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Abstract

Food wastage encompasses any sustainable food or inedible parts of food that is removed, disposed or discarded from the 
food supply chain. Research estimates food loss or waste generated accounts to 35% of the total global food production. Also, 
food waste impacts social, economic, sectors of the society and also adversely impact the environment. Thus, food waste has 
become a global scourge requiring innovative and sustainable solutions to combat the scourge and its attendant effects. The 
present review in an effort to cover several areas of food waste to assess the present methods and trends. With introduction 
to global statistics, waste composition and policies we cover the area of treatment with details to discuss the variables and 
applications with case studies to reflect global statistics. Next, we highlight the present trends in value-added products and 
ecofriendly reuse of the products. Application of newer molecular biology and microbial community along is covered to gain 
insights to these modern methods. It is imminent and timely to review the current trends and methodologies in this area of 
concern both individually and globally. Such efforts are expected to enable better treatment, management methods and set 
new goals for research and development and develop new value-added products.

Keywords: Food Processing Waste (FPW); Chemical Oxygen Demand (COD); Microwave-Assisted Extraction (MAE); Single-
Cell Protein Single Cell Protein (SCP)

Abbreviations

FAO: Food and Agriculture Organization; SWM: Solid 
Waste Management; MOEF: Ministry of Environment, Forests; 
CC: Climate Change; DBT: Department of Biotechnology; 
UNSPSC: United Nations Standard Products and Services 
Code; VFAs: Volatile Fatty Acids; OLR: Organic Loading Rate.

Introduction

India is the second-largest food producer in the world, 
accounting for around 10.1% of global food output. Forty 
percent of India’s total food production is considered food 
waste (FSSAI, 2025). Every year, one person wastes about 50 
kg of food [1]. Food is defined as any material that is primarily 
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meant for human (or other animal) ingestion, whether it is 
raw, semi-processed, or processed [2]. Frequently, “food” is 
accompanied with its opposite, “inedible parts,” which are 
unfit for human consumption. “Food waste” refers to the 
removal, disposal, or discarding of any sustainable food or 
inedible portions of food from the food supply chain prior to 
and after consumption [3].

Composition, Global Statistics, And Policies

A variety of sources, such as homes, the hospitality 
industry, and food processing facilities, release both leftover 
and precooked food [4]. Food waste can be either liquid 
or solid, from semi-solid to solid. Generally high in starch, 
cellulose, lignin, and monosaccharides, food waste primarily 
consists of the food items themselves, portions of the food 
items, or other parts or objects related to specific food items 
[5]. Therefore, food waste may be categorized as “avoidable,” 

“potentially avoidable,” or “unavoidable” to examine and 
classify the extent to which food waste could or could not be 
controlled.

According to Baykoca, et al. [6], 1.3 billion tons of food—
including fresh fruits, vegetables, meat, baked goods, and 
dairy products—are wasted within the food supply chain. 
Different types of food waste have different compositions 
depending on their ingredients. The primary components of 
food waste include lipids, proteins, carbohydrates, and trace 
amounts of inorganic substances. Table 1 lists food waste 
along with a chemical description of each. According to 
Guggisberg and Tonini, et al. [7,8], food waste that contains 
rice and vegetables is high in carbohydrates, but food trash 
that contains meat and eggs is high in proteins and fats. The 
primary causes of food waste are store operations, services, 
and customer behaviour.

S/N Food waste 
Classification pH

Total 
solid 

(%wb)

Volatile 
Solid 

(%wb)

Total 
organic 

Compound 
(%)

Total 
Nitrogen 

(%)

Fat 
(%)

Protein 
(%)

Carbohydrate 
(%) 

Phosphorus 
(%db)

Potassium 
(%db)

1 Dairy product 6.29 35.54 36.65 29.72 1.58 28.43 14.05 57.51 1.33 0.87

2 Fats, oil,and 
grease 3.55 60.75 59.29 65.64 0.64 91.19 1.23 7.59 0.12 0.08

3 Ice cream 4.84 11.38 10.91 26.5 0.37 39.6 8.9 53.1 0.28 0.53

4 Fruit and 
vegetable 5.69 13.87 12.71 19.57 0.62 1.36 5.2 39.01 0.67 3.28

5
Confectionery 

(canned 
goods)

5.72 22.93 18.43 17.38 1.24 2.79 24.38 72.83 0.91 2.61

6
Cereals 

and cereal 
products

5.84 90.33 72.21 14.79 2.07 3.83 11.19 84.98 0.64 0.35

7 Bakery wares 5.5 88.81 71.51 43.14 2.37 6.03 12.92 81.05 0.44 0.15

8 Meat and 
Meet products 6.2 46.99 41.6 25.18 4.32 57.74 25.17 17.1 0.76 0.63

9 Fish and Fish 
products 6.49 46.12 39.25 17.72 4.38 65.53 27.48 6.98 1.48 1.46

10 Eggs and Egg 
products 7.43 49.64 22.77 16.26 3.04 73.06 19 7.94 0.88 1.13

11
Sweeteners 
and sweet 

goods
5.49 70.51 63.94 32.98 1.01 16.21 5.85 77.89 0.23 0.43

12 Sauces, spices, 
and soups 6.09 46.44 34.58 23.85 1.82 1.35 11.32 87.33 0.42 2.03
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13 Beverages 4.25 36.36 33.69 4.75 2.13 0.07 14.98 84.95 0.23 1.66

 

Ready to 
eat food or 
restaurant 

waste

5.88 64.84 44.18 39.5 2.31 13.05 15.59 65.36 0.56 1.96

15 Other expired 
food 6.38 58.85 47.13 42.36 2.13 16.96 18.58 64.46 0.19 0.57

Table1: Food waste categories and their chemical characterization.

According to data collected by the Food and Agriculture 
Organization (FAO) in 2025, the percentage of food loss or 
waste generated was close to 35% of the total amount of 
food produced worldwide (FAO). Gross food waste makes 
up around one-third of global food output, according to the 
FAO. Nearly 14% to 21% of food losses in developing and 
underdeveloped countries have been observed and reported 
to occur during processing stages (a significant portion of 
post-harvest sorting and grading losses, such as fruit and 
vegetable waste), whereas under 2% have been reported for 
the same in developed and industrialized nations [9-11].

According to studies, developed nations produce 225 
million tonnes of food waste at the consumer level from a 
variety of sources worldwide. This amount is almost equal 
to the total amount of food produced, when compared to 
other significant values [12]. Fruit and vegetable processing 
waste was identified as the fifth highest contributor to 
total food waste (equating to 8% of total food waste) in 
nations such as Europe [13]. According to a Southern Asia 
UNEP research, food waste (kg/capita) is estimated to be 
50 kg/capita in India, 79 kg/capita in Bhutan, 65 kg/capita 
in Bangladesh, and 82 kg/capita in Afghanistan annually 
(UNEP).

According to studies, the food waste in Uttarakhand 
and Andhra Pradesh is 73 and 20 kg/capita, respectively, 
whereas Rajam, Andhra Pradesh, has an estimated 58 kg/
capita. An estimated 68,760,163 tonnes of food waste are 
produced annually in Indian households [14]. India’s FW 
composition is almost the same as China’s, with water making 
up 57, protein 7.4, fat making up 3.7, and carbs making up 32. 
However, FW from Brazil and the USA has been observed to 
have relatively higher protein content [15]. Food waste from 
fruit and vegetable markets, homes, and juice bars had an 
85% moisture content, according to Indian domestic food 
waste characteristics. Approximately 89% of total solid and 
a ratio of C/N of 36.4, which was comparable to other South 
Asian countries [16].

