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Abstract 
This paper explores an alternative valorisation method for high-moisture content waste streams from the pulp and paper 
industry. Cellulose fibre rejects from industrial-scale recycling/pulping of waste paper was used as an ingredient in substrates 
for cultivation of Pleurotus ostreatus, commonly known as oyster mushroom. Three substrates with 40, 60, and 80 wt% fibre 
rejects were tested, and a conventional substrate formula based on birch (Betula ssp.) sawdust was used for comparison. 
The spent mushroom substrate (SMS) fuel characteristics were assessed through ashing procedures. Mycelium growth was 
faster on substrates based on fibre rejects. The average biological efficiencies of the first flush of fruit bodies were between 
29 and 36% compared to 42% for birch sawdust substrates. The fruit bodies had good nutritional values, i.e., crude protein 
(22–25 wt% d.b.), crude fat (3–3.5 wt% d.b.), crude fibre (8–10 wt% d.b.), and carbohydrates (57–62 wt% d.b.). The con-
centrations of heavy metals, 5–10 µg/kg Pb, 19–28 µg/kg Cd, 5–6 µg/kg Hg, and 26–53 µg/kg As were well below the limit 
values for food products set in EU regulations. The SMS could be used as fuel for direct combustion or co-combusted with 
other biomasses.
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Statement of Novelty

Many different types of biowaste materials contain compo-
nents that can be converted into high value-added biobased 
products before being used for energy purposes. This study 
is meant to show how cellulose-rich fibre rejects (‘second-
ary wastes’) from industrial-scale recycling/pulping of waste 
paper (‘primary wastes’) can be used as an ingredient in 
substrates for cultivation of edible mushrooms, and how 
the spent substrates (‘tertiary wastes’) can be used as solid 
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biofuel. Today, fibre rejects are mostly disposed of in land-
fills or, to a lesser extent, used as fuel in waste-to-energy 
plants. To the author’s knowledge, the information about the 
suitability of fibre rejects for combined production of edible 
mushrooms and biofuels is scarce.

Introduction

According to the International Council on Clean Transporta-
tion [1], approximately 225 Mt of diverse residues includ-
ing, e.g., waste paper, wood, food, and plant materials are 
annually generated in Europe. Wastes generated during the 
recycling/pulping of waste paper, so-called ‘rejects’, are con-
sidered a problematic material from both the environmental 
and economic point of view. As much as 15–25 wt% of the 
raw waste paper can end up as rejects during the pulping 
process [2]. The rejects can be subdivided into different 
types according to their composition [3], and some of these 
can be seen as an interesting raw material for the devel-
opment of a circular economy. Rejects that contain a high 
amount of cellulose fibre, not suitable for the production 
of paper, could be used to cultivate high value-added bio-
based products such as edible mushrooms. The latter are the 
fruit bodies of basidiomycetes with a saprotrophic lifestyle. 
These basidiomycetes are divided into primary, secondary, 
and tertiary decomposers [4, 5]. Primary decomposer fungi 
such as the Pleurotus spp., Lentinula edodes, and Grifola 
frondosa, have the ability to degrade and use plant material 
components such as cellulose, hemicellulose, and lignin as 
carbon sources.

Edible mushrooms are cultivated and consumed world-
wide, e.g., Pleurotus spp. and Lentinula edodes, with a 
protein content of about 30 wt% and 18 wt% d.b., respec-
tively [6], are two of the most popular on the global market. 
Many species have also a health-promoting effect [7], and 
some are used for extraction of bioactive compounds [8, 9]. 
According to Royse et al. [10], the world annual produc-
tion of cultivated edible mushrooms is about 34 Mt with a 
30-fold increase since 1978, which corresponds to a value 
of 34 billion USD. China is today the largest producer and 
exporter (with 80% of the world market) of cultivated edible 
mushrooms, while the EU and America stand for approxi-
mately 10% of the global production.

