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Abstract
Tropical crops are an important source of wealth in many countries. The current agribusiness model is based on the production of
a final commodity, leading to the production of organic by-products (biowastes) that in many cases contain bioactive compounds
with a potential added value. The exploitation of these by-products is the foundation of the circular economy that leads to the
generation of greener bioprocesses for the industry with foreseeable economic improvements in production systems. This review
aims to point out the idle opportunities of agricultural production systems and their associated biowastes to contribute to the
establishment of a bioeconomy. Hence, the focus lies on five tropical extensive crops: coffee, oil palm, sugar cane, banana, and
pineapple. This first part of the review explores agricultural wastes originated from the coffee and oil palm industrial process and
is oriented on the potential use of these by-products as a starting material for the alternative obtention of chemicals, otherwise
obtained from petrochemistry. The second part of the review focuses on prospective use of lignocellulosic rich biowaste that is
derived from the industrialization of sugar cane, banana, and pineapple. A fundamental difference for the use of coffee biomass
compared to other crops is the presence of numerous bioactive compounds that are not yet properly utilized, such as antioxidants
(i.e., caffeic acid, chlorogenic acid, ferulic acid), as well as their possible use in the manufacture of products of interest in the
cosmetic (i.e., quinic acid) or pharmaceutical industry (i.e., caffeic acid phenethyl ester). In the case of oil palm, its potential lies
in obtaining chemicals such as glycerol and carotenoids, or in the bioenergy production.
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Bioeconomy

1 Introduction

Circular economy is an alternative to the linear economicmodel,
which aims to turn goods at the foreseeable end of their lifecycle
into (re)useable materials or resources for other valuable appli-
cations [1], with two important consequences: first, the maximi-
zation of resources, and second, the minimization of waste pro-
duction [2, 3]. Under a circular (bio)economy approach,
agroindustrial waste management attends to some of the current
agricultural issues from two perspectives: economy and sustain-
ability of the industrialization process.

The biorefinery concept was initially focusing on energy
production (i.e., ethanol, hydrogen, butanol) from biomass
feedstock; in the recent years, the concept evolved to include
the obtention of bulk and fine chemicals as products refined
from the raw biomass [4–6]. A biorefinery process for bio-
mass will increase the original feedstock’s value to turn the
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original materials into more valuable bio-based products [7].
Hence, regarding the lifecycle of biomass, the biorefinery con-
cept is placed at the intersection of sustainability and circular
economy.

Biomass candidates to be utilized in a biorefinery may be
limited by the quantity and quality of the available supply [4,
5]. Due to the low cost, high abundance, and high price of
potential products, coffee and oil palm biowaste is an excellent
source in prospect to develop biorefinery concepts. Coffee and
palm oil are two of the most important commodities traded
worldwide. In 2018 global coffee production was more than
165million 60-kg bags of green coffee. This number represents
only a small portion of the bulk biomass generated during the
production process. The coffee industry generates huge
amounts of different kinds of residues such as silverskin, pulp,
husks, stems, and wastewater [8–10]. Similarly, the palm oil
industry generates over 190 million tons of waste from solid
and liquid residues every year, and around 10% are commer-
cially used for the production of value-added bioproducts [11].
These residues are a source of contamination for water bodies
and lands around the plantations, and a serious environmental
problem for producing countries.

Costa Rica is a tropical country located in Central America
with an enormous biodiversity, and as in other tropical coun-
tries there are several species of microorganisms, insects, and
plants, among others, still expected to be discovered [12, 13].
Most of these natural resources are unexplored and bear great
potential for the discovery of novel organic compounds as
well as biocatalysts for enzymatic synthesis. Due to the variety
of temperature, humidity, and rainfall, tropical countries hold
different life zones. Costa Rica has 12 life zones, where the
most extensive are the tropical wet forest, premontane wet
forest, lower montane wet forest, premontane rain forest, and
tropical moist forest. Because of this diversity, the country
allowed the establishment of different types of crops; thus,
agriculture is an important sector within the Costa Rican econ-
omy. The country is one of the major banana and pineapple
producers worldwide and currently it is considered as a model
of environmental sustainability [14].

Costa Rican agriculture covers around 560,000 ha, which
represents almost 11% of the land. The most extensive crops
are coffee, oil palm, sugar cane, banana, and pineapple [15].
As shown in Table 1, these crops have an important economic
impact. The overall agroindustry produces around 2.5 million
tons of agricultural commodities per year, which results in a
considerable generation of by-products and wastes, such as
coffee pulp, pineapple stubble, oil palm by-products, sugar
cane bagasse, and banana stalk that are continuously studied
as a potential source of wealth. The abundance of agricultural
low-cost biomass has a high potential for developing countries
to add value to their agricultural industry, which can be direct-
ed to the production of bulk and fine chemicals for interna-
tional markets.

While agribusiness focuses on the production of the final
commodities, the world aims for sustainable systems that mit-
igate the environmental impacts produced by the agroindustrial
sector. This is especially true for developing countries since in
most cases agricultural by-products are treated as waste. An
integrated alternative to valorize the biomass is through
biorefineries, which are facilities that convert biomass to fuels,
heat and/or value-added products [17]. Therefore, the use of
biorefineries to take advantage of biowastes becomes a way to
improve the economic performance of crop-centered produc-
tion and to add value to by-products of the process. The aim of
this review (part I and II) is to evaluate five relevant tropical
crops by presenting information about their features, biomass,
and by-products, and to consider biorefinery perspectives for
the sustainable production of value-added products.

2 Coffee biowaste revalorization

Coffee is an important crop for the national economies of
countries in the tropical regions of Africa, Asia, Central, and
South America [9, 18]. In Costa Rica, coffee is the most ex-
tensive crop with a total of 93,697 ha [15]. The total produc-
tion of Costa Rican coffee for 2019/2020 was 1.97 million
fanegas (traditional measure of dry capacity: approximately
253 kg per fanega) of coffee berries, resulting in 1.64 million
bags of processed coffee (around 498,000 t of berries and
98,500 t of processed coffee) [19]. The difference between
the harvested berries and the final product is normally treated
as by-products with low value or as waste (399,500 t).

