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ABSTRACT

The introduction of the greenhouse reduces the negative impact of difficult to control
outdoor factors on crop production. The greenhouses offer a better environment in
which to grow high quality agricultural products in large quantities, but in a small
surface area. Factors including temperature, humidity and soil moisture each have a
different impact on the quality of the crop. These factors contribute to how crops
develop either directly or indirectly. Poor environmental conditions can damage crops
or increase the likelihood of crop diseases. Hence, this study set out to develop a
greenhouse monitoring system to assist farmers to monitor soil moisture, humidity and
temperature. Internet of Things (IoT) and cloud-computing are the major components

underlying the monitoring system.

The reviewed literature reveals that there are minimal studies that have been conducted
for the convergence of cloud computing and 10T in agriculture, particularly in
greenhouse farming. Despite the researcher’s best efforts, literature revealed very few
studies that have successfully implemented these emerging technologies in innovative
ways in the sector of agriculture. Studies are even sparser in relation to greenhouse

applications.

This study aimed to develop a cloud-based Internet of Things (loT) greenhouse
monitoring system that is cost effective and easily accessible and provides unlimited
data storage to farmers for analysis. This aim is achieved by three key objectives, that
is: by critically reviewing existing literature of IT based greenhouse monitoring
systems supporting crop production; by developing a wireless cloud-based 0T
greenhouse monitoring system; and by evaluating the performance of the developed

system.

The design science research methodology (DSRM) is applied as an overall
methodology to conduct this study. DSRM is a popular methodology when research
aims to develop innovative artefacts. This instance of DSRM followed five steps:
awareness; suggestion; development; evaluation; and conclusion to design and
implement and evaluate the artefact. DSRM allowed for a robust development process
which promoted higher quality in monitoring the three main factors of the greenhouse

environment, which are temperature, humidity and soil moisture.
Xi



The results of the evaluation of the developed system indicates an efficient, cost-
effective and easy to access monitoring system for three key environmental factors,

namely, temperature, humidity, and soil moisture.

xii



CHAPTER 1: INTRODUCTION

1.1 Context of the study

The increased concern over food security and demand for high-quality fresh produce are
some of the issues that have afforded the speedy initiation of the greenhouse in the
agriculture industry. The rapidly growing population (Chawla 2016) and exponential
demand on fresh produce also influence this. Greenhouse production is a rapidly growing
sector globally (Hu et al. 2017; Ghoulem et al. 2019). Greenhouses isolate crops from the
environment, which permits the production of crops that were not feasible growing at that
exact site (Ramyateja and Kishore 2016). The greenhouse enclosure allows the
manipulation of the crop environment. Castilla (2013:1) highlights that, greenhouse crops
“perform at their best while in the most suitable environment through maintaining the

temperature, the soil moisture, and the humidity at the optimal level for photosynthesis”.

A greenhouse environment requires precise continuous monitoring of these parameters in
order to avoid hostile exposure to unhealthy ambient surroundings. Computerized
environment monitoring systems are conducive solutions in granting continuous
monitoring. Song (2010) has proposed different systems for monitoring greenhouse
environments, for instance, the intelligent greenhouses based on the Controller Area
Network (CAN) bus by ((Pengzhan and Baifen (2010)), RS485 bus by. (Yulong and
Jiagiang (2011))), and the Wireless Sensor Network (WSN) greenhouse monitoring
system. These precedent works perform an analysis of several climatological variables by

using wired and wireless networks for data transportation.

Presently, there are many available greenhouse environment-monitoring systems in the
market, some providing abundant or as little of monitoring as may be feasible. In the past
days of the greenhouse, it was enough to have data sent to a mobile device or webpage
for the farmer to monitor the current situation; farmers never bothered to keep the data for
future reference. In the modern day, keeping data for future reference is vital since it can
help farmers with the prediction of the final yield based on the previous turn out

conditions’ yield. They also need to be alert about which conditions are conducive for the



crop production based on the results obtained in previous seasons. Cloud-based 10T

systems can provide effective greenhouse monitoring.

