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ABSTRACT 

Abstract of thesis entitled:  Control and Optimization of Dedicated Outdoor Air-Chilled 

Ceiling Systems Using Liquid Desiccant Dehumidification 

Submitted by         :  Ge Gaoming 

For the degree of      :  Doctor of Philosophy 

at The Hong Kong Polytechnic University in March, 2011. 

 

 Dedicated outdoor air-chilled ceiling (DOAS-CC) system, as an alternative air 

conditioning manner, has attracted world-wide interests in recent years. It can achieve 

independent control of indoor temperature and humidity, provide more effective 

ventilation, prevent virus and bacteria transmission among different zones, etc; therefore 

it can improve indoor thermal comfort and indoor air quality. Considering the huge 

energy consumption for treating outdoor air in hot and humid regions like Hong Kong, 

total heat recovery and independent dehumidification technologies are desirable for 

energy saving in air conditioning. A DOAS-CC system adopting a novel 

membrane-based total heat exchanger and liquid desiccant dehumidification is proposed 

and studied in the research.   

Robust control is prerequisite for reliable operation of air-conditioning systems 

besides proper designs and maintenance. It also has significant impacts on energy use as 

well as occupants’ comfort, healthy and productivity. However, control issues in the 

DOAS-CC system and the liquid desiccant dehumidification process have been rarely 

concenned. Therefore, the aim of this research is to develop robust local control methods 
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and optimal control strategies for the DOAS-CC integrated system to achieve the desired 

indoor thermal comfort and indoor air quality with minimum energy consumption. The 

aim is reached through addressing the following scientific issues: (1) performance study 

of the membrane-based total heat exchanger; (2) control characteristics of the liquid 

desiccant dehumidification system; (3) system approach based global optimization of 

air-conditioning systems considering multiple objectives and multiple variables. In 

addition, control strategy for preventing condensation on the surface of chilled ceiling is 

also developed. 

The main works of this research are shown as follows. Firstly, a comprehensive 

mathematical simulator for the whole DOAS-CC system has been developed on the 

TRNSYS platfrom. Mathematical models of major components including the 

membrane-based total heat exchanger, the liquid desiccant dehumifier and regenerator 

are developed based on the simplified heat and mass transfer analysis method and the 

principle of mass and energy conservation. Main components of the system are validated 

by experimental data. Performance of the system can be studied by the simulator. 

Secondly, control strategies for the liquid desiccant dehumidification system are 

developed to achieve independent control of the supply air temperature and humidity. 

Control methods for the air dehumidification and cooling process in the dehumidifier 

side as well as desiccant solution regeneration process in the regenerator side are 

proposed and evaluated. Control characteristics of the liquid desiccant dehumidification 

system are also investigated.  

Thirdly, control methods for the multi-zone dedicated outdoor air system are 
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developed to decouple the indoor air temperature, humidity and ventilation controls. The 

performance of optimization control methods, such as supply air humidity ratio reset and 

demand controlled ventilation strategy, are evaluated by simulation tests in the system.  

Fourthly, a model-based global optimal control strategy is developed to reduce the 

energy consumption of the DOAS-CC system and provide comfort indoor environment. 

The indoor air temperature, indoor air humidity and total energy consumption are 

considered simultaneously. The supply air temperature and humidity of the DOAS and 

the supply water temperature in the system are optimized using the Genetic Algorithm 

(GA) based on the trade-off among the indoor air temperature, indoor air humidity and 

total system energy consumption in the format of a system response-based cost function. 

Finally, a predictive condensation control strategy is developed for the DOAS-CC 

system to prevent condensation occurring at the start-up moment of chilled ceiling 

system. Neural network (NN) based models are developed to predict the temperature on 

the surface of chilled ceiling and the indoor air dew-point temperature at the start-up 

period, hence to predict whether condensation will occur or not. Another model is 

developed to predict the optimal prior operation time for DOAS to prevent condensation. 

The performance of this predictive condensation strategy is evaluated. 
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CHAPTER 1 INTRODUCTION 

 

1.1 Motivation 

Energy saving and indoor environment quality are two major concerns in building 

heating, ventilating and air conditioning (HVAC) systems, which draw more and more 

attentions from designers, operators, occupants and researchers. According to the 

statistics provided by the International Energy Agency (IEA) in 2010, the building sector 

currently accounts for about one third of the final energy use worldwide (IEA 2010). 

Among building energy services, HVAC systems are the largest energy users, which are 

responsible for 10-20% of final energy use in developed countries (Perez-Lombard 

2008). Hong Kong energy end-use data showed that the space air-conditioning is one of 

the major energy users in buildings, which consumes about 27% of the total electricity in 

buildings and about 14% of all energy in Hong Kong in 2008 (EMSD 2010). 

Energy-efficient HVAC systems are therefore essential and expected to reduce energy 

consumption of buildings and promote environmental sustainability. 

The purpose of a ‘comfort’ HVAC system is to provide and maintain a comfortable 

environment within a building for the occupants. Indoor air quality (IAQ) and indoor 

thermal comfort are two important aspects of indoor environment. Conventional air 

conditioning schemes, such as constant air volume (CAV) systems, variable air volume 

(VAV) systems and fan-coil unit (FCU) systems, face challenges in indoor environment 

quality and energy efficiency. For instance, wet surfaces of cooling coils, higher relative 
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humidity (RH) in part load conditions, ineffective outdoor air ventilation in multi-zone 

applciations, etc. Conventional air conditioning systems are widely criticized for Sick 

Building Syndrome (SBS), which is harmful for occupants’ health and productivity. 

According to the estimation by Lawrence Berkeley National Laboratory in 1996, US 

companies lost as much as $48 billion annually in medical expenses due to biological 

contaminants that lead to sick building illnesses and $160 billion annually in lost 

productivity due to inadequate ventilation (Fisk 2002). In Hong Kong, studies of 

randomly selected office buildings have shown that up to 60% of workers reported at 

least one work-related symptom and 10-25% reported such symptoms occurring twice 

weekly or more. The loss of productivity from sick building syndrome was estimated to 

be $180 billion in 1998 (HK EPD 2010). 

There are increasing interests in developing new technologies and air-conditioning 

systems which can improve system energy performance and indoor environment. In 

2002, Department of Energy (DOE) proposed 15 kinds of technology options for energy 

savings in commercial building HVAC systems (Roth et al. 2002). Table 1.1 displays 

the 15 technologies selected, including their technology status and technical energy 

savings potentials. Technical energy savings potential is the annual energy savings that 

would occur relative to ‘typical new’ equipment if the technology option immediately 

was installed practices in all reasonable applications. It indicates the potential for 

considerable reduction of the 4.5 quads of primary energy consumed by HVAC systems 

in commercial buildings. 
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Table 1.1 Summary of the 15 technology options selected for refined study (Roth et al. 

2002) 

Technology Option Technology 
Status 

Technical Energy 
Savings Potential (quads)

Adaptive/Fuzzy Logic Controls New 0.23 

Dedicated Outdoor Air Systems Current 0.45 

Displacement Ventilation Current 0.20 

Electronically Commutated Permanent Magnet Motors Current 0.15 

Enthalpy Recovery Heat Exchangers for Ventilation Current 0.55 

Heat Pumps for Cold Climates (Zero-Degree Heat Pump) Advanced 0.1 

Improve Duct Sealing Current/New 0.23 

Liquid Desiccant Air Conditioners Advanced 0.2/0.061

Microenvironments/Occupancy-Based Control Current 0.07 

Microchannel Heat Exchanger New 0.11 

Novel Cool Storage Current 0.2/0.032

Radiant Ceiling Cooling/Chilled Beam Current 0.6 

Smaller Centrifugal Compressors Advanced 0.15 

System/Component Diagnostics New 0.45 

Variable Refrigerant Volume/Flow Current 0.3 
 

1 Savings for use as DOAS and relative to a conventional DOAS, respectively. 
2 Savings for all packaged and chiller systems and only water-cooled chiller, respectively. 

Many of the 15 options had attractive simple payback periods, as shown in Figure 

1.1. It is encouraging for designer and operator to implement these technologies in 

practical applications. In addition, several of the technologies share common non-energy 

benefits that can improve the indoor environment of HVAC systems. For instance, 

dedicated outdoor air systems and energy recovery heat exchanger can improve indoor 

humidity control, while liquid desiccant systems can enhance indoor air quality. These 

energy savings technologies can be adopted in HVAC systems to improve the system 

energy efficiency and indoor environment.  
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Figure 1.1 Estimated technical energy savings potential and simple payback periods for 

the 15 options (Roth et al. 2002) 

Research on new air-conditioning systems is also very active in recent years. A 

novel air conditioning system which integrates a dedicated outdoor air system (DOAS) 

with parallel sensible load treatment equipments, such as chilled ceiling (CC) panels, has 

been attracting a lot of interests (Mumma 2002). The DOAS and the parallel unit in a 

DOAS-CC integrated system are two independent subsystems. The dedicated outdoor air 

system takes charge of removal of the total latent load and a part of sensible load of 

space, as well as direct delivery of the required amount of outdoor air into conditioned 

space for ventilation purpose. The parallel terminal is responsible for removing the 

remainder part of sensible load. The treatment of sensible load (temperature control) and 

latent load (humidity control) is hence decoupled. In DOAS-integrated systems, the 

amount of fresh air distributed to each zone is independent and solely determined by the 
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occupant number in that zone; therefore it can verify the ventilation air distribution 

required by ASHRAE ventilation standard 62.1-2007 (ASHRAE 2007a). The outdoor 

air ventilation in this system hence is more effective than that in traditional VAV 

systems owing to the more straightforward outdoor air delivery mode. The integrated 

system can provide more healthy and comfortable indoor environment compared with 

conventional systems, and has higher energy efficiency. 

Energy consumption on treating fresh air is extensive. About 20-40% of the overall 

energy consumption of air conditioning system is consumed in fresh air handling 

process. The ratio can be even higher in hot and humid regions where latent load from 

fresh air is as heavy as 50% of the cooling load (Zhang and Xiao 2008). For the DOAS, 

which is a 100-percent outdoor-air system, energy recovery is required in most cases 

according to ANSI/ASHRAE/IESNA Standard 90.1-2007, and the energy-recovery 

system should be with at least 50-percent recovery effectiveness (ASHRAE 2007b). 

Energy saving in treating fresh air is critical for building energy efficiency. Efficient 

energy recovery from exhaust air and independent dehumidification are effective ways 

to reduce energy consumption for treating fresh air. Owing to the rapid progress on the 

membrane-based enthalpy exchanger and liquid desiccant dehumidification technologies, 

economical and efficient dedicated outdoor air systems are gradually becoming feasible 

nowadays. Since the latent load is removed by independent dehumidification, the hybrid 

system can also prevent the occurrence of wet surface and reduce the electricity peak 

load caused by air-conditioning systems. In this study, a dedicated outdoor air-chilled 

ceiling system integrated with membrane-based total heat exchanger and liquid 

desiccant dehumidification is proposed and investigated. 
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In order to achieve the desired indoor air quality, indoor thermal comfort and energy 

performance, reliable control for the integrated system is prerequisite. However, control 

studies on the novel DOAS-CC integrated system and its major subsystems including 

the liquid desiccant system are quite few so far, especially in multi-zone applications. In 

addition, system approach based optimal control of HVAC system can improve the 

overall performance of air conditioning systems, which has been demonstrated by 

previous research. But research on the optimal control of the DOAS-CC system is not 

found yet. In recent years, projects adopting DOAS, chilled ceiling, total heat recovery 

and liquid desiccant dehumidification increase rapidly. It is the critical time to study 

control and optimization strategies for such systems during their operations. The aim of 

this research is to develop reliable local control loops and optimal control strategies for 

the novel DOAS-CC integrated system to achieve the desired indoor air quality and 

indoor thermal comfort for multi-zone spaces with minimum energy consumption. 

1.2 Aim and Objectives 

The dedicated outdoor air-chilled ceiling system adopting total heat recovery and 

liquid desiccant dehumidification is a novel air-conditioning scheme. Development of 

basic control methods for the liquid desiccant dehumidification subsystem and the whole 

DOAS-CC integrated system can ensure normal operation and desired indoor 

environment. Systematic optimization of the multi-zone DOAS-CC systems can play 

significant roles in maintaining the satisfactory IAQ and thermal comfort, as well as 

reducing the overall energy consumption of buildings. However, current studies on these 

issues are far away from being sufficient. Therefore, performance study and control of 
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the DOAS-CC integrated system is the main work of this research. The aim is achieved 

by addressing the following objectives: 

1. Investigate the heat and mass transfer performance of a novel membrane-based total 

heat exchanger by numerical simulation and experimental study. 

2. Develop and validate control methods for typical packing type counter-flow liquid 

desciccant dehumidification system. Compare the performance of the liquid 

desiccant dehumification system using different control methods under various 

operation conditions. 

3. Develop and validate local control loops for the multi-zone dedicated outdoor air 

system to decouple the indoor air temperature, humidity and ventilation controls. In 

additon, optimization methods that can improve system energy performance are also 

developed and evaluated. 

4. Develop and validate system approach based optimal control strategy for the 

DOAS-CC system to consider the overall performance of the integrated 

air-conditioning system, including indoor air temperature, indoor air humidity and 

total energy consumption simultaneously by optimizing system variables of the 

supply air temperature, supply air humidity and the supply water temperature in the 

system. 

5. Develop condensation control strategy to prevent the condensation occurring on the 

surface of chilled ceiling panels at the start-up period of the DOAS-CC system. 

1.3 Organization of This Thesis 

The thesis is organized into nine chapters as below. 
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Chapter 1 presents the motivations of this research, the aim and objectives, and the 

organization of this thesis. 

Chapter 2 presents a literature review on the dedicated outdoor air system, chilled 

ceiling system, total heat recovery and desiccant dehumidification technologies, as well 

as control and optimization of HVAC systems. 

Chapter 3 introduces the investigated building air-conditioning system and basic 

control loops of the integrated DOAS-CC system. Mathematic models of major 

components, such as membrane-based total heat exchanger, liquid dehumidifier, liquid 

desiccant regenerator, etc. are built up and validated, and a comprehensive system 

simulator for the whole DOAS-CC system is developed and tested on the TRNSYS 

platform.  

Chapter 4 develops control methods for the supply air dehumidification and liquid 

desiccant regeneration processes in the liquid desiccant system. The characteristics of 

the liquid desiccant system using various control methods and effects of different 

parameters on the performance of the system are also studied. 

Chapter 5 presents local control methods for the normal operation of the multi-zone 

DOAS system, and energy-efficient optimization strategies, such as supply air humidity 

ratio reset strategy and demand controlled ventilation (DCV) strategy for the 

air-conditioning system. The performances of the DOAS system using these strategies 

are tested. 
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Chapter 6 presents the simplified models of major components, such as total heat 

exchanger, liquid dehumidifier, liquid desiccant regenerator, chilled ceiling, etc. of the 

DOAS-CC system for online optimal control. The validation results of these simplified 

models are also presented. 

Chapter 7 presents a model-based online optimal control strategy for the DOAS-CC 

system based on the trade-off among the indoor air temperature, indoor air humidity and 

total system energy consumption in the format of a system response-based cost function. 

Set-points of three variables, i.e. the supply air temperature and humidity of the 

dedicated outdoor air subsystem as well as the supply water temperature, are optimized 

by genetic algorithm (GA) to minimize the overall cost of the system. The performance 

of the optimal control strategy is tested and compared with that of a conventional control 

strategy. 

Chapter 8 presents a neural network based predictive condensation control strategy 

for the DOAS-CC system to predict and prevent the condensation occurrence on the 

surface of chilled ceiling panels in the system start-up period. The performance of this 

strategy is tested. 

Chapter 9 summarizes the work reported in this thesis, and gives some 

recommendations for future research and applications. 
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CHAPTER 2 LITERATURE REVIEW 

 

This chapter mainly presents the features and current research status of dedicated 

outdoor air-chilled ceiling systems and some new energy savings technologies, as well 

as a review of the research on control and optimization of HVAC systems. Section 2.1 

briefly introduces the deficiencies of conventional air-conditioning systems. Section 2.2 

presents the features of dedicated outdoor air-chilled ceiling systems and several energy 

efficient technologies, such as total energy recovery and liquid desiccant 

dehumidification, which can be utilized in the integrated system. Section 2.3 presents the 

current research on control and optimization of conventional HVAC systems as well as 

control of DOAS-CC system. 

2.1 Conventional Air-conditioning Systems and Their Problems 

2.1.1 Conventional Air-conditioning Systems 

Air-conditioning systems have been widely used in commercial buildings to meet 

occupants’ demand for acceptable indoor environmental quality and thermal comfort. As 

well known, several conventional air-conditioning systems, including constant air 

volume (CAV) systems, variable air volume (VAV) systems and fan-coil units (FCU), 

can be selected and adopted in practical applications. The basic principles of these 

conventional air-conditioning systems are briefly introduced as follows. 
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In a CAV system, the supply air flow rate of the system is constant, while the supply 

air temperature is adjusted to cope with room sensible load changes and control indoor 

air temperature. The adjustment of the supply air temperature is achieved by regulating 

the chilled water flow rate through the cooling coil in the air handling equipment. The 

control is simple in this system. 

Variable air volume system is a popular system in use nowadays in large office and 

commercial buildings. In a VAV system, there are two basic close-loop controls. One is 

responsible for maintaining a constant supply air temperature and the other for 

regulating the supply air flow rate to cope with room sensible load changes. The 

principle of the VAV system is adverse to that of the CAV system. In part load 

conditions, the actual supply air flow rate in VAV system is lower than that in CAV 

system, which can reduce the energy consumption of fans and hence improve the energy 

efficiency of the whole system. 

A fan coil system is basically a small scale CAV system, which is commonly used 

in office buildings. The air handling equipment in such a system is a fan coil unit, which 

comprises basically a fan and a chilled water coil housed within a casing. It is an 

‘air-water’ system whereas CAV and VAV systems are ‘all-air’ systems. In this system, 

it requires chilled water pipes to be extended into the occupied spaces, and a separate 

ductwork for distribution of fresh air supply to individual spaces. The indoor air 

temperature is usually controlled in a range by ON/OFF control.  

In conventional air-conditioning systems, indoor temperature is the main control 

objective and is actively controlled, while the indoor humidity control is usually ignored. 
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There are some problems in these systems that more or less impact the indoor 

environment and energy performance.     

2.1.2 Problems of Conventional Air-conditioning Systems 

 In practical applications, conventional air-conditioning schemes are facing a series of 

challenges. Four main problems of them are analyzed as follows. (1) In CAV and VAV 

systems, when one air handling unit serves a multi-zone space, an identical fresh air 

fraction is inevitably employed for different zones with different occupancy densities. 

Consequently, over ventilation which causes energy waste, or inadequate ventilation 

which causes poor indoor air quality may occur (Xu and Wang 2007). It is almost 

impossible to verify that the ASHRAE ventilation standard 62.1-2007 has been met with 

an all-air system (ASHRAE 2007). (2) In conditioned space, the optimum indoor 

relative humidity is from 40% to 60% RH, and 50% RH is ideal for building occupants 

to avoid the hazards of fungi, bacteria, viruses, and respiratory difficulties (Kittler 1996). 

However, in comfort air-conditioning systems, indoor relative humidity tends to rise 

under part load conditions. This problem is serious in hot and humid regions, like south 

China, especially for CAV and FCU systems. (3) In all-air air-conditioning systems, 

recirculation air is used, which may cause bacterium and virus transmission among 

multiple zones in conditioned space (Zhang and Niu 2003). In this situation, occupants 

are at high risks of infection when diseases breakout, such as SARS (Severe Acute 

Respiratory Syndrome) and bird flu. In the view of environmental safety, 

air-conditioning systems should reduce the possibility of internal air circulation between 

different zones. (4) Wet surface of cooling coil is inevitable in supply air cooling and 

dehumidification process in conventional air-conditioning systems, which is beneficial 
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for the generation and growth of microbial and mould. It is harmful for the indoor air 

quality, hence health and productivity of occupants in space.  

2.2 Dedicated Outdoor Air-chilled Ceiling Systems 

As presented in the previous chapter, energy savings and indoor environment are 

two significant concerns in HVAC systems. In order to improve system energy 

performance and solve the above-mentioned problems, research on new air-conditioning 

systems and technologies is very active in recent years. A novel air conditioning system 

which integrates a dedicated outdoor air system (DOAS) with parallel sensible load 

treatment equipments, such as chilled ceiling panels, thermal storage units and dry 

fan-coil units, has been attracting a lot of interests (Niu 1995, Mumma 2002). The 

DOAS and the parallel unit in a DOAS-integrated system are two independent 

subsystems. The DOAS takes charge of the total latent load and a part of sensible load of 

space, while the parallel terminal bears the remainder sensible load. Therefore, the 

DOAS-integrated air-conditioning scheme can decouple the treatment of sensible load 

and latent load and realizes independent indoor temperature control and humid control. 

In DOAS-integrated systems, the amount of fresh air distributed to each zone is 

independent and solely determined by the occupant number in that zone; therefore it can 

verify the ventilation air distribution required by ASHRAE ventilation standard 

62.1-2007. The outdoor air ventilation in this system hence is more effective than that in 

a traditional VAV system. In addition, because the outdoor air does not mix with 

re-circulated air in DOAS, the possibility of disease transmission among different zones 

can be reduced significantly.  
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2.2.1 Dedicated Outdoor Air System 

Dedicated outdoor air system is an 100-percent outdoor-air system, which 

conditions the outdoor ventilation air separately from the return air from the conditioned 

space. It is responsible for the moisture load treatment and a part of sensible load of the 

air conditioned space, as well as for meeting the ventilation requirement of occupants in 

Figure 2.1 Schematic of a dedicated outdoor air system (Mumma 2001a) 

the space. Figure 2.1 shows a typical dedicated outdoor air system (Mumma 2001a). 

It mbine 

ventilation air with return air from the building, condition (cool or heat) this air as 

needed, and distribute the condtioned air to the interior space, with or without zoned 

temperature control. The dedicated outdoor air system conditions the outdoor ventilation 

air separately from the return air from the conditioned space. This approach to handling 

ventilation air has received considerable attention in past several years. The impetus for 

this attention has been the growing realization of the penalties and difficulties involved 

in meeting ASHRAE Standard 62 (Ventilation for Acceptable Indoor Air Quality) 
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requirements throughout the conditioned space of a commercial building, with effective 

humidity control, particularly in the energy efficient approaches such as VAV systems. 

The difficulty of achieving good ventilation performance with a VAV system was 

illustrated in several references (Kettler 1998, Shelquist and Amborn 2001, Xu and 

Wang 2007). 

Handling the treatment and distribution of ventilation air and of return air from the 

occupied space with separate, parallel systems offers a number of potential advantages 

over

Firstly, the ventilation air system can be sized and operated to provide the 

ventilation air flow rate required by code to provide acceptable indoor air quality and 

prov

Secondly, the predominant humidity load in most commercial building in most 

climate area is the humidity brought in with the ventilation air. Consequently, the entire 

hum

Thirdly, when the ventilation air is separately conditioned, with the entire building 

humidity load handled in the process, the indoor air conditioning system (parallel 

 conventional VAV systems that help to overcome the problems discussed above. 

Many of these advantages directly result in significant energy savings. 

ide this flow rate regardless of the interior temperature, without any need to 

oversize the ventilation rate. Moreover, a DOAS allows easy verification that the system 

supplied the minimum outdoor air quantities to different portions of a building. 

idity load for the building can be handled efficiently by separately conditioning the 

air so that excess ambient humidity is removed. Moreover, energy recovery heat 

exchanger between the make-up air and exhaust air is readily implemented in this 

system. 
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sens

2.2.2 Chilled Ceiling System 

DOAS supplies the outdoor ventilation air required by ASHRAE Standard 62.1 to 

the individual occupied spaces, generally cooled and dehumidified to provide a portion 

of th

The chilled ceiling panels are the most well-known and the best parallel system 

choice for use with the DOAS. Chilled ceiling system incorporates pipes in the ceilings 

of t

 

ible cooling system) can be operated to maintain temperature control. Because this 

is intended for sensible cooling only, the cooling can be operated at a higher than normal 

temperature preventing moisture condensation and increasing the COP of the 

compressor. In addition, some energy-efficient, sensible only cooling approaches, such 

as radiant ceiling cooling can be employed. 

e terminal space sensible cooling and the entire space latent cooling requirements. 

Consequently, terminal equipment is required to accommodate the sensible cooling 

loads not met by the DOAS. Many optional terminal equipments can be selected. Those 

choices include: dry fan coil units, heat pumps, multi-split units, constant or variable 

volume all-air systems, active or passive chilled beams, chilled ceiling panels, etc.  

he buildings through which cold water flows. The pipes lie close to the ceiling 

surfaces or in panels and cool the room via natural convection and radiative heat transfer, 

as shown in Figure 2.2. It can improve indoor thermal comfort, because cooling is 

provided directly and more evenly to the occupants without causing drafts in the radiant 

systems. 
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Figure 2.2 Principles of radiant ceiling panel cooling 

However, applications of chilled ceiling to hot and humid regions are much more 

challenging because of condensation risks, initial cost and cooling capacity (Mumma 

2002), which lim n radiant ceiling 

syst

For initial cost, in the new construction, the installed costs of chilled ceiling systems 

plus an appropriately sized DOAS system with enthalpy recovery are similar to 

conventional VAV system. A number of sources, indicated below have made similar 

statements about comparative costs. Mumma (2001b) posited that a cooling panel 

its the popularity of chilled ceilings. Several studies o

ems for cooling have been conducted about cooling capacity and condensation 

control in US, China, Japan and some European countries (Imanari 1999, Niu 2002, Hao 

2007, Conroy 2001, Jeong 2003). It is concluded that combining chilled ceiling systems 

with dedicated outdoor air systems is an effective way to overcome the problems. In 

addition, to ensure indoor air quality and removal of the moisture load in the room, 

radiant cooling panels do need to be used in conjunction with a dehumidification and 

ventilation system. 

Radiation Heat Transfer

Natural Convection

Radiation Heat Transfer

Natural Convection
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syst

In addition, when combining with a dedicated outdoor air subsystem, the chilled 

ceiling system is energy efficient compared with conventional air conditioning systems. 

Like the first-cost analysis, the operating cost data favours the DOAS-CC system, which 

consumes 15%-20% less than that of a conventional VAV system (Roth et al. 2002, 

Mum

em, when used in combination with a dedicated outdoor air system outfitted with 

sensible and enthalpy transfer devices, cost less to construct than a VAV system. 

Similarly, Springer (2001) stated that costs were competitive with VAV system, due in 

large part to lower ventilation costs. One case study by Energy Design Resources (2001) 

showed a 40-55% reduction in space requirements for mechanical equipment and 

ductwork due to less ducting. In new construction, this can be translated in lower 

construction costs and more rentable floor space. A Dedanco system only cost 2% more 

than a VAV system, with large decreases in costs of ducts and fan equipment (Dedanco, 

2001).  

ma 2001b). One of the basic energy savings mechanisms is the ability to operate 

with higher chilled water temperature, allowing the evaporation temperature of chillers 

to be correspondingly higher, and thus reducing the chillers energy consumption. The 

chilled water temperature required in this system can be 6-10oC higher than that in the 

conventional systems. Other than higher chilled water temperature, the system can save 

energy due to reduced air flow. When implemented with dedicated outdoor air system, 

the chilled ceiling system can save energy by reducing total ventilation air flow and by 

handling sensible cooling loads more efficiently. This leads to a reduced power for 

ventilation (only 25% to 30% of the air flow rate required for peak cooling loads in an 

all-air system).  
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Dedicated outdoor air-chilled ceiling system, as an alternative air conditioning 

manner, has been widely investigated and successfully utilized in Europe (Wilkins 1992, 

Diaz 2011), America (Stetiu 1999, Conroy 2001), Asian countries (Imanari 1999, 

Matsuki 1999, Zhang and Niu 2003) and other place (Chowdhury 2008) in the last 

decade. There are increased interests in this system in recent years, since it can achieve 

independent control of indoor air temperature and humidity, provide more effective 

ventilation, prevent virus and bacteria transmission among different zones, etc. 

Compared with conventional air-conditioning schemes, the DOAS-CC system can 

improve indoor thermal comfort and indoor air quality, as well as consume less energy, 

especially when adopting some energy-saving technologies, such as total energy 

recovery (Zhang 2002, 2006) and liquid desiccant dehumidification (Liu 2006, Xiong 

2010). 