Segregation at the source was the focus of the solid 
waste management (SWM) rule that was announced by the 
Union Ministry of Environment, Forests, and Climate Change 

(MOEF & CC) in India in 2016. The goal of this rule was to 
turn waste into wealth through recovery, reuse, and recycling 
(RS bill, Gvnmt of India 2016). All residences, hotels, 
restaurants, resorts, colleges, and businesses must separate 
biodegradable garbage and establish a collection mechanism 
to guarantee that food waste is used on-site for composting 
or bio-methanation. The Central Government was required to 
announce the creation of a food waste reduction committee 
in the Official Gazette by the mandatory food waste reduction 
bill that was introduced in 2018. Indian government 
proposed a new biofuel policy with an indicative aim of 5% 
biodiesel blending in diesel and 20% ethanol blending in 
petrol by 2030 [17]. The Department of Biotechnology (DBT) 
government of India has financed eight waste-to-energy 
projects that were begun to develop/ demonstrate unique 
and feasible technology for the sustain able usage of MSW 
for cleaner and pollution-free environments and electricity 
generation (DBT-India).

Contributors to Food Waste

Cereals, fruits, meat, fish, beverages, and other food 
waste are all categorized in the most straightforward way 
possible. Based on factors like mass (more frequently), 
energy content, economic cost, etc., this classification helps 
to estimate the quantity of food wasted [18]. There are 
many instances of food waste classifications based on the 
food industry. According to the recently released Food Loss 
and Waste Accounting and Reporting Standard, the Codex 
Alimentarius General Standard for Food Additives (GSFA) 
system or the United Nations Central Product Classification 
(CPC) system should be used as the primary codes for this 
kind of classification. In situations requiring more accurate 
categorization, the Global Product Category (GPC) code or 
the United Nations Standard Products and Services Code 
(UNSPSC) are used as additional codes.

Food waste is a major problem in many areas of the 
food economy, such as dairy, fruits and vegetables, seafood, 
and meat. 42% of food waste is produced in households, 
39% in retail establishments, and 14% in food service 
establishments, according to EU estimates (food.ec.europa.
eu). Waste mostly arises during product manufacturing and 
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processing in the dairy industry. 20–40% of the total product 
is thrown away because it is not the ideal size, shape, or color, 
making fruits and vegetables the product with the highest 
percentage of waste attributable to product standards. 

Requirements from retailers and customers may cause 
edible food to be rejected and squandered. For example, 
the Australian banana sector rejects up to 40% of its total 
production because of low retail prices and stringent 
regulations making it unsuitable for farmers to sell [19]. 
According to Kumar H, et al. [20], peeling or skinning fruits 
and vegetables might result in 25–30% of the product weight 
being wasted. Significant weight losses are also a result of 
canning, drying, and freezing, and the waste that results 
from these processing techniques can also raise. Because of 
the increased supply, food by-products may also result in a 
decrease in the market price of products. 

This may result in more primary product waste. Food 
processing may result in a greater quantity of waste from so-
called “recovered resources” [21]. There is also a significant 
amount of production waste in the seafood industry. An 
analysis of shrimp trawlers in Northern Peru that were in 
operation from April 2019 to March 2020 showed of the 
17.8% of the overall catch, 82.2% represented bycatch, 
and 50.6% represent discards [22]. In the meat sector, it 
is estimated that up to 23% of meat production is lost and 
wasted throughout the entire food chain. This loss and 
waste occur at various stages of the meat supply chain, 
with the largest portion occurring at the consumption level, 
accounting for 64% of the total food waste. This is followed 
by manufacturing (20%), distribution (12%), and primary 
production and post-harvest stages (3.5%) [23]. 

 
Major generators of food wastage in India are hotels, hostels, 
restaurants, cafes, supermarkets, residential blocks, airline 
cafeterias, and also food processing industries [24]. At 
present, majorly, food waste in India is sent for composting 
for fertilizer production; however, some of these are buried 
inside the land, which causes land pollution and leads to 
harming natural resources.

Distribution and aggregation are two crucial components 
of the food supply chain. Large amounts of milk are wasted 
as a result of spoiling, overproduction, and breakage in 
nations like India where milk is delivered in an unstructured 
manner from rural to urban areas over great distances [25]. 
Since milk must be packed to be considered an aggregated 
product, it is frequently still in loose form. A large amount of 

this waste happens at markets and at the consumer level. A 
projected 931 million tons of food, or 17% of all food available 
to consumers in 2019, ended up in the trash cans of homes, 
businesses, eateries, and other food services, according to 
the UNEP, Kaman GS, et al. [26].

Food Waste Characteristics

Wet food waste often consists of kitchen garbage, such 
as cooked and uncooked food waste, eggshells, and bones; 
flower and fruit waste, such as juice peels and houseplant 
waste; green waste from vegetable and fruit vendors and 
stores; waste from food and tea stalls and stores; and so 
on. This fruit waste has a significant negative impact on 
ecosystems because of its moisture content and microbial 
makeup [27]. Among the many elements that have recently 
contributed to the impact on the environment, fruit waste 
has been identified as a serious concern. For instance, the 
percentage of wasted materials in most fruit processing 
businesses is frequently very high (e.g., mango 30–50%, 
banana 20%, and pomegranate 40–50%), depending on the 
harvesting area and method. [28].

Nearly 46% of the fruits (including the waste from 
oranges and pineapples), vegetables, roots, and tubers that 
are grown are squandered, whereas 35% of fish and shellfish 
and 30% of grains are wasted, according to Caldeira, et al. 
[29]. According to Papagyropoulou E, et al. [30], about 
60% of all food waste can be prevented (such as bread 
crusts, leftovers, spoiled fruits and vegetables, expired food 
items, etc.), 20% may be prevented (such as bread crusts, 
vegetable skins, etc.), and the remaining 20% cannot be 
prevented (such as animal bones, eggshells, banana skins, 
etc.). According to the ISO criteria, the main methods now 
used to treat food waste are landfilling, anaerobic digestion, 
composting, incineration, and sewerage [31].

When compared to the value of processed fruit, food 
processing waste (FPW) is thought to be negligible. Figure 
1 is a pictorial representation of food waste management 
flow chart. Scientific interest in research on food waste 
management has increased over the past few decades, 
especially about the production of valuable goods from 
vegetable waste. One attempt to make the treatment process 
more ecologically friendly is the production of numerous 
value-added products from food waste [32]. In addition to 
reducing the environmental impact of food waste, this also 
minimizes the number of losses and encourages “reuse” and 
“recycling” of the same.
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Figure 1: Schematic representation of Foodwaste recycling chain and its applications.

Methods of Food-Waste Recycling

The primary determinant of the food waste’s 
degradability as a substrate is its chemical makeup. The 
complex substrate’s diverse structure and region-specific 
constituents make it difficult to determine the precise 
percentage of each component. As the simplest and least 
expensive waste treatment method, food waste is primarily 
disposed of by being dumped in landfills. This approach, 
however, opens the door for extremely alarming air and 
land contamination (and occasionally even water pollution). 
Because they are less expensive than anaerobic digestion, 
composting and incineration are additional waste treatment 
techniques that are used more frequently [33]. Large volumes 
of greenhouse gases and other dangerous chemicals are 

produced by these processes, and when they are discharged 
into the environment, they can create a variety of imbalances 
and malfunctions [34]. Food waste dumping is responsible 
for about 7% of global greenhouse gas emissions [35]. 
According to Tonini, et al. [8], approximately 70.5% of the 
waste produced by the food processing industry and 50% of 
the waste gathered from the wholesale and retail industries 
are burned; 21% of the waste from the foodservice industry 
is burned, whereas 54% is disposed of in landfills; and 33.4 
percent of the total amount of food waste accumulated 
from households is burned. 27.5 percent of it is dumped in 
landfills [36]. 

