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Abstract: Mushroom factory is an emerging production mode that is relied on facility and equipment by creating a suitable, 
steady, and uniform growing environment to accommodate the demand of edible fungus at each stage of growth.  Therefore, 
an optimal range of key environmental factors (temperature, humidity, light, and CO2 concentrations) in mushroom facilities is 
crucial to achieving satisfactory production rates.  This research aimed to provide an overview of recent progress on indoor 
environmental studies of mushroom cultivation facilities from three perspectives, 1) the development of environmental 
monitoring and controlling systems; 2) the application of computer modelling in addressing indoor environmental issues; 3) the 
refinement of mushroom facility design, including structure and ventilation scheme.  With the aid of cutting-edge technologies, 
accomplishments have been made in developing smart farming systems that facilitate real-time recording of environmental 
parameters and automatic regulation of equipment, which helps the establishment of growth models for specific mushroom 
species.  Computational Fluid Dynamics (CFD) modelling has been adopted by researchers to investigate indoor airflow 
patterns and assess the distribution of critical environmental parameters.  Studies have been conducted to modify the design of 
mushroom facilities to improve the performance in structural stability, ventilation efficiency, and internal environmental 
condition.  However, some existing problems still need further investigations, such as the lack of design guidelines, 
energy-saving strategies, and Artificial Intelligent (AI) quality control.  Therefore, this overview was expected to provide 
constructive insights for future studies in addition to references of previous studies. 
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1  Introduction  
Global mushroom production is currently on a shift to a highly 

commercialized farming mode that is usually called “mushroom 
factory”[1].  Similar to a plant factory[2-4], a mushroom factory 
provides desired conditions for edible fungus growing within a 
controlled-environment facility that is regulated and operated by 
sophisticated technologies[5].  Mushroom factory facilitates 
mushroom farming in high efficiency by offering a standardized 
and all-year-round production mode, minimizing the constraints of 
natural climate.  As a representative of modern farming, the 
production rate of a mushroom factory can reach up to 150 kg/m2 
annually, topping all food crops[5].  The total yields of mushroom 
factories in China were 3.28 million t in 2018, yet merely 8.6% of 
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total national mushroom yields.  The percentage was predicted to 
reach 20%-30% by 2030[5]. 

Unlike conventional family mushroom sheds, mushroom 
farming in a controlled environment is a complex biosystem[6,7].  
So far, more studies have been performed focusing on the 
nutritional perspective of mushroom cultivation, investigating 
sustainable substrate materials, novel chemical additives, 
mushroom morphology, life cycle assessment, and so on[8-12]. 
However, few studies have been conducted to address 
environmental issues related to mushroom cultivation.  Critical 
environmental factors, including temperature, humidity, light, and 
gas concentrations (CO2), have significant influences on fungus 
growth and development[6,7,13,14].  Therefore, a rule of thumb in 
modern mushroom farming is to guarantee individual 
environmental factors are maintained optimal at every single stage 
of growth to obtain the best production rate[13-17]. 

Studies on the indoor environment of a mushroom factory can 
be classified into three major categories, 1) the development of 
devices that monitor environmental parameters and process 
environment-controlling; 2) application of computer modelling to 
simulate indoor airflow and analyze the distribution of key 
environmental factors; 3) improvement of facility design, including 
refinement of ventilation features and management of equipment.  
This review aimed to introduce research progress in recent years 
from the three perspectives. In addition to providing references for 
future research, discussions were presented with insights on the 
existing issues. 
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2  Indoor environment supervision and control 

One of the core concepts of modern mushroom farming is to 
maintain a desired and steady cultivation environment.  A number 
of investigations have been performed to develop devices and 
algorithms that capture real-time environmental parameters and 
precisely regulate the ventilation system and the equipment, 
minimizing the unexpected fluctuation of environmental 
parameters. 
2.1  Remote sensing and data transmission 

Monitoring and collecting environmental data allow growers 
and researchers to figure out the optimal range of individual 
environmental factors for a certain species.  Researchers 
developed a wirelessly remote monitoring and data transmission 
system for a king oyster mushroom (Pleurotus eryngii) factory[18,19].  
They combined multi-sensor fusion technology together with 
GPRS (General Packet Radio Service) wireless communication and 
image transmission to capture real-time data of indoor environment 
(temperature, relative humidity, and CO2 concentration).  Chen et 
al.[20] designed a remote monitoring system for the 
community-style growing environment of king oyster mushroom 
by integrating similar technologies to record all environmental 
factors including light intensity.  Later, a study was conducted by 
Zhao and Zhu[21] who designed a single-chip wireless monitoring 
platform to monitor environmental factors simultaneously in eight 
mushroom farms, aiming to construct an accurate remote sensing 
system by eliminating problems of wiring difficulties, high-cost, 
and unstable data transmission. 