In air-conditioning field, about 20-40% of the overall energy consumption of air 

conditioning system is consumed in fresh air handling process. The ratio can be even 

higher in hot and humid regions where latent load from fresh air is as heavy as 50% of 

Xiao 2008). Therefore, decreasing the energy consumption 

during the fresh air handling process is essentially important to improve system energy 

efficiency.  

the energy-recovery system should be with at least 50-percent recovery effectiveness 

2.2.3 Total Heat Recovery 

the cooling load (Zhang and 

For the DOAS, which is a 100-percent outdoor-air system, energy recovery is 

required in most cases according to ANSI/ASHRAE/IESNA Standard 90.1-2007, and 
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(ASHRAE 2007b). Heat recovery ventilators (HRVs) are frequently used to save 

cooling/heating loads of buildings by retrieving part of the thermal energy included in 

the exhaust air (Zhong 2009, Lazzarin 1998). Cooling systems can be downsized when 

energy recovery is used, because energy recovery systems reduce peak cooling 

requirements. There are several types of HRVs commonly used, including a parallel 

plate type, a rotary type, a run-around type, and a heat pipe type (ASHRAE 2008). The 

plate heat exchanger, run-around coil and heat pipe heat exchanger have some 

advantages, such as robust construction, no moving parts and little or no possibility of 

cross contamination of airstreams. But they are sensible heat recovery only except when 

condensation occurs on exchanger surfaces in warmer air stream. 

a total effectiveness of 

75%. However, large spaces are required for installation and cross contamination cannot 

be avoided in the rotary heat exchanger. In addition, energy wheels have moving parts 

and pressure drops in the air streams are higher. Figure 2.3 shows a schematic of an 

energy wheel. 

 

 

Energy wheels, or rotary heat exchangers, consists of a matrix in the shape of a 

wheel located inside both of the adjacent fresh air and exhaust air ducts of the building 

air conditioning or ventilation system, transfer sensible or latent energy (or both) 

between the exhaust air and the incoming outside air. A total energy wheel can have a 

sensible and latent effectiveness as high as 75%, which results in 
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Figure 2.3 S

Mem alpy exchanger. Figure 

rane-based HRVs. In the 

exchanger, som ed as the plates. 

 be exchanged 

between tw rits, such as higher heat 

a  

and lower pressure drops, etc. (Zhang et al. 2000, Zhang and Niu 2001).  

Air to air energy recovery heat exchangers can significantly reduce the energy 

needed to treat ventilation air. Many studies have been conducted in recent years on 

theoretical and experimental analysis of energy recovery, and results revealed that total 

heat recovery could save 29-42% of primary energy depending on the system involved 

(Zhang 2008, Abe 2006, Zhang 2006). 

chematic of an energy wheel (ASHRAE System and Equipment Handbook 

2008) 

brane-based total heat exchanger is a new kind of enth

2.4 shows the schematic of cross-flow and counter-flow memb

e new materials with vapour-permeable capabilities are us

Therefore, both the sensible heat and the latent heat (moisture) can

o air flows. The membrane based HRV has some me

nd moisture recovery effectiveness, no mechanical components, no cross contamination,
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Figure 2.4 Schematic of cross-flow and counter-flow membrane HRVs (Zhang et al. 

2000)  

2.2.4 Liquid Desiccant Dehumidification 

As presented above, the dehumidification and cooling process of supply air in 

air-conditioning systems is energy-intensive, especially in hot and hum

Different dehumidification methods can be employed, including me

idification and desiccant dehumidification (or chemical dehumi

 

id regions. 

chanical 

dehum dification) 

methods. In the conventional mechanical dehumidification and cooling process, in order 

to remove the moisture from supply air, the process air should be cooled below its 

de  

air temperature. The overcooling and reh ocess is energy-intensive, which leads 

P value for the chiller and higher energy 

consumption of the system. When the sensible heat ratio (SHR) of the conditioned space 

w-point temperature, and reheating is sometimes needed to ensure comfortable supply

eating pr

to low evaporating temperature, a poor CO
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is low, the sum of these two components increases dramatically (Daou 2006). In addition, 

the condensed water provides a breeding ground for duct bacteria, which impacts the 

indoor air quality. Furthermore, the refrigerants used in the air conditioning technology 

are more or less CFCs (Chloro-fluoron-carbon) based ones, that many countries are 

taking steps to phase out or are considering doing so. Therefore, the new-fangled 

energy-saving as well as environmental-friendly dehumidification technologies are 

needed.  

Desicc

 Desiccant dehumidification technology has been proposed as an alternative to 

conventional mechanical cooling in the air-conditioning field owing to its merits in 

handling latent heat. A desiccant dehumidification system can avoid the energy penalty 

caused by the overcooling and reheating process and the bacteria generation caused by 

condensed water. It can also significantly reduce the electricity peak load caused by 

air-conditioning systems, especially in hot and humid regions. Desiccant systems are 

thus more energy efficient, healthy and environmentally friendly than conventional 

vapour compression air-conditioning systems (Dai 2001, Liu 2004, Kinsara 1996).  

ants may be either solid or liquid. Solid desiccants widely used in 

air-conditioning systems include silica gel and molecular sieves, while liquid desiccants 

include lithium chloride (LiCl), lithium bromide, calcium chloride (CaCl2), and 

triethylene glycol. Liquid desiccants have a number of advantages over solid desiccants, 

including a lower pressure drop in air-flow across the desiccant material, energy storage 

capacity, and the capability to remove pollutants. Moreover, a liquid desiccant system 

can be driven by low-grade heat sources such as solar energy or waste heat (Factor 

1980).  
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Figure 2.5 presents a basic configuration of a liquid desiccant dehumidification 

system. The liquid desiccant air conditioner removes moisture and latent load (and, 

possibly, sensible heat) from process air via a liquid desiccant material, such as lithium 

chloride. It consists of two primary units, an absorber (or dehumidifier) where 

concentrated liquid desiccant solution absorbs moisture from the process air, and a 

regenerator where the moisture taken on by the liquid desiccant in the absorber is 

removed from the liquid desiccant, thus regenerating the liquid desiccant to the higher 

concentration. 

 

 

 

Figure 2.5 Basic configuration of a liquid desiccant dehumidification system 

t system, with a number of fundamental studies on the dehumidification 

and regeneration processes carried out. Chen et al. (2006), Babakhani and Soleymani 

0  

e liquid 

nce 

s. 

 

 

Recent years have witnessed rapid advances in the research and development of 

liquid desiccan

(2 09), and Gandhidasan (2004), for example, presented simplified analytical solutions

for the heat and mass transfer processes that occur in counter-flow packed-typ

desiccant equipment. Yin et al. (2008) and Liu et al. (2009) investigated the performa

of internally cooled/heated dehumidifiers and regenerators in liquid desiccant system

Process air

Dry air

Dehumidifier

Regeneration air

Regenerator

Exhaust 
ration airregene

Heat exchanger

Heater
Cooler

Process air

Dry air

Dehumidifier

Regeneration air

Regenerator

Exhaust 
ration airregene

Heater
Cooler

Heat exchanger

 24



They concluded that these dehumidifiers and regenerators exhibited better mass transfer 

performance than adiabatic units. Fumo and Goswami (2002) conducted theoretical and 

experimental analysis of the mass and heat transfer in air-liquid desiccant packed towers 

with a counter-flow configuration. They employed a finite difference model to predict 

the 

re of the liquid desiccant, and the effectiveness of the 

heat exchanger, on the COP of a hybrid air-conditioning system with calcium chloride 

dehumidification and regeneration processes, finding that desiccant concentration, 

desiccant temperature, the air flow rate and the air inlet humidity ratio have the greatest 

impact on the dehumidifier’s performance, whereas desiccant temperature, desiccant 

concentration and the air flow rate have the greatest impact on that of the regenerator. 

They also noted that the dehumidification or regeneration process was virtually 

unaffected by the air temperature or the desiccant solution flow rate. Research on the 

cross-flow configuration of liquid desiccant dehumidification systems has also been 

reported (Liu 2007, Dai 2004). 

Numerous investigations of the performance analysis of liquid desiccant 

air-conditioning systems have also been carried out in recent years. For instance, a study 

in the US showed that, in compare with a conventional primary air handling unit, the 

liquid desiccant air conditioning system can offer 20-25% energy saving for outdoor 

preconditioning process (Roth 2002). Dai et al. (2001) compared the performance of a 

hybrid liquid desiccant cooling system with that of a vapor compression air-conditioning 

system. Their results showed that the cooling production and coefficient of performance 

(COP) of the hybrid system were significantly better. Kinsara et al. (1996, 1997) carried 

out parametric studies on the effects of different key variables, such as the ambient 

temperature, the inlet temperatu
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(CaC

In sum, significant research efforts have been devoted to the heat and mass transfer 

and system performance analysis of liquid desiccant systems in recent years. However, 

the control issues surrounding such systems have received little attention. Reliable 

control is a prerequisite for the normal and continuous operation of a liquid desiccant 

system. Moreover, reliable control is beneficial in terms of energy savings and 

improving the quality of the built environment, an issue that has been intensively studied 

and comprehensively applied in conventional air-conditioning systems. Therefore, 

control strategies for the liquid desiccant system are desirable to develop. 

2.3.1 Control and Optimization of Conventional HVAC Systems 

l2) employed as the desiccant. Tu et al. (2009) proposed a novel energy-efficient 

air-conditioning system utilizing a lithium chloride solution as the desiccant, and then 

employed simulation tests to analyze the effects of certain key variables on the system’s 

performance. Xiong et al. (2010) reported a novel two-stage liquid desiccant 

dehumidification system utilizing a CaCl2 solution. They demonstrated that the thermal 

coefficient performance of the proposed system could be increased from 0.24 to 0.73 

under given conditions.  

2.3 Control and Optimization of HVAC Systems 

The fundamental objective of any form of building HVAC system control is to 

provide a comfortable, efficient, and productive environment. Control functions (or 

control strategies) of HVAC system play a substantial role in creating these qualities in a 
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building environment. The effectiveness of various control functions significantly 

impacts the degree to which this overall objective is achieved.  

Control functions of building air-conditioning systems can be generally divided into 

l (or supervisory) control 

functions. 

Local control functions mainly focus on local processes control or local loops 

contro

cont

al control is the high level control, which is based on a broader 

pers

.  

two categories, i.e., local control functions and optima

l. The local control is the low level control, which is designed to ensure the robust 

operation and keep track of the set-point considering the dynamic characteristics of the 

local process environment. The typical local control method used in the HVAC field is 

PID (Proportional Integral Derivative) control, which is used in over 80 percent of 

closed control loops in building air-conditioning applications. ON/OFF control, step 

rol and modulating control are also effective control actuation schemes of the local 

process control loops in HVAC practice (Wang 2010). 

Optim

pective—the performance of the total HVAC system. Optimal control highlights the 

importance of the overall system performance involving energy or cost efficiency, 

indoor environment quality, etc. It aims at seeking the minimum energy input or 

operating cost to provide the satisfied indoor comfort and healthy environment, taking 

into account the ever-changing indoor and outdoor conditions as well as the 

characteristics of HVAC systems. Therefore, optimal control is to optimize the operation 

of HVAC system using a systematic approach by considering the system level 

characteristics and interactions among the overall system
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A foundation of an optimal control problem is to predict the response of a system 

studied. Different optimal control methods can be applied to evaluate the responses of 

the system to the changes of control variables. An overall classification of main optimal 

control methods used in HVAC systems is illustrated in Figure 2.6 (Wang 2010). They 

can be classified into four categories, including model-based optimal control method, 

model-free optimal control method, hybrid optimal control method, and performance 

map-based optimal control method. The control methods using physical models, 

grey-box models and black-box models can be classified into the category of 

model-based methods while the methods using expert systems and pure learning 

approaches can be grouped into the model-free category. Model-based optimal control 

method is the most commonly adopted in the HVAC field. 

In model-based optimal control, the main function of the models is to predict the 

system energy and environment performance as well as the system response to the 

Supervisory 
control

Figure 2.6 Classification of optimal control methods in HVAC systems (Wang 2010) 

changes of control settings. All the models are related to power consumption and/or 

operating cost directly.  
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Identifying the model parameters is another key issue of system optimal control. 

The use of online identification techniques allows the models used to be reasonably 

simple. Online measurements collected from Building Automation Systems (BASs) are 

used

LS estimated algorithm, etc., can be applied to identify the 

mod

tive method, etc. Compared to 

the 

 to tune the model parameters to make them represent the actual system. Different 

parameters estimation approaches, including the least squares estimated algorithm, the 

recursive least square (RLS) algorithm, the time-varying parameters estimated algorithm, 

exponential forgetting R

el parameters under various conditions (Sun 2010a). 

Another equally important issue of optimal control scheme is to find the solution to 

an optimal problem with optimization techniques. In general, the optimization 

techniques developed in the optimal control field could be summarized into two 

categorizes: linear optimization techniques and nonlinear optimization techniques. The 

linear optimization technique is a simple and straightforward technique since there is 

always a unique optimum in a linear optimization problem. The linear optimization 

technique includes direct method, recursive method, itera

linear optimization technique, the nonlinear optimization technique is complex and 

sophisticated since many local optimums exist in a nonlinear optimization problem. It is 

also difficult to find the global optimum. 

In HVAC field, the primary role of optimization techniques is to seek the 

energy-efficient control settings (i.e. operation mode and set-points) to minimize the 

system energy inputs and/or operating cost while still maintaining satisfactory controlled 

variables. Searching for the optimal values of the set points in HVAC systems is usually 

a nonlinear optimization process. A number of studies have been carried out on the 
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development and application of various nonlinear optimization techniques in HVAC 

systems, such as the direct search method (Nelles 2001) , conjugate gradient method 

(Nizet et al. 1984), sequential quadratic programming (Sun et al. 2005, Chang 2004, 

Bassily et al. 2005), branch and bound (B&B) method (Nelles 2001), genetic algorithm 

(Wang et al. 2000, Chang 2005, Xu et al. 2007b), and evolutionary programming (Beyer 

2001). 

. It therefore well fits the characteristics of an on-line optimization problem 

since it requests to find a near optimal solution quickly and the fitness function might be 

noisy because it is based on the on-line signals of sensors which are prone to errors. GA 

is thought to perform robustly in the presence of small amounts of noises since it works 

by accumulating fitness statistics over many generations. 

Ardehali and Smith (1997) evaluated the performances of various operational 

strategies, such as night purge (NP), fan optimum start and stop (OSS), condenser water 

Among all of these techniques, genetic algorithm (GA) is attracting growing 

attention of building professionals and has been widely used in academic research for 

global optimizations. The genetic algorithm is a better optimization method especially 

when an optimal problem is not perfectly smooth and unimodal, or is not well 

understood, or the fitness function is noisy. The genetic algorithm can quickly find a 

sufficiently good solution and can be applied when a task does not require an absolute 

optimum

Control functions are indispensable for modern air-conditioning systems. Great 

efforts towards the development and application of various control strategies for HVAC 

systems have been made.  
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reset (CWR), and chilled water reset (CHWR), applied to older- and newer-type 

commercial office buildings utilizing HVAC systems. The results showed that, in 

general, NP was not an effective strategy in buildings with low thermal mass storage, 

OSS reduced fan energy, and CWR and CHWR could be effective for chillers with 

multi-stage unloading characteristics. The most energy-efficient operational strategies 

were the combination of OSS, CWR, and CHWR for the older-type building, and OSS 

for t

Mathews et al. (2001) investigated the effect of some retrofit techniques on the 

comfort enhancement and energy saving potential of HVAC systems. These techniques 

included air-bypass control on cooling coils, reset and setback control, improved HVAC 

system start-stop times and economizing on outside air intake. Through the integrated 

simulation of a building, improved HVAC system start-stop times together with 

air-bypass, reset and setback control was found to be the most lucrative. Predicted 

annual energy savings were 66%. 

Wang and Xu (2002, 2004) introduced an energy-efficient outdoor ventilation 

control strategy for VAV systems, which combining demand-controlled ventilation and 

economizer control can achieve adequate and even better indoor air quality with less 

energy consumption in buildings. A robust control strategy, using ‘freezing’, gain 

scheduling, I-term reset and feedback transition control for different transition processes, 

was developed addressing the instability problems faced during the transition processes 

between different control modes when combined DCV control with economizer control 

in applications. It can reduce the possibility of alternation and oscillation in the transient 

region and significantly increase the control stability. The optimization strategy 

he newer-type building. 
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com

Chow (2002, 2004), Chang (2005), Ma (2011) etc. studied the system-based 

optimization approaches for chiller plant implementations. For instance, Chow et al. 

(2002) introduced a new concept of integrating neural network and genetic algorithm in 

the optimal control of absorption chiller system. The chilled and cooling water mass 

flow, the chilled water supply temperature, and the cooling water return temperature 

were optimized in the system. It was concluded that more energy saving could be 

achieved when more control variables were brought in the optimal control strategy. 

007 ASHRAE Handbook-HVAC Applications (ASHRAE 2007) 

provided a critical overview of supervisory and optimal control strategies and 

optimization for HVAC systems. The chapter consists of three major sections. The first 

section defines the systems and control variables considered. The background on the 

effects and opportunities associated with adjusting control variables is also presented. 

The second section presents a number of strategies, including the cooling tower fan 

control, chilled water reset with fixed and variable speed pumps, sequence and loading 

of multiple chillers, strategies for boilers, strategies for air-handling units, strategies for 

building zone temperature set points, cooling thermal storage control, etc, that can be 

utili

bining DCV and economizer can achieve significant energy saving as much as 

41.7% compared with that of fixed minimum fresh air control and improve IAQ under 

in-situ measurements. 

Chapter 41 of the 2

zed in practice for optimal control of HVAC systems. The third section presents 

basic methods for optimization of systems both with and without significant thermal 

energy storage. 
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Xu et al. (2009) presented an optimal ventilation control strategy for a multi-zone 

VAV air-conditioning system. The temperatue set point of the critical zone was 

optimized to reduce the required fresh air fraction, hence to reduce the total fresh air 

flow rate and the system energy consumption. The results illustrated that the optimal 

strategy could achieve about 4% of energy saving and maintained acceptable thermal 

comfort and indoor air quality. 

Ning and Zaheeruddin (2010) proposed a neural network based optimal supervisory 

opeation strategy to find the optimal set points for chilled water supply temperature, 

disc

ight reset operation scheme, the optimal scheme saved 

around 10% energy under full load condition and 19% energy under partial load 

conditions. 

 

harge air temperature and VAV system fan static pressure in a VAV system such 

that the indoor environment was maintained with the least chiller and fan enrgy 

cosumption. In the study, the optimal control strategy was developed based on dynamic 

system model. A multi-layer feed forward neural network was constructed and trained in 

unsupervised mode to minimize the cost function. Simulation results showed that 

compared to the conventional n

 The results obtained from above mentioned studies demonstrated that system 

performance can be improved when optimization methods or optimal control are 

implemented in the air-conditioning systems, since the setpoints of control variables are 

optimized and reset during operation to follow dynamic operating conditions. 

Meanwhile, model-based optimization method is effective. 
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2.3.2 Control and Optimization of DOAS-CC Systems 

Robust control is prerequisite for reliable operation of air conditioning systems 

besi

Zhang and Niu (2003b) proposed a novel air conditioning system which combining 

a pre-cooling desiccant cooling cycle with chilled ceiling panels. In the study, the system 

latent load was treated by a rotary desiccant wheel and indoor air temperature was 

controlled by the chilled ceiling panels. The simulation results indicated that the system 

had 

Mumma and his collaborators have paid considerable efforts to develop control 

strategies for dedicated outdoor air-chilled ceiling. Mumma and Jeong (2005a, 2005b) 

investigated the basic control methods for a single-zone DOAS-CC system. In the 

rese

Lim et al. (2006) presented two control methods for indoor temperature control and 

condensation control in a single room served by a floor radiant cooling system, i.e. 

modulation of the supply water temperature and of the supply water flow rate in the 

des proper design and maintenance. It also has significant impacts on energy use as 

well as occupants’ comfort, healthy and productivity. During the last decade, a number 

of research has been carried out on the control issues of the DOAS-CC systems or 

similar systems.  

good performance. It could save up to 40% of primary energy consumption in 

comparison with a conventional constant volume system. 

arch, dual wheels (i.e. enthalpy wheel and sensible wheel) and a cooling coil in the 

DOAS subsystem were adopted for indoor air humidity control, while the supply water 

flow rate of chilled ceiling was regulated for indoor air temperature control. These 

single-zone control logics can also be extended to include large multi-zone buildings.  
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radi

Liu et al. (2006) studied the annual performance of an independent temperature and 

hum

Mossolly et al. (2008) developed optimized operation strategies for a combined 

chilled ceiling displacement ventilation (DV) system in Beirut climate. In the work, 

three control strategies based on control of single parameter (chilled ceiling temperature) 

or simultaneous control of multiple parameters (DV system flow rate and temperature or 

all t

base strategy 

when only the chilled ceiling temperature was varied. 

ant cooling panels respectively. Simulation and experimental results showed that the 

supply water temperature control was better than the water flow control with respect to 

the indoor air temperature fluctuation and condensation prevention. But for multi-zone 

applications, the variable supply water temperature control is difficult to realize in the 

system. Some additional small water pumps are needed for supply water temperature 

regulation. 

idity control HVAC system. Capozzoli et al. (2006) presented two hybrid air 

conditioning systems with chemical dehumidification, i.e. solid desiccant 

dehumidification and liquid desiccant dehumidification, for supply air humidity control 

in supermarket applications. In the proposed systems, liquid desiccant dehumidification 

system was employed for independent control of the supply air humidity.  

he DV and CC systems parameters) were optimized using a multi-objective genetic 

algorithm for minimal energy consumption during operation of the system. Simulation 

results showed that the optimized control strategy that involved varying all system 

design variables had been shown to consume the lowest energy when compared with 

optimized strategies when one or two variables are optimized during operation. Savings 

of up to 15% were realized with the optimal strategy as compared to the 
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Labs21 (2009) introduced several key strategies to ensure effective design, 

construction and operation of chilled beams in laboratories. For the supply air 

dehumidification control, different methods, including traditional cooling and reheating 

dehumidification, run-around coil dehumidification, face-and-bypass dehumidification, 

etc., were proposed. In addition, in order to prevent condensation on the chilled beam, 

moisture sensors were placed on the chilled water supply lines, and if moisture was 

detected, the water valve was closed.   

Most of previous studies on control of DOAS-CC systems or similar air 

conditioning systems focused on local control, i.e. how to effectively maintain a variable 

at its setpont; but rarely concerned about the selection of setpoints to achieve optimal 

performance of the entire system. This may be attributed to the limited understanding of 

char

Considering that there are relatively few and inadequate studies related to optimal 

control of the DOAS-CC system and reliable models, either complicated numerical 

models or simplified models, of the major components including chilled ceiling (Diaz 

201

acteristics of the entire system even though individual components in such a system 

is well understood. Projects adopting DOAS-CC systems integrated with liquid 

desiccant dehumidification increase rapidly in recent years. It is the critical time to study 

optimal control of such systems during their operations. 

0), liquid desiccant dehumidifier and regenerator (Yin 2007, Gandhidasan 2004, 

2005) as well as the membrane-based total heat exchanger (Zhang 2006) are available at 

present, this study therefore aims at developing a model-based optimal control strategy 

for the integrated DOAS-CC system to optimize the overall system energy performance 
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and indoor environment. The performance of this strategy is tested and evaluated in a 

simulated multi-zone space under various operating conditions.  

2.4 Summary 

retical basis and 

guidance for my PhD study to develop control and optimization strategies for the 

C integrated system. 

 
 

 

The DOAS-CC system is a promising air-conditioning system which can overcome 

the problems encounted by conventional HVAC systems. Some new energy savings 

technologies that can improve the energy performance of the integrated system are 

reviewed in this chapter, such as the total energy recovery and liquid desiccant 

dehumification. At the same time, the roles and effects of control and optimization on 

the performance of HVAC systems, and the current research on DOAS-CC system, 

including local control and optimization of the whole DOAS-CC system, are presented 

as well. All these research outcomes will provide a significant theo

proposed DOAS-C
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CHAPTER 3 BUILDING SYSTEM AND SIMULATION 

PLATFORM 

This chapter mainly presents the proposed dedicated outdoor air-chilled ceiling 

system and mathematical models for the main components in the system. Validation of 

major models by experimental data is also presented. Section 3.1 describes the 

investigated building and air-conditioning system. Section 3.2 presents the mathematical 

models of major components and the validation results. The performance tests of the 

integrated system are shown in Section 3.3. 

3.1 Building and System Descriptions 

The prototype of the investigated building is a commercial building located in South 

China. The usable floor area is about 302 m2. It is divided into five zones. Four of them, 

i.e. Zone 1-3 and Zone 5, are perimeter zones and Zone 4 is an interior zone, as shown in 

Figure 3.1. The function and area of each zone are shown in Table 3.1.  

Thickness of the external wall of the building is 163 mm and the heat transmission 

coefficient U-value for the opaque part of the façade is 1.506 W/ (m2.K). Insulating 

glazing windows having a U-value of 2.83 W/ (m2.K) is used. Blinds are installed for 

shading. The floor to ceiling height of the conditioned space is 2.7 m and the area ratio 

of window to wall is 40% for external walls. In the open space, about 70% of the ceiling 
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is c re 

5, 2, 1, 13, and 56 persons, respectively. 

e multi-zone space 

overed by chilled ceiling panels. The design occupant numbers of the five zones a
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Figure 3.1 Layout of half a typical floor 

Table 3.1 Basic data of th

 Zone1 Zone2 Zone3 Zone4 Zone5 

Function Meeting 
room 

Manager 
room 1 

Manager 
room 2 

Conference 
room 

Office 
room 

Area (m2) 16 18 18 26.4 224 
 

Figure 3.2 shows the schematic of the proposed DOAS-CC system and its control 

syst

energy efficiency. A liquid dehumidifier is used to dehumidify the humid outdoor air to 

em. In the integrated system as illustrated in Figure 3.2(a), the DOAS subsystem is 

responsible for satisfying ventilation demand and removing the moisture load of the 

conditioned space. The fresh air flow rate from the DOAS can be either fixed or 

determined by demand controlled ventilation strategy. A membrane-based total heat 

exchanger is employed to recover the energy of exhaust air and improve the system 
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the supply air humidity ratio set-point (ωsup,sp), which can be constant or variable that is 

determined by optimization strategy. The dry cooling coil after the dehumidifier is used 

to cool down the supply air to a comfort level, i.e. 19oC. The supply fan and the exhaust 

fan run at variable speeds. The supply fan is modulated to maintain the supply air static 

pressure, and the exhaust fan is controlled to maintain a difference between the supply 

and exhaust air flow rates. The chilled ceiling subsystem is responsible for removing the 

remainder sensible load of each zone, and independently controlling the indoor air 

temperature. 

The detailed structure of the liquid desiccant cooling module is shown in Figure 

3.2(b). Lithium chloride (LiCl) solution is used as the liquid desiccant in the 

dehumidification system the DOAS system is 

controlled by regulatin e liquid dehumidifier, 

which is achieved by adjusting the cooled water flow rate entering the cooler. The 

supply atu od e d w w rate 

into th ing  In the ution reg ration pr , the o solution 

oncentration from the regenerator is controlled by regulating the inlet solution 

tem

. The supply air humidity ratio of 

g the strong solution inlet temperature into th

air temper re is maintained by m ulating th supply coole ater flo

e dry cool coil. sol ene ocess utlet 

c

perature into the regenerator, which is realized by adjusting the hot water flow rate 

entering the heater. 
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Figure 3.2 Schematic of the DOAS-CC system and its control system: (a) the whole 

DOAS-CC system; (b) liquid desiccant cooling module 
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3.2 Development of the System Simulation Platform 

In this section, mathematic models of major components in the dedicated outdoor 

air-chilled ceiling system are developed and validated by experimental data.  

.2.1 Introduction of the Simulation Platform 

TRNSYS, a transient systems simulation program with a modular structure, is used 

s the platform for the simulation tests of the proposed dedicated outdoor air-chilled 

eiling integrated system in this thesis. TRNSYS recognizes a system description 

nguage in which the user specifies the components that constitute the system and the 

anner in which they are connected. The TRNSYS library includes many of the 

om s, as well as 

omponents routines to handles inputs of weather data or other time-dependent forcing 

nctions and outputs of simulation results. The modular nature of TRNSYS gives the 

rogram tremendous flexibility, and facilitates the addition to the program of 

athematical models not included in the standard TRNSYS library. TRNSYS is well 

uited to detailed analyses of any system whose behavior is dependent on the passage of 

me (Klein et al. 2006). 

Compared with other simulation programs, i.e. DOE-2, EnergyPlus, etc., TRNSYS 

cuses on transient simulation of associated thermal system rather than the whole 

uilding. Therefore, TRNSYS is more suitable for dynamic performance study 

(in

3

a

c

la

m

c ponents commonly found in thermal and electrical energy system

c

fu

p

m

s

ti

fo

b

cluding control issue) for building air-conditioning systems.  
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To analyze the performance of the proposed system under different outdoor and 

indoor conditions, the models of major components of the integrated system are needed. 

These m

 

odels used to construct this system 

simulation platform are summarized in the following briefly. 

The building model in Type 56 is a non-geometrical balance model with one air 

node per zone, representing the 

odels are built according to TRNSYS’ requirements to predict the system 

energy performance, environment quality as well as the system response to the changes

of control settings. The major component m

3.2.2 Mathematic Models of Major Components 

Models of major components in the DOAS-CC system, such as multi-zone building, 

membrane-based total heat exchanger, liquid dehumidifier, desiccant solution 

regenerator, cooling coil, etc., are introduced as follows.  

