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ABSTRACT
Huge quantities of apple orchard waste (AOW) generated could be regarded as a promising 
alternative energy source for fuel and material production. Conventional and traditional processes 
for disposal of these wastes are neither economical nor environment friendly. Hence, sustainable 
technologies are required to be developed to solve this long-term existence and continuous 
growing problem. In light of these issues, this review pays attention towards sustainable and 
renewable systems, various value-added products from an economic and environmental perspec-
tive. Refined bio-product derived from AOW contributes to resource and energy demand com-
prising of biomethane, bioethanol, biofuels, bio-fertilizers, biochar, and biochemicals, such as 
organic acid, and enzymes. However, the market implementation of biological recovery requires 
reliable process technology integrated with an eco-friendly and economic production chain, 
classified management.
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1. Introduction

According to the statistics of Food and Agriculture 
Organization, the global apple area harvested and 
production approximately reached 4.9 million hec-
tares and 86.14 million tons, respectively, in 2018 
and the top 10 countries are presented in Table 1 
and Figure 1. Notably China ranks first in area 
harvested (11.87 million hectares) and production 
(39.23 million tons), followed by the United States 
and Poland with 4.65 million and 3.99 million tons 
of apple production [1]. Interestingly, apple orch-
ard has generated a huge quantity of blossom, 
pruning branches, fruit thinning and trunks dur-
ing the growth of apple trees, harvesting of apples, 
and recycling of this biomass residue is major 
problems for local farmers [2]. Generally, recycling 
of apple orchard residues need many practical 
requirement and approaches, such as on-site dis-
posal by open combustion, mulching directly and 
landfilling, which bring many inevitable series of 
ecological risk and social drawbacks. In addition, it 
helps microbes increase the risk of diseases and 
decrease available nitrogen in the soil and then 

further un-balance C/N ratio. This increased the 
investment cost owing to the required extra ferti-
lizer application to maintain fruit yield and quality 
[3,4]. However, in the current situation woody 
component and apple residues are considered as 
waste instead of resource. In fact, orchard residues 
are part of the abundant biomass that could be 
known as the main alternative source of renewable 
energy and can produce multi-benefit pro-
ducts [5,6].

Thus, recycling of apple orchard residues and 
conversion of energy is one of the best sustainable 
alternative approach and circular economy as an 
imperative trend. However, extensive utilization of 
fossil resources may lead to its exhaustion due to 
the non-renewability, and at the same time also 
bring environmental pollution such as the emis-
sions of coal and gas-diesel oil found to be 46 
thousand and 48 thousand gigagrams (CO2eq) in 
China [7,]. Reports by the International Energy 
Agency estimated that the world energy consump-
tion is increased by 48% from 2012 to 2040 [8]. 
According to global attention, renewable energy 
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accounted for 19% of the global energy consump-
tion in 2012 and would contribute 55–75% by 
2050 in the European Union [7]. Kumar et al. [9] 
pointed out that the biomass would contribute 
15–50% in world primary energy consumption 
until 2050. Consistently, Alavijeh and Yaghmaei 
[7] reported biomass as the main contributor of 
renewable energy and the stored energy from glo-
bal biomass annually increasing by approximately 
8 times than total global energy demand. 
Therefore, the development and economic utiliza-
tion of biomass contributing to energy demand is 
an environment potential friendly approach that 
will be attracting more and more attention across 
the globe.

Apple orchard residues emerged as a promising 
source for diverse value-added products derived 
from cellulose-rich materials (branches and leaves) 
that can be converted into various biofuels such as 
hydrogen, ethanol, and methane through various 
biorefinery approaches [10]. In addition, along 
with the increasing demand for food diversity 
and chemicals requirement, the safety of food 
and biochemical are essential concerns of manu-
facturers and consumers. In case of nutritional 
value, various carbohydrate-rich biomass includes 
apple pomace as suitable material for biofertilizer 
and biochemical production. In addition, it helps 
to increase the total relative abundance of 
microbes including their enzymes, organic acids, 
pectin, polyphenols, biopolymers, and other com-
pounds. Finally, these microbes certainly help to 
increase the nutrient level and chemical recov-
ery [11].

The conversion of biomass into bio-energy, 
nutrient, and biochemical involve the basic steps 

of collection, transportation, pretreatment, and 
processing. Apple pomace residues are complex 
to dispose of owing to high moisture content and 
organic compound susceptible that is prone to 
enzymatic degradation and rapid oxidation. The 
fiber-rich residue is constrained by pretreatment 
and utilized efficiency due to its hard decomposed 
complex structure [5]. Additionally, various obsta-
cles such as insufficient social awareness, 

Table 1. The apple area harvested and production amounted to 
the top 10 countries in the world [7].

Country
Production (hg/ 

ha)
Area harvested 

(tonnes)

China 189,388 39,235,019
United States of 

America
394,802 4,652,500

Poland 247,205 3,999,523
Turkey 207,565 3,625,960
India 77,309 2,327,000
Iraq 9922 49,813
Italy 438,574 2,414,921
Russian Federation 89,704 1,859,400
France 342,935 1,737,412
Chile 501,715 1,727,277

Figure 1. The apple (a) Yield (b) Production and (c) Area 
harvested percentage of the top ten countries in the world [7].
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unfavorable site, or logistical conditions like logis-
tic costs, raised investment, and complicated pro-
cess cause difficulty of getting sustained financial 
support. The uncertainty of seasonal and regional 
variations, infrastructure technical barriers, and 
the aforementioned biomass properties restricted 
the feasibility of widespread commercialization in 
the global market. Based on present status, this 
article comprehensively describes the available 
and potential value-added products and discusses 
the current challenges and future development 
prospects. It also proposed the availability of 
apple orchard biomass residues for bio-energy, 
nutrient, and chemicals recovery, aiming to moti-
vate public members, commerce and industry 
departments to enhance awareness of participation 
in apple orchard recycle management.

