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Abstract

Edible mushroom are grown commercially using lignocellulosic waste by applying a biological process. However after the
harvesting season about 70% of the substrate remain as a spent mushroom compost (SMC). SMC can be the source for retriev-
ing value-added products which support zero waste approach. In this paper, the fate of SMC from agricultural production
will be discussed focusing on its utilization. Based on the previous reports, major uses of SMC were in the agricultural field
as mushroom media, animal feed, plant compost, fertilizer and others. Extended usage of SMC, i.e., for second cultivation
is proposed in this review. In addition, the SMC was also applied in renewable energy production, e.g., feedstock for biogas,

bioethanol or biohydrogen.

Keywords SMC - Agriculture use - Renewable energy - Zero waste management

Introduction

Mushroom industry has shown significant growth over the
years contributed by the world’s population increment. This
was indicated by the consumption of mushroom per capita
that improved tremendously from only 1 kg in 1997 to 4.7 kg
in year 2013 [1]. Edible mushroom is the major harvest from
the industry with over 34 million tones produced in 2013 [2].
Various agricultural waste such as cotton waste, rice straw,
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saw dust and oil palm empty fruit bunch (EFB) are used as
the growth media [3]. With the reputation as health food and
the changing trends diet of consumer, demands of mushroom
are expected to increase in future.

Another significant issue related with the industry is the
spent mushroom compost (SMC) produced from the post-
harvest process. The SMC required proper management
other than dumping or burning [4]. Furthermore, the rising
concern on circular and sustainable economy recently had
increase the interest for recycling the SMC [5]. For example
in Malaysia, in overall about 69% of the SMC were dumped
in the ground or landfill sites while 28% were recycles for
agriculture use and the remaining 3% were incinerated [6].
The recycling of the SMC may differs in other countries but
the reality is there rate is still low. Utilizing SMC as ferti-
lizer, soil conditioner and for horticulture application had
been reported by previous researcher [7-9].

SMC is also potentially used in renewable energy field
either directly applied as fuel pellet or to be utilized as
feedstock for biofuel [2, 10, 11]. In recent development,
the potential of SMC in Anaerobic Digestion (AD) for
biogas had also been investigated by few researcher [4,
12]. SMC is suitable substrate due to it already undergo-
ing biological treatment process thus producing the simi-
lar compound [13]. Several literatures such as by Hanafi
et al. [13] reviewed on application of SMC for fertilizer,
animal feedstock and renewable energy while Kulshrestha
[14] work discussed the potential of SMC as adsorbent
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for wastewater treatment. However, the literatures that
explained the relation of SMC toward zero waste manage-
ment are scarce. The recycling of SMC will adapt the zero
waste policy in which targeting to minimize this waste.
Many countries have yet to implement the policy in the
mushroom industries although extensive use of SMC for
various purposes had been reported in China [15].

In this review, the uses of SMC in agriculture field
and for renewable energy production will be discussed.
Furthermore SMC recycling for supporting the zero waste
management policy will be highlighted.

Fig. 1 a Spent mushroom
compost block of Pleurotus sp.
b Spent mushroom compost
growth bed residual from Volva-
riella volvacea cultivation

The production of SMC

SMC are comprised of different types of agriculture waste,
the residual nutrient and the leftover fungal mycelium [16].
Figure 1 shows an example of SMC from Pleurotus sp. and
Volvariella sp. cultivation.

Depending on the species, the mushroom cultivation
cycle take about 2—6 months. For example, Volvariella vol-
vacea is grown and harvested within 2 months while Pleuro-
tus season may last for 5 months [17, 18]. Moreover, the bio-
logical efficiency (B.E) of oyster mushroom is up to 150%
while for straw mushroom is in the range of 30-40% [18,
19]. It is estimated the amount of SMC produced per kg of
mushroom harvested was between 4 and 5 kg [20]. Table 1
depicted amount of mushroom produced in the world.
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Table 1 Production of

. Country/continent  Billion kg
mushroom based on countries
and continent in 2013 [1] China 30.4
European Union 1.1
America 1
Rest of Asia 1.3
Others 1

SMC composition

The fruiting body development is driven by the bioconver-
sion of cellulosic component in the substrate catalyzed by
the lignocellulolytic enzymes [21]. The characteristic of
SMC varies greatly depending on composting processes,
methods of cultivation and climate [22]. Table 2 shows the
cellulose, hemicellulose and lignin composition in the SMC.
Ratio of cellulose, hemicellulose and lignin in the SMC var-
ies significantly based on the substrate types and sources of
mushroom. Rate of degradation of these components mostly
related with the lignocellulolytic enzymatic systems poses
by the mushroom in which are different in the species. For
example, Volvariella volvacea is reported lacking of ligni-
nolytic enzymes while mushroom species like P. sajor-caju
and L. edodes able to suit in high lignin substrate [19].