3.2.2.1 Multi-zone building model 

A multi-zone building model, Type 56 in TRNSYS 16, is used to simulate the 

dynamic balance of energy and moisture of the conditioned space. It is suitable for 

testing the control, energy and environmental performances of on-line local and 

supervisory control strategies. 

thermal capacity of the zone air volume and capacities 

which are closely connected with the air node (furniture, for example). Thus the node 

capacity is a separate input in addition to the zone volume. 
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Figure 3.3 Heat balance on the zone air node (Klein et al. 2006) 

The heat balance of one zone is shown in Figure 3.3. It can be expressed by 

Equation (3.1). 

i
i

i Q
dt

dT
C =                            (3.1) 

      QQQQQQ lg,,,,inf,,

where Ci is the thermal capacitance of zone i, Qi is the net heat gain.  

i = icpicgiventiisurf + + + +               (3.2) 

whe

Qcplg,i is the gains due to air 

flow from adjacent zone or boundary condition. More detailed information about these 

terms can refer to menu of TRNSYS 16 (Klein et al. 2006). 

re Qsurf,i is the surface gains (gain from external walls, external windows, etc.), Qinf,i 

is the infiltration gains (air flow from outside only), Qvent,i is the ventilation gains (air 

flow from a user-defined source, like an HVAC system), Qg,c,i is the internal convective 

gains (by people, equipment, illumination, radiators, etc.), 
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A moisture balance for zone i can be expressed by  

∑∑ −++−+−=
surfaces

ijscpig

ventn

k
iikvikviai

i
ieff wwmWwwmwwm

dt
dw

M )()()( lg,,

,

,,,,inf,,   (3.3) 

where Meff,i is the effective moisture capacitance of the zone, wi is the humidity ratio of 

the zone, wa is the ambient humidity ratio, wv,k,i is the humidity ratio of the ventilation 

air from ventilation type k, Wg,i is the internal moisture gains, wj is the humidity ratio of 

an adjacent zone j. 

In the m lance, such 

as C

indoor CO2 concentration, a building CO2 model is developed 

additionally. It can be expressed by Equation (3.4). 

ulti-zone building model (Type 56), pollutant concentration ba

O2 concentration, is not considered. In order to evaluate the indoor air quality 

represented by 

∑∑ −++−+−=
surfaces

ijscpig

ventn

k
iikvikviai

i
i CCvCSCCvCCv

dt
dC

V )()()( lg,,

,

,,,,inf,     (3.4) 

where Vi is the total air volume of the zone, Ci is the CO2 concentration of the zone, C  

is the ambient CO2 concentration, Cv,k,i is the CO2 concentration of the ventilation air 

3.2.2.2 Membrane-based total heat exchanger 

t exchangers. The former is 

a

from ventilation type k, CSg,i is the internal CO2 generation rates, Cj is the CO2 

concentration of an adjacent zone j. 

Both a finite difference model and an effectiveness-number transfer unit (ε-NTU) 

model can be adopted to simulate membrane-based total hea
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deta eas the latter is simple and fast 

with acceptable accuracy (Liang 2010). 

In this study, the ε-NTU model is adopted to model the membrane-based total heat 

 enhancing the heat an

Figure 3.4 Schematic of a membrane-based parallel-plates enthalpy exchanger 

iled and quite accurate, but is time-consuming, wher

exchanger. A parallel-plate structure is applied in the membrane exchanger, as fins have 

little use in d mass transfer of the membrane (Zhang 2008), as 

shown in Figure 3.4.  

x

For the membrane-based enthalpy exchanger, the sensible effectiveness and latent 

effectiveness are defined as 

inexinf

outfinf
S TT

TT

,,

,,

−

−
=ε                          (3.5) 

inexinf
L ww ,, −

outfinf ww ,, −
=ε                          (3.6) 

For sensible effectiveness 
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⎥
⎦

⎤⎡ −− 78.0 1)exp( SNTU
⎢
⎣

−= − 22.0exp1
S

S NTU
ε                   (3.7) 

where NTUS is an overall number of transfer units for sensible effectiveness. For the 

total heat exchanger that has equal area on both sides, NTUS is calculated by: 

min)( paa
S cm

UANTU =                        (3.8) 

The correlation for latent effectiveness can be written as 

⎥
⎦

⎤
⎢
⎣

⎡ −−
−= − 22.0

78.0 1)exp(exp1
L

L
L NTU

NTUε                   (3.9) 

SL NTUNTU ⋅= β                        (3.10) 

where NTUL is an overall number of transfer units for latent effectiveness, and β is the 

ratio of latent to sensible total transfer units, assuming equal specific heat for two air 

streams, which is related to material properties (Liang 2010, Zhang 2005). 

 

In the proposed liquid desiccant air-conditioning system, the implemented 

dehumidifier and regenerator have counter-flow configurations. The m

model can be constructed based on the control volume 

3.2.2.3 Dehumidifier and regenerator 

athematical 

ssaa dhmdhm =                         (3.11) 
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aas dwmdm =                          (3.12) 

)]()1()([ eaeaLdy
a wwLehhLeNTUdh

−⋅⋅−+−⋅= λ            (3.13) 

)( ea
a ww

L
NTU

dy
dw

−=                     (3.14) 

The Lewis number and NTU are defined as follows. 

paM

H

cF
FLe
⋅

=                         (3.15) 

a

M

m
ALFNTU ν⋅

=                        (3.16) 

An integrated analytical solution to adiabatic heat and mass transfer in packed-type 

liquid desiccant equipment is adopted to model the dehumidifier and regenerator. 

Readers are referred to (Chen 2006) for a more detailed description. 

3.2.2.4 Cooling/heating coil 

A first-order differential equation is used to represent the dynamics of a 

cooling/heating coil with a lumped thermal mass, as shown in Equation (3.17) (Wang 

1999). A dynamic equation based on energy balance ensures that the energy is 

conserved. 

2

,

1

,

R
TT

R
TT

d
dTC inwccinac

c

−
−

−
=

τ
                   (3.17) 
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where Tc is the mean temperature of the coil, Ta,in

temperatures, Cc is the overall thermal capacity of the coil, and R1 and R2 are the overall 

heat transfer resistances at the air and water sides, respectively.  

3.2.2.5 Chilled ceiling model 

The specific TRNSYS module developed for radiant ceiling is used in this study. 

Figu (Klein et al. 2006). It considers 

it as an ‘active layer’ added to the wall, floor or ceiling definition.  

 DIN 4715-1; 

theref  test 

 mass 

e producer of 

 is needed. 

It can

approximation for common used chilled ceiling panels.  

 and Tw,in are the inlet air and water 

re 3.5 shows the schematic of a chilled ceiling panel 

Figure 3.5 Schematic of chilled ceiling panel (Klein et al. 2006) 

TRNSYS chilled ceiling panels model is based on the German norm

ore some additional parameters to define the performance in this type of

conditions are required. This parameters as specific norm power, specific norm

flow rate, norm area and norm number of loops can be obtained from th

chilled ceiling panels. Besides the test results, the heat transfer coefficient Uwrx

 be calculated internally from the specific norm power using the following 

in wϑ
−

ϑ kdo,

−

ϑ

2,rϑ

in wϑ
−

ϑ kdo,

−

ϑ

2,rϑ



6.3
6.3

0469.0 _ ⎟
⎠

⎞
⎜
⎝

⎛ normspP
exp6.0 ⎟⎜=Uwrx                 (3.18) 

where Psp_norm is the specific norm power after DIN 4715-1. 

Also the temperature difference dTsurf_norm between mean fluid temperature and 

mean surface temperature ϑ  if know for test conditions can be used to calculate the 

heat transfer coefficient Uwrx with the following equation:  

w

−

ϑ  

k

−

normsurf

normsp

dT
P

Uwrx
_

_=                       (3.19) 

3.2.2.6 Power models 

The electric power consumed by the chiller is calculated as 

ch

ch
ch COP

Q
E =                          (3.20) 

and COPch is the 

chiller’s coefficient of performance. 

where Qch is the cooling energy consumed by the integrated system, 

Fan power is calculated by 

fan
fan

pVE
η3600
Δ⋅

=

 the pu

and ηfan is fan efficiency. In this study, the pressure rises of the supply fan, return fan, 

                        (3.21) 

where V is the volumetric flow rate of the fan, Δp is the total pressure rise of mp, 
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and regeneration air fan are assumed to be fixed in the operation period. They are 

1000Pa, 400Pa, and 300Pa, respectively. The efficiency of the fans is 0.6. 

The other components in the simulator, such as the controllers, the sensible heat 

exchangers, etc. are obtained from the TRNSYS model base. The sensible effectiveness 

of the heat exchangers is 0.8. 

3.2.3 Validations of the Component Models 

3.2.3.1 Validation of membrane-based total heat exchanger model 

 membrane-based total heat 

exchanger, an experimental rig is set up in the Key Laboratory of Enhanced Heat 

Transfer and Energy Conservation of Education Min

Technology, as shown in Figure 3.6. Two parallel air ducts with a 200mm×200mm 

bled. Each duct is comprised of a variable speed blower, a wind 

tunnel, a set of nozzles, wind straighteners, , steam humidification 

tubes, temperature and humidity sensors. The heating power and the steam generation 

currents can be adjusted according to the set poin

whole test rig is built in a constant temperature and constant humidity room, so the inlet 

ry 

itions. A 10 mm thick plastic foam insulation layer 

is pasted on the outer surfaces of the ducts to prevent heat dissipation from the system to 

the surroundings. 

 

To study the heat and mass transfer performance of the

istry, South China University of 

cross-section are assem

electric heating coils

ts of temperature and humidity. The 

temperature and humidity can be controlled and maintained very well even under ve

hot and humid ambient weather cond
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A

A

B

B

Figure 3.6 Experimental rig of the membrane-based enthalpy exchanger 

flow rates are monitored at the inlet and outlet of the exchanger. Volumetric air flow 

0.74m/s which are typical for enthalpy exchangers.  

 

 

The structural parameters and nominal operating condition of the exchanger is listed 

3/h in the test, they can be adjusted by variable 

speed blowers to have different air velocities. Temperature, humidity, and volumetric 

rates are varied from 100 to 200m3/h, corresponding to frontal air velocities from 0.37 to 

in Table 3.2. During the experiment, equal air flow rates are kept for the two ducts. 

Though the design air flow rates are 150m
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Table 3.2 Structural parameters and nominal operating condition of the exchanger 

Item Symbol (unit) Value 

Number of channels for each flow n 115 

Channel length xF, yF (mm) 185 

Channel height a (mm) 2.0 

Vapor diffusivity in air Da (m2/s) 2.85×10-5

Heat conductivity of air λa (W m-1 K-1) 0.0263 

Inlet fresh air temperature  Tfin (oC) 35 

Inlet exhaust air temperature Tein (oC) 27 

Inlet fresh air humidity RHfin(%) 59 

Inlet exhaust air humidity RHein(%) 54 

 

The experimental data, including inlet and outlet states of fresh air and exhaust air 

from the test rig is shown in Table 3.3. According to the experimental results, it can be 

found that the sensible effectiveness and latent effectiveness of the enthalpy exchanger 

decrease as the increase of air flow rate. These steady-state measurements are used to 

validate the mathematical model. 

Table 3.3 Experimental results of the total heat exchanger 

Fresh air Exhaust air EffectivenessFlow rate (m3/h) 

Tin RHin Tout RHout Tin RHin Tout  RHout ES EL

100 35 0.69 28.5 0.601 26.9 0.511 33.8 0.635 0.827 0.742

125 35.1 0.665 28.7 0.629 27 0.527 33.7 0.618 0.809 0.701

150 34.9 0.66 28.7 0.645 27 0.552 33.5 0.61 0.796 0.675

175 34.9 0.69 28.8 0.645 26.9 0.551 33 0.638 0.763 0.672

200 34.9 0.656 28.8 0.651 26.9 0.658 32.6 0.635 0.738 0.665
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The comparisons of experimental data and the simulation results are shown in 

Figure 3.7 for the sensible effectiveness and latent effectiveness validations. Comparing 

the experimental data and the simulation results, it can be found that the maximum error 

of effectiveness is less than 6%. The results illustrate that the sim physical model 

is feasible to ess of the mem d to at exchanger. 
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3.2.

To validate the dehumidifier and regenerator models, comparisons are made 

between the analytical solutions of the models used in this study and the experimental 

data available from the literature (Fumo and Goswami 2002). Reliable sets of 

experimental data using LiCl as the liquid desiccant were reported by Fumo and 

Goswami (2002). In their experiments, the diameter of the packed bed was 24 cm, the 

height of the tower was 60 cm, and polypropylene Rauschert Hiflow rings with a 

specific surface area of 210m2/m3 were selected as the packing material. The comparison 

results are given in Table 3.4 and Table 3.5. The analytical solutions are also compared 

with the results obtained by Gandhidasan (2004) in Table 3.4. In the present study, the 

Lewis number is assumed to be unity and the mass transfer coefficient FM is 

0.013kg/m2s in the air dehumidification process; the Lewis number is assumed to be 

0.95 and the mass transfer coefficient FM is 0.02kg/m2s in the solution regeneration 

process. According to the results presented in Tables 3.4 and 3.5, there is very good 

agreement between the experimental data and the analytical solutions of the process air 

outlet state and desiccant outlet state obtained in this study. In all cases, the maximum 

difference is less than 8% for the air dehumidification process and less than 7% for the 

desiccant regeneration process. 

 

 

3.2 Validation of dehumidifier and regenerator models 
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Table 3.4 Comparison of experimental data (Fumo and Goswami 2002) with analytical 

solutions for the dehumidification process 

 Ta,out ( C) Wa,out (kg/kg) Ts,out ( C) Cs,out (%) o o

Case 1: ma=1.180 kg/m2s, Ta,in=30.1 oC, Wa,in=0.0181 kg/kg, ms=6.227 kg/m2s, Ts,in=30.3 oC, 
C =34.7% s,in
Experimental results 32.20 0.0108 32.60 34.60 

Percentage difference -3.51 -1.85 -3.93 0.17 

Percentage difference   -3.83 0.14 
Case 2: m =1.513 kg/m

Present study 31.07 0.0106 31.32 34.66 

Gandhidasan (2004)   31.35 34.65 

a a,in a,in s s,in

Percentage difference -3.29 7.41 -4.65 0.47 

a a,in a, s s,in

2 o 2 o

.20 0.0113 32.70 34.20 

.06 0.0108 31.44 34.35 
Percentage difference -3.54 -4.42 -3.85 0.44 
Gandhidasan (2004)   31.39 34.35 
Percentage difference   -4.01 0.44 
Case 6: ma=1.198 kg/m2s, Ta,in=29.9 oC, Wa,in=0.0177 kg/kg, ms=6.269 kg/m2s, Ts,in=25.0 oC, 
Cs,in=34.7% 

Experimental results 28.20 0.0088 28.40 34.50 
Present study 27.04 0.0088 26.42 34.65 
Percentage difference -4.11 0 -6.97 0.43 
G ndhidasan (2004)   26.62 34.64 
Percentage difference   -6.27 0.40 

2s, T =30.2 oC, W =0.0181 kg/kg, m =6.113 kg/m2s, T =30.0 oC, 
Cs,in=34.3% 

Experimental results 32.20 0.0108 32.70 34.10 
Present study 31.14 0.0116 31.18 34.26 

Gandhidasan (2004)   31.38 34.24 
Percentage difference   -4.04 0.41 
Case 3: ma=1.189 kg/m2s, Ta,in=35.5 oC, Wa,in=0.0188 kg/kg, ms=6.290 kg/m2s, Ts,in=30.3 oC, 
Cs,in=34.5% 
Experimental results 32.80 0.0112 32.60 33.70 
Present study 32.45 0.0109 31.58 34.46 
Percentage difference -1.07 -2.68 -3.13 2.26 
Gandhidasan (2004)   31.73 34.45 
Percentage difference   -2.67 2.20 
Case 4: m =1.214 kg/m2s, T =30.3 oC, W in=0.0142 kg/kg, m =6.273 kg/m2s, T =30.1 oC, 
Cs,in=33.9% 
Experimental results 31.10 0.0103 31.50 33.80 
Present study 30.77 0.0100 30.72 33.88 
Percentage difference -1.06 -2.91 -2.48 0.24 
Gandhidasan (2004)   30.70 33.88 
Percentage difference   -2.54 0.24 
Case 5: ma=1.190 kg/m s, Ta,in=30.1 C, Wa,in=0.0180 kg/kg, ms=5.019 kg/m s, Ts,in=30.2 C, 
Cs,in=34.4% 

Experimental results 32
Present study 31

a
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Case 7: ma=1.182 kg/m2s, Ta,in=29.9 oC, Wa,in=0.0179 kg/kg, ms=6.164 kg/m2s, Ts,in=30.1 oC, 
Cs,in=33.1% 

Experimental results 33.00 
Present study 30.84 0.0113 31.02 33.07 

ercentage difference 

32.40 0.0114 32.20 

P -4.81 -0.88 -3.66 0.21 
Gandhidasan (2004)   31.00 33.06 
Percentage difference   -3.73 0.18 

 

Ta  of expe tal data and Gos 2002) wi ytical 

solution  for the regeneration proc

a,out ( C) Wa,out (kg/kg) Ts,out ( C) Cs,out (%) 

ble 3.5 Comparison rimen (Fumo wami th anal

s ess 

 T o o

Case 1: ma=1.098 kg/m2s, Ta,in= a,in=0 /kg, ms=6.206 kg/m2s, Ts,i C, 30.1 oC, W .0180 kg n=65.1 o

Cs,in=34.1% 
Experimental results 59.30 

58. 7 
0  .0532

.0 33
57.80 34.  80

Present study 6 0  
-1.06 0.19 

 57.50 0.0488 56.60 35.20 
5

erence 
2s, Ta,in= a,in=0 g/kg, ms=6.349 kg/m2s, Ts,in

 oC, 

58. 0 0.0 51 5

2s, Ta,in= a,in=0 /kg, ms=6.370 kg/m2s, Ts,i C, 

5 5
5  
1.2  3 1 

2  o 2  o

 59.00 0.0556 57.90 34.90 

erence 
2s, Ta,in= a,in=0 g/kg, ms=6.245 kg/m2s, Ts,i

 oC, 

55.  0.0 47 

-2.03 -6.94 4.78 -0.83 
2s, Ta,in= a,in=0 /kg, ms=6.400 kg/m2s, Ts,i C, 

5 0.  
58.  0.0 73 
1.2  5 2 

5 60.13 34.27 
 Percentage difference 4.03 -1.52

Case 2: ma=1.438 kg/m2s, Ta,in=29.8 oC, Wa,in=0.0177 kg/kg, ms=6.479 kg/m2s, Ts,in=65.1 oC, 
Cs,in=34.5% 
Experimental results
Present study 56.44 0.0479 9.66 34.68 
Percentage diff -1.84 -1.84 5.41 -1.48 
Case 3: ma=1.097 kg/m 35.1 oC, W .0180 k =65.1
Cs,in=33.4% 
Experimental results 5 5 7.40 34.10 
Present study 59.28 0.0563 60.22 33.57 
Percentage difference 1.33 2.18 4.91 -1.55 
Case 4: ma=1.132 kg/m 30.2 oC, W .0143 kg n=65.2 o

Cs,in=34.0% 
Experimental results 7.60 

8.34 
0.0513
0.0 30

 7.20 34.70 
Present study 5 59.82 34.19 

-Percentage difference 8 .3 4.58 1.47 
Case 5: ma=1.101 kg/m s, Ta,in=29.9 C, Wa,in=0.0180 kg/kg, ms=7.541 kg/m s, Ts,in=65.2 C, 
Cs,in=34.3% 
Experimental results
Present study 58.84 0.0535 61.07 34.44 
Percentage diff -0.27 -3.78 5.47 -1.32 
Case 6: m =1.111 kg/ma 30.0 oC, W .0187 k n=60.3
C =34.4% s,in
Experimental results 80 4 54.20 34.80 
Present study 54.67 0.0416 56.79 34.51 
Percentage difference 
Case 7: ma=1.099 kg/m 29.7 oC, W .0177 kg n=64.8 o

Cs,in=32.8% 
Experimental results 7.60 0542 56.80 33.40 
Present study 29 5 59.52 32.98 
Percentage difference 0 .7 4.79 -1.26 
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3.3

o the above de d or sel ompone els, a sim  of the 

whole dedicated outdoor air-chilled ceiling system is built on the platform of TRNSYS. 

 this section, the responses of basic control loops, such as supply air humidity control 

and supply air temperatur e responses are tested to 

evaluate the simulation platform performance of the dedicated outdoor air-chilled ceiling 

sy tem 

en  also tes

her 

data of the tested day is shown in Figure 3. operatio iod of air-conditioning 

sy f 5oC 

of re and re than f relati idity (RH). Constant 

ventilation flow rate is used for occupant v tion in t st case. The fresh air 

req  computed according to the number of design occupants, i.e. 10 l/s per 

person for the office rooms and the meeting room. The actual occupancy profiles of each 

zo and 

sensible heat generation rates per person are assumed to be 5×10-6 m3/s, 2.2×10-5 kg/s 

an /m2 

for ition, a re distu f 1.02 k s introduced into Zone 

5 f  the tes  

 

 

 Tests of the System Simulation Platform 

According t velope ected c nt mod ulator

In

e control loops, etc., and indoor air stat

stem. In addition, the effect of membrane-based total heat exchanger on the sys

ergy performance is ted.   

The performance of the DOAS-CC system is tested in a summer day. The weat

8. The n per

stem is from 9:00 to 18:00. The expected indoor air conditions in the o fice are 2

dry bulb temperatu no mo  60% o ve hum

entila his te

uirement is

ne and the total occupancy profile are presented in Figure 3.9. The CO2, moisture 

d 65 W, respectively. Internal loads are taken as 10 W/m  for lighting and 20 W2

 equipments. In add  moistu rbance o g/hr i

rom 9:00 to 18:00 in t day. 
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Figure 3.8 Outdoor air temperature and humidity on the summer test day 

 

 

 

In the dedicated outdoor air subsystem  a liquid dehumidifier is implemented to 

dehumidify air and control the supply air perature of strong 

 

 

 

 

 

 

Figure 3.9 Occupancy profiles of individual zones and the total occupancy profile 

3.3.1 System Responses Tests 
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solution into dehumidifier is regulated to achieve the supply air humidity set point, i.e. 

9.3g/kg in the study. The supply air humidity response in the DOAS system is shown in 

Figure 3.10. It can be found that the liquid dehumidifier is feasible to control supply air 

humidity, since the actual outlet humidity is almost the same as the set point. In addition, 

the strong solution inlet temperature entering the dehumidifier is also shown in the 

figure. It changes between 28oC and 29oC. It can be seen that the solution inlet 

temperature is lower in the morning period, since the latent load treated by the 

dehumidifier is higher in morning, which is caused by higher outdoor air humidity ratio 

in the morning period, as shown in Figure 3.8.        
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Figure 3.10 Supply air humidity responses 

A dry cooling coil is employed to cool down the supply air after the liquid 

er flow rate is modulated to control the outlet air 

temp o

dehumidifier. The supply wat

erature to the set point, i.e. 19 C. The supply air temperature response is shown in 

Figure 3.11. The actual supply air temperature well approaches the set point. The supply 
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water flow rate is also shown in the figure, which changes slightly and almost is 1.1 

kg/s. 
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Figure 3.11 Supply air temperature responses 

When the DOAS-CC system operates in the working period, the indoor air 

temperature and indoor RH responses of Zone 5 are shown in Figure 3.12. The data is 

shown for zone 5 since it has the highest load variation and would be representative of 

the thermal response of the system. It can be found that the indoor air is well controlled 

to the set point, i.e. 25oC, except for some fluctuations in the morning and noon periods. 

There are larger load changes and disturbances in the periods. The indoor air relative 

humidity changes betw ow rate is constant in 

this test, the relative humidity is lower in the morning and noon periods, which is caused 

by the lower occupant number in the periods, as shown in Figure 3.9. The indoor air CO2 

concentration is shown in Figure 3.13. The maximum indoor air CO2 concentration is 

about 800ppm. The CO2 concentration is lower in the morning and noon periods, since 

constant ventilation flow rate is supplied.  

een 50% and 60%. Since the ventilation fl
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Figure 3.12 Indoor air temperature and humidity responses 

Figure 3.13 Indoor CO2 concentration response 

In addition, in the operation of the DOAS-CC system, the responses of chilled 

ceiling are shown in Figure 3.14. The supply water flow rate changes from 0 to 0.4 kg/s. 

In the noon period, the supply water flow rate is comparatively lower, since the sensible 

cooling load is lower in this period. The outlet water temperature is also presented in this 
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figure, which changes from 21oC to 24oC. It can be found that the temperature rising in 

the noon period is higher than that in morning and afternoon periods.  
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Figure 3.14 Chilled ceiling responses 

3.3.2. Effect of Total Heat Exchanger on System Energy Performance 

In this section, a case study is conducted to investigate the effect of the 

membrane-based total heat exchanger on the energy performance of the proposed 

dedicate outdoor air-chilled ceiling system. In the simulation tests, the whole system 

performance is evaluated at two kinds of conditions, with membrane-based energy 

recovery (With membrane-ER) and without membrane-based energy recovery (Without 

membrane-ER

membrane-based total heat recovery on the performance of DOAS-CC system is 

), in the whole August.  

Table 3.6 presents the energy consumption of the DOAS-CC integrated system 

under these two conditions. Simulation results indicate that the effect of the 
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prominent, which can save about 27.1% of cooling consumption for supply air 

dehumidification and cooling, and about 21.7% of heating requirement for desiccant 

solution regeneration. Consequently, it can totally reduce about 23.2% of energy 

consumption of the integrated system. Apart from significant energy saving in the 

system, the inlet air state, i.e. temperature and humidity, entering the liquid dehumidifier 

is more stable when the total heat recovery is applied in the system, even though the 

ambient air state has large variations. In this situation, the control of air dehumidification 

is more robust and the control system is more stable. 

Table 3.6 Breakdown of primary energy consumption of the integrated system 

Items Without 
membrane-ER 

With 
 membrane-ER  

Hea 4193.35 ter 56418.98 4
Total heating(MJ) 56418.98 44193.35 

Cooler 44709.84 26266.11 

Saving (%) -- 27.11% 

Saving (%) -- 0% 
135680.49 104173.02 

Saving (%) -- 23.22% 

Saving (%) -- 21.67% 

Dry coil 11603.86 11036.57 
Chilled ceiling 14797.89 14527.06 

Total cooling(MJ) 71111.59 51829.75 

Supply fan 4864.80 4864.80 
Return fan 1945.92 1945.92 

Regeneration fan 1339.20 1339.20 
Total fan energy (MJ) 8149.92 8149.92 

Overall energy(MJ) 
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3.4 Summary 

In this chapter, the investigated building and the dedicated outdoor air-chilled 

ceiling system adopting membrane-based total heat recovery and liquid desiccant 

dehumidification technologies are introduced firstly. Then the mathematic models of 

major components in the DOAS-CC system are set up and they are validated by 

experimental data from site measurements or literature of other researchers. The 

validation results show that these mathematic models are applicable to study the 

performance of the components. For the membrane-based enthalpy exchanger, the 

sensi rate. 

Lastly, a simulator of ole DOAS-CC  built on th orm of TRNSYS. 

The responses of ma  control loops grated s ested. The test 

results show that the developed simulator  to stud rmance of the 

integrated system. In , the effect of -based to changer on the 

energy performa le DOAS-  is investigated, which can save 

about 23.2% of total energy consumption o ated syst hole August.   

 
 
 
 
 

ble effectiveness and latent effectiveness decrease as the increase of air flow 
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CHAPTER 4 CONTROL OF THE LIQUID DESICCANT 

 

4.1 Control Strategies of the Liquid Desiccant System 

idification, and ventilation loads, the liquid desiccant cooling system requires 

liable control. The supply air humidity and temperature directly influence the thermal 

omfort in the air-conditioned space. The strong solution concentration determines the 

dehumidification capability and energy consumption in the solution regeneration process. 

The supply air temperature can be controlled by regulating the water valve of the dry 

cooling coil. Different methods are available for controlling the supply air humidity and 

the strong solution concentration, and they are presented in this section.  

SYSTEM 

This chapter mainly presents the developed control strategies for the liquid 

desiccant system and the characteristics of the system under various operation conditions. 

Section 4.1 develops control methods for the supply air dehumidification and cooling 

process in the dehumidifier side and methods for the liquid desiccant regeneration in the 

regenerator side. The control feasibilities of different control methods are also evaluated. 

Section 4.2 presents the control performance of the liquid desiccant system under 

various operation conditions. Section 4.3 presents a case study about outdoor air 

ventilation strategy of the liquid desiccant based air-conditioning system.  

To realize normal and continuous operation and to follow the changing cooling, 

dehum

re

c
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A schematic of the proposed liquid desiccant air-conditioning system is presented i

, and the supply air is 100% fresh air. The

n 

Figure 4.1. It is a dedicated outdoor air system  

system can be adopted alone or integrated with such terminal sensible cooling 

quipment as chilled ceiling and dry fan-coil units to provide independent temperature, 

humidity, and ventilation control for air-conditioned spaces. The proposed system 

contains three loops: 

 

 

ditioned space. 

e

the process air loop, the liquid desiccant solution loop, and the 

regeneration air loop. 

