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Abstract  27 

As a controllable environment, greenhouse has less resource consumption and 28 

emission than field crop production and reduced greenhouse gas emissions from 29 

agricultural production. Besides, the greenhouse with an intelligent monitoring system 30 

has better energy-saving and emission reduction effects. Simultaneously, the intelligent 31 

monitoring system can predict the extreme greenhouse environment in advance, reduce 32 

diseases and insect pests, reduce the use of pesticides and fertilizers, and provide high-33 

quality food. Researchers are becoming more and more interested in greenhouse 34 

monitoring systems, and how to put them into production correctly and effectively is a 35 

major challenge. This paper aims to review the intelligent greenhouse monitoring 36 

system systematically, serve the data transmission and server processing subsystems by 37 

identifying, listing and further explaining the greenhouse environmental parameters and 38 

studying the overall design of the greenhouse monitoring system. According to the 39 

characteristics of each component of the system, the paper makes a comparative study 40 

and obtains its development trend, summarizes the current popular technology and the 41 

future development trend of the intelligent monitoring system, and provides support for 42 

the research of greenhouse monitoring system. It was found that multi-parameter 43 

monitoring is beneficial to achieve effective greenhouse control, and wireless 44 

technology has gradually replaced wired mode for data transmission in the environment 45 

both inside and outside the greenhouse. Notably, deep learning, big data, and other 46 

advanced technologies used in greenhouse monitoring are considered valuable 47 

developments, further refine unmanned greenhouse management, and further improve 48 

greenhouse construction's energy utilization. 49 

Keywords: Agriculture greenhouse building; Environment; Energy saving; Internet of 50 

Things (IoT); Monitoring system  51 
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1. Introduction 83 

Greenhouse gas emissions from agricultural production account for 30% of 84 

greenhouse gas emissions from human activities[1]. Therefore, it is crucial and urgent 85 

to improve agricultural resource consumption and resource recycling and reduce 86 

emissions[2]. The greenhouse has become an essential building in agricultural 87 

production. As a controllable environmental agricultural facility, the greenhouse can 88 

effectively promote crop metabolism, control diseases and pests[3], improve resource 89 

utilization, and reduce environmental pollution and carbon emissions[4].  90 



Greenhouse construction management is a multi-factor optimization problem that 91 

affects crop yield and resource utilization efficiency of land, water, and energy. Efficient 92 

greenhouse systems play a crucial role in sustainable production. To solve this problem, 93 

Liu et al. proposed to use monitoring system to monitor the greenhouse environment in 94 

greenhouses[5]. The monitoring system includes sensor monitoring network for 95 

environment data acquisition, a special sink node to gather data and send back to the 96 

remote management center based on communication network. 97 

A greenhouse monitoring system can control and maintain the greenhouse 98 

environment, such as increasing light, improving plants' photosynthesis, and improving 99 

plants' growth rate. The systems can continuously obtain real-time data, reduce the use 100 

of pesticides, reduce human input, and reduce energy and resource consumption in 101 

greenhouses, thereby maximizing production yield and quality[6–9], and preventing 102 

damage to crops by extreme environments. 103 

Studies have shown that compared with average growth, tomatoes' growth rate in 104 

the automated greenhouse based on the Internet of Things (IoT) monitoring system is 105 

twice as fast[10,11]. Keeping environmental factors such as temperature and humidity 106 

at a certain level can improve the quality and yield of plants and save resources. Azaza 107 

et al. prove that using the greenhouse IoT monitoring and control system to control 108 

temperature and humidity at specified levels can reduce energy consumption by about 109 

25% and water consumption by 33%[12]. Also, the monitoring system with an 110 

intelligent decision module can effectively improve the decision-making ability and 111 

reduce the loss caused by misjudgment[13]. 112 

In the past 20 years, scientists worldwide have researched the greenhouse 113 

monitoring system, formed many beneficial achievements, carried out practice in 114 

agricultural production, and brought progress [9-12, 14-16]. Reyes et al. focuses on the 115 

study of environmental factors and found that environmental factors are critical to 116 

greenhouse monitoring systems[14]. However, few scientists have reviewed the overall 117 

design of the greenhouse monitoring system including greenhouse environment 118 



awareness, data communication and server information processing subsystems. 119 

Aasthi et al. discussed the basic communication principle of data transmission and 120 

the topology diagram of sensor nodes in the greenhouse monitoring system based on 121 

ZigBee and GSM to realize the ad-hoc network of dynamic clustering among nodes[15]. 122 

Tzounis et al. focused on studying the future and research trend of the current 123 

greenhouse monitoring system and found that the convenience of greenhouse 124 

management brought by the greenhouse monitoring system was the biggest advantage 125 

in the future, while the security should be considered in the future[16]. 126 

As mentioned above, it is understandable that the review paper on greenhouse 127 

monitoring system has explored the application, importance, environmental factors, 128 

sensor node topology, research trends, and other elements of greenhouse monitoring 129 

system as the cornerstone of the study of greenhouse monitoring system. However, 130 

which parameters need to be monitored? What is the overall structure of the system? 131 

What technologies should be used for each part of the system? What are the advantages 132 

and disadvantages of different technologies? These problems have not been thoroughly 133 

investigated, which makes most of the practice of greenhouse monitoring system stay 134 

in the laboratory rather than put into production. Therefore, writing this review, we hope 135 

to introduce the development trend of greenhouse monitoring technology, define the 136 

greenhouse monitoring system's evaluation criteria, and make guidelines for designing 137 

the greenhouse monitoring system. Simultaneously, based on the challenges and 138 

problems proposed by Tzounis et al. [16], this paper gives some solutions. In Section 2 139 

of this paper, the methods are introduced firstly, including the literature retrieval and a 140 

brief description of the greenhouse monitoring system. Section 3 presents the research 141 

results, including the significance of greenhouse monitoring, environmental awareness 142 

subsystem, data communication subsystem, and server information processing 143 

subsystem. Section 4 is the discussion of existing greenhouse monitoring system 144 

limitations, challenges and research gaps. Finally, Section 5 summarizes and prospects 145 

the whole paper. 146 



2. Method 147 

2.1. Literature Retrieval 148 

The literature selected in this study is mainly from the following databases: Web of 149 

Science, Science Direct, IEEE, and Google Scholar. Select the keywords for evaluation 150 

and determine the relevant scientific papers, including three categories: "greenhouse -151 

", "monitoring", and "environmental efficiency". 152 

The publication date of the selected literature in this work is limited to the last 25 153 

years, from 1996 to 2020. These studies focus on the use of intelligent monitoring 154 

systems in agricultural greenhouse production. According to the above keyword criteria 155 

and publication time, correlation analysis, and screening, and up to 107 articles (main 156 

findings as demonstrated in Tables A.1, B.1 and C.1) were screened out and further 157 

reviewed. 158 

Fig.1 (a) and (b) show the year statistics and distribution of the selected papers' 159 

main index journals. It can be seen from Fig.1 (a) that in the past five years, more and 160 

more attention has been paid to the research of intelligent greenhouse monitoring 161 

system. According to Fig. 1 (b), journal article accounts for the largest proportion of 162 

articles related to the above research, accounting for 69.17%. 163 



 164 

(a) 165 

 166 

(b) 167 



Fig. 1. Publishing year statistics (a) and distribution of main index type (b) for those 168 

selected articles in this work. 169 

 170 

2.2. Overview of The Greenhouse Monitoring System 171 

According to the literature review [108-111], the greenhouse monitoring system 172 

structure (see Fig. 2) includes three subsystems: (1) monitoring subsystem in the 173 

greenhouse for environmental perception, i.e, environmental awareness subsystem, 174 

which can monitor the greenhouse environment and crop parameters and acquire those 175 

monitoring data, (2) information processing subsystem for a server to calculate 176 

perceived information, i.e., server information processing subsystem, which can store, 177 

analyze and visualize monitoring data and then make a decision and (3) communication 178 

subsystem for data exchange between the two subsystems mentioned above, i.e., data 179 

communication subsystem, which can communicate the data, process the signal and 180 

control the actuator. 181 

As illustrated in Fig. 2, it clearly indicates greenhouse IoT subsystem function and 182 

correlation. There are three subsystems including environmental awareness subsystem, 183 

data communication subsystem and server information processing subsystem. The 184 

environmental awareness subsystem includes environment, crops and soil sensors, 185 

which can acquire monitoring data. The functions of data communication subsystem 186 

cover signal processing, control actuator, node network and data communication. 187 