2. Resource recovery from apple orchard 
waste

Apple orchard waste recycling needs a sustainable 
and environmentally friendly manner. The optimal 
practice approach for sustainable orcharding not 
only includes minimization of waste biomass but 
also conservation of waste into useful multi- 
product, energy, and also help in the circular 
economy. As reported in a chemical composition 
study [12], AOW is an important bio-resource, 
pruned leaves, twigs, stems, and branches along 
with immature fruits all are rich in phenol (the 
highest total phenolic content) was shown by 
leaves, stems, and immature fruits with 810.2, 
320.2–245.0, and 324.4 mg/100 g dry weight, 
respectively. Although the ripe apple fruits showed 
the lowest content, i.e., 42.7 mg/100 dry weight of 
phenol. Waste pruning is found to be rich in 
polyphenols. It suggested that the possible applica-
tion of AOW (mainly pruning) is a potential 
source to produce polyphenols that has high 
value due to their antioxidant properties with 
respect to human health. So it is proposed that 
these compounds might be used as natural anti-
oxidants in the food industry and supplement 
artificial antioxidants, and thereby add an alternate 
and renewable source. It can also be used as great 
potential for the processing of biofuels such as 
methane, bioethanol, butanol, and hydrogen. 
Additionally, apple waste is as a green energy or 

alterations in the form of biofertilizer that can be 
applied directly to the soil [13]. Major applications 
of AOW have been dealt with as follows:

2.1. Biofuels recovery

For growing the energy supply protection and 
decreasing emissions of greenhouse gas, both by 
rising and expanding dependency on fossil fuels, 
thus, the replacement of fossil fuels by renewable 
energy sources (RES) are one of the key issues 
[14]. Bioenergy is one of the promising, inexhaus-
tible, and renewable sources of energy that help 
tackle increasing ecological, economic, and techni-
cal challenges looking toward the decline of fossil 
fuels. The composition and characteristics of feed-
stock are the most significant part of sustainable 
growth and supply of bioenergy. Among the var-
ious substrates, waste production has received 
extraordinary acceptance for the maintenance of 
environmental uprightness.

A high energy potential is obtained from several 
residues of industrial and agricultural activities 
describes biomass as a renewable energy. 
Generally, the waste biomass’s higher heating 
value (HHV) lies between 17 and 21 MJ per kg 
[15]. Apple orchards pruned wood is becoming 
one of the most valued biofuels with 13.6–-
14.6 MJ/kg of calorific value (as high as brown 
coal), less hazardous gaseous emissions, and low 
ash content. Pruned biomass’s theoretical capacity 
from permanent crops in the EU28 is estimated to 
be approx. 246 PJs per year and AOW account for 
4.2% of the permanent crop area [16,17]. Pruning- 
to-energy (PtE) may be particularly significant in 
countryside areas categorized by a huge percentage 
of apple orchards and restricted access to forest 
resources in the region. Unluckily, technology is 
not being commercialized and most of this poten-
tial is being unused.

Apple orchard waste has also turned out to be 
a fairly cheaper source of ethanol production and 
the common people and the poor farmers will be 
benefitted greatly from this. The research con-
ducted by used apple pomace and rotten banana 
as a substrate to produce ethanol by fermenting it 
with Saccharomyces cerevisiae [10]. Approximately 
48% of the alcohol is obtained after distillation, 
and we may assume that a higher concentration 
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of alcohol may be obtained after re-distillation of 
the substance. A higher concentration of alcohol 
can also be used as a biofuel. Conversion of waste 
to energy leads to the protection of resources and 
works in an environmental friendly manner on 
a sustainable basis. Figure 2 shows the resource 
recovery processes from AOW. General gaseous 
and liquid biofuels are explored in detail in the 
following segments.

2.1.1. Biogas
Biogas is generally produced by anaerobic diges-
tion and comprises of methane, carbon dioxide, 
hydrogen sulfide, and water vapor by 45–70%, 
30–45%, 0.5–1.0%, and 1–5%, respectively, as 
well as less quantity of other gases (nitrogen, 
ammonia, hydrogen, etc.) [18]. The product 
formed during the entire process differs from the 
related microbial population type as microbes con-
trol the three stages of anaerobic digestion (metha-
nogenesis, acidogenesis, and hydrolysis). The 
single-stage digestion of apple fruit waste is 
favored because of its simple design and lesser 
investment costs. However, the activity and 
growth of methanogens are affected by the high 
loading rate which is the main difficulty associated 
with single-phase digestion. The metabolic beha-
vior of acidogenic microbes rises at high loading 
levels causing increased hydrogen concentration, 
whereas methanogenic organisms cannot raise the 
behavior and this discrepancy brings about the end 
of methane generation. The high organic biode-
gradability of apple waste induces broad volatile 

fatty acids and a rapid acidification that inhibits 
the function of methanogenic microorganisms. 
While production of methane is a primitive 
method but still faces a big challenge to improve 
the efficiency and performance of gas production.

By eliminating most of the hydrogen sulfide and 
CO2 from the biogas, the key objective can be 
achieved by obtaining high CH4 content in biogas. 
The process of amine scrubbing is the technique 
primarily employed for biogas application. 
Hydrogen sulfide and water is added in the first 
step and then using a stimulated carbon filter, 
desulfurization is done. The loss of biomass in 
systems is another vital challenge with a high rate 
of hydraulic charge, which has been overcome by 
developing reactors with excessive loading levels 
and short hydraulic retention time (HRT). The 
homogeneity of particle size is lacked by digested 
slurries in the single-stage digestion process, lead-
ing to the layers or phases of different densities 
formation in the reactor. Generally, it inhibits the 
appropriate mixing of hampers and propellers and 
then it is beneficial to periodically remove the 
layers in the reactor. In the batch method, organic 
waste is usually fed once in the reactor where it 
goes through consecutive decomposition. It has 
not been able to achieve considerable market 
share by the batch digester because of its HRT 
[19]. Digestion of vegetable/fruit waste through 
semi-continuous or continuous anaerobic diges-
tion is one of the most prevalent and remarkable 
approaches [20]. More flexible bioreactors are 
required to digest vegetable/fruit waste in one 

Figure 2. Resource recovery processes from apple orchard waste.
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phase with continuous-stirred tank reactors 
(CSTR) [21]. Li et al. [22] investigated apple pulp 
being used to promote buffer capacity and nutrient 
balance improving the stability of manure anaero-
bic digestion system. The highest methane produc-
tion reached 0.34 L g−1 VSadded, co-digest of apple 
pulp, cow slurry, and olive pomace have produced 
stable biogas of 400 L/kg volatile solids. Jansson 
et al. [23] investigated CSTR for digestion of resi-
due of vegetables, the digestion of sugar beet pulp 
and asparagus waste led to a methane generation 
of 0.263 and 0.230 l g−1 VS fed, respectively, and 
reduction in VS equal to 95.2% and 89.7%. In 
comparison to single-phase digestion, batch 
sequencing reactors are becoming more critical 
for anaerobic digestion, when it comes to enhan-
cing solid retention and unsettlement. Kafle et al. 
[24] performed batch and continuous anaerobic 
digestion to produce biogas from apple waste and 
swine manure, the final methane, and biogas pro-
ductivity from apple waste detected was 252 and 
510 mL/g total chemical oxygen demand (TCOD). 
For anaerobic treatment, the usage of two-stage 
bioreactors is very significant because of its HRT 
flexibility, its organic load rates due to the sequen-
tial arrangement of different bioreactors for acid-
ogenesis and methanogenesis [21]. For vegetable 
and fruit waste, the effectiveness of a sequence 
anaerobic batch reactor is shown to be good and 
used in two-phase digestion by Bouallagui et al. 
[19]. It resulted in substantial development of bio-
gas with improved effluent capacity, reduced che-
mical oxygen demand by 96%. Xiao et al. [25] 
digested tomato waste with cattle dung in an anae-
robic reactor which also resulted in an increase 
from 0.33 to 0.700 dm3 d−1 of biogas. Anaerobic 
treatment of fruit/vegetable waste is rich in organic 
matter and is beneficial as it produces more 
methane along with slurry which can be applied 
as a soil conditioner.