 

 

 

 

 

 

 

Figure 4.1 Schematic of the proposed liquid desiccant-based dedicated outdoor air 

system 

The process air loop comprises a membrane-based total heat exchanger, a liquid 

dehumidifier, and a dry cooling coil. Fresh air flows through the total heat exchanger, 

where it exchanges heat and moisture with the exhaust air from the con
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The

The solution loop is composed of a water cooler, a dehumidifier, a 

solution-to-solution heat exchanger (Sensible HE1), a hot water heater, and a regenerator. 

ted by the water heater, and then finally 

re-concentrated in the regenerator. Although low-grade heat resources, such as waste 

heat and solar energy, are preferred for solution regeneration, they are not always readily 

and stably available. Therefore, diluted solution heating was performed by the hot water 

heater in this study.    

The regeneration air loop consists of an air-to-air sensible heat exchanger (Sensible 

HE2) and a regenerator. The inlet air (ambient air) in the solution regeneration process is 

firs he 

moisture in the weak solution. The tem e of the air leaving the regenerator is 

high

 

 air leaving the heat exchanger is dehumidified by the liquid dehumidifier, and then 

sensibly cooled down to a pre-set state by the dry cooling coil. Exhaust air from the 

conditioned space passes through the total heat exchanger and is exhausted to the outside. 

In this study, a membrane-based total heat exchanger was selected to recover the heat 

and moisture from the exhaust air. 

The desiccant is a lithium chloride solution. The re-concentrated solution is pre-cooled 

by the heat exchanger and then cooled by the water cooler before being sprayed onto the 

packing of the dehumidifier. The diluted solution leaving the dehumidifier is pre-heated 

by the sensible heat exchanger, further hea

t pre-heated by the heat exchanger, and then fed into the regenerator to absorb t

peratur

er than that of the inlet air. Hence, the outlet air is used to pre-heat the inlet air in the 

heat exchanger sensibly before it is extracted to the outside. 
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4.1.1 Control Methods of Air Dehumidification Process 

Two control methods are proposed for supply air humidity control in the supply air 

treatment process. Method (a): Variable strong solution inlet temperature. The proposed 

system’s supply air humidity ratio is controlled by regulating the strong solution inlet 

temperature in the liquid dehumidifier. It is realized by adjusting the cooled water flow 

rate

4.1.2 Control Methods of Solution Regeneration Process 

utlet solution concentration from the regenerator is controlled by 

regulating the diluted solution inlet temperature, which is realized by adjusting the hot 

water flow rate entering the heater, as shown in Figure 4.1. Method (d): Variable 

regeneration air flow rate. The outlet solution concentration is controlled by modulating 

the regeneration air flow rate entering the regenerator, while the diluted solution inlet 

temperature in the regenerator is kept constant. 

 entering the cooler, as shown in Figure 4.1. Method (b): Variable strong solution 

flow rate. The supply air humidity ratio is controlled by regulating the strong solution 

flow rate in the dehumidifier. The supply air temperature increases in the 

dehumidification process, and it is maintained at its set-point (Ta,sup,sp) by modulating the 

supply water flow rate into the dry cooling coil. 

Two control methods are also proposed for controlling the outlet solution 

concentration in the solution regeneration process. Method (c): Variable diluted solution 

inlet temperature. The o

4.1.3 Effectiveness of Control Methods 
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The design parameters of the liquid desiccant system are listed in Table 4.1. In the 

proposed system, the design supply air humidity ratio (wa,sup) is 6.0g/kg.da and the 

supply air temperature is 19 C. In this section, the effectiveness of the control methods 

in controlling the supply air humidity and the strong solution concentration after 

regeneration is analyzed. 

o

Table 4.1 System design parameters 

Items Value 

Ambient air temperature (Ta,amb) 31oC 

Ambient air humidity (wa,amb) 1.6g/kg 
3

Volume flux of solution in packed bed

2

Volume flux of supply air in dehumidifier (Va,sup) 0.8m /s 

s (Vs) 0.9 l/s 

Volume flux of regeneration air (Va,rgn) 1.6 m3/s 

out) 35% 

Solution inlet temperature into dehumidifier (Ts,deh) 20.9 oC 

Outlet solution concentration from regenerator (Cs,

Solution inlet temperature into regenerator (Ts,rgn) 56.1 oC 

Supply air humidity (wa,sup) 6.0g/kg 

 

4.1.3.1 Control methods for air dehumidification process 

dification capacity of the dehumidifier 

varies from 9.3g/kg.da to 4.1g/kg.da when the inlet temperature of the strong solution 

rises from 21 C to 35 C. Correspondingly, the supply air humidity ratio (wa,sup) changes 

from 6.0g/kg.da to 11.2g/kg.da. The solution concentration variation (ΔCs,deh) varies 

The control performance of the proposed system with two different control methods 

applied is shown in Figure 4.2. As shown in Figure 4.2(a), the water condensation rate 

(Δwa,sup) from the supply air decreases significantly with an increase in the strong 

solution inlet temperature (Ts,deh). The dehumi

o o
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from

altered. Hence, the variable strong solution inlet temperature 

method is effective in controlling the supply air humidity.  

 0.228% to 0.100% in the air dehumidification process, which is proportional to the 

water condensation rate from the supply air. The supply air humidity is sensitive to 

variation of the inlet solution temperature, and the supply air humidity ratio can be easily 

controlled by regulating the inlet solution temperature in the dehumidifier when the 

supply air latent load is 
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Figure 4.2 Control performance in the air dehumidification process: (a) variable strong 

solution inlet temperature method; (b) variable strong solution flow rate method 
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The control performance of the air dehumidification process is shown in Figure 

4.2(b), when the variable strong solution flow rate method is implemented. The water 

condensation rate (Δwa,sup) from the supply air varies from 7.4g/kg.da to 9.3g/kg.da 

when the strong solution flow rate changes from 0.2l/s to 0.9l/s. The dehumidification 

capacity of the dehumidifier is slightly increased with an increase of the strong solution 

flow rate (Vs,deh). Correspondingly, the supply air humidity ratio (wa,sup) changes from 

7.8g/kg.da to 6.0g/kg.da. The supply air humidity exhibits a small variation with a 

significant change in the desiccant solution flow rate. In addition, the inlet and outlet 

solution concentration difference of dehumidifier (ΔCs,deh) varies from 0.812% to 

0.229% with an increase of the strong solution flow rate. This method is not beneficial in 

maintaining sufficient soaking of the absorber and enough partial pressure difference on 

the interface in the dehumidifier in part load conditions, since less desiccant solution is 

used. Hence, the variable strong solution flow rate method is not recommended for 

controlling the supply air humidity. 

4.1.3.2 Control methods for solution regeneration process 

Figure 4.3 shows the control performance in the solution regeneration process when 

different control methods are adopted. In this process, the dehumidification side is 

assumed to work on the design condition. As shown in Figure 4.3(a), the variation in the 

desiccant solution concentration before and after the regenerator (ΔCs) decreases with a 

 

The he 

higher the temperature, the higher the vapor pressure and, consequently, the greater the 

decrease in the inlet temperature of the diluted solution entering the regenerator (Ts,rgn).

 vapor pressure of the desiccant solution is highly dependent on the temperature. T
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potential for water evaporation from the desiccant solution. The variation in the solution 

concentration decreases from 0.235% to 0.106% when the inlet temperature of the 

diluted solution decreases from 58oC to 40oC. Moreover, the variation range of the 

solution concentration in the solution regeneration process is comparable to that in the 

dehumidification process, as shown in Figure 4.2(a). Thus, the variable diluted solution 

inlet temperature method is effective in controlling the solution outlet concentration in 

the regeneration process. 
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Figure 4.3 Control performance in the solution regeneration process: (a) variable diluted 

solution inlet temperature method; (b) variable regeneration air flow rate method 
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Figure 4.3(b) shows the control performance in the solution regeneration process 

when the variable regeneration air flow rate method is used. As illustrated in this figure, 

the variation in the desiccant solution concentration before and after the regenerator 

reduces with a decrease in the flow rate of the regeneration air entering the regenerator 

(Va,rgn). The variation in the solution concentration decreases from 0.229% to 0.102% 

when the regeneration air flow rate changes from 1.6m3/s to 0.1m3/s. The variation range 

of the solution concentration in the solution regeneration process is comparable to that in 

the dehumidification process, as shown in Figure 4.2(a). Thus, the variable regeneration 

air flow rate method is effective in controlling the strong solution concentration. 

However, it should be pointed out that the solution concentration variation ratio (slope) 

is larger in the lower regeneration air flow rate range, i.e., 0.1~0.7m3/s, whereas the 

solution concentration variation remains almost fixed in the higher range, i.e., above 

0.7m3/s.    

According to the foregoing effectiveness analysis, the two following control 

 the strong solution 

inlet temperature iluted solution 

inlet temperature ter regeneration. 

Control strategy 2:

supply air hum odulated to control the 

solution concentrati

 

 

strategies are suitable for the proposed system. Control strategy 1:

 is regulated to control the supply air humidity, and the d

 is modulated to control the solution concentration af

 the strong solution inlet temperature is regulated to control the 

idity, and the regeneration air flow rate is m

on after regeneration. 
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4.2 Control Performance of the Liquid Desiccant System 

This section discusses the influences of system parameters such as the desiccant 

solution concentration, solution flow rate, regeneration air flow rate, supply air flow rate, 

ambient air temperature, and humidity. The steady-state control performance of the 

proposed system under different conditions is analyzed with the two control strategies 

implemented. Only one parameter is changed in each test, with the other parameters kept 

fixed.  

inde

The performance of the proposed system can be evaluated with two performance 

xes, i.e., the electric coefficient of performance (ECOP) and the coefficient of 

performance for the whole system (COP). They are calculated by Equations (4.1) and 

(4.2), respectively (Dai 2001). 

E
ECOP C=                            (4.1) 

Q

3.0/EQ
QCOP C

+
=                          (4.2) 

where Q

T

the chilling system is assumed to be 3.5 as a constant when calculating the 

C is the cooling production of the system and QT is its thermal energy 

consumption, that is, the heat input required to re-concentrate the diluted liquid 

desiccant. E is the total electric power consumption of the fans and the chilling system 

for the chilled water supply to the cooler and cooling coil. The overall performance 

coefficient of 
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elec

Figure 4.4~4.6 illustrate the effects of the strong solution concentration, solution 

flow rate, and ambient air temperature on the system’s ECOP and COP, respectively. It 

can be seen that the ECOP and COP values of the liquid desiccant system are almost the 

same in both control strategies. The main reason for the similarity is that the latent heat 

load of the supply air undergoes no change when the system parameters change and the 

current latent load of this air equals the design latent load.  

s shown in Figure 4.4, the COP decreases slightly with an increase in the strong 

solution concentration, primarily because the regeneration heat required is slightly 

higher at a higher solution concentration. The impact of solution concentration on 

syst

tricity use (Capozzoli 2006). In addition, the equivalent coefficient of electric power 

and thermal energy in Hong Kong is taken as 0.3.  

A

em performance is negligible in the tested range. However, it should be noted that it 

is difficult to measure the solution concentration continuously and accurately in practical 

applications. Hence, it is acceptable to allow a proper range for the outlet solution 

concentration variation in the regeneration process.  
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Figure 4.5 shows the effect of the solution flow rate on system performance. The 

system’s ECOP and COP decrease markedly as the desiccant solution flow rate 

increases. The explanation for this decrease is that greater desiccant solution flux 

prov
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  Figure 4.4 Effect of strong solution concentration on ECOP and COP 

ides little benefit to the dehumidification capacity of the system, although the 

regeneration heat consumption demanded by the heater and the cooling requirement of 

the cooler increase greatly with an increase in the solution flow rate. Hence, in practice, 

the desiccant solution flow rate for dehumidification applications is expected to be as 

low as possible, and a certain minimum flow rate must be ensured for normal operation.  
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Figure 4.5 Effect of solution flow rate on ECOP and COP 

In practical applications, the ambient air state changes with time. Figure 4.6 

illustrates the effect of the ambient air temperature on system performance. It can be 

seen that the system bient air 

temp  increases 

significantly e in 

total energy consum ocesses is less. It 

ates. 
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’s ECOP and COP increase with a rise in the am

erature. This is because the cooling production of the proposed system

 with an increase in the ambient air temperature, whereas the increas

ption in the dehumidification and regeneration pr

can thus be concluded that the proposed system is more suitable for hot clim
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and supply air humidity on system performance, respectively. As shown in Figure 4.7, 

the system’s ECOP and COP decrease as the outdoor air humidity ratio decreases, which 

indicates that the proposed system is more suitable for humid regions. 

 Figure 4.6 Effect of ambient air temperature on ECOP and COP 

Figures 4.7~4.9 illustrate the effects of ambient air humidity, supply air flow rate, 
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Figure 4.7 Effect of ambient air humidity ratio on ECOP and COP 

Figure 4.8 illustrates the supply air flow rate’s effect on system performance. With a 

decrease in this rate, the system’s ECOP and COP both decrease dramatically. The 

explanation is that the cooling production reduces rapidly and the total energy 

consumption of the system reduces slowly when the supply air flux decreases. Hence, 

the proposed liquid desiccant system is appropriate for high supply air flow rate cases. 
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Figure 4.8 Effect of supply air flow rate on ECOP and COP 

Figure 4.9 shows the effects of different supply air humidity ratios on system 

performance. It can be seen that the system’s ECOP and COP rise as the supply air 

humidity increases. The reason for this ascent is that the cooling production of the 

proposed system decreases slightly with an increase in the supply air humidity ratio, and 

there is a significant reduction in total energy consumption in the dehumidification and 

regeneration processes. 

 81



(a)

2.9

3.1

3.3

3.5

P
2.5

2.7

6 7 8 9 10
Wa,sup [g/kg]

EC
O

Control strategy 1
Control strategy 2

 

Figure 4.9 Effect of supply air humidity ratio on ECOP and COP 

As shown in Figures 4.7~4.9, the system’s ECOP and COP are a little higher when 

control strategy 1 is adopted instead of control strategy 2. One reason for the higher 

values is that in part load conditions, in which the actual supply air latent load is lower 

than the desi ategy 2 is lower 

 rate 

on the system

system  conditions, the 

diluted solution in tegy 1 is lower than 
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gn latent load, the regeneration air flow rate in control str

than that in control strategy 1, i.e., 1.6m3/s. The effect of the regeneration air flow

’s performance is shown in Figure 4.10. As this rate decreases, the 

’s COP reduces accordingly. Another reason is that in part load

let temperature in the regenerator in control stra
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the fixed diluted solution inlet temperature in control strategy 2, i.e., 56.1oC. The effect 

of the regeneration solution inlet temperature on system performance is shown in Figure 

4.11. As this temperature decreases, the system’s COP increases slightly. 

Figure 4.10 Effect of regeneration air volume on COP 

0.3

0.35

0.4

0.45

0.5

0.55

56 57 58 59 60
Ts,rgn [oC]

C
O

P

Control strategy 2

 

Figure 4.11 Effect of regeneration solution inlet temperature on COP 

A simulation exercise is conducted to test the energy performance of the proposed 

liquid desiccant system on a summer day using the two control strategies. The outdoor 

air dry bulb temperature and humidity on the test day is shown in Figure 3.8. The 
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operation period of the proposed system is from 9:00 to 18:00. The supply air hum

ratio is controlled at 7.1g/kg.da, and the supply air temperature is 19o

idity 

C in the operation 

period. 

when the two control strategies are employed on the summer day. It can be seen that 

control strategy 2 consumes about 3.3% more energy than control strategy 1. In addition, 

this figure also illustra ption of the air 

dehum  for about 85% of 

the total such consum  the liquid desiccant 

system ater in the diluted solution 

cooling coil accounts for 

l energy consumption in cooling down the supply air after 

dehumidification. It is very interesting to find that the performance of the proposed 

Figure 4.12 Energy consumption of the proposed system using different control 

strategies 

Figure 4.12 presents a comparison of the proposed system’s energy consumption 

about 6.3% of the tota

tes the dominance of the energy consum

idification and solution regeneration processes, which account

ption. When control strategy 1 is applied in

, 47.1% of the total energy is consumed by the he

re-concentration process, and 37.9% is consumed by the cooler in cooling the strong 

desiccant solution in the dehumidifier. In addition, the dry 
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liquid desiccant sy energy conservation 

technologies. W

cooling water for th lar energy or waste heat is 

 can be 

dramatically im

id Desiccant Based 

Air-Conditioning Systems 

Outdoor air ventilation flow rate is a crucial variable for air-conditioning systems, 

whi

In this section, a liquid desiccant based air-conditioning system, as shown in Figure 

3.2(b), operating under typical climate conditions in Hong Kong is studied. Outdoor air 

is mixed with return air before processed. The performance of the system under different 

stem can be enhanced with the adoption of 

hen evaporation cooling techniques are utilized to provide the necessary 

e cooler and the cooling coil, and free so

available for desiccant solution regeneration, the energy efficiency of this system

proved. 

4.3 Outdoor Air Ventilation Strategy in Liqu

ch significantly influence indoor air quality and energy consumption of 

air-conditioning systems. In conventional air-conditioning systems, minimum outdoor 

air flow rate is usually provided and supplied into the conditioned space in order to save 

energy and ensure acceptable indoor air quality, according to the ventilation code 

(ASHRAE Standard 62.1). The liquid desiccant dehumidification is an effective 

alternative way to remove the latent load of air, and it can reduce the energy 

consumption of system. Considering the energy savings potential and its characteristics 

of liquid desiccant dehumidification, more outdoor air flow rate can be taken in the 

liquid desiccant based air-conditioning systems to improve the indoor air quality and 

maintain lower energy consumption.  
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fresh air ratios is s ared with a typical 

conventional air-conditioning 

The air hand ing system and 

the conventional system , R, 

xed air and supply air, 

respectively. 

imulated. The energy saving potential comp

system with primary return air is evaluated. 

ling processes of the liquid desiccant based air-condition

 are shown on a psychrometric chart in Figure 4.13. Points O

C and S are the state points of outdoor air, return air, mi

= 100%

O
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O
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S
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O (fresh air )
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Figure 4.13 Air handling processes of the two systems

Figur nt based 

air-c

an the air dew point temperature. Finally, the dry and cool air is delivered into 

the indoor space. 

 

e 4.13(a) shows the air handling process of the liquid desicca

onditioning system. The outdoor air (O) is mixed with part of the return air (R). The 

moisture in the mixed air (C) is removed by the desiccant solution in the dehumidifier so 

that the humidity ratio of the air after dehumidification is identical to that of the supply 

air. Then, the dry air after dehumidification (D) is cooled to the supply air state (S). Here, 

the coolant is only responsible for sensible load removal and its temperature is thus 

higher th



Figure 4.13(b) shows the common air-handling process of a conventional 

 with primary return air. Firstly, the mi

cooled to the apparatus dew point (D'). As the cooling process must re

ultaneously, the cooling temperature should be lower than that of 

the air dew point. Then, in consideration of occupant comfort, the air is rehea

ed to the indoor space. 

air-conditioning system xed fresh and return air is 

move the latent 

and sensible loads sim

ted to the 

supply state (S) and deliver

4.3.1 Test Condition 

A case study is conducted to com rformance and power consumption of 

the 

pare the pe

liquid desiccant based system and a conventional system with primary return air in 

an educational building in Hong Kong. The comparisons are made under different fresh 

air ratios (Rf), increasing from 20% to 100% gradually at intervals of 10% in simulation 

tests. The outdoor weather conditions with the highest humidity in a typical 

meteorological year are adopted for the simulation study. The dry bulb temperature (TO) 

is 29.6oC, the relative humidity (RHO) is 94.9%, and the corresponding humidity ratio 

(ωO) is 25.45g/kg. The indoor air design conditions are as follows. The dry bulb 

temperature (TR) is 23oC and the relative humidity (RHR) is 55%. The set point of the 

supply air temperature (TS) is 18 oC. The area of the simulated indoor air-conditioning 

space in the educational building is 100m2, and the occupant density is assumed to be 1 

person/m2. According to the empirical data of load estimation in Hong Kong, the heat 

excess of the indoor space is assumed to be 20kW. The supply air mass flow rate is 

1.98kg/s.  
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In the liquid desiccant system, variable strong solution flow rate method is used to 

control the supply air humidity, and variable regeneration air flow rate method is used to 

control the outlet concentration of regeneration solution. The strong solution entering the 

C and a mass concentration of 36%. The 

temperature of the diluted solution at the inlet of the regenerator is set as 60oC, and the 

mas

Table 4.2 States of several points of the air handling process 

Dry bulb  

T( C) 

Relative 

RH(%) 

Humidity 

ω(g/kg) 

Specific 

h(kJ/kg) 

dehumidifier has a temperature of 28o

s concentration at the inlet of the regenerator is determined by the outlet states of the 

dehumidifier. The concentrated solution is cooled by cooling water from the cooling 

tower before entering the dehumidifier. The cooling energy consumption for solution 

cooling is hence ignored in the study.          

4.3.2 Results Analysis 

In simulation tests, the outdoor fresh air (O), the return air (R) and the supply air (S) 

in both systems, as well as the state of apparatus dew point (D') in the conventional 

system, are fixed under different fresh air ratios. The values of the aforementioned state 

points are listed in Table 4.2.  

Point Description temperature
o

humidity ratio enthalpy 

O fresh air 29.60 94.90 25.15 94.02  

R return air 23.00  55.00 9.64  47.64  

D' apparatus dew point 10.87 95.00 7.67 

S supply air 18.00  59.80 7.67  37.54  

30.30  
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The states of the mixed air (C) are firstly determined, as listed in Table 4.3. As the 

states of the air to be handled are different, the corresponding latent loads and sensible 

loads in air handling process are also various. Figure 4.14 indicates that, both the 

sensible load and the latent load increase with the increase of the fresh air ratio. 

However, the trends of the increments of both loads are not the same. The increment of 

the latent load is much sharper than that of the sensible load. The latent load accounts for 

67.3% of the total load when the fresh air ratio is 20%, but when that ratio is 100%, the 

latent load only accounts for 79.5% of the total load. In the liquid desiccant based 

system, the latent load is removed by the desiccant solution rather than by compression 

refrigeration cooling.  

Table 4.3 States of the mixed air with different fresh air ratios 

Fresh air 

Rf (%) 

Dry bulb 

T( C) 

Relative 

RH(%) 

Humidity 

ω(g/kg) 

Specific 

h(kJ/kg) 
Point ratio temperature 

o
humidity ratio enthalpy 

20 24.32 66.85 12.74 56.90 
30 24.98 71.91 14.29 61.52 

80 28.28 90.23 22.05 84.72 

100 29.60 94.90 25.15 94.02 

40 25.64 76.46 15.85 66.16 
50 26.30 80.53 17.40 70.79 
60 26.96 84.16 18.95 75.43 
70 27.62 87.38 20.50 80.07 

90 28.94 92.72 23.60 89.36 

C 
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When the fresh air ratio increases, more desiccant solution is needed in the 

dehumidification process to maintain the outlet humidity ratio of the air. As shown in 

Figure 4.15, there are sharp increases in the desiccant solution mass flow rate when the 

fresh air ratio increases. In addition, the larger the fresh air ratio is, the greater is the 

increment in the solution f ow rate. When total fresh air (R

Figure 4.14 Latent load and sensible load distribution under different fresh air ratios 

l f=100%) is used in the system, 

the solution mass flow rate rises to 8 times that of the system adopting a fresh air ratio of 

20%, which indicates that a greater amount of heat energy should be input into the 

solution for its regeneration. 
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Figure 4.15 Desiccant solution mass flow rate under different fresh ratios 

Figure 4.16 shows that, th

 

e heating requirement for the regeneration of the diluted 

solution incre ts for a great 

percentage of the total energy consumption of the system. The heat energy consumed 

wh s 100% at of t th  ratio %. 

ases considerably with the increase of fresh air, which accoun
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Figure 4.16 Heating load for solution regeneration and air cooling load variations under 

different fresh air ratios 
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The states of the mixed air after dehumidification by the desiccant solution (point D) 

under various fresh air ratios are listed in Table 4.4. The temperatures and specific 

enthalpies of the mixed air after moisture removal vary slightly with the increase in the 

fresh air ratio. Consequently, the difference in the amount of energy consumed in 

cooling the dry air to the supply air state is small under all fresh ratios. However, 

comparing the temperatures in Table 4.4 with the states of the mixed air (point C), the 

temperature dif ef d a ry d der the 

different fresh air  with 0% arge ture rise 

after dehumidificat  and the f the ture ps wit crease in 

the fresh air ratio. The temperat e air Rf of ven de  after the 

desiccant solution r ved the latent load. 

Table 4. tes of th er deh atio id des

Point 
Fresh air 

ratio 
Rf (%) 

Dry bulb 
temperature 

T(oC) 

Relative 
humidity 
RH(%) 

Humidity 
ratio 
ω(g/kg) 

Specific 
enthalpy 
h(kJ/kg) 

ferences b ore and after 

ixed air

ehumidific tion are ve ifferent un

st tempera ratios. The m an R of 2f  has the l

ion,  value o tempera rise dro h the in

ure of th with an  100% e creased

emo

4 Sta e air aft umidific n by liqu iccant 

20 30.93 27.60 7.67 49.76 
30 30.60 28.11 7.67 49.43 
40 30.34 28.54 7.67 49.17 
50 30.09 28.94 7.67 48.92 
60 29.87 29.31 7.67 48.70 
70 29.66 29.67 7.67 48.49 
80 29.45 30.03 7.67 48.28 
90 29.25 30.39 7.67 48.08 

D 

100 29.04 30.74 7.67 47.87 
 

The abovementioned temperature variations in the dehumidification process result 

in the variations of the air cooling load, which is also shown in Figure 4.16. The positive 

value in the figure represents the increase in the air cooling load, and the negative value 
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repr

sh air ratio, the temperature difference between air and 

solution gradually becomes smaller and smaller, and the temperature of the air with the 

fresh air ratio of 100% is even higher than that of the solution. Thus, the air can be 

cooled by solution. Secondly, as heat is released in the dehumidification process, the 

temperature of the air and the solution increase in this process. However, the flow rate of 

the desiccant solution also increases with the increase in the fresh air ratio, which 

reduces the temperature rise in the air. Both factors cause the variation in the air cooling 

load shown in Figure 4.16, which also indicates that the desiccant solution with lower 

temperature is beneficial to the sensible load reduction and corresponding energy 

consumption in load removal. 

Figure 4.17 shows the variations of the COP of the liquid desiccant based 

air-c

y difference 

between the mixed-air state and the supply-air state. In the second section, as the fresh 

esents the decrease in the air cooling load. The largest increase in the air cooling 

load appears at the fresh air ratio of 20%, and the load increment drops gradually when 

the fresh air ratio increases. Finally, the air cooling load variation turns negative: that is, 

it decreases when the fresh air ratio is 100%. This is caused by the following factors. 

Firstly, the temperatures of all of the mixed air point except for the points with the fresh 

air ratio of 100% before dehumidification are lower than the temperature of the 

desiccant solution, which causes the heat to transfer from the solution to the air handled. 

With the increase in the fre

onditioning system under different fresh air ratios. The trend of variation can be 

divided into three sections. In the first section, as the fresh air ratio increases from 20% 

to 40%, the COP grows slightly from 0.94 to 0.97, which means that the increase in the 

heating load of solution regeneration is lower than that of the air enthalp
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air ratio increases from 40% to 60%, the COP drops gradually from 0.97 to 0.93. In the 

third section, the COP decreases rapidly from 0.93 to 0.72 when the fresh air ratio 

increases from 60% to 100%, which indicates that the increase in the energy consumed 

in solution regeneration becomes much more prominent.  

 

Figure 4.17 COP of the liquid desiccant based system under different fresh air ratios 

 

e seen that the power consumption in the 

both syste crease in 

the liquid desiccant based system is sharper than that of the conventional system because 

more power is needed to provide heating driving regeneration, as mentioned previously. 

 

The performance of the liquid desiccant based system studied in this section is a 

little different from that presented in the previous sections. Since the total heat recovery 

is not applied in this study and the control strategies adopted are different. The system 

configuration and control strategies affect the characteristics of air-conditioning systems. 

Figure 4.18 shows the comparison of the total power consumption between the 

liquid desiccant-based air-conditioning system and the conventional air-conditioning 

system with primary return air. Firstly, it can b

ms increases with the increase in the fresh air ratio. However, the in
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For the convent m, resh n h the temperature and 

humidity of the m ir incre nd co ly m er is  the air 

cooling and moisture removal. Secondly, th  sho arly th r can be 

saved if liquid desiccant is applied in air handling process. The maximu er saving 

ratio is up to 58.9% when the fresh air ratio is 20%. The saving ops with 

the increase in fresh air volum h is m tribu  the in in power 

consumption of solution regeneration. The aving reache imum of 

.6% when the fresh air ratio is 100%. The heat resource used in this study is provided 

by a

ional syste when the f

ases, a

 air ratio i creases, bot

ixed a nsequent ore pow  needed in

e figure ws cle at powe

m pow

power  ratio dr

e, whic ainly at table to crease 

power s  ratio s a min

4

 vapor compression heat pump. If the solution could be heated by a low grade heat 

resource not driven by electricity, such as solar energy, industrial waste heat, etc., then 

the power would be consumed only by the air cooling and the transportation of solution 

and cooling water. The total power saving then would be much more considerable. 