Table 2 describes the advantages and disadvantages of 
different food waste treatment methods.

Treatment Process Advantages Disadvantages

Landfill Low cost, simple technology, more used in 
developing countries

Pollution of groundwater, occupying a large amount of 
land and no resource recovery

Incineration High degree of reduction, suitable for 
handling hazardous or toxic garbage

High cost, long capital recovery cycle, and low economic 
efficiency
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Anaerobic digestion High degree of automation, diversified 
products, high economic value

Need to screen suitable microorganisms, complex tech-
nology, discontinuous cycle, and difficult-to-treat biogas 

residue
Compost High technology maturity, low cost Low product value, environmental pollution, long cycle

Hydrothermal treat-
ment

The product has high energy utilization 
value, simple process, low cost and short 

cycle

Hydrothermal treatment products need to be further 
optimized

Table 2: Advantages and disadvantages of different food waste treatment methods.

Anaerobic Digestion

A few researchers have investigated the possibility of 
using food waste as a bio methanation substrate. It is the 
most widely utilized therapeutic approach worldwide. A 
two-stage anaerobic digestion of fruit and vegetable wastes 
was proven by Júnior, et al. [37], who obtained a methane 
production of 530 mL/g VS and a 95.1% volatile solids (VS) 
conversion. Using about 54 different food types, Thakur H, 
et al. [38], found that the methane yield varied depending 
on the waste’s origin, ranging from 180 to 732 mL/g VS. 
Enzymatic hydrolysis, acid generation, and gas production 
are the three main stages of anaerobic digestion [39]. In the 
first stage, hydrolases released by facultative or obligatory 
anaerobic bacteria break down big polymer molecules that 
microbes cannot carry to cell membranes. 

The second stage, known as acidogenesis, involves the 
fermentation of hydrolytic products to produce volatile 
fatty acids, including butyrate, valerate, acetate, propionate, 
and isobutyrate, as well as carbon dioxide, hydrogen, and 
ammonia. Facultative anaerobic bacteria use carbon and 
oxygen during acidification, establishing an anaerobic 
environment for methanogenesis. The acid phase products 
are converted into acetates and hydrogen by acetogenic 
bacteria that are members of the genera Syntrophomonas 
and Syntrophobacter. By employing hydrogen as an electron 
source to reduce carbon dioxide, a small number of acetate 
molecules are also produced. Methanogens, which are 
members of the Archaea, are responsible for methanogenesis, 
which occurs in the final stage. Carbon dioxide can be 
reduced, or acetic acid can be fermented to make methane. 

The degree of polymerization, crystallinity, lignin 
and pectin content, accessible surface area, and other 
characteristics of food waste impose recalcitrance [40]. 
As a result, the anaerobic digestion of food waste that 
contains raw starch with a high degree of crystallinity—
which prevents its hydrolytic degradation—is limited in its 
hydrolysis step. Before anaerobic digestion, pretreatment 
technologies such as mechanical, thermal, chemical, and 
biological ones can be used to decrease crystallinity and 
improve methane production from food waste. Previous 
studies have examined the impact of various pretreatment 

techniques on the anaerobic digestion of food waste.

According to Izumi K, et al. [41], using food waste and 
treating it with a bead mill increased the amount of biogas 
produced by 28%. Compared to pig, cow, and whey manure, 
food waste as a substrate has the potential to provide a high 
biogas production. The anaerobic process of producing 
methane is a suitable way to handle food waste. The method 
uses food waste as a renewable energy source and is less 
expensive and produces less residual waste [42]. 

 
Seeding, temperature, pH, the carbon-nitrogen (C/N) ratio, 
volatile fatty acids (VFAs), organic loading rate (OLR), 
alkalinity, total volatile solids (VS), hydraulic retention time 
(HRT), and nutrient concentration are all factors that affect 
the biomethanation process [43]. Subsequently, the amounts 
of water-soluble substances including sugar, protein, amino 
acids, and minerals also affect the results. The stability of 
the digestive process may be accelerated by seeding. The 
microbial activity and efficiency of anaerobic digestion are 
influenced by the pH of a bioreactor [44]. Microorganisms 
use nitrogen to construct their cell walls and carbon to 
meet their energy needs. According to Alrowais, et al. 
(2019), methanogens do best at temperatures of about 35°C 
(mesophilic) and 55°C (thermophilic). Additionally, bacteria 
need a tiny number of micronutrients for heavy metal ions 
for biomethanation and for the manufacture of enzymes as 
well as for sustaining enzyme function.

According to Cioabla AE, et al. [45], the ideal pH range 
is 6.3–7.8; an overabundance of carbon dioxide causes the 
pH to decrease to 6.2, which then stabilizes between 7 and 
8 after ten days. According to Wang X, et al. [46], the ideal 
C/N ratio would be between 25 and 30:1. The amount of feed 
digested daily per unit volume of reactor is referred to as 
the organic loading rate. According to Bacab FC, et al. [47] 
a loading rate of 0.5 kg to 2 kg of total VS/m³/d results in 
regulated digestion. As OLR rose to 3.7, 5.5, 7.4, and 9.2 kg-
VS9.2 kg-VS m3/d, respectively, in an experiment by Nagao 
N, et al. [48], the volumetric biogas production rate climbed 
to roughly 2.7, 4.2, 5.8, and 6.6 L/L/d and remained constant. 
Biodegradation of protein or other nitrogen rich substrate 
produces ammonia and exists in the form of ammonium 
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ion (NH4 +) and NH3 which is beneficial for the growth of 
microbes or sometime have detrimental effect on them 
[49]. The biochemical methane potential is a crucial test for 
understanding anaerobic digestion. Methane generation was 
approximately 472 ml/Gvs in an experiment conducted for 
mixed food waste, such as boiled rice, cabbage, and cooked 
beef, which were digested with cellulase. 

The overall reduction in VS was up to 86% [50]. The 
researchers have implemented the biomethanation process 
using a variety of anaerobic reactor types, including solid 
state anaerobic reactors, up flow anaerobic solid-state 
reactors, semidry reactors, single stage and two stage 
reactors, and hybrid reactors. 

The process’s configuration has a significant impact 
on how efficiently methane is produced. According to De 
Gioannis G, et al. [51], a single reactor may perform all stages 
of anaerobic digestion concurrently, including hydrolysis, 
acidogenesis, acetogenesis, and methanogenesis. Whereas 
Silva FMS, et al. [52], reported that a two-stage anaerobic 
digester produces both hydrogen and methane in two 
separate reactors from food waste. 

In this type of system, in the first stage, acidogens 
and hydrogen-producing microorganisms, which have a 
faster growth rate, are enriched for hydrogen production 
and volatile fatty acid. In the second stage, acetogens and 
methanogens are built up where volatile fatty acids are 
converted into methane and carbon dioxide. Hybrid reactors 
have also been proposed by some researchers. 

In a study performed by Mousania Z, et al. [53], food 
waste was digested at 35°C for 16 days in a hybrid reactor, 
resulting in treatment efficiencies of 77–80% of total organic 
content removal, 59–60% volatile solid removal, and 79–
80% total chemical oxygen demand (COD) reduction. Also, 
high methane content (68–70%) from the methanogenic 
phase favours the application of a hybrid anaerobic solid-
liquid bioreactor to practical solid waste management.