Lee et al.[22] documented product quality of bottle-cultivated 
Enokitake (Flammulina velutipes), corresponding to the data of 
environmental parameters (temperature, humidity, and CO2 

concentrations) that were collected by environmental sensors in a 
single cultivation cycle of fruiting (28 d).  Additionally, an 
environmental monitoring system was developed for the cultivation 
room of Hypsizygus marmoreus by Zhang et al.[23].  Real-time 
data of CO2 concentration was monitored along with temperature 
and humidity.  A suggested regulation strategy of the ventilation 
system was proposed based on the experimental data collected.  
All those studies above demonstrated the necessity of collecting 
practical environmental data during mushroom cultivation. 
2.2  Smart control 

Researchers applied modern industrial control systems (ICS) to 
optimize the environment control system in the mushroom factory 
with the aid of automation and computer technologies, as well as 
practical experiences from the greenhouse[15,24-26]. 

Yoon et al.[27] conducted an experiment for consecutive two 
months to find out the reasonable range of each environmental 
factor and the relationship with yields of a king oyster mushroom 
factory.  Another group of Korean researchers[28] developed a 
technology to manage the cultivation environment automatically by 
developing an algorithm based on empirical data.  The same 
methodology was then adopted by Lee et al. to develop an optimal 
growth model designated for the cultivation of bottle-grown oyster 
mushrooms[29,30]. 

Kim et al.[31] conducted a similar investigation on king oyster 
mushrooms to collect practical data of CO2 concentrations, and 
characterized the impact of CO2 on mushroom yields and quality.  
Later, Tian et al.[32,33] developed a CO2 concentration prediction 
model using initial CO2 concentration and the relative growth time 
as the inputs.  The model was built based on priorly recorded 

environmental data using Back Propagation (BP) Neural Network.  
Additionally, a fuzzy controller was proposed based on the model 
to regulate the ventilation system and equipment operation for a 
king oyster mushroom factory[32]. 
2.3  Information and communication technology (ICT) 

With the development of internet-based communication 
technology, such as the Internet of Things (IoT), more emerging 
techniques have been applied in agricultural production[26,34-36].  
Furthermore, IoT is considered as another information and 
industrial wave after the invention of personal computers, the 
Internet, and mobile communication networks[37].  This 
technology allows faster and more stable data transmission at low 
costs without wiring problems[34,37,38]. 

Marzuki and Ying engineered an android device to monitor the 
real-time data of all environmental factors (including light intensity) 
in a mushroom farm using an IoT interface called “ThingSpeak”[39].  
This control system included three different modes with specific 
sets of optimal conditions, according to the stage of mushroom 
growing.  Similarly, an IoT-based monitoring and control system 
was developed for Shiitake cultivation by a group of Malaysian 
researchers[40], they integrated wireless sensor network (WSN) and 
mobile computing technology to improve production efficiency of 
local mushroom farms (Figure 1).  With the control system, the 
Shiitake yield was increased by 192.6% compared to the 
conventional cultivation mode[38]. 

 
Note: T is the temperature; H is the Humidity; CO2 is the Carbon Dioxide; GA 
represents the growth area; IA represents the incubation area.  