These raw materials, discarded in the tropical regions where
they are produced, are rich in bioactive compounds, such as
chlorogenic and hydroxycinnamic acids as well caffeine and
flavonoids (which will be further discussed). One great advan-
tage of this type of biowaste is its accumulation in the coffee
processing plants in the beginning of the coffee lifecycle, so no
collecting strategy is needed. Another advantage from the
biorefinery point of view is the industrial amount available, as
coffee waste represents up to 50% of the coffee harvested bio-
mass [9, 20, 21], and this highlights the consideration of creating
a coffee waste biorefinery. Overall, this is part of the loop that
needs to be closed under a circular bioeconomy approach.

2.1 Biowaste from the coffee industry

There is much information about the use and management of
biomass from spent coffee groundwith potential applications for
biorefineries such as the production of polyhydroxyalkanoates
[22], antioxidants and polyphenols [7, 23, 24], lactic acid [25],
and biodiesel, bioethanol, biogas and biofuels [26–28] as well as
biopolymers and biocomposites [29] among other. These prod-
ucts might help to close the loop of this biowaste generated by
the final consumer, but it also faces the challenge collecting the
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small amounts of spent coffee ground from individuals and food
establishments to attain the required amounts of residues for
feasible industrial processing. On the other hand, at the begin-
ning of the production chain, coffee biomass wastes are pro-
duced in the range of tons per hectare in the farms and normally
these are not or minimally treated.

Production of coffee biomass waste is directly related to
coffee fruits (also known as cherry or berry) and the
agroindustrial methods linked to their processing, resulting
in 30 to 50% (w/w) of waste [20]. Coffee fruits (Fig. 1) have
an outer skin (pericarp or exocarp), which normally changes
to yellow and red as the fruit matures and has an internal and
fibrous pulp (mesocarp), a viscous mucilage covering the
parchment (endocarp) and an internal silverskin covering the
coffee bean (endosperm) [30]. The coffee fruit contains most-
ly two seeds, which are the main product of the coffee indus-
try, and normally it is traded as green coffee, which is the
resulting bean after the removal of the skin, pulp, and parch-
ment. The grain contains a thin layer of material, known as
silverskin [31]. The chemical composition of the coffee cherry
significantly varies from the parts just described, the crop
varieties, geographical region, physiological stage of the fruit,
and season. Therefore, a proper characterization of the bio-
mass should be assessed before the establishment of a process
for the revalorization of coffee by-products.

The separation of the before mentioned elements from the
bean can be done either by a wet or dry process. When apply-
ing the dry method, the resulting aggregate of pulp, skin, and
parchment is called husk, and it is rich in fermentable sugars.

On the other hand, coffee pulp and mucilage are obtained by
the wet method. Coffee mucilage is a highly hydrated and thin
viscous layer considered the inner mesocarp of the cherry; it
represents about 9% (w/w) on wet basis of the mature coffee
fruit and presents a conventional tissue organization, where
cells exhibit thin cell walls, pectic substances, and non-
cellulosic polysaccharides [8, 31–33]. The wet method re-
quires up to 4 t of water to produce 1 t of coffee beans and 3
t of by-product [34, 35]. The wastewater left after the pulping
step normally contains a high amount of pollutants, such as
organic matter, which is released from the pulp and mucilage
[36]. These residues are considered lignocellulosic by-
products [37]. Table 2 shows a compilation of the character-
ization of the coffee husks, pulp, and silverskin.

Due to the intense use of water, the industry encourages the
use of the dry method; however, this method does not produce
the same quality of coffee [40–42]. In Costa Rica, most of the
coffee is processed following the wet method, and it is still one
of the most important processes used worldwide.
Accordingly, coffee pulp and mucilage are major by-
products generated by the coffee industry; hence, the design
and constant improvement of appropriate methods for the sus-
tainable valorization of these are needed.

2.2 Bioactive relevant organic compounds from coffee
biowaste

Due to the content of organic matter present in coffee by-
products, there is the possibility to be used as animal feed or

Table 1 Yearly production data of the major crops from Costa Rica in 2019 [16]

Crop Scientific name Culture land (hectares) Production (metric t) Productivity
(t/ha/year)

Exports
(million USD)

Coffee Coffea arabica 93,697 481,521 5.14 (Green bean) 276.2

Oil palm Elaeis guineensis 76,720 1,081,800 14.10 (Oil) 95.4

Sugar cane Saccharum officinarum 62,630 4,421,210 70.59 (Sugar) 67.1

Banana Musa sp. 48,368 2,401,474 49.65 997.6

Pineapple Ananas comosus 40,000 3,328,100 83.20 (Fresh fruit) 962.8

Fig. 1 Coffee fruits. a Coffee
fruits on the plant, and b coffee
cherry and green coffee bean
anatomy
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as fertilizers. Nevertheless, undesired effects were reported in
chickens when fed with a corn/coffee pulp mix (50% w/w)
[43]; and chlorogenic acid has a phytotoxic effect on plants [8,
44, 45]. Organic bioactive compounds such as caffeine, low
molecular mass phenols (including chlorogenic acids), and
tannins have been associated with these adverse effects; many
of these compounds have industrial potential due to their bio-
logical activities. The content of bioactive organic compounds
in coffee pulp has been reported in several studies; Table 3
compiles the information relating their concentration in the
pulp. The chemical formula and structure of these compounds
are presented in Fig. 2.

Phenolic compounds in coffee pulp and green coffee beans
are classified as anthocyanidins, tannins, hydroxycinnamic
acids, and flavonols [47]. Chlorogenic acids are the main
hydroxycinnamic acids; they are constituted by a phenolic acid
residue esterified with an alcohol group from the quinic acid [7].
These compounds are responsible for astringency and pigmen-
tation properties in the coffee beans. The major classes of
chlorogenic acids are caffeoyl-, ferulic-, and dicaffeoylquinic
acids (Fig. 2) and their isomers [41, 49]. Hydroxycinnamic acids
are mainly linked to the cell walls in coffee pulp by covalent

bonds. In this sense, it is stated that coffee fruits possess
chlorogenic acids linked to the cell walls, as a possible mecha-
nism to protect them from microbial degradation [48, 50, 51].

2.2.1 Fine chemicals present in coffee biowaste

The coffee pulp is composed of high amounts of polyphenols,
which can be used as therapeutic compounds due to their
biological activity. From these compounds, chlorogenic acids
excel among others, due to their hepatoprotective, neuropro-
tective, antioxidant, anti-inflammatory, anti-obesity, and anti-
cancer activities [52–60].