Composting

According to Manea EE, et al. [54], composting is a 
technique for managing environmental waste that entails the 
biological breakdown of organic materials. By stacking rows 
of biodegradable materials, aerobic windrow composting 
is a method for producing compost [55]. Microbial 
communities are essential to the composting process of 
organic waste. Given that it varies depending on its origins 
and the consumer’s eating habits, composting food waste 
may be difficult [56]. Different kinds of organisms that 

can interact with one another in their shared environment 
make form a microbial community. Compost is the result of 
microorganisms breaking down organic waste into its most 
basic components. Within four to six weeks, a humus-like 
structure will form [57]. Windrows aerated static heaps, and 
in-vessel systems are examples of composting techniques 
[58]. To handle the large amount of trash, composting facilities 
typically use large-scale composting techniques (>100 
kg/day). Appropriate composting parameters, including 
moisture content, carbon-to-nitrogen ratio, particle size, and 
aeration, must be satisfied in order to guarantee composting 
efficiency [59]. Results are consistent and the process is 
controllable. To keep the combination moist, bulking agents 
such as sawdust, yard debris, and animal manures are added. 

This gives the mixture structure and porosity, which is 
necessary for adequate aeration and to maintain microbial 
activity [60]. In this part, we summarize the key findings in 
this context using university composting data. Composting 
significantly lowers dorm trash while requiring little 
funding and oversight at Islamic International University 
Malaysia Kuantan campus [61]. 

Soiled napkins and food scraps from establishments 
with on-campus foodservice operations are used for 
composting at Penn State University, an in-state university 
[62]. According to a comparison of other universities, food 
waste production at Anna University was 350 kg per day, 
while at Kean University (KU) it was 125 kg per day, and at 
one of the University Malaysia Sabah cafeterias, it was 25.5 
kg per day. Bulking agents and landscape applications are 
examples of composting techniques. 

According to Sangamithirai KM, et al. [63], food waste 
was successfully converted on Anna University’s campuses. 
Waste and paper waste were successfully turned into 
compost in a cylindrical in-vessel composter for 105 days.

The basic compost requirements of less than 30:1 are 
met by most of the C: N ratios in the different composts. At 
University Malaysia Sabah (UMS), food waste and dry leaves 
were composted for 55 days using the windrow method of 
in-vessel composting [40]. Kwame Nkrumah University of 
Science and Technology and the University of Minnesota, 
Morris also used windrow food waste composting. Ghana. 
According to Kaaba H, et al. [64], the composting method 
helps the green campus of University Technology Malaysia 
by turning organic waste into useful items like organic 
fertilizer. Table 3 summarizes the composting of food waste 
and sewage sludge at a few universities.
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Campus Waste 
generated

Feedstock for 
composting Composting methods Compost 

characteristics

Sewage Sludge

Kwame Nkrumah 
University of Science and 

Technology, Ghana
NA

Sewage sludge: organic 
waste solid (food leftover, 

fruit waste, vegetable 
waste)

Open window pile C/N:9.1-10.2
(Dimension: 1m 

height×1.5m wide) pH:5.2-8.0

(Manual turning) OM (%): 46.7-56.7
  Ash (%):43.3-57.0
  N (%):2.7-3.5
  P (%):0.7-1.7
  K (%):0.2-0.8

Indian Institute of 
Technology Guwahati, 

India
150kg Sewage sludge, cattle 

manure, sawdust

Rotary drum composter 
(550L capacity, batch 

mode) (Manual training)

M/C (%):43.2-55.2
C/N:8.5-11.9

pH:7.4-7.6
OM (%): NA
Ash (%):NA

N (%):1.5-2.1
P (%):3.2-4.4
K (%):8.3-9.9

Food waste

Anna University, Chennai, 
India 350kg/day Food waste, yard waste, 

paper waste In-vessel

MC:49.9-63.1%
C/N: 0.1-47.2

pH:6.1-7.6
N:0.4-2.9%
P:0.1-0.3%

K:0.1%
GI:45.0-120.0%

Kean University (KU) 
Union Campus, United 

States 
125kg/day Food waste: wood chips In-vessel NA

V J Technological institute NA Food waste, vegetable 
waste, fruit waste In-vessel

MC:32.2-33.4%
C/N: 36.0-45.0

pH:5.5-7.5
N:0.9-1.0%

Table 3: Sewage sludge and food waste composting of few higher education institutions.
 
Thermal Treatment

Thermal oxidation, which includes incineration, is the 
process of producing heat from waste materials [65]. Heat is 
transferred to the steam engine boiler during this operation, 
and trash that contains hydrocarbons is burned during 
incineration to produce carbon dioxide, water, and other 
contaminants. Understanding a material’s basic components 

is crucial to determining its composition of carbon, hydrogen, 
oxygen, nitrogen, sulfur, and ash before creating an efficient 
combustion process [66]. According to Konstantinos M, et 
al. [67], thermal waste processing can swiftly decrease vast 
amounts of waste and transform it into electrical energy that 
the community may use.
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One highly effective thermochemical conversion method 
for turning biomass into useful biofuels or value-added goods 
is hydrothermal treatment [68]. Hydrothermal technique is 
used in several food waste treatment facilities worldwide. 
Unsorted, highly organic waste is fed into the reactor and 
subjected to steam for 30 minutes at a temperature of 220 
°C and a pressure of 2.5 MPa. One byproduct of this process 
is hydrochar, which is a material that resembles powder. 
According to data on the boiler’s gas emissions, air pollution 
is minimal [69]. The applicability of this technology on an 
industrial scale is promising. The most significant influencing 
variables are the financial costs associated with material 
collection and transportation [70].

The hydrothermal process is separated into three 
categories based on the range of temperatures and 
pressures: hydrothermal carbonization, hydrothermal 
liquefaction, and hydrothermal gasification [71]. Biomass 
is mostly converted into carbon materials via hydrothermal 
carbonization at temperatures between 180 and 260 C and 
pressures between 1 and 8 MPa. Fuel particles are created 
by hydrothermally carbonizing food waste; these solid 
particles can be used as domestic fuel since they have strong 
combustion qualities [72]. According to Mariyam S, et al. 
[73], hydrothermal liquefaction typically takes place around 

260–374C under 10–22.1MPa. High-energy bio-oil (a blend 
of alcohol, sugar, furan, and other compounds) is the primary 
product. Furthermore, food waste contains a lot of organic 
material that can be hydrothermally liquefied to produce 
valuable products. For example, the extraction rate of pectin 
was as high as 11.63% by microwave-assisted hydrothermal 
treatment, and pectin could be used as a thickener and had 
important commercial value [74]. The, temperature, time 
and catalyst affect the reaction process based on the raw 
material composition.

The most significant influencing factor in the 
hydrothermal process is temperature, and raising the 
temperature typically results in less food waste [75]. 
The amount of hydrochar produced will decrease as the 
temperature rises, but the hydrochar’s ability to burn 
will improve. Additionally, temperature influences the 
carbohydrates and other components in the solution, 
controls the distribution of materials, and is crucial for 
the generation of bio-oil [76]. As the temperature rises, 
ammonia is more easily removed and the nitrogen content 
is enhanced, forming aromatic heterocyclic molecules in the 
hydrochar [77]. Table 4 summarizes the Food waste hydro 
char production and calorific value.

