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Abstract: Water-cooled air conditioning units have huge potential for providing a low carbon emission
solution to controlling the temperature and humidity of commercial and domestic buildings as they do not
rely on hazardous refrigerant materials in their operation unlike most present devices. Currently, however, its
use is limited in high humidity areas due to low cooling efficiency and no effective method for controlling this
type of system remotely.

This research developed a novel remote-controlled system for use with air-conditioning units utilising solid
desiccant dehumidifiers which can be employed to create low carbon emission buildings. The system employs
multiple information technologies such as sensor fusion, digital input/output communication and mobile
technologies to monitor and control the internal conditions of air-conditioned buildings and provides data
collection, data processing, system control, and mobile access. The data collection module is built based on
sensor fusion technologies to detect the operating status of the conditioned air. The real-time data processing
module is implemented with feature extraction and non-linearization computing to process received data and
transmit commands to a control unit. A case study involved monitoring and controlling the working
conditions of a solid desiccant dehumidifier employed in an air conditioning unit. Remote control of the
process was performed by tuning a NI-DAQ controller’s parameters to regulate humidity, temperature, flow
rates and other conditions in the unit. A mobile phone was utilised to demonstrate the remote-control function.
The results prove that the system developed is successful in controlling the operation of water-cooled air
conditioning units.

Keywords: Buildings; air condition; low carbon emission; solid desiccant dehumidifier; mobile phone; sensor
fusion; control system; process control; web services; mobile network.

1. Introduction

These days, air conditioning is considered to be a crucial addition to most commercial buildings and its
use in domestic environments is also becoming more widespread as residents seek to experience the maximum
level of comfort available to support their modern lifestyles. From an environmental perspective, however,
such systems consume large amounts of energy and contribute to pollution. Currently, most air conditioning
devices operate using conventional refrigerants such as chlorofluorocarbons (CFCs) and hydrofluorocarbons
(HECs) [1], which generate considerable emission of greenhouse gases and other harmful materials, producing
a negative environmental impact.

As a way of reducing environmental impact, water-cooled air conditioning systems have attracted
attention, with such systems being cost-effective and not requiring potentially hazardous refrigerant pipes
running through the house [5]. These systems operate based on water evaporative cooling, in which water
absorbs heat from indoor air and transfers it outside to disperse in the atmosphere. Currently, water-cooled
air conditioning systems for domestic use are quite rare, although some companies have made inroads into
this market. For example, Olimpia Unico, an Italian company, have developed a chilled water air conditioning
system for use in homes [5], whilst in the UK, P&M Coppack Air Conditioning Ltd. have produced an Airwell
water-cooled air conditioning system with independent water-cooled consoles which can be connected to the
public water supply and are fitted with a modulating regulator valve to reduce water consumption [6]. LG on
the other hand, provides a chilled water central air-conditioning solution which is ideal for industrial facilities,
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such as power plants and factories as well as district cooling [7]. With regards to control techniques for heating,
ventilation and air conditioning (HVAC) systems, Abdul Afram et al. has conducted a review and considers
that with recent advances in data storage, computing and communication devices, the implementation of an
effective method to overcome the inherent issues in HVAC control should be possible [19].

A major problem of existing water based air conditioning units, is that the application of water
evaporative cooling is often restricted in the UK and some areas of mainland Europe due to the relative higher
humidity there. Theoretically, the evaporative cooling system is only suitable for hot and dry climates [15]. In
moist conditions, air is not suitable for supply into buildings directly, as it achieves low cooling effectiveness
and may cause distortion and rusting of susceptible materials [16]. In the UK and some European areas, the
climate is humid all year around (e.g. relative humidity as high as 50% - 70%) and doesn’t change dramatically
within the four seasons [17] [18], which therefore limits the application of water evaporative cooling somewhat.

Current water-based air conditioning systems focus on the cooling technique, but more attention could
be paid to the problem of air humidity, which limits the capacity of evaporative cooling and affects the
effectiveness of controlling the thermal environment. An effective solid desiccant dehumidification method is
needed to address this problem.

The application of mobile phones to control heating, ventilation and air conditioning (HVAC) systems is
currently limited to conventional refrigerant-based air condition systems [21]. The advantage of employing
the mobile phone is that the user can regulate the building’s temperature and humidity from a remote place
to optimise energy efficiency and ensure comfortable conditions await on return. Ensuring smart devices such
as mobile phones and sensing units [8] can be used in conjunction with water-cooled air conditioning systems
is also desirable for the same reasons, but currently no application of their use in these systems exists [20].

