
(�106 USD�a�1)

Potato processing Potato peels 25 954 386 1,2 Lactic acid 0.140 3 3 633 614 Fermentation and separation 1.54 4 5 595.8
Cucumber pickling Pickling brine 2 074 888 925 2,5 Lactic acid 0.010 6 24 898 667 Electrodialysis 1.54 4 38 343.9
Coffee roasting

and serving
Coffee grounds 25 570 924 7,8 FAMEs 0.170 9 4 295 915 Dimethyl ether extraction of oil

and esterification to FAME
0.97 10 4 152.6

Pomegranate juice Pomegranate peels 1 302 500 8,11 Phenolic
microcapsules

0.070 12 91 175 Ultrasound extraction,
emulsification, spray drying

8.00 13 729.4

Pomegranate seeds 370 000 8,14 Antioxidant oil
microcapsules

0.100 15 37 000 Ultrasound extraction,
emulsification, spray drying

5.00 16 185.0

Citrus processing Citrus peels 24 204 988 2,17 Ethanol 0.250 18 6 051 247 Cellulose hydrolysis,
fermentation, distillation

0.53 19 3 180.9

Pectin 0.230 20 5 567 147 Hot dilute acid treatment,
alcohol precipitation

4.00 21 22 268.6

D-limonene 0.005 22 139 179 Steam distillation and alkali
treatment

4.14 23 576.5

Fish processing Fish tails, skin, heads,
and bones

540 2,24 Bioactive
peptides

0.730 24 394 Hydrolysis and electrodialysis
with membrane filtration

Highly varied 25 —

Cheese processing Whey 150 000 000 26 Butanol 0.010 27 1 950 000 Fermentation and separation 0.70 28 1 365.0
Acetone 0.001 27 150 000 Fermentation and separation 1.64 29 246.0
Ethanol 0.001 27 150 000 Fermentation and separation 0.53 19 79.5

1 68% of potatoes produced are destined for processing [37] and 10% of mass is waste in the processing facilities [40].
2 Estimates waste specifically at processing facilities.
3 Maximum observed yield of 0.14 g lactic acid per gram of potato peel waste [13].
4 Using a value of 0.7 USD�lb–1 (1 lb = 0.4535924 kg) [41].
5 74 975 625 t of cucumbers produced globally in 2014 [9], 64% of cucumbers utilized for pickling and 40% of fermentation volume is spent brine [42], 61.67 g cucumber per metric cup (a metric cup is 250 mL) density (aqua-

calc.com).
6 Maximum observed concentration of 12 g lactic acid per liter in spent pickling brine [27].
7 Assumed spent coffee grounds are 67% moisture [43]; worldwide green coffee production is 8 790 005 t [9]. Assumed roasted coffee : green coffee yield of 1 : 1.3, and a 4% moisture content for roasted beans. Assumed all solids

are retained in grounds upon brewing coffee.
8 Estimates waste product produced at processing facilities as well as waste produced by individual consumers that did not buy a processed version of the original product. Data on the fraction of the agricultural product that

went to processing facilities could not be found.
9 Coffee grounds are approximately 16.8% oil by wet weight, assumed 100% theoretical conversion to fatty acid methyl ester (FAME) [14].