Cultivation of primary decomposer mushroom results in 
considerable quantities of spent substrate (SMS). The latter 
can be used as a component of substrates for mushrooms that 
grow on composts, but not always in sufficient quantities to 
solve the problem of their accumulation in producing areas 
where they represent a pollution risk [11, 12]. In a well-
managed mushroom industry, approximately 70 wt% d.b. of 
the initial substrate may remain as SMS [13, 14]. Disposal 
of SMS is also costly due to the high transportation volumes 

[15]. This emphasizes a necessity for the development of 
smart solutions to reduce environmental problems and costs 
tied to the production process.

Mushrooms such as Pleurotus spp. are cultivated on 
substrates made of various lignocellulosic wastes [14, 
16–19], and to a lesser extent on different types of waste 
paper or cellulose-rich materials [20–24]. This paper evalu-
ates the suitability of fibre rejects (‘secondary waste’) from 
industrial-scale recycling/pulping of waste paper (‘primary 
waste’) as an ingredient in substrates for cultivation of Pleu-
rotus ostreatus mushroom, and the possibility of using spent 
substrates (‘tertiary waste’) as fuel for the generation of the 
heat necessary for the substrate pasteurization and mush-
room cultivation processes. The main goal is to promote the 
establishment of an integrated production model to achieve 
almost zero-waste development.

Materials and Methods

Substrate Raw Materials

Mushroom substrate ingredients included: (a) Light coarse 
fibre rejects, which consists mainly of cellulose fibre and 
impurities such as limestone and different silicates, was 
collected from SCA Obbola, Umeå, Sweden; (b) Sawdust 
(particle size < 2 mm), generated during the processing of 
birch (Betula ssp.) timber, was collected from a sawmill in 
the province of Västerbotten, Sweden; and (c) Wheat bran 
(Lantmännen Lantbruk, Sweden) was used as a nutrient 
source in the substrates to promote productivity.

Produced Substrate Compositions

Substrate ingredients were mixed on a dry basis according 
to Table 1. Wheat bran (20 wt%) was added to all substrates. 
Three substrates with an increasing amount of fibre rejects, 
i.e., FR40, FR60, and FR80 were produced. A conventional 
substrate formula for the cultivation of Pleurotus ostrea-
tus based on birch sawdust (FR00) was used for compari-
son. During the mixing process, water was added to obtain 
mixtures with a moisture content of approximately 65 wt% 

Table 1  Produced substrate compositions

Substrate ID Ingredients in initial substrate wt% d.b. pH

Fibre rejects Birch saw-
dust

Wheat bran CaCO3

FR00 0 80 20 1 6.36
FR40 40 40 20 0.5 6.55
FR60 60 20 20 0 6.62
FR80 80 0 20 0 6.75
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w.b. The pH of the substrates was determined according 
to Sithole [25], by boiling water extraction for 10 min and 
measuring the pH of the cooled extract with a pH meter 
(Sension + PH31). The pH of the FR00 and FR40 sub-
strates was too low for mycelium growth and, therefore, 
was adjusted by adding small amounts (Table 1) of calcium 
carbonate  (CaCO3). For FR60 and FR80 there was no need 
to include a buffer reagent because the fibre rejects con-
tain  CaCO3 that is used as filler in paper and end up in the 
rejects during pulping of the waste paper. The substrates 
were packed into polypropylene bags with inbuilt micro-
porous filters (Microsac) for gas exchange that allows myce-
lia to breathe. Each bag was filled with 1 kg w.b. of substrate 
forming a cylindrical block of approximately 11 cm in diam-
eter and 15–16 cm in height and then sealed with a plastic 
clip. The substrate bags were prepared such that there were 
20 replicates for each substrate with fibre rejects, i.e., FR40 
to FR80, and 4 replicates for FR00.

Representative samples of the produced substrates were 
dried at 60 °C for 72 h, thoroughly homogenised by grind-
ing them in a hammer mill to 0.5 mm, and then analysed 
at a certified laboratory (Eurofins, Sweden) for the con-
tents of ash (SS–EN ISO 18122 / SS–EN 15403), lower 
heating value (LHV) determined under constant pressure 
(SS–EN14918/15,400/ISO1928), main elements CHNO 
(SS–EN ISO 16948 / SS–EN 15407), main ash-forming ele-
ments (EN 14385 and NMKL 161:1998 mod./ICP–AES), 
Cl (EN ISO 16994:2016), S (SS 187177:1991), and trace 
elements (EN 13656 mod. / ICP–MS). The results are shown 
in Table 2.