Recycling and utilizing SMC

In Malaysia, most of the mushroom farmer just burnt or
dumped SMC into the ground or just spread it on the soil
[32]. Some issues arised is how these activities might affect
the environment. For instance, open burning is prohibited
under section 29A (2) and 29(B), Environmental Quality
Act, 1974 [33]. But there is an exemption for open burning
of the plant with disease, in which the SMC is often regarded
as contagious to other plants if dumped directly. Therefore,
burning process in the farm can be legalized. Figure 2 shows

the flow of management for SMC in the mushroom industry
in Malaysia.

With the abundance of SMC, various applications have
been explored to fully utilize the substrate. The strength,
weakness and measures taken for each SMC application are
summarized in Table 3.

Mushroom recultivation

The carbon, nitrogen, cellulose and lignin contents are low
in the SMC compared to the fresh substrate due to fun-
gal biodegradation during cultivation [24]. Prior to use
as mushroom compost, SMC required pre-treatment steps
including pasteurization, grinding and supplementation
with nutrient. Formulating of SMC with carbon and nitro-
gen sources improved the mushroom compost quality [25].
Table 4 presented examples of SMC recycling for mushroom
cultivation.

Biofertilizer and compost

Excessive use of chemical fertilizers has resulted in deg-
radation of soil fertility, water hardness and contributed to
environmental problems [56]. SMC is one of the options for
conversion to biofertilizer. Amendment processes such as
additional of organic nutrient or starter culture are required
for SMC to be used as fertilizer. Triyono et al. [57] deter-
mine that compost made from SMC of EFB mixed with
organic materials is complied to standard quality require-
ment. Uzun [22] points out that weathered SMC is suitable
as fertilizer and soil conditioner better than fresh SMC and
chicken manure. While Sendi et al. [58] reported that SMC
at 50% in the growth media is suitable for growing kai-lan.
Some detailed analysis of nutrient and trace element com-
position for different type SMC and commercial compost is
presented in Table 5.

Table 2 Cellulose,
hemicellulose and lignin content
of different type of spent

mushroom compost

@ Springer

Source of SMC Type of substrate Compositional analysis (%) References
(mushroom type) - .
Cellulose Hemicellulose Lignin

Lentinula sp. Oak sawdust 30.6 4 19.4 [24]
Agaricus bisporus Millet straw 19.44 9.03 37.67  [25]
Pleurotus ostreatus ~ Barley straw +nitrogen source ~ 28.32 17.52 7.12  [26]
Auricularia Beech-wood dust 13 16 19 [27]
Flammulina sp. Cotton seed hulls 23.77 17.54 16.32 [28]
Volvariella volvacea  QOil palm EFB 20.90 11.64 11.58 [23]
Pleurotus eryngii Saw dust+ sweet potatoes 34.7 7.1 14.8 [29]
Agaricus bisporus Straw + peat 38 19 25 [30]
Agaricus bisporus Wheat straw 7.1 4.5 24.6 [31]
Pleurotus ostreatus ‘Wheat straw 30.5 17.8 19.4 [31]
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Fig.2 Flow of spent mushroom compost management in the mushroom industry [34]

Animal feed

In vitro digestion method is used to study potential SMC
as animal feed [59]. The crude protein digestibility is
increased up to 70%. While another study shows that SMC
of wheat straw from Agaricus bisporus mushroom can be
used as ruminant feed that improve the nutrient intake,
digestibility and nitrogen balance [60, 61]. Moreover, the
SMC is also applied as an animal feed in poultry industry.
Chang et al. [62] found that 5% SMC supplementation in
meal improve the growth rate and meat sensory attributes
of grower geese.