Figure 1  Schematic structure of the environmental monitor and 
control system of a mushroom factory using IoT[38] 

 

The work mentioned above was summarized in Table 1.  
Accomplishments have been made by employing cutting-edge 
technologies to optimize environment monitoring and environment 
control system.  The advancing technologies of remote sensors 
and wireless data transmission have enabled the evolution of 
environment monitoring and control devices/systems.  Real-time 
data of environmental parameters of temperature, humidity, and 
CO2 concentration are commonly monitored and captured.  While 
light intensity has been included with the aid of sensors recently.  
For specific species, some studies made tremendous contributions 
to the development of the empirical growth model.  Furthermore, 
it is foreseen those emerging techniques, such as Artificial 
Intelligence (AI), big data analysis, and computer vision[41-43], will 
be applied to the area of environmental control in mushroom 
factories in the near future. 
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Table 1  Overview of studies on environmental monitoring and controlling 

Species Reference Environmental parameters of interest Deliverable 

[18,21] Temperature, humidity, CO2 concentration, light intensity Environmental data remote monitoring and environment control device

[19] Temperature, humidity, CO2 concentration Environmental data remote monitoring and environment control device

[20] Temperature, humidity, CO2 concentration Environmental data remote monitoring and storage device 

[25] Humidity Humidity control algorithm 

[27] Temperature, humidity, CO2 concentration, light intensity Documentation of reasonable range of environmental factors 

[31] Temperature, humidity, CO2 concentration Growth model development and documentation of optimal 
environmental factors 

Pleurotus eryngii 

[32,33] CO2 concentration CO2 concentration prediction model 
[28] Temperature, humidity, CO2 concentration Automatic environment control algorithm 

Pleurotus ostreatus 
[29,30] Temperature, humidity, CO2 concentration, light intensity Growth model development and documentation of optimal 

environmental factors 

Flammulina velutipes [22] Temperature, humidity, CO2 concentration Growth model development and documentation of optimal 
environmental factors 

Hypsizygus 
marmoreus [23] Temperature, humidity, CO2 concentration Environmental data remote monitoring and documentation of 

ventilation strategy 

Lentinula edodes [38,40] Temperature, humidity, CO2 concentration Environmental data remote monitoring and environment control 

[24] Temperature, humidity, CO2 concentration, light intensity Environmental data remote monitoring and environment control 
Unspecified 

[39] Temperature, humidity, CO2 concentration, light intensity Environment control system based on online platform 
 

3  Computer simulation of indoor airflow 
Airflow in controlled-environment facilities plays a crucial role, 

because all the environmental factors, except for light, are 
transmitted through the air.  Thereby, the uniformity of indoor 
conditions is highly dependent on internal air circulation.  
However, airflow is invisible and difficult to track with 
experimental approaches.  Thus, mathematical modelling 
methodology is usually employed to address airflow related problems.  

Computational Fluid Dynamics (CFD) is a sophisticated 
computer modelling technique widely used in engineering 
field[44-46].  The physical model of CFD is based on two governing 
equations, Navier-Stokes Equations and Bernoulli’s Principle[44].  
The turbulence model usually plays a critical role in the simulation 
process, describing the flow behavior upon actual scenario[47–51].  
Numerical solutions of physical parameters of interest are solved 
via the methodology of Finite Element Analysis (FEA)[44,52]. 
3.1  Uniformity of indoor environment 

CFD models are commonly employed to simulate indoor 
airflow to examine the distribution of environmental parameters 
qualitatively and quantitatively, which facilitates agricultural 
researchers to evaluate the performance of the indoor environment 
cost-effectively[2,53-57]. 

Han et al.[58] from South Korea used CFD model to analyze the 
indoor temperature distribution in an oyster mushroom factory.  
The study summarized equations of calculating optimal ventilation 
rate corresponding to outdoor weather conditions.  The simulation 
results suggested changing the direction of incoming airflow and/or 
installing small fans onto inlets enhance cooling efficacy in 
summer with a more uniform temperature distribution. 

Jeong et al.[59] conducted a CFD analysis of an oyster 
mushroom farm to assess indoor air circulation performance in cold 
weather.  According to the simulation results, installing 
circulation fans enhanced indoor air movement and air circulation, 
which substantially improved the uniformity of indoor temperature 
distribution.  Additionally, the heating efficacy of heaters was 
improved by eliminating over-heated areas with the addition of 
circulation fans. 
3.2  Equipment and energy use 

Research has been conducted to find out the best operation  

manner of equipment in mushroom factory to obtain uniform grow 
environment using CFD models[54,60-63].  Due to the high accuracy 
of CFD models, the simulation results are reliable to predict actual 
airflow and environmental conditions [3,64-67].  