Server information processing subsystem can deal with data storage, query and 188 

visualization; make the intelligent decision and control; proceed the intelligent early-189 

warning, equipment and authority management. 190 



 191 

Fig 2. Subsystem functions and correlation diagrams 192 

 193 

3. Results 194 

This section will systematically review greenhouse monitoring methods and 195 

technologies based on internet of things considering monitoring system structure, i.e., 196 

environmental awareness subsystem, data communication subsystem and server 197 

information processing subsystem. The detailed contents are demonstrated in Table 1. 198 

Table 1 Greenhouse monitoring system structure and review contents 199 

Subsystem Review contents 

Environmental awareness  Monitoring Parameter: Air temperature 

& relative humidity, CO2%, light, soil 



temperature & humidity, leaf temperature 

and humidity 

Data communication Slave computer: microcomputer, 

Arduino, TelosB Platform, Raspberry Pi; 

IoT communication protocol: wired 

mode, wireless mode: Zigbee, LoRa, 

NB-IoT, Wi-Fi, Bluetooth, Private 

protocols  

Communication protocal between 

greenhouse and server 

Server information processing  

 200 

3.1. Environmental Awareness Subsystem 201 

The production system is continuously monitored and precisely controlled. In these 202 

highly computerized and automated systems, the quality of the information provided 203 

by sensors and decisions transmitted to actuators is essential. High-quality and effective 204 

data reduces errors during data transmission and improves the visualization and 205 

decision-making quality of information processing on the server. 206 

Plant growth quality and yield are affected by various environmental factors. 207 

Continuous monitoring of these environmental parameters provides valuable 208 

information for growers to better understand how each factor affects plant quality and 209 

growth rate as well as maximizes crop yield. The sensing subsystem in the greenhouse 210 

includes sensors for environmental monitoring. 211 

Greenhouse crop is greatly affected by the surrounding environment. The traditional 212 

greenhouse monitoring system mainly monitors the greenhouse environmental data, 213 

such as environmental temperature and relative humidity. Using the monitoring 214 

system's greenhouse environmental data can control the indoor environment more 215 

effectively and reveal various related crop yield factors. 216 



The main factors affecting plant growth are environmental temperature, 217 

environment relative humidity, light, soil moisture, and carbon dioxide (CO2) 218 

content[17]. In addition, the above five parameters are interdependent[20,21]. The 219 

greenhouse's internal environment is relatively closed, but the internal environmental 220 

parameters are coupled[20]. Thus, the greenhouse is a complex, nonlinear, and strong 221 

coupling system[21]. In the past 20 years, the monitoring of crop physiological status 222 

has also been included in the greenhouse environmental monitoring, so it is necessary 223 

to monitor the crop status. 224 

So far, there is no accurate physical model to determine the law between the 225 

parameters, and the mechanism model can not be used to transform and calculate the 226 

parameters. Therefore, it is necessary to analyze different greenhouse types and crop 227 

types to determine the required parameters and sensor types for monitoring. For the 228 

required parameters, the corresponding sensors must be used to monitor atomically. The 229 

relationship between them should be analyzed in various ways to establish the 230 

greenhouse environment model and find out the straightforward and formulaic 231 

relationship between the parameters. 232 

3.1.1. Environmental Monitoring Parameters 233 

    The following section will focus on the significant greenhouse environmental 234 

parameters, which can obviously impact the crop growth and development as well as 235 

productivity, including environment temperature, relative humidity, CO2%, light, soil 236 

temperature & humidity.  237 

3.1.1.1. Environment Temperature 238 

Environmental temperature is one of the most critical parameters that directly affect 239 

the growth of crops, and it has a significant impact on crop yield[22]. The unsuitable 240 

environmental temperature will affect the planting period of crops. If the ambient 241 

temperature is too high, the planting period of crops will shorten, which reduce the yield 242 

of crops[23–25], and accurate temperature control will significantly increase the yield. 243 

Simultaneously, the growth habit of crops also depends on the appropriate 244 



environmental temperature[24,26]. The environmental temperature has an impact not 245 

only on the yield but also on the quality of crops. At the same time, the temperature 246 

inside the greenhouse is also changeable[27]. The temperature inside the greenhouse 247 

will change with the change of time or season, and these changes will hinder the growth 248 

of crops[28]. 249 

The results show that the most significant impact on crop growth and metabolism 250 

is maintaining a constant temperature or maintaining the optimal temperature change 251 

range in the greenhouse. Through accurate monitoring and appropriate control, 252 

intelligent management of the greenhouse can be achieved[29]. 253 

3.1.1.2. Environment Relative Humidity 254 

As high humidity rarely directly impacts plant growth, this climate parameter is 255 

often ignored as long as there is no disease. Nevertheless, in fact, environmental 256 

humidity is closely related to crop growth, volume, diseases, and insect pests. 257 

The change in environmental humidity will lead to the change of crop biomass. 258 

Increasing the humidity may increase the leaf area and dry weight of agricultural 259 

plants[30–32]. Unsuitable environmental humidity will bring diseases to crops[33]. If 260 

the humidity is lower than a specific range, it will lead to plant water stress (PWS), 261 

which will reduce growth. High humidity can cause disease, which may lead to growth 262 

and development disorders. At some crop growth stages, it is necessary to increase the 263 

environmental humidity to prevent insect pests. In the experiment, when the air 264 

humidity is lower than the appropriate value, the mycelium will dry and wither; when 265 

the air humidity is higher than the appropriate value, the mycelium grows rapidly, but 266 

it is difficult to breathe[34]. At the same time, environmental humidity can also affect 267 

the physiological process of crops. The water consumption of plants growing under 268 

high humidity conditions is much higher than that of plants growing under low humidity 269 

conditions[31]. Besides, under high humidity conditions, the photosynthetic rate of 270 

plants decreased, and transpiration changed[35]. When the environmental humidity is 271 

too high, it will lead to gray mold and cause leaf wilting[31]. The microelements needed 272 



by crops are also closely related to environmental humidity. When plants grow at 273 

different air humidity levels, soil salinity in flowerpots is easy to change[26,32]. When 274 

vapour pressure deficits (VPD) decreased, the tomato leaf area decreased significantly, 275 

due to calcium deficiency[36]. The difference in the flowering period of plants is 276 

closely related to the humidity of the environment. High humidity may delay or advance 277 

the flowering period[37]. 278 

To achieve these goals: (1) better control the trace elements required by crops (2) 279 

reduce the probability of diseases of crops (3) achieve the control of physiological 280 

processes such as respiration and photosynthesis. It is indispensable to grasp and control 281 

the environmental humidity of crop growth. Studies have shown that strict control of 282 

environmental humidity has obvious effects on flowering phase adjustment in 283 

horticulture research, but it is not easy to control environmental humidity[38]. Besides, 284 

to decrease energy consumption and control CO2 concentration, ventilation should be 285 

avoided to reduce humidity, so environmental humidity is essential and complex. The 286 

installation of environmental humidity sensor can immediately grasp the humidity 287 

situation in the greenhouse and achieve better control. 288 

 289 

3.1.1.3. Carbon Dioxide Concentration 290 

Carbon Dioxide/CO2 is one of the essential raw materials for plant growth. If the 291 

concentration of CO2 is appropriately increased, the rate of photosynthesis and the yield 292 

of crops will be increased[24,39–41]. Even a small amount of CO2 can significantly 293 

increase crop yield[42]. As mentioned earlier, the increase in temperature will reduce 294 

crop yield, and higher CO2 content can offset[23,24]. 295 

Increasing CO2 concentration is an effective method to increase crop yield, but this 296 

method is expensive, and high CO2 concentration may bring danger to farmers in the 297 

greenhouse. Therefore, we must master the greenhouse CO2 concentration to keep it in 298 

a more appropriate range and balance cost, production, and safety.  299 



3.1.1.4. Light 300 

Light is an essential factor for the photosynthesis of crops. Marcelis et al. shown 301 

that an average 1% light gain can increase production by 0.5-1% for most crops[43], 302 

indicating that light positively impacts quality. 303 

Light and other growth factors often affect the growth of crops. For different light 304 

intensities, there is a matching optimal air temperature to maximize the effect of 305 

photosynthesis. However, the optimal values of different plants are different[43,44]. 306 