Feedstock Temperature (˚C) Hydrochar Yield (%) Heating value (MJ/kg)
Dog food 234-295 55 26

Rabbit food 250 43.8 29.1
Restaurant food waste 225-275 45 33.6

Sweet corn 250 50 11
Grape pomace 175-275 46.5 24.3-28.3

Food waste from a student’s hostel mess 200 48.5 30
Food waste and yard waste 220 59.8 27.6

Table 4: Hydrochar yield of food waste and its calorific value.

It raises the amounts of volatile compounds, calcium, 
magnesium, and other minerals, as well as carbon, 
hydrogen, and methane. According to Phromphithak S, 
et al. [78], the primary constituents of bio-oil generated 
through the hydrothermal liquefaction of kitchen waste 
are C6–C22 compounds. Food waste is converted into 
biogas using hydrothermal gasification, hydrothermal 
pretreatment, fermentation, and other methods. Another 
factor influencing hydrothermal products is time [79]. 
One significant influencing factor is the activation energy 
of the hydrothermal reaction, which is decreased by the 
addition of catalysts such as alkaline, acid, metal-related, 
and biocatalysts [80]. The hydrothermal process of food 
waste is affected differently by each type of catalyst. The 
oil production and different product compositions and 

qualities are significantly impacted by the biochemical 
makeup of food waste. In an investigation to ascertain how 
the chemical makeup of cellulose, hemicellulose, and lignin 
affects hydrochar’s characteristics [81]. Lignin hydrochar 
had a rough surface, a high yield, and more benzene rings. 
According to Kakar, et al. [82], hydrothermal pretreatment 
may speed up the fermentation process and boost the yield 
of volatile fatty acids from vegetable protein products. The 
process by which raw materials react under hydrothermal 
conditions to yield the desired products is known as the 
hydrothermal conversion mechanism. Numerous parallel 
chemical reactions are involved in the complex reaction 
mechanisms and composition of food waste. The conversion 
process mainly involved five steps: hydrolysis, dehydration, 
decarboxylation, condensation, polymerization, and 
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aromatization. Lipid, protein, cellulose, hemicellulose, and 
lignin are hydrolyzed into oligomers or monomers at relatively 
low temperatures. Dehydration and decarboxylation as 
well as the polymerization process also occur during the 
hydrolysis process. In addition, the increase in temperature 
caused the decarboxylation reaction and Maillard reaction to 
proceed, decomposing the monomer material.

Fermentation

A crucial part of many waste treatment programs is 
fermentation, which is the biological degradation of organic 
materials by microbes. Fermentation’s contribution to the 
circular food economy is a crucial advantage of integrating 
it into food waste recycling. Fermentation lessens the 
environmental impact of traditional disposal methods by 
turning food waste into useful products including compost, 
biofertilizers, and biogas. Because the procedure doesn’t 
require outside inputs, it encourages self-sufficient and 
sustainable waste management systems. This improves 
productivity and resource efficiency while also lessening the 
financial burden of trash disposal.

During fermentation, microbial populations interact 
dynamically to efficiently break down organic materials and 
produce advantageous byproducts [83]. Certain bacteria 
thrive in low-temperature fermentation environments, 
adjusting to the conditions and affecting the overall 
makeup of microorganisms. On the other hand, anaerobic 
bacteria cannot survive under conditions created by aerobic 
fermentation and high temperatures. The fermentation 
process’s bioseparation and extraction procedures improve 
the overall effectiveness of recycling food waste. By making 
it easier to extract valuable molecules from the fermented 
material, these procedures increase the recycling system’s 
overall economic viability and allow for the extraction of 
bioactive substances [84].

Liquefaction

The ability of liquefaction to convert organic waste 
into useful resources while reducing its negative effects on 
the environment has attracted attention recently [85]. The 
process of liquefaction involves heating food waste to high 
temperatures, usually between 150 and 400°C, while a solvent 
or water is present. This process leads to the breakdown 
of complex organic compounds into simpler molecules. A 
significant environmental advantage of this method lies in 
the eradication of pathogenic bacteria, present in food waste 
[11]. Thus enhancing the safety of the process reduces the 
risk of contamination and the spread of diseases. Liquefaction 
has been explored to produce biocrude oil, involving the 
conversion of organic matter into a liquid fuel which could 
be utilized as an energy source. Feasibility of employing food 

waste as a feedstock for biocrude oil production through 
liquefaction processes is reported by Bagchi, et  al. [86]. 
High-temperature conditions enable production of valuable 
byproducts such as soil amendment to enhance fertility and 
sequester carbon. Liquefication is a multifaceted approach 
that enables the simultaneous production of bioenergy 
and valuable byproducts, creating a more sustainable and 
resource-efficient food waste recycling system.

Food Waste Upcycling

The upcycling of food waste has proven to have the 
potential to contribute to the responsible production 
and consumption agenda of optimizing food resources 
through the conversion of food waste to either alternative 
food products or novel food products by utilizing various 
upcycling technologies (Thorsen, et al., 2024). Broadly food 
waste upcycling are categorized into: integrated bio refinery 
technologies, microbial electrochemical technologies, 
Pyrolytic technologies, green extraction technologies, and 
conventional bio-waste valorization technologies.

Integrated Bio Refinery Technology

To increase the amount of value-added goods extracted 
from food waste, this strategy integrates various waste 
treatments and conversion procedures [87]. This comprises 
pre-treatment methods such enzymatic hydrolysis, acid, and 
milling to break down food waste biomass for upstream 
processing. With the use of suitable technologies, this is 
subsequently fed into the integrated bio-refinery system to 
extract the most value possible from the waste streams. In 
integrated biorefinery systems, technologies and processes 
such fractionation, fermentation, anaerobic digestion, 
cogeneration, biochemical and thermochemical conversion, 
separation, and purification have been employed. These 
technologies have been utilized to create bioelectricity and 
bioenergy as well as co-products such charcoal, bioethanol, 
bio-hydrogen, and biodiesel.

Microbial Electrochemical Technologies

This process transforms chemical energy in food waste 
biomass into electrical energy by using biocatalysts, which 
include microorganisms like electro-trophic bacteria, 
fermentative bacteria, and electro-active bacteria like 
Geobacter sp.To create value-added goods, this technique 
can be applied as a stand-alone procedure or integrated 
into several systems as a component of a hybrid process. 
The technologies employ microorganisms to catalyze the 
electrochemical conversion of food waste into value-added 
products, including organic acids, lipids for the generation 
of biodiesel, biogas, biohydrogen, and bioelectricity [88]. 
Technologies that use pyrolysis. The method turns food waste 
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into new goods, either with or without catalytic agents [89]. 
Food waste is transformed into three primary products via 
thermochemical processes: biochar, bio-oil, and combustible 
gas [90]. It entails heating biomass made from food waste to 
a temperature higher than 400°C with either partial or no 
oxygen present. Fast and slow pyrolysis, which is categorized, 
based on their process conditions and parameters are the 
most widely utilized pyrolysis techniques [91]. Pre-treating 
food wastes before to the pyrolysis process will provide 
higher-quality products, according to Czajczyńska et al. [92].

Further the study describes pyrolysis as an excellent 
technique for managing food waste because of the value-
added products it can generate. Several food wastes: potato 
peel (Solanum tuberosum), lettuce (Lactuca sativa), cabbage 
(Brassica rapa subsp. pekinensis), cauliflower (Brassica 
oleracea), and coriander (Coriandrum sativum), and onion 
(Allium cepa) have been valorized using pyrolysis, to 
manufacture several industrial goods, such as biochars, 
which have the potential for augmenting the carbon and 
water holding capacity of soils and making them effective 
soil conditioners.