2.1.2. Biodiesel
Low aliphatic alcohols and high fatty acid alkyl 
esters are constituents of biodiesel. As fatty acid 
depends on calorific value, its composition of tri-
glycerides in the feedstock decides their utility. 
The presence of non-sponifiables, impurities, and 
moisture are other chemical and physical para-
meters that regulate feedstock efficiency [26]. 

Biodiesel cost frequently makes up around 
70–95% of the operational costs which is defined 
by the selection of feedstock [27]. Vegetable oil is 
environmentally friendly, readily available, and 
naturally sustainable, therefore for biodiesel pro-
duction, it is one of the productive and effective 
substrates. Both non-edible and edible oils were 
broadly employed for this purpose. Non-nutritious 
oils suitable for biodiesel use include Ricinus com-
munis, Hevea brasiliensis, Nicotiana tabacum, 
Jatropha curcus, Madhuca longifolia, Attalea spe-
ciosa, and Pongamia glabra to name but a few [28]. 
Using Eruca sativa Gars oil for production of 
biodiesel, and resulting in a conversion rate of 
98% [29].

Su et al. [30] stated that the biodiesel can be 
generated using high-temperature pretreated 
kitchen garbage. Pizarro et al. [31] used waste 
(bleaching earth) for the production of 55% bio-
diesel throughout the process of refining crude 
vegetable oil. Either by using or without using 
a catalyst, biodiesel production is also attained 
through vegetable oils trans-esterification with 
simple alcohols. The parameters affecting biodiesel 
production are purity of reactants, mixing velocity, 
alcohol to oil ratio, and reaction temperature [2]. 
The optimization of these factors has been exten-
sively studied to enhance the yield of biodiesel. For 
trans-esterification, alkaline and acidic catalysts 
have been widely used to increase the biodiesel 
production. Using NaOH as an alkaline catalyst, 
recorded the greatest biodiesel yield for the trans-
formation of cotton oil and soybean oil and cata-
lysts for the production of biodiesel using soap 
stocks for both base (NaOH) and acid (H2SO4) 
[32]. Recently, in the production of biodiesel, 
enzymes, and solid catalyst are used. In a similar 
study, using a carbon-based solid acid catalyst for 
oleic acid supplemented cotton oil trans- 
esterification (50% w/w), and recorded 80.5% tri-
glyceride conversion [33]. Biodiesel synthesis 
based on enzymes requires the lipase usage which 
offers an additional advantage in the purification 
and simple separation of the reaction products. At 
Lvming Co. Ltd. in China, immobilized lipase is 
used for trans-esterification of waste cooking oil to 
produce further enzymatic development of methyl 
ester fatty acid [28]. Aguilar et al. [34] recorded 
yields of up to 30% using entire cell Rhizopus 
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oryzae IFO 4697 as biocatalysts. Several methods 
have been employed for the biodiesel production, 
aiming at the conservation of material and energy. 
In one such effort, with the taking on ultrasonic 
irradiation (20 kHz) for Canola oil trans- 
esterification, approximately 99% yield was 
achieved in 50 min [35]. Lee et al. [36] used super-
critical fluid extraction for obtaining a high yield 
of biodiesel (approx. 100%) in 45 min of incuba-
tion time from waste canola oil. Research on the 
development of the trans-esterification cycle is 
underway with an emphasis on both yield and 
protection of the environment and the conserva-
tion of resource in the form of economy, recovery, 
and quality of the feedstock.

2.1.3. Bioethanol and Biobutanol
Apple waste is a rich source of polysaccharides 
(lignin, hemicellulose, and cellulose) and may be 
introduced for butanol and ethanol production to 
solid-state fermentation. Further it is used for 
multiple purposes such as a supplement to liquid 
fuels and solvent in many industries [37]. The 
simple procedures for transforming starch and 
sugars from crops are commercially used and 
well known. Biomass fermentation, saccharifica-
tion, and pretreatment are process which are 
used for biofuel production using AOW. For 
many years, ethanol has been a vital chemical in 
industry. In fact, in comparison to fossil fuels, 
ethanol is more environmentally friendly and is 
used as a substitute for gasoline. Micro- 
organisms of potential ethanol fermentation 
include recombinant Escherichia coli, Zymomonas 
mobilis, Saccharomyces cerevisiae, and 
C. thermocellum [38].

Various studies have confirmed the potential of 
apple pomace as a viable substrate for bioethanol 
production [38–39]. Dhillon et al. [40] demon-
strated the efficient method for mitigation of 
waste disposal, the ethanol yield was 16.09% (v/ 
w) with 0.15% (w/w) of apple pomace by fermen-
tation, 0.08 million ton bioethanol have been pro-
duced from 0.4 million ton apple pomace waste in 
the US. Bioethanol production is reported by 
Zhang et al. using a 5-l scale production of 
bioethanol from various agricultural biomasses 
[41], mainly produced by Clostridia, require rod- 
shaped, anaerobic, and spore-forming gram- 

positive bacteria. It is very small but able to gen-
erate a huge quantity of butanol throughout fer-
mentation. Ethanol, butanol, and acetone are 
produced in the ratio of 3:6:1 by Clostridia fer-
mentation of the saccharified lignocellulosic [42]. 
Voget et al. [43] announced the development of 
2.2% of the bio-butanol from apple pomace. 
Patakova et al. stated using molasses of sugar 
beet and maize to produce 13.70 and 15.23 g L–1 
bio-butanol [44]. Bio-butanol and bioethanol are 
used as favorable substitutes to the transport fuels 
dependent on petroleum. The fruit waste is one of 
the significant sources of biomass with the ability 
to be transformed into butanol and ethanol. The 
conversion into biofuel from these wastes not only 
generate valuable end-products but also decreases 
the costs of waste disposal.