Studies have shown that appropriate greenhouse temperature and light intensity can 307 

improve strawberries' yield and quality[45]. Some studies have also proved that the 308 

fruit production of yield and quality per plant of shaded strawberry is better than that 309 

of non-shading strawberry under the combined regulation of night heating and daytime 310 

shading[46]. Besides, the light duration is also an essential factor. Some studies have 311 

shown that the stem/root ratio increases with the increase of temperature and 312 

photoperiod[47]. For gardeners, plant morphology is essential. Studies have shown that 313 

light quality significantly affects the morphological changes of chrysanthemum, tomato, 314 

and lettuce[48]. 315 

Therefore, it is necessary to monitor the light intensity in the greenhouse to keep 316 

the light intensity at a certain level. When the weather is terrible and the light intensity 317 

is too low, it will send out a prompt message and turn on the fill light to supplement the 318 

lighting. In the cultivation of particular plants, appropriate shading treatment can be 319 

adopted. 320 

3.1.1.5. Soil Temperature  321 

The soil temperature is related to the greenhouse environment temperature but not 322 

wholly consistent. Moreover, the effect of soil temperature on crops is significant. Soil 323 

temperature will seriously affect the enzyme, trace elements, and growth of crops[49]. 324 

Xu et al. proved that the growth of cool-season grasses would be limited if the soil 325 

temperature is too high[50]. The appropriate temperature will improve the 326 

physiological function and yield of crops. 327 



Licht et al. proved that increasing soil temperature promoted the increase of plant 328 

emergence rate index (ERI) under strip tillage[51]. Stone et al. proved that biomass and 329 

yield in the warmest soil temperature increased by 21% compared to maize grown in 330 

the coldest soil temperature[52]. However, if the temperature exceeds the experimental 331 

range, it often brings disease. With the increase in soil temperature, the disease chance 332 

increases obviously[53]. The resistance of tomato to Fusarium Wilt decreased 333 

significantly with the increase in soil temperature[54]. 334 

Water bath pipe is widely used in greenhouse to control soil temperature. The cost 335 

is high. Therefore, it is necessary to monitor the soil temperature, send out information 336 

at extreme temperatures, and start a water bath to control temperature and reduce cost 337 

accurately. Karim et al. developed a plant water stress warning system based on IoT, 338 

which can warn when soil water is insufficient[55]. 339 

3.1.1.6. Soil Humidity 340 

Water diversion is the basis of biophysical processes to maintain ecosystem 341 

functions[56]. Hornick et al. proved the effect of soil humidity on crop quality[57]. At 342 

the same time, soil humidity controls canopy coverage, leaf area, transpiration, and 343 

community composition[58]. Besides, an ecosystem's biodiversity is significant for 344 

crop growth, and soil humidity content may affect species richness and distribution[59]. 345 

The higher the soil humidity content and atmospheric humidity are, the stronger the 346 

plant diversity will be [62]. 347 

Soil humidity, air temperature, and plant growth rate factors are different at different 348 

times of the year. In the greenhouse, it is not in contact with rainfall, and the way of 349 

manual drip irrigation is often adopted according to experience. As a result, plants can 350 

not get enough water at an appropriate time, leading to water shortage or even death of 351 

crops. Obtaining too much water will waste water resources, increase costs, and lead to 352 

plant root rot[60].  353 

By monitoring soil humidity, we can provide corresponding information for 354 

greenhouse irrigation management[61]. When reaching the threshold value of soil 355 



humidity, the water supply will be provided accordingly. The user can track his crops 356 

from any remote location. Although users' not at the side, it still ensures plants' healthy 357 

growth and crop yield and quality[60]. 358 

As demonstrated in Table B.1, the previous studies indicate the most frequent 359 

monitoring greenhouse environment parameters investigated are temperature, relative 360 

humidity, light and CO2 concentration.  361 

3.1.2. Monitoring Crop Parameters 362 

    This section will concentrate on crop parameters monitored in the greenhouse, 363 

which includes two important factors leaf temperature and humidity. Both parameters 364 

can significantly influence greenhouse crop growth, development and metabolism.  365 

3.1.2.1. Leaf Temperature 366 

Crop growth and metabolism depend on crop temperature. Because crops are 367 

complex, leaf temperature is often used in experiments to represent crop temperature 368 

[62]. Suppose the temperature of leaves is too high or too low, the activities of enzymes 369 

related to photosynthesis will decrease, and photosynthesis will decline, which will 370 

finally affect plants' yield and quality[62]. Besides, the leaf temperature determines the 371 

concentration or pressure of water vapor in the leaves, so it determines the driving force 372 

of transpiration. The energy budget of leaves is closely related to photosynthetic rate 373 

and leaf temperature[63]. Studies have shown that indoor temperature and humidity are 374 

not necessarily the same as leaf temperature and humidity, so it is necessary to monitor 375 

plant leaves' temperature and humidity separately. Moreover, because the blade 376 

temperature changes are generally subtle, the sensor with higher accuracy is often used 377 

to measure the blade temperature[64]. 378 

 379 

3.1.2.2. Leaf Humidity 380 

There is a specific correlation between indoor temperature and humidity and leaf 381 

temperature and humidity, but it does not equal. Park et al. have shown that when the 382 

greenhouse environment temperature is higher than the crop temperature and the 383 



relative humidity is too high, and the huge temperature difference will lead to the leaves' 384 

dewing and reduced transpiration [65]. Also, the dew on the leaves will lead to diseases. 385 

Korner et al. also proved the relationship between leaf surface temperature and 386 

transpiration[66]. The low VPD between environmental humidity and leaf humidity 387 

may lead to low transpiration and related physiological disorders, thus reducing crop 388 

growth. Plant diseases are also closely related to leaf surface humidity. A high humidity 389 

environment can easily lead to gray mold, leaf mold, and powdery mildew [67]. In 390 

general, it is essential to control the indoor environment and maintain the appropriate 391 

humidity range of leaves to cultivate healthy crops and prevent Fusarium Wilt and 392 

harmful fungal diseases. 393 

Seen from Table B.1, there is no more studies to investigate monitoring greenhouse 394 

crop parameter than environmental parameters, however, leaf temperature and humidity 395 

are still valuable and significant for Crop growth and metabolism based on the 396 

aforementioned description.  397 

3.2. Data Communication Subsystem 398 

3.2.1. Slave Computer 399 

With the continuous development of monitoring technology and the continuous 400 

improvement of greenhouse environmental monitoring requirements, the types and 401 

quantity of sensors in greenhouse monitoring systems are continually improving.  402 

On the one hand, if each sensor directly connects to the server, it is not only 403 

expensive to add a remote data transmission function for each sensor individually, 404 

which will greatly increase the cost of the monitoring system, but also will increase the 405 

difficulty of management, and make it challenging to increase other sensors and 406 

equipment. On the other hand, it is cost-effective and unreliable for a server to work a 407 

long time to complete the simple sensor data acquisition task,  reducing the flexibility 408 

of monitoring platform design[68]. 409 

The most popular solution is to use a microcomputer with a specific expansion and 410 

processing capacity in the greenhouse. The software running on the microcomputer and 411 



the microcomputer itself can be simplified in some design and function. It only needs 412 

to manage the sensors and devices in the greenhouse and complete the communication 413 

with the server. This microcomputer only needs to have the ability to process Internet 414 

protocol, has a communication port, and can meet basic needs with the signal 415 

processing function of sensors and equipment, and even no need to switch, keyboard, 416 

or display. Such a microcomputer is generally called the greenhouse slave computer. 417 