Chlorogenic acids represent the 42% of phenolic com-
pounds present in fresh coffee pulp [61]. These can be isolated
by simple methods such as water distillation at 80 °C for
30 min in the dark, followed by subsequent acidification
(pH 3.0) with phosphoric acid and vacuum filtration. After
filtration, chlorogenic acids can be recovered with ethanol.
Due to the therapeutic properties of chlorogenic acid, its glob-
al market is expected to grow from 132.2 million USD in 2020
up to 154.2 million USD by the end of 2026 (www.wrcbtv.
com). The isolation of chlorogenic acids from coffee biomass
is a promising approach to produce an important added value
from the residues of the coffee industry [62].

Furthermore, chlorogenic acids can be hydrolyzed into
caffeic acid and quinic acid. Both compounds have important
biological activities. Caffeic acid is a potent antioxidant with
anti-inflammatory and antiatherogenic effects [63], and quinic
acid has been used to reduce facial wrinkles [64]. Moreover,
chlorogenic, quinic, and caffeic acids have shown anti-viral
activity against hepatitis B [65].

Chlorogenic acid can be chemically hydrolyzed by an acid
catalysis, or enzymatically by the use of microorganisms, i.e.,
Aspergillus niger C23308, which converts chlorogenic acids
into caffeic acids and quinic acids [66]. Another promising de-
rivative from chlorogenic and caffeic acid is their resulting ester
with 2-phenylethanol. The compound is widely known as
CAPE: caffeic acid phenethyl ester. CAPE is a potent cytotoxin
against melanoma tumor and breast carcinoma cell lines [67].
Furthermore, CAPE inhibited growth and induced apoptosis in
colon cancer cell lines [68] and has anti-tumor effects in pre-
clinical models of human breast cancer [69]. The coffee pulp
compounds show great potential for the production of fine
chemicals. Figure 3 shows a schematic representation of a puta-
tive process to recover promising compounds from coffee bio-
mass, relevant to the pharmaceutical and cosmetic industry.

2.2.2 Bulk chemicals present in coffee biowaste

The main bulk chemicals from coffee biomass are the lignocel-
lulosic materials: lignin, cellulose, and hemicellulose. Different
methods have been used to recover these compounds, and ap-
proaches compatible with the industry have already been

Table 2 Lignocellulosic composition (percent) of coffee by-products
(dry weight)

Contents Coffee Husk [38] Coffee Pulp [32, 33] Coffee
silverskin [39]

Cellulose 26.5 12.6–28.6 17.8

Hemicellulose 25.5 17.1 13.1

Lignin 33.5 26.0

Carbohydrate* 31.6

Ashes 0.2 8.9–9.1 4.7

Extractives‡ 6.7 15.0

Protein 4.7–8.0 16.2

*Starch and sugars reported as glucose
‡Ethanol soluble compounds

Table 3 Bioactive organic compounds in coffee pulp

Compound Amount (g/kg in coffee
pulp (dry basis))

Total phenols 20.0 [46]

Polyphenols 4.55 [47]

Anthocyanins 0.24 [47]

Polymeric anthocyanins 0.23 [47]

Hydroxycinnamic acids

Esterified (bound to the cell wall) 4.4 [48]

Free 0.86 [48]

Tannins 7.4 [46]

Caffeine 18 [46]
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published, e.g., coffee husk can be treated with 1% H2SO4 for
10 min at 25 rpm and 120 °C to dissolve hemicellulose.
Subsequently, it is possible to remove lignin using 1.5%
NaOH and applying a soda pulping process [38, 70, 71].

Besides, the fermentable sugars originated from the pulp or
mucilage or obtained by hydrolysis from cellulose and have
been used for the production of bioethanol. Coffee pulp and

mucilage were used for the production of bioethanol using
Saccharomyces cerevisiae and molasses from the sugar cane
industry, achieving up to 77% of fermentative yield [72].
Furthermore, S. cerevisiae has been immobilized in alginate
beads and employed for the fermentation of mucilage, resulting
in a feasible method for continuous ethanol fermentation [73].
A comprehensive biorefinery concept for coffee waste biomass

Fig. 2 Mayor organic bioactive
compounds present in coffee
fruits. a Chlorogenic acid, b
hydroxycinnamic acids (caffeic
acid, R′:OH, R″:OH; ferulic acid,
R1:H3CO, R

2:OH; p-cumaric
acid, R1:H, R2:OH), c
representative structure of
flavonoids, and d caffeine

Fig. 3 Biorefinery approach to coffee biomass management
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comprises different residues and strategies for their isolation,
which involves bioactive compounds such as chlorogenic,
quinic, and caffeic acids, as well as the management of soluble
sugars for bioethanol production and the purification of impor-
tant bulk chemicals like cellulose pulp (Fig. 3).

Coffee pulp has been investigated as pectin source. The
extraction requires ethanol additions to the dry coffee pulp,
it produces an alcohol insoluble residue (AIR) which is further
placed in a boiling aqueous solution of 0.1 M HNO3 for
30 min and then the clarified liquid is mixed with absolute
ethanol to precipitate the pectin. As result, researchers con-
clude coffee pulp is a potential source of commercial pectin
with gelling properties [74].

2.3 Biorefinery perspectives for coffee biomass.

Coffee biowaste in Costa Rica is mainly referred to as coffee
pulp, which is a complex mixture of lignocellulosic and bio-
active compounds. Thus, the degradation and further applica-
tion to produce higher value products is a promising opportu-
nity for the country. Coffee biomass management leads to two
main potential scenarios. On the one hand, it is possible to
detoxify coffee waste biomass with biological pretreatments
to use it as soil fertilizer, which is the current case in Costa
Rica. Soil fertilizers pose a low-cost alternative to treat a high
amount of biowaste; these fertilizers close a loop of nutrients
that are taken from the plant and taken back to the fields.
Moreover, coffee pulp possesses a high amount of ferment-
able sugars which can be used to grow a vast list of microor-
ganism that are currently used for biocontrol of plagues and
diseases, or for bioremediation. On the other hand, it is possi-
ble to obtain value-added products from this biomass, by a
biorefinery approach which would significantly reduce the
amount of untreated biowaste that can be left in the fields.
Other residues from these processes can be transformed into
energy, either by anaerobic digestions or by combustion. In
the case of coffee, this energy is normally reintroduced to the
process in the production stage (Fig. 4).

Biological detoxification with coffee biomass has been
done, e.g., Streptomyces exfoliatus 42 and Streptomyces
costaricanus 45I-3 have been used to treat coffee pulp, where
a reduction of tannin content during the solid fermentation
process was reported [75]. Also, caffeine from coffee waste
biomass has been removed with Pleurotus jammer,
P. ostreatus, and P. pulmonarius. However, these microor-
ganisms transferred the caffeine to the mycelia and did not
degrade it, so caffeine remained in the fungal biomass [76].
An alternative to detoxify the coffee pulp has been the addi-
tion of enzymatic cocktail extracts from Aspergillus tamarii,
Rhizomucor pusillus, and Trametes sp. to hydrolyze the
chlorogenic and caffeic acids linked to cell walls for further
extractions, achieving 36% and 33% respectively of enzymat-
ic extraction [48, 66].

The current information about coffee pulp management in
Costa Rica is highly related to this fungal fermentative ap-
proach. Most of the coffee is processed by the wet method; in
consequence, the amount of coffee pulp is high. The industry
where the coffee pulp is produced (known in Costa Rica as
“Beneficio”) usually holds the coffee pulp in special facilities
(such as open-air concrete tanks, covered with plastics during
the rainy season) to avoid its contact with soil or water. There,
the coffee pulp starts a natural degradation where microorgan-
isms decompose coffee bioactive compounds (which takes
about 2 months); in some cases, this pulp is mixed with poultry
manure. This solid-state fermentation process produces charac-
teristic smells; thus, 67% of the Beneficios add lime (calcium
oxide), enzymes, or molasses to decrease these odors. After this
solid and spontaneous fermentation process, the resulting by-
product is used as fertilizer in the coffee plantations [77].

3 Oil palm biowaste revalorization

The oil palm tree is a relevant oleaginous crop from tropical
regions and of economic importance for the production of
edible oils and derived chemicals. These monocotyledon
palms are classified into the genus Elaeis, which includes
two species: E. oleifera originates from Central and South
America and E. guineensis is ubiquitous to West Africa
(Nigeria) [78, 79]. E. guineensis Jacq. is used mainly for com-
mercial plantations, comprising the varieties Delhi dura,
pisiferas and tenera hybrid [80]. E. oleifera is mostly used
for the development of hybrids with E. guineensis due to its
higher content of oleic and linoleic acids [81]. Palm oil pro-
duction in Costa Rica is based on the growth of E. guineensis
or hybrids, like in the rest of the world.

Palm oil is themajor product from the oil palm industry and
since the mid-2000s, it has displaced soybean oil as the most
important edible oil in the world [82]. Worldwide palm oil
production has reached over 69 million metric tons (MMT)
in 2017 with Indonesia, Malaysia, and Thailand as the major
producers [83]. In this same year, Costa Rica produced 0.27
MMT, regardless of its low participation in the international
market, at a national level palm oil production is very impor-
tant given that oil palm is the second most extensive crop in
Costa Rica with around 66,500 ha reported in 2016 [15].

Even though, linear economymodels are preferred in terms
of profitability, the vast amount of biomass generated from oil
palm has stimulated the development of biorefineries. The
valorization of byproducts using a circular economy approach
has a great potential due to the recycling of nutrients back to
the fields and the generation of steam and electricity [84].
Nevertheless, there are still many challenges that should be
addressed to optimize and integrate a full process in the oil
palm industry. These obstacles have been thoroughly de-
scribed by others [85–89].
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3.1 Chemical characterization of palm fruit oils

Two kinds of palm oils are obtained from the palm fruit,
which differs greatly in their chemical profile and therefore,
in their applications. Crude palm oil (CPO) is extracted from
the fruit’s mesocarp, showing a balanced mixture of saturated
and unsaturated fatty acids and used mainly for the production
of foods such as margarine and palm oil. Palm kernel oil
(PKO) is obtained from the fruit kernel and is composedmost-
ly of unsaturated fatty acids. Therefore, it is used primarily for
oleochemical applications and holds 12% from palm oil pro-
duction [90, 91].

The chemical characterization of the CPO and PKO has
been extensively studied as reported elsewhere [81, 90, 92,
93]. The main component of the palm oil is triacylglycerols
which are esterified glycerol molecules with three fatty acids.
They constitute nearly 95% of the total oil followed by minor
components, such as oil-soluble molecules, which are also
present in the mesocarp extraction [81].

3.1.1 Fatty acids

The composition of fatty acids could oscillate depending on
the production region due to geographical factors [94].
Generally, the main fatty acids of CPO are palmitic acid
(16:0), oleic acid (18:1), linoleic acid (18:2), stearic acid
(18:0), myristic acid (14:0), and lauric acid (12:0) (Table 4).
Accordingly, CPO has nearly a 1:1 ratio of saturated and un-
saturated fatty acids [102]. The fractioning of CPO, based on
crystallization differences, yields palm olein 65–70% (low
melting fraction) and palm stearin 30–35% (high melting frac-
tion) [90]. As shown in Table 4, the fatty acid profile of palm
olein is similar to that of CPO, but with a higher content of

unsaturated oleic and linoleic fatty acids. On the contrary,
palm stearin is higher in saturated fatty acids with higher
levels of palmitic acid. The PKO displays also a saturated fatty
acid mixture but differs with a higher content of lauric acid
and myristic acid.

3.1.2 Triglycerols

The CPO’s fractions, palm olein, palm stearin, and super olein,
are mainly composed of triglycerols (94–98%). Additionally, a
small fraction is acylglycerols (diglycerols 5–8% and
monoglycerols 0.2–0.3%), which are derivatives from the hy-
drolysis of triacylglycerides (TA) [90, 103]. The specific com-
position of fatty acids and triglycerols has been summarized
before [90, 92], whereas the TA composition range from C44
to C56. Disaturated TA comprises 48.8% followed by 36.5%
monosaturated TA, 9.8% trisaturated TA, 4.9% diunsaturated,
and 4.8% triunsaturated [90, 104, 105].

3.1.3 Minor constituents

Minor constituents of CPO include fatty acid derivatives:
monoacylglycerols, diacylglycerols, esters, and free fatty acids.
Additionally, the unsaponifiable fraction from CPO comprises
more minor constituents such as pigments (carotenoids, lyco-
pene, and xanthophylls), tocopherols, tocotrienols, sterols,
phosphatides, and aliphatic/triterpenic alcohols [81].

3.2 Chemical characterization of palm oil biowaste

The palm oil processing generates high amounts of biomass
waste, which requires special management to prevent environ-
mental issues [106]. Only 10% of the total oil palm tree is used

Fig. 4 A circular economy
approach of a coffee-based
biorefinery for the revalorization
of biowastes towards value-added
products. Rectangles indicate
process. Curved white rectangles
indicate biowastes. Curved green-
filled rectangles indicate value-
added products. Blue dotted line
indicates circular economy loops
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for palm oil production. As a result, oil palm biowastes are
estimated at 21.63 t per oil palm hectare [107, 108].
Feedstocks originated from oil palm plantations, are defined
as second-generation biowastes, and comprise oil palm trunks
(OPT), oil palm roots (OPR), oil palm leaves (OPL), and oil
palm fronds (OPF). Moreover, palm oil extraction mills gen-
erate most of the biowastes, including empty fruit bunches
(EFB), palm kernel shells (PKS), palm pressed fibers (PPF),
and palm oil mill effluents (POME) [109, 110]. However,
these biowastes hold important potential for the production
of bioproducts, such as biofuels and phytochemicals due to
their specific chemical composition [108].

3.2.1 Fatty acids

The extraction of fresh fruit brushes (FFB) in oil palm mills
yields approximately 20% of palm oil (CPO and PKO) and is
performed generally in a one-stage pressing [95]. Thus, the
process of biowastes still holds low quantities of oil content
due to oil losses. Palm pressed fibers are the biowaste that
contains the highest oil content followed by kernel shells
and mill effluents (Table 4). Accordingly, the fatty acid

composition of the pressed fibers is similar to oil with a bal-
anced saturated/unsaturated fatty acid profile, with oleic
(18:1), palmitic (16:0), lauric (12:0) and linoleic acids (18:0)
as the major fatty acids (Table 5) [99]. Similarly, mill effluents
and palm fatty acid distillate show a comparable fatty acid
composition with a high content of palmitic (16:0) and oleic
acid (18:1). On the contrary, empty fruit bunches contain more
unsaturated fatty acids with a high content of oleic (18:1),
palmitic (16:0), and linoleic fatty acids (18:0).

Biowastes from plantations have a low oil content (2% w/w),
whereas trunks have a similar fatty acid profile as PO with oleic
(18:1) and palmitic acid (16:0) as major fatty acids. Due to the
low oil content of plantation biowastes, oil palm mills generally
avoid their re-extraction. Therefore, palm research has focused
mainly on the most abundant components of palm biowastes,
such as cellulose, hemicelluloses, lignin, and sugars, which could
be used for bioenergy and biofuels [109, 119, 120].

3.2.2 Lignocellulose and sugars

The oil palm industry produces high amounts of lignocellu-
losic biomass which is classified into two types: plantation

Table 5 Chemical characterization of second-generation biowastes according to their origin

Plantation biowastes Palm oil mill biowastes

Palm trunks (OPT) Oil palm
fronds (OPF)

Empty fruit
bunches (EFB)

Palm kernel
shells (PKS)

Palm pressed
fibers (PPF)

Palm oil mill
effluents (POME)

Oil palm wastes (% t/year)a 9.90 42.76 17.37 4.33 10.65 13.8

Ash (w/w %)b 2–4 2–8 1–6 1–2 3–9 -

Crude protein (w/w %)c 2.8 4.7 3.7 17.2 5.4 12.5

Oil content (% kg/t FFB)d 2 2 4.5 1.2–17 5–6 4.5

Lignocellulosic content (w/w %)e

Cellulose 2244 40–50 41–46 13–28 39–42 -

Hemicellulose 12–41 23–38 25–33 21–22 9–24 -

Holocellulose 42–73 70–83 68–86 42–47 49–64 -

Lignin 18–36 18–32 27–32 44–52 21–33 -

Xylose 15–55 26–52 29–63 63–64 40–49 -

Glucose 18–32 20–67 23–66 21–22 23–29 -

Element analysis (%)f

C 40.64 43.15 46.62 49.79 50.27 33.00

H 5.09 5.64 6.45 5.58 7.07 -

O 53.12 49.49 45.66 34.66 36.28 -

N 2.15 1.72 1.21 0.72 0.42 26.39

S - - 0.035 < 0.08 0.63 -

Fine chemicals (ppm)g

Sterols - - - - 4500–8500 -

Vitamins - - - - 2400–6000 -

Carotenoids - 405–1900 915.25 1.6 4000–6000 287–1665

a,e [108], b,e [111], c [112], d [113], f [106, 114–118], g [95, 99, 108]
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biowaste and oil palm mill biowaste (Table 5). Plantation
biowastes contain high amounts of fibers and account for
more than 50% of the total biowastes, comprising fronds
and trunks. Both are rich in cellulose (22–50%) and hemicel-
lulose (12–41%) contents as well as lignin (18–36%) and glu-
cose (18–67%), respectively [111]. Fronds have high levels of
hemicellulose (70–83%), glucose (20–67%), and xylose (26–
52%); hence, it is suitable as a fermentation substrate for the
conversion to bioethanol and xylitol [121]. In the case of
trunks, 53% dry weight correspond to fibers and 14–32% to
bark, characterized by high contents of hemicellulose (42–
73%), which can be processed by pyrolysis for bioenergetic
applications [114].

Given the chemical and physical properties of oil palm
biomass, several products can be obtained for different indus-
tries and applications. Raw fiber can be used as polymers
reinterments [122], for sugar conversion [123], for the produc-
tion of nanocrystals [124], adsorption [125], and for biochar
generation by steam pyrolysis [126]. The application is
strongly influenced by the type of biomass used and the pre-
treatments given to the materials.

The biomass from oil palm mills contains similar lignocel-
lulosic matter as plantation biomass, but with higher residual
oil content. The largest amount of biowaste from oil palm
mills comes from fruit bunches with a ratio of 1.3:1 to CPO
[127]. They are characterized by high moisture content (55%
wet weight) and composed of a stalk with numerous spikelets,
which contain 41–46% cellulose and 25–33% hemicellulose.
Compared to pressed fibers, they have similar cellulose con-
tent, but the higher content of xylose (40–49%) and both can
be used for the extraction of nanofibers or pellets for
bioenergy [120, 128, 129]. Very different from the after-
mentioned biowastes is the kernel shells, consisting of high
amounts of xylose (63%) and lignin (44–52%). PKS are the
remaining shells from the kernels after the crushing stage in
which the PKO is further extracted. These are characterized by
lowmoisture (6%) and high calorific value and therefore, used
as fuel for bioenergy in oil palm mills [130].

3.2.3 Carotenoids

The unsaturated tetraterpene carotenoids are present in most
vegetable oils and are responsible for the yellow-orange color
in edible oils. Carotenoids are present in moderate amounts in
oil palm fresh fruits and, after processing, PPF contains nearly
4000–6000 ppm of carotenoid levels. Nearly 50% of these
correspond to α- and β-carotenes, followed by lycopene,
phytoene, ζ-carotene, and δ-carotene [95]. Lower carotene
amounts are found in OPF and POME, ranging between 287
and 1900 ppm, and in trace amounts in PKS [108]. The re-
covered carotenoids have the potential to be used as supple-
ment food nutrients and medicinal applications.

3.3 Oil palm industry revalorization

The oil palm industry generates a huge amount of biomass, as
an example, worldwide production of oil in 2019/20 was
72.27 MMT, which generated over 200 MMT of waste from
solid and liquid wastes. It is estimated that in Costa Rica, 0.52
MMT of waste was produced in that same year. As oil palm
biomass is a readily available lignocellulosic biomass, it has
the potential to be a low-cost feedstock for conversion into
higher value products [131]. Only about 10% is used to in-
crease the value of the production chain by adding products
with high value or by exploiting biomass to produce energy.
Biodiesel is one of these valuable products that may be
adopted by the oil palm industry. In the late years, demand
for biodiesel has increased. Since the combustion of fossil-
based fuel has become a concern due to carbon emissions
and its relationship with global climate, biodiesel emerges is
a notable alternative [121]. On the other hand, agricultural or
industrial wastes can be revalorized by converting them to
energy; the conversion of biomass to renewable energy re-
quires the breakdown of the main organic components. As
mentioned before, these organic compounds range from their
complexity and functional groups, which ultimately influence
the structure and chemistry of the biomass. This knowledge is
important to develop biological and chemical processes that
add value to the biomass [128]. Hereon, we describe different
applications that can be adopted by the oil palm industry using
a circular economy approach to increase the value of their
products and biowaste.

3.3.1 Bioenergy

The ability to convert biowastes into energy and to incorporate
it into the industrial process is a key point for integrated
bioeconomy solutions. The development of sustainable pro-
cesses that harvest, collect, store, and transform biowaste ef-
ficiently into energy is generally the determinant to establish
the feasibility of the process. Biomass logistics is defined as
the flow of material from the production site (e.g., agricultural
field) to the point designated to the processing plant for mate-
rial transformation [110]. In Costa Rica, major palm oil pro-
ducers are located in the central- and south-pacific region of
the country, and so far, all transformation processes were al-
ways included within the production facilities.

Different schemes of biomass valorization have been con-
ceived within the oil palm industry in Costa Rica. Biological
conversions can transform biomass into renewable energy
products; these involve biochemical reactions that degrade
biowaste into sugars, starch, and cellulose, and further con-
version into bioethanol or biobutanol through a series of bio-
chemical reactions, or the transformation of these products to
methane or hydrogen through anaerobic digestion [121]. So
far, not much work has been done in this direction in Costa
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Rica, besides the academic-industry research projects which
currently are in the state of “proof of the concept” [132, 133].

Biomass can also be converted to energy using different
kinds of thermochemical processes. The end-user requirements
in terms of power and heat influence the applied process, as well
as the biomass source and its nature. Different thermochemical
processes can be used to produce energy from biowaste: (1)
combustion for the production of steam and power; (2) gasifica-
tion for the production of gas, which is then used for power/heat
generation; and (3) pyrolysis, which produces a liquid that can
be used for transportation fuel [109].

In Costa Rica, palm oil mills meet their electricity and steam
requirements partially by burning biomass. Combustion is usu-
ally carried out in a furnace or a stove, where the fuel is burned
directly to produce heat. The industry does not use all the wastes
described in Table 5. Usually, palm kernel shells and the palm
press fibers are used to produce energy. The main goal of a
combustion process is to release the energy stored in the biomass
while minimizing losses due to incomplete combustion. It re-
quires an ignition of the biomass; therefore, low moisture is one
of the key characteristics required for an efficient process.
Hence, palm kernel shells are preferred over another biowaste
such as the trunk and fronds, which are normally not used to
produce energy. According to Sulaiman et al. (2011) for each
kilogram of palm oil, roughly another 4 kg of dry biomass are
produced, which are derived from FFB and organic material.
Only a small fraction is used within revalorization process for
mulching and as fertilizer, the rest is left in the fields. For each
kilogram of palm oil, electricity consumption is around 0.1 kWh
and 2.5 kg of steam, this is met by burning around 0.4 kg of
palm kernel shell [105]. Therefore, little effort has been invested
into optimizing the process or including other wastes.
Furthermore, the extension of electric production is a major
element of the economic viability and is entangled with tariffs
and norms that regulate the cogeneration of electrical energy.

Gasification and pyrolysis are two kinds of technologies
used to generate power from biomass. The gasification pro-
cess converts the solid biomass to a gaseous fuel that may later
be used for the power/heat generation, transportation, or
chemicals. Oil palm residues have around double of volatile
matter, between 70 and 90% (w/w), when compared to coal.
This is ideal for gasification since it produces high volumes of
gas and lower amounts of char upon heating. Nevertheless,
disadvantages such as a low energy density and complexity of
the system when compared to a stove limit its applications
within the palm oil industry. On the other hand, pyrolysis
converts biomass into liquids, solids, and a gaseous fraction
by heat (with or without the aid of a catalyst) in the absence of
air or oxygen. The liquid fraction can be used as a biofuel for
transportation or a source for chemical feedstock. To our
knowledge, so far, gasification and pyrolysis have not been
used for the production of energy in Costa Rica, although
these processes offer many technological advantages [134].

3.3.2 Biodiesel

Energy consumption is growing more rapidly than population
growth. Sustainable and consistent energy supplies are primor-
dial for any economy [135]. Gasoline and diesel are two of the
most important fuels used worldwide. The latter one is largely
applied for energy demanding sectors (i.e., transportation, agri-
culture, and industry) for the generation of power/mechanical
energy. It is mainly supplied by petrochemical sources, which
brings along problems associated with pollution and the limited
quantity of petroleum. This has stimulated the interest in alter-
natives, and biodiesel fulfills the technical requirements needed
to substitute or complement the petrochemical industry: biodie-
sel production is technically feasible at a large scale, it is com-
petitive and environmentally acceptable [136, 137].

Biodiesel is defined as mono-alkyl esters derived from re-
newable feedstocks. There is a great structural similarity be-
tween biodiesel and diesel derived from petroleum. Like con-
ventional diesel, biodiesel can be produced from vegetable oils,
animal fat, and used cooking oils and obtained by
transesterification with alcohol. It is a non-toxic and biodegrad-
able fuel that does not contain sulfur, aromatic hydrocarbons,
metals, or any crude oil residue. Also, when compared with
conventional diesel, biodiesel reduces the emission of CO2 by
78%; this is due to biofuel closes the carbon cycle [121].

Sustainability of the production process depends on several
factors: the source of the feedstock (edible crops, wasted oils,
others), the pretreatment method of the feedstock, the amount of
free fatty acids, type of catalysis employed during the production
process, type of alcohol used, and the source of energy used
during the process [137]. Out of this, the type of feedstock rep-
resents around 75–90% of the total production costs; therefore,
special attention should be paid to the input resources. Thence,
palm oil represents a comparatively suitable source of feedstock
for biodiesel production since it fulfills several criteria such as
high productivity, efficiency, and competitive prices.

In Costa Rica, few companies have integrated a whole
process to produce of biofuel and several businesses have
emerged in the last years: Central Biodiesel HTP, Biodiesel
H&M, Energías Biodegradables, Dieselloverde Derivel, and
Cia Coto 54. Some of these are currently not dedicated to the
production of biodiesel [138]. A common factor that limits
their production is access to the feedstock at an affordable
price. Also, Costa Rica has a National Biofuel Plan in which
the Costa Rican Petroleum Refinery (Refinadora
Costarricense de Petróleo—RECOPE) strives for a mass pro-
duction and commercialization of blended biofuels, but, for
now, it has been limited to an experimental production [139].

3.3.3 Bio-glycerol

Crude glycerol is the major by-product of palm oil biodiesel
production, representing 10% of the products from the
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biodiesel process [140]. A glycerol biorefinery is more likely
to be seen as a promoter for a circular economy, where glyc-
erol becomes an attractive, cheap, and local resource and inter-
industry sharing of resources becomes an integrated part of
modern and green business models [141]. As a result, palm oil
biorefineries, especially in Malaysia and Indonesia, generate
high amounts of crude glycerol, which endanger the environ-
ment, if not managed properly. However, there is a high de-
mand for crude glycerol; its world production for 2020 is
estimated at 4.0 billion liters [142]. There is an enormous
potential for the usage of crude glycerol in high-value prod-
ucts within the food, oleochemical, and cosmetic industry.

Depending on the source of palm oil and the production
process, the recovered crude glycerol contains impurities,
which affects the purification costs greatly [143]. Herein, we
summarize the main production and purification methods ac-
cording to the palm oil sources.

The traditional method for the production of crude glycerol
is the chemically catalyzed transesterification, due to its low
cost. The reaction is characterized by the transesterification of
triglycerides from PO with an alcohol (usually methanol), in
presence of a catalyst (e.g., acid, base), generating fatty acid
methyl esters (FAME), and crude glycerol as side product
[144, 145]. Generally, the transesterification reaction yields
approximately 90% biodiesel, 9–9.6% crude glycerol, and
0.4–1% of impurities [146].

After transesterification, crude glycerol is separated from
biodiesel by centrifugation or decantation, whereas the impu-
rities remain mostly in the crude glycerol. These impurities
comprise catalysts, soaps, alcohols, metals, salts, and
acylglycerides [147]. Removal of impurities can be performed
by different strategies depending on the catalyst used. When a
homogeneous catalyst is used, a neutralization stage is per-
formed, whether with an acid (H2SO4) or a base (NaOH).
This generates inorganic salts (e.g., fatty acid salts), which
are removed by decantation/filtration [146]. With heteroge-
neous catalysts, the soaps are converted to salts and fatty acids
by an acid treatment. Further distillation removes the alcohol
and water impurities. Afterward, the mixture is neutralized
with a base (e.g., caustic soda) and the salts are removed by
filtration, resulting in an 80% crude glycerol [146, 148].

Production of crude glycerol from PKO is performed with
homogeneous alkaline catalysts (NaOH), which are removed
by an acid wash with HCl. After splitting the soaps, the mix-
ture is neutralized with NaOH, and salts are filtered and fur-
ther evaporated, yielding crude glycerol [149, 150]. Similarly,
production from CPO is also performed by the industry with
homogeneous catalysts (NaOH). However, Isahak et al.
(2010) demonstrated a process with heterogeneous catalysts
(KOH and Al2O3). After removal of the catalyst by filtration,
the mixture was distilled to remove methanol. Crude glycerol
was then recovered after neutralization with 85% phosphoric
acid and microfiltration for salt removal.

The recovered crude glycerol from the distinct production
process requires further purification to eliminate residual con-
taminants such as alcohol (e.g., methanol), soaps, and salts.
The most common method is vacuum distillation, which can
eliminate methanol. The process operates at 120–126 °C and
high purity can be achieved at low costs. Eventually, vacuum
distillation can generate side products, if not well performed,
including oxidation, polymerization, and dehydration [146].

During the crude glycerol production, a small fraction of
catalysts is present as free ions. For their removal, adsorption
by ionic exchange resins is a successful method. The use of
two resins for binding free anions and cations is a promising
strategy, thus hydrogen and hydroxyl ions are exchanged,
yielding water. As an example, Isahak et al. (2010) used
Amberlite 200 °C and IRN-78 resins to recover glycerol from
glycerol residue from distillation [148]. As for the commercial
pure glycerol, the number of free acids was less than 0.08–
0.1%. Purified glycerol from palm oil is processed until com-
mercial or pure grade and used for the production of bulk
chemicals, food supplements, additives, cosmetics, and medi-
caments. Alternatively, it is used for the production of sol-
vents, surfactants, and polymers [151]. These derivatives can
be produced via different pathways, which include dehydra-
tion, condensation, transesterification, hydrogenolysis, esteri-
fication, oxidation, and halogenation, among others.

3.4 Biorefinery perspective for the oil palm industry
focusing on Costa Rica

Biorefinery is a pilar of circular economy, closing biomass
loops instead of treating by-products as waste is a great mile-
stone in the oil palm industry. Biomass can be transformed
into usable biofuels and bio-chemicals. Heat, power, and fuels
can be easily incorporated into the milling process of the oil.

Biomass can be transformed into usable biofuels and bio-
chemicals applying biorefineries, which are facilities that in-
tegrate biomass conversion processes to produce fuels, power,
and chemicals. Biodiesel production is a conversion technol-
ogy used to produce energy. Accordingly, palm oil is trans-
formed into biodiesel based on a catalytic transesterification.
This reaction consists of vegetable oil and alcohol (often
methanol or ethanol) as substrates to yield fatty acid alkyl
esters (i.e., biodiesel) and glycerol. This chemical process is
highly influenced by the alcohol to oil molar ratio, the chosen
catalyst, temperature, water content, and free fatty acids [152].
Normally, alkali or acid catalysts are used to accelerate the
transesterification reaction; therefore, sulfuric acid, sulfonic
acid, and hydrochloric acid are often applied as acid catalysts,
whereas NaOH, KOH, carbonates, and alkoxide salts such as
sodium or potassium methoxide, ethoxide, propoxide, and
butoxide are common examples for alkali catalysts [153].
The latter is most used in industrial processes due to the fast
reaction rates at moderate reaction conditions, regardless of
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inconveniences such as saponification reactions due to water
and free fatty acids. To our knowledge, there are no commer-
cial processes that include acid catalysts in commercial bio-
diesel plants [154, 155].

The removal of catalysts adds costs to the final product due
to the energy required for this step. A considerable amount of
work has been done recently on the utilization of heteroge-
neous catalysts. Generally, solid base and acid catalysts are
similar to their homogeneous counterparts, both with advan-
tages and disadvantages, being the high cost the major con-
straint most of the time [156–158]. The transesterification re-
action also occurs under catalytic-free conditions with metha-
nol under supercritical conditions, which leads to higher ener-
gy consumption and production costs. The main barrier for the
commercialization of biodiesel is the cost of production; nev-
ertheless, the continuous increase of the crude oil demand
makes biodiesel very competitive when produced under in-
dustrial standardized conditions [152, 159].

Oil palm biowastes such as fronds, empty fruit bunches,
pressed fibers, and kernel shells are suitable for bioenergetical
applications due to their high lignocellulosic content. Bio-
pellets are one of the most promising options for revaloriza-
tion of these biowastes, with applications in power plants to
generate energy or furnaces for heating buildings. This bio-
mass possesses a low density and high moisture; thus, its
processing requires grinding, heating, and densification
[128]. Similarly, biochar and bio-oil produced from pyrolysis
is an alternative option for biomass revalorization. The bio-
mass is treated at high temperatures (> 500 °C) without oxy-
gen and additionally generates gasses, which can be used to
power the pyrolysis plant. Biochar is the solid residue from the
reaction and is applied to produce charcoal and chemicals
[160]. In the case of Costa Rica, bio-pellets, biochar, and
bio-oil were already produced by coffee and pineapple wastes,
thus this technology is already established and can

successfully be transferred to the case of lignocellulosic oil
palm biowastes [161].

The extraction of CPO generates liquids biowastes (mill
effluents), which is a major environmental issue in palm oil
mills and requires special management. A common treatment
is an anaerobic digestion, which is possible due to the high
organic content of POME. This process involves distinct re-
actions such as hydrogenesis, acidogenesis/acetogenesis, and
methanogenesis; resulting in water, carbon dioxide, and meth-
ane [162]. Anaerobic digestion in closed bio-digestors enables
the production and storage of methane, which is a value-added
good that is currently used for bioenergy in the industrial
sector. Although this process is not common in Costa Rica,
different agroindustries adopt such technologies and eventu-
ally, those can be applied for POME [163].

Another promising biowaste generated in palm oil mills is
PPF because of its content of carotenoids. The latter is involved
in the coloration of the fresh fruit and small amounts are still
found in the PPF after the pressing stage. The most abundant
carotenoids in PPF correspond to α-carotenoids, β-carotenoids,
and lycopene [93, 95]. The extraction of carotenoids from me-
socarp from the palm Bactris gasipaes (Arecaceae) was inves-
tigated in Costa Rica [164]. Consequently, the application of the
extraction methods can be applied to the case of PPF (Fig. 5.).

4 Conclusions

Circular economy fosters a shift from linear agricultural
models to circular models. Worldwide, the agro industry rep-
resents a dynamic sector of the economy; this is true as well
for Costa Rica. This sector generates significant quantities of
biomass with high potential for the generation of value-added
products such as bulk and fine chemicals. Moreover, many of

Fig. 5 The concept for an oil
palm-based biorefinery for the
revalorization of biowastes
towards value-added products.
Rectangles indicate process.
Curved white rectangles indicate
biowastes. Curved green-filled
rectangles indicate value-added
products. Blue dotted line
indicates circular economy loops
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the biomass can be transformed or reused within the produc-
tion process.

Biowastes from the coffee industry, such as pulp and muci-
lage, currently represent a high cost due to the labors involved
in the treatment of the biomass, physical space, and infrastruc-
ture. The generation of derived products such as coffee-based
fertilizers after processing takes about 2 months. The refine-
ment of coffee biomass to obtain products, such as chlorogenic
acid, caffeic acid, and quinic acid from agroindustrial by-
products for cosmetic, nutraceutical or pharmaceutical uses, is
an alternative that can generate higher value-added products
and improve the economic performance of the sector.
Nevertheless, it requires the development of engineering oper-
ations in industrial bioprocesses. Biorefinery processes are not
a one-fit-all solutions; every case must be considered individ-
ually, and case-specific adjustment must be done. In the case of
the palm oil industry, it seems to have great potential to produce
bioenergy and biofuels, yet it is influenced by policies that
affect multiple sectors such as agriculture, research, industry,
and trade. Identifying relevant policies and quantifying their
specific impacts is difficult given the variety of policy instru-
ments (taxes, subsidies, prices, support, facilities, etc.) and the
way they are applied.

Agricultural industry stresses the need to produce within a
socially favorable frame and with a distributional effect
among all involving parties of the production chain. In this
sense, a circular economy approach entails positive effects on
employment, food security, environmental conservation, tech-
nological advancements, and the benefit to future generations.
Although these aspects are normally not considered when
assessing the sustainability of an industry, they should always
be taken into consideration when analyzing the overall effect
within the society. As discussed above, waste revalorization
has a positive impact among the latter mentioned factors,
therefore its discussion and implementation should be promot-
ed at different levels, i.e., academia, politics, and industry.
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