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Abstract: We developed an inflatable solar dryer for mushroom drying, which was adapted
from the Solar Bubble Dryer™ originally designed for paddy drying. The improved dryer with
an added perforated elevated floor ensured the quality without any requirement of mixing or
turning of the mushrooms during drying. Its drying performance and economic feasibility were
evaluated through determination of the drying parameters including moisture content (MC) reduction,
mushroom quality, energy efficiency, greenhouse gas emissions, and cost-benefits ratio. Mushroom
MC was reduced from 90% down to 40-60% within 2—4 h, corresponding to the drying rate at this
stage of 10-20% h™!. At the next stage, it took about 4-6 h corresponding to a drying rate of 2-10% h~!
to reach the required product MC of 8-10%. The color of the dried mushrooms still remained
white-cream. The drying process required 4.57 MJ, emitted 0.33 kg CO,e, and required an input cost
of 1.86 $US kg of dry product. For the specific case in the Philippines, this can generate a net profit
of 468-1468 $US! year™! and the investment will break even in 1.3-4.0 years corresponding to the
selling price of dry mushroom of 10-12 $US kg~!. The study developed a solution to improve the
solar bubble dryer and verified its drying process for mushroom drying at farm scale. It would add a
significant value to farmers” income as well as a diversified source of nutrient-rich food.
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1. Introduction

World commercial mushroom production is about 8 million tons [1]. Out of many varieties,
edible mushrooms, such as rice straw mushroom (also called “white button mushroom™), and oyster
mushroom are widely cultivated in tropical countries such as China and Vietnam [2,3]. Rice straw
mushroom and oyster mushroom constitute 38% and 24% of the world’s mushroom production,
respectively [4]. These mushrooms can be grown by using different substrates including biomass basal
substrates, such as saw dust, rice straw, wheat straw, and cotton seed hull [3]. The biological efficiency
(ratio between mushroom weight at harvest and dry weight of substrate used for mushroom cultivation)
of rice straw mushroom is 5-10% [2], while that of oyster mushroom is 30-130%, depending on the
substrates [3,5,6]. These mushrooms are not only a nutrient-rich food but also a livelihood source
with healthy protein content [7-9]. These mushrooms are considered as a product of an upgraded
value chain [10]. For example, Nguyen-Van-Hung et al. [11] and Le-Vinh-Thuc et al. [2] reported
that rice straw mushroom production can add 50-100 $US profit to a hectare of rice production.
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These upgraded value chains of rice and rice straw also led to a significant reduction of rice straw
burning [10,12]. However, fresh paddy straw mushroom and oyster mushroom, which are highly
perishable commodities with high moisture content (MC) ranging from 75% to 90% on a wet basis,
can only be maintained for less than 2 days in ambient temperature in tropical countries without losing
quality (e.g., 28-35 °C) [2,7]. Excess mushroom from the fresh markets are therefore processed into
salted-canned and dried forms [13,14]. Dried mushrooms can be further processed into powder and
used in food processing [15], as substitute for meat [16], and for fortification of bakery products [17].
Drying is also considered as a cost-effective method compared to the other preservation methods as it can
increase the storability of mushroom up to more than a year with airtight packages [18]. Mechanical and
industrial drying technologies have also been developed for mushroom drying. Convective hot-air,
microwave-convective heated-air, and a combination fast heating of microwave and low-temperature
convective drying technologies provide acceptable quality of dried mushroom [19]. Some more
advanced technologies were also introduced and investigated, such as osmo-air drying [20,21],
low temperature drying and freeze drying [22], and fluidized-bed drying [23]. On the other hand,
sun drying is commonly used by small resource-poor growers as it requires zero or insignificant
investment cost. However, this practice results in poor-quality products as it is strongly affected by the
environment and weather [24,25]. The product is also often contaminated by dirt, insects, bacteria,
etc. [26]. The constraints of sun drying can be addressed by solar drying, which does not require
electric grid power and fuel, particularly for a high-MC product. Hybrid-solar drying [26,27] and
solar-assisted heat pump drying [22] were introduced as advanced technologies for mushroom drying.
However, these technologies usually are characterized by high investment and operating costs.