Current climate change predictions indicate that the UK will have Mediterranean style weather
conditions within the next 50 years, with heat waves already becoming more prevalent [2]. Present regulations
are pushing towards Zero Carbon homes by 2050, when it is possible that traditional high-energy equipment
will be required to provide cooling in both commercial buildings and domestic dwellings of older construction,
creating higher demands of energy [3, 4]. This research contributes to solving these issues by providing a low-
energy solution for the cooling of older buildings.

To meet the challenges stated, the research presented in this paper discusses the development of a novel
conditioning system using water as a coolant and a solid desiccant for dehumidification. The water, which is
environmentally friendly, replaces more harmful refrigerants used to operate conventional air-conditioning
systems in buildings. The dehumidification method adopted overcomes the problems of current water based
conditioning systems to ensure appropriate levels of control of the building’s environment, which is a novel
application [13].

Importantly, the system described is CFCs and HFCs free and can be driven by a natural energy source,
such as the evaporation of water. The solid desiccant dehumidification technology, which is developed in this
project, will be important for advancing environmentally friendly solutions for achieving comfortable working
and dwelling conditions in buildings. Since the amount of electricity required to drive the system is low, it
will be suitable for adaption using renewable energy sources, such as solar and wind energy. The solid
desiccant dehumidification technology has not been investigated thoroughly so far and hence greater research
is necessary in this area [5].

As stated, the use of mobile phone and sensing technologies have great benefit when applied to air
conditioning systems [12] but to date they have not been applied in water-cooled systems [10]. To address this,
mobile communication technology is applied, which allows the user to remotely control the functions of air
conditioning (e.g. the control switch of the dehumidification system) via mobile phone, in order to set
optimum humidity and temperature from distance. Furthermore, mobile phone technologies are combined
with sensing technology to develop a new means for real-time monitoring and controlling the working
conditions of the air-conditioning units, which ensures the operation of the solid desiccant dehumidification
system, which is a novelty in this research.

In the following sections, mobile communication and control of the system is reported, including the use
of multi-sensor application, digital /O methods, I/O control (hardware), real-time condition data processing
and communication through a mobile phone network. Other aspects related to this research will not be
addressed due to the word count constraints.

2. System Overview



Figure 1 shows the water-cooled air condition system in low carbon emission buildings, which applies a
new type of solid desiccant dehumidifier to ensure suitable control of temperature and humidity.
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Figure 1: Water-cooled air condition with solid desiccant dehumidifier

A novel system for monitoring the working conditions of water-cooled air condition units in low emission
buildings has been developed. The system regulates the humidity within the room via monitoring the flow-
rate, moisture and temperature of the air that flows through the air-conditioning unit, in order to satisfy the
requirements for water evaporating cooling. Importantly, the sensing technologies, such as sensor fusion and
digital I/O with control output are applied, which solve the problem of data fusion of multiple complex
working conditions. Sensor fusion combines multiple sensors, which are not specified to originate from
identical sensors, to capture physical quantities of different working conditions of air-conditioning. Digital I/O
(input/output) is used to achieve dual communication with input and output devices, such as retrieving the
working condition data from the sensors and transferring the command to the control unit.

The system consists of a solid desiccant dehumidifier for reducing air moisture, an air conditioning unit,
a fan with adjustable speed, a data acquisition device for digital I/O (input/output) control, sensors for data
acquisition for multiple working conditions, a web camera, a host computer and mobile facilities, which are
all shown in Figure 2.
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Figure 2: Mobile control system for air-conditioning with solid desiccant dehumidifier

Within this system, the solid desiccant dehumidifier plays a significant role in tuning the humidity of air.
The air dehumidification is performed using the solid desiccant within the dehumidifier. The dehumidifier
includes an inlet and an outlet for air-flow. When the fan blows the moist air into the inlet of the dehumidifier



at a certain flow-rate, the solid desiccant conditions the flowing air by reducing the moisture The low-
humidity air is then outputted via the outlet of the dehumidifier and subsequently conveyed to the air-
conditioning unit for water evaporative cooling. Through this method, the humidity of the room is reduced.

In order to track the changes in the working conditions of the air (i.e. before and after conditioning it), a
fusion of sensors and relevant measurement devices are utilised for data collection, and an internet-enabled
host computer employed for data processing and real-time display. The humidity of the conditioned air at the
outlet is tuned via the control of the fan’s speed, utilising a data acquisition device (DAQ) with digital output
control and a current amplifier device. Importantly, users are able to control the humidity in the room remotely
by mobile device, which is an innovation.