2.1.4. Biohydrogen
Bio-hydrogen is considered as a potential biofuel 
due to ease of use, high energy content, and envir-
onmentally friendly nature. Applications of hydro-
gen energy are reliable with the high 
transformation efficiency attained from cells of 
fuel [45]. Because of zero CO2 emission it is one 
of the cleanest fuels and has a potential to sub-
stitute depleted oil reserves [46]. Production of 
fermentative hydrogen through dark and light- 
dependent fermentation processes has multiple 
advantages among all of the hydrogen production 
methods. Under anaerobic condition, dark fer-
mentation occurs which increases the hydrogen 
production rate and therefore reduces costs of 
production from the light-dependent process. 
Substrates utilized during the production of bio- 
hydrogen with appropriate bio-process tools 
should be lack of nitrogen and solids rich in car-
bohydrate. Apple waste is considered a possible 
natural substrate with the potential to generate 
energy due to its easy biodegradability and high 
organic content amongst all waste. Other condi-
tions for improving productivity are cultures-co- 
culture or mixed or pure. Potential microorgan-
isms that contribute significantly to the develop-
ment of bio-hydrogen are violet non-sulfur 
bacteria, Cyanobacteria, and green algae, which 
are fermentative, photosynthetic, etc [47]. Certain 
methods for raising the yield of H2 include tem-
perature, pH, availability of nutrients, reduction in 
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liquid phase H2 and CO2 levels, gas conservation, 
and pretreatment [48].

Such approaches are used by researchers around 
the world to increase the generation of bio- 
hydrogen. Mohanakrishna et al. [49] produced 
hydrogen using vegetable wastes and with sewage 
supplementation exhibited a rise of up to 55%. 
Similarly, Yao et al. [50] explored the hydrogen 
production from apple tree leaves by microwave 
pyrolysis, the higher heating value (HHV) of apple 
tree leaves is 18.80 MJ/kg, leaves biochar reached 
around 25.94 MJ/kg. Tenca et al. [51] adopted 
a different strategy for achieving maximum pro-
duction of hydrogen without external control of 
the pH, they co-fermented vegetable waste using 
content-rich in alkali, i.e., pig dung, in order to 
circumvent changes of external pH. Lukitawesa 
et al. and Dong et al. used waste produced from 
potato processing industries to increase bio- 
hydrogen production to 55% from 15% [52]. Lu 
et al. [53] studied the possible of renewable energy 
bio-hydrogen product derived from rotten apples 
waste with photosynthetic bacteria, and obtained 
the maximum hydrogen yield was 111.85 ± 1 mL 
H2/g TS. Using fruit waste for bio-hydrogen pro-
duction is an upright technique for transforming 
waste into energy and addressing energy security 
and environmental concerns. Treatment systems 
may be configured to extract energy from waste 
nutrients based on the initial screening and char-
acterization of the waste. The use of microbes for 
the breakdown of discarded biomass of fruit into 
a preferred form of fuel is currently one of the 
supreme recognized approaches for the manage-
ment of these wastes.

2.2. Nutrient recovery

Sustainable management of nutrition in orchard 
focusses on optimizing the usage of nutrient 
sources and the requirement for external inputs. 
Significant portions of the nutrients absorbed by 
orchard plants from the soil return to the soil 
each year through abscised pruning wood, leaves, 
and rhizodeposition biomass. Similarly, biomass 
mowed from grasses in orchard could also pro-
duce quantities of nutrients [54]. As a result of 
biomass decomposition, the increase of soil 
organic matter indirectly affects soil fertility and 

the availability of nutrients. Thus, improving the 
usage of nutrient resources residing efficiency in 
apple orchards are necessary to resolve productiv-
ity and environmental aspects [55]. Waste is ear-
lier either burned or disposed of in landfills, 
resulting in very large quantities of greenhouse 
gases being released in the environment, while 
proper resource treatment can realize nutrient 
recovery and benefit soil quality. Several nutrient 
recovery processes are as follows:

2.2.1. Composting
Composting is one of the best-known recovering 
methods to produce organic waste conditioners, 
which is the method of rotting organic material 
(food garbage, animal waste, crop residues, and 
municipal waste) by microbes under-regulated 
conditions. Apple orchard waste of leaves, grass, 
and branch are a good substrate to provide nitro-
gen and promote composting. Kopcic et al. veri-
fied the high degradation (53.1%) during apple 
and tobacco waste composting [56]. Composting 
offers a road map to sustainable disposal of 
organic waste materials for recovery of nutrients 
by providing a lesser risk of environmental liabil-
ities. It turns a large portion of solid waste into 
a marketable commodity, the final product of 
compost is used as a conditioner to decompose 
recycled wastes and act as a source of nutrients. 
It is a well-cradle-to-cradle strategy in which 
organic matter return to earlier plant-taken soil. 
It helps to improve the soil quality, increase water 
retention capacity, availability of nutrient uptake, 
and contributes to sustaining the production of 
healthy crops.

Commonly, aerobic composting produces 
a more natural organic product that is primarily 
practiced in agricultural yields. Organically certi-
fied compost was reported to contain 2–2.5% of 
the N [56] that could provide the potential for 
nutrient recovery if properly managed. In addi-
tion, biochar made from apple branches or leaves 
used as an additive in composting demonstrates 
better efficiency aspect of increased temperature, 
pH, humification, and product quality, reduced 
composting duration, and greenhouse gases emis-
sion [57]. The composting method can be estab-
lished using the following direction and chemical 
equation:
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Organic waste (Protein + Cellulose + Lignin) + 
O2 � CO2 + H2O + Compost + Heat

2.2.2. Vermicomposting
One potential method for treating rotting apple 
waste biomass is vermicomposting that makes 
use of earthworms to decompose into compost. It 
is the process of organic waste digestion per-
formed by earthworms, accompanied by excretion 
through the metabolic system, during which their 
biological activities raise nutrient levels in organic 
waste [58]. Vermicompost contains more soluble 
levels of the nutrients and organic matter with the 
enhanced quality compared to conventional com-
post [59]. Hanc and Chadimova [60] evaluated the 
feasibility of vermicomposting-based apple 
pomace waste and stated that vermicomposting 
was an appropriate technique to decompose 
apple pomace waste by converting it into value- 
added products. Ultimate product value also 
enhanced with 2.8% N, 0.85% P, 2.3% 
K. García-Sánchez et al. [61] performed vermi-
composting in the mixture of apple and grape 
pomace, digestate, and horse manure, the mature 
and stable end product for the agronomical appli-
cation, concluded that apple pomace waste is 
a good feedstock and helps earthworm to convert 
into a value-added product.