This research aimed at developing a farm-scale solar drying technology for mushrooms.
We modified the Solar Bubble Dryer (SBD) originally developed for paddy drying [28-30].
An experiment was conducted using oyster mushroom to identify characteristics of the drying
process based on the reduction of mushroom moisture content corresponding to the specific ambient
temperature, relative humidity, and solar radiation. In addition, energy efficiency, greenhouse
gas (GHG) emission, and cost-benefits were also analyzed for drying 1 kg of oyster mushroom.
The effects of climatic factors (i.e., radiation, ambient temperature, and RH) on drying time, capacity,
and cost-benefits were taken into account through a sensitivity analysis.

2. Methodology

2.1. Assessment of the Solar Bubble Dryer (SBD)

The SBD (Figure 1), developed by a consortium consisting of IRRI, University of Hohenheim,
and GrainPro Inc. [28,29], was originally designed for paddy drying, but is also used for drying maize,
cocoa, and coffee. The overflow drying process happens when the air streams over the spread products
while flowing through the bubble drying tunnel, which is inflated by the blowers. The power for the
blowers is generated by solar panels; a battery provides power during times of low radiation or at
night. The solar bubble is made of plastic film with a transparent plastic cover on the top and a black
reinforced polyvinyl chloride (PVC) underneath, it functions as weather protection and as a trap for
solar radiation to generate heat. The drying air is heated up when flowing through this bubble tunnel
and, consequently, the relative humidity (RH) is reduced to better remove moisture from the product
(e.g., grains). This dryer was adapted to mushroom drying by adding an inflatable perforated elevated
floor on which the mushrooms are placed. This converted the drying process from overflow drying to
a hybrid of overflow drying combined with flow-through drying. The inflatable floor was developed
by GrainPro as an “add on” to the SBD in order to dry some commodities more efficiently and at the
same time to enable the mobility of a complete drying unit. Three parallel inflatable support beams
made of reinforced polyurethane (PU) support a polyethylene (PE) mesh which is stretched over the
PU beams. The beams are kept separated at the bottom by aluminum strips.
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Figure 1. Original Solar Bubble Dryer (SBD) for paddy drying.

2.2. Experiment and Measurements

The experiment was conducted in May-June 2019 at the Zeigler Experiment Station (ZES)
of the International Rice Research Institute (IRRI) in Laguna, Philippines (14.148° N, 121.267° E).
The Philippine weather consists of rainy and non-rainy seasons. Climate data at the research site in
2018 are shown in Figure 2. Solar radiation during the day time is in the range of 400-600 W m~2.
Average ambient temperature and RH in the day time are 28-32 °C and 60-70%, respectively.
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Figure 2. Ambient temperature, RH, and solar radiation in Los Bafios, Philippines in 2018 (data were
collected by the UPLB National Agromet Station).

The analysis was based on three drying batches with 10 kg of oyster mushroom each. Table 1 shows
the investigated parameters representing the drying characteristics, cost, and benefits. The MC of the
product was determined by the drying oven method [31] and then translated into the drying rate or
reduction rate of % MC per hour during the drying process (% MC h™!). Samples for MC measurements
were collected at the front, middle, and rear positions in the drying tunnel (Figure 1) every 2 h.
Air temperature (AT, i.e., ambient and drying air) and RH were measured using a datalogger [32].
The AT and RH sensors were located at 3 positions (front, middle, and rear) along the drying tunnel
(Figure 1). Carbon (C) and Nitrogen (N) contained in mushroom before and after drying were the only
nutrient parameters chosen to represent the product quality. In addition, mushroom color was also
observed as a quality indicator. Economic feasibility of this technology was determined through the
drying cost, mushroom prices, and financial sensitivity analysis for the Philippine context.
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Table 1. The parameters included in the investigation of mushroom drying.

Parameters Unit Method

Using data logger (EasyLog); the sensors were placed

Temperature (T) C in ambient air and at 3 positions inside the SBD)

Using data logger (EasyLog); the sensors were placed

. - o
Relative humidity (RH) & in ambient air and at 3 positions inside the SBD)

Moisture content (MC) in Using oven; the samples were collected at 3 positions

Y%

wet basis of mushroom along the SBD and at every 2 h

Drying rate (reduction of o 1.1 . .