Green Extraction Technologies

 It is a new extraction technique that uses green 
solvents instead of traditional solvents to extract natural 
bioactive compounds and/or value-added products from 
food waste [93]. The approach has been utilized to extract 
natural bioactive components and compounds from agro-
food waste, including pigments, enzymes, and antioxidants 
(flavonoids, polyphenols, etc.) [94]. Because of its lower 
power requirements, less or nonexistent use of organic 
solvents, and ecologically friendly nature, it is seen to be a 
superior option than traditional extraction technologies. 
They are predicated on the utilization of sustainable and 
renewable bioresources, green solvents like water, ethanol, 
supercritical CO₂, lower energy consumption, the production 
of co-products from the waste, compact unit operations, 
and the generation of non-denatured and eco-friendly 
extracts [95]. The most used green extraction technologies 
include microwave-assisted extraction (MAE), ultrasound-
assisted extraction (UAE), hydrodynamic cavitation-assisted 
extraction (HCAE), and others [96]. Table 5 is a comparison 
of various methods for food waste upcycling and their value-
added products.

Category Description Techniques/Processes Examples of value-
Added Products

Integrated Biorefinery 
Technologies

Combines biological, chemical and 
thermal processes for maximum 

resource extraction from food 
waste.

Milling, acid/enzymatic 
hydrolysis, fermentation, 

anerobic digestion, 
thermochemical conversion, 

co-generation, separation, and 
purification.

Bioethanol, biodiesel, 
biohydrogen, biochar, 

and organic acids.

Microbial 
Electrochemical 

Technologies

Uses electro-active 
microorganisms to convert 

chemical energy in food waste into 
bioenergy or chemicals.

Microbial fuel cells (MFV), 
Microbial electrolysis cells 

(MEC), using Geobacter, 
Clostridium, etc.

Bioelectricity, 
biohydrogen, biogas, 

organic acids, and lipids 
for biodiesel.

Pyrolytic Technologies
Thermochemical conversion of 

food waste into bio-oil, biochar and 
gas, with or without catalysts.

Fast Pyrolysis (800-1300˚C/s); 
catalytic or non-catalytic.

Bio-oil, biochar, and 
combustible gases.

Green Extraction 
Technologies

Environmentally friendly 
extraction of bioactives using 

alternative solvents and energy-
efficient processes

Microwave-Assisted Extraction 
(MAE), Ultrasound-Assisted 

Extraction (SFE), Liquid Biphasic 
Flotation (LBFE), PEF, HCAE.

Polyphenols, flavonoids, 
antioxidants, pigments, 
enzymes (e.g. quercetin, 
catechin, cellulase, and 

pectinase).

Conventional and 
Supporting Techniques 

Commonly used techniques in food 
waste upcycling, applied in various 

stages, such as pre-treatment, 
separation, or concentration of 

materials.

Fermentation, centrifugation, 
precipitation, crystallization, 
coagulation, reverse osmosis, 
microfiltration, ultrafiltration, 

and flotation.

Pectins, dietary fiber, 
citric acid, protein 

isolates, organic acids, 
and concentrated 

nutrients.

Table 5: Comparison of various methods for food waste upcycling and their value-added products
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Valorization of Food Waste to Produce 
Value-Added Products

Single-Cell Protein Single Cell Protein (SCP)

One abundant source of organic matter that can be 
transformed into goods with added value is food waste. One 
promising strategy for waste management and sustainable 
production is the conversion of food waste into single-cell 
protein biofuel, bioplastics, and other value-added goods 
[97]. (SCP) is thought to be revolutionary for sustainable 
food production and is a promising nutritional source with 
impact, especially when made from waste materials [98]. 
Numerous microbes, including bacteria, fungus, and yeast, 
are the source of SCP [99]. Utilizing microbes, the process 
transforms various substrates into microbial cell mass. 
Applications for the resultant microbial protein, or SCP, 
include animal feed, human meals, nutritional supplements, 
and more [100].

SCP technology is useful because it allows co-products 
from farms or the agro-food industry to be upcycled. 
Protein content in SCP biomass ranges from 50 to 80% on 
a dry weight basis, indicating a high protein concentration 
[101]. This approach adds substantial value to the 
production chain by removing the need to treat the organic 
material for its Biological Oxygen Demand (BOD) [102]. 
Sustainable and effective protein sources are desperately 
needed as the world’s population grows, and SCP may be 
able to meet this demand. Numerous businesses use SCP to 
produce high-protein flours and essential foods like bread 
and pasta through sustainable practices, like the US-based 
food biotech company Equii Foods fermentation ranging 
from wheat, multigrain, and fiber-enriched varieties, 
providing 8–10 grams of protein per slice. Another 
company, FeedKind, produces SCP made from natural gas 
via microbial fermentation [103].

Bioethanol and Biodiesel

Using a variety of appropriate methods, food waste can 
be used extensively as a raw material for the generation of 
biofuel. Using food waste to produce biofuel offers a viable 
sustainable alternative in light of the growing need for 
sustainable energy sources. According to Xavier, et al. [104], 
biofuels made from food waste can lessen greenhouse gas 
emissions, lessen dependency on fossil fuels, and advance 
the ideas of the circular economy. 

 
Three primary phases are involved in turning food waste 
into bioethanol: fermentation, enzymatic hydrolysis, and 
pretreatment [105]. To optimize sugar recovery from food 
waste, mechanical, chemical, and biological techniques are 
used in the pretreatment process. Enzymatic hydrolysis 

follows, in which a combination of appropriate enzymes 
(mostly cellulase, β-glucosidase, and pectinase) is used to 
break down the polysaccharides into fermentable sugars. 
The final step is microbial fermentation to convert sugars 
into bioethanol [106]. However, the technology poses 
few challenges, such as the handling of biomass and the 
application of pretreatment methods to improve the 
conversion of lignocellulosic materials into fermentable 
sugars [107]. The production of biodiesel from food waste 
is gaining attention worldwide. Various types of food 
waste, including waste cooking oil, grease trap waste, and 
lipid-rich food waste, are being explored for biodiesel 
production. 

The extracted lipids are then purified to remove any 
impurities [108]. During transesterification, extracted lipids 
are treated with alcohol (usually methanol or ethanol) in the 
presence of a catalyst to produce biodiesel.

Major challenges associated with biodiesel production 
from food waste include the variability in the composition 
of food waste, the need for efficient lipid extraction methods, 
and the need for effective catalysts for the transesterification 
process. Despite these challenges, the production of biodiesel 
from food was 5 Biogas. The process of converting food waste 
into biogas involves a set of microbiological reactions and 
physico-chemical processes known as anaerobic digestion 
(AD) [109].

 
Biohydrogen—Dark fermentation and photosynthesis are 
the two main biological processes utilized in the technology 
used to produce biohydrogen from food waste [110]. In 
the process known as “dark fermentation,” bacteria break 
down organic materials without the presence of light, 
resulting in the production of hydrogen gas as a byproduct 
[111]. Conversely, photosynthesis is the process by which 
light energy—typically from the sun—is transformed into 
chemical energy within plants, which powers the plant’s 
operations. Dark-photo-sequential fermentation is a 
relatively new approach that entails exposing the food waste 
to dark fermentation and then photosynthesis.