It is an environmentally friendly and reasonable 
approach to be used due to the wide substrate of 
food, plants, animals, and sewage waste. Research 
shows the vermicomposting cycle is a good 
method to recycle organic waste and covert high- 
quality compost with greater bio-available nutri-
ents [61]. It is a mechanism in which earthworms 
generate useful dung (vermicompost) by decreas-
ing the destructive effects of waste. Both earth-
worms and microorganisms involved in the 
process shows mutual relation and allows good 
waste biodegradation, thereby preserving the qual-
ity and nutritional value of the vermicompost [62]. 
Vermicompost based fertilizers are decomposed 
organic matter concentrations which help to 
improve crop productivity and soil fertility. 
Nutrients from waste materials are recycled and 
purified in this way, thus enhancing environmen-
tal health and its usage [63]. The vermicomposting 
method accompanies total benefit, i.e., its residual 
material can be utilized as a biofertilizer and can 

be practiced as a vermi-wash on plants for instance 
soybeans, cowpeas, maize, etc. thereby returning 
the nutrients from the soil back to the soil and so 
on [64]. While its length of time is very prominent 
and typically takes about 28–125 days and higher 
controllability requirements. Additionally, its 
operating system includes living organisms, and 
several conditions are required for their existence 
and formation of high-quality vermicompost. In 
general, a temperature range of 18–67 �, pH of 
5.9–8.3, and a moisture content of 10.68% are 
required [65]. Thus, those obstacles limit the 
implementation of large-scale commercialization 
that needs to be overcome.

2.2.3. Biofertilizers
Biofertilizers known as microbial inoculants are 
the carrier-based materials that contain beneficial 
microbes intended to enhance soil fertility and 
help the development of plants by increasing its 
diversity and biological activity [66]. It plays a vital 
role in decreasing inorganic fertilizer usage while 
increasing production capacity, in addition to pre-
serving soil fertility. Bio-fertilizers are based on 
sources of renewable energy including apple orch-
ard waste and are environmentally friendly in 
comparison to fertilizers from the industry. Fruit 
crops have typically obtained more attention in 
comparison to ornamental and vegetable crops 
[67]. A recent practice is the use of organic ferti-
lizers to increase the production of fruit crops, it 
restricts chemical interference and eventually 
reduces the harmful effects on the wider climate 
[67]. Also, they serve as a relief to the poor farmers 
who cannot go with the expensive chemical ferti-
lizers and the most useful organic matter added to 
the soil is high-quality compost and 
vermicompost.

Additionally, biochar is the carbonaceous solid 
product generated by the thermochemical trans-
formation of organic substances, such as manure, 
apple leaves, and branches in an oxygen-depleted 
atmosphere that have properties appropriate for 
long-term carbon storage in the environment 
[68]. Biochar has a slow rate of decomposition 
that persists in the soil for more than 100 years 
when applied to the ground and has become one 
of the best choices for carbon sequestration in soil 
[69]. Agricultural use of biochar began in pre- 
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Columbian times when slow vegetation burning 
was used to create nutrient-rich terra-preta soil. 
Biochar effectively improves the nitrogen utiliza-
tion rate from 6.77% to 261.53% of the Malus 
hupehensis, and apple branch biochar has great 
potential to sequester carbon and is also favorable 
for soil fertility [70]. Furthermore, biochar 
increases the moisture-holding capacity and the 
soil nutrients by increasing the potential for cation 
exchange when applied in the soil. Global produc-
tion of biochar is estimated in between 0.05 and 
0.3 Gt C yr −1 [71]. Lehmann et al. [72] estimated 
that carbon stored in the soil by using biochar 
could amount to 9.5 billion tones by 2100. 
Biochar production development for apple orch-
ards is such a field that is therefore worth 
following.

2.3. Biochemicals recovery

The biotechnological approach can convert the 
apple orchard waste into various value-added che-
micals. Apple waste can be transformed into 
organic acids, aroma compounds, enzymes, edible 
dietary fibers, pectin, antioxidants, polyphenol, 
nano-cellulose, and bio-polymers [73]. Moreover, 
apple waste is reflected as a potential source for 
various environmental applications, especially for 

the removal of textile dye and heavy metal [74]. In 
this context, the potential of apple wastes summar-
ized for the production of different bio-products 
in subsections using different biotechnological 
approach (Figure 2). Figure 3 shows the biochem-
ical recovery from apple orchard waste and its 
utilization in different forms.

2.3.1. Organic acid
Currently, the organic acid is considered as plat-
form chemicals due to several applications in cos-
metics, detergent, food, pharmaceutical, polymer, 
and textile sector [75]. Globally, the organic acid 
market was assessed around $6.94 million by 2016 
and it is projected to rise to $12.54 billion by 2026 
[75,76]. Organic acids can be produced via chemi-
cal and biological routes. However, the production 
of organic acids via chemical routes offer higher 
productivity as well as yield but caused several 
environmental problems. While the biological 
routes offer several environmental benefits such 
as utilizing organic waste as well as emitting less 
pollutants. This demands a higher production cost 
due to substrate cost and lower production effi-
ciency [77]. Therefore, the high production cost 
can be minimized using low-cost organic substrate 
as feedstock for the production of organic acid to 
achieving successful industrialization. Apple 

Figure 3. Biochemical recovery from apple orchard waste and its utilization in different forms.
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orchard waste can be considered as a potential 
feedstock for organic acid production due to the 
biodegradable properties of apple orchard waste 
and Figure 4 summarizes the potential of apple 
waste for the production of various organic acids.

Acetic acid (AA) is known as ethanoic acid. Its 
demand is increasing year by year globally due to 

high commercial importance [78]. Global demand 
for AA market is expected to rise with compound 
annual growth rates (CAGR) of 4.30% to 6.8% 
[79]. Almost, 75% of the AA is produced via 
chemical routes, while biological routes produce 
around 10% of the AA [80]. However, biological 
routes are considered as an expensive process but 

C2
Acetic acid

[CH COOH]

C3
Lactic acid 

[C3H6O3][C H O ]

Propionic acid

C4
Fumaric acid

[C4H4O4]

C6

[C H O ]

Citric acid

C30

[C30H48O3]

Ursolic acid

Figure 4. The chemical structure and formula of various organic acids.
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recognized as a clean and green process. In biolo-
gical routes, microbial fermentation is carried out 
by a different group of microorganisms to produce 
AA, and leftovers after fermentation is used as 
animal feed or biofertilizer, Acetobacteriaceae, 
Acetobacter, Gluconobacter, and 
Gluconoacetobacter are commonly used for com-
mercial production of AA [45]. Moreover, co- 
culture of different microbes is used to achieve 
higher productivities of AA [81]. Recently, 
Vashisht et al. [78] studied the potential of 
Acetobacter pasteurianus SKYAA25 for the con-
version of apple waste into AA and highlighted 
the production of around 5.2 g of AA/10 g of dry 
biomass of apple pomace. Moreover, apple waste 
can be utilized for simulation production of 
organic acids and biofuels by acetone-butanol- 
ethanol (ABE) fermentation, which could decrease 
the AA production cost [82]. Besides, apple waste 
is considered as a suitable feedstock for citric acid 
(CA) production due to the lower pH (3–3.5) of 
apple waste by fungal strain Aspergillus niger, and 
that was known as the proficient producer of CA 
under acid conditions [83]. Dhillon et al. [83] 
reported that A. niger can produce around 3.42–-
3.65 g of AA/10 g dry biomass of apple waste. 
Nowadays, 99% of the CA produced by the fer-
mentation process, while ~80% of the CA is pro-
duced via submerged fermentation globally, which 
due to safer and eco-friendly nature of the fermen-
tation process [84]. The non-toxic, biodegradable, 
and biocompatible properties of natural CA allow 
the synthesis of biopolymers for biomedical appli-
cations [40]. Therefore, apple waste can be con-
sidered as a potential feedstock for CA production 
via the fermentation process to reduce the overall 
cost of production of CA biorefinery.