MC per hour) %o h Calculation based on the drying curve

Energy efficiency KWh kg1 Calculat‘lon based on energy required for machine
production and operation

GHG emission ¢CO,e k! Fo.r a sola.r d.ryer, GHG emissions are just accc.mnted for
using emissions caused by machine production

C and N contained in % (d.m.) Conducted by a certified lab analysis. The samples

the mushroom o were collected before and after drying

Drying cost $US kg‘l Including depreciation, maintenance, interest,

and labor cost (no energy cost for SBD).

2.3. Energy Efficiency and GHG Emissions of Mushroom Drying Using SBD

Energy efficiency (kWh kg~') and GHG emission (kgCO,e kg~!) were calculated for drying of 1 kg
of dry mushroom equivalent at 8% MC. For the SBD, which only uses solar energy, machine production
with a depreciation in a life span of 5 years, and labor are taken into account for energy efficiency
while machine production is the only factor considered in GHG emission. This analysis was conducted
similarly as that reported in [30].

Materials used in the production of the SBD are mainly plastic, photovoltaic cell, charge controller,
battery, and the blower. These material inputs and their energy and GHG emission factors are shown
in Table 2. The conversion factors were obtained from the database of Ecoinvent 3 [33] incorporated
in the SIMAPRO software [34]. In addition, the energy conversion factor of labor for operation was
0.89 MJ h™! obtained from [35,36].

Table 2. Input materials for the SBD production and conversion factors of energy and greenhouse gas
(GHG) emission.

Input Materials for

Parameters SBD Production Energy GHG Emission
Unit Total Input Unit Value Unit Value
Plastic firm kg 31 MJ kg~! 10.3 kgCOze kg™! 0.594
Photovoltaic cell m? 0.55 MJ m~2 2880 kgCOe m~2 175
Charge controller unit 1 M] unit~! 646 kgCOye unit™! 44.3
Battery unit 1 MJ unit~! 5260 kgCOye unit™! 411
Blower unit 1 MJ unit™! 472 kgCOse unit™! 27.3

2.4. Cost-Benefit Analysis

Mushroom drying costs accounted for depreciation, maintenance, interest, and labor for handling
and operation (Table 3). Investment costs for the SBD were based on the existing SBD price in the market
while other parameters were obtained from our assessments at the research sites in 2019. We used
the drying time results from the experiment (about 3 days for two batches) for calculating the total
capacity of the dryer in a year. Effects of climatic factors (i.e., radiation, ambient temperature, and RH)
on drying time, capacity, and cost-benefits were taken into account through a sensitivity analysis.
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Table 3. Parameters for cost-benefits analysis.

Items Unit Value Source
Capacity kg fresh mushroom batch~! 30 Based on the trial (for full capacity)
SBD Investment cost $US 7! 1855 Based on the existing SDB price
Life span year 5 Based on the existing SBD use

Time of operation Assumed (considering the climate

per year day year™ 200 data shown in Figure 2)
Maintenance % (of investment cost) 10 Based on the existing SBD use
Interest % year™! 8 Philippine data
Labor $USh! 0.65 Philippine data
Fresh mushroom price $US kg™! 0.7-0.8 Philippine data
Dry mushroom price $US kgt 10-12 Philippine data

2.5. Statistical Analysis and Software

The analysis of variance (ANOVA), single factor, and F-Test two-sample for variances tools
incorporated in Excel were used to evaluate the effects of the drying process on C and N contents in
fresh and dry mushrooms before and after drying, respectively. Energy efficiency analysis was based
on the cumulative energy demand 1.09 method [34]. CO,-equivalent analysis was based on the global
warming impact factor for 100 years (GWP-100a) obtained from the IPCC [37].

3. Results

3.1. Adaptation of the SBD for Mushroom Drying

Figure 3a shows the schematic diagram of the modified SBD for mushroom drying. The existing
SBD originally used for paddy grain drying was adapted with an additional perforated floor for
elevating the mushrooms (Figure 3b). This perforated floor consists of a net and supporting frame
made of inflated plastic beams to be deflatable together with the SBD when they are not in use.
This modification enables the drying air moving both on the top and underneath of the mushrooms to
increase drying efficiency and prevent them from sticking on the bottom plastic film (if the SBD does
not have a perforated floor). The drying tunnel bubble is maintained by the blower during its operation
(Figure 3c). During rainy periods or at night when the RH of ambient air is higher than 75%, the SBD
blower turns off and the bubble is deflated (Figure 3d) to avoid rewetting the mushroom product.