9.3. Bioplastics—with notable progress in recent 
years, the field of producing bioplastics from food and 
agricultural waste is expanding quickly [112]. Bioplastics 
are biodegradable plastics that can be produced more 
cheaply and sustainably by using biological materials instead 
of petroleum. Utilizing agri-food waste as a substitute 
substrate for the production of biopolymers is one of the 
main areas of concentration in this research. For example, a 
well-studied strain of Haloferax mediterranei may produce 
polyhydroxybutyrate (PHB), a form of bioplastic, in high-
salinity conditions without sterilizing.
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Value-Added Products through Hydrothermal 
Treatment

Food waste can be used and hydrothermally treated to 
produce solid, liquid, and gaseous products. Formate can be 
made from food waste by hydrothermally carbonizing it; up 
to 78% of food wastes could be turned into formate [113]. 
Formate is an excellent hydrogen storage carrier and battery 
material [114]. Furthermore, the fluorescence properties 
and high compatibility of eggshells and carbon dots make 
them useful for photo catalysis, environmental monitoring, 
and biomedicine [115]. Additional uses include multi-color 
from carbon dots hydrochar [116] and hydroxyapatite 
recovered from pomelo peel that has characteristics similar 
to the structure of crystalline hydroxyapatite in human 
bones. Inexpensive graphene flakes made from leftover 
bread. Hydrochar made from food waste has the potential to 
be a highly effective adsorbent for water contaminants [117]. 
About 0.96% and 2.30% of fertilizers based on nitrogen 
and phosphorus, respectively, might be substituted with 
the hydrochar and liquid products made from food waste 
[118]. Additionally, food waste was effectively utilized as a 
resource by producing high-quality bio-oil by a hydrothermal 
treatment [66]. Green biodiesel can be effectively produced 
using the hydrothermal liquefaction of waste edible oil. 
Through hydrothermal treatment, food waste can also be 
transformed into materials for industrial uses. For example, 
vegetable waste can be hydrothermally treated to produce 
acetic acid and calcium acetate, which can be used as a green 
deicing agent [119]. According to Ren K, et al. [120], the 
carbon-based Fe₃O₄ nanocomposite made from pomelo peel 
was also an effective fruit magnetic solid-phase extraction 
material. To create bioethanol, the chili post-harvest residue 
underwent fermentation and hydrothermal pretreatment 
with surfactants. Green biodiesel can be effectively produced 
by hydrothermally liquefying waste edible oil without the 
requirement for extra treatment procedures. Hydrothermal 
treatment of mango peel could achieve efficient extraction 
of pectin, a thickening agent (11.63%). Hydrothermal 
treatment helps with resource disposal and food waste 
reduction. Hydrothermal gasification of cellulose allows 
for the selective production of hydrogen at a comparatively 
low hydrothermal temperature. Finally, hydrothermal 
pretreatment of food waste can break down cellulose into 
simple substances such as glucose and can increase the ratio 
of protein to carbohydrate, which is beneficial for subsequent 
fermentation and other processing [121].

Food Waste Disposal and Environmental 
Effects of Food Waste

Food Waste Disposal and Classification is primarily 
divided into three categories: Volume Based Waste Fee 
(VBWF), Food Waste, and Recycling Waste [122,123]. Food 

waste includes agricultural, fishery, and food leftovers 
generated during the production, distribution, and cooking 
processes. Recycling waste comprises plastics, cans, glass 
bottles, paper, and scrap metal, which should be sustainability 
leftovers generated during the production, distribution, and 
cooking processes. All other general waste is placed in VBWF 
garbage bags for disposal. The food waste separation rate is 
an indicator of the proportion of food waste that is collected 
separately rather than mixed with general waste here fore, it 
reflects the efficacy of the VBWF system. 

The four metrics of global warming potential, nutritional 
enhancement, photochemical ozone production, and acidity 
are the major criteria used to assess the environmental 
impact of any method of disposing of food waste [124]. 
When food is wasted rather than eaten, the environmental 
effects of food production and consumption are further 
compounded. Around 57.02  kg of CO2-equivalent/tonne 
from anaerobic digestion and 18.3 kg CO2-equivalent/tonne, 
through incineration of biogas waste was their respective 
contribution to global warming potential [125]. Further, 
methane emission from both anaerobic digestion and in 
vessel composting leachate treatment processes constitutes 
a significant source of environmental burden for photo 
chemical ozone formation. Advancements in the biogas 
residue management process could reduce global warming 
potential [126].

New applications in Food Waste Management

Mathematical Models

Models are used to study the mechanics of anaerobic 
digestion, the engineering process, the parameters that 
affect biomethanation, and how they interact. Anaerobic 
digestion activity has been mathematically modeled and 
optimized using theoretical, empirical, and statistical 
methods. Digestion without air anaerobic digestion is 
classified as either liquid-state anaerobic digestion (L-AD) 
(TS ≤ 15%) or solid-state anaerobic digestion (SS-AD) (TS ≥ 
15%) according to the total operational solid content. Solid 
loading capacity, increased volumetric biogas productivity, 
and lower energy requirements are the benefits of SS-AD. 
According to Mo et al. 2023, SS-AD systems are currently 
operated experimentally and lack mechanistic tools for 
process control. Application of statistically derived models 
can predict the system behaviour and are especially useful 
when there are a limited number of targeting outputs [127]. 
On the other hand, theoretical models provide more insight 
into the complex system mechanisms, while simplification 
is required to find general applications [128]. AI-driven 
systems have demonstrated significant reductions in food 
waste, offering economic savings and environmental benefits 
[129].

https://medwinpublishers.com/FSNT/


Food Science & Nutrition Technology14

Ravikumar Patil HS, et al. Food Waste Treatment, Recycling, Management and Production 
of Value-Products-An Update on Methodologies and Current Trends. Food Sci & Nutri 
Tech 2025, 10(2): 000362.

Copyright©  Ravikumar Patil HS, et al.

Metagenomic Tools and Techniques for 
Advanced Practices

Researchers have used a variety of 16S- and 18S-rRNA-
based fragment studies to examine the microbiome and 
its diversity in the handling of food waste [130]. Eukarya, 
Bacteria, and Archaea comprise the major microbial 
communities. There are 4133 methanogenic bacteria in the 
Archaea domain overall, with the most noticeable groups 
being Crenarchaeota and Euryarchaeota. Acetotrophic 
methanogens are the primary required anaerobes in the 
genus Methanosarcina that convert acetate into carbon 
dioxide and methane. Hydrogen-binding methanogenic 
bacteria belong to the Methanobacteriaceae family. The two 
primary families of hydrogenotrophic bacteria involved in 
the anaerobic digestion of fruit and vegetable wastes are 
Methanosphaera stadtmaniae and Methanobrevibacter 
wolinii [131]. The knowledge of the link between taxonomical 
and functional diversity and species richness can be a key for 
better understanding of ecosystem functioning in waste food 
treatment. Molecular methods like PCR, RFLP, microarrays, 
and sequencing have been increasingly utilized in the field of 
waste management in the last decade [132].

Metagenomics

Ability of NGS to functionally characterize microbial 
communities on a large scale and its strength in studying 
collections of diverse microbes were demonstrated by 
the large-scale functional characterization of ecological 
systems captured through metagenomics [133]. The use 
of this strategy in FW management can raise the caliber of 
management and treatment goods while also deepening our 
understanding of treatment. By investigating the available 
microbial resources and making strategic use of the latest 
metagenomics techniques, microbial communities can 
be employed in food waste management more effectively. 
Metagenomics research is aided by the development of 
sequencing and computing technologies, which expanded 
the reach of bioinformatics in microbial informatics and 
testing [134].