The sensors use some communication methods to connect to the greenhouse lower 418 

computer, which collects the data transmitted by the sensors in real-time, then 419 

communicates with the server and receives the server's instructions to manage and 420 

control the greenhouse sensors and equipment. 421 

The most commonly used lower computers for data acquisition and control 422 

operation in greenhouse systems are Microcomputer, TelosB Platform, Raspberry PI 423 

and Arduino, and Android industrial tablet. They have advantages such as low cost, 424 

strong expansibility, customizable function, and strong compatibility[13].  425 

3.2.1.1. Microcomputer 426 

Microcomputer (MCU)'s functions include A/D conversion, data storage, and 427 

controlling the wireless transceiver chip's working state. It also includes online 428 

simulation, a programming interface, and convenient online debugging, which provides 429 

convenience for an intelligent greenhouse to use base station debugging[69]. 430 

Because of its excellent cost performance and high integration, low power 431 

consumption, small size, high reliability, and robust control ability, MCU is favored by 432 

various greenhouse monitoring systems. Park et al. used a single-chip microcomputer 433 

as the next computer in their greenhouse monitoring system[64,70–72]. Wang et al. 434 

used a single-chip microcomputer with mighty processing power and rich internal 435 

peripheral ports, ultra-low power consumption is its most significant feature and has 436 

five power-saving modes. The disadvantage is the battery power supply, so the energy 437 

is limited [9]. Lara et al. selected and used a low-cost and low-power MCU ESP32, 438 

which has highly integrated characteristics that enable powerful function and 439 



processing with few peripheral devices, to acquire sensor data in the greenhouse after 440 

comparison [112]. Gutierrez et al. utilized ESP8266 and took into account for its 441 

processing capacity in greenhouses [113].  442 

3.2.1.2. Arduino 443 

Arduino, by contrast, is an open-source electronics platform[61]. Essential features 444 

of Arduino are Universal Asynchronous Receiver/Transmitter (UART) communication, 445 

analog to digital converter, and General Purpose Input Output (GPIO) pin. Atmega328p 446 

chip is very cheap to replace, compared with other microcontrollers; its performance-447 

price ratio is also satisfactory[73]. Arduino's mega board provides multiple input analog 448 

and I/O digital, making it easy to obtain environmental factor parameters by reading 449 

sensor data[74]. Arduino can sense the surrounding environment by receiving input 450 

signals from various sensors and influencing the surrounding environment by 451 

controlling actuators such as heaters and water pumps[75]. Mehra et al. used Arduino 452 

to activate the corresponding control system[76]. Rodriguez et al. used Arduino as the 453 

central node to send data to a central big data repository and monitor and forecast client 454 

applications[77]. Groener et al. used Arduino to support the manual operation of the 455 

controller[78]. The Arduino board also reads the status of the actuator and transmits it 456 

to the remote monitoring station. Gutierrez et al. utilized ESP8266 combined with 457 

Arduino, where the Arduino deal data from various sensors and transmits them to the 458 

ESP8266 for the next communication, to provide the support for data communication 459 

system [114]. The results show that the system achieves effective and real-time 460 

monitoring of the greenhouse. 461 

3.2.1.3. TelosB Platform 462 

TelosB Platform is a kind of microprocessor widely used in the early stage. It uses 463 

an IEE802.15.4 RF transceiver and has a transmission rate of 250kbps. It is an open-464 

source, low-power platform perfectly compatible with the TinyOS operating system 465 

and can be used to obtain data and program through a Universal Serial BUS(USB) 466 

interface[79]. Because it consumes less current, it has a better life. However, the TelosB 467 



Platform is not widely used because of its small population[80]. 468 

3.2.1.4. Raspberry Pi 469 

Raspberry Pi is a cheap, small-sized computer that could connect to a monitor. 470 

Raspberry pie is based primarily on the Linux operating system. It can handle large 471 

amounts of data, work better in cumbersome processes, and be very inexpensive with 472 

almost the same functionality as a computer[60]. In a greenhouse, sensors support 473 

installing various sensors by connecting to a Raspberry Pi microcontroller and can act 474 

as a cloud data logger, making Raspberry Pie the ideal microcontroller for a greenhouse 475 

monitoring system[81]. Besides, with the development of Raspberry Pi, newer models 476 

have built-in WIFI and Bluetooth modules, making it easy to add projects to wireless 477 

mode. As a result, some recent papers have used the Raspberry Pi as a slave to their 478 

monitoring system. Liao et al. used raspberry Pie 2 to connect sensors to the cloud 479 

server[7,77,82,83]. Mehra et al. used Raspberry Pie 3 to fit the data into a neural 480 

network and make decisions for control[76]. Kothawade et al.used raspberry pie to 481 

write timestamps and environmental factors to Comma-Separated Values (CSV) files, 482 

save them to the server, and issue/off commands to the controller[60]. 483 

The features of these slave computers are different, but their functions and usage 484 

are the same. The difference is that programs running on the slave computers have 485 

different development languages, platforms, and costs. All platforms are used by 486 

researchers all over the world. Researchers are advised to choose the mainstream 487 

development platform of slave computers, which has a lower cost and still maintains 488 

important updates and production.  489 

3.2.2. IoT Communication Protocol in Greenhouse 490 

3.2.2.1 Wired Mode 491 

In the past few decades, the greenhouse management system has been significantly 492 

developed. A variety of sensors are used to measure various environmental information. 493 

However, most typical sensor monitoring systems are developed based on a wired 494 

connection, using a serial port to achieve the internal transmission of greenhouse data 495 



[68,84]. 496 

The serial port is a familiar industrial wired communication interface. Sensors can 497 

easily connect to devices such as microcomputers or single-chip computers by using a 498 

serial port. Serial interfaces are divided by electrical standards and protocols[68,85].  499 

RS-232-C and RS-422 require that each pin of the connector's signal content be 500 

regulated, even the signal level be regulated, and only one-way transmission can be 501 

completed. There are problems such as common noise and interference, and the 502 

communication distance is very short. The new generation RS-485 solves the problem 503 

of communication distance[86]. It can transmit distances of tens of meters or even 504 

thousands of meters. Bus transceivers are also highly sensitive and can form distributed 505 

systems, but there are also wiring difficulties. 506 

The wired system limits the ease of installation and expandability, increases the cost 507 

of installation and maintenance, and is prone to the aging of lines due to high humidity 508 

and light intensity in the greenhouse. Rodents may damage wires, and so on. If there 509 

are thick wires in the planting area, it may hinder planting, and improvements are 510 

needed[87]. 511 

3.2.2.2. Wireless Mode  512 

In recent years, wireless technology has developed rapidly. It began with military 513 

and industrial control and is now widely used in environmental monitoring and 514 

agriculture[71,88]. 515 

Wireless sensor networks (WSNs) usually consist of nodes powered by batteries or 516 

power supply, equipped with specific sensors. These sensors collect the required 517 

information and transmit it to a lower computer through wireless communication. The 518 

lower computer stores or sends the received data for future processing or dynamic use 519 

for monitoring, control, and other purposes[88].  520 

According to the definition of the IoT[89], WSNs are a solution based on the 521 

IoT[90]. WSNs are primarily suited for low bandwidth and latency tolerance and 522 

eliminate the enormous cost of wiring[64]. In addition, the wireless sensor network 523 



based on the IoT has the characteristics and advantages of good mobility, good stability, 524 

good maintainability, easy installation, and expandability according to actual 525 

needs[79,91].  526 

Today, WSNs has become one of the most critical technologies in intelligent 527 

agricultural automation based on the IoT. In precision agriculture, WSNs can play an 528 

essential role in managing and managing irrigation water resources, understanding crop 529 

changes to assess optimal harvest points, estimating fertilizer requirements, and 530 

predicting crop performance more accurately[92].  531 

WSNs are a component of ubiquitous computing. However, these sensors operate 532 

with power and power constraints and should give priority to meeting application needs. 533 

Designing a new wireless sensor node is a challenging task involving many different 534 

parameters needed to evaluate the target application, including range, antenna type, 535 

target technology, components, memory, storage, power, lifetime, security, computing 536 

power, communications technology, power, size, programming interfaces, and 537 

applications[88]. 538 

To achieve these goals, it has developed several IoT communication protocols. At 539 

present, the leading IoT communication protocols include LoRa, NB-IoT, ZigBee, Wi-540 