Substrate Pasteurisation Treatment

Pasteurisation was conducted in a chamber using hot air 
according to our innovation [26–28]. The used method 
proved to be more energy-efficient and cost-effective than 
conventional methods via steaming. The pasteurisation tem-
perature and the treatment time were controlled by using 
‘control substrates’ to which thermocouples (type K) were 
placed at the core of each cylinder. The treatment tempera-
ture was 75 °C and the treatment time was 2 h measured 
from the moment when the core of the cylindrical block 
reached the designated temperature. Process parameters 
were recorded using a computerized system. The pasteuri-
sation was terminated when the required time was reached. 
The substrates were then left overnight in the chamber to 
cool to room temperature.

Inoculation and Incubation

A white-rot fungi, grey oyster (Pleurotus ostreatus) strain 
M2140, was used as model species. Commercial grain 
spawn from Svampkungen AB was used for inoculation 

that was carried out in a sterile hood. The inoculum was 
supplied to each substrate bag in a ratio of 2.5 wt% w.b.

The inoculated bags were placed in a cultivating room 
where light, temperature, and relative ambient humid-
ity were controlled. During the first 2–4 weeks after the 
inoculation, the substrate bags were kept in total darkness 
at a temperature of around 22–24 °C and relative ambient 
humidity of approximately 70%. When the entire substrate 
block was covered with mycelia the maturation phase was 
induced using light < 500 lx and air temperature of around 
16–18 °C. The substrate bags were then opened and one-
third of the top plastic packing film removed. Next, the 
relative ambient humidity of the cultivating room was 
increased to around 85–90%. After two weeks, the first 
flush of mushroom fruit bodies started to develop.

Table 2  Characterization of the produced mushroom substrates: ash 
content, low heating value, main elements, main ash-forming, and 
trace elements

All values are given in dry basis
a Weight ratio

Unit FR00 FR40 FR60 FR80

Ash wt% 2.8 22.1 31.7 41.4
LHV MJ/kg 19.6 14.7 12.4 11.2
C wt% 49.3 41.4 37.6 32.5
H wt% 5.9 4.78 4.2 3.8
N wt% 1.2 0.81 0.62 0.42
O (diff.) wt% 40.7 30.7 25.7 21.7
C/Na – 41 51 61 77
S wt% 0.086 0.071 0.075 0.082
Cl wt% 0.011 0.101 0.104 0.108
Ca mg/kg 22,300 92,000 94,000 130,000
Si mg/kg 530 17,000 25,000 26,000
Al mg/kg 72 7700 8900 9800
K mg/kg 7000 2800 2600 2300
Na mg/kg 53 580 660 930
Mg mg/kg 2200 2300 2500 3200
Fe mg/kg 100 1300 1500 2000
P mg/kg 5900 2900 1700 1500
Zn mg/kg 80 110 130 190
Pb mg/kg 0.73 11 13 23
Cd mg/kg 0.43 0.30 0.32 0.37
Hg mg/kg 0.021 0.025 0.028 0.036
As mg/kg 0.053 0.3 0.39 0.69
Ba mg/kg 16 102 150 201
Cu mg/kg 11 44 81 100
Cr mg/kg 0.29 8 12 16
Mn mg/kg 93 100 105 110
Mo mg/kg 0.44 1.7 2.4 2.9
Be mg/kg 0.053 0.1 0.12 0.16
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Mycelium Growth‑Rate and Biological Efficiency

The mycelium growth-rate was estimated by using imag-
ing techniques. Photographs of each substrate bag on days 
15 and 23 were taken with a digital camera. The percent-
age of hyphae coverage on the cylinders lateral surface was 
estimated by using an image processing software (ImageJ).