Microbial Community Analysis

Particularly at high organic load rates (OLRs), anaerobic 
digesters frequently experience a variety of instabilities 
related to inhibition, foaming, and acidification [135]. The 
traits and dynamics of the microbial communities engaged 
in the anaerobic digestion process are typically linked to 
these instabilities. In order to maximize stable and effective 
process operations, microbial community analysis—
which looks at the makeup and behavior of microbial 
communities—can be useful. New directions for studying 
microbial populations during anaerobic digestion have 

also been made possible by high-throughput sequencing 
technology. In their study of the microbial community for 
both single-phase and two-phase anaerobic digestion of 
Food waste. Hagen, et al. [136] discovered that the two-
phase continuous stirred tank reactor had a higher diversity 
of bacteria and a preponderance of Firmicutes resulting 
in a methane production that is 23% larger than that of 
single-phase anaerobic digestion. The archaeal community 
of single-phase and two-phase reactors was dominated 
by Methanosaeta. Using the Ribosomal Database Project 
classifier software categorization of the nucleotide sequences 
and demonstrated that the most prevalent microorganisms 
during the anaerobic digestion process were Proteobacteria, 
Firmicutes, and Bacteroidetes [137]. The addition of 
Synergistetes, Tenericutes, Spirochaetes, and Actinobacteria 
during active methanogenesis resulted in a considerable 
increase in the variety of microorganisms compared to day 0. 
Using Illumina sequencing, Khan, et al. [138] examined how 
digestate recirculation affected the microbial population. The 
predominant bacterial phyla in both digester design types 
(with and without recirculation) were determined to be 
Proteobacteria, Firmicutes, Chloroflexi, and Bacteroidetes. 
Methanosaeta and Methanobacterium were dominant 
genera among the archaeal population, accounting for 
65% and 32% of Euryarchaeota’s reads in the mesophilic 
digester without recirculation, while, in the digester with 
digestate recirculation, Methanosaeta accounted for 91% of 
all Euryarchaeota.

Pulsed Electric Field (PEF) and Ultrasound-
Assisted Extraction (UAE)

In recent years it has been shown that PEF is able to 
extract bioactive from a number of sources. Carpentieri, et 
al., [139] generated vanillin, caffeine, and limonene yields 
improvements from agro waste such as cocoa shells and 
citrus peels. High purity β carotene and polyphenols in the 
carrot and tomato waste with minimum post processing was 
recovered from UAE [140].

Other hybrid methods include the Enzyme assisted 
microwave extraction utilizes enzyme pretreatment which 
specifically degrades plant cell wall components followed 
by microwave assisted extraction that increases the 
release of intracellular compounds by localization heat and 
pressure. The hybrid strategy is specifically applicable for 
agro-wastes containing substantial lignocellulosic such as 
rice bran, wheat straw, and fruit pomace [141]. The Ohmic 
Heating Combined (OH) with Solvent-Free Extraction is the 
method of passing electric current through moist biomass 
and generating internal heat due to electrical resistance 
of the sample. Safarzadeh, et al. [142] used this method on 
olive mill wastewater (OMWW) and recovered high purity 
hydroxytyrosol and tyrosol at 60–70 °C.

https://medwinpublishers.com/FSNT/
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Discussion

Food waste has become a global scourge that requires 
actionable and innovative solutions to combat the scourge 
and its attendant effects. These staggering figures within 
the food system are an indication on its social, economic, 
and environmental impacts requiring intervention. Food 
waste has been reported to account for 8–10% of global 
greenhouse gas emissions with attendant negative impact 
on farm produce yield, nutritional quality, and food supply 
chain disruption. The SDG 12 underscores the importance 
of responsible food consumption and waste reduction/
management to promote the sustainable food production 
agenda (sdgs/un). The initial important steps, therefore, 
are approaches and policies geared towards waste 
repurposing and upcycling and foster effective food resource 
management. Waste upcycling strategies are a circular 
bioeconomy allowing food waste to be repurposed by 
converting food waste biomass into a value-adding product 
or ingredients [24]. These products can be consumed directly 
or used as platform products as raw materials for other 
consumer products. Several methods have been available 
to treat food waste, including food donation, animal feed, 
composting, thermal or biological conversion, or landfilling. 
Each of these methods is based on the substrate and their 
inherent treatment procedure and capacity. For example, 
landfilling represents the dominant method (35%) of food 
waste treatment. Alternatively, methods include pyrolysis, 
which has negative carbon emission footprints. Advantage of 
thermal treatment method in the absence of oxygen and the 
byproduct solid char with high carbon content can be stored, 
utilized as energy or soil additive. Several innovations and 
scope for research are needed in each of these methods to 
scale-up the method of food waste treatment. The present 
trend in cooking is the high dependence on firewood for 
cooking in villages and fossil fuels in towns and cities [143]. 
AD of manure and crop residues can substitute 50-60% of 
final energy for cooking in villages and about 10% of final 
energy for cooking in towns and cities. Additional financial 
support through Research, Development and Demonstration 
programme will provide impetus at the resource levels. 
Compost and digestate play minor roles in comparison to 
fertilizers in India (et al., 2023), thus encouraging small- 
to medium-scale composting and AD plants should be 
promoted. Local participation, NGO and combined initiatives 
and of provision of affordable/dry, free land will also promote 
food management at the community level. As a result of 
incorrect and common food disposal practices, which have 
detrimental environmental effects, a significant amount of 
greenhouse gas (GHG) emissions and foul odor discharge 
occur. India produces a lot of food waste, but its techniques 
for disposing of it are quite inadequate; instead, organic 
garbage is typically dumped at landfills [144]. Landfills 
are the most common method of food waste disposal in 

developing nations including India, which accounts for 
approx. 90% of the total food waste [144]. But this practice is 
not encouraged due to its increased probability of producing 
disease vectors and releasing greenhouse gases [145].  
Plausible solution includes Manure and crop residues (20-
40%) are abundant in villages and still mostly untapped as 
energy source of crop residues remain unused as animal feed 
or fertilizer. Their collection and treatment may be feasible in 
some places, especially with water-saving dry AD. Byun, et al. 
[15] highlighted the feasibility of green vehicles running 
using green energy produced from food wastes in near 
future. There have been proposals for internal combustion 
engine cars (ICEVs) powered by biomethane and bioethanol, 
fuel cell vehicles (FCVs) powered by biohydro gen, and plug-
in electric vehicles (PEVs) powered by bioelectricity. These 
efforts will contribute towards sustainability [146-156].

It is noteworthy to note from the increased number 
of publications that globally several research and private 
firms are showing interest in this area of food chain and 
government policies and legislation indicating the concern 
to minimize food waste [157-160]. Microbial ecological 
analysis in the near future will need a paradigm shift 
from data generation and management to innovative and 
hypothesis driven research. Application of new microbial 
sources to facilitate treatment through Genetic engineering, 
metagenomics and high-through put methods is required 
to enhance the out-put at several levels. Further, in silico 
generated knowledge coding, mining, and networking will 
aid new knowledge discovery to attain sustainable food 
waste management. Judicious use of food at source in the 
society at several levels in the food chain, home, hotels, 
universities contribute immensely to reducing food waste 
at source. Second systematic management of food waste 
through proper inventory, redistribution of unused food and 
conscious use of food products will lower the waste [161-
165]. Awareness of environmental pollution and initiatives 
such as the ’Swachh Bharat (clean India) Mission’ will help 
create wider awareness through audio-visual, print media. 
Awareness through Gram-panchayath and taluk level will 
promote better waste management. Thus, the collective 
efforts of public, private and several allied food chain sectors 
along with policies and awareness will ensure reduction and 
management of global food waste [165-174].
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