Fi, Bluetooth, and some private protocols have been used. 541 

A: Zigbee 542 

ZigBee is a wireless network protocol with low speed and short distance 543 

transmission, which adopts IEEE 802.15.4 standard. The main features are low speed, 544 

low power consumption, low cost, supporting a large number of network nodes, 545 

supporting various network structures, and self-organizing. The characteristic of 546 

automatic networking is that some base stations can be used even if they are destroyed, 547 

and each node has the same status[7]. The price of ZigBee is also satisfactory. Its 548 

transmission rate can meet the requirements of image data transmission[7,64]. Its most 549 

prominent advantage is fast response speed. Generally, it only takes 15ms to switch 550 

from sleep to a working state, and it only takes 30ms for nodes to connect to the network. 551 



ZigBee can adopt a star, sheet, and mesh network structure. In theory, the maximum 552 

number of nodes is more than 60 thousand, so ZigBee is often chosen as the 553 

communication protocol in a large, intelligent greenhouse[71]. 554 

B: LoRa 555 

LoRa is a wireless network protocol with low power consumption and long-distance 556 

transmission. IEEE 802.15.4g standard is adopted[93]. The main features are low-speed, 557 

low-cost, supporting a large number of nodes, supporting various network structures, 558 

ad hoc network, and automatic repair function. The most crucial feature of LoRa is its 559 

extreme endurance[94]. If LoRa equips with two double-A batteries, the equipment will 560 

operate continuously for up to 10 years in theory. The transmission distance is relatively 561 

long, and it supports the star topology structure. Some researchers have established 562 

LoRa P2P communication between gateway (Master), sensor hub (Slave), and 563 

controller (Slave)[95]. The theoretical maximum number of nodes in a LoRa network 564 

is more than 60 thousand. The response speed of LoRa is fast. Generally, it only takes 565 

tens of MS to switch from sleep to a working state, and it only takes 1 s for nodes to 566 

connect to the network. However, LoRa is a relatively new technology, so its users are 567 

not as many as ZigBee. It is necessary to consider in LoRa communication for 568 

agriculture, including the capture of data from nodes in motion such as vehicles, without 569 

the need for fixed gateways [115]. 570 

C: NB-IoT 571 

The NB-IoT is based on a cellular network. NB-IoT is a low-power Wan like LoRa. 572 

It is a wireless network protocol with low power consumption and long-distance 573 

transmission. The main features are low speed, low power consumption, low cost, long-574 

distance, supporting a large number of network nodes, and supporting various network 575 

structures[96]. The transmission range is slightly lower than that of LoRa, but the 576 

transmission speed is improved. The cost, endurance, and the number of theoretical 577 

nodes are close to LoRa. The disadvantage of NB-IoT lies in the response speed and 578 

the telecom operators. The response speed of NB-IoT is slow. Generally, it takes 3S to 579 



switch from sleep to a working state, and it takes 3S for nodes to connect to the network. 580 

Moreover, it must work and upgrade based on the Telecom operator's base station, so it 581 

is challenging to build NB-IoT in remote areas. In contrast, LoRa has a lower cost, long-582 

distance, and lower power consumption than NB-IoT. Moreover, there is no need to use 583 

the base station of the mobile operator. 584 

D: Wi-Fi 585 

As the critical access method of Wireless Local Area Network (WLAN), the Wi-Fi 586 

network has become the synonym of WLAN[97]. Wi-Fi has the highest transmission 587 

rate among many wireless connections so that it can support real-time video 588 

transmission. However, other connection methods are generally low in speed and 589 

challenging to meet real-time video transmission requirements. Simultaneously, Wi-Fi 590 

has the shortest working transmission delay, which can support the real-time control of 591 

ultra-short delay devices. 592 

However, Wi-Fi equipment's power consumption is high, the transmission distance 593 

is also short, and the network capacity is low. A single central base station only supports 594 

16-64 devices to connect at the same time. Therefore, it is suitable for data transmission 595 

with a small scale, short distance, high transmission rate, and high response rate[61,78]. 596 

Most greenhouses that use Wi-Fi as wireless transmission and communication protocol 597 

have a relatively small scale[73,79]. When Wi-Fi is used as a data transmission mode, 598 

an independent power supply should be used as far as possible to ensure endurance time.  599 

E: Bluetooth 600 

Bluetooth is a small range, short-range wireless communication technology, has a 601 

history of 20 years, and has developed many versions. Bluetooth has a short 602 

transmission distance, high power consumption, and a cumbersome connection process. 603 

Some early papers on the IoT in the greenhouse used Bluetooth communication 604 

protocol[42]. However, because IEEE 802.15.1 standard is no longer maintained, its 605 

various versions are incompatible and inconvenient to use, resulting in weak 606 

networking ability, not suitable for multi-point control, almost unable to meet the 607 



networking of large-scale greenhouse. At present, Bluetooth has been almost eliminated. 608 

F: Private Protocols 609 

Klaring et al. used sophisticated wireless sensor devices to build the network, but 610 

these were expensive and private[42]. Liu et al. used Crossbow's products to build a 611 

wireless sensor network, which costs $400 for a central greenhouse node[5]. Inc 612 

sensicast uses sense cast systems to establish a private sensor network in a small 613 

space[18]. Commercial companies' greenhouse environmental control systems such as 614 

climate control systems, priva, Vaisala, and autogrow are private and inflexible. 615 

All of the research above uses private protocols. Although some sensors are very 616 

advanced and sophisticated, their scalability and cost are not acceptable. More 617 

researchers prefer to use other non-private protocols. 618 

With the development of wireless technology and various problems caused by a 619 

wired connection, most papers have not used a wired connection in recent years. Most 620 

of the latest wireless connection methods have the following advantages: most are very 621 

flexible and convenient, often only need a simple device like a router to set up; a large 622 

number of physical connection lines are omitted, and the cost is reduced accordingly; a 623 

wide variety of wireless network structures can be achieved without complex wiring; 624 

some also support self-contained networks, network expansion often only involves the 625 

expansion of a single node, the scalability is robust; the transmission speed has also 626 

been greatly improved; besides, stability and anti-interference capabilities have been 627 

greatly improved; and often wireless network devices are small and easy to move. 628 

Besides, the stability and anti-interference ability have also been greatly improved; and 629 

most wireless network equipment is small and easy to move. 630 

G: Summary and Comparison 631 

As can be seen from Table C.1, at present, ZigBee communication protocol is used 632 

in most papers, and Bluetooth is almost eliminated. However, Lora and NB-IoT still 633 

have a lot of room to grow, and Wi-Fi was and still is a certain market. The reason can 634 

be seen in Table B.1. In its early days, ZigBee already supported 60,000 network nodes 635 



and reached a top speed of 250 Kbps, twice the speed of Lora, a later technology, and 636 

two years of standby time could meet the needs of most people, so in the early days, 637 

ZigBee is arguably the most cost-effective choice. Although Bluetooth has a higher 638 

transmission rate, but the battery life is short, and the fatal disadvantage of Bluetooth 639 

is that the single network capacity is too small, cannot adapt to the multi-parameter 640 

multi-position sensor system in the greenhouse. Hence, the elimination of Bluetooth is 641 

inevitable. With the expansion of commercial greenhouse areas and the improvement 642 

of people's requirements on endurance, LoRa and NB-IoT appeared.  They have wide 643 

coverage characteristics, low power consumption, powerful management platform, and 644 

rich terminal types. Although the two communication protocols' power consumption is 645 

low, unlike NB-IoT, LoRa's power consumption is better than that of NB-IoT due to the 646 

different wake-up methods. NB-IoT cannot be self-organized and must rely on the 647 

operator's work. However, LoRa uses an open frequency band to be ad hoc or rely on 648 

the operator's network. - In terms of security and anti-interference capability, NB-IoT 649 

can work in an automatic network. At the same time, the cost of NB-IoT will be higher 650 

than LoRa. Wi-Fi technology is relatively mature, but the power consumption is larger 651 

than the above several communication protocols.  652 

According to the above comparison, if the monitoring parameters are complex, the 653 

number of sensors is large, and there is no longer a long transmission distance, ZigBee 654 

is a better fit than others; Lora and NB-IoT are good choices when monitoring data is 655 

not only complex but also transmitted over long distances. For data like the video that 656 

requires high speed and low latency, adding Wi-Fi technology is a good choice.  657 

Multiple technologies can also be used. For example, Zhang et al. proposed a 658 

combination algorithm of NB-IoT and LoRa[72]. The communication mode of one 659 

master node and multiple sub-nodes is adopted to meet the large-scale monitoring needs. 660 