Soil treatment and plant substrate

SMC is a water retaining and good ventilating material
with high biodegradability [15]. The use of Pleurotus eous
SMC at 10% as soil conditioner for capsicum and tomato
seedlings increase the plant height [63]. Oei [15] points
out the application of SMC of straw and cotton seed hull
also improving soil quality. While Zhang et al. [64] con-
ducted a research on SMC of Flammulina velutipes for
tomato and cucumber seedlings which shows the unamend
SMC has higher bulk density and suitable properties as
growing media. While Marques et al. [65] find that sub-
strate with 45% Agaricus subrufescens SMC for lettuce
seedling is suitable for the growth. Lopes et al. [66] also
reported the positive result using similar type of SMC for
growing tomato.

Biogas

The compositional quality of the substrate as feedstock for
biogas generation is important and could effect the process
[46]. Different types of SMC may produce variable results
due to different pre-treatment and anaerobic digestion period
[47, 67]. Mamimin et al. have demonstrated the application
of SMC of EFB from Volvariella volvacea cultivation that
yielded about 281 L CH,/kg VS [68]. Nuchdang et al. [69]
report a promising result using of paragrass treated with C.
cinereal and P. tricholoma (BCC2285) that produced 311
L CH,/kg VS. While methane produced from SMC of rice
straw cultivated with P. ostreatus is 263 L/kg VS [4]. These
data are comparable to the common substrate such as food
waste (280.9 L/kg VS) and pig manure (253.8 L/kg VS) [4].
Meanwhile the digestate may usually cause mechanical trou-
bles such as clogging of pipes that can be minimized using
suitable pumping and piping system. The digested liquid
also can be potentially use as fertilizer.

Biohydrogen

The hydrogen productivity obtained from SMC can be
improved through acid hydrolysis which demonstrates the
practical value of SMC [70]. In addition, with medium
optimization, non-sterile fermentation and acid pre-treat-
ment, the use of SMC can be economical. Clostridium sp.
is a versatile species that can degrade lignocellulosic mate-
rials to produce acetate, hydrogen, lactate and ethanol. The
bacteria able to express cellulolytic enzymes with the help

@ Springer
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Table 4 The utilization of the spent mushroom compost as a media substrate for different mushrooms cultivation
Mushroom species recultivation ~ Source of SMC Additional media composition Yield efficiency/advantages/remarks References
Agarocybe chaxingu Pleurotus eryngii 10-20% Tenebrio molitor Increase biological efficiency [49]
feces/wheat bran
Pleurotus sajor-caju Shiitake 12% soy bean: 1% CaCOj, Produce 79% biological efficiency [50]
Agaricus blazei Pleurotus spp. 50% sunflower seed hull Similar yield to composted substrate [51]
Agaricus bisporus ND Non-compost substrate Low contamination rate [52]
Pleurotus ostreatus Agaricus sp. Mix straw 50% Achieving 48.9% biological efficiency [53]
Volvariella volvacea Agaricus bisporus ND ND [54]
Pleurotus ostreatus, Agrocybe Agaricus brasiliensis ND Shorten composting period [5, 55]
cylindracea and Hericium
erinaceus
Agrocybe cylindracea Pleurotus sp. ND 150% better than rubber sawdust sub- [35]
strate
ND not determined
Table 5 Detailed analysis of some spent mushroom compost and commercial compost
Content SMC A. sub* SMC A. bisp.* SMC P. caju® SMC Green waste  Peat substrate® Vermicompost®
8-16 months® compost?
Namg L™! 1200 1300 ND 220 40 32 600
KmgL™! 4900 5500 5300 1030 600 182 1000
Clmg L™! 2400 2400 ND ND 30 11 700
BmgL™! 0.88 0.69 ND ND 1.5 0.2 1.6
Mg mg L! 360 330 1500 910 125 125 350
SmgL™! 1200 1600 ND ND 50 52 200
Camg L™ 2000 2500 5100 616 900 971 2000
Mn mg L! 6.6 2.7 ND 438.62 2 24 2.5
Fe mg L™ 29 6.6 ND 92 1 1.5 0.4
PmgL™! 110 100 1600 0.55 120 40 150
NH,-N mg L! 5 3 ND ND 5 50 1
NO;~N mg L~! 5 290 ND ND 30 74 650
TN mgkg ' FW 4530 5330 3400 1920 2000 3000 6000
Dry matter 25% 30% ND 24% 42% ND 45%
Ash content 64% 62% ND ND 60% ND 40%
pH 5.1 8.7 6.1 8.05 7 5.8 7.7
EC (mS cm™") 2.6 23 1.331 ND 2 1.3 9