Dan et al. (2015:488) state that, “IoT communication is used to collect the measurements
and to communicate between the centralized control unit and the actuators located at the
different parts of the greenhouse compared to the cabled systems. The installation of 10T
is fast, cheap and easy”. Moreover, it is easy to relocate the measurement points when
needed by just moving sensor nodes from one location to another, within a communication
range of the coordinator device (Ravi Kishore Kodali, Jain and Karagwal 2016). loT
means connecting, transferring data from one device to another via the Internet. The loT
controls appliances anytime and anywhere while cloud computing provides storage and
computing resources to implement a web application (Jie et al. 2013). Cloud computing
practiced in greenhouse monitoring will improve the productivity of greenhouse
production, save water and support conventional agriculture move towards precision
farming. According to JOSEP et al. (2010:51), cloud computing is defined as “both the
applications delivered as services over the Internet and the hardware and systems software

in the data centers that provide those services”.

1.2 Motivation of the study

The subjects of interest in this study is to monitor soil moisture, temperature and humidity
with soil moisture as the main factor of this study. The cloud based loT greenhouse
monitoring system is based on a wireless network for data collection and storage. Soil
moisture directly relates to water. Hence, the monitoring of soil moisture can provide
positive results to water usage. In recent years, the shortage of water has been getting
worse because of the impact of the climate change. As for Department of Environmental
Affairs (2011) “South Africa is a water-scarce country (annual freshwater availability is
less than 1 700 m3 per capita), with limited average rainfall of about 450 mm/year and

unevenly distributed water resources”.

The motivation for doing this research on developing a cloud-based 10T greenhouse
monitoring system is encouraged by the fact that human beings are still more involved in
the currently available greenhouse systems. As much as there are computerized systems,

most of them require manual control. To be effective, they need an observer available



onsite all the time especial during the day. Hence, the continuous human visitation to
farm sites is required, causing a lot of burden to the farmers. In recent years, the shortage
of farming labor force has been getting worse because of the falling interest in youth and

the aging farmers (Kitamura and Oka 2005).

Greenhouse farming is continuously developing, making a good use of machine-to-
machine technology, by deploying different sensor nodes that act as human observers.
These sensor nodes swap human observations and measure the environmental parameters
and conditions within the greenhouse in order to obtain measurements that are more
accurate with the anticipated sampling frequency. Furthermore, they permit collaboration
and processing of the gathered measurements in order to come to conclusion and

determine the actual status of the greenhouses (Ibrahim et al. 2019)

The loT is marked as the third wave of the world's information industry following
computer and the Internet. The IoT has accomplished human to machine amalgamation,
improved the physical world real-time control and accurate management degree of
intelligence, and attained optical allocation of resources and scientific intelligence
decision, and meticulous management (Guo and Zhong 2015). The utilization of 10T in
greenhouse horticulture contributes to its growth. Since, the data gathered from the
sensors, within and outdoors of the greenhouse, can be analyzed and backed-up on the
central cloud data storage for long term referencing and data mining as well as stored on

cloud edge points for faster processing (Danita et al. 2018).

1.3 Research Problem

The closed environment farming method, like a greenhouse, has its own unique
requirements when compared to outdoor farming environments (Salleh et al. 2013).
The precise continuous greenhouse monitoring system is required to control various
environmental parameters (Ahonen, Virrankoski and Elmusrati 2008; Shaker and
Imran 2013). However, according to Matijevics and Simon (2010), most available
systems are not conducive to the greenhouse environment since they use a wired
network. These systems are not easy to install and extend; maintenance costs are high
and there is limited data storage space. Song (2010) and Dhumal and Chitode (2013)

continue to note the issue of unfavorable wired systems in a greenhouse and limited



data storage space. In addition, Baviskar et al. (2014) notes that the cabling system is
hostile to a greenhouse, and mentions the issue of limited data storage on the currently
used greenhouse monitoring systems. There are several disadvantages of wired
systems, such as the need for long cables, which leads to difficult installation,
maintenance, high costs and technical complications during deployment (Erazo et al.
2015).