In this work, only the first flush of fruit bodies was har-
vested. This is a common practice in many European mush-
room industries, especially in countries where labour costs 
are high. The biological efficiency (BE) of the first flush was 
calculated according to Eq. 1.

where BE is the biological efficiency in per cent;  FWf.f. the 
weight (g) (normalised to 90% moisture content, w.b.) of 
manually harvested fresh fruit bodies per bag; and  DWs the 
weight (g) of dry substrate per bag before inoculation.

Mushroom Fruit Bodies Characterization

All harvested mushroom fruit bodies from each substrate 
were collected and treated as individual samples. Samples 
used for analyses of chemical composition were oven-
dried at 45 °C for 72 h, ground into a powder, and kept 
in airtight plastic bags until needed. Representative sam-
ples were analysed for the contents of moisture, protein, 
fat, carbohydrates, and ash using the Association of Offi-
cial Analytical Chemists procedures [29]. The crude pro-
tein content (N × 4.38) of the samples was estimated by 
the macro-Kjeldahl method. The crude fat was determined 
by extracting a known weight of mushroom sample with 
petroleum ether using a Soxhlet apparatus. The ash con-
tent was determined by incineration at 550 °C. The total 
carbohydrates was calculated by difference: total carbo-
hydrates = 100 − (moisture + protein + fat + ash) [30]. The 
crude fibre content was determined by traditional methods 
for the analysis of feed and plant materials [31]. The gross 
energy content was calculated according to the following 
equation: Energy (kcal) = 4 × (g protein + g carbohydrate) + 9 × g 
fat [19]. The analysis of main minerals, i.e., Ca, Mg, K, Na, 
P, and S, was performed according to the methods described 
by Bahlsberg-Pålsson [32]. The contents of heavy metals 
were analysed according to the BS EN 13804:2013 standard 
method.

Spent Mushroom Substrates Fuel Characterization

The SMS´s were oven-dried at 105 °C until constant weight 
for determination of the moisture content. Representative 

(1)BE(%) =
FWf .f .

DWs

× 100

samples from each type of substrate were ground to 0.5 mm 
and then combusted in a laboratory-scale muffle furnace at 
a temperature of 1000 °C. Ground SMS samples (100 g) 
were placed in alumina crucibles to give a layer of approxi-
mately 20 mm thickness. The temperature of the furnace was 
increased at a rate of approximately 10 °C/min and kept at 
the designated temperature for 1 h because sample weight 
loss was found to be constant beyond this time. After the 
treatment, the furnace was turned off and the samples were 
allowed to cool to room temperature.

Ash samples were thoroughly homogenised by grinding 
them in a mixer mill (MM 400 Retsch GmbH, Germany). 
The elemental compositions of ground samples were ana-
lysed using a Carl Zeiss EVO LS15 scanning electron micro-
scope (SEM) with a LaB6 electron source and equipped 
with an Oxford Instruments Xmax-80 energy dispersive 
X-ray spectrometer (EDS). The instrument was operated 
at low vacuum (50 Pa), an accelerating voltage of 20 kV, 
and a probe current of 500 pA. Images were taken with a 
backscattered electron (BSE) detector. Ground ash samples 
were mounted onto carbon-adhesive tape before analysis. 
For each sample, the average elemental concentrations of 
main ash-forming elements were determined based on 4 
area-analyses. The acquisition time for each measurement 
was 500 k counts.

Statistical Evaluation of Experimental Data

All experiments and chemical analyses were performed such 
that there were at least three replicates for each experiment 
or analysis. Results are expressed as mean values ± standard 
error. The evaluation of the data obtained from mycelium 
growth-rate, days from inoculation to harvest of the first 
flush, and biological efficiency measurements was carried 
out by analysis of variance according to the Tukey’s multiple 
comparison test using the SPSS Statistics 21.0 software. Dif-
ferences were considered significant at p < 0.05.