ND not determined
260, °59, €22

of a complex structure on the surface of the cell are called
as cellulosome [71]. Lin et al. [72] study on the effects of
surfactants (PEG8000 and JFCE) on SMC fermentation
using Clostridium thermocellum. As a result, a washing
process is required for SMC and optimization of the fer-
mentation medium is suggested for efficient yield. Another
study by Lin et al. [73] apply the indigenous bacteria as
inoculum and using SMC in which yielded hydrogen pro-
duction rate (6.84 mmol H,/L-day).

Bioethanol/biobutanol

Bioethanol has attracted attention as renewable fuel due to
limitation in fossil fuels and the production of greenhouse
gases from these fuels [74]. Non-edible biomass such as lig-
nocellulosic materials is better option for bioethanol produc-
tion [75, 76]. Ryden et al. [44] suggest the SMC of sorghum
chaff is suitable for second-generation bioethanol. The yield
of bioethanol could be further improved by pre-treatment
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strategies such as acid, microbes and steam explosion for
the delignification of cellulose materials [76-78]. Ting-
gang Li et al. [79] isolated from SMC species namely Ther-
moanaerobacterium thermosaccharolyticum TGS57 that is
capable of converting cellulose, a plant-based material, to
biobutanol.

Volvariella volvacea cultivation model
for zero waste management

The zero waste concept aims to divert waste from landfills
by applying 3R rules which are Reduce, Reuse and Recycle
or elimination of waste [80]. Basically, 3R are the first waste
hierarchy introduced in waste management systems which
has been expanded to 9R framework. This 9R framework
consists of strategies and policies to support zero waste sys-
tem and in line with circular economy requirement. Figure 3
shows the new zero waste hierarchy in waste management.
In the context of this article, SMC is proposed as sustain-
able feedstock. Figure 4 portrays a zero waste management

of Volvariella volvacea cultivation. Volvariella volvacea is a
lowland mushroom that grows in the hot climate using pleth-
ora of agriculture waste. Although this mushroom has a long
history of cultivation, the low B.E remained to be unsolved
[83]. Meanwhile the use of oil palm waste especially EFB
for Volvariella volvacea cultivation is regaining attention by
the farmers particularly in Indonesia and Malaysia due to the
abundance of this substrate. It is suggested for improving
the B.E of Volvariella volvacea cultivation using EFB, the
SMC should be recycled for second cultivation. Whereby
it is expected that the B.E will increased up to 40-50% in
total. Then the final SMC can be utilized for agriculture and
energy production as depicted in the model to achieve zero
waste policy.

Conclusion
SMC offers a full potential for recycling into beneficial prod-

uct and provide opportunities for creating new income for
the growers and communities. Future study should proposed

Circular
conomy

Strategies

Smarter
product
use and

manu-
facture

Extend
lifespan of
product
and its
parts

=
=
=
S
=
0
=
o
o)
£
7
@
£
o
=

Useful Process materials to obtain the same (high grade) or lower
application (low grade) quality
of mate-
rials Incineration of material with energy recovery
Linear
leconomy

Make product redundant by abandoning its function or by
offering the same function with a radically different product

Make product use more intensive (e.g. by sharing product)
Increase efficiency in product manufacture or use by consu-

ming fewer natural resources and materials

Reuse by another consumer of discarded product which is
still in good condition and fulfils its original function

Repair and maintenance of defective product so it can be
used with its original function

Restore an old product and bring it up to date

Use parts of discarded product in a new product with the
same function

Use discarded product or its parts in a new product with a
different function

Fig.3 OR framework of zero waste hierarchy [81, 82]
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Fig.4 Zero waste management model Volvariella volvacea cultivation using oil palm waste

on the technological advancement in the SMC conversion
to product and economic feasibility study on the product.
In near future, integration between palm oil industry with
mushroom industry is expected to be materialized and set-
ting a benchmark for zero waste management and circular
economy.
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