1.4 Research aim

The aim of this study is to develop a cloud-based 10T greenhouse monitoring system
that is wireless, cost-effective and easily accessible; and provides unlimited data
storage space to farmers for analysis. This system should effectively monitor
temperature, humidity and soil moisture levels within the greenhouse. Further, it must

provide real time and accurate information and send data to the cloud for storage.

1.5 The research objectives:

» To critically reviewing existing literature of IT based greenhouse monitoring systems

supporting crop production

» To developing a wireless cloud-based 10T greenhouse monitoring system; and

* To evaluate the system performance of the developed system.

1.6 The research hypothesis

The aim of the study was to prove the following research hypothesis:

The use of 10T for greenhouse environment monitoring will allow for the monitoring of

humidity, temperature and moisture in order to use resources more efficiently.

1.7 Proposed research methodology

This study conforms to the design science research methodology (DSRM). DSRM uses
an iterative process involving five steps: awareness; suggestion; development;

evaluation, and conclusion (Oates 2005). Hevner (2007) defines DSRM as a research



technique for producing innovative artefacts that extend human and social capabilities
within a specific domain. DRSM requires the creation of an innovative and useful
artefact. Evaluation for the artefact is necessary in order to ensure its effectiveness for
the specified problem (Hevner 2007). Furthermore, the artefact must either be
innovative or provide a more effective solution to a given problem. Both, “the
construction and evaluation of the artefact must be done rigorously, and the results of
the research presented effectively to technology-oriented and management-oriented
audiences” (Hevner 2007:5). Von Alan et al. (2004) stress that, to obtain viable results
in DSRM, a dual research methodology is relevant.

March and Smith (1995), Hevner et al. (2004) and Hevner and Chatterjee (2010)
propose a design research methodology which is a research framework in which IT
research can be framed by integrating two complementary disciplines. The first of
these is a natural science, in which research focus on theorizing and justifying, and the
second is design science research (DSR), where the research focus on building and

evaluating the process for IT artefacts. How does this “integration” occur?

1.8 Importance of the study/contribution of the study

Reviewed literature reveals that studies have been conducted and some are still in
progress to monitor the greenhouse environment using cloud-based 10T technology. The
literature showed evidence of the existence of several studies using radio frequency (RF),
global system for mobile communication (GSM) and WSN. The development of a cloud-

based I0T greenhouse monitoring system will contribute to the following:

* Using an Internet of Things based system which is based on a wireless sensor
network as a solution to the issues of wired network systems.
» Using cloud-computing service for the storage service.as a solution to the limited

storage space.

1.9 Thesis Outline

This thesis is organized into five chapters. A summary of the five chapters is given below.



Chapter one: This chapter forms the background of the study of the greenhouse
monitoring system, by highlighting the following: why a greenhouse is used in farming
and the importance of monitoring the greenhouse environment (motivation); problem
statement; research aim, research questions and objectives; the contribution of the

study; research outline; and summary.

Chapter two: This chapter presents greenhouse farming, the importance of
temperature, humidity, and soil moisture, WSN for monitoring greenhouse, loT for
greenhouse monitoring, cloud computing, and the convergence of loT and cloud

computing technologies for greenhouse monitoring.

Chapter three: This chapter discusses the design science research methodology, which is

the adopted research methodology for this study.

Chapter four: This chapter discusses the implementation of design science research

methodology and the results obtained.

Chapter five: The conclusion and recommendations are drawn and presented.

1.10 Chapter summary

A rising world population places increasing demands on a nation’s agricultural
capability. Recent statistics indicate a growing rate of malnutrition and hunger all over
the world. The 10T has promising avenues which are capable of offering many
solutions towards the modernization of this type of agriculture. It aims to integrate
seamlessly both physical and digital worlds in one single ecosystem that makes up a
new intelligent era of the Internet. This study sets out to develop a temperature,
humidity and soil moisture monitoring system using cloud-based loT designed
specifically for a greenhouse environment. The next chapter will be reviewing the

current existing greenhouse monitoring systems.