Among them, NB-IoT is used in the design of the master node, and LoRa 661 

communication technology, sensor technology, and photoelectric conversion 662 

technology are used in the design of the sub-node. This method's advantage is that NB-663 



IoT and LoRa's combination increases the transmission distance and reduces the Wan 664 

information monitoring system's operation cost.  665 

3.2.3. Communicate Protocol Between Greenhouse and Server 666 

Wired USB is an external bus standard with plug-and-play characteristics, flexible 667 

connection, fast transmission speed, and independent power supply. It can be used to 668 

connect the slave computer and the server. There is no loss of bandwidth when 669 

connecting 127 external devices. However, due to the wired connection, the cost is high, 670 

the wiring is inconvenient, and the transmission distance is limited. 671 

At present, Ethernet is widely used to communicate between the slave computer 672 

and the greenhouse monitoring system server. There are two ways of direct transmission 673 

and router forwarding. In the past, Ethernet was usually used to connect directly to the 674 

slave computer for communication. The slave computer collected sensor data directly 675 

connected to the Internet using wired Ethernet and transmitted it to the server. This 676 

structure is simple, and the cost is low, but it has a considerable limitation in the wiring, 677 

so the slave computer must directly connect to the Ethernet port. 678 

Moreover, most greenhouses are located in remote places, so it is difficult to install 679 

a wired Ethernet network to use a mobile operator network to complete 680 

communication[98]. Due to the simple structure, weak performance, and function of 681 

the slave computer, it is generally unable to use additional communication connection 682 

for backup. Therefore, in the case of Ethernet failure, it is impossible to switch to 683 

another standby communication mode to maintain the greenhouse monitoring system's 684 

continuous operation. 685 

Therefore, it is necessary to introduce a wireless communication mode to expand 686 

and enhance the communication between the slave computer and the server. Generally 687 

speaking, the more reasonable way is to add a more powerful router. Many equipment 688 

manufacturers have completed these devices. 689 

General Packet Radio Service (GPRS) module is the most common way to 690 

communicate with the server[55,65,75]. The wireless remote greenhouse environment 691 



monitoring system based on Global System for Mobile communications (GSM) can 692 

send control information by SMS[9,98]. The use of digital signal process (DSP) and 3G 693 

is also one of the early popular[70]. Considering the update cost, the mixed-use of 694 

GPRS and wired Ethernet is also the right choice[97]. 695 

Some routers can connect to the Internet through a mobile communication network 696 

and wired Ethernet simultaneously and then send the data to the server through the 697 

Internet to complete remote data transmission. The mobile communication network and 698 

wired Ethernet used by the router are back up to each other, ensuring that even if one 699 

of the wired Ethernet and mobile communication networks fails, the data transmission 700 

inside and outside the greenhouse can still be completed. 701 

3.3. Server Information Processing Subsystem 702 

The development direction in modern agricultural production management is more 703 

intelligent and automated, reducing farmers' workload, providing intelligent decision-704 

making, and improving the greenhouse environment's stability. In the greenhouse 705 

monitoring system based on the IoT, researchers have made more efforts to do this. In 706 

the early, server-side functions were relatively simple and could only obtain greenhouse 707 

data remotely[98]. Now, most of them use a B/S-based Web interface or C/S-based 708 

mobile APP-side to achieve almost all functions, allowing managers to access 709 

greenhouse environment data remotely at any time. The system has data collection, data 710 

storage, visualization, scientific analysis, alarm, and precise control of greenhouse 711 

equipment[72,99]. Regardless of the architecture used, privilege management is 712 

essential, especially hierarchical privilege management, ensuring data security[73,100].  713 

Visualization is an essential part of data analysis. This technology can show the 714 

curve of data change[65,82,97]. For managers, the indicators of greenhouse data are 715 

understood, the overall distribution and statistical information of greenhouse data are 716 

explored intuitively, and the rules behind the data are found (e.g., more scientific 717 

planting methods). With visualization technology, Katsoulas et al. showed the change 718 

curve of monitoring data and found significant spatial variability of temperature and 719 



humidity, which proved that uneven climate in the greenhouse could affect plant 720 

growth[80]. Ferentinos developed a greenhouse climate monitoring system. They 721 

combined the greenhouse information collected by sensors with plant information and 722 

designed some comprehensive information indicators (e.g., performance indicators and 723 

plant stress index), which reduced the complexity and difficulty of greenhouse 724 

management and made planting more scientific[79]. The orchid monitoring system 725 

developed by Azaza et al. can analyze temperature and humidity factors combined with 726 

images. [12]. The temperature and humidity range with the fastest-growing leaf area of 727 

Phalaenopsis were obtained. It proves that the leaf area could be used as a measure of 728 

Phalaenopsis growth and provides a new way to analyze plants' growth status in other 729 

greenhouses[12]. 730 

With the development of network communication and storage devices, video 731 

monitoring is also added to the monitoring system. This not only helps timely and 732 

remote detection of pests and diseases but also assists the control module. [94] Yang et 733 

al. has designed a camera system for image transmission to observe plants' growth 734 

through the software without spending many human resources for field observation. 735 

People can discover problems such as pests and diseases in time and then decide 736 

whether to add fertilizers or spray pesticides.  737 

When any failure occurs, the monitoring system can use short messages or direct 738 

alerts to notify managers[60,101]. Managers often want to eliminate dangers after alarm 739 

triggers. So recent papers have included automatic corrective measures in the 740 

monitoring system. They usually store a large number of databases for different crop 741 

growth in the system beforehand. By choosing to switch between different plants, they 742 

get some expert advice and control greenhouse factors[94]. Users can control the 743 

greenhouse equipment according to the advice[61]. The system usually provides an 744 

optimal value or interval for environmental factors. Depending on the difference 745 

between the sensor's data values and the recommended parameters, the coordinating 746 

station can take some corrective measures, such as switching on and off the electrical 747 



relay in the greenhouse to activate some activities (e.g., heating, lighting, and 748 

ventilation)[75,96,102,103].  749 

More machine learning methods have been added to the server sub-module to help 750 

control and have achieved good results in recent years. The system triggers events based 751 

on the environmental factors it monitors. There are two types of events: warning 752 

notifications and control events. Warning events help users understand the greenhouse 753 

environment in advance, and controlling events helps to achieve automatic control[95]. 754 

The prediction algorithms include linear regression, SVM algorithm and have achieved 755 

high accuracy[77]. Others use the deep neural networks, such as the Back Propagation 756 

(BP) network[76,90], Artificial Neural Network(ANN) algorithm[70], Bayesian 757 

network[81].  758 

In general, the server data processing function of the greenhouse monitoring 759 

platform is continuously improving. It has completed the real-time display and storage 760 

function of greenhouse data. It partly uses data visualization technology to show the 761 

changing trend of environmental parameters so that farmers can understand the general 762 

information and changing trend of the greenhouse. Some systems will provide the 763 

optimal value of each greenhouse environment parameter based on agricultural 764 

knowledge and expert recommendations and provide suggestions and a basis for 765 

farmers' decision-making. Simultaneously, many studies will combine the monitored 766 

information with control strategies such as on-off to automatically control the 767 

greenhouse environment. 768 

With the development of machine learning and other technologies in recent years, 769 

many scholars have begun to use machine learning algorithms to analyze greenhouse 770 

images, predict the trend of future greenhouse environment changes, and have achieved 771 

good results. 772 

4. Discussion 773 

Through the analysis of greenhouse monitoring systems in recent 20 years, it is 774 



found that the intelligent monitoring system plays a crucial role in energy saving, 775 

emission reduction, yield increase, and quality improvement of a greenhouse. 776 

Specifically, the intelligent monitoring system can: 777 

(1) Improve the intelligent greenhouse building system. 778 

(2) Real-time remote monitoring of greenhouse environment to reduce human 779 

resources. 780 

(3) Manage the greenhouse equipment system to achieve high efficiency. 781 

(4) Alarm and take corresponding measures when the environmental parameters 782 

exceed the acceptable range. 783 

(5) According to the needs, coordinate the greenhouse composite energy system's 784 

operation, including heating, ventilation, and lighting systems. 785 

(6) Build an Intelligent and accurate decision-making system to reduce greenhouse 786 

energy consumption and improve environmental benefits. 787 

(7) The reduction in energy consumption, e.g. electricity, in the greenhouse could 788 

be obviously obtained up to approximately 22% [12, 74] after using intelligent 789 

monitoring and control system.  790 

However, after analysis, we also found that the existing monitoring system still has 791 

the following limitations, challenges, and research gaps: 792 

(1) Most of the greenhouse environmental factors monitored in these papers are too 793 

single. Most of them only include light, environmental temperature, and humidity, as 794 

can be seen from Table B.1. 795 

(2) Most of the literature paper only introduce the environmental factor sensors they 796 

use, and the research on the necessity of environmental factors are research gaps. 797 

(3) The server data processing in the monitoring system developed in the early era 798 

is simple. For the selected papers in recent years, about 19% of the papers have done 799 

visual interface, but most of them are very simple, single-function, and are hard-to-use 800 

to farmers. 801 

(4) Although 10% of the papers try to use machine learning in the greenhouse 802 



monitoring system and have achieved good results, almost none of the papers went into 803 

production. The amount of monitoring data in most papers is too small, and the 804 

utilization rate of monitoring data is low.  805 

(5) No monitoring system can completely achieve every module in this paper. The 806 

full implementation of all the advanced modules mentioned in this article is a significant 807 

challenge. 808 

(6) The data's quality directly limits the accuracy of the server subsystem's control 809 

instructions. It can be said that the quality of the monitoring data limits the final effect 810 

of the whole system.  811 

(7) It can be seen from Table A.1 that the various features of the IoT communication 812 

protocol are mutually limited. Increasing the distance and lowering power consumption 813 

will reduce the bandwidth. When high bandwidth video monitoring is needed, a high 814 

power consumption communication protocol may be used. 815 

The three subsystems are independent of each other but influence each other. The 816 

data type and quality of the environment perception subsystem directly affect the 817 

transmission quality of the data transmission subsystem and the server information 818 

processing subsystem's visualization quality and decision-making accuracy. On the 819 

other hand, the technology adopted by the data transmission subsystem must fully 820 

consider the complexity of the parameters in the greenhouse perception subsystem and 821 

the processing convenience of the server information processing subsystem. Finally, 822 

the server information processing subsystem can often get some interesting conclusions 823 

through the algorithm to support the study of environmental parameters. The cost and 824 

quality of data transmission also need to be considered as to which technology the 825 

server information processing subsystem interacts with the user. 826 

The goal of greenhouse system based on the IoT is to accurately collect and analyze 827 

greenhouse environment factors, regulate and control the environment of crop growth, 828 

provide intelligent and effective information services and decision-making assistance 829 

for managers, realize remote, efficient, refined, and automated agricultural production, 830 



and promote the transformation of agricultural production management from extensive 831 

to precision agriculture. In the future, to achieve this goal, we make the following 832 

suggestions: 833 

(1) It should be considered which monitoring parameters before selecting the 834 

suitable sensors. 835 

(2) Increase the type of parameters to monitor, such as leaf temperature and leaf 836 

humidity.  837 

(3) Use dual backups or other solutions to cope with unexpected situations, such as 838 

power outages or other human-caused data loss. 839 

(4) Ensure the data's accuracy and timeliness, and set up a database for easy use. 840 

(5) Designers or engineers of monitoring systems need to consider how to make full 841 

use of data to realize accurate and timely intelligent control and early warning after 842 

obtaining complete and correct data, and how to achieve best results. 843 

In addition, application of communication technology in greenhouse monitoring 844 

system has been summarized based on reviewed literature in this work and illustrated 845 

in Fig. 3. ZigBee is currently the mainstream among the data communication protocols 846 

within the greenhouse. USB was mainly used in the past to achieve short-distance data 847 

transmission in and out of greenhouses. 848 

 849 

 850 

Fig 3. Application of communication technology in greenhouse monitoring system 851 



5. Conclusion 852 

The greenhouse equipped with an intelligent monitoring system can better maintain 853 

the greenhouse environment's stability and manage greenhouse crops in a more timely 854 

and accurate manner. In this situation, resource utilization efficiency is improved, and 855 

greenhouse buildings' energy consumption is reduced. Therefore, this paper reviews the 856 

literature on the existing agricultural greenhouse monitoring system. The ultimate goal 857 

of this work is to build a bridge between the knowledge of biology and the Internet of 858 

Things and intelligent systems to facilitate research on greenhouse monitoring systems. 859 

This article provides agricultural experts with technical knowledge on the Internet of 860 

Things and intelligent systems; At the same time, the in-depth study of environmental 861 

parameters provides effective reference information for technical engineers to ensure 862 

that the data transmitted in the Internet of Things and the data processed and used by 863 

the server are effective and high quality. The establishment of a set of standards for 864 

greenhouse monitoring systems will accelerate the contribution in this field and enable 865 

greenhouse monitoring systems to move from experimental to practical production. 866 

Meanwhile, design specifications and technical trends of the greenhouse monitoring 867 

system are extracted. The main valuable and concise conclusions are as follows: 868 

Monitoring of plant parameters is necessary in addition to general environmental 869 

parameters. The development and application of the slave computer have been mature, 870 

a wide variety and excellent functions; the price is generally low. There are various 871 

kinds of communication protocols in the IoT in the greenhouse. The bandwidth, length, 872 

and battery life are restricted by each other, which can be compared and selected 873 

according to different needs. The communication protocol between the lower computer 874 

and the server has gradually changed from the wired mode to the wireless mode. The 875 

application of machine learning in the greenhouse monitoring system is still relatively 876 

small, but it will become a future trend. 877 

ZigBee is currently the mainstream among the data communication protocols within 878 



the greenhouse. New technologies such as LoRa and NB-IoT will be more developed 879 

and applied. The advanced mobile communication technology represented by 4G will 880 

become the inevitable data communication trend inside and outside the greenhouse. 881 

According to the proportion of various communication protocols used in the papers in 882 

recent years, WI-FI can be used in the greenhouse, also can be used between the 883 

greenhouse and the server, so WI-FI accounts for a large proportion, but because of the 884 

inherent disadvantage of high power consumption in the application has certain 885 

limitations, and not all data transmission requirements and WIFI the same speed.  886 

6. Future suggestion 887 

In the future, with the popularity of the 5G technology, the greenhouse monitoring 888 

system using the 5G of data transfer module is a valuable research topic, which will 889 

lead to faster data transmission in the environment. Besides, with the development of a 890 

large amount of data, greenhouse monitoring will be better combined with artificial 891 

intelligence and machine learning, further refine unmanned greenhouse management, 892 

and further improve greenhouse construction's energy utilization. 893 
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Appendix A 

Table A.1  

Comparison of severe IoT communication protocols study and the corresponding investigation results. 

Technique Type LoRa NB-IoT ZigBee Wi-Fi Bluetooth GPRS/GSM  

2G 

LTE 5th generation 

mobile 

networks 

Technical 

Criterion 

802.15.4g NB-IoT 802.15.4 802.11n/ac 802.15.1 1xRTT/CDMA LTE-TDD And LTE-

FDD 

5G NR 

Working Current 10mA 40mA 10mA 50mA 10mA 400mA 900mA  

Maximum 

Endurance / With 

AA battery 

10 Years 10 Years 2 Years Within One 

Day 

Within One 

Month 

Within One 

Week 

Within One Week Within One 

Week 

Maximum 

Transmission 

Distance 

20km  15km 100m 100m 100m-300m Over 1km Over 1km Over 1km 

Peak Information 

Rate  

50kbps 100kbps-

250kbps 

250 kbps 6.9Gbps -

10Gbps 

1Mbps-2Mbps 128 kbps 100Mbps 1 Gbps 

Single network 

capacity 

Over 

60000 

Over 

60000 

60000 16-64 8 1 1 1 



 

 

 

 

 

Working 

transmission 

delay 

Adjustable, 

generally 

less than 

100ms 

6s About 

300ms 

20ms -30ms 50ms Over 100ms 50ms 1ms 

Time to establish 

a new connection 

1s 3s 30ms 3s 3-10s Need To Say 

Cnnected 

Need To Say Cnnected Need To Say 

Cnnected 

Whether Need  

Mobile 

Communications 

Support 

Need 

Mobile 

Communic

ations 

Support/ 

Need A 

Private 

Network 

Need  

Mobile 

Communi

cations 

Support 

Need Build 

A private 

network 

Need Build 

A private 

network 

Need Build A 

Private 

Network 

Mobile 

Communicatio

ns Support 

(Has been 

phased out) 

Mobile 

Communications 

Support 

Mobile 

Communicati

ons Support 

Chip Cost 2 Dollars 5 Dollars 2 Dollars 5-10 Dollars 2-3 Dollars Discontinued Over 20 Dollars Over 100 

Dollars 



Appendix B 

Table B.1 

Study results of sensor used in greenhouse 

Publication/ 

reference 

Greenhouse 

model 

Crops 

Year 

Supporte

d by 

project 

Greenhou

se 

implement

s 

Sensors for 

environment 

Senso

rs for 

crops 

Sensors 

for the 

land 

Others 

Include

d 
Type 𝑇 𝐻 L 𝐶𝑂2 𝑇 𝐻 𝐻 T  

[64] Soil cultivation √ Tomato 2009 √ Korea √ √   √ √    

[74] Soil cultivation √ Cantonese 2016 √ Thailand √ √     √   

[75] Soil cultivation   2017  India √ √ √    √   

[104] Hydroponics √ 
Cherry, Salmon 

Rose, Orange 
2013  Brazil   

√ 
      

[83] Hydroponics   2016  Thailand √ √ √       

[76] Hydroponics √ Tomato 2018  India  √ √       

[97]    2018 √ China √ √ √       

[61]    2017  India √      √   



Publication/ 

reference 

Greenhouse 

model 

Crops 

Year 

Supporte

d by 

project 

Greenhou

se 

implement

s 

Sensors for 

environment 

Senso

rs for 

crops 

Sensors 

for the 

land 

Others 

Include

d 
Type 𝑇 𝐻 L 𝐶𝑂2 𝑇 𝐻 𝐻 T  

[80]    2017 √ Greece √ √ √       

[79] Hydroponic √ Tomato 2015 √ Greece √ √   √     

[5]    2007 √ China √  √    √   

[11] Soil cultivation √ Tomato 2014 √ Croatia √ √     √ √  

[77] Soil cultivation √ Rose 2017  Portugal √ √ √    √   

[10] Soil cultivation √ Tomato 2017  Pakistan √ √ √       

[12] N  N 2016  Sweden  √ √ √      

[55] N  N 2017  Tunisia       √   

[7] Soil cultivation √ Phalaenopsis 2017 √ 
Taiwan, 

China 
√ √ √ √       

[70] N  N 2012 √ China    √       

[73] N  N 2019  Vietnam √ √ √ √       

[42] N  N 2007 √ Israel √  √ √      



Publication/ 

reference 

Greenhouse 

model 

Crops 

Year 

Supporte

d by 

project 

Greenhou

se 

implement

s 

Sensors for 

environment 

Senso

rs for 

crops 

Sensors 

for the 

land 

Others 

Include

d 
Type 𝑇 𝐻 L 𝐶𝑂2 𝑇 𝐻 𝐻 T  

[65] Soil cultivation √ N 2011 √ Korea √ √   √     

[105] Soil cultivation √ Vegetable 2010 √ China √ √     √   

[18] Soil cultivation √ Tomato 2006  Italy √ √      √  

[98] N  N 2012  China √ √        

[9] N  N 2008 √ China √ √ √       

[78] Soil cultivation √ Tomato 2015 √ Kenya  √ √     √   

[106] N  N 2009  Spain √ √        

[71]  √  2007 N China √ √ √       

[82] Hydroponic √ Barley 2018 √ Morocco √ √ √ √   √   

[102]    2018 √ 
New 

Zealand 
√ √ √ √   √   

[98]    2012 √ China √ √        

[100]    2017 √ China √ √ √ √   √   



Publication/ 

reference 

Greenhouse 

model 

Crops 

Year 

Supporte

d by 

project 

Greenhou

se 

implement

s 

Sensors for 

environment 

Senso

rs for 

crops 

Sensors 

for the 

land 

Others 

Include

d 
Type 𝑇 𝐻 L 𝐶𝑂2 𝑇 𝐻 𝐻 T  

[99]    2011 √ China √ √ √ √   √   

[93]    2018  Viet Nam √ √ √ √   √   

[94] Soil cultivation √ Dragon fruit 2020  China √ √ √ √   √   

[95] Soil cultivation √ Organic Vegetables 2019 √ China √ √ √ √   √   

[96]    2019 √ China √ √ √       

[72]    2018 √ China √ √  √   √   

[81] Hydroponics   2017 √ Malayan √ √ √    √  
pH/WC/W

T 

[107] Hydroponics √ Lettuce 1999 √ Portugal √ √       
pH/WC/W

OC 

[101] Hydroponics   2017 √ Indonesia √ √ √ √      

Note: 

T: Temperature 

H: Humidity 

http://www.baidu.com/link?url=urbSSqx2g108H9bD0GXyTE9qpE9u28Zx81s_dc-ZPL74gt3edUrZBIZziO6e658yetDZw0tVvPM4ZJaw-w2CNyMvJJMoUDHIRB2CA4muL3YAfzaC-245uxaoBDZyxNTM


L: Light 

WC: Water Conductivity 

WT: Water Temperature 

WOC: Water Oxygen Concentration 

Appendix C 

Table C.1 

Research results of communication protocol in greenhouse and between greenhouse and server 

Publicat

ion/refe

rence 

IoT Mobile communication technology Wired connection 

Lo

Ra 

NB-IoT ZigBe

e 

Wi-

Fi 

Bluetoot

h 

Others GPRS/

GSM  

2G 

SMS (Short 

Message 

Service) 

LTE 

(4G) 

5th generation 

mobile networks 

(5G) 

US

B 

Serial 

Interface 

LAN 

Ethern

et 

[76]           √ √  

[64]   √      √    √ 

[97]    √   √     √ √ 

[75]       √    √   

[61]    √     √  √ √  

[80]    √       √   

[79]    √       √   



Publicat

ion/refe

rence 

IoT Mobile communication technology Wired connection 

Lo

Ra 

NB-IoT ZigBe

e 

Wi-

Fi 

Bluetoot

h 

Others GPRS/

GSM  

2G 

SMS (Short 

Message 

Service) 

LTE 

(4G) 

5th generation 

mobile networks 

(5G) 

US

B 

Serial 

Interface 

LAN 

Ethern

et 

[5]      Private 

MICAz 

√ √      

[11]    √  private 

SunSPO

T 

√    √   

[77]   √      √    √ 

[10]    √       √ √ √ 

[12]   √    √       

[55]   √    √       

[7]   √ √          

[70]          3G   √  

[73]    √       √ √  

[42]      Private 

protocol

       



Publicat

ion/refe

rence 

IoT Mobile communication technology Wired connection 

Lo

Ra 

NB-IoT ZigBe

e 

Wi-

Fi 

Bluetoot

h 

Others GPRS/

GSM  

2G 

SMS (Short 

Message 

Service) 

LTE 

(4G) 

5th generation 

mobile networks 

(5G) 

US

B 

Serial 

Interface 

LAN 

Ethern

et 

s 

[65]   √        √   

[105]   √    √ √      

[18]      Private       √ 

[98]       √ √    √  

[9]    √        √  

[78]    √   √ √      

[106]   √    √       

[71]   √           

[82]    √ √         

[102]   √   nRF905     √   

[98]       √ √      

[100]   √           



Publicat

ion/refe

rence 

IoT Mobile communication technology Wired connection 

Lo

Ra 

NB-IoT ZigBe

e 

Wi-

Fi 

Bluetoot

h 

Others GPRS/

GSM  

2G 

SMS (Short 

Message 

Service) 

LTE 

(4G) 

5th generation 

mobile networks 

(5G) 

US

B 

Serial 

Interface 

LAN 

Ethern

et 

[99]      nRF905        

[93] √  √           

[94] √             

[95] √             

[96]  √            

[72] √ √            

[101]  √  √          

[69]      nRF905   √  √   
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