Results and Discussion

Mycelium Growth‑Rate and Biological Efficiency

Mycelia of P. ostreatus mushroom colonized and grew well 
on all studied substrates with different amounts of fibre 
rejects. The mycelium growth on both day 15 and day 23 
(p < 0.05 in both cases), Fig. 1, was significantly faster in 
the fibre rejects based substrates (FR40 to FR80) than in 
the birch sawdust substrate (FR00). The positive correlation 
between mycelium growth and the amount of fibre rejects in 
the substrate was probably because the fibre reject is mostly 
composed of cellulose that is easier to digest by fungi. The 
lignin content in birch is ~ 20 wt% d.b. and in wheat bran 
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is ~ 12 wt% d.b. When the amount of fibre rejects in the 
substrate increase, the ratio of lignin/cellulose decreases, 
which probably led to a higher mycelium growth-rate. 
Another hypothetical explanation could be related to the 
higher copper contents in the fibre rejects substrates (as 
shown in Table 2). Copper is a cofactor of laccase enzymes 
[33] and is known to induce this lignin-degrading enzyme, 
which might plausibly result in even the cellulose bounded 
with lignin in birch and bran substrate components to be 
released faster and become available for mycelium growth 
in fibre reject substrates. On the other hand, the differences 
in the substrates ash contents (Table 2) could be the reason 
why the mycelium growth in FR60 and FR80 was lower 
than in FR40.

The fibre rejects showed also a significant effect on the 
days from inoculation to harvest of the first flush (Fig. 2a) 
and the average BE (Fig. 2b) (p < 0.05 for both). The first 

flush of fruit bodies grown on fibre rejects substrates were 
harvested between 34 and 38 days after inoculation, 7 to 
10 days earlier than those grown on FR00 substrates. The 
average BEs were between 29 and 36% (normalised to 90% 
moisture content) for the fibre rejects based substrates, 
but 42% for the FR00 substrate. The fruit body develop-
ment was possibly affected by the substrate ash content. 
As shown in Table 2, the ash content of the FR00 substrate 
is 2.8 wt% d.b. and that of FR80 is 41.4 wt% d.b. This 
means that the amount of available organic material is 
considerably reduced when the amount of fibre rejects in 
the substrate increase, which probably led to a lower BE, 
Fig. 2b. The fastest mycelium colonization could, some-
how, compensate the lower BE. There is also room for 
improving the substrate formulation by, e.g., removing 
ash/solid impurities from the raw fibre rejects, or by the 
addition of supplements and additives.

Fig. 1  Mycelium growth of P. ostreatus mushroom during coloniza-
tion/incubation. Mycelium coverage is expressed as the percentage 
of hyphae coverage on the lateral surface of the cylindrical substrate 
block. Bars refer to the mean ± standard error (n = 4 for the FR00 sub-

strate, and n = 20 for the FR40, FR60, and FR80 substrates). Different 
letters over the bars indicate statistically significant differences (Tuk-
ey’s multiple comparison test, p < 0.05) between substrates

Fig. 2  Days from inoculation to harvest of the first flush (a) and aver-
age biological efficiency (b) of fresh P. ostreatus fruit bodies. Bars 
refer to the mean ± standard error (n = 4 for the FR00 substrate, and 

n = 20 for the FR40, FR60, and FR80 substrates). Different letters 
over the bars indicate statistically significant differences (Tukey’s 
multiple comparison test, p < 0.05) between substrates
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The results obtained in this study are in relatively good 
agreement with previous studies in which waste paper and 
different cellulose-rich sludges supplemented with other 
biomasses were used as substrates for cultivation of Pleu-
rotus spp. Kulshreshtha et al. [22] carried out cultivation 
experiments using substrates made of handmade paper and 
cardboard industrial sludges, as well as 50/50 wt% mixtures 
of each sludge with wheat straw. The authors found that the 
time required for the maturity of the fruit bodies in sub-
strates made of the pure sludges was approximately 60 days, 
and for the mixtures was between 26 and 30 days. The BE 
for substrates made of the pure sludges was between 3 and 
5%, and for the mixtures was between 89 and 94%. Girmay 
et al. [23] studied substrates made of waste paper and saw-
dust without supplements. They found that the mycelium 
growth was faster on substrates made of waste paper than 
on substrates made of sawdust. The time required for the 
maturity of the fruit bodies was 37 days for the sawdust 
and 39 days for the waste paper substrates. The BE across 
all flushes was approximately 34% for fruit bodies grown 
on waste paper and approximately 10% for sawdust. The 
authors argue that the low BE of fruit bodies grown on saw-
dust is due to the lack of substrate supplements. Yildiz et al. 