CHAPTER 2: LITERATURE REVIEW

This chapter focuses on reviewing existing greenhouse monitoring systems. It starts
by discussing greenhouse farming and pertinent greenhouse environmental factors,
which are temperature, humidity and soil moisture. It also critically evaluates
developments in the application of new trending technologies, such as wireless sensor
networks (WSN), 10T, and cloud computing in a greenhouse environment. The chapter
then goes on to discuss how these technologies are used in a greenhouse environment
by reviewing their system architecture, as well as uncovering some challenges faced
by these technologies, such as data storage and wireless connectivity. Lastly, the
potential benefits of integrating new technologies for greenhouse environment

monitoring purpose are reviewed.

2.1 A brief description of a greenhouse
Ramanjaneya (2015) highlights that, since ancient times, farmers have known that

adjustment to the environment plays a key role in the productivity of crops. The first
attempt to adjust the natural environment was the introduction of greenhouses built in
Italy in the sixteenth century to house the exotic plants that explorers were bringing
back from their voyages to the tropics (Kerr 1989). The greenhouse is defined as a
covered structure that provides plants with an optimally controlled environment for
adjustment of climate-growth conditions, to reduce the cost of production and increase
crop yield (Gallant 2018). According to Jiménez et al. (2012), a greenhouse is an
indoor covered place where plants are cultivated and grown. These structures vary in
size from small shelters to industrial size structures (Shamshiri and Ismail 2013).

There is a need for concrete systems at each stage of the food cycle from food
production, harvesting, transport and distribution, in order to overcome food insecurity
(Yadav et al. 2012). This study is focusing on the food production stage. The
enhancement of food production in developing countries is an urgent matter (Ordonez
2016). Rouphael et al. (2010) argue that, to provide for an ever-growing population,
strategies should be initiated based on how to increase yield production and also work

on the quality of the product. These two points: product quantity and product quality,



should be the primary objectives for all farmers together with the speedy development
of greenhouse farming in the agriculture industry for the production stage.

The introduction of the greenhouse for crop production significantly reduces the
impact of unpredictable outdoor factors (Prathibha, Hongal and Jyothi 2017). Van
Lenteren (2000) highlights that greenhouses offer an excellent opportunity to grow
high-quality products in large quantities on a small surface area. During the production
process, crops go through various, such as germination, sprouting, flowering and fruit
development. Crops can also be affected by the environment in which they grow. A
farming environment can consist of many factors, including temperature, humidity and
soil moisture. These factors contribute or indicate how crops develop either directly or
indirectly, and the poor environmental conditions can damage crops or increase the

likelihood of diseases.
2.1.1 Temperature management inside the greenhouse

One of the major factors directly affecting crop development and health is extreme
temperature. Temperature influences most plant development processes, including
photosynthesis, transpiration, absorption, respiration and flowering (Mastalerz 1977).
Different types of crops utilize different best growing temperatures which can differ
for the roots and shoot environment, and for growth stages throughout the lifespan of
the crop (Dias et al. 2016). Jain, Bhakar and Singhal (2017) state that, since farmers
are usually concerned about crop growth and development, they need to provide these
best crop conditions throughout the entire production cycle. Current approaches of
temperature management in greenhouses appear far from ideal since they are based on
wires, complex structures, complicated installation, high maintenance costs, poor

tension and mobility.

2.1.2 Humidity management inside the greenhouse

Water vapour inside the greenhouse is one of the most noteworthy variables that can be

disturbing to crop growth. Humidity can be defined as present water vapour in the air



(Stefko and Kollar 2015). It is categorised into two forms: the absolute humidity and the
relative humidity. According to Grasley et al. (2006:51), humidity is viewed as “the
ambient vapor pressure P to Ps at the ambient temperature Ta and is generally expressed
as a percent”. Even though humidity is viewed in terms of temperature, it relatively
occurs due to temperature. Measuring humidity is greatly done in the ground-based
weather stations with the primary purpose of reporting and forecasting weather (Bell et
al., 2017). This is normally done for the provision of information about the presence of
water and the actions of water vapour. Humidity is significant to plants because it
moderately controls the moisture loss from the plant. The leaves of plants have small
pores, CO- enters the plants via these pores, and oxygen and water leave via them.
Transpiration rates lessening equivalently to the total amount of humidity in the air. This
is because water disseminates from areas of higher concentration to areas of lower
concentration. Current approaches of humidity management in greenhouses, as in the
case of temperature management, appear far from perfect; they, too, are based on
electrical wirings, complex structures, complicated installation, high maintenance costs,
poor tension, and mobility. Moore (2019) identifies instances of archaic practices where
farmers use the traditional method of putting a basket filled with water inside the
greenhouse to manipulate the humidity or place the crop pots on top of a tray filled with

water.