Jing and Shen[68] employed a CFD model to simulate airflow 
and temperature distribution in a king oyster mushroom farm.  
Their validation results revealed a good agreement between the 
predicted temperature data and experimental measurement with an 
approximation error below 7.8%.  The investigation carried out by 
Grant examined airflow in growing tunnels of commercial 
mushroom production in Ireland[69].  The researcher modeled an 
air duct system to properly deliver conditioned air to the cropping 
surface at suitable speeds and as uniformly as possible.  By 
simulating airflow in the growing tunnel, various flow 
configurations of air delivery configuration were tested for both 
single layer and multi-layered growing tunnel.  The CFD 
simulation result suggested reducing the spacing of duct apertures 
from 0.8 m to 0.5 m resulted in an increased air speed at the tunnel 
floor. 

Lee et al.[70] employed CFD model to simulate the indoor 
climate of an oyster mushroom cultivation house.  The study 
revealed large variations in the distribution of air velocity, 
temperature, and humidity when all the environmental control 
equipment were operated simultaneously.  Researchers 
investigated three scenarios of equipment operation and the 
corresponding indoor airflow patterns (Figure 2).  The uniformity 
of indoor environment was improved when only a cooler and an air 
circulation fan operating, which indicated reducing the overall 
operating time of all the equipment benefited the uniformity of 
indoor environment. 

To ensure a uniform temperature distribution in mushroom 
factory, Ryu et al.[71] developed four CFD models to figure out the 
optimal locations of the fan coil unit and exhaust fan in a 
commercial mushroom greenhouse.  By comparing CFD 
simulation output, a relatively uniform temperature distribution was 
obtained when the circulation path of indoor air became longer, 
indicating a greater distance between the fan coil unit (as the inlet) 
and the exhaust fan (as the outlet) could improve air circulation and 
environment uniformity in this case. 
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Figure 2  Simulated indoor air streamlines of an oyster mushroom 

factory at three different scenarios of equipment operation[70] 

3.3  Prediction of simulation 
Furthermore, the method of CFD modelling is evolving by 

integrating data science and information technology.  In the era of 
big data, a few emerging technologies have been integrated into 
CFD modelling, which aims to make CFD modelling more 
user-friendly, especially for non-professionals. 

Jing and Fang[72] developed an algorithm to predict CFD 
simulation output by training the Group Method of Data Handling 
(GMDH) type neural network with previous CFD simulation data.  
With this method, the running time of CFD simulations was 
reduced significantly, saving considerable computational resources.  
The approximation error between the prediction model and the 
actual CFD simulation result was 4.9% on average, indicating an 
excellent accuracy.  This study may bring in some inspirations to 
future studies in the application of machine learning[42,43]. 

CFD modelling is a powerful tool to address agricultural 
environmental issues.  Unlike the application in other agricultural 
facilities, so far very few investigations have been performed to 
evaluate the indoor environment in mushroom facilities (Table 2).  
However, CFD modelling should be a primary approach to address 
microclimate issues in modern mushroom facilities as the 
successful application in other fields of agricultural production. 

 

Table 2  Overview of studies on indoor environment of mushroom facility using CFD modelling 

Species Reference Methods Objectives Performance metrics 

[72] CFD simulation neural network Prediction model of temperature uniformity index. Temperature uniformity Pleurotus 
eryngii [68] CFD simulation experiment Documentation of indoor air conditions. Temperature distribution 

[58] CFD simulation experiment Improvement of temperature uniformity. Temperature uniformity; heating efficiency
[59] CFD simulation experiment Effect of air circulation on temperature distribution. Temperature distribution Pleurotus 

ostreatus 
[70] CFD simulation experiment Improvement of grow environmental uniformity. Temperature uniformity; air speed 

uniformity; humidity uniformity 
[69] CFD simulation experiment Alternative design of growing tunnels with air ducts. Air speed; airflow pattern 

Unspecified 
[71] CFD simulation Effect of locations of equipment on temperature uniformity. Temperature uniformity 

 