[24] studied substrates made of mixtures of waste paper and 
leaves of tilia, leaves of European aspen, spruce needles, 
rice stalk, sawdust, and wheat straw. They compared these 
substrates with others without waste paper and found that 
substrates that included waste paper led to a comparable or 
higher BE. The BE across all flushes was between 40 and 
121%.

Mushroom Fruit Bodies Quality

The nutritional analysis of P. ostreatus mushroom fruit 
bodies grown on the studied substrates is shown in Table 3. 
For fruit bodies grown on the fibre rejects substrates, 
i.e., FR40 to FR80, the average contents of crude protein 
(22.3–25.2 wt% d.b.), crude fat (3.0–3.5 wt% d.b.), crude 
fibre (8.1–9.8 wt% d.b.), carbohydrates (57.4–61.9 wt% 
d.b.), gross energy (358.6–367.6 Kcal/100 g d.b.), and major 
macronutrients (Ca, Mg, K, Na, and P) were comparable to 
those of the fruit bodies grown on the FR00 substrate. These 
values are also comparable to those of P. ostreatus grown on 
diverse types of substrates [19, 34].

The contents of main toxic heavy metals in fresh P. ostrea-
tus fruit bodies are shown in Table 4. The concentrations 

Table 3  Nutritional analysis of 
P. ostreatus fruit bodies grown 
on different substrates

Values are given as mean ± standard error in dry basis, n = 3
a Values for P. ostreatus grown on hardwood
b Minimum and maximum values for P. ostreatus grown on diverse types of substrates

Unit FR00 FR40 FR60 FR80 USDA
Data [34]a

Koutrotsios
et al. [19]b

Crude protein wt% 21.0 25.2 ± 1.6 22.3 ± 0.3 23.7 ± 0.9 30.6 ± 2.9 14.6–31.4
Crude fat wt% 1.0 3.2 ± 0.1 3.0 ± 0.2 3.5 ± 0.1 3.8 ± 0.6 1.6–3.5
Crude fibre wt% 6.4 9.8 ± 0.5 9.0 ± 1.0 8.1 ± 0.9 21.2 ± 3.4 12.5–24.3
Carbohydrates wt% 67.6 57.4 ± 1.8 61.9 ± 0.4 60.4 ± 1.3 56.3 ± n.a. 56.6–75.9
Gross energy Kcal/100 g 363.4 358.6 ± 1.7 364.4 ± 2.9 367.6 ± 1.6 305.0 ± n.a. 373–392
Ash wt% 6.4 8.6 ± 0.2 7.1 ± 0.1 7.1 ± 0.4 9.3 ± 1.0 6.2–9.9
Ca g/kg 0.3 0.6 ± 0.1 0.3 ± 0.1 0.8 ± 0.4 0.3 ± 0.1 N.d.
Mg g/kg 1.7 1.8 ± 0.1 1.8 ± 0.1 2.0 ± 0.1 1.7 ± 0.4 N.d.
K g/kg 25.9 36.2 ± 1.3 29.3 ± 0.6 29.6 ± 0.4 38.8 ± 5.9 N.d.
Na g/kg 0.2 1.4 ± 0.1 1.2 ± 0.2 3.1 ± 0.1 1.7 ± 0.3 N.d.
P g/kg 10.1 10.2 ± 0.5 10.4 ± 0.1 10.5 ± 0.1 11.1 ± 1.0 N.d.
S g/kg 1.8 2.1 ± 0.1 1.9 ± 0.1 2.0 ± 0.1 N.d. N.d.