To achieve the above goal, the system provides the following four functions: data collection, data
processing, system control and mobile access, which are detailed as follows:

(1) Data collection is implemented with the sensory technique based on the digital I/O interfaces to collect
the data of working conditions from the solid desiccant dehumidifier. In order to monitor the operational
status of the dehumidifier, the sensors are placed at both the air-inlet and air-outlet of the dehumidifier to
acquire working conditions data of the air, including humidity, temperature and flow rate. To do so, a
humidity sensor, a thermocouple and an air-flow rate sensor are installed at the air-inlet of the dehumidifier
and a humidity sensor and a thermocouple located at the air-outlet of the dehumidifier, as shown in Figure 2.

The data acquired by the above-mentioned sensors are transmitted to the host computer via the data
acquisition device (DAQ) for further processing. In the meantime, a web camera is used for transferring the
on-site video to the host computer. For more details of the acquisition and calibration of the working condition
data of the solid desiccant dehumidifier, please see section 3.1 Data Collection.

(2) Data processing is applied to handle all the data and commands related to monitoring, control and
mobile access. The host computer operates as the central console to acquire the working condition data of the
solid desiccant dehumidifier, and if necessary, transmit the commands to the control unit, such as the fan’s
motor. By controlling the fan’s speed, the humidity of the room is adjusted. Also, the host computer provides
a web-based software interface (i.e. web service) for connection with mobile devices, such as mobile phones,
tablets and laptops. Therefore, the mobile user can connect to the computer remotely and is allowed to send
the commands to control the fan. The related software is developed using LabVIEW programming software.
For more details of the data processing technique applied in the host computer, please see section 3.2 Data
Processing.

(3) The System control is implemented to control the operation of the dehumidifier and fan which
provides the source of air-flow for the solid desiccant dehumidifier. The rate of the air-flow within the
dehumidifier is determined by the speed of the fan. The faster the fan rotates, the greater the air flows through
the dehumidifier within a given time. When the amount of air-flow through the dehumidifier per second
exceeds the amount that the dehumidifier can deal with, i.e. the upper limit of the capacity of air-flow
dehumidified by the solid desiccant, the control unit decreases the fan speed immediately in order to slow
down the air’s flow-rate. To achieve this, the control unit adopts the DAQ device with digital control to an
analogue current amplifier, in order to regulate the operation of the fan. The adjustment of the fan’s speed can
be performed by tuning the output voltage values on the DAQ device and amplifying the output current
values on the current amplifier device. For more details of the control method with regards to the DAQ device,
please see section 3.3 System Control.

(4) Mobile access enables the user to view the working condition data with their smart device and adjust
the air humidity within the rooms as required via a mobile phone network. The necessary web-based
application software has been developed by the following software developing tools:

e LabVIEW Developer Suite, a G-language based graphical programming environment, to develop
the server-end applications for data acquisition and decision making (system control);

e Adobe Flex Builder, a programming development environment, to develop the graphic user
interfaces (GUI) and script programmes for remote communication of the client end (user side) with the
server end;

¢ Adobe Flex Media Server (FMS), to develop the media-driven code for transferring the video stream
data from the host computer to mobile phones at the client end. For more details of the programming of
remote communication between the host computer and the mobile phones, please see the section 3.4
Mobile Access.



3. Technologies Utilised in the Air Conditioning System

The system employs sensor fusion, data processing with feature extraction, system control and mobile
communication technologies in order to monitor and control the working conditions of the solid desiccant
dehumidifier and maintain the normal operating status of the air-conditioning unit.
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Figure 3: The flow of monitoring and control of the dehumidifier system

Figure 3 shows the workflow of the system and the functionality of each module within it. First, the data
collection module collects working condition data from the dehumidifier via a series of sensors. The captured
data are then processed to actual physical quantities (humidity, temperature, and air flow-rate) within the
data processing module via applying feature recognition, pre-processing and non-linearization calculations.
Subsequently, the system control is implemented to identify the overload / failure condition of the
dehumidifier and make decisions based on the actual physical condition data. When detecting a failure, the
control commands are immediately transmitted to the control unit (e.g. fan motor) for regulating the working
conditions of the dehumidifier (e.g. air humidity). A significant feature of this system is that users are
permitted to view the working condition data on their mobile phones, as well as control the working condition
by submitting commands to the control unit online.

The technologies applied in the remote control system are detailed in the following sub-sections.

3.1 Data Collection

Data collection is conducted using multiple sensors and the data acquisition device (DAQ) based on the
data input/output (I/O) communication interface. The sensors are employed to collect the working condition
data of the solid desiccant dehumidifier, such as humidity, temperature and air flow rate, which include the
following:

(1) Two humidity sensors to acquire data at the inlet and outlet points of the solid desiccant

dehumidifier respectively.