2.1.3 Soil moisture management inside the greenhouse

The importance of having soil well moistened is well understood; however, it is also
necessary for the farmers to be aware of the negative effects of overly moist soil on
the development of crops (Jain, Bhakar and Singhal 2017). Monitoring or measuring
soil moisture is one way of determining when crops need irrigation and how much
irrigation water to apply. Champagne et al. (2019) state that the soil moisture is critical
for seed germination and the uptake of nutrients by the plants. Excess water in the soil
may slow down or stop gaseous exchange between the soil and the atmosphere, which
reduces root respiration and growth. Optimal levels of moisture support root growth
lengthen the flowering period and increase the overall yield of the crop (Kramer 1944).
As for Satyanarayana and Mazaruddin (2013) and Gangasani (2016), soil moisture

plays a critical role for proficient photosynthesis, respiration, transpiration and



transportation of minerals and other nutrients through the plant. Current approaches of
moisture management in greenhouses are more challenging since they are based on
complicated installation and high maintenance costs, poor tension and mobility,
wirings and complex structures, and, sometimes, on the traditional ways of moisture

management.

This study proposes to monitor greenhouse soil moisture, humidity and temperature.
Kirshboum (1995, 2006) states that temperature, humidity and soil moisture are the
most important environmental factors influencing soil organic material decomposition
and production of greenhouse gases’ terrestrial environment. According to Kirkham
(2014), the absorption and transportation of water and nutrients are reliant on the soil
conditions. Thus, it is important to maintain the temperature and the moisture level in
the soil at an optimum level to keep the crop healthy. Therefore, this research considers
soil moisture, humidity and temperature as the primary factors affecting crop growth.
These factors are difficult to monitor manually inside a greenhouse, and current

approaches are outdated and laden with inaccuracy (Jiménez et al. 2012).

Nachidi, Benzaouia and Tadeo (2006) highlight that it is commonly known that
greenhouses are structures that permit the establishment of an indoor microclimate for
crop growth, defending it from adverse outdoor conditions. Azaza et al. (2016)
proposed the construction of a Takagi-Sugeno (T-S) fuzzy model from a simplified
nonlinear dynamic model of the greenhouse climate to control air temperature and
humidity inside the greenhouse. In addition, the designed system achieved the desired
climate conditions in a greenhouse, however, this study was conducted on an empty

greenhouse.

Micro-environments, such as greenhouses, are highly used due to the fact that they can
be controlled easily. Baviskar et al. (2014) note that the current use of the greenhouse
monitoring system enables precise monitoring, but it requires a lot of cabling or wiring
which is hostile for a greenhouse. They also emphasize the need for the introduction

of an efficient and effective wireless system in this area of greenhouse farming.

10



2.2 Wireless Sensor Networks

A wireless sensor network (WSN) is a network shaped by a large number of sensor
nodes where each node is equipped with a sensor to detect physical phenomena (Estrin
et al. 1999; Lopez et al. 2010). WSNs are regarded as a groundbreaking information
gathering method to shape the information and communication system which will
importantly improve the reliability and efficiency of infrastructure systems. Compared
with the wired solution, WSNs feature easier deployment and better flexibility of
devices. With the rapid technological development of sensors, WSN has become the
key for 10T (Xia et al. 2011; Akyildiz et al. 2002). Deepika and Rajapirian (2016) posit
that a WSN in an agricultural environment is established to collect data from various
sensors, as shown in Figure 2.1 below. The architecture model below is adopted from

Horvat, Sostaric and Zagar (2012) and Po’ad, Ismail and Jusoh (2017), and it shows the
logical view of a WSN.
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