Table 4  Contents of main 
toxic heavy metals in fresh P. 
ostreatus fruit bodies grown on 
different substrates

Values are given as mean ± standard error in µg/kg wet basis (normalised to 90% moisture content), n = 3

Metal FR00 FR40 FR60 FR80 Up-limit value set in the EC regu-
lation (2015/1006) [35]

Lead (Pb) 4.7 ± 0.1 5.3 ± 3.9 7.7 ± 4.3 10.1 ± 5.0 300 µg/kg mushroom (w.b.)
Cadmium (Cd) 68.0 ± 0.1 28.5 ± 5.0 20.5 ± 0.5 19.0 ± 3.0 200 µg/kg mushroom (w.b.)
Mercury (Hg) 3.1 ± 0.1 4.9 ± 0.8 5.0 ± 0.6 6.2 ± 0.4 300 µg/kg fish (w.b.)
Arsenic (As) 6.4 ± 0.1 26.5 ± 14.0 48.0 ± 9.5 53.0 ± 7.0 0.30 µg/day per kg of human body
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of lead (Pb), cadmium (Cd), and mercury (Hg) of the fruit 
bodies grown on substrates containing fibre rejects were 
well below the up-limit values for food products set in the 
EC regulation 2015/1006 [35]. The Cd content of the fruit 
bodies grown on fibre rejects substrates was lower than that 
of those grown on the FR00 substrate. There is an evident 
enrichment of arsenic (As) in the fruit bodies grown on sub-
strates containing fibre rejects. Its content is 3 to 8 times 
higher than that of those grown on the FR00 substrate, and 
it ranges from 26.5 to 53.0 µg/kg w.b. depending on the sub-
strate. These amounts are comparable to that of rice sold in 
the Swedish market, e.g., basmati and jasmine, with average 
As levels of 63 and 69 µg/kg, respectively [36].

Fuel Characterisation of the Spent Substrates

According to Zhang et al. [14] and Banasik et al. [15], in a 
well-managed mushroom industry, approximately 70 wt% 
d.b. of the initial substrate may remain as SMS that needs to 
be disposed of. This type of waste could be used as a fuel to 
produce the heat needed for the pasteurization of substrates 
and mushroom cultivation processes. This could be a way to 
create a self-sufficient mushroom production industry that 
requires very low inputs from external energy sources, and 
thereby, the costs tied to the production process could be 
significantly reduced. What follows shows that SMS could 
be utilized to produce most of the energy needed during the 
mushroom production processes.

The average elemental composition (SEM-EDS) of the 
ash produced from the SMS calcined at 1000 °C is shown in 
Fig. 3. For the substrates that contain fibre rejects, it can be 
seen that the ash forming elements are mainly represented 

by Ca, Si, and Al, and that their content increases with an 
increasing amount of fibre rejects in the substrate.

For FR00 and FR40 SMS, all or a substantial part of the 
Ca in the ash comes from the calcium carbonate  (CaCO3) 
that was used to adjust the pH of the substrate. For FR60 
and FR80 the Ca comes from the fibre rejects and is mainly 
from different types of additives used during the production 
of paper. Paper and cardboard industries employ lime-based 
additives such as ground and precipitated calcium carbon-
ate  (CaCO3) as pigments and/or fillers in, e.g., fine paper, 
cardboard packaging, and other sorts of pulp-based paper. 
The Al in substrates with fibre rejects is most probably kao-
lin  (Al2Si2O5(OH)4), which is also used as filler in differ-
ent types of paper. Si is probably colloidal silica (Si(OH)4), 
which is used as retention and drainage aid and also to 
enhance the frictional and printing properties of paper. All 
these additives are separated from the cellulose fibre during 
pulping of the waste paper and end up in the rejects.

During combustion, biomass-based fuels are more or less 
susceptible to develop problems such as the formation of 
ash melts that may disturb the normal operation of combus-
tion plants. According to the literature [37], for fuels such 
as the spent substrates produced in this work, the processes 
that initiate the formation of ash melts involves K-contain-
ing compounds that react with Si (either from biologically 
occurring or impurities) and/or phosphorus (particularly for 
FR00) during the devolatilization and/or char burnout phase. 
This results in K-rich silicates/phosphates with a low melt-
ing temperature. Ash forming matter rich in alkaline-earth 
metals, such as Ca and Mg, is thereafter dissolved or react 
with the K-silicate/phosphate melt, leading to the forma-
tion of Ca/Mg-K-silicates/phosphates with higher melting 
temperatures. Al is known to have a similar effect as Ca [38, 
39] and may lead to the formation of Al-silicates with high 
melting temperature.