Additionally, fumaric acid (FA) is a chemical 
commodity that have different application in var-
ious sectors agricultural, chemical, leather, phar-
maceutical, rubber, and textile sector. 
Additionally, due to non-toxic nature and unique 
flavor of FA, it has been commonly used in the 
food sector as an acidulant and beverage ingredi-
ent [85]. Furthermore, FA has been recognized as 
one of the top 10 platform chemical due to its 
various application, while the global production 
was 225.2 kt in 2012, with an estimated production 
of ~346 kt by 2020 with an expected compound 

annual growth rate (CAGR) of 5.9% from 2014 to 
2020 [86,87]. Presently, FA is mostly produced via 
chemical methods, while biological methods are 
highly considered due to sustainability and eco- 
friendly nature [85]. During the biological produc-
tion of FA various types of bacteria (Bacillus 
macerans, Erwinia chrysanthemi, 
Thermoanaerobacter ethanolicus, and Zymomonas 
Mobilis), yeasts (Brettanomyces, Candida utilis, 
Pachysolen tannophilus and Scheffersomyces sti-
pites) and fungi (Aspergillus glaucus, 
Caldariomycels fumago, Cirnella spp., 
Cunninghamella, Penicillum griseofulvum 
Rhizopus nigricans, R. arrhizus, R. oryzae, and 
R. formosa) are involved [85]. Recently, Martin– 
Dominguez et al. [87] reviewed the biorefinery 
perspective of FA and summarized that 
R. arrhizus can produce to 121.0 g L−1 FA using 
glucose and nutrients as feed-stock, which biopro-
cess cost comparatively higher. Das et al. [88] 
accessed the potential of apple waste for FA pro-
duction using Rhizopus oryzae 1526 and concluded 
that around 25.2 g L−1 FA can be produced in 72 h 
using 40 g/L of total solid concentration of apple 
waste during pH 6.0, 30°C, 200 rpm flask shaking 
speed. Therefore, apple waste can be considered as 
a cheap feed-stock for FA production via 
a fermentation process.

Lactic acid (LA) has extensive applications in 
the food, leather, pharmaceutical, and textile 
industries chemical feedstock. It can be produced 
via the chemical and biological process. During the 
biological synthesis process, various types of 
microorganisms and feed-stock (pure substrate 
and organic waste) is involved. However, the 
high cost of pure substrate force to search for 
alternative low-cost substrates. Lactobacillus rham-
nosus CECT-288 produces around 32.5 g/L of LA- 
LA after 6, while the mass balances showed that 
4.6 g of LA can be produced from 10 kg of dry 
apple pomace by sequential hydrolysis and fer-
mentation [89]. Moreover, propionic acid (PA) 
production from apple was studied by Piwowarek 
et al. and the result showed that 0.2 mg/L dose of 
biotin allowed to attain 7.66 g/L propionate [90]. 
Among several organic acids, ursolic acid (UA) 
has been considered for higher therapeutic proper-
ties such as anti-inflammatory, antitumor, antipro-
tozoal, and antibacterial [91]. Cargnin and 
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Gnoatto [92] reviewed the potential of apple waste 
for UA production.

2.3.2. Enzyme
Enzymes are known as bio-catalysts and has sev-
eral potential applications in different industrial 
sectors. Due to the growing demand for enzymes, 
the global market for industrial enzymes is 
expected to reach around $6.3 billion in 2021 
with a CAGR of 4.7% between 2016 and 2021 
[93]. Hence, enzymes are comparatively expensive 
reagents, which increase the product cost of utili-
zation. Therefore, the production cost of various 
enzymes needs to be reduced, which could be 
possible by using low-cost feedstock for enzyme 
production. In this regard, apple waste can be 
exploited for the production of various types of 
commercial enzymes via microbial bioprocess. 
Salim et al. reported that bacterial species Bacillus 
can produce α-amylase, protease, cellulase, and 
pectinase from different agricultural residues 
[94]. Kaur et al. [95] used apple waste as 
a substrate for amylase production during solid- 
state fermentation (SSF) using plant pathogenic 
fungus Macrophomina phaseolina. The maximum 
amylase activity of 3309.45 ± 29.22 IU/gds is 
observed at 35°C at 70% (v/w) initial moisture 
level after 120 h. Considering the importance of 
amylases in food and other industries, the huge 
amount of apple pomace and non-commercial 
apple as well as the convenience of obtaining 
apple can be used for the economical production 
of these enzymes to fulfill the needs of industries 
for the development of cost-effective processes. 
Moreover, apple waste is identified as a potential 
source for pectinase production, which various 
application in the industrial process for pectin 
degradation [96]. In the global enzyme sales, 

around 25% are contributed by pectinase [97]. 
Pectinases are classified into three types as i) pec-
tin-esterase, ii) depolymerizing enzymes, which 
incorporate poly-methylgalacturonase and polyga-
lacturonase, and iii) proto-pectinase, which solu-
bilizes proto-pectin forming highly polymerized 
soluble pectin [98]. Pectinase enzymes has an 
important role in the industrialization era for 
extraction and clarification of fruit juice, applica-
tion in alcoholic beverages and food industries, 
and several applications [97]. Table 2 summarizes 
the potential application of pectinase in various 
industrial sectors. Recently, Kuvvet et al. explored 
the potential of apple waste for low-cost enzyme 
(pectinases) production using the co-culture of 
Bacillus subtilis and B. pumilus [96]. The optimal 
conditions showed the maximum activity of pecti-
nase was 11.25 IU mL−1 with 15% apple pomace 
(solid load), pH 9.0, and one-fourth of culture 
ratio (B. subtilis/and B. pumilus) at 30°C after 24 h.