 
 

Figure 4.18 Total power consumption of the two systems compared 

According to ASHARE standards 62.1-2007, the typical recommended fresh air 

volume of the educational building in this study is 4.0L/s per person; the corresponding 
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fresh air ratio is about 23%. Based on the power consumption comparison shown in 

Figure 4.18, even when fresh air accounts for nearly 75% of the air in the liquid 

desiccant based air-conditioning system, the power consumption is still lower than that 

of the conventional system adopting the typical recommended fresh air ratio of 23%. 

When the fresh air ratio increases from 23% to 50%, the power consumed in the liquid 

desiccant based system only increases by 7.1kW. In addition, as shown in Figure 4.17, 

the highest COP of the liquid desiccant based system appears when the fresh air ratio is 

in the range of 40% to 50%. This range is recommended in practice because, on one 

hand, the IAQ is expected to improve greatly as the fresh air volume is increased, and on 

the other hand, the power consumption does not increased very much. 

t solution 

regeneration processes. The effectiveness of these control methods is analyzed, and the 

control performance of the proposed system is investigated under different operation 

conditions.  

In the air dehumidification process, the variable strong solution inlet temperature 

control method is found to be effective. The dehumidification capacity of the liquid 

desiccant system is more sensitive to variation in the solution inlet temperature. In the 

desiccant solution regeneration process, the performance of the variable diluted solution 

inlet temperature method is found to be better than that of the variable regeneration air 

flo it 

4.4 Summary 

This chapter proposes a hybrid liquid desiccant air-conditioning system and 

develops control methods for the supply air dehumidification and desiccan

w rate method under part latent load conditions. Simulation tests demonstrate that 
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cons

hybrid system for improving its energy performance. 

 

 

umes about 3.3% less energy on a summer day. The simulation results also show 

that the proposed liquid desiccant system is more suitable for hot and humid climates, a 

higher supply air flow rate, and higher supply air humidity ratio conditions. In addition, 

a lower solution flow rate and a higher regeneration air flow rate are preferable in this 

Liquid desiccant dehumidification is an energy efficient method to remove the latent 

load of process air compared with conventional cooling dehumidification manner. When 

the liquid desiccant dehumidification is used in practical applications, more outdoor air 

flow rate can be considered in the liquid desiccant based air-conditioning systems to 

improve the indoor air quality and maintain lower energy consumption. The optimal 

outdoor air ventilation flow rate can be determined by the practical air-conditioning 

system characteristics (which may be affected by the system configuration and control 

strategies) and operation conditions. 
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CHAPTER 5 INDEPENDENT TEMPERATURE AND 

HUMIDITY CONTROL IN MULTI-ZONE DEDICATED 

OUTDOOR AIR SYSTEMS 

 

This chapter mainly presents the control and optimization strategies for independent 

temperature and humidity control in the mu ti-zone dedicated outdoor air systems. The 

performance of these strategies is also investigated. Section 5.1 briefly reviews the 

inde

Many commercial buildings, such as offices, schools, restaurants, theaters, etc., 

suffer from humidity-related problems that cannot be resolved with conventional air 

conditioning systems because they are not effective at controlling humidity. The 

temperature and humidity independent control system is a kind of new air-conditioning 

system, which controls the temperature and humidity independently with different 

equipments, while the conventional air-conditioning system disposes the latent load and 

ther only using conventional mechanical cooling manner. Compared to 

conventional air-conditioning systems, the independent temperature and humidity 

l

pendent temperature and humidity control system. Section 5.2 presents various 

control methods, including supply air humidity reset and demand controlled ventilation 

strategy, for the system studied. Section 5.3 presents the control performance of these 

control strategies and their energy performance.  

5.1 Brief of Independent Temperature and Humidity Control System 

sensible load toge
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cont

nded rapidly, contribution to high attention on the energy saving. 

-side economizer. Sekhar (2004) 

introduced a single-coil twin-fan air conditioning system which involved the 

independent control of temperature and humidity and had a potential to save energy up 

to 12%. Liu (2008) adopted the empirical average COP to analysis the energy 

performance difference between independent control and conventional air conditioning 

systems, and pointed out that the independent control system can save 20%~30% 

compared to the conventional system.  

rol system can not only reduce risks or liabilities such as mold, bacteria, and 

material damage but also can create a more comfortable, odor-free environment while 

saving energy associated with ventilation and overcooling. The investigation and 

application of independent temperature and humidity control air-conditioning system 

have been exte

Spears and Judge (1997) conducted a two months test of energy consumption of an 

independent temperature and humidity control system with desiccant system and a 

conventional air-conditioning system in two supermarkets where the independent 

temperature and humidity control system saved 13% energy consumption. Niu et al. 

(2002) proposed a 100% outdoor air displacement ventilation system consisting of a 

desiccant cooling system combined with a chilled ceiling. The results showed that the 

proposed integrated system could save up to 44% of primary energy consumption in 

comparison with a conventional constant air volume system. Jeong et al. (2003) reported 

a DOAS-radiant panel cooling system for a studio in a university. They indicated that 

the annual energy consumption of the novel system was 42% less than that of a 

conventional variable air volume system with air
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In previous studies, separate controls of indoor temperature and humidity as well as 

performance analysis of air-conditioning systems were investigated with the focus on 

single-zone applications, while less attention had been paid to applications in multi-zone 

paces. In addition, open literature rarely considered the optimization control of the 

independent temperature and humidity control system. 

5.2 Control Strategies of the Dedicated Outdoor Air System 

The dedicated outdoor air system is a typical independent temperature and humidity 

control system. In the DOAS-integrated system, indoor air temperature is controlled by a 

parallel system, such as the chilled ceiling subsystem, while the DOAS is responsible for 

the indoor air humidity control and provides required outdoor air flow rate to meet the 

ventilation requirement. In previous research, constant ventilation flow rate (Niu et al. 

2002) and constant supply air humidity, i.e. 7.15g/(kg dry air) (Mumma and Jeong 2005) 

were usually adopted in DOAS. Actually, the ventilation flow rate and the supply air 

humidity ratio of DOAS are two crucial variables for DOAS-integrated systems, which 

significantly influence indoor thermal comfort, indoor air quality and energy 

consumption of the integrated system and can be optimized. In the present study, a 

liquid desiccant based dedicated outdoor air-chilled ceiling system is proposed for 

serving a multi-zone space. Two optimization control strategies are proposed to optimize 

the aforementioned two variables and improve the system performance. To evaluate the 

performances of these two strategies, a basic control method, i.e. the method adopting 

constant ventilation flow rate and constant supply air humidity ratio, is selected as the 

benchmark. A description of these strategies is given in this section. 

s
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5.2.1

t 

point by regulating the  ceiling, while allows 

indoor RH freely float, which is similar to controls in conventional air conditioning 

ystems. In the basic method, the ventilation flow rate of each zone and the supply air 

humidity ratio in the DOAS subsystem are constant. The ventilation rate of each zone is 

determined by the designed occupants’ number. According to the ASHRAE Standard 

62.1-2007, the ventilation rate of fresh air for occupied space shall be determined as 

follows:  

 Basic Strategy  

The basic strategy maintains the temperature in each conditioned zone at its se

 chilled water flow rate through chilled

s

ARPRDVR BP +=                        (5.1)

where R

           

P and RB are the outdoor air requiremB ents per person and per unit area, 

respectively. A is the occupied area and P is the number of occupants. 

 In simulation tests, it is found that the CO2 concentration in the office room is 

much higher than the prescribed level (i.e. about 700ppm above the fresh air CO2 

concentration) when the latest standard (ASHRAE 2007) is used. Therefore, in this 

study, the following rule is used to calculate the fresh air requirement of each zone. The 

fresh air requirement is computed according to the number of occupants, i.e. 10 l/s per 

person for the office rooms and the meeting room (ASHRAE 2001) while the minimum 

fresh air requirement is taken according to the air-conditioning area, i.e. 0.3 l/s per 

square meter for these rooms (ASHRAE 2007). This rule considers the minimum fresh 

air rate for occupant-generated pollutants and the minimum fresh air rate for diluting 
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non-occupant-generated pollutants simultaneously. The supply air humidity ratio of the 

DOAS is fixed and equals to the design value, i.e. 9.3g/(kg dry air) in this study. This 

strategy is used as a reference in the comparison with the strategies reported as follows. 

5.2.2 Supply Air Humidity Ratio Set-point Reset 

In this control strategy, the ventilation flow rate is fixed and identical to the flow 

rate in basic control strategy, but the supply air humidity ratio set-point in the DOAS is 

varying with the instant latent load of conditioned zones.  

An online supply air humidity ratio set point reset strategy is developed and the 

control logic is shown in Figure 5.1. Different from the temperature control, which aims 

at maintaining the indoor temperature at a fixed set point, i.e. 25oC in this study, the 

indoor air relative humidity of each zone is expected to be controlled in the range of 

30% to 60%RH (Kittler 1996), and the maximum RH of all zones is expected to be 

always close but not exceeding 60%RH to save energy consumed by air 

dehumidification. The set point of the humidity ratio is determined according to the 

relative humidity measurements of all zones. The maximum and minimum values of 

relative humidity in all zones are monitored. When the maximum RH of the five zones 

(RHmax) is larger than 58%, the supply air humidity ratio set point (ωsp) will be 

decreased, while the minimum RH (RHmin) is less than 32%, the humidity set point will 

be increased. If the relative humidity of all zones is well controlled in the range of 

30%-60%, the set point will not be changed.  
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RH of N zones

Max. RH Min. RH

|RHmax-58|≤δ? RHmin≥32 ?

From multi-zone space

Figure 5.1 Flowchart of supply air humidity ratio set point reset strategy 

5.2.3 Demand-controlled Ventilation Based Supply Air Humidity Reset 

In this combined control strategy, the ventilation flow rate is variable, which is 

determined by detected actual occupant number based on demand-controlled ventilation 

strategy (Xu 2009, Wang 1998). An online dynamic strategy, as presented by Equation 

(5.2), is adopted to detect the actual number of occupants in this study and the 

ventilation rate of each zone is computed by detected real-time occupants’ number in the 

space as shown in Equation (5.1).  
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where Cs is the CO2 concentration of the supply air, V is the air volume in the 

conditioned space/zone, P is the number of occupants, and S is the average CO2 

generation rate of an occupant, zone,i indicates the i-th zone. Eac is the air change 

effectiveness.  

5.3 Performance of Various Control Strategies 

 section, performance of the DOAS-CC system in a summer day is 

investigated. The outdoor air dry bulb temperature and the hum

testing day have been shown in Figure 3.8.   

The supply air humidity ratio set-point in the DOAS in this strategy is variable and 

determined by the strategy as illustrated in Figure 5.1. 

In this

idity profiles on the 
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Figure 5.2 Indoor air temperature and humidity responses when adopting basic control 

In the DOAS-CC system, the indoor air temperature is controlled by regulating the 

 

strategy 

supply water flow rate in the chilled ceiling subsystem, which is comparatively easy to 
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achieve the set point. Figure 5.2 shows the indoor air temperature and relative humidity 

responses in zone 5 when the basic control strategy is used in the integrated system. The 

data is shown for zone 5 since it has the highest load variation and would be 

representative of the thermal response of the system. It can be found that indoor air 

temperature is well controlled in the design value, i.e. 25oC, in the stable operating 

peri

unch time period. 

 

 

 

Figure 5.3 CO2 concentration response when adopting basic control strategy 

od. As depicted in the figure, the indoor air relative humidity is about 55%RH in the 

stable operation period. The indoor air relative humidity is lower from 13:00 to 14:00, 

since the actual occupant number in zone 5 is lower in the l

As far as the IAQ is concerned, the basic control strategy proved to be sufficient for 

the occupants’ ventilation in the conditioned zones. The variation of the CO2 

concentration in zone 5 is plotted in Figure 5.3. The CO2 concentration varies according 

to the actual occupant number in the space, and the maximum value is about 800ppm in 

the operation period.  
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As the supply air humidity ratio set point reset strategy is employed, the supply air 

humidity ratio set point in DOAS is determined by the maximum and minimum indoor 

air relative humidity values in five zones. In this study, the supply air humidity ratio is 

mainly affected by the maximum RH, since the tested day is a typical summer day. 

Figure 5.4 shows the supply air humidity ratio set-point (ωsup,sp) and the maximum RH 

value in five zones (RHmax). It can be found that the maximum relative humidity keeps 

about 60%, except for the beginning operating hours. The supply air humidity ratio set 

point varies in the range from 0.006 to 0.012kg/(kg dry air). The actual supply air 

humidity of the DOAS subsystem (ωsup) is also depicted in the figure, which well 

follows the variation of supply air humidity set point. It is demonstrated that the adopted 

liquid desiccant dehumidification method is reliable to control the supply air humidity in 

the DOA onse is 

similar to that when adopting basic control strategy, since indoor air temperature is also 

independently regulated by chilled ceiling subsystem. 

S. In this case, the indoor air temperature is well controlled and its resp
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Figure 5.4 Supply air humidity ratio and maximum RH when adopting the supply air 

humidity ratio set point reset 
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Figure 5.5 presents the detected occupancy of zone 5 by the occupancy detector as 

shown in Equation (5.2) when the occupancy-based DCV strategy is used in the 

air-conditioning system. The difference between the detected occupancy and the actual 

occupancy can be observed and is small in the operation period, which will not affect the 

DCV to set the outdoor air flow rate set-point. 

Figure 5.5 Comparison between actual occupancy and detected occupancy 

The DCV strategy determines the required fresh air flow rate in each zone according 

to the detected occupant number in that zone, consequently reduces the energy 

consumption for air dehumidification and air distribution by fans. Figure 5.6 shows the 

variation of the CO2 concentration in zone 5 when DCV-based supply air humidity reset 

strategy is applied. The CO2 concentration slightly varies and is almost close to the 

maximum value, i.e. 800ppm, in the operati humidity ratio of 

the DOAS subsystem, the indoor air relative humidity and temperature variations are 

similar to those of the supply air humidity ratio set point reset strategy. 
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Figure 5.6 Indoor air CO2 concentration response when adopting DCV strategy 

In order to evaluate the energy performance of the supply air humidity ratio set 

point reset strategy and the DCV strategy, the DOAS-CC system is simulated to operate 

for a long period, i.e. the whole August in Hong Kong. Table 5.1 presents the primary 

energy consumption of the main components of the integrated system in this period 

hen variou idity ratio 

idity 

idity, which reduces 

dification and cooling. 

humi  the system, 

the de rs in 

conditioned space and it lowers than the fixed design ventilation flow rate. Hence, 

w s control strategies are used. When adopting the supply air hum

set point reset strategy (i.e. proposed strategy 1 in Table 5.1), the supply air hum

ratio of the DOAS subsystem is higher than the fixed supply air hum

about 18.3% of heating consumption for the liquid desiccant regeneration and about 

2.2% of cooling requirement for the supply air dehumi

Consequently, the supply air humidity ratio set point reset strategy can save about 8.8% 

of overall energy consumption during the test period. When the DCV-based supply air 

dity reset strategy (i.e. proposed strategy 2 in Table 5.1) is adopted in

manded fresh air flow rate varies with the estimated occupant numbe
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ener

Table 5.1 Breakdown of energy consumption of the system 

gy consumption for the liquid desiccant dehumidification system and the fans can be 

reduced further. The simulation results show that the DCV strategy can save about 

10.5% more overall energy consumption besides energy saved by adopting the supply 

air humidity ratio set point reset strategy. 

Items Basic  
strategy 

Proposed 
strategy 1  

Proposed 
strategy 2 

Heater 44193.35 36112.97 30975.77 
Total heating(MJ) 44193.35 36112.97 30975.77 

Total cooling(MJ) 51829.75 50712.44 46271.49 

1339.20 
Total fan energy (MJ) 8149.92 8149.92 6861.00 

Saving (%) -- 0% 15.82% 
Overall energy(MJ) 104173.02 94976.33 84108.26 

Saving (%) -- 8.83% 19.26% 

Saving (%) -- 18.28% 29.91% 
Cooler 26266.11 24015.70 20894.91 

Dry coil 11036.57 11993.52 9721.82 
Chilled ceiling 14527.06 14704.22 15654.75 

Saving (%) -- 2.16% 10.72% 
Supply fan 4864.80 4864.80 3944.16 
Return fan 1945.92 1945.92 1577.64 

Regeneration fan 1339.20 1339.20 

 

5.4 Summary 

Dedicated outdoor air-chilled ceiling systems can realize independent controls of 

indoor temperature, humidity and ventilation rate for multi-zone spaces with less energy 

consumption. In this chapter, a DOAS-CC system using liquid desiccant 

dehum

DOAS are two crucial varia m, which directly influence 

idification is proposed. The fresh air flow rate and the supply air humidity ratio of 

bles for the integrated syste
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indo

ption in the tested case. The results also 

illustrate that the adopted liquid desiccant dehumidification system is feasible and 

reliable to control the supply air humidity in the DOAS subsystem. In addition, the 

DCV-based ventilation control method demonstrates obvious strength in energy saving, 

which can further save about 10.5% of overall energy consumption during the summer 

period.  

The proposed optimization strategies in this chapter can also be applied in other 

kinds of independent temperature and humidity control air-conditioning systems.  

 
 
 
 
 
 

or thermal comfort, indoor air quality and energy consumption. In this study, two 

control strategies are proposed to optimize these two variables and improve the system 

energy performance. Simulation tests show that the supply air humidity ratio set point 

reset strategy is effective to control indoor air relative humidity in the comfortable range. 

It can save about 8.8% of overall energy consum
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CHAPTER 6 SIMPLIFIED MODELS OF MAJOR 

 

 

This chapte ponents of the 

al control strategy. The 

portance 

of simp plified 

mod ger, 

liqu

6.1 Importance of Simplified Model  

COMPONENTS FOR ONLINE APPLICATIONS

r mainly presents the simplified models of major com

dedicated outdoor air-chilled ceiling system for online optim

validation results of these models are also presented. Section 6.1 presents the im

lified models for online control applications. Section 6.2 presents the sim

els of major components of the integrated system, such as total heat exchan

id dehumidifier, liquid desiccant regenerator, cooling coil, chilled ceiling, etc. The 

simplified models are validated in Section 6.3. 

For researches on the optimal control of building air-conditioning systems, 

development or selection of mathematic model for the HVAC systems is crucial, which 

is related to the performance prediction of a system. For online control applications, 

detailed physical models and purely data-driven models are not the proper choice. Many 

of the parameters in detailed physical models always require detailed information on the 

system and very high computational power and memory space may be required. This 

seriously limits their applications and makes the use of these models in online control 

unfeasible. The purely data-driven models are simple, but they cannot always ensure the 

stable performance prediction. The accuracy of these models depends on the size of data 

used to train the models. Compared with physical models, the reliability of these models 
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could be a problem when the models work in the range from where the training data sets 

lack information. 

For online application, the models applied in the control system should preferably 

have simplified structures with certain physical significance to ensure the stable 

performance p of operation 

conditions. The models should also require less training or calibration efforts with 

readily or vailable oper e nds. 

Acc ria, sim ight be the proper choice for online 

control applications. These simp ls allow the structure to be reasonable simple 

based on the online identification techniques. Therefore, the development or selection of 

the  mode jor components in the dedicated outdoor 

air-chilled ceiling system is important and needed in order to develop the online optimal 

control s he integrated     

6.2 Simplified Model of Major Components  

A m predictor is d oped to predict the indoor envi l and 

 the optimal control. The model-based predictor of the dedicated 

outdoor air-chilled ceiling system mainly consists of a total heat exchanger model, a 

liqu

 

rediction and acceptable accuracy over a wide range 

easily a ation data, less operation costs and m mory dema

ording to these crite plified models m

lified mode

effective simplified ls for ma

trategy for t  system. 

odel-based evel ronmenta

energy performance for

id dehumidifier model, a solution regenerator model, a dry cooling coil model, a 

chilled ceiling model and fan/pump models, etc. These simplified models are presented 

as follows.  
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6.2.1 Simplified Membrane-based Total Heat Exchanger Model 

In the total heat recovery process, both heat and moisture are transferred between 

the fresh air and the exhaust air in the membrane-based heat exchanger. Since the air 

states and flow rates of the two air streams barely changes in a short prediction interval 

which is equivalent to control time step, the sensible effectiveness (εS) and the latent 

effectiveness (εL) as defined by Equations (6.1) and (6.2) can be assumed to be constant 

(Zhang 2006, Liang 2010).  

inexinf

outfinf TT ,,
S TT ,, −

−
=ε                           (6.1) 

inexinf

outfinf
L

ww

,,

,,

ww −

−
=ε                          (6.2) 

where T and w are temperature and moisture content of air, respectively. The subscript f, 

x, in and out represents fresh air, exhuast air, inlet and outlet, respectively. Since the 

esh air and return air states can be measured in the real process, these two parameters 

an be estimated directly and updated at each sampling instant. 

.2.2 Simplified Dehumidifier Model 

Given the air inlet temperature and humidity, air outlet humidity, air flow rate, 

strong solution inlet concentration and flow rate, the dehumidifier model predicts the 

required solution inlet temperature and the air temperature at the dehumifier outlet. 

Analogous to the heat exchanger effectiveness used in heat transfer studies, the concept 

of effectiveness can be applied to the packed bed dehumidification process which 

e

fr

c

6
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involve e. αdeh 

and βdeh

difference in moisture content and the other for the temperature difference, can be 

omputed by Equations (6.3) and (6.4) (Gandhidasan 2004).  

s simultaneous heat and mass transfer. Two characteristic parameters (i.

) relating to the heat and mass transfer as dimensionless ratios, one for the 

c

insina

outaina

ina

outaina
deh

PPww

,,

,,

min,

,,

PPww −

−
=

−

−
=α                    (6.3) 

insina

outaina
deh TT

TT

,,

,,

−

−
=β                         (6.4) 

where Pa,in, Pa,out and Ps,in are the partial pressures of water vapor in the inlet air, outlet 

air and inlet solution, respectively; Ts,in is the strong solution inlet temperature.  

In the dehumidification process, when the variations of inlet air states, inlet solution 

states and the require outlet air humidity are small in a prediction period, the two 

dimensionless difference ratios (model parameters) can be assumed to be constant. They 

can be calculated by the inlet and outlet measurements of dehumidifier in the real 

process. Combining with the overall energy and mass balance equations for the 

dehumidifier as shown in Equations (6.5) and (6.6), the outlet conditions of air and the 

solution can be predicted. 

outssoutaainssinaa hmhmhmhm ,,,, ⋅+⋅=⋅+⋅              (6.5) 

,,,, outsoutainaasinss CwwmmCm )]([ ⋅−⋅+=⋅               (6.6) 
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where m is mass flowrate, h is enthalpy of air or solution, C is the solution concentration. 

The subscript a represents air, s represents solution.  

6.2.

Given the regeneration air inlet temperature and humidity, airflow rate, weak 

solution inlet concentration and flow rate, and the solution outlet concentration, the 

regenrator model predicts the required solution inlet temperature and the air states at the 

regenerator outlet. Similar to the dehumdifier model, two characteristic parameters (i.e. 

αrgn and βrgn) relating to the heat and mass transfer can be computed by Equations (6.7) 

and (6.8) (Gandhidasan 2005). 

3 Simplified Regenerator Model 

inains

inaouta

ina

inaouta

pp
pp

ww
ww

,,

,,

,max

,,

−rgn

−
=

−

−
=α                   (6.7) 

inains ,,

inaouta
rgn TT

TT ,,

−

−
=β                          (6.8) 

In the regeneration process, when the variations of inlet air states, inlet solution 

states and the require outlet solution concentration are small in a prediction period, the 

two model parameters can be assumed to be constant. They can be calculated by the 

inlet and outlet measurements of regenerator in the real process. Combining with the 

overall energy and mass balance equations for the regenerator as shown in Equations 

(6.9) and (6.10), the outlet conditions of air and the solution can be predicted. 

outssoutaainssinaa hmhmhmhm ,,,, ⋅+⋅=⋅+⋅             (6.9) 
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outsoutainaasinss CwwmmCm ,,,, )]([ ⋅−⋅+=⋅            (6.10) 

6.2.

 transfer coefficients at the water side and the air side are 

assumed to be related only with the water flow rate and air flow rate, and the relations 

are invariable within a small working range. They 

and (6.14), respectively (Xu 2009). 

4 Simplified Cooling Coil Model 

The cooling coil model is used to predict the required chilled water flow rate and the 

heat trasfer rate since the cooling coil works under dry conditions in this study. The total 

heat transfer rates on the water side and air side are calculated by Equations (6.11) and 

(6.12), respectively. The heat

can be computed by Equations (6.13) 

                        (6.11) )( ,inwbwtot TTUAQ −=

)( , binaatot hhUAQ −=                         (6.12) 

www

amUA γϕ )(=            

wmUA γϕ )(=                          (6.13) 

               (6.14) 

m is the flow rate, Q is the heat transfer rate, Tb 

is t

aaa

where UA is the heat transfer coefficient, 

he equivalent coil surface temperature, hb is the saturated air enthalpy at the 

temperature Tb, φ and γ are the model parameters to be identified, and subscripts w and a 

indicate water and air, respectively. 
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To identify the model parameters of φ and γ, both heat transfer coefficients in the 

water side and air side need to be calculated based on the inlet and outlet air and water 

states of the coil. The model parameters are considered to be slowly-varying, and be 

constant within a limited working range. Using the heat transfer coefficients calculated 

at the current and former sampling instants, the recursive least-squares (RLS) estimation 

is used to estimate and update the parameters of the coil mod

6.2.5 Simplified Fan/pump Model 

The power inputs of fans and pumps can be modeled to be approximately 

red, the 

parameter (λ) can be learnt and estimated directly as Equation (6.16) and updated at each 

samp

                        (6.16) 

When the changes of the supply water states (i.e. temperature and flowrate) and the 

indoor air temperature are small in a prediction period, the UA 

ceiling can be regarded as constant. From the thermal balances of a test room, the UA 

value of chilled ceiling can be calculated as function of the water

el.   

proportional to their flow rate cubed as Equation (6.15) when the changes of the flow 

rates are in a small range. Since the power input (W) and flow rate (V) are measu

ling instant. 

3VW λ=                            (6.15) 

31

6.2.6 Simplified Chilled Ceiling Model 

)/( kkk VW=+λ

value of the chilled 

 flow rate (mw) and of 
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the log mean temperautre difference (ΔTLn,system), as shown in Equations (6.17)-(6.19) 

(Diaz 2010). 

systemLn

CC
CC T

QUA
,Δ

=                         (6.17) 

)( ,, outwinwpwwCC TTcmQ −⋅⋅=                      (6.18) 

]ln[

)(
,,

,,
,

roomainw

outwinw
systemLn TT

TT
−
−

,, roomaoutw TT

T

−

=Δ                      (6.19) 

where QCC is the heat flow extracted by the chilled ceiling panel, cpw is the specific heat 

of water. 

In the operation period of the chilled ceiling, the model parameter can be estimated 

by the measurements and updated at each sampling instant. In terms of known inlet 

temperature and flow rate of supply water as well as the indoor air temperature, the 

outlet water temperature and cooling output of the chilled ceiling can be predicted by the 

simplified model.  

In conditioned space, the energy balance, moisture balance and pollutant balance for 

each zone can be expressed as Equations (6.20)-(6.22). 

6.2.7 Simplified Building Model 

iseniCCisapaia
i

pi QQTTcm
dt
dTcM ,,,, )( ++−=               (6.20) 
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iisaia
i

i Dwwm
dt

dwM +−= )( ,,                    (6.21) 

iisaia
i

i SCCv
dt

dCV +−= )( ,,                     (6.22) 

In the study, sensible heat load (Qsen, i), moisture load (D i) and pollutant load (S i) 

are called source terms since they are the driving forces in these equations. In a 

prediction period, these three source terms can be considered to be constant, and can be 

computed during a sampling step as Equations (6.23)-(6.25). 
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where M is the air mass of one space, T is tempe

the moisture generation rates, QCC is the cooling output of chilled ceiling, cpa is air 

on Model 

System performance prediction includes the prediction of the indoor air states (i.e., 

temperature, moisture content and pollutant) of all the zones, the outlet air states of the 

rature, w is the moisture contnet, D is 

specific heat, Δtsmp is the sampling interval. Additionally, k and k-1 represent the current 

and previous sampling instans respectively. 

6.2.8 System Performance Predicti
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liquid dehumidifier and the cooling coil, the energy consumption of the liquid 

dehumidification system, the cooling coil, and the chilled ceiling system, the power 

consumption of fans etc. in one prediction period. To accurately predict the dynamic 

process responses at the end of one prediction period ( predtΔ ) and within this prediction 

period, the prediction period is simulated by dividing this period into N simulation steps 

of the time step tΔ  as Equation (6.26). For the performansim ce prediction of the 

have been given previously. During a small 

simulation time, supply air flow rate and conditions are assumed to be constant. Because 

sensible heat load ( sen,i i i

components, detailed descriptions 

Q ), moisture load (D ), and pollutant (S ) are slowly-varying 

variables, they are assumed to be constant during a prediction period. Therefore, 

Equations (6.20)-(6.22) can be expressed approximately by replacing the derivative 

terms with finite difference terms as Equations (6.27)-(6.29) respectively. 