The results from the SEM-EDS analysis of the ash pro-
duced during calcination at 1000 °C, Fig. 3, show that Ca, 
Al, and Si make for 95 to 99 wt% of the ash formed during 
combustion of SMS with 40, 60, and 80 wt% fibre rejects. 
If the results from the EDS analysis are normalized to the 
contents of Ca, Al, and Si, and the values recalculated as 
oxides in mole-%, one can see that all the ashes from sub-
strates containing fibre rejects fall near the CaO corner 
when plotted on the ternary phase diagram (mole-%) for 
the CaO–Al2O3–SiO2 system [40], Fig. 4. It can be seen 
that all melting temperatures of phases in this system are 
well above the maximum combustion temperatures in the 
most common combustion technologies used in the indus-
try, i.e., fluidized- and fixed-beds, which is in the order of 
approximately 800 and 1100 °C, respectively. This probably 
means that the SMS containing fibre rejects are not prone 
to develop ash-related problems such as bed agglomeration 
or slagging.

Fig. 3  Average elemental composition (SEM-EDS) of ground ash 
produced by calcination of the spent substrates at 1000 °C in terms of 
weight per cent, normalized for the given elements. Bars refer to the 
mean ± standard error, n = 4
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The high Ca content of the fibre rejects SMS probably 
makes them an ideal fuel for co-combustion with bio-
masses prone to slagging and bed agglomeration such as 
straw and different kinds of fast-growing biomasses rich 
in K and Si, but with a low Ca content.

The main drawback that may hinder the utilization of 
SMS is its high moisture content, around 60–50 wt% w.b., 
and it may require drying to achieve a number of pur-
poses in energy applications. Novel drying technologies 
that allow for quick-drying using low temperature (40 to 
90 °C) waste-heat are available on the market. Previous 
works carried out by our research group at the Swedish 
University of Agricultural Sciences have shown that by 
using cyclone drying, problematic wastes such as chemi-
cal sludge from wastewater treatment at pulp and paper 
mills [38], cellulose fibre rejects [41], biological sludge 
[42], and de-inking sludge [43], can be quickly dried 

to acceptable moisture levels that allow for their use in 
energy applications. This type of dryer is commercially 
available, detailed information can be found in a European 
Patent 1136129B1 [44].

Conclusions

Cellulose fibre rejects from industrial-scale recycling/pulp-
ing of waste paper was used to produce substrates for the 
cultivation of Pleurotus ostreatus mushroom. Three sub-
strates with 40, 60, and 80 wt% fibre rejects were tested, 
and conventional substrate formula based on birch (Betula 
ssp.) sawdust was used for comparison. The suitability of 
the spent substrate (SMS) for its use as fuel was assessed 
through ashing procedures. Mycelium growth was faster 
on substrates based on fibre rejects. The average biological 

Fig. 4  Ternary phase diagram CaO–Al2O3–SiO2 showing the three 
binary phase diagrams CaO–SiO2, CaO–Al2O3, and  Al2O3–SiO2 
[40]. The average composition of the ashes produced by calcination 

at 1000 °C of the spent FR40, FR60, and FR80 substrates are marked 
with a red asterisk
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efficiency (BE) of the first flush of fruit bodies grown on 
fibre rejects substrates was slightly lower than the BE of 
fruit bodies grown on birch sawdust. The fastest mycelium 
colonization could, somehow, compensate the lower BE. 
The fruit bodies grown on fibre rejects substrates have good 
nutritional values and low contents of heavy metals. There 
is room for improving the substrate formulation by remov-
ing ash from the raw fibre rejects or by the addition of sup-
plements and additives. SMS from fibre rejects could be 
used as fuel for the generation of the heat needed during the 
pasteurization of substrates and mushroom cultivation pro-
cesses and does not represent risks of developing ash-related 
problems during combustion.
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