(2) Two thermocouples (temperature sensors) associated with a signal conditioner, to acquire the
temperature data at the inlet and outlet points of the solid desiccant dehumidifier respectively. The
signal conditioner provides the temperature compensation for the cold-junction of the
thermocouples, in order to ensure the accuracy of the temperature data measured. Also, it is applied
for amplification and filtering of the low-voltage signals generated by the thermocouples. The
application of the signal conditioner reduces the measurement error of the temperature data; the
measurement error is less than 0.1% at 0 - 70 °C.



(38) A flow rate sensor, for measuring the air flow rate into the solid desiccant dehumidifier. The sensor
enables a quick response to monitor the humid atmosphere and has a high accuracy with less than
2% measurement error.

Thermocouples Humidity sensors Flow-rate sensor DAQ

Figure 4: Data collection module, including humidity sensors, thermocouples, air flow-rate
sensor and associated data acquisition device (DAQ)

Figure 4 shows the thermocouples with K-type miniature plugs/probes together with the high precision
humidity and flow-rate sensors which are used for the measurement of working condition data. The sensors
transmit the working conditions data of the solid desiccant dehumidifier to the DAQ in the form of an
analogue input voltage. The DAQ then converts the analogue input voltage data to the digital input data,
which can be read by the host computer.

The DAQ contains the data input/output (I/O) communication interfaces, for example, the analogue input
(AI) interface and the digital counter (DC) interface, in order to transmit the digital input data with the physical
information of the working conditions to the host computer for further processing. The analogue input (Al)
interface is used to collect the analogue input voltage data based on the differential calculation method. The
sampling rate of the analogue input interface is 10 kHz and its data length is 100 per channel. The analogue
input voltage values range from 0 to 10 volts [9]. The digital counter (DC) interface adopts the pulse counting
method to collect data from a sensor. It has the capability of high-rate computation of data; the sampling rate
of the digital counter is 80 kHz [9]. In this research, the analogue input interface is used, which transmits the
digital input data of humidity, temperature and flow-rate to the host computer.

Figure 5 shows the graphic user interface and the man-machine interactive interface, which display the
working condition data of the air-conditioning system in real time. First, the working condition data are
captured from the sensors at a rate of 10K per second and then they are transmitted via the DAQ device to the
host computer for further processing, such as feature extraction.
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Figure 5: Graphic user interface for the display of the working condition data

3.2 Data Processing

The data processing module is utilised to process the digital input data, which are obtained by the host
computer, into the actual physical quantities of working conditions. It provides the functions of feature
extraction, pre-processing, calculation of real physical quantities and display of the data/results on the monitor,
which are detailed as follows:

(1) Feature extraction

The data that are captured from the humidity, temperature and flow-rate sensors are shown in the form
of electronic impulse, which are composed of four types of feature parameters: RMS, valley value, peak value
and period [8]. The peak value reflects the analogue voltage value of humidity/temperature condition which
is to be extracted. The feature extraction software has been developed for extracting the impulse’s feature
parameters as shown in Figure 6. Based on this software, the impulse’s peak values of humidity and
temperature are obtained as well as the impulse frequency of the air flow.

(2) Pre-processing
In order to ensure the accuracy of the humidity and temperature measurements, the data are processed
using the following procedure:
a) The data are categorised into ten groups and each group has 1024 data.
b) The data of each group are calculated to obtain a root-mean-square (RMS) value of the group.

c) The average of the RMS values of ten groups is used as the value of working condition data at a time
point.
With the above method, the abnormal data (also called invalid data) are removed, which ensures the
calculation error is lower than one percent.
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Figure 6 (a) : Feature extraction of the humidity sensor
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Figure 6 (c) : Feature extraction of the flow-rate sensor

(3) Calculation of physical quantities

The digital input data are converted to real physical quantities which can be understood by the user.
Usually, the data captured are not linearly proportional with the real physical quantities and therefore a non-
linearization based conversion is applied. The following formulas are used for calculating the real physical
quantities, including humidity (i.e. both relative humidity and absolute humidity), temperature and flow-rate:



Relative Humidity: ~ RH (%) = (h x 0.1906) - 40.2 @)

Temperature: T (°C) = (t x 0.22222) - 61.11 @)
idi H 3 216.7 RH 6.112 e(%) ©
Absolute Humldlty: (g/m ) = g X m X 6. X m
. s 4)
Flow Rate: FR (litre/hour)=f*60 /7.5

Where the variable ‘h’ refers to the data obtained from the humidity sensor; ‘t’ represents the data
obtained from the temperature sensor (thermocouple); and ‘f’ represents the impulse frequency data of the
flow-rate sensor.