Lignin-degrading enzyme have a significant role 
in the degradation of lignin and persistent organic 
pollutants (POPs) [99]. Mostly, the lignin- 
degrading enzymes can be produced by various 
microorganisms including fungi, bacteria, and 
actinomycetes, among which fungi play a more 
prominent role during the lignin degradation 
[100,101]. Moreover, lignocellulose waste of apple 
branch and leaves contain an ample amount of 
lignin, which is an amorphous aromatic polymer 
with a high molecular weight. Due to the complex 
structure, it is hard to degrade lignin, which 
demands an efficient degradation substance for 
lignin degradation. Amongst various lignin degra-
dation methods biological methods highly consid-
ered due to low energy requirements, mild 
operating conditions, and considered as eco- 
friendly as compared with physical and chemical 

Table 2. Industrial uses of pectinases at various stages of application [119]..
Type of industry Role Applications

Animal feed Reduces viscosity of feed Rruminant feed
Brewing Improve stability, chromaticity and luminosity Beer clarification, chromatic
Coffee and tea 

fermentation
Removes mucilaginous coat and accelerates fermentation on 

process
Removal of coat and foam from coffee beans and 

tea
Food Improve viscosity and stability Clarification or gelling agent
Oil Enzymatic extractions Oil preparation
Pulp Cell wall softening, bleaching Depolymerization agent, maceration
Pharmaceutical Controlled drug release Drug delivery systems
Textile Enhance fabric absorbency, decompose non-cellulosic material Bio scouring, retting of plant bast fibres
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methods [102,103]. Several enzymes such as aryl 
alcohol oxidase, aryl alcohol dehydrogenase, cello-
biose dehydrogenase, laccase (Lac), lignin peroxi-
dase (LiP), and manganese peroxidase (MnP) are 
recognized for lignin degradation. Among them, 
Lac, LiP, and MnP are highly considered for effi-
cient lignin degradation [101]. Gassara et al. exam-
ined the potential of apple pomace for the 
production of lignolytic enzyme Phanerochaete 
chrysosporium BKM-F-1767 under solid-state fer-
mentation conditions [104]. During the ligninoly-
tic enzyme production various types of enzyme 
work as inducers, such as veratryl alcohol, 
Tween-80, and CuSO4 at concentrations of 
2 mM, 0.5% (v/w), and 3 mmole/kg, respectively, 
are added during the solid-state fermentation. The 
result showed that the addition of veratryl alcohol 
and Tween-80 resulted in maximum manganese 
peroxidase (MnP) activity of 17.36, 540.2, 631.25, 
and 507.5 26.87 U/gds (units/gram dry substrate). 
While maximum lignin peroxidase (LiP) activity of 
141.38 is attained. Extension of earlier reported 
study is carried out by Gassara et al. to achieve 
enhanced production of LiP, MnP, and Lac pro-
duction using apple waste by P. chrysosporium 
[105]. Various experimental effects such as the 
role of moisture, copper sulfate, and veratryl alco-
hol (VA) concentrations on ligninolytic enzyme 
production is excessed. Moreover, experimental 
outcomes showed enhanced MnP and LiP produc-
tivity in the presence of moisture and VA, while 
the availability of moisture and copper sulfate 
enhanced on Lac productivity. Therefore, apple 
waste is a potential source for various enzyme 
production.

2.3.3. Other compounds
Apple waste can be explored in biorefinery pro-
cesses for obtaining aroma compounds, biopoly-
mers, chitosan, dietary fibers, microbial oils, nano- 
cellulose, natural antioxidants, polyphenols, and 
pectin’s [106,107]. Among them natural antioxi-
dants and polyphenols are highly considered as 
antioxidant, antimicrobial, anti-inflammatory, 
anticarcinogenic, and cardiovascular protective 
properties for food, pharmaceutical, and cosmetic 
applications [108,109]. Aroma compounds have an 
imperative role in the food sector, which com-
prises 25% of the global demand as food additives 

[110]. Mostly the aroma compounds are synthe-
sized via chemical methods and biological meth-
ods (Extraction from natural matrixes and 
biosynthesis or bioconversion via different 
microbes). Chemically synthesized aroma com-
pounds are not considered nowadays due to health 
awareness, natural aroma compounds highly con-
sidered due to several benefits [73]. Therefore, the 
synthesis of natural aroma compounds via biolo-
gical routes is highly recommended. Rodríguez 
et al. utilized the apple pomace for the production 
of volatile aroma compounds via fermentation by 
Hanseniaspora uvarum, Hanseniaspora valbyensis, 
and Saccharomyces cerevisiae, the result showed 
that apple pomace can be produced around 132 
volatile aroma compounds, which was strongly 
strain dependent [110]. Ricci et al. reported that 
apple pomace could be utilized by lactic acid bac-
teria for production aromatize for alcoholic bev-
erages [111]. Moreover, apple waste can be 
exploited for the production of biopolymers via 
a microbial fermentation process. Recently, 
Rebocho et al. explored the potential of apple 
waste for the production of poly(3-hydroxybuty-
rate), P(3HB), and medium-chain length polyhy-
droxyalkanoates (PHA), mcl-PHA by using the co- 
culture of Cupriavidus necator DSM 428 and 
Pseudomonas citronellolis NRRL B-2504 [112]. 
The biopolymers accumulated by both strains 
and this study demonstrates the feasibility of 
apple waste for the production of a natural blend 
of P(3HB)/mcl-PHA. Also, chitosan (CS) is recog-
nized as a bio-polymer due to its non-toxic, bio-
degradable, biocompatible, and intrinsic 
antimicrobial properties, which is as a de- 
acetylated derivative of chitin [113,114]. 
However, there are limited literature that have 
been explored the potential of apple waste for CS 
production. Vendruscolo et al. utilized the apple 
pomace for fungal chitosan production in an 
external-loop airlift bioreactor by Gongronella 
butleri, the effect of the nitrogen sources NaNO3 
and (NH4)2SO4 and specific aeration rate of 0.1, 
0.3, and 0.6 vvm are investigated, the result 
showed that ammonium sulfate and specific aera-
tion rate of 0.6 vvm had a significant effect on 
chitosan production [115]. Moreover, the apple 
waste has the potential for the production of 
other bioactive compounds such as dietary fibers, 
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microbial oils, nano-cellulose, natural antioxi-
dants, polyphenols, and pectin’s, which compound 
have several applications in different properties as 
shown in Table 3.