N
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where the subscripts k and k+1 represent the current and the next simulation time steps 

respectively, subscripts sim indicates simulation. 

These models for the prediction of state variables (i.e., 

tuned further for increasing accuracy since there may be derivations between the 

predictions and the real processes. The tuning model as

correct the model predictions. At a sampling instant (tk-1), the required measurement data 

are collected to estimate the source terms as Equations (6.23)-(6.25). These source terms 

are used by these models as Equations (6.27)-(6.29) to e

next sampling instant (tk) by the simulation of a few time steps. At the next sampling 

instant, these state variables are available and the model prediction error ( ) can be 

measured. To reduce the effects of the measurement uncertainty and model uncertainty, 

a filter using forgetting factor is used to stabilize the error estimation ( ) as Equation 

(6.3

Ti, wi, Ci) are needed to be 

 Equation (6.30) is employed to 

stimate the state variables at the 

k
mease

k
este

1). This error is used to correct the model output at the future next sampling instant 

(tk+1). 

eYY +=ˆ                              (6.30) 

( ) k
meas

k
est

k
est eee λλ −+=+ 11                       (6.31) 

where Y is the output of the model (i.e., state variables Ti, wi, Ci),  is the output of 

the 

odel error estimation, emeas is the 

measured model error, 

Ŷ  

model after correction, e is the correction factor representing the estimated error 

between model prediction and real process. eest is the m

λ  is a forgetting factor. 
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6.3 Validation of Simplified Models 

In the optimal control strategy, the developed or selected models are used for system 

performance prediction and optimization. The perform

impacts the performance of the strategy. The main models of concern are the liquid 

dehumidifier model for supply air dehumidification, the regenerator model for desiccant 

solution regeneration, the cooling coil model, the chilled ceiling model, the models of 

source terms of building and the models for estimating the indoor air states of each zone. 

The performances of these models are tested in a summer day. The weather data of the 

tested day is shown in Figure 6.1. The evaluations show these models have good 

performance. The performance evaluations of these simplified models are presented as 

follows.   

ance of these models directly 

10

15

20

0 2 4 6 8 10 12
Time (

em
pe

0.015

0.017

0.019

um
id

25

30

35

14 16 18 20 22 24
hr)

T
ra

tu
re

 (o C
)

0.021

0.025

H
ity

 (k
g/

k
0.023

g)

Ta,amb Wa,amb

 

d humidity on the summer day Figure 6.1 Outdoor air temperature an

Figure 6.2 presents the ‘measured’ and predicted strong solution temperature of 

dehumidifier inlet, respectively from 9:00 to 18:00 when the optimal control strategy 
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was used. The ‘measured’ inlet solution temperature was obtained from the 

measurements in the real process. The predicted inlet solution temperature was 

calculated using Equations (6.3)-(6.6) while the parameters were identified in advance. 

The predicted inlet solution temperature well matches the ‘measured’ data except for 

some steps, which is mainly caused by the changing supply air flow rate and supply air 

humidity set-point in the dedicated outdoor air subsystem. The inlet solution temperature 

is higher in noon period since the latent load in this period is lower, which is caused by 

less occupants in the space and lower outdoor air humidity ratio, as shown in Figure 6.1. 

The ‘measured’ and predicted outlet air temperatures after the dehumidifier were not 

presented since their values were very close to those of inlet solution temperatures. 
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Figure 6.2 Validation of the simplified dehumidifier model 

Figure 6.3 presents the ‘measured’ and predicted weak so

regenerator as well as the outlet air state, respectively from 9:00 to 18:00 when the 

optimal control strategy was used. The ‘measured’ weak solution inlet temperature was 

lution inlet temperature of 
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obtained from the measurements in the real process. The predicted inlet solution 

temperature was calculated using Equations (6.7)-(6.10) while the parameters were 

identified in advance. The predicted inlet solution temperature agrees well with the 

‘measured’ data except for the noon period. The inlet solution temperature is lower in 

noon period since the latent load needed to treat is lower in this period, which is caused 

by fewer occupants in the space and lower outdoor air humidity ratio. The ‘measured’ 

and predicted outlet air humidity ratios after the dehumidifier are also presented in the 

figure. The predicted results by the simplified model well match the ‘measured’ results 

from the real process. The outlet air temperatures are not presented here, since their 

values are close to the solution inlet temperatures.  

35

40

45

50

55

60

ur
e 

(C
)

0.015

0.02

0.025

y 
(k

g/

9 10 11 12 13 14 15 16 17 18
Time (hr)

Te
m

pe
ra

t
o

0

0.005

0.01
H

um
id

it
kg

)
Predicted solution inlet temperature
'Measured'solution inlet temperature
Predicted outlet air humidity
'Measured'ou

Figure 6.3 Validation of the simplified regenerator model 

d’ cooling output was calculated based 

on the measurements in the real process, while the predicted cooling output was 

tlet air humidity

 

Figure 6.4 presents the ‘measured’ and predicted cooling outputs and outlet water 

temperatures of chilled ceiling in zone 5, respectively from 9:00 to 18:00 when the 

optimal control strategy was used. The ‘measure
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calculated using Equations (6.17)-(6.19). It can be found that the predicted results agree 

well with the ‘measured’ results. The heat flow extracted by the chilled ceiling panel is 

smaller in the noon and later afternoon period.  
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Figure 6.4 Validation of the simplified chilled ceiling model 

For the source terms, i.e., sensible cooling load, latent load and pollutant load, the 

pollutant load (represented by CO2 concentration) is easier to calculate based on the 

number of occupants than the sensible load and latent load. Therefore, the CO2 

generation rate is presented for validating the performance of models for source term 

identification. Figure 6.5 presents the ‘measured’ CO2 generation rate and the predicted 

CO2 generation rate of zone 5. The ‘measured’ rate was calculated based on the actual 

occupants. The predicted rate was estimated using the model as Equation (6.25) based 

on the measurements. The results show that the predicted CO  generation rate matched 

the ‘measured’ generation rate very well. 

2
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Figure 6.5 Comparison of measured and predicted CO2 generation rates of zone 5  

For the estimation of zonal air states, only the indoor temperature of zone 5 is 

presented for performance evaluation as shown in Figure 6.6. The results show that the 

predicted temperature using the model as Equation (6.27) basically agreed with the 

measured indoor air temperature. The prediction results slightly deviated from the actual 

measurement in some periods. The tests for the prediction of the zonal moisture content 

and CO2 concentration also show the model prediction matched the coincident 

measurement very well. 

 

 

 

 

 126



 

20

22

24

26

28

30

9 10 11 12 13 14 15 16 17 18

Te
pe

ra
t

e 
(o C

)

Time (hr)

m
ur

Predicted indoor temperature of Zone 5

'Measured'indoor temperature of Zone 5

 

Figure 6.6 Comparison of measured and predicted air temperature of zone 5 

6.4 Summary 

This chapter presents simplified models of major components of the integrated 

dedicated outdoor-air chilled ceiling system, such as liquid dehumidifier model, liquid 

desiccant regenerator model, chilled ceiling model, building model, system performance 

prediction model, etc., for optimal control applications. These simplified models are also 

validated in this chapter. The validation results show that good agreement between the 

prediction values by the simplified models and the actual measured data from the real 

process was ob  the simplified 

mod

served in the comparison studies. These tests illustrate that

els can ensure the accuracy of the models and allow the models to be used 

conveniently in practical applications by identifying and updating the parameters online. 
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The models developed or selected in this chapter will be used to develop the online 

optimal control strategy presented in Chapter 7 for online applications of the dedicated 

outdoor air-chilled ceiling system.  
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CHAPTER 7 MODEL-BASED ONLINE OPTIMAL 

CONTROL OF DEDICATED OUTDOOR AIR-CHILLED 

CEILING SYSTEMS 

 

This chapter mainly presents the optimal control strategy for the dedicated outdoor 

air-chilled ceiling system, including the principle of optimal control strategy, 

construction of cost function, etc., and the performance evaluation of the optimal 

strategy. Section 7.1 introduces

DOA

g system and overall performance of the system are of concern. 

herefore, the overall performance of the entire system should be concerned when 

optimizing the setting of the sub-processes. The strategy presented below aims at 

ptimizing the setting of supply air temperature and supply air humidity ratio of the 

edicated outdoor air subsystem as well as supply chilled water temperature of the 

integrated system which optimize the overall performance of the integrated system under 

ynamic conditions. 

 the development of the optimal control strategy for 

S-CC system. Section 7.2 presents the performance analysis of the optimal control 

strategy.  

7.1 Development of the Optimal Control Strategy 

A setting of a local optimization control may be optimal when concerning certain 

sub-system or certain system performance criteria only, but may not be optimal when 

the entire air-conditionin

T

o

d

d
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7.1.1 Outline of the Optimal Control Strategy 

The optimal control strategy is developed to optimize the overall performance of the 

integrated dedicated outdoor air-chilled ceiling system, i.e. minimize energy use while 

maintaining acceptable thermal comfort in terms of indoor air temperature and relative 

humidity. Figure 7.1 illustrates the structure of the optimization strategy. 

 

 

 

 

 

and relative humidity, under different operating conditions and with different control 

settings. A cost function is built in the cost estimator which calculates the overall cost of 

 

 

 

Figure 7.1 Illustration of the optimal control strategy 

In this strategy, the model parameter estimators are used to identify and update the 

parameters of the models which are used in the model-based predictor using online 

measurements in the real process of the DOAS-CC system. The model-based predictor is 

used to predict system energy use and the indoor air states, i.e. indoor air temperature 
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the 

traints define the normal ranges (i.e. the upper and 

lower limits) of the control variables to be optimized, which can be determined 

according to the system design criteria. The supervisor makes decision on the actual 

set-points for the real process based on some rules. The logic of the optimal control 

strategy based on GA is described below in detail.  

At a sampling instant, the optimization processor collects the real-time 

measurements required by the strategy. The allowed ranges of set-points in the following 

time step are provided to the GA optimizer by the operating constrains of the system. 

Then the GA optimizer starts with group of random set-point trails within their allowed 

ranges at its first generation. At the computation of each generation, each set-points trail 

of the group is given to the model-based predictor. The predictor simulates the responses 

of the system within a prediction period (Δtpred), which is used by the cost estimator to 

compute the overall cost using the cost function. The GA optimizer produces the next 

generation (a group of set-points trails) according to its rules and the costs at current 

generation. Through many generations of computation, the GA optimizer finds the 

optimal set-point trail which minimizes the overall cost over the entire prediction period. 

Compromising the indoor enviroment and energy consumption, the optimal set-points 

obtained by the GA optimizer are further checked by the rule-based supervisor 

according to cost of the optimal set-points given by the GA optimizer and the cost of the 

current set-points in the next prediction period. When the cost saving is significant (i.e. 

entire system considering both energy use and indoor thermal comfort. Genetic 

algorithm searches the optimal set-points of the three control variables by minimizing 

the overall cost. The operating cons
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1% in oints. 

Otherwise, the set-points keep unchanged. 

7.1.2 Formulation of the Co

Based on the simplified models of major components as presented in Chapter 6, the 

responses of the integrated dedicated outdoor air-chilled ceiling system, i.e. the indoor 

air t

The overall cost function of the DOAS-CC system consists of three elements, which 

account for indoor air temperature, indoor air relative humidity and energy use as shown 

 the study), the optimal set-points will be used to update the current set-p

st Function 

emperature, indoor air humidity and the entire system power consumption, etc. to 

the changes of the control set-points in a prediction period can be predicted. In order to 

optimize the control set-points and evaluate the overall performance of the integrated 

system, a cost function is constructed.  

in Equations (7.1)-(7.4).  

EERHRHTT JJJJ ααα ++=                       (7.1) 

∫ ∑ −= pred

i
zsetziT dtTTJ
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where J is the overall cost of the entire system, αT, αRH and αE in the cost function are the 

weighting factors of the three costs. JT is the cost concerning the indoor air temperature 

of all zones, JRH is the cost concerning the indoor air relative humidity of all zones, JE is 

the cost of total energy consumption. Tzset is the expected indoor air temperature (25 C 

was used), RHmax is the allowed maximum indoor air relative humidity (60% was used). 

Each cost represents the quantitative penalty when an index moves away from the 

rele e 

values of th

should be d eans that the 

selected f

 an unacceptable 

range. Minim f the 

entire air-co

ization 

method, two con e tested on the 

DOAS-CC system. The second control strategy is a conventional strategy used for 

performance comparison. In the conventional strategy, the supply air temperature and 

humidity of the DOAS subsystem as well as the supply water temperature are constant. 

They are 19oC, 0.0093kg/kg and 17oC, respectively. In the tests using the optimal 

strategy, the ranges of supply air temperature and humidity set-points are between 19oC, 

0.008kg/kg and 25oC, 0.012kg/kg, respectively. The supply water temperature set-point 

o

vant expectation up to certain threshold or close to an unacceptable range. Since th

e costs are of very different orders, the order of amplitude of the factors 

etermined first according to the actual range of each cost. It m

actors should allow each cost to have significant contribution in cost function 

when an index moves away significantly from its expectation or close to

ization of the overall cost function results in the optimal control o

nditioning system. 

7.2 Performance Analysis of the Optimal Control Strategy 

To evaluate the model-based optimal control strategy using the GA optim

trol strategies (including the optimal strategy) wer
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is constrained between 17oC and 22oC. The weighting factors of the cost function are 

given in Table 7.1. The sampling interval for this strategy was 60 s. The prediction 

period was 300 s while the simulation time step of the optimal strategy was 60 s.  

Weighting factors of cost function α

Table 7.1 Control settings of the cost function of the optimizer 

T αRH αE

Setting I 5 2 0.1 
Setting II 0.5 2 0.1 
Setting III 5 0.4 0.1 
Setting IV 5 2 0.01 

 

In the study, two different days, a summer day and a spring day, are selected to test 

air dry-bulb temperature and humidity in both test days. 

 

 

 

 

 

 

 

 

 

Figure 7.2 Temperature and humidity profiles of test days 

 

and evaluate performance of the optimal control strategy. Figure 7.2 shows the outdoor 

10

30

35

0 2 4 6 8 10 12 14 16 18 20 22 24

Time (hr)

Te
er

at
u

e 
(o C

)

0.01

0.03

0.035

H
um

i
ty

 ra
t

(k
g/

15

20

25

m
p

r

0.015

0.02

0.025
di

io
 

kg
)

Temp. in summer day

Temp. in spring day

Humidity in summer day

Humidity in spring day

10

30

35

0 2 4 6 8 10 12 14 16 18 20 22 24

Time (hr)

Te
er

at
u

e 
(o C

)

0.01

0.03

0.035

H
um

i
ty

 ra
t

(k
g/

15

20

25

m
p

r

0.015

0.02

0.025
di

io
 

kg
)

Temp. in summer day

Temp. in spring day

Humidity in summer day

Humidity in spring day

 134



7.2.1 Performance of the Optimal Control Strategy 

The performance of the model-based optimal control strategy was evaluated by 

. The results are presented as follows. Figure 

7.3 shows the optimized set-points of the supply air temperature and humidity of the 

dedicated outdoor air subsystem as well as the supply water temperature on the summer 

test day when the weighting factors of Setting I were used. The supply water 

temperature is raised in the noon and later afternoon since the cooling load is lower in 

these periods. It is needed to point out that the sensible cooling load of the building in 

the study is mainly impacted by indoor load variations (i.e. occupant numbers and 

interior equipments) rather than outside weather conditions (i.e. outdoor air temperature, 

sola

ch is determined by the demanded control ventilation strategy 

and some other moisture sources except from occupants (i.e. moisture disturbance in this 

study) need to be removed. In the figure, it can be seen that the control variables almost 

keep constant in the morning and afternoon, which is different from the results presented 

in previous literature (Wang 2000, Xu 2009) that the optimized variables changed from 

time to time. The reason is that the indoor air temperature and relative humidity are 

allowed to vary in a range or have a small offset in the study 

not a set of fixed values.  

 

 

comparing with the conventional strategy

r radiation, etc.). The supply air temperature is regulated to maintain the indoor air 

temperature. The supply air humidity ratio is lower in the noon period, since the supply 

air flow rate is lowest whi

as shown in Figure 7.4, but 
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Figure 7.3 Set-points under optimal control strategy on the summer day (Setting I) 

Figure 7.4 shows the indoor air temperature and humidity responses in zone 5 when 

the conventional control strategy and the optimal strategy are used in the integrated 

system. The data is shown for zone 5 since it has the highest load variation and would be 

representative of the thermal and moisture responses of the system. Under the 

lative humidity 

is about 57%. Under the optimal strategy, the indoor air temperature and relative 

humidity are a little higher than those of conventional strategy. They are about 25.3 C 

and 60%, respectively. 

conventional strategy, the indoor air temperature is about 25oC and the re

o
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Fig

 indoor air humidity and total 

energy consumption on the summer test day are presented in Table 7.2 when four 

rated 

idity 

hum st of Setting III and energy cost of Setting IV are the highest, respectively. It 

is caused by the lower weighting factor of the corresponding items compared with 

Setting I, as shown in Table 7.1. The effects of different control settings on the indoor 

environment and energy performance are described in the next section.   

 

 

ure 7.4 Temperature and RH of zone 5 using the optimal strategy (Setting I) and the 

conventional strategy 

The costs related with the indoor air temperature,

different control settings of the weighting factors were used. These costs were integ

over the entire operation period. Comparing each item cost (i.e. temperature, hum

and energy) of four Settings, it can be found that the temperature cost of Setting II, 

idity co
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Table 7.2 Summary of the costs of the optimal strategy with different control settings on 

the summer test day 

 
Control settings Cost 

 Setting I  Setting II  Setting III  Setting IV
Cost of temperature  1811.48   4020.56   1814.86   1670.58
Cost of humidity  4205.22   4234.48   4363.79   2747.33
Cost of energy 84596.66  81667.46  83119.74 100013.95

 

The environmental and energy performance of the optimal strategy using different 

control settings on the summer day are presented in Table 7.3. The environmental and 

energy performance of the conventional strategy is also presented in the table as 

benchmark. In this section, only the performance of the optimal strategy using the 

control setting of Setting I is analyzed in detail. 

In the summer day, the total cooling energy and heating energy of the optimal 

strategy with Setting I is about 15.9% and 8.0% less than those of conventional strategy, 

respectively, whereas the pump energy is about 26.0% larger under the optimal strategy. 

It is mainly caused by the higher supply water temperature (higher COP of chiller) and 

higher supply air humidity in the integrated system under the optimal strategy. 

Consequently, the total energy consumption of the optimal strategy is 7.8% less than that 

of the conventional strategy. In this case, the indoor air temperature and relative 

humidity under the optimal strategy are a little higher than those under the conventional 

strategy. The average surface temperature of ceiling panel is also shown in this table. 

The average surface temperature under the optimal strategy with Setting I is lower than 

that under conventional strategy since the optimized supply air temperature of DOAS is 

higher. When Setting II and III are adopted, the optimal control strategy can reduce 
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about 10.4% and 9.7% of energy consumption, respectively. While Setting IV is 

employed, the indoor air relative humidity is lower than the conventional strategy, but 

the system consumes about 8.5% more of energy. 

Table 7.3 Summary of the environmental and energy performance of different strategies 

on the summer test day 

 
Optimal strategy with different 

control settings 
Environmental and energy performance Conventional 

strategy 
Setting 

I 
Setting 

II 
Setting 

III 
Setting

IV 
Environmental performance  

Average return air temperature (oC) 24.97 25.30 25.64 25.29 25.25 
Averag 1 
Average ceiling temperature of Zone5 (oC) 21.40 20.85 21.34 20.82 20.69 

Energy performance   
T
Tota
T
T
Overall energy consumption (MJ) 2479.68  2286.25 2222.63 2240.35 2691.36
S

e return air RH (%) 56.89 59.88 59.50 60.83 51.6

otal cooling energy (MJ) 889.06  747.36 705.13 732.24 897.05 
l heating energy (MJ) 1188.97 1094.04 1071.79 1077.95 1235.84

otal pump energy (MJ)  166.32  209.52 210.38 194.83 323.14 
otal fan energy (MJ) 235.33  235.33 235.33 235.33 235.33 

aving (%) -  7.80 10.37 9.65 -8.54 
 

The environmental and energy performance of the optimal strategy using different 

control settings on the spring day are also presented in Table 7.4. In the spring day, the 

total cooling energy and heating energy of the optimal strategy with Setting I is about 

16.1% and 10.0% less than those of conventional strategy, respectively, whereas the 

pump energy is about twice of that under the conventional strategy. Totally, the optimal 

strategy with Setting I can save about 7.0% of energy compared the conventional 

strategy. The indoor air temperature and relative humidity under the optimal strategy are 

 139



a little higher than that under the conventional strategy, which is similar to the results in 

the summer day. 

Table 7.4 Summary of the environmental and energy performance of different strategies 

on the spring test day 

 
Optimal strategy with different 

control settings 
Environmental and energy performance Conventional 

strategy 
Setting 

I 
Setting 

II 
Setting 

III 
Setting

IV 
Environmental performance  

Average return air temperature (oC) 24.96 25.23 25.47 25.19 25.30 
Average return air RH (%) 56.93 59.82 59.99 61.09 48.91 
Average ceiling temperature of Zone5 (oC) 21.88 20.93 21.28 20.85 21.10 

En

Total cooling energy (MJ) 92 594.86 625.64 815.29 
Total heating energy (MJ) 932.26 838.62 805.46 750.17 1100.84
Total p
Tota
O
S

ergy performance   

765.94  642.

ump energy (MJ)  75.60  152.06 137.38 146.88 278.21 
l fan energy (MJ) 235.33  235.33 235.33 235.33 235.33 

verall energy consumption (MJ) 2009.13  1868.93 1773.03 1758.02 2429.67
aving (%) -  6.98 11.75 12.50 -20.93 
 

7.2.2 Impacts of the Weighting Factors 

 I in 

Table 7.1 are obtained using the trial-and-error method, which enable each cost term 

corresponding to temperature, humidity and energy consumption respectively have 

significant weight in the cost function when one of the three indices deviates 

significantly from its expectation.  

The weighting factors have significant impacts on the performance of the optimal 

strategy. Different settings give different weights to the three indices, i.e. indoor 

temperature, indoor humidity and energy consumption, and achieve different trade-off 

between thermal comfort and energy consumption. The weighting factors of Setting
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In order to evaluate the influences of weighting factors, different values are used in 

Setting II to IV. Only one factor is changed in each case, while the other factors keep the 

same as those of Setting I. Setting II give less weight on indoor air temperature. Table 

7.3 and 7.4 show that the indoor air tem nc .3oC to 

about 25 ith g n  total cooling energy 

 decreased because the supply water temperature and supply air temperature are higher. 

In S

e indoor air relative humidity is lower 

than that of Setting I, varying from 59.9% to 51.6% as shown in Table 7.3, which can 

improve the indoor therm

 

peratures i rease obviously, from 25

.6oC, comparing w  those usin  Setting I. I this case, the

is

etting III, the cost function term related to indoor air humidity has less influence. In 

this situation, the average return air relative humidity changes from 59.9% to 60.8% as 

presented in Table 7.3, which is caused by the higher supply air humidity using this 

setting. When the cost of the total power consumption is less considered (i.e. Setting IV), 

the supply air humidity is lower. As a result, th

al comfort. However, the energy consumption of the integrated 

system in this case is much higher.  

In practical applications, the proper weighting factors can be obtained by testing the 

systems and tuning the factors. The operators can select these weighting factors 

according to their preferences on different aspects, i.e. thermal comfort and energy 

consumption. Usually, a considerate choice of these weighting factors in the cost 

function requires more tests and rich experiences on the operation of the air conditioning 

system. 

7.3 Summary
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In this study, a model-based optimal control strategy is developed and validated for 

the dedicated outdoor air-chilled ceiling system incorporating liquid desiccant 

dehumidification and membrane-based total heat recovery technologies. The optimal 

strategy is based on the system performance prediction using adaptive simplified models 

and the genetic algorithm for op emperature and humidity of the 

edicated outdoor air subsystem and the supply water temperature. The testing results in 

a simulated multi-zone space severed roposed system ilt on the 

timal contr  strategy can reduce energy 

g satisfacto oor the

al strategy can provide comf

nt energy saving, e ab  % y i

ring days, respectively as com th  c

 set points of local c rs ar h y  m

om higher supply chilled water te erature,  su ir h ty i

edicated outdoor air subsystem and higher indoor air temperature and relative humidity 

in t

relative humidity, mean radiant temperature, air velocity, clothing level, etc. However, it 

is infeasible to get the real-time measurements of some variables, such as mean radiant 

timizing the supply air t

d

by the p , which is bu

platform of TRNSYS, show that the op ol

consumption while maintainin ry ind rmal comfort.    

The results illustrate the optim ort indoor environment 

and achieve significa i.e. sav out 7.8% and 7.0  energ n the 

tested summer and sp pared wi  the conventional ontrol 

strategy, in which ontrolle e fixed. T e energ  saving ainly 

comes fr mp  higher pply a umidi n the 

d

he conditioned space. The results also demonstrate that optimized and varying 

control set points are beneficial for the overall performance of air-conditioning systems 

under dynamic outdoor and indoor conditions.  

In the study, the widely used thermal comfort indices, i.e. PMV and PPD, are not 

adopted to in the cost function. Since the PMV and PPD values are functions of some 

environmental variables and individual parameters, such as indoor air temperature, 
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temperature, especially for on-line control. In addition, in humid regions, 

dehumidification of outdoor air for indoor humidity control significantly influences 

energy consumption of air conditioning systems, while the PMV and PPD values are 

rarely affected by indoor humid  et al. 2010). If the PMV-PPD 

odel is adopted for optimal control in this study, the indoor humidity will be severely 

sacrificed in order to achieve more energy saving. Therefore, ature and 

the cost function in this study. 

ity (ISO 2005, Chow

m

indoor temper

indoor humidity are considered in 

 143



CHAPTER 8 CONDENSATION CONTROL OF 

SYSTEMS 

This chapter mainly presents a neural network based predictive condensation control 

strategy for the dedicated outdoor air-chilled ceiling system which can predict and 

prevent the condensation occurrence on the surface of chilled ceiling panels in the 

system start-up period. Section 8.1 introduces the risk of condensation on the chilled 

ceiling panels. Section 8.2 breifly introduces the neural network method. The developed 

neural network based predictive condensation control models and their performance are 

presented in Section 8.3.  

DEDICATED OUTDOOR AIR-CHILLED CEILING 

 

8.1 Introduction of Condensation Risks 

terests of this integrated system in North America (Stetiu 1999) and Asian 

countries (Imanari 1999, Matsuki 1999) in recent years. The dedicated outdoor air 

 with chilled ceiling systems can realize independent temperature and 

humidity controls. It is believed that DOAS-CC systems can improve indoor thermal 

Chilled ceiling combining with dedicated outdoor air system as an alternative air 

conditioning manner has been investigated and successfully utilized in north-west 

Europe for about 20 years in public buildings, such as hospitals, office buildings, 

libraries, museums, schools, nursing homes and many more (Wilkins 1992). There are 

increased in

system integrated
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com

Condensation on the surface of chilled ceiling most likely occurs in two situations. 

In situation 1, condensation occurs during operation period due to undesired opening 

windows or increasing occupancy (off-design conditions) in spaces served by 

DOAS-CC systems (Mumma 2002, 2003). In this situation, to prevent condensation, it is 

criti

In situation 2, condensation occurs at the start-up moment of chilled ceiling systems, 

beca

fort, and decrease air-conditioning energy consumption compared with conventional 

air-conditioning schemes, such as variable air volume systems and constant air volume 

systems. However, applications of chilled ceiling in hot and humid regions are much 

more challenging because of the risk of condensation on the surface of chilled ceiling 

panels, which limits the popularity of chilled ceiling.  

cal to control the panel surface temperature higher than the indoor air dew point 

temperature (DPT). For multi-zone DOAS-CC systems, two approaches are commonly 

adopted, i.e. regulate supply chilled water flow rate to chilled ceiling while keeping the 

supply water temperature constant and switch off the chilled water supply as soon as the 

relative humidity reaches the dangerous level. The former approach is more popular. 

Conroy and Mumma (2001) suggested a central dew-point temperature control. The 

supply chilled water flow rate to chilled ceiling panels decreases when the room air dew 

point temperature is close to the supply water temperature.  

use the indoor air moisture level is the highest after one night’s accumulation due to 

infiltration and the temperature of inlet chilled water to ceiling panels is low. An 

effective solution to prevent condensation occurrence is to operate a ventilation and 

dehumidification system (i.e. dedicated outdoor air system) prior to the operation of 

chilled ceiling systems. The dry supply air from DOAS can remove part of the moisture 
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in the space and therefore decrease the space dew point temperature. Zhang and Niu 

(2003) investigated indoor humidity behaviors associated with decoupled cooling in hot 

and humid climates. Their analysis results indicated that dehumidification and 

ventilation prior to cooling panels operation can reduce condensation risks. The larger 

the air infiltration rate is at night, the earlier it requires for air dehumidification to 

prevent condensation, and one hour in advance dehumidification and ventilation in 

summer in Hong Kong can completely eliminate condensation. 