3.3 System Control

Within the working condition information obtained, the humidity data is the key indicator which is used
to identify if the dehumidifier is overloaded. Overloading of the dehumidifier arises from excessive air flow,
which is not able to be conditioned by the solid desiccant in the dehumidifier and hence could result in a
failure of air dehumidification.

The identification of dehumidifier overload is found by calculating the change in humidity of the air
within the dehumidifier, which is indicated as AH. When the dehumidifier is idle or not operational due to
the failure, AH1is zero. With the dehumidifier functioning, AH increases gradually and therefore AH can be
used to judge the operating status of the dehumidifier.

In this research, the humidity of the air-inlet and air-outlet of the dehumidifier are indicated as Hin and
Hou respectively. The change of air humidity can be expressed by the following equation:

AH =Hin - How (unit: g/m?3) (5)

Here, AH, Hin and Hou refer to the absolute humidity quantities. Correspondingly, ARH, RHin and RHout
represent relative humidity quantities. The air humidity ratio of the dehumidifier is also an important
indicator, which is calculated as follows:

AHC = (Hin - Hout)/ Hin = AH/ Hin (6)
where AHc is within the range 0 to 1.

AH s related to the rate of air flow through the dehumidifier (the air’s flow-rate represents the amount
of air flow passing through the dehumidifier within a given time). If the air flows fast, then AH drops. When
the air flow-rate arrives at a certain value, AH will in turn reduce significantly (e.g. approaching zero), which
means that the amount of air-flow through the dehumidifier is exceeding the value of the upper limit that the
dehumidifier can deal with.

It is important therefore to set the value of the lower limit of AH. When AHis less than the value specified,
the system will identify that the dehumidifier is overloaded. In addition to AH, the temperature value may
assist in judging the operating status of the dehumidifier. In general, temperature increases with the drop of
air humidity.

Once the dehumidifier overload is identified, the system is able to make a response immediately, which
is implemented as follows:

1) Launching the pre-set processing procedure/programme by transmitting a digital control command
of the decelerating fan’s speed to the DAQ card, e.g. decelerating by 5% of the fan’s rotating speed.

2) Based on the digital-to-analogue (D/A) conversion function, the DAQ device converts the digital data
of the control commands to the analogue output voltage, which is then transmitted to the fan motor.
In this research, the DAQ works not only as a data collection device but also a machine controller. It
has a two-way communication capability for input and output, such as analogue input for data
acquisition and analogue output for control [14]. When the analogue output is triggered, the DAQ



converts the digital command data into an analogue output voltage, which is then transferred to the
unit controlled.

3) The analogue output voltage controls the fan motor speed, slowing it down as required. Further, if the
air flow-rate through the dehumidifier is reduced, an increase in AH results.

4) 1If AH is less than the value of the lower limit, then the steps from 1) above can be repeated until AH
reaches the allowable working range.

If AH cannot be adjusted to be in the safe-working range required by the dehumidifier using the above
procedure, the system is to power off the fan and terminate the dehumidifier operation. In the meantime, the
system will display warning messages on the monitoring panel to inform on-site operators as well as
generating an analytical report. The course of action highlighted above ensures that the dehumidifier is not
damaged, which effectively solves the dehumidifier’s overloading problem.

3.4 Mobile Access

This module utilises the server-client networking structure, which facilitates the mobile communication
between the server side (host computer) and the client side (mobile phone), as shown in Figure 7. The
application programming interface (API) for the connection is the REST-based web service (Representational
State Transfer), which is responsible for receiving the request from the mobile phone at the client side and then
to interact with the three modules (data collection, data processing, and system control) and the web camera
for on-site visualisation.

When the mobile user sends a request with the control commands to the server via the cellular phone
network, the web service transmits the request to the data collection / processing module for further processing.
Based on the request received, the control commands will be transmitted to the control unit (e.g. fan motor) to
perform the required tasks.
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Figure 7: Overview of the communication between the server and the client using the internet and the
cellular phone network

In response to the client-end user, the working condition data of the dehumidifier is sent to the mobile
phone client in the form of XML (Extensible Mark-up Language) over the internet/cellular phone network.
XML is an efficient and reliable data-carrier, used in the web service and conveyed over the internet and allows
data to be converted into a standard form and transferred to the client-end user. Figure 7 shows the remote
communication between the server and client side via the internet and cellular phone network. The
development of the server-client network is detailed in the following sub-sections.

(1) Development of Server Side



The server side consists of a host computer, a monitor panel, a web camera and a network interface for
communication with the client user. The web camera is used to capture the video stream for remotely
monitoring the site.

The host computer provides the functions of real-time data acquisition, data processing and system
control along with facility to communicate with the client-end mobile phones. The above functions are
programmed by the LabVIEW Developer Suite development software.

The server programme contains several sub-programmes, which are called blocks in LabVIEW. Each
block performs an independent function, e.g. data acquisition, analogue-to-digital or digital-to-analogue
conversion and data transfer over the network. These blocks utilise the common computer/networking
resources, such as network ports, transmission protocols and application programming interfaces, and
transfer the data/information to each other.

The inter-operability of programme blocks is performed by the network-based shared variables (GSV),
which are used to transfer different types of data, such as two-dimensional waveforms graphs and tables. As
an important interactive function used in LabVIEW, GSV can effectively transmit data/information to the
interface specified in the server, i.e. the application programming interface (API), for communication with the
client.

As a standard application programming interface, the REST-based web service (Representational State
Transfer), is applied to create a remote connection between the host computer on the server side and mobile
phone on the client side. The web service enables the server to transmit the working condition data to the
user’s mobile device and hence the user is able to retrieve the data over the internet when required. When the
user tries to control hardware devices, such as adjusting the fan’s speed, the web service can provide the real-
time online connection, allowing for the user to access the server to transmit the control commands to the
devices remotely. The web service secures the communication between the server and the client and ensures
the compatibility of different computer languages/platforms.

The implementation of the REST-based web service starts by processing the data to the XML form. Using
the following XML syntax, the data/information, such as working conditions data captured by humidity and
temperature sensors, real physical quantities and system message and parameters, can be encoded in the XML
as follows:

<?xml version="1.0" standalone="yes" ?>
<Heading>
<RH_deh>
<Val>
56.184
</Val>
</RH_deh>
<T _deh>
<Val>
21.197
</Val>
</T_deh>

</Heading>

Within the above XML code, '56.184" and '21.197’ refer to relative humidity data and temperature data
after air dehumidification, respectively. The tags <RH_deh> and </RH_deh> are used to define a record with
’56.184’, and the tags <T_deh> and </T_deh> use the same method to define a record for '21.197". The tags
<Heading> and </Heading> specify a heading of the XML code including all the records [11].

Using the above syntax, the data/information is encoded to the XML, which is then transmitted as a
response to a data buffer in the memory using the Response function of LabVIEW. When the server receives
a user request from the client, the response, i.e. the XML code, which remains in the data buffer, will be sent
to the client.

The real-time video stream for monitoring the operation of the dehumidifier is also sent to the user
together with the working condition data. The video stream is acquired by the Web camera and then processed



by Flex Media Server (FMS) software, which encodes the captured video to stream data and broadcast it to the
client side. The process of publishing and transferring the stream data to the user is programmed based on the
MXML language used in Adobe Flex builder.

(2) Development of the Client Side

The client end of the system allows several mobile phones to access the server to acquire the working
condition data concurrently, including graphs, tables and video via the cellular phone network or the internet.
It also allows an authorised user, such as a technician, to log into the server-side host computer to control the
operation of the dehumidifier i.e. by delivering requests with control commands to the host computer. Such a
control method allows the engineers/technicians to test the functionality and reliability of the system.

The client software (i.e. mobile phone app), including graphic user interfaces and script, is developed
using Adobe Flex Builder and Open-plug programming environments. The graphic user interfaces are applied
to show the data of the working conditions of the dehumidifier, such as humidity (AH, Hin, Hout, ARH, RHin,
RHou), temperature (T) and flow-rate (FR). The graphic user interfaces also allow the user to configure the
information required for access to the server and enter the parameters related to the control devices.

The script associated with the graphic user interfaces is developed to deliver the data/results received
from the host computer to the graphic user interface for the mobile phone display and in addition, to send
back the user requests such as the system parameters and control commands.

The communication with the host computer is implemented based on the REST-based web service, which
is the same as the application programming interface used on the server side. The mobile phone can send
requests with commands/parameters to the host computer via the web service, whilst it can also retrieve
responses from the host computer in XML form and address the responses to display the data/results on the
graphic user interface.

4. Case Study

The developed system has been successfully applied to control and monitor the working conditions of
the solid desiccant dehumidifier used in an experimental air conditioning environment. The data acquisition
hardware contains a NI-DAQ6259 data acquisition device, two humidity sensors, two thermocouples
(temperature sensors) and a flow-rate sensor. The sensors are installed at the air-inlet and air-outlet locations
of the dehumidifier respectively in order to monitor the humidity, temperature and flow rate at those positions.
The DAQ sampling rate is 10 kHz and its data length is 2048; the analogue input/output voltage ranges from
0 to 10 volts. The speed of the fan can be measured by a read-out of the operating voltage and the maximum
no-load speed. In the set up shown below (and detailed in Figure 12), a Nokia phone is used to demonstrate
the control functions of the system.

The work flow of the solid desiccant dehumidifier can be divided into three phases: start-up and steady
operation of the dehumidifier, an overloading (failure) test and mobile control. The experiments conducted
relative to the three stages are detailed in the following sub-sections.

4.1 Start-up and operation of the dehumidifier

Figure 8 shows the real-time monitoring of the dehumidifier system. The working condition data were
acquired from the dehumidifier and displayed in the graphic user interfaces in a real time. Initially, AH
(change of air humidity of the dehumidifier) was 0 g/m?, as shown in Figure 9 (a).

The operation of the dehumidifier and fan starts by sending the control commands to the DAQ device.
When the DAQ device was triggered, the dehumidifier and the fan were launched, followed by a gradual
increase in AH. The DAQ device applies two analogue output channels, Channel-1 and Channel-2, to control
the operations of the dehumidifier and the fan, with the following functions:

(1) Channel-1 supplies 10V/ 0V to the dehumidifier to control the on / off function. When 10V is
outputted it starts operating and when 0V, it stops.

(2) Channel-2 supplies OV - 5V to the fan to control its speed, which is adjustable over the range from
0 to 4500RPM. The output voltage is proportional to the fan’s speed. A voltage meter was applied to
measure the voltage applied to the fan.



Figure 9 (a) and 9 (b) shows the changes of AH and the fan’s speed respectively. It is clearly observed that
at the time of 30 seconds, AH increased to approximately 8.5 g/m?, which reaches the maximum value of AH
that the dehumidifier can work to. This corresponds to a fan speed of around 2400RPM. The voltage supplied
to the dehumidifier and fan was measured to be 10V and 2.7V respectively, using the voltage meter. This
indicates that the dehumidifier works normally during this period to generate low-humidity air.

Increasing the fan’s speed by tuning the DAQ device’s control parameters created a greater air flow-rate
through the dehumidifier. AH, however, remained less than 9 g/m? under normal operating conditions.
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4.2 Overloading/failure testing of the dehumidifier

When the air flow was extremely fast, AH dropped rapidly which indicates that the dehumidifier was
overloaded. At a time of 70 seconds, the fan speed went up to 4500RPM, while AH fell to 4 g/m3. The control
system soon detected this status via the value of AH. Under the automated control mechanism of the system,
the command to decelerate fan speed was transmitted to the DAQ device, which then outputted the analogue
output voltage to the fan motor and regulated the fan’s speed to slow down air flow-rate in the dehumidifier.
At the time of 93 seconds, the fan’s speed had dropped to 2500RPM and AH rose to 8.5 g/m3. Under these
conditions, the dehumidifier returned to normal operation, as shown in Table 1.

The operating process of the dehumidifier is summarised in the following table:

Table 1: Working conditions of the solid desiccant dehumidifier

T RHin RHout AH AH. Temp. Rotating Speed
Stage (Sec) | (g/m?) (g/m?) (g/m?) O (RPM)
Start-Up 0-30 32 32-235 0-85 0-0.26 35-355 1800 - 2400
tead
Steady 30-60 32 235 8.5 0.26 355 2400 - 2500
Operation
Overload | 60-90 32 23.5-28 85-4 | 026-013 | 355-349 2500 - 4500
Af
Restoration | ‘g (;Er 32 235 85 0.26 355 2400 - 2500

The results show that the control system can work effectively to monitor and control the dehumidifier’s
working conditions and the applied I/O control methods are able to regulate the operating status of the
dehumidifier by sending DAQ control commands and maintaining normal operation. Therefore, this case
study verifies that the system has been developed successfully.

4.3 Mobile control via the cellular phone network

Figure 10 shows the programme applied at the server-side host computer for transmitting the working
condition data to the mobile phone client. The programme is developed based on XML with the LabVIEW’s
Write Response and the XML Out methods, which allow the data to be transferred online. When the host
computer receives a request from a mobile phone, the XML Output method is triggered; then the XML code
is compiled in the Write response format and stored in the Write response buffer within the computer memory.
Subsequently, the XML code remaining in the buffer is sent to the mobile phone via the Flash Out method.
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Figure 10: Transmission of working condition data to the mobile phone client with the XML code which is
developed using LabVIEW, a programming software based on G language
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Figure 11: Establishment of the remote connection from the mobile phone to the host computer utilising the
REST-based web service

Figure 11 shows the script code for mobile phones to create a connection to the host computer via the
REST-based web service, in order to retrieve the working condition data. Within the code, the user interface
for the connection with the host computer is specified as the web service of LabVIEW, which is allowed to
connect the mobile phone app with MXML language.