3.2. Drying Characteristics

Figure 4 shows the MC of the mushrooms at three positions (front, middle, rear) along the
SBD during the 3 drying batches. The actual drying process happened during the day time,
from 10:30 to 16:30 (corresponding to 0-6 drying hours in Figure 4) and from 6:30 to 10:30 of the
next day (corresponding to 20-24 drying hours in Figure 4). The MC reduction rate of the mushrooms
at the rear positions is higher than that at front and middle positions along the drying tunnel because
the increase of solar energy in the drying air with increasing time while flowing through bubble.
This is reflected by the increase of temperature and reduction of RH of drying air from the front to rear
positions (Figure 5). Its MC quickly reduced from 90% down to 40-60% within 2—4 h at the early drying
stage depending on radiation and the air’s temperature and RH, which is important since mushrooms
are perishable. The drying rate of this stage is 10-20% h~!. There was no MC reduction or significant
MC increase during the night. During the next day, the drying rate was reduced, at 2-5% h~! when the
mushroom MC was lower than 30% for batches 1 and 3; and 10-15% h~! when the mushroom MC was
lower than 50% for batch 2.
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Figure 3. (a). Schematic diagram of the modified SBD for mushroom drying; (b). Perforated floor

(bubble dryer bed) and oyster mushroom inside the SBD; (c). The SBD during drying (day time);

(d). The SBD during non-working time (night).
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Figure 4. Profile of mushroom MC reduction and drying rate at 3 positions (front, middle, rear) along
the SBD during the 3 drying batches.

3.3. Quality of Mushroom Product

Table 4 shows the C and N contents in dry matter in fresh and dry mushrooms before and after
drying, respectively. The drying process did not significantly affect C but caused a slight reduction of N
contained in the mushrooms. C dry matter content was 44-45% and not significantly different between
fresh and dry mushrooms. N dry matter content in dry mushrooms was 4.8%, lower by 5.8% than
that of fresh mushrooms. On the other hand, the color of dry mushrooms still remained white-cream
(Figure 6). The product was characterized as having “good quality” by several consumers and dry

mushroom processers.
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Figure 5. Correlation of ambient temperature, RH, and mushroom MC reduction during 3
drying batches.

Table 4. C and N contents of mushrooms before and after drying.

o, o,
Batch C (%) N (%)
Fresh Dry Fresh Dry
1 45.2 445 5.19 4.82
2 444 44.1 5.12 4.79
3 44.3 44.1 5.04 4.79
Average 446 442 514 48"

The average numbers in C and N followed by different letters (* and ?) are significantly different by F-test at
0.05 level, while numbers not followed by a letter are not significant.

Fresh mushroom (90-95% MC) Dry mushroom (5-10 % MC)

Figure 6. Fresh and dry oyster mushrooms before and after drying.
3.4. Energy Efficiency, GHG Emissions, and Cost-Benefits of Mushroom Drying

Figure 7 shows energy efficiency, GHG emissions, and cost for drying 1 kg of oyster mushroom.
The drying process for reducing the MC of 90% of fresh mushroom down to 8% of dry mushroom
required 1.27 kWh (or 4.57 MJ) per kg of dried product. This energy consisted of machine production
depreciation (80%) and labor (20%). This operation emitted 0.33 kg CO,e per kg of dry product,
which was only from machine manufacturing as it used only solar energy. Drying cost was 1.86 $US
per kg of dry product, consisting of depreciation (43%), labor cost (48%), and bank interest (8%).
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Figure 7. Energy efficiency, GHG emissions, and cost for drying 1 kg (dry product) of oyster mushroom.

Figure 8 shows the sensitivity analysis of net profit and payback period for a drying service
using the SBD for oyster mushroom production. With an annual capacity of 500 kg dry mushroom,
the net profit will reach 468-1468 $US year~! and the investment cost will breakeven at 1.3-4.0 years
corresponding to the selling price of dry mushroom of 10-12 $US kg~! (Figure 8a). On the other hand,
with the assumption of the drying capacity changing from 400 to 600 kg dry mushroom per year as
affected by climatic factors, the net profit would range from 678-t01258 kg year~! (Figure 8b).

¢ Net profit (SUS/year 1600 - -5
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Figure 8. (a) Effects of dry mushroom selling price on the net profit and payback period of a service
using SBD for mushroom drying; (b) effects of drying capacity on the net profit and payback period of
a service using SBD for mushroom drying.