3. Current challenges and future direction of 
recycling apple orchard waste

Apple orchard waste degradation is producing 
a large flow of nutrients back to the soil. The 
nutrient flux associated with the decomposition 
of litter has gained a lot of attention in both 
natural and semi-natural ecosystems. This repre-
sents the main nutrient source needed to sustain 
soil fertility, while the ecosystems in orchards have 
been poorly considered so far. Currently, disposal 
of apple-dropping or woody biomass is done by 
natural degradation or mulching in the field of by 
direct on-site combustion. In both circumstances, 
drawbacks and costs are significantly incurred by 
the farmer: law prohibits open combustion while 
the risk of fungal diseases may be increased due to 
leaving residues on the ground. Due to the uncom-
plimentary ratio of C:N ratio of woody residues, 
the reduction of nitrogen availability in the crop is 
another problem, which contains an upsurge in 

input of fertilization. While production of fruits 
in a sustainable manner whether organic or inte-
grated now shows a growing trend to restrict the 
amount of fertilizer to be used by farmers. As the 
value rises for inorganic fertilizers, there is 
a terrible requirement to utilize the generated 
waste as a source of nutrient recovery. Organic 
and inorganic fertilizers may serve as an effective 
option for meeting increasing nutrient demands 
and addressing the problems related to climate 
change and food security. Such as degradable 
apple and cellulose-rich orchard woody waste- 
composting can be utilized as a source of essential 
nutrients production from agricultural crop and 
convert into organic matter to achieve nutrient 
recovery. However, the current penetration rate 
still needs to be improved, and the lack of com-
mercialization was limited by the high cost of 
logistics, recycling and classification processing, 
and insufficient awareness. Therefore, classified 
management and collection of waste are extremely 
important, although China has already carried out 
the classification and recycling of some domestic 
waste, but the agricultural sector is still need to 
strengthen implementation and extension.

As reported that heating value attained 5 MJ/kg 
and 20 MJ/kg for fresh and dry wood residues that 
equivalent to 40% of the calorific value of coal 
combustion. Biomass can be used as a biofuel by 
collecting and processing into an appropriate 
shape, while this feedstock is usually not suitable 
for Thermoelectric combination Combined Heat 
and Power Generation (CHP) and large power 
plants due to its high logistic costs, which are 
usually spread over low-density landscapes, and 
these power plants typically depend on imported 
biomass [116]. However, AOW can be effectively 
installed in smaller inhabited heating systems in 
which domestic biomass is primarily used, redu-
cing reliance on the source of imported fossil 
energy, resource chains with a lower social and 
environmental impact. According to local condi-
tions, farmers in geographically inconvenient areas 
should be treated nearby, and conditions that 
allow for reasonable treatment of waste in the 
area should be resource recycling by disposal and 
management. Relevant departments should certain 
extent popularize relevant infrastructure technol-
ogy according to regional characteristics, advocate 

Table 3. Major bioactive compounds from apple pomace [120].

Ingredient
Major Bioactive 

Compounds
Bioactivity and 

Therapeutic Potential

Carbohydrates Pectin and 
oligosaccharides

Soluble viscous 
fermentable fiber/ 
dietary fiber, 
potential prebiotic 
properties

Phenolic acids P-coumaric acid sinapic, 
p-coumaroyl-quinic, 
caffeic, ferulic and 
chlorogenic

Soluble viscous 
fermentable fiber/ 
dietary fiber, 
potential prebiotic 
properties

Flavonoids Isorhamnetin, 
procyanidinB2, 
kaempferol, 
rhamnetin, 
glycoconjugates, 
guercetin, epicatechin

Antioxidant, 
antiinflammatory, 
anticancer and 
cardio-protective

Anthocyanins Cyanidin-3-O-galactoside Antioxidant, 
antiinflammatory, 
anticancer and 
cardio-protective

Dihydrochalcones Phlorizin, phloretein Antidiabetic, 
promoting bone- 
forming, 
blastogenesis

Triterpenoids Ursolic and oleanolic 
acid

Antimicrobial and 
antiinflammatory
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the principle of near handling and provide service 
and support.

In terms of bio-chemicals and biofuels recovery, 
such as for the production of biobutanol and 
bioethanol, apple waste can be used as a potential 
substratum because of its high accessibility of 
starch, cellulose content, and non- 
competitiveness with food security [117]. 
Although the potential of apple-plated biomass 
for energy purposes is immeasurable, nevertheless, 
it requires a certain amount of energy supply and 
manpower production as well as expenditure in 
essential machinery. In common terms, the speci-
fic biofuel composition differs with the composi-
tion and source of decomposable biomass, the fuel 
shall have a similar and satisfactory distribution of 
a low ash content and the particle size. Therefore, 
the absolute suitable quality of the biomass classi-
fication is another challenge needed to 
breakthrough.

Manufacturers are now endeavoring to build 
machines that help to manage wood content and 
technology of reaction equipments. Flexible bior-
eactors of continuous-stirred tank reactors could 
be used for uniform biomass mixing by the way of 
a mechanical agitator or biogas recycling contri-
buting to the same hydraulics retention time and 
therefore to an increased average biogas yield. 
Molinuevo-Salces et al. [118] used a continuous 
stirred-tank reactor to study the effects of the 
addition of vegetable waste (50% dw/dw) in 
swine manure anaerobic digestion that resulted 
in increased methane yield. Therefore, integrate 
feasible technologies to maximize the diversity of 
benefits while being more economical and practi-
cal, realize the clean production of AOW, resource 
utilization in multiple ways, and achieve sustain-
able development.

4. Conclusion

Apple orchard waste comprises of various avail-
able carbohydrate-rich biomass (branch, leaves, 
and non-commercial apple) and hence it is pro-
posed as a green or alternative bioresource in the 
form of diverse value-added products. Finally, to 
achieve the energy recovery aspect of producing 
green and clean alternative fuels, chemical, and 
nutrient recovery-based on safe and harmless 

biochemical and biofertilizer production is rea-
lized. While the expensive cost of investment 
needs to rely on continuous improvement of tech-
nology, it is still facing various uneven technical 
and social challenges. The incentives of related 
policies, the improvement of commerce, and 
national awareness are necessary for the popular-
ization and commercialization of products.
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Abbreviation

Acetic acid - AA
Acetone-butanol-ethanol - ABE
Apple orchard waste - AOW
Carbon/nitrogen - C/N
Carbon dioxide - CO2

Chitosan - CS
Citric acid - CA
Combined heat and power generation - CHP
Compound annual growth rates - CAGR
Continuous stirred tank reactors - CSTR
Fumaric acid - FA
Higher heating value - HHV
Hydraulic retention time - HRT
Hydrogen - H2

Laccase - Lac
Lactic acid - LA
Lignin peroxidase - LiP
Manganese peroxidase - MnP
Nitrous oxide - N2O
Persistent organic pollutants - POPs
Polyhydroxyalkanoates - PHA
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Propionic acid - PA
Pruning-to-energy - PtE
Renewable energy sources - RES
Ursolic acid - UA
Veratryl alcohol – VA

Highlights

(1) Apple orchard waste (AOW) biorefinery 
served as sustainable waste recycling 
strategies.

(2) AOW recycling have distinct biorefinery 
approaches and bioproduct according to 
the component.

(3) AOW recycling could be contributed to bio-
fuels, nutrient, and biochemical recovery.

(4) Biorefinery is facing a big challenge in tech-
nical, financial, and social awareness.

(5) AOW recycling with circular bioeconomy 
requires coordinated policy intervention 
and socioeconomic aspect.
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