As shown in Figure 12, a Nokia phone is utilised to demonstrate the online interactive functions of the
system. Although the working conditions of the dehumidifier can be adjusted by the system automatically,
the technicians/engineers, under some circumstances, will need to remotely test the system. Furthermore, the
user might wish to set different levels of humidity within the room. To meet such requirements, the system
allows authorised users to control the dehumidifier with their smartphones.

On the user interface of the mobile phone, there are some parameters and commands for the system
control, such as ‘Step control’, ‘Decelerate by 5%’, ‘lower limit of the AH’, etc. These parameters and commands
allow the user to remotely access the system using the mobile phone. For instance, when ‘Step control’ was
enabled and ‘Decelerate by 5% was triggered, the fan’s speed decreased by 5% immediately, as shown in
Figure 13. When ‘Video Stream’ was enabled in the mobile phone, the video for monitoring the dehumidifier
operation was streamed to the Nokia mobile phone, as shown in Figure 14.
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5. Conclusions

This paper reports a novel remote monitoring system of a solid desiccant dehumidifier for air-conditioning in
low/zero carbon emission buildings, in order to overcome the problems of water evaporative cooling when
used to control the temperature and humidity of working / living spaces. The system applies advanced
information technologies (IT), such as sensor fusion, digital I/O (input/output) communication and mobile
access control methods, to monitor and regulate the internal conditions of air-conditioned buildings with the
major benefit of reducing carbon emissions in the buildings. Related software has been successfully developed
by the authors. This system has been approved to be used with water-cooled air conditioning systems allowing
effective operation of desiccant dehumidification and user friendly control of a building’s working / living
environment.

This research has made the following contributions to knowledge:

(1) Improvement of the effectiveness of water-cooled air conditioning systems. Currently, the
application of water evaporative cooling is limited in the UK and some European countries due to
higher air humidity in those areas, which significantly affects the operation of water-cooled air
conditioning systems and hence reduces user satisfaction with such systems. To address this issue, an
effective solid desiccant dehumidification method is developed, which overcomes the problems of
current water evaporative cooling units.

(2) Improvement of water evaporative cooling systems from a user satisfaction perspective. Mobile
phone and sensing technologies have not been available for use with water evaporative cooling
systems to date, which limits the flexibility of individuals to remotely and efficiently control the
building’s environment. To overcome this, sensor fusion and mobile phone communication
technologies are utilised, which address the problem.

(3) Contribution to the remote monitoring and control methods for regulating working conditions of the
system. Although remote control is applied in many fields, this method is not currently available in
the application of water-cooled air conditioning and has not been investigated in the existing
literature reviews. The relevant IC technologies, such as signal data processing, digital I/O, and on-
site visualisation are applied to detect the working status of solid desiccant dehumidification units
online, which ensures the ability to remotely control the operation of air-conditioning systems.

The use of water to replace the coolant in traditional air condition can reduce carbon emissions, which is
an important advantage of the system reported in this paper. As part of the future work, detailed calculation
and comparison will be conducted to show how much carbon emission could be saved and the exact energy
efficiency could be achieved with the sensor fusion and mobile communication technology.

Future efforts will focus on the application of solid desiccant dehumidification technology, which is
developed in this project, to the development of environmentally friendly technologies for thermal comfort.
Due to the small amount of electricity required, it is anticipated that the system can be driven using renewable
energy sources, such as solar energy. The relevant technology has not been fully investigated and further
research is needed.

The research reported in this paper could be of interest to readers who are investigating methods to
overcome the problems of current water evaporative cooling. This research will help readers to understand
how mobile phone and remote sensing technologies can be utilised for the control of water-based air
conditioning systems.
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List of Abbreviations

Al Analogue Input

API Application Programming Interface
CEC Chlorofluorocarbon

DAQ Data Acquisition

DC digital counter

FMS Flex Media Server

GUI graphic user interfaces

HFC Hydrofluorocarbons

HTTP Hypertext Transfer Protocol

HVAC Heating, Ventilation, and Air Conditioning
I/0 Input / Output

IT Information Technology

NI National Instrument

REST Representational State Transfer

RH Relative Humidity

RMS Root Mean Square

XML Extensible Mark-up Language
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