4  Refinement of cultivation facility 

The current design of mushroom factory was significantly 
influenced by the design of greenhouse ventilation 
systems[13,15,73,74], despite some specific criteria between them.  
First, a well-designed mushroom factory should maintain an 
optimal indoor environment at various grow phases and 
accommodate dynamic outdoor conditions by adjusting ventilation 
rate and/or operating pertinent equipment.  The structure of the 
building should be stable and supportive, particularly satisfying the 
wind load and snow load.  The cultivation room should be 
provided with sufficient fresh air and internal air circulation to 
minimize dead zone formation and temperature 
stratification[4,13,47,75,76].  Sometimes, humidification is needed to 
maintain high relative humidity.  In addition, mushrooms are 
extremely sensitive to CO2 concentration, thus inappropriate indoor 
gas profile will undermine mushroom quality and profit[77-80]. 
4.1  Structure 

Yoon et al.[81] conducted a study comparing two frame types of 
a king oyster mushroom factory by evaluating the range of 
individual environmental factors and the relationship associated 
with yield performance versus energy consumption.  The study 
revealed that for both facilities, the average temperature is lower 
than set point and the maximum air temperature gap between the 
upper and lower cultivation locations was about 5°C, due to a lack 
of evenly heating and insufficient air circulation.  To solve this 
problem, the researchers upgraded the capacity of the heater and 
improved internal air circulation.  

Similar research was conducted by Suh and Yoon who 
analyzed the facility structure of a king oyster mushroom factory in 
South Korea[82], by comparing the arch-roofed type with the 
sandwich panel type of cultivation facility.  Based on the analysis, 
both types had advantages and disadvantages, while the sandwich 
panel presented a better performance in structural stability.  In 
addition, Yum et al.[83] employed engineering software to examine 
the structural stability according to the Allowable Stress Design 
(ASD) to find out the optimal type of bed column of growing 
oyster mushrooms. 
4.2  Ventilation 

An investigation on ventilation refinement with regard to a 
king oyster mushroom factory was carried out by Ahn et al [84].  
The study evaluated four types of ventilation schemes: 
parallel-pressure, positive-pressure, negative-pressure, and 
positive- plus negative-pressure, based on the performance in 
indoor air circulation, growth rate, as well as the appearance of 
physiologically abnormal phenotypes.  According to their findings, 
the positive- plus negative-pressure type ventilation scheme 
presented the highest efficiency of air circulation as the average 
CO2 concentration was relatively low compared to the other three 
types.  Moreover, mushrooms that grew within this ventilation 
scheme showed better morphological traits and fewer physiological 
abnormities, yet with a longer period for harvesting[84]. 

Another study was conducted to resolve the problem of 
unevenly distributed temperature and humidity in a multi-layer 
oyster mushroom cultivation house[85].  By installing air 
circulation fans, the indoor temperature range between different 
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locations was 0.2°C-1.3°C, despite a wide change of outdoor 
temperature ranging from 13.3°C to 18.4°C.  Similarly, though 
the outdoor humidity changed from 40% to 100%, the largest 
spatial difference of indoor relative humidity ranged between 2% 
to 7%. 

Jeong et al.[86] designed an air circulator to enhance indoor air 
circulation in an oyster mushroom farm.  They constructed a 
prototype air circulator and measured indoor temperature with three 
different installation heights of the air circulator.  The use of an 
air circulator was demonstrated to improve the uniformity of 
temperature distribution. 
4.3  Humidification 

Most edible fungus prefers high humidity at the stage of 
fruiting body growth[6,22,27,29,31].  During some extreme weather, 
continuous ventilation is needed to cool down the cultivation room 
by introducing fresh air and/or evaporative cooling[87].  However, 
frequent ventilation usually decreases the indoor humidity due to 
introducing dry outside air[13].  Therefore, humidification is 
demanded to supply extra moisture to the indoor environment to 
maintain high humidity. 

Kim et al.[88] developed a ventilation model to predict pertinent 
ventilation rate according to outdoor conditions.  Simulation of 
indoor environment was achieved by using calculated ventilation 
rate to evaluate the performance of existing ventilation system.  

Additionally, humidification was found necessary to maintain the 
optimal indoor environment for the study mushroom factory. 