10 Biodiesel density of 0.88 kg�L�1 [44] and price of 3.22 USD�gal�1 (1 gal = 3.785412 L) [45].
11 Assumed 0.521 t pomegranate peel per tonne of pomegranate [10].
12 Assumed yield of 0.7% peel dry weight [46].
13 Estimated value based on spot price of the antioxidant b-carotene.
14 0.148 t pomegranate seed generated per tonne of pomegranate [10].
15 Assumed yield of 10% seed dry weight [46].
16 Estimated value based on spot price of the antioxidant ascorbic acid.
17 72 253 695 t orange produced per year globally [9], 67% of oranges used for processing in 2015–2016 [47], 50% of fruit weight as orange peel [48].
18 Ethanol yield of 0.25 g per gram of biomass observed [48].
19 Ethanol price of 1.57 USD�gal�1 [45].
20 Assumed pectin is 23% of orange peel dry matter [11].
21 Pectin prices range from 4 to 10 USD�kg�1.
22 11.5 lb of D-limonene could be extracted from 1 t of orange processing waste [26].
23 Based on Indian market of 22.24 million USD per 5920 tonnes [11].
24 1.8 million pounds of trout at 30% of biomass wasted with 74% of biomass as protein [49].
25 Prices may range to 1000 USD�kg�1; however, they are too varied for a reasonable estimate [50].
26 Global production estimated from 2005 data [25].
27 Assumes 4.9% lactose (w/v), and 0.26 g butanol, 0.013 g acetone, and 0.018 g ethanol per gram of lactose [25,51].
28 Assumes 700 EUR�t�1 and 1.22 USD per Euro [52].
29 Assumes 1350 EUR�t�1 and 1.22 USD per Euro [53].
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that the bulk of the energy would favor separating the higher con-
centration salts, thereby leaving the lower concentration lactic acid
in the brine solution. ED has been proposed for the crystallization
of salt from the waste of reverse osmosis (RO) processes [59]. The
issues with ED are not trivial. A proposed alternative to recover lac-
tic acid from pickling brine is anion exchange. Thus far, this tech-
nique has been applied to lactic acid fermentations with
exchange resins such as Amberlite IRA-400 that are highly selec-
tive to organics [60]. Without a clear indication of the selectivity
of anion-exchange resins in the presence of high salt concentration,
the viability of recovering lactic acid is unknown. Overall, the
recovery of lactic acid from pickling brine represents opportunities
for further study with marked potential environmental benefit.

3.2.2. Biofuels
Liquid biofuels are an attractive end-product for industrial food

waste as there exists a broad and reliable market, and the final pro-
cess of combustion can be more tolerant of chemical heterogene-
ity, which can occur when processing complex waste sources
[61]. While both ethanol from carbohydrates and biodiesel from
lipids are well-established processes, recent advances have height-
ened their viability to be produced from industrial food waste.

The lipid fraction of food waste is well suited for conversion to
fatty acid methyl ester (FAME); however, extraction is difficult at
low concentrations. Recently, dimethyl ether (DME) has been uti-
lized to effectively extract oils from industrial food wastes [14].
This extraction technique is attractive because DME has a low boil-
ing point (�28 �C) but remains a liquid under high pressure (e.g.,
0.51 MPa at 20 �C), at which extraction occurs. Therefore, recovery
of the DME can be achieved efficiently. Coffee ground oils, which
are approximately 17% by weight, could be extracted with DME
[14]. An economic scenario for producing FAME from coffee
grounds is shown in Table 2.

DME can also be used for further extraction of oils where press-
ing has reached its limit of effectiveness; soybean and rapeseed
cakes are both comprised of around 1% oil [14]. The DME extraction
process could be applied to an array of industrial food-waste
sources. For example, after fermentation of the carbohydrates in
potato peel waste, the lipids are left more concentrated, at 1.4%
of solids post-harvest [12]; this process could also be used for
pomegranate seeds, which contain up to 20% oil by dry weight
[62].

The cellulose fraction of industrial food waste also demon-
strates potential for conversion to ethanol. Among food wastes,
citrus peels contain high amounts of cellulose (37% for orange)
with low lignin content (7.5% for orange) [48]. Fermentation
inhibitors are present, including pectin (23% for orange) and
D-limonene, but extracting these compounds prior to ethanol
fermentation offers synergistic production of two high-value
coproducts. D-limonene is associated with the citrus oils extracted
from the peel, and can be used as an insect repellent, flavoring
agent in food, aromatic element in cosmetics, and industrial dis-
persing agent or solvent [11]. Pectin is a high-value food modifier
that can alter viscosity and aid in gel formation [63]. Pectin can be
extracted with hot dilute acid (with a pH of about 2) and then pre-
cipitated with alcohol [11]. The economic potential of ethanol, pec-
tin, and D-limonene from citrus-peel processing is shown in
Table 2. The acid pretreatment has the added benefit of enhancing
the degradation of cellulose to monomers for fermentation to
ethanol; in addition, the process can be combined with steam
pretreatment [64].

Readily degradable sugars from industrial food waste also
demonstrate potential for conversion to butanol and coproducts,
via acetone, butanol, and ethanol (ABE) fermentation. Butanol is
an advantageous biofuel because it does not require engine modi-
fication to be used in conventional gasoline automobiles; it has
83% of the energy density of gasoline, compared with ethanol,
which has 65% [65]. Of food wastes that are high in readily degrad-
able sugars, the waste from baking operations and the whey from
cheese-making have recently been studied.

Estimates on the quantity of bakery waste, including stale
bread, inedible doughs, and batter, could not be found but are
expected to be significant. In the United Kingdom for example,
household waste of baked products is estimated to be
400 000 t�a�1, indicating a large industry with possibly comparable
upstream waste [66]. The wastes are rich in glucose; bakery
doughs, batters, and stale breads are approximately 60%–62%
starch by solids [67]. Using Clostridium beijerinckii NCIMB 8052, it
was shown that 0.36 g ABE per gram of substrate could be
consistently achieved from dough, breadcrumbs, and waste batter
[67]. Specifically, 0.19–0.21 g of butanol was yielded per gram of
substrate [67].

Cheese whey is rich in lactose, which has recently been investi-
gated for conversion to butanol. Butanol concentrations from
cheese whey have ranged from 5 to 12 g�L�1 [51,68]. Fractions vary,
a 6 : 3 : 1 of butanol : acetone : ethanol ratio is common, and yields
are low but comparable to other food waste, starting from 0.25 g of
butanol per gram sugar, or around 0.3 g of ABE per gram of sugar
[51,65,68].

The primary challenge in converting food waste to butanol is
the same as that in producing butanol from other products: low
fermentation concentration (< 30 g�L�1) due to product inhibition
[65]. This in turn leads to challenges in separating the butanol,
due to its high boiling point (117 �C) and low vapor pressure
(2.3 kPa) [65,67,68]. These characteristics enhance the safety of
pure butanol, while limiting its distillation efficiency for recovery.
To overcome product inhibition, simultaneous separation and fer-
mentation have been proposed, with pervaporation and adsorption
being the least energy-intensive separation options [65].

Overall, techniques for producing biofuels from industrial food
waste demonstrate the potential to connect waste sources to a
dependable market. Furthermore, a combination of extracting both
lipids and carbohydrates is often synergistic and offers outlets to
both biodiesel and bio-alcohol markets.

3.2.3. Antioxidants and phenolics
Antioxidants and phenolics are high-value compounds that can

enhance the viability of the bioprocessing of food-waste streams.
Both can be considered part of a high-growth nutraceuticals mar-
ket—worth between 100 billion and 200 billion USD per year—with
recent growth near 7% per year [69]. Furthermore, some antioxi-
dants can be utilized as a natural preservative for applications such
as extending the shelf life of food oils [70].

Extraction of antioxidants from citrus peels could further
enhance ethanol production and result in a much higher value
coproduct. Citrus peel antioxidants have been shown to inhibit car-
cinogenesis [71]. These antioxidants are extracted via methanol
[71]. Similarly, flavonoids have been shown to exhibit anti-
inflammatory properties, and can be extracted via hot alkali treat-
ment [72].

Discarded pomegranate peels and seeds are another potential
source of antioxidants. Pomegranate seed oil has been shown to
contribute antioxidants with immune-boosting properties, while
the peels are high in antioxidants in the form of phenolics [46].
Both pomegranate seeds and peels can be separated by treatment
but treated through similar processes of drying, grinding,
ultrasound-assisted solvent extraction, filtration, drying, emulsifi-
cation, and spray drying [46]. By means of this process, seed oil
microcapsules could be produced at a yield of 10% of dry seed
weight, while a yield of 0.7% of high phenolic microcapsules could
be generated from peels [46]. The economic potential of these two
resources is shown in Table 2.
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Similarly, spray drying can be used to recover phenolics from
olive-mill waste waters. Olive-mill waste can be processed into
multiple coproducts in a proposed scheme that can concentrate
the liquid fraction of olive-mill waste, and that encapsulates the
phenolics via spray drying. The encapsulated phenolics can be used
as a food supplement, although this process has not been fully pro-
totyped [46]. A portion of the process that has been further evalu-
ated involves utilizing the olive-mill waste solids to generate an
olive paste spread via fermentation, or by spray drying the solids
to produce an olive powder. This powder can be used as a
cholesterol-lowering agent, a food additive, or in cosmetic prod-
ucts. The spread is made by recombining fermented solids with
olive oil, vinegar, peppers, and herbs [46].

Overall, antioxidants and phenolics are part of a growing mar-
ket. Their use and efficacy are still under investigation, and the
extraction of valuable products from industrial food-waste pro-
cesses is an area of active research and development.

3.2.4. Bioactive peptides
The fishing industry catches and farms 1.54 � 108 t of live fish

per year [24]. In certain regions, 70% of the fish is processed prior
to sale, and 20%–80% of the fish mass (head, tail, fins, entrails, and
frames) ends up as waste, depending on the processing method
and the type of fish [24,73]. This food-waste stream has established
utilization as fish silage, fish meal, and fish oil, which are predom-
inantly used for animal feed. Fish silage, which is produced
through enzymatic and acid degradation of the fish, is a low-
value product at 0.3 USD�kg–1 [74]. Fish meal, which has a lower
water content, is approximately 1.6 USD�kg–1 [75]. However,
renewed interest in bioactive peptides for the treatment of infec-
tion, diabetes, and hypertension has enhanced the focus on fish
waste due to the high concentration of proteins in fish waste;
mixed fish waste has been reported to contain 58% crude protein
[76,77]. These health applications of fish waste have greater barri-
ers to market, but also provide orders-of-magnitude higher value.
Recent advances in separating bioactive peptides have enhanced
the potential of this resource.

Combining ED with ultrafiltration membranes (UFMs) in order
to separate bioactive peptides from the enzymatically hydrolyzed
waste of rainbow trout, a freshwater fish commonly produced in
the western United States, is one recent advancement in fish-
waste utilization [49]. The market potential of rainbow trout waste
is shown in Table 2; however, the potential of the broader fish-
waste market is much larger, as stated above. The ED and UFM
device is set up with adjacent compartments divided as follows:
anode, anion-exchange membrane (AEM), UFM, cation-exchange
membrane (CEM), and cathode. Electrolyte solutions are fed
between the anode and AEM, and between the CEM and cathode.
Meanwhile, fish protein hydrolysate is fed either between the
AEM and UFM to separate out anionic peptides, or between the
UFM and CEM to separate out cationic peptides, while potassium
chloride is fed into the alternate compartment. Membrane config-
uration permits the separation of proteins based on charge, which
is an important factor affecting peptide bioactivity. The process is
selective; over the course of 4 h, close to 1% of the peptides migrate
from the fish protein hydrolysate to the anionic or cationic cham-
bers, indicating opportunities to pair ED with other protein hydro-
lysate utilization technologies. The process consumes 116 W�h per
gram of cationic peptide separated, and 219 W�h per gram of anio-
nic peptide separated at an electric field strength of 11 V�cm�1. The
separated fractions were shown to have a concentration of 156 and
85 lg�mL�1 for cationic and anionic peptides, respectively [49].
Although these concentrations are dilute, they represent special-
ized peptides with common characteristics that are open for fur-
ther study. Similarly, the combination of ED and UFM has been
applied to rapeseed protein hydrolysate [78]. Overall, the combina-
tion of ED and UFM for rainbow trout offers promise as a means of
utilizing the globally dispersed high mass of fish-waste production
for an array of high-value applications.

3.3. Electricity and power generation from industrial food waste

AD is a technology that is often used in wastewater treatment
and in the conversion of organic waste matter into biogas
[2,7,79]. Anaerobic sludge from waste treatment plants is used as
seed sludge in many studies [80]. AD typically occurs in either a
single-stage digestion or two-stage digestion [80]. Single-stage
AD is more commonly applied for the treatment of municipal solid
waste, including food wastes. In single-stage AD, all four stages of
the process (hydrolysis, acidogenesis, acetogenesis, and methano-
genesis) occur within a single reactor [80]. This process can
undergo either wet AD, in which the waste is processed as-is, or
dry AD, in which the water content is reduced to approximately
12% prior to digestion [80]. Two-stage AD can produce hydrogen
and methane in separate reactors, as the first two steps (hydrolysis
and acidogenesis) occur in the first reactor, followed by the second
two steps (acetogenesis and methanogenesis) in the second reactor
[80]. In two-stage AD, recovery of methane as high as 90% can be
observed [80]. Uçkun Kiran et al. [80] studied four different reactor
types that are used in AD: packed-bed reactors (PBRs), up-flow
anaerobic sludge blanket reactors (UASBRs), continuous stirred
tank reactors (CSTRs), and fluidized-bed reactors (FBRs). The PBR
was capable of degrading organic material at a faster rate, while
the UASBR achieved 93.7% chemical oxygen demand (COD)
removal and 0.912 L methane per gram of COD. The CSTR and
FBR both produced biogas of which 60% was methane, although
the FBR was more stable [80].

An earlier study investigated the pilot-scale production of
methane from municipal food waste [81]. The rate of biogas pro-
duction reached 236 m3�d�1, of which 60%–70% was methane
[81]. One key outcome of this study was that the system remained
stable despite fluctuations in organics loading, which suggests that
AD can serve as a viable option for the conversion of food waste
into biogas and methane for energy [81]. The remainder of Sec-
tion 3.3 focuses on the use of AD to convert industrial waste into
a single major product: methane for electricity and power
generation.

3.3.1. Potato peels
The high volume of potato peel waste produced globally ren-

ders it a suitable waste product for the anaerobic production of
methane. Table 3 [7,10,24,25,43,45,82–85] shows the potential
for methane production from potato peels. Although acetic acid,
along with other volatile fatty acids (VFAs), is formed during potato
peel digestion, none of the tested conditions resulted in VFA con-
centrations high enough to inhibit methane production [82]. Inter-
estingly, potato peel residue from lactic acid fermentation can also
be used in AD to produce methane using sludge as inoculum [82].
The residue has similar moisture and volatile solids (VSs) content
to untreated potato peels [82]. However, the methane yield is
14% higher, with lower resulting VFA production, indicating the
viability of combining lactic acid with methane production for
value-added processing of potato waste. By assuming a 2 kW�h
generation of energy per cubic meter of methane, a potential
1.2 � 1010 kW�h of energy can be procured globally from potato
peels alone [82,86].

Biogas production via potato-waste digestion can be improved
by the selection of the inoculum used in the digester. Hydrogen-
producing and methanogenic organisms were selected to perform
AD, which resulted in the methane production of 0.412 m3�kg�1 VS
[86]. One advantage of the approach in this study was the
two-stage AD process, which can also result in the production of



Table 3
Methane production potential from industrial food waste.

Industry Resource VSs 1 Yield of methane
(m3(methane)/kg(resource))

Volume of potential
methane (m3�a�1)

Potential revenue of
methane 2 (�106 USD�a�1)

Potato processing Potato peels 7% 3 0.239000 4 6 203 098 000 5 896.49
Cucumber pickling Pickling brine — — — —
Coffee roasting and serving Coffee grounds 30% 6 0.083000 6 2 126 478 000 307.32
Pomegranate juice Pomegranate peels 70% 7 0.188160 8 245 078 000 35.42

Pomegranate seeds 62% 9 0.169260 8 62 626 000 9.05
Citrus processing Citrus peels 19% 10 0.086177 2 085 913 000 301.46
Fish processing Fish tails, skin, heads, and bones 28% 11 0.390000 210 000 0.03
Cheese processing Whey 5.8% 12 0.031900 13 4 785 000 000 691.50

1 Percentage of total mass.
2 Price of methane assumed to be the same as price of natural gas in the United States (0.14 USD�m�3) [45].
3 Assumed methane production based on raw untreated potato peel waste [82].
4 Cumulative methane production over a 40-day period [82].
5 Based on global generation of potato peel waste [82].
6 Assumed 90% of total solids were volatile; assumed 67% moisture content of coffee grounds; and assumed co-digestion with sewage sludge [43,83].
7 VSs calculated from wet basis of untreated peel [10].
8 Production of methane was assumed to be 70% of total biogas production [10].
9 VSs calculated from wet basis of untreated seed [10].

10 Assumed 80% water content for citrus peels [7,84].
11 Based on estimated 65% moisture content and an estimated fixed solids of 21% [24].
12 Whey is 6.3% solids minus 0.5% ash [25].
13 Assumed a methane production of 0.55 L methane per gram of VS [85].
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hydrogen [86]. Another improvement of methane production from
potato peels comes from the co-digestion with cow manure. Over-
all biogas production reached as high as 0.575 m3�kg�1 VS,
although the fraction of biogas that is carbon dioxide (CO2) may
increase [87]. With a blend of 20% potato peels and 80% cow man-
ure, methane production reached 0.348 m3�kg�1 VS, with the low-
est CO2 quantity present (29.7% of biogas) [87]. Coproduct
generation through AD alone is also possible. One study explored
the optimization of both hydrogen and methane production from
potato peels [88]. Two-stage digesters were used: The first reactor
produced biogas with an average of 45% hydrogen, while the sec-
ond produced biogas with an average of 76% methane [88].
Through co-digestion, an average of 2.14 kW�h per kilogram of
energy can be achieved [88].
3.3.2. Coffee grounds
Coffee grounds hold the potential to produce energy via AD to

generate over 3 � 108 USD in added revenue to the global energy
market (Table 3). Methane production was upward of 75% of the
total biogas produced from coffee grounds under most conditions;
more fibrous feedstock resulted in much lower yields [83]. Coffee
waste is more acidic than other feedstocks, with a pH of around
5; thus, it is important to monitor the pH of the digesters through-
out the process [88,89]. In addition to the solids, the liquid fraction
can be digested; it yielded 0.296 m3�kg�1 VS [89]. Co-digestion of
the liquid fraction of spent coffee with cow manure further
increases the yield to 0.312 m3�kg�1 VS, although the fraction of
biogas that is methane decreases (36% methane as opposed to
53% without co-digestion) [89]. Co-digestion of spent grounds with
other food wastes is also possible, and can increase overall
methane yields [9]. For example, spent coffee grounds were co-
digested with municipal food waste, whey, marine algae Ulva,
and waste-activated sludge [90]. While spent grounds alone were
optimized to produce 0.314 m3�kg�1 VS, co-digestion with whey
increased methane generation to as high as 0.348 m3�kg�1 VS
(75% food waste, 25% coffee grounds) [90]. With whey, yields
reached 0.32 m3�kg�1 VS (75% whey) [90]. Waste-activated sludge
and Ulva did not improve methane generation [90]. Thus, it may
be necessary to investigate the cause of the decrease when co-
digested with waste-activated sludge, as many AD processes use
the sludge as either the methanogenic organism source or a co-
digester.
3.3.3. Pomegranate marc
Pomegranate marc is a byproduct of pomegranate juicing that

contains the peels and the seeds [10]. These can be processed sep-
arately to produce methane through AD. The production of biogas
through the digestion of untreated pomegranate peel is relatively
quick, with 95% of the total biogas being produced within the first
14 d of digestion [10]. The wet untreated peel was more efficient at
methane production than the wet untreated seeds [10]. Methane
production can be coupled with antioxidant extraction from pome-
granate peels and seeds [10]. Although this extraction reduced the
methane yield, the coproduct recovery of the higher value antiox-
idant renders the process economically viable [10]. The production
of phenolics and oils from pomegranate marc can be integrated
with methane production as another approach to add value to
pomegranate waste [4]. Even when left to rot, pomegranate seeds
can still yield consistent quantities of methane [84].

3.3.4. Citrus peels
Since citrus fruits have small quantities of edible material,

much of the fruit goes to waste in juice processing [91]. Sweet
oranges and mandarins were able to produce relatively high yields
of methane, resulting in over 0.45 m3�kg�1 VS for peels, pressings,
and rotting fruit [84]. Lemon pressings resulted in comparable
methane yields, at 0.473 m3�kg�1 VS [84]. The percent of biogas
that is methane when citrus peels were digested can reach as high
as about 72%; however, for much of the duration of the digestion,
methane is roughly 50% of the total biogas [23]. Citrus fruit has
the advantage of utilizing various aspects of its waste for AD. For
example, even dilute streams of citrus wastewater have a methane
yield of 0.238 m3�kg�1 COD when digested [23]. This yield has the
potential to move juicing facilities toward energy self-sufficiency;
a small processing plant in Florida can theoretically produce over
1.1 � 108 kW�h of energy per year from 245 t of orange peels and
excess wastewater through thermophilic AD [23].

3.3.5. Fish waste
Fish waste is an underutilized form of food waste that has

potential for a wide array of products, including methane produc-
tion. One challenge with using fish waste for AD is the high quan-
tity of nitrogen that is present [92]. Fish waste can produce
methane yields as high as 0.828 m3�kg�1 VS [92]. Due to the
relatively small quantity of VSs, the production of methane per
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kilogram of total fish waste is relatively low [92]. However, due to
the high output of methane, it is possible to couple methane pro-
duction with the recovery of higher value products such as
omega-3 acids or peptides [92]. Fish waste may also be co-
digested with other food wastes, such as strawberry waste [32].
Methane yields of strawberry-fish co-digested mixture were com-
parable to yields of other food-waste streams (0.205 m3�kg�1 VS)
[32].
3.4. Costs and impact of industrial food waste

3.4.1. Costs of industrial food waste
Industrial food-processing waste is not the largest source of

food waste in the supply chain, but it could be advantageous if
more astutely utilized. With 5% of all food waste from industrial-
ized regions being from industrial food processes, this source
remains much lower than the food waste created by distribution,
consumption, and post-harvest losses [1]. However, industrial food
waste does not require a complex collection system, unlike other
forms of food waste, which are often geographically dispersed. Fur-
thermore, food-waste processing can incentivize food-waste
reduction upstream in the field and post-harvest transportation,
which constitute nearly 50% of global food losses, by creating a
demand for inedible, spoiled, or unattractive foods [1]. Recovering
industrial food waste could help mitigate approximately 1.9 � 108

t of CO2 equivalent greenhouse gas emissions globally, indicating
that there is a significant environmental impact if not redirected
[93]. This estimate does not account for additional gains from the
displacement of petroleum-based fuels and chemicals. Based on
the estimates presented in Tables 2 and 3, a comparison of the
potential revenue from use of the two use-case avenues presented
indicates that many of the food-waste streams currently available
could be reallocated to a higher value use. Fig. 2 shows a compar-
ison—food waste going either toward a specialty product or toward
methane production from AD—for each of the major industries dis-
cussed. It is apparent from Fig. 2 that these discarded streams have
significant potential, and that upgrading to specialty products over
methane production may well be the most viable route to investi-
gate. Note that neither of the upgrading cost estimates takes into
account the cost of the processing technology, which will vary
widely for each type of upgrading scheme—this paper is only inter-
ested in theoretical potential.
Fig. 2. Potential revenue comparison of sources of industrial food waste if the waste we
3.4.2. Environmental impact
Hodge et al. [94] studied the management of industrial, com-

mercial, and institutional food wastes in the United States. Since
industrial food-waste streams often contain other materials, such
as cardboard or plastic packaging, the food-waste streams are often
separated to allow for AD of the organic waste stream. Through a
life-cycle analysis modeled over a time horizon of 100 years, it
was determined that potential greenhouse gas emissions due to
the landfilling of industrial food waste can reach 370 kg CO2 equiv-
alent per tonne [94]. By diverting the organic waste (on average,
around 58% of the total food waste from industrial sources) to
AD while the remainder is sent to landfill, potential greenhouse
gas emissions were reduced by more than 50% (170 kg CO2 equiv-
alent per tonne) [94]. The study concluded that diverting from
landfills to AD reduces emissions, as does diversion to other pro-
cesses such as composting or direct waste-to-energy conversion
[94].

Emissions due to untreated food waste on farms, for example,
can reach 89 kg CO2 equivalent per tonne, over half of which is
due to unavoidable food waste (such as peels, husks, and bones)
[95]. These farm emissions make up the largest fractions of emis-
sions in the AD of food waste, ahead of collection, transportation,
and treatment of the food waste [95]. However, the net result in
the production of biogas is a reduction of 213 kg CO2 equivalent
per tonne in greenhouse gas emissions, mostly due to diversion
from other fuel sources [95].
4. Conclusions

Large quantities of food are discarded globally, with a nontrivial
amount being attributed to the industrial/production level. An
advantage of industrial food waste is that it is generally a more
homogeneous resource that can be more readily converted into
higher value products. There are a variety of applications for such
food waste. The production of specialty products offers a means to
diversify food-processing revenue streams while diverting envi-
ronmentally harmful waste. Among specialty products, companies
can select from high-value products, such as antioxidants, to lower
value but more reliable markets, such as fuels. Alternatively, lactic
acid is an intermediate value chemical for the utilization of high
carbohydrate wastes. AD is a well-developed technology that
allows for the production of biogas for energy from food waste.
re to be upgraded to a specialty product, versus conversion to methane through AD.
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Utilization of industrial food waste could mitigate the approxi-
mately 1.9 � 108 t of CO2 equivalent emissions currently being
caused by the waste. A comparison of the potential of seven major
food-waste streams for upgrading to either a specialty product or
methane demonstrates the higher potential value of specialty
products; however, the ease of operation and comparatively low
cost of AD can be attractive. It is apparent that regardless of the
end-product, industrial food waste is an underutilized resource
that should be put to a higher value use.
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