4. Discussion

This research, while focused more on the structure of the dryer and mushroom drying process,
lacked an in-depth assessment on product quality represented by factors such as water activity,
product color quantification, yeast and molds, and other spoilage bacteria. On the other hand,
it created a new solution to improve the inflatable solar dryer. These limitations are recommended
for further research. Furthermore, this study only generated data from an experiment conducted
in the Philippines with the specific atmospheric environment and solar radiation of that locality.
Other environments with more humidity and less radiation could result in higher drying time,
energy requirements, GHG emission, and drying costs due to the increase of labor and reduction of
annual drying capacity.



Energies 2020, 13, 4122 90f12

Cost-benefits are strongly affected by drying capacity, which depends on climate factors, such as
ambient temperature, RH, and solar radiation. Within this research, we conducted two analyses based
on (1) drying capacity resulting from the experiment (Figure 7) and (2) sensitivity analysis for the
change of drying capacity, which causes the changes of depreciation and labor productivity as well as
the annual income (Figure 8b). Nevertheless, additional research on modeling of integrating among
drying process, product quality, and economics should be conducted to comprehensively address
these flaws.

The actual average drying time (excluding night time) for oyster mushroom using this SBD of
8-10 h batch™!, was shorter than sun drying reported in several studies. Rama and John reported that
sun drying for oyster mushroom with the ambient temperature of 21.6-35.7 °C took 12 h batch™! [38].
Maray et al. reviewed that the total drying time (including night time) takes about 3 days [39].
This could be because of the difference in weather, solar radiation, and particularly the improved
drying efficiency generated by the SBD functioning as a combined solar collector and dryer. Drying time
of this SBD technology was similar to that of cabinet solar and mechanical drying, which takes about
7-10 h, as reported in two studies [40,41].

In this research, we analyzed the C and N contents of mushroom while the other important
parameters, such as protein and amino acids, should also be considered when discussing
mushroom quality [39,41]. Nevertheless, these factors are mainly affected by drying temperature
and drying time [40], which are advantageous when using the SBD, compared to sun-drying.
The convection-airflow passing through the solar bubble regulates the drying temperature and avoids
too high of a temperature (e.g., more than 55 °C), which usually happens in sun-drying at noon in the
dry season. Furthermore, the actual drying time of 8-10 h within 1.5 days does not cause mushroom
decay as indicated by the analysis of N content and mushroom color observed before and after drying.

Although energy efficiency, GHG emissions, and cost-benefits were not the major focus of this
research, these parameters would provide useful aspects for further research and investments, such as
the comparative analyses on economic feasibility, energy efficiency, and environmental footprint of
different mushroom processing technologies. The financial analysis for a specific case in the Philippines
resulted in a net profit that was 20% higher than the investment cost per year and the payback period
was 4 years compared to the life span of 5 years of the SBD. However, the net profit can be significantly
increased by increasing the SBD capacity and reducing labor cost. This research, thus, created a
promising technology for farmers and would add a significant value to farmers’ income as well as
diversified nutrient-rich food.

5. Conclusions

The adaptation of SBD and drying performance profile resulting from this research illustrated that
it is a promising technology for mushroom drying at the farm scale. The SBD with a perforated floor
added ensured the quality without any requirement of mixing or turning of the mushroom during
drying. Mushroom MC was reduced from 90% down to 40-60% within 2—4 h, corresponding to the
drying rate at this stage of 10-20% h~!. At the next stage of reducing MC down to 8-10%, the drying
process took about 4-6 h corresponding to the drying rate of 2-10% h™'. The drying process caused a
slight reduction of N contents from 5.1% N (dry matter) down to 4.8% (dry matter). However, the
color of the dried mushrooms still remained white-cream. The drying process required 1.27 kWh (or
4.57 M]), emitted 0.33 kg CO,e, and created an input cost of 1.86 $US per kg of dry product. The SBD
can reach a capacity of 500 kg dry mushroom per year. This for a specific case in the Philippines it
can generate a net profit of 468-1468 $US year~! and the investment will break even at 1.3-4.0 years
corresponding to the selling price of dry mushroom of 10-12 $US kg~!. With the assumption of the
drying capacity changing from 400 to 600 kg dry mushroom per year as affected by climate factors,
the net profit would range from 678 to 1258 kg year™!.
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