Islam et al. investigated the effects of different environmental 
conditions on mushroom morphology, moisture contents of fruiting 
body, and yields to figure out the most efficient way for indoor 
cultivation of Pleurotus pulmonarius[89].  In this study, mushroom 
quality was compared within three types of ventilation schemes.  
The result suggested mushrooms cultivated with both 
humidification and ventilation had the highest individual weight 
with outstanding morphological quality, compared to mushrooms 
that grew under the other two ventilation schemes. 

Research on the refinement of mushroom facility design was 
summarized with a variety of emphases (Table 3).  Some studies 
investigated the structural analysis, focusing on the stability and the 
spatial utilization rate.  Other investigations were conducted to 
evaluate the performance of ventilation schemes, and the 
correlation to yields and mushroom quality.  In addition, 
researchers addressed specific indoor environment problems, such 
as the moisture loss of mushrooms, the need for humidification, 
and proposed solutions of equipment addition or modifying the 
ventilation rate.  Note, the use of computer modelling will be a 
significant help to the investigations on facility design.  In general, 
studies in this category are usually practically oriented to resolve 
specific issues. 

 

Table 3  Overview of studies on mushroom facility refinement 

Species Reference Objectives Performance metrics 

[81] Impact of structure on internal environment and yield. Temperature distribution; humidity; CO2 concentration; illuminance; 
product grade 

[82] Structural analysis of tentative facility design. Snow load; wind load; special characteristics Pleurotus eryngii 

[84] Impact of ventilation on CO
2
 concentration. Air speed; CO2 concentration; mushroom morphology 

[83] Structural analysis of facility design. Snow load; wind load; allowable stress 

[85] Improvement of environment uniformity. Temperature; relative humidity; CO2 concentration Pleurotus ostreatus 

[86] Effect of air circulators on environment uniformity. Temperature 

Pleurotus pulmonarius [89] Effects of humidification and ventilation on yield. Temperature; humidity; product quality and morphology 

[88] Development of ventilation rate model. Ventilation rate; temperature; relative humidity; CO2 concentration; air speed
Unspecified 

[87] Effects of evaporative cooling and continuous ventilation. Temperature; relative humidity; air change rate 
 

5  Conclusions 
This overview summarized current research progress in three 

categories with regards to the indoor environment of mushroom 
facilities.  Those studies provided valuable evidence in propelling 
the evolution of modern mushroom farming.  Compared to other 
types of agricultural production facilities, the increment of the 
number of mushroom factories is phenomenal, particularly in 
China.  However, more investigations are in great demand to 
address issues encountered during the transition to modern 
mushroom farming.  Here are some representative problems that 
need to be addressed:  

1) There is a lack of guidelines in the design of mushroom 
factories, in terms of pertinent ventilation schemes and structural 
configurations, which left growers in a grey area that totally 
depends on their practical experiences.  Hence, more thorough 
investigations are needed in facility design combining computer 
modelling and experimental measurement to establish standardized 
design criteria that can be documented for certain species 
cultivation.  

2) Practical application of big data analysis and computer 
vision technologies in mushroom farming management.  Current 
monitor and control algorithms merely integrated acquisition, data 

transmission, and processing of real-time environmental parameters.  
However, the resulting massive database hasn’t been fully utilized 
and can be trained to create more precise growth models and 
environment control strategies via methods such as data mining and 
deep learning.  In addition to capturing environmental parameters, 
cutting-edge computer vision techniques can be employed to detect 
morphological abnormity and implement grow condition checking 
via phenotyping.  These applications have already been found in 
other agricultural production, thus should be considered in the 
scope of next level “Smart Mushroom Farming”. 

3) Improving the energy-use efficiency of mushroom facilities.  
A more sustainable energy plan should be brought out for future 
mushroom factories.  Due to the continuous production mode, the 
energy consumed by mushroom factories is huge.  Thereby, 
optimization of facility design, for instance, using economizer 
based on local climatic features to reduce the operation of air 
conditioning equipment might be a potential solution.  Besides, a 
more accurate mushroom growth model would help the calculation 
of heating and cooling load to select appropriate equipment without 
oversizing.  Additionally, the use of clean energy such as solar 
and biofuel may also be worth investigating.  

As a summary, previous studies on the indoor environment of 
modern mushroom farming were overviewed with some insights 
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with regards to existing issues.  This article is expected to provide 
references for modern mushroom farming in 
controlled-environment facilities and inspiration for future studies. 
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