Due to changeable weather conditions and diverse building types, the required start 

time of DOAS prior to the operation of chilled ceiling systems is different. However, the 

prior time is critical which impacts both energy consumption and effect of condensation 

prevention. It is not easy to develop a physical model based method to predict the prior 

time because modeling of the moisture accumulation process and the surface 

temperature of the chilled ceiling panels at the start-up moment considering weather 

conditions and building types is quite difficult. An artificial neural network models 

based dynamic predictive condensation control strategy is developed in this study.  

8.2 Brief of Artificial Neural Network  

Artificial neural network (ANN), usually called neural network (NN), is one of the 

two major branches of artificial intelligence. The other one is expert systems. During the 

last ten years there has been a substantial increase in the interest on artificial neural 

networks. 
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The uzzy or 

incom ans 

usually decide on an intuitional basis. They can learn from examples and are able to deal 

with non-linear problems. Further it robustness and fault tolerance 

(Irwin et al. 1995, Kalogirou 1999).  

According to Haykin (1994), a neural network is a massively parallel distributed 

processor that has a natural propensity for storing experiential knowledge and making it 

available for use. It resembles the human brain in two respects; the knowledge is 

acquired by the network through a learning process, and inter-neuron connection 

strengths known as synaptic weights are used to store the knowledge. 

rediction. ANNs mimic somewhat the learning process of a 

human brain. They operate like a ‘black box’ model, requiring no detailed information 

about the system. Instead, they learn the relationship between the input parameters and 

the 

ANNs are good for some tasks involving incomplete data sets, f

plete information and for highly complex and ill-defined problems, where hum

more, they exhib

Artificial neural network models may be used as an alternative method in 

engineering analysis and p

controlled and uncontrolled variables by studying previous recorded data, similar to 

the way of a non-linear regression might perform. Another advantage of using ANNs is 

their ability to handle large and complex systems with many interrelated parameters. 

They seem simple to ignore excess data that are of minimal significance and 

concentrated instead on the more important inputs. 

A schematic diagram of typical multilayer feed forward neural network architecture 

is shown in Figure 8.1. The network usually consists of an input layer, some hidden 

layers and an output layer. In its simple form, each single neuron is connected to other 
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neurons of a previous layer through adaptable weights. Knowledge is usually stored as a 

set of connection weights. Training is the process of modifying the connection weights 

in some orderly fashion using a suitable learning method. The network uses a learning 

mode, in which an input is presented to the network along with the desired output. The 

weights after training contain meaningful information, whereas before training, they are 

random and have no meaning. 

coming connections. First, 

these are added. Then the result is passed through an activation function, the outcome 

bein

Figure 8.1 Schematic diagram of a multilayer feed forward neural network 

Figure 8.2 illustrates how information is process through a single node. The node 

receives weighted activation of other nodes through its in

g activation of the node. For each of the outgoing connections, this activation value 

is multiplied with the specific weight and transferred to the next node. 
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Figure 8.2 Information processing in a neural network unit 

 the 

maximum desired tolerance, the ANN runs again through all the input patterns 

equired tolerance. When the training 

reaches a satisfacto

ost popular learning algorithms are the back-propagation and its variants. The 

back-propagation (BP) algorithm is one of the most powerful learning algorithms in 

neural networks (Gurney 1997, Kalogirou 1999). The training of all patterns of a 

A training set is a group of matched input and output patterns used for training the 

network, usually by suitable adaptation of the weights. The outputs are the dependent 

variables that the network produces for the corresponding input. It is important that all 

the information the network needs to learn is supplied to the network as a data set. When 

each pattern is read, the network uses the input data to produce an output, which is then 

compared to the training pattern, i.e. the correct or desired output. If there is a difference, 

the connection weights are altered in such a direction that the error is decreased. After 

the network has run through all the input patterns, if the error is still greater than

repeatedly until all the errors are within the r

ry level, the network holds the weights constant and uses the trained 

network to make decisions, identify patterns, or define associations in new input data 

sets not used to train it. 

The m
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train

 by:  

ing data set is called an epoch. The training set has to be representative collection of 

input-output examples. Back-propagation training is a gradient descent algorithm. It tries 

to improve the performance of the neural network by reducing the total error by 

changing the weights along its gradient. The error is expressed by the root-mean-square 

(RMS) value, which can be calculated

2/1
2

2
1

⎦

⎤

⎣

⎡

p i
ipip ⎥⎢ −= ∑ ∑ otE                     (8.1) 

where E is the RMS error, t the network output and o the desired output vectors over all 

pattern. An error of zero would indicate that all the output patterns computed by the 

ANN perfectly match the expected values, and the network is well trained. In brief, 

back-propagation training is performed by initially assigning random values to the 

weight term in all nodes. Each time a training pattern is presented to the ANN, the 

activation for each node, αpi, is computed. After the output of the layer is computed the 

error term, δpi, for each node is computed backwards through the network. This error 

term is the product of the error function, E, and the derivative of the activation function 

and, hence, is a measure of the change in the network output produced by an incremental 

change in the node weight values. For the output layer nodes and for the case of the 

logistic-sigmoid activation, the error term is computed as:  

                     (8.2) )1()( pipipipipi t αααδ −−=

For a node in a hidden layer:  
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∑−= kipkpipipi wδααδ )1(                      (8.3) 

where the k subscript indicates a summation over all nodes in the downstream layer. The 

j subscript indicates the weight position in each node. Finally, the δ and α terms for each 

node are used to compute an incremental change to each weight term via:  

prediction in the field of build

k

)()( oldmww ijpipiij +=Δ αδε                    (8.4) 

The term ε is referred to as the learning rate and determines the size of the weight 

adjustments during each training iteration. The term m is called momentum factor. It is 

applied to the weight change used in the previous training iteration, wij(old). Both of 

these constant terms are specified at the start of the training cycle and determine the 

speed and stability of the network. 

Neural network has been used by a number of researchers for modeling and 

ing energy systems. Ruano et.al (2006) discussed the use 

of neural networks for inside air temperature prediction in a building, which is used for 

predict dopts 

gene

can provide high 

accuracy and reliability. Argiriou et al. (2004) presented an ANN-based controller for 

hydronic heating plants for buildings. Ben-Nakhi and Mahmoud (2003) investigated the 

ive control of air-conditioned systems. Ben-Nakhi and Mahmoud (2004) a

ral regression neural networks to predict the building cooling load and optimize 

thermal energy storage in buildings. Yang and Kim (2003, 2004) developed optimized 

artificial neural network models to predict the time of room air temperature descending 

for heating systems in buildings and to determine the optimal start time for a heating 

system. The results showed that the ANN approach is effective and 
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feasibility of using NNs for optimizing air conditioning setback scheduling in public 

buildings to achieve best performance. In the above-mentioned applications of NNs, the 

modeled objects include air conditioning processes and building envelops, which are 

typically dynamic, multidimensional and nonlinear. It is not easy to build up physical 

models to map the quantitative relations that exist among the variables. However, NNs 

are quite suitable for modeling these processes and systems, because the NN requires 

less expertise, knowledge and experimentation to determine the relationships between 

the inputs and outputs of nonlinear systems. Moreover, building automation systems are 

widely used in m  

train

illed water flow rate to the chilled ceiling panels is usually 

regulated to meet the sensible load demand. The change of the supply water flow rate 

odern buildings which make huge numbers of data available for

ing and validating NNs. 

8.3 NN-based Predictive Condensation Control for DOAS-CC System 

Condensation is prone to occur at the start-up moment of chilled ceiling systems in 

hot and humid regions, due to the infiltration moisture through building envelops at 

night. In this study, the infiltration rate of the building envelop is assumed to be constant. 

In this case, condensation occurrence is significantly affected by ambient weather 

conditions, mainly the outdoor air temperature and humidity ratio. The schematic of the 

DOAS-CC system and the condensation prediction strategy for the integrated system at 

start-up moment are shown in Figure 8.3 and Figure 8.4, respectively. At the start 

moment, the cooling load due to occupants and equipment can be ignored and the 

sensible cooling load is largely determined by the outdoor air temperature. In DOAS-CC 

systems, the supply ch
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will

o prevent the condensation occurring on the 

surface of chilled ceiling panels. In this case, the supply air state is fixed, i.e. 9.5g/kg.da 

and 25oC, and the supply air flow rate at the period is const

 

 

 

 

 

 

 

 

 

 

its control system 

 subsequently affects the surface temperature of ceiling panels (Tpanel). Therefore, the 

outdoor air temperature is used to predict the surface temperature of chilled ceiling. 

Outdoor air humidity ratio will affect the dew point temperature of indoor air (DPTa,in) at 

the beginning moment of system operation when the infiltration is considered. When the 

temperature of ceiling panel is higher than dew point temperature of indoor air, no 

condensation will occur and dehumidification in advance is not needed. While the Tpanel 

is lower than DPTa,in, which means condensation will occur at startup period. The prior 

dehumidification is required for the DOAS t

ant. 

 

 

 

 

 

 

 

 

 

Figure 8.3 Schematic of DOAS-CC systems and 
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Weather conditions

 

Three neural network models w

Figure 8.4 The flowchart of condensation prediction at startup moment 

ill be developed for the condensation prediction and 

the optimal prior time prediction. One is used for chilled ceiling surface temperature 

pred

adopted for the learning procedure. In learning, the neural network autonomously adjusts 

iction; the second one is used for the prediction of indoor air dew-point temperature 

at the startup moment of the integrated system; and the third one for the optimal prior 

time prediction for DOAS to prevent condensation. 

In this study, three-layer neural network will be adopted, which is widely applied in 

the field of prediction. The standard three-layer network topological structure is made up 

of input layer, hidden layer and output layer. The nonlinear mapping from input layer to 

output layer is realized by using connective weight matrixes from input layer to hidden 

layer and from hidden layer to output layer. Back propagation learning algorithm is 
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the connection weights among the processing units according to imposed learning rules 

and obtains unique knowledge from the training data. After the neural network is trained 

with samples, the connective weight values among neural nodes are adjusted constantly 

according to errors between expectation and actual output. Eventually, the output of 

network comes close to the expectation in desired precision. The node number in hidden 

layer can directly influence the network nonlinear capacity. It can be increased to 

improve the network training precision. In this study, the neural network uses 

experiential formula as follows to determine the node number in hidden layer. 

⎨ <−−
=

mnnmm
p

)(618.0
                 (8.5) 

Where n is the input node nu

⎩

⎧ ≥−+ mnmnn )(618.0

mber, m is the output node number, and p is the hidden 

node number. Additionally, in the training and prediction processes, the input and output 

betw

temperature at an earlier moment, say 7:30am, and the outdoor air temperatures at 

data must be normalized. The normalization makes the inputs and outputs distribute 

een 0 and 1. This can improve the training speed of neural network and prevent 

certain a factor dominating the learning. In the built neural network models, the 

activation function of hidden layer nodes is ‘Tansig’, and the activation function of 

output layer nodes is ‘Purelin’. The training algorithm function is ‘Traingdm’. 

8.3.1 NN Models for Condensation Control 

The architecture of neural network for chilled ceiling surface temperature prediction 

is schematically illustrated in Figure 8.5. The structure of the neural network model is 

3×5×1. In the input layer, three input nodes, Ta,in, Ta,out,1 and Ta,out,2, are the indoor air 
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7:30am and 9:00am, respectively. It should be noted that only the outdoor air dry bulb 

temperature is used to predict the building cooling load. In addition, the initial indoor air 

temperature (Ta,in) is important for the cooling load prediction. The output of the neural 

network is the predicted ceiling panel temperature at 9:05am. Because the response time 

of chilled ceiling is about 3-5mins (Jeong and Mumma 2004). The weather data can use 

the data on previous day or the weather data predicted by a dynamic grey model (Zhou 

et al. 2008).   

hidden layerinput layer output layer

mperature

T

Ta, out, 1

Ta, out, 2

Predicted ceiling 
panel te

a, in

hidden layerinput layer output layer

mperature

T

Ta, out, 1

Ta, out, 2

Predicted ceiling 
panel te

a, in

Figure 8.5 The structure of neural network for Tpanel prediction 

The architecture of neural network for indoor air dew-point temperature prediction 

is illustrated in Figure 8.6. The structure of neural network model is 3×5×1. In the NN 

odel, three inputs, DPTa,in,1, Wa,out,1 and Wa,out,2, represent the indoor air dew-point 

mperature at 7:30am and the outdoor air humidity ratios at 7:30am and 9:00am, 

spectively. In the prediction process, the indoor air dew point temperature is majorly 

affected by the initial condition (DPTa,in,1) and the outdoor air moisture content, when 

m

te

re
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the occupancy schedule of space is assumed to be the same on each day. The output of 

the neural network is the predicted indoor air dew-point temperature at 9:05am.   

T own in 

Figu

 lower than the predicted Tpanel value 

as shown in Figure 8.5 to prevent condensation. The output of the neural network is the 

pred

hidden layerinput layer output layer

Predicted 
indoor air DPT

DPTa, in, 1

Wa, out, 1

Wa, out, 2

hidden layerinput layer output layer

Predicted 
indoor air DPT

DPTa, in, 1

Wa, out, 1

Wa, out, 2

Figure 8.6 The structure of neural network for indoor air DPT prediction 

he architecture of neural network for optimal prior time prediction is sh

re 8.7. The structure of neural network model is 4×6×1. In the input layer, the input 

nodes, DPTa,in,1, Wa,out,1, Wa,out,2 and DPTa,in,2, are the indoor air dew-point temperature 

at 7:30am, the outdoor air humidity ratios at 7:30am and 9:00am, and the expected 

indoor air dew-point temperature at 9:05am, respectively. The expected indoor air 

dew-point temperature (DPTa,in,2) should be equal or

icted start time of DOAS prior to the operation of chilled ceiling systems for 

condensation prevention. 
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Figure 8.7 T

condensation control in DOAS-CC systems, it can be divided in two stages. The first 

In the present study, the training and validation data are mainly collected from 

simulation results in zone 5 during June and July, because zone 5 is the most likely to 

condense at the startup moment in this study. The trained neural network models are 

f the DOAS-CC system in early August, 

i.e. from Aug.1st to Aug.8th. 

he structure of neural network for prior time prediction of DOAS 

In the process of applying the neural network approach for the predictive 

stage is the training and validation of the above-mentioned neural network models. The 

second stage is to use these neural network models to predict whether condensation will 

occur on the chilled ceiling panels or not, then to predict the optimal prior time for the 

DOAS to prevent the condensation occurrence. 

used for the condensation predictive control o

8.3.2 Training and Validation of the NN Models 
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43 groups of data (T1-01—T1-43), which are mainly collected from simulation 

results during June and July in two years, are used to train the neural network model for 

chilled ceiling surface temperature prediction in zone 5, and another 15 groups of data 

(V1-01—V1-15) are used to validate the model. Table 8.1 shows parts of the training 

data (T1-01—T1-15) and validation data (V1-01—V1-08) for the neural network model. 

The validation results are shown in Figure 8.8. The maximum model prediction bias 

between the prediction values and the simulation results is less than 0.2oC, and the 

maximum relative error is about 1.0%. The result shows that neural network approach is 

effective an ment. 

 
)

d accurate to predict the ceiling panel temperature at the startup mo

Table 8.1 Training and validation data for Tpanel prediction in zone 5 

 Ta, in(7:30am) Ta, out, 1(7:30am) Ta, out, 2(9:00am) Tpanel(9:05am
 (oC) (oC) (oC) (oC) 
T1-01 30.8 26.4 27.2 19.5 
T1-02 28.6 26.6 27.5 
T1-03 30.7 26.1 27.3 
T1-04 29.5 24.4 25.6 
T1-05 27.6 22.8 24.7 

19.4 
19.5 
19.5 
19.6 

T1-06 28.5 25.7 27.0 19.6 
T1-07  
T1-08 27.5 25.1 25.9 19.0 

T1-10 29.0 28.3 28.9 19.2 

25.2 

T1-15 30.1 29.0 29.7 19.6 

V1-04 29.4 28.2 29.5 19.7 

 28.5 27.5 28.6 19.4

T1-09 28.8 27.1 28.0 19.4 

T1-11 27.9 27.7 27.9 18.9 
T1-12 28.0 26.9 19.6 
T1-13 31.0 26.4 28.0 19.9 
T1-14 30.5 25.4 26.9 20.0 

V1-01 30.4 28.0 29.0 19.5 
V1-02 29.7 26.1 27.6 19.7 
V1-03 28.5 28.3 29.2 19.3 
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V1-05 28.6 25.8 27.3 19.8 
V1-06 27.8 26.7 27.1 19.1 

V1-08 30.1 28.2 29.3 19.4 
V1-07 29.1 29.4 29.4 19.0 
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Figure 8.8 The validation result for NN-based Tpanel prediction 

oC compared with the simulation results, 

and the maximum relative error is about 1.0%. According to the comparison analysis, it 

is illustrated that the neural network-based indoor air dew-point temperature prediction 

is re le. 

Table 8.2 shows the training and validation data of neural network model for indoor 

air dew-point temperature prediction. 43 groups data (T2-01—T2-43), which is also 

collected from simulation results during June and July in two years, are used to train the 

neural network model, and the latter 15 groups of data (V2-01—V2-15) are used to 

validate the model. Parts of the training data (T2-01—T2-15) and validation data 

(V2-01—V2-08) are shown in Table 8.2. The validation results are shown in Figure 8.9. 

The maximum prediction bias is less than 0.3

liab
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Table 8.2 Training and validation data for indoor air DPT prediction in zone 5 

 
 DPTa, in, 1(7:30am) Wa, out, 1(7:30am) Wa, out, 2(9:00am) DPTa, in, 2 (9:05am)
 (oC) (g/kg.da) (g/kg.da) (oC) 
T2-01 21.9 19.1 19.4 22.0 
T2-02 23.5 20.4 20.5 23.1 
T2-03 21.2 17.8 18.1 21.4 
T2-04 21.0 17.0 17.0 21.1 
T2-05 20.0 16.1 16.7 20.4 
T2-06 22.6 19.8 20.1 22.5 
T2-07 23.2 20.7 20.9 23.0 
T2-08 21.7 17.9 18.4 21.7 
T2-09 23.2 20.2 20.4 22.9 
T2-1
T2-11 24.2 22.5 22.5 23.8 
T2
T2-13 22.8 19.8 20.1 22.7 

V2-01 22.9 19.8 19.8 22.6 

V2-03 23.4 21.9 22.2 23.2 

18.8 22.1 
20.2 22.6 

V2-07 25.3 24.7 24.6 24.8 
V2

0 22.9 20.9 21.0 22.8 

-12 23.0 19.2 19.5 22.7 

T2-14 22.0 18.6 18.8 22.0 
T2-15 24.0 22.4 22.6 23.7 

V2-02 22.4 19.2 19.7 22.4 

V2-04 24.3 21.9 22.0 23.8 
V2-05 22.2 18.5 
V2-06 22.7 20.1 

-08 25.5 23.6 23.7 24.8 
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Figure 8.9 The validation result for NN-based indoor air DPT prediction 

46 groups of data (T3-01—T3-46) are used to train the neural network model for the 

optimal earlier tim nother 15 group data (V3-01—V3-15) 

are use idate del. Table

and validation data (V3-01—V3-08) of the optimal earlier time prediction neural 

networ l. Th idation res re shown ure 8.10. maximum 

prediction bias comp ith the simulation results is about 4.5mins. 

ble 8 ining and v ion data for prior time predict
 

a,in,1
0am)

W
(7:3
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am) 

Prio
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e prediction of DOAS, and a

d to val the mo  8.3 shows parts of the training data (T3-01—T3-15) 

k mode e val ults a in Fig The 

ared w

Ta .3 Tra alidat ion  

 DPT
(7:3

a,out,1 
0am)

DPT
(9:05

r 
 

 (oC) (g/k (g/kg.da) in
1.9 1 19.4 .0 0 

g.da) (oC) (m ) 
T3-01 2 9.1 22
T3-02 23.3 2 20.8 .0 20 

3-03 1.3 1 17.0 .3 40 
3-04 3.1 2 20.7 .1 60 
3-05 1.0 1 17.0 .1 0 
3-06 0.1 1 15.8 .1 20 

T3-07 21.4 18.3 18.5 17.4 40 

0.9 20
T  2 6.7 17
T  2 0.5 17
T  2 7.0 21
T  2 5.6 18
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T3-08 3.4 2 20.5 .1 60  2 0.1 17
T3-09 3.2 2 20.9 .0 0 

3-10 3.0 1 19.9 .8 20 
3-11 1.9 1 18.3 .5 40 

T3-12 22.7 20.2 20.8 17.0 60 
T3-13 22.9 19.8 19.8 22.6 0 
T3-14 22.0 17.9 17.8 19.2 20 
T3-15 21.8 19.3 19.4 17.6 40 
V3-01 22.9 20.9 21.0 22.8 0 
V3-02 23.2 20.2 20.3 19.9 20 
V3-03 24.3 21.8 22.1 18.5 40 
V3-04 22.4 18.9 19.3 16.8 60 
V3-05 24.0 21.8 21.6 23.6 0 
V3-06 22.1 18.0 18.3 19.2 20 
V3-07 21.3 17.1 17.5 17.3 40 
V3-08 23.6 20.8 20.8 17.2 60 

 2 0.7 23
T  2 9.8 19
T  2 7.9 17
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Figure 8.10 The validation result for NN-based optimal prior time prediction 
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In the training and validation process, those data for the prediction control models 

can also be acquired from the site measurements in practical applications. The data for 

Tpanel prediction model and DPTa,in prediction model is easier to collect from the 

el
 (m
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build imal 

prior tim iffic s a  

are required to collect these data. 

8.3.3 Condensation Control Performance 

8.3.3.1 Prior time prediction by NN models 

r the tra  and validatio ess, the validated neural network models can 

be applied to p the chilled c panel temperature and indoor air dew-point 

t ure at th inning moment of the operation of the DOAS-CC sy n other 

periods. The predictive results, Tpan  DPTa,in of Aug.1st to Aug.8th, are shown in 

Table 8.4 and Table 8.5, respectively. It can be found that there is condensation 

o ce at th rning on each day in the peri e predicted panel 

t ures ar er than the p ed indoor air dew-point temperature at the 

beginning period. Hence, the dehum ation of the DOAS in advance is necessary to 

prevent condensation. The needed optimal prior tim peration can be 

predicted by NN-based optimal prior model. 

Table 8.4 Tpanel prediction of each day during Aug.1st-8th 

 
 Ta, in(7:30am) Ta, out, 1(7:30am) Ta, out, 2(9:00am) Predicted Tpanel(9:05am)

ing Energy Management and Control System (EMCS), but the data for opt

e prediction is a little d ult. Becau e additional manu l control operations

Afte ining n proc

redict eiling 

emperat e beg stem i

el and

ccurren e mo od, because th

emperat e low redict

idific

e for DOAS o

 time 

 (oC) (oC) (oC) (oC) 
G1-01 29.2 26.3 27.7 19.57 
G1-02 28.0 25.4 26.8 19.52 
G1-03 26.9 24.1 24.8 18.88 
G1-04 26.9 23.9 25.3 19.17 
G1-05 26.8 25.9 25.9 18.46 
G1-06 28.6 25.3 26.6 19.57 
G1-07 28.5 24.9 26.0 19.47 
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G1-08 28.8 26.5 27.2 19.25 
 
 

Table 8.5 Indoor air DPT prediction of each day during Aug.1st-8th 

 
 DPTa, in,1 

(7:30am)
Wa, out, 1 

(7:30am) 
Wa, out, 2 

(9:00am) 
Predicted DPTa, in, 2

(9:05am) 
 (oC) (g/kg.da) (g/kg.da) (oC) 
G2-01 23.1 19.2 19.8 23.10 
G2-02 22.5 19.1 19.4 22.43 
G2-03 21.8 17.7 18.0 21.79 
G2-04 21.4 17.6 18.1 21.60 
G2-05 22.8 20.5 20.3 22.39 
G2-06 22.8 19.4 19.6 22.59 
G2-07 21.9 18.2 18.5 21.89 
G2-08 22.8 20.3 20.1 22.38 

 

Table 8.6 Optimal prior time prediction of each day during Aug.1st-8th 

 
 

DPTa,in,1 Wa,out,1 Wa,out,2 DPTa,in,2 Predicted Simulated
 time

The predicted prior time of the DOAS system to dehumidification on each day is 

presented in the sixth column of Table 8.6, to avoid the condensation occurring on the 

surface of chilled ceiling panels. When the infiltration rate of the building envelops is 

assumed to be 0.1ACH, the needed maximum prior time is about 32mins.  

 

(7:30am) (7:30am) (9:00am) (9:05am) prior time prior
 in) 
G3-01 23.1 19.2 19.8 19.57 2 23 

(oC) (g/kg.da) (g/kg.da) (oC) (min) (m
0.6 

G3-02 22.5 1 4 2 21 
G3-03 21.8 7.7 0 8 2.2 25 
G3-04  7.6 8.1 .17 21 
G3-05  0.5 0.3 .46 30 
G3-06  9.4 9.6 .57 23 
G3-07  8.2 8.5 .47 20 
G3-08  0.3 0.1 .25 24 

 19.  19.  19.5  18.3 
1  18.  18.8 2  

21.4 1 1 19 18.3 
22.8 2 2 18 31.8 
22.8 1 1 19 18.6 
21.9 1 1 19 16.5 
22.8 2 2 19 21.4 
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The optim r ti r DO eratio  be a taine  simulation on 

TRNSYS through trial and error, as shown in the last column in Table 8.6. According to 

the comparison, the max  bias en th icted  time by neural network 

models and t late or tim bout 

prior time prediction is f  and table.

8.3.3.2 Effect tra ate on rior f DO

When th tio  of th lding ops i rent, the required prior 

dehumidificat  of edica tdoor stem e va s. The effect of 

infiltration rate on the prior time  DOA inve

 0.1 to 0.3ACH are simulated and compared. The results are illustrated in 

Figure 8.11. It can be found that the higher the air infiltration rate of building envelops, 

the earlier it requires for air dehumidification of DOAS to prevent condensation. When 

the infiltration rate of the building envelops is assumed to be 0.3ACH, the maximum 

needed prior time for condensation prevention is less than 1hr. 

al prio me fo AS op n can lso ob d by

imum  betwe e pred  prior

he simu d pri e is a 4.4mins. It indicates that the NN-based 

easible accep  

 of infil tion r  the p  time o AS 

e infiltra n rate e bui envel s diffe

ion time  the d ted ou  air sy  will b riou
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Figure 8.11 The needed prior time of DOAS at different infiltration rates 
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8.4 Summary 

Condensation is prone to occur at the startup moment of dedicated outdoor 

air-chilled ceiling systems in hot and humid regions, due to the infiltration air through 

ural network approach is proposed for the 

 and to determine the optimal start time of 

DOAS prior to the operation of chilled ceiling systems for condensation prevention. 

Sim

In the study, simulation results from the DOAS-CC system simulator on platform of 

TRNSYS are u However, it is 

noteworthy to point out that  p , e 

not suitable for the year-round prediction, because the ambient weather condition is 

various in different months. One set of the prediction models can be trained and 

validated by two or three months data, which means the applicable peri ach set of 

building envelops. In the present study, ne

condensation prediction in DOAS-CC systems

ulation tests shows that the neural network method is convenient and accurate to 

predict the temperature of chilled ceiling panel (Tpanel) and indoor air dew-point 

temperature (DPTa,in) at the startup moment of DOAS-CC systems, hence to predict 

whether condensation will occur or not on the surface of chilled ceiling. Moreover, the 

neural network model is reliable for the prior start time prediction for DOAS, and the 

prediction results show that the maximum bias between predicted values and simulation 

values is about 4.4mins. In addition, the simulation results demonstrate that the larger 

the air infiltration rate of building envelops, the earlier it requires for air 

dehumidification of DOAS to prevent condensation. 

tilized to train and validate the neural network models. 

one set of the rediction models  say three NN models, ar

od of e
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p  mod  two or th r d t periods, the p  

NN models are different and necessary to regulate correspondingly.  

In addition, the effect of prior dehumidification of DOAS for condensation 

prevention on the energy performance of the DOAS-CC integrated system is not 

investigated in the study. However, in the further ch and prac plications, the 

recircula  from itioned  be considered to  in the prior 

dehumidification period of DOAS. It is beneficial to cut out the v on load of the 

system  peri onsequ reduce energy c

dehumidification. 

rediction els is ree months. Fo ifferen arameters of the

resear tical ap

tion air  cond  space can  utilize

entilati

in this od, c ently  the onsumption for air 
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CH

perature and 

k of virus and bacteria 

transmission among different zones through air ducts, enhance COP of chillers etc. 

Therefore, it can im

ontrol and operation 

have significant impacts on energy efficiency of air conditioning systems. It is therefore 

highly desirable to develop reliable and cost-effective control strategies for this kind of 

air conditioning system. The present thesis has addressed this need through making the 

following contributions. 

Conclusions on Main Contributions

APTER 9 CONCLUSIONS AND RECOMMENDATIONS 

 

Dedicated outdoor air-chilled ceiling (DOAS-CC) system is a promising air 

conditioning scheme, which can achieve independent controls of indoor tem

humidity, provide more effective ventilation, reduce the ris

prove indoor thermal comfort and indoor air quality with higher 

energy efficiency. By incorporating total heat recovery and liquid desiccant 

dehumidification technologies in the DOAS-CC system, the energy performance of the 

integrated system can be further improved. This system has attracted world-wide 

interests and is more and more popular in modern buildings in recent years. However, 

studies on the control issues of the integrated system are quite few so far. Reliable 

control strategies are necessary for this integrated air conditioning system to realize 

normal operation and achieve the benefits. In addition, proper c

 

i. The main contribution of this thesis is the development of reliable local control 

methods and systematic optimal control strategy for the dedicated outdoor 
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air-chilled ceiling system integrated with novel membrane-based total heat 

recovery and liquid desiccant dehumidification technologies. Adaptive simplified 

ditiontions. It is found that the 

v. A neural-network based predictive condensation control method was developed 

for the DOAS-CC system to predict and prevent from the occurence of 

models of major system components were used to construct the cost function. 

Genetic algorithm was adopted to solve the multiple-variable optimization 

problem. Compared with previous optimization method used in air conditioning 

systems which usually only attempted to minimize energy consumption or 

improve thermal comfort, the GA-based multiple-variable optimization method 

can achieve optimal trade-off between indoor thermal comfort and system energy 

consumption. The implementation guidelines for applying the optimal control 

strategy have also been provided. 

ii. This thesis develops a simulation platform for the complex integrated DOAS-CC 

system, which can be used to test and analyze control, indoor environment and 

energy performances of different control strategies under varying working 

conditions.  

iii. A novel membrane-based total heat exchanger is firstly studied in an air 

conditioning system under changing working con

use of total heat exchanger before liquid desiccant systems can obtain significant 

energy saving and improve the control robust for air dehumidification process.   

iv. Control strategies for a packing type counter-flow liquid desiccant system have 

been developed. The control performances of these strategies were tested in a 

simulated environment. The control characteristics of the liquid desiccant system 

were also evaluated in different working conditions. 
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condensation on the chilled ceiling panel surfaces at the beginning period of the 

system start-up.   

Control Strategies and Characteristics of Liquid Desiccant Dehumidification System 

Different control strategies for a counter-flow liquid desiccant system have been 

developed. They include : (1) variable strong solution inlet temperature method and 

variable strong solution flow rate method for supply air humidity control in the 

dehumidifier side; (2) variable weak solution inlet temperature method and variable 

regeneration air flow rate method for desiccant solution regeneration control in the 

regenerator side.  

In the air dehumidification process, the variable strong solution inlet temperature 

control method is found to be more effective. The dehumidification capacity of the 

liquid desiccant system is more sensitive to variation of the strong solution inlet 

temperature than variation of the strong solution flow rate. In the desiccant solution 

regeneration process, the performance of the variable diluted solution inlet temperature 

method is found to be better than that of the variable regeneration air flow rate method 

under part latent load conditions. Simulation tests demonstrate that it consumes about 

3.3% less energy on a tested summer day.  

The simulation results also show that the proposed liquid desiccant system is more 

suitable for hot and humid climates, a higher supply air flow rate, and higher supply air 

humidity ratio conditions. In addition, a lower solution flow rate and a higher 

regeneration air flow rate are preferable in this hybrid dehumidification system for 

improving its energy performance. 
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When liquid desiccant dehumidification is utilized in air-conditioning systems, more 

outdoor air flow rate can be taken into conditioned space to improve indoor air quality, 

onsidering the energy savings potential and control characteristics of the 

dehum

c

idification system. 

Independent Temperature and Humidity Control in Multi-zone Dedicated Outdoor Air 

System 

Control strategies for multi-zone dedicated outdoor air system have been developed. 

The local control loops include: (1) indoor air temperature control; (2) indoor air 

humidity control; (3) outdoor air ventilation flow rate control. The performance tests and 

evaluation of the local control methods show that they are reliable and can maintain 

satisfactory indoor air quality and provide acceptable indoor thermal comfort. 

For optimization control, the fresh air flow rate and the supply air humidity ratio of 

dedicated outdoor air system are two crucial variables for the DOAS system, which 

directly influence indoor thermal comfort, indoor air quality and energy consumption. In 

the study, two control strategies i.e. demand controlled ventilation strategy and the 

supply air humidity ratio set point reset strategy, are proposed to optimize these two 

variables and improve the system energy performance. Simulation tests show that the 

supply air humidity ratio set point reset strategy is effective to control indoor air relative 

 of overall energy 

consumption in the tested case. Moreover, the DCV-based ventilation control method 

ons

overall

humidity in the comfortable range. It can save about 8.8%

dem trates obvious strength in energy saving, which can further save about 10.5% of 

 energy consumption during the summer period. 
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Optimal Control Strategy for the Integrated DOAS-CC System 

In order to improve the overall performance of the dedicated outdoor air-chilled 

ceiling system, a model-based optimal control strategy is developed in this study. The 

optimal strategy is based on the system performance prediction using adaptive simplified 

models and the genetic algorithm for optimizing the supply air temperature and humidity 

of the dedicated outdoor air subsystem and the supply water temperature. The testing 

results in a simulated multi-zone space severed by the proposed system show that the 

optimal control strategy can reduce energy consumption while maintaining satisfactory 

indoor thermal comfort.    

Th

environ

energy

conventional control strategy, in which set points of local controllers are fixed at design 

higher 

temper

that op

Neural Network Based Predictive Condensation Control Strategy 

e simulation results illustrate that the optimal strategy can provide comfort indoor 

ment and achieve significant energy saving, i.e. save about 7.8% and 7.0% 

 in the tested summer and spring days, respectively as compared with a 

values. The energy saving mainly comes from higher supply chilled water temperature, 

supply air humidity in the dedicated outdoor air subsystem and higher indoor air 

ature and relative humidity in the conditioned space. The results also demonstrate 

timized and varying control set points are beneficial for the overall performance 

of air-conditioning systems under dynamic outdoor and indoor conditions.  

 

Co f chilled ceiling systems in 

accumu

ndensation is prone to occur at the start-up moment o

hot and humid regions, due to the infiltration air through building envelops and 

lation of moisture during system-off period. The risk of condensation on ceiling 
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panels 

an effe perate dedicated outdoor air system prior to the operation of 

chilled ceiling. The prior operation time of DOAS is critical, which influences the 

energy consumption and effect of condensation prevention. In this study, neural network 

met

employed to predict the optimal prior operation time for DOAS to 

prevent condensation. Simulation tests shows that the neural network method is 

convenient and accurate to predict the temperature of chilled ceiling panel and indoor air 

dew-point temperature at the startup moment of DOAS-CC systems. Moreover, the 

neural network model is reliable for the prior start time prediction for DOAS. The 

prediction results show that the maximum bias between predicted values and simulation 

values is about 4.4mins. In addition, the simulation results demonstrate that the larger 

the air infiltration rate of building envelops, the earlier it requires for air 

dehumidification of DOAS to prevent condensation. 

It is noteworthy to point out that the sensitivity of neural network models are 

affected by training data. The sensitivity will be degraded if training data in a longer 

period, i.e. three months, are used due to large variations in weather data. Therefore, it is 

suggested that one or two months’ data be used to train the NN models. For year-round 

applications, six sets of NN models are proper. 

seriously limits the popularity of chilled ceiling systems. To prevent condensation, 

ctive solution is to o

hod is proposed for predicting condensation on chilled ceiling and the optimal start 

time of DOAS prior to the operation of chilled ceiling systems. Two neural network 

models are developed to predict the temperature on the surface of chilled ceiling and the 

indoor air dew-point temperature at the startup period of DOAS-CC systems, hence to 

predict whether condensation will occur or not on ceiling panels. The third neural 

network model is 
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Recommendations for Future Work 

The proposed dedicated outdoor air-chilled ceiling system incorporating liquid 

desiccant dehumidification and membrane-based total heat recovery technologies is a 

novel and complicated air conditioning system. Major efforts of this thesis are made on 

d DOAS-CC system. The performances of these strategies are mainly tested and 

evaluated in

plex 

integrated DOAS-CC system.  

the development of the local control methods and optimal control strategy for the 

integrate

 a simulated environment. Although each component in the simulator is 

validated by experimental data, the simulator as a whole is not validated by experimental 

data or field data due to the shortage of those data. It would be very desirable and 

valuable to make further efforts on in-situ implementations and validation of the local 

control methods and the optimal control strategy developed in this thesis on the com

 

 175



REFERENCES 

 

Ardehali, M.M. and T.F. Smith. 1997. Evaluation of HVAC system operational 

idis, M. Kummert, and P. Andre. 2004. A neural network 

controller for hydronic heating systems of solar buildings. Neural Networks 17(3): 

Indoor Air Quality. American Society of Heating, Refrigerating and 

ASHRAE. 2007b. ANSI/ASHRAE/IESNA Standard 90.1-2007, Energy Standard for 

. American 

Society of Heating, Refrigerating, and Air-Conditioning Engineers, Inc. 

 air dehumidification 

by liquid desiccant in a packed column. International Communications in Heat and 

Abe, O.O., C.J. Simonson, R.W. Besant, and W. Shang. 2006. Effectiveness of energy 

wheels from transient measurements: Part II. Results and verification. International 

Journal of Heat and Mass Transfer 49(1-2): 63-77. 

strategies for commercial buildings. Energy Conversion and Management 38(3): 

225-236. 

Argiriou, A.A., I. Bellas-Vel

427-440. 

ASHARE. 2001. ANSI/ASHARE Standard 62.1-2001, Ventilation for Acceptable 

Air-Conditioning Engineers, Inc., Atlanta, GA. 

ASHARE. 2007. ANSI/ASHARE Standard 62.1-2007, Ventilation for Acceptable 

Indoor Air Quality. American Society of Heating, Refrigerating and 

Air-Conditioning Engineers, Inc., Atlanta, GA. 

Buildings Except Low-Rise Residential Buildings. American Society of Heating, 

Refrigerating, and Air-Conditioning Engineers, Inc. 

ASHRAE. 2008. ASHRAE Handbook-HVAC systems and equipment

Babakhani, D. and M. Soleymani. 2009. An analytical solution for

Mass Transfer 36(9): 969-977. 

Bassily, A.M and G.M. Colver. 2005. Cost optimization of a conical electric heater. 

International Journal of Energy Research 29(4): 359-376. 

 176



Ben-Nakhi, A.E. and M.A. Mahmoud. 2004. Cooling load prediction for buildings using 

general regression neural networks. Energy Conversion and Management 45(13-14): 

Heidelberg. 

Capozzoli, A., P. Mazzei, F. Minichiello, and D. Palma. 2006. Hybrid HVAC systems 

with chemical dehumidification for supermarket applications. Applied Thermal 

Electric Power Systems Research 69(2): 221-26. 

Chang, Y.C. 2005. Genetic algorithm based optimal chiller loading for energy 

conservation. Applied Thermal Engineering 25(17-18): 2800-2815. 

Chen, X.Y., Z. Li, Y. Jiang, and K.Y. Qu. 2006. Analytical solution of adiabatic heat 

application. Solar Energy 80(11): 1509-1516. 

Chowdhury, A.A., M.G. Rasul, and M.M.K. Khan. 2008. Thermal-comfort analysis and 

simualtion for various low-energy cooling-technologies applied to an office building 

absorption chiller system by genetic algorithm and neural network. Energy and 

Buildings 34(1): 103-109. 

Chow, T.T., K.F. Fong, B. Givoni, Z. Lin, and A.L.S

2127-2141. 

Beyer, H. 2001. The Theory of Evolution Strategies, Springer-Verlag, Berlin 

Engineering 26(8-9):795-805. 

Chang, Y.C. 2004. A novel energy conservation method--Optimal chiller loading. 

and mass transfer process in packed-type liquid desiccant equipment and its 

in a subtropical climate. Applied Energy 85(6): 449-462. 

Chow, T.T., G.Q. Zhang, Z. Lin, and C.L. Song. 2002. Global optimization of 

. Chan. 2010. Thermal sensation of 

Hong Kong people with increased air speed, temperature and humidity in 

a

district-cooling system implementation. Applied Energy 77(1):1-13. 

585. 

ir-conditioned environment. Building and Environment 45(10): 2177-2183. 

Chow, T.T., L.S. Chan, and C.L. Song. 2004. Building-mix optimization in 

Conroy, C.L. and S.A. Mumma. 2001. Ceiling radiant cooling panels as a viable 

distributed parallel sensible cooling technology integrated with dedicated outdoor air 

systems. ASHRAE Transactions 107(1): 578-

 177



Dai, Y.J. and H.F. Zhang. 2004. Numerical simulation and theoretical analysis of heat 

and mass transfer in a cross flow liquid desiccant air dehumidifier packed with 

h

improve the performance of vapor compression air conditioning. Applied Thermal 

www.dadanco.com.au

oneycomb paper. Energy Conversion and Management 45(9-10): 1343-1356. 

Dai, Y.J., R.Z. Wang, H.F. Zhang, and J.D.Yu. 2001. Use of liquid desiccant cooling to 

Engineering 21(12): 1185-1202. 

Daou, K., R.Z. Wang, and Z.Z. Xia. 2006. Desiccant cooling air conditioning: a review. 

Renewable and Sustainable Energy Reviews 10(2): 55-77. 

Dedanco. 2001. Active Chilled Beam Documentation/FAQ. Available at: 

. 

33(4): 793-805. 

ta. The Energy Efficiency Office, 

Electrical & Mechanical Services Department, Hong Kong. 

nergy Design Resources. 2001. Design Brief: Radiant Cooling. Final Draft, prepared 

by Financial Times Energy, Inc. 

Environmental Protection Department, The Government of the Hong Kong Special 

Administrative Region, 2010. http://www.info.gov.hk/epd

Diaz, N.F. 2011. Modeling of a hydronic ceiling system and its environment as energetic 

auditing tool. Applied Energy 88(3): 636-649. 

Diaz, N.F., J. Lebrun, and P. Andre. 2010. Experimental study and modeling of cooling 

ceiling systems using steady-state analysis. International Journal of Refrigeration 

EMSD. 2010. Hong Kong Energy End-use Da

E

. 

Factor, H.M. and G. Grossman. 1980. A packed bed dehumidifier/regenerator for solar 

air-conditioning with liquid desiccant. Solar Energy 24(6): 541-550. 

Fisk, W.J. 2002. How IEQ affects health, productivity. ASHRAE Journal 2002(May): 

56-58. 

Fumo, N. and D.Y. Goswami. 2002. Study of an aqueous lithium chloride desiccant 

system: air dehumidification and desiccant regeneration. Solar Energy 72(4): 

351-361. 

 178



Gandhidasan, P. 2004. A simplif idification with liquid desiccant. 

Solar Energy 76(4): 409-416. 

andhidasan, P. 2005. Quick performance prediction of liquid desiccant regenerator in a 

packed bed. Solar Energy 79(1): 47-55. 

Gurney, K. 1997. An introduction to neural networks. UCL Press Limited, Taylor & 

Hao  D.J. Moschandreas. 2007. A 

combined system of chilled ceiling, displacement ventilation and desiccant 

Haykin, S. 1994. Neural networks: a comprehensive foundation. New York: Macmillan. 

Ima

ant ceiling panel system: comparison with the conventional all-air system. 

Irwi

United Kingdom. 

ineering 24 

Kal

Management 40(10): 1073-1087． 

ied model for air dehum

G

Francis Group, London. 

, X.L., G.Q. Zhang, Y.M. Chen, S.H. Zou, and

dehumidification. Building and Environment 42(9): 3298-3308. 

IEA. 2010. Energy Balances of OECD Countries-2010 edition, Paris. 

nari, T., T. Omori, and K. Bogaki. 1999. Thermal comfort and energy consumption 

of the radi

Energy and Buildings 30(2): 167-175. 

n, G.W., K. Warwick, and K.J. Hunt. 1995. Neural network applications in control. 

The Institution of Electrical Engineers, London, 

ISO 7730. 2005. Ergonomics of the thermal environment--analytical determination and 

interpretation of thermal comfort using calculation of the PMV and PPD indices and 

local thermal comfort criteria. Third edition.  

Jeong, J. and S.A. Mumma. 2003. Ceiling radiant cooling panel capacity enhanced by 

mixed convection in mechanically ventilated spaces. Applied Thermal Engineering 

23(18): 2293-2306. 

Jeong, J. and S.A. Mumma. 2004. Simplified cooling capacity estimation model for top 

insulated metal ceiling radiant cooling panels, Applied Thermal Eng

(14-15): 2055-2072. 

ogirou, S.A. 1999. Applications of artificial neural networks in energy systems: a 

review. Energy Conversion and 

Kettle, J.P. 1998. Controlling Minimum Ventilation Volume in VAV systems. ASHRAE 

Journal 1998(May): 45-50. 

 179



Kinsara, A.A., M.M. Elsayed, and O.M. Al-Rabghi. 1996. Proposed energy-efficient air 

conditioning system using liquid desiccant. Applied Thermal Engineering 16(10): 

791-806. 

Kinsara, A.A., O.M. Al-Rabghi, and M.M. Elsayed. 1997. Parametric study of an energy 

efficient air conditioning system using liquid desiccant. Applied Thermal 

Kit

613-617. 

n-Madison, USA: Solar Energy 

Lab ffective design, 

Laz ical and economical analysis of heat 

Liang, C.H., L.Z. Zhang, and L.X. Pei. 2010. Independent air dehumidification with 

Lim .S. Yeo, and K.W. Kim. 2006. Application of the control 

Liu ion and 

Engineering 18(5): 327-335. 

tler, R. 1996. Mechanical dehumidification control strategies and psychrometrics. 

ASHRAE Transactions 102(2): 

Klein, S.A., W.A. Beckman, and J.W. Mitchell et al. 2006. TRNSYS, a Transient 

Simulation Program. University of Wisconsi

Laboratory, Version 16.1.  

s21. Chilled beams in laboratories: key strategies to ensure e

construction, and operation. Labs for the 21st Century. Available online at: 

http://www.epa.gov/ labs21century/pdf/bp_chilled-beam_508.pdf. 

zarin, R.M. and A. Gasparella. 1998. Techn

recovery in building ventilation systems. Applied Thermal Engineering 18(1-2): 

47-67. 

membrane-based total heat recovery: modeling and experimental validation. 

International Journal of Refrigeration 33(2): 398-408. 

, J.H., J.H. Jo, Y.Y. Kim, M

methods for radiant floor cooling system in residential buildings. Building and 

Environment 41(1): 60-73. 

, X.H., K.C. Geng, B.R. Lin, and Y. Jiang. 2004. Combined cogenerat

liquid-desiccant system applied in a demonstration building. Energy and Buildings 

36(9): 945-953. 

Liu, X.H., X.M. Chang, J.J. Xia, and Y. Jiang. 2009. Performance analysis on the 

internally cooled dehumidifier using liquid desiccant. Building and Environment 

44(2): 299-308.  

 180



Liu, X.H., Y. Jiang, and K.Y. Qu. 2007. Heat and mass transfer model of cross flow 

liquid desiccant air dehumidifier/regenerator. Energy Conversion and Management 

48(2): 546-554. 

Liu, X.H., Z. Li, Y. Jiang, and B.R. Lin. 2006. Annual performance of liquid desiccant 

based independent humidity control HVAC system. Applied Thermal Engineering 

26(11-12): 1198-1207. 

Ma, Z.J. and S.W. Wang. 2011. Supervisory and optimal control of central chiller plants 

using simplified adaptive models and genetic algorithm. Applied Energy 88(1): 

Ma  Ben-Nakhi. 2003. Architecture and performance of neural 

y and Buildings 30(2): 

Mossolly, M., K. Ghali, N. Ghaddar, and L. Jensen. 2008. Optimized operation of 

ovember): 28-32. 

0-231. 

Mumma, S.A. 2003. Chilled ceiling condensation control. ASHRAE IAQ Applications 

2003(Fall): 22-23. 

198-211. 

hmoud, M.A. and A.E.

networks for efficient A/C control in buildings. Energy Conversion and Management 

44(20): 3207-3226. 

Mathews, E.H., C.P. Botha, D.C. Arndt, and A. Malan. 2001. HVAC control strategies 

to enhance comfort and minimize energy usage. Energy and Buildings 33(8): 

853-863. 

Matsuki, N., Y. Nakano, T. Miyanaga, N. Yokoo, and T. Oka. 1999. Performance of 

radiant cooling system integrated with ice storage. Energ

177-183. 

combined chilled ceiling displacement ventilation system using genetic algorithm. 

ASHRAE Transactions 143(2): 541-554. 

Mumma, S.A. 2001a. Fresh Thinking: Dedicated Outdoor Air Systems. Engineered 

Systems 2001(May): 54-60. 

Mumma, S.A. 2001b. Ceiling Panel Cooling Systems. ASHRAE Journal. 

2001(N

Mumma, S.A. 2002. Chilled ceilings in parallel with dedicated outdoor air system: 

addressing the concerns of condensation, capacity, and cost. ASHRAE Transactions 

108(2): 22

 181



Mumma, S.A. and J. Jeong. 2005a. Direct digital temperature, humidity and condensate 

control for a dedicated outdoor air-ceiling radiant cooling panel system. ASHRAE 

Mumma, S.A. and J. Jeong. 2005b. Field experience controlling a dedicated outdoor air 

Nelles, O. 2001. Nonlinear system identification: from classical approaches to neural 

Nin

9. 

Roth . Hamilton, and W. Goetzler. 2002. 

s. 

zonal ventilation 

Transactions 111(1):547-558. 

system. ASHRAE Transactions 111(2):433-442. 

networks and fuzzy models. Berlin: Springer-Verlag, Inc. 

g, M. and M. Zaheeruddin. 2010. Neuro-optimal operation of a variable air volume 

HVAC&R system. Applied Thermal Engineering 30(5): 385-39

Niu, J.L., J.V.D. Kooi, and H.V.D. Rhee. 1995. Energy saving possibilities with 

cooled-ceiling systems. Energy and Buildings 23(2): 147-158. 

Niu, J.L., L.Z. Zhang, and H.G. Zuo. 2002. Energy savings potential of chilled ceiling 

combined with desiccant cooling in hot and humid climates. Energy and Buildings 

34(5): 487-495. 

Nizet, J., L. Lecomte, and F. Litt. 1984. Optimal control applied to air conditioning in 

building. ASHRAE Transactions 90(1B): 587-600. 

Perez-Lombard, L., J. Ortiz, and C. Pout. 2008. A review on buildings energy 

consumption informantion. Energy and Buildings 40(3): 394-398. 

, K. W., D. Westphalen, J. Dieckmann, S. D

Energy consumption characteristics of commercial building HVAC systems volume 

III: Energy savings potential. Building Technologies Program, Department of 

Energy, United State

Ruano, A.E., E.M. Crispim, E.Z.E. Conceicao, and M.M.J.R. Lucio. 2006. Prediction of 

building’s temperature using neural networks models. Energy and Buildings 38(6): 

682-694. 

Sekhar, S.C., U. Maheswaran, K.W. Tham, and K.W. Cheong. 2004. Development of 

energy efficient single coil twin fan air-conditioning system with 

control. ASHRAE Transactions 110(2): 204-217. 

 182



Shelquist, P. and R. Amborn. 2001. Ventilation control strategies. ASHRAE Journal 

2001(Sept.): 30-35. 

ars, J.W. Spe and J. Judge. 1997. Gas-fired desiccant system for retail super center. 

Spr

Stetiu, C. 1999. Energy and peak power savings potential of radiant cooling systems in 

Sun trol of building HVAC&R systems using 

Sun ontrol and ventilation performance of multi-zone air 

Tu,

eering 29(11-12): 

Wa

ion of EMCS on-line control strategies. Building and Environment 34(6): 

Wa

Wang, S.W. and X.H. Xu. 2002. A robust control strategy for combining DCV control 

Wang, S.W al and robust control of outdoor ventilation 

airflow rate for improving energy efficiency and IAQ. Building and Environment 

Wang, S. optimal control of VAV air-conditioning 

system using genetic algorithm. Building and Environment 35(6): 471- 487. 

Wilkins, C.K. and R. Kosonen. 1992. Cool 

urnal 1992(August): 41-45. 

ASHRAE Journal 1997(Oct): 65-69. 

inger, D. 2001. Personal Communication, Davis Energy Group. 

US commercial buildings. Energy and Buildings 30(2): 127-138. 

, J. and A. Reddy. 2005. Optimal con

complete simulation-based sequential quadratic programming (CSB-SQP). Building 

and Environment 40(5): 657-69. 

, Z.W. 2010. Ventilation c

conditioning systems. PhD thesis, The Hong Kong Polytechnic University. 

 M., C.Q. Ren, L.A. Zhang, and J.W. Shao. 2009. Simulation and analysis of a novel 

liquid desiccant air-conditioning system. Applied Thermal Engin

2417-2425. 

ng, S.W. 1999. Dynamic simulation of building VAV air-conditioning system and 

evaluat

681-705. 

ng, S.W. 2010. Intelligent buildings and building automation. Spon Press. 

with economizer control. Energy Conversion and Management 43(18): 2569-2588. 

. and X.H. Xu. 2004. Optim

39(7): 763-773. 

W. and X.Q. Jin. 2000. Model-based 

ceiling system: a European air-conditioning 

alternative. ASHRAE Jo

 183



Xiao, F., G.M. Ge, and X.F. Niu. 2011. Control performance of a dedicated outdoor air 

system adopting liquid desiccant dehumidification. Applied Energy 88(1): 143-149. 

Xiong, Z.Q., Y.J. Dai, and R.Z. Wang. 2010. Development of a novel two-stage liquid 

Xu, 2007. An adaptive demand-controlled ventilation strategy 

Xu,  S.W. Wang. 2007b. Optimal Simplified Thermal Models of Building 

Xu .W. Sun, and F. Xiao. 2009. A model-based optimal ventilation 

Yang, I.H. and K.W. Kim. 2004. Prediction of the time of room air temperature 

Yang, I.H., M.S. Yeo, and K.W. Kim. 2003. Application of artificial neural network to 

Yin Luo. 2008. Experimental study on a new 

igeration 31(5): 857-866. 

siccant cooling air conditioning system. Building and 

Zha

ery measures. Energy 31(8-9): 1228-1242. 

desiccant dehumidification system assisted by CaCl2 solution using exergy analysis 

method. Applied Energy 87(5): 1495-1504. 

 X.H. and S.W. Wang. 

with zone temperature reset for multi-zone air-conditioning systems. Indoor and 

Built Environment 16(5): 426-437. 

 X.H. and

Envelope Based on Frequency Domain Regression Using Genetic Algorithm. 

Energy and Building 39(5): 525-536. 

, X.H., S.W. Wang, Z

control strategy of multi-zone VAV air-conditioning systems. Applied Thermal 

Engineering 29(1): 91-104. 

descending for heating systems in buildings. Building and Environment 39(1): 

19-29. 

predict the optimal start time for heating system in building. Energy Conversion and 

Management 44(17): 2791-2809. 

, Y.G., X.S. Zhang, G. Wang, and L. 

internally cooled/heated dehumidifier/regenerator of liquid desiccant systems. 

International Journal of Refr

Yin, Y.G., X.S. Zhang, and Z.Q. Chen. 2007. Experimental study on dehumidifier and 

regenerator of liquid de

Environment 42(7): 2505-2511. 

ng, L.Z. 2006. Energy performance of independent air dehumidification systems 

with energy recov

 184



Zhang, L.Z., C.H. Liang, and L.X. Pei. 2008. Heat and moisture transfer in application 

scale parallel-plates enthalpy exchangers with novel membrane materials. Journal of 

Membrane Science 325(2): 672-682. 

tional Journal of Heat and Mass 

Zha itioning fresh air and the 

Engineering 22(12): 

Zha

d humid climates. Building and Environment 38(1): 99-107. 

nels. Energy 28(3): 275-292. 

covery ventilator. 

Zho

Zho H. Xu, and F. Xiao. 2008. A grey-box model of next-day 

 

 

Zhang, L.Z. and F. Xiao. 2008. Simultaneous heat and moisture transfer through a 

composite supported liquid membrane. Interna

Transfer 51(9-10): 2179-2189. 

ng, L.Z. and J.L. Niu. 2001. Energy requirements for cond

long-term savings with a membrane-based energy recovery ventilator in Hong Kong. 

Energy 26(2):119-135. 

Zhang, L.Z. and J.L. Niu. 2002. Performance comparisons of desiccant wheels for air 

dehumidification and enthalpy recovery. Applied Thermal 

1347-1367. 

ng, L.Z. and J.L. Niu. 2003. Indoor humidity behaviors associated with decoupled 

cooling in hot an

Zhang, L.Z. and J.L. Niu. 2003b. A pre-cooling munters environmental control desiccant 

cooling cycle in combination with chilled ceiling pa

Zhang, Y.P., Y. Jiang, L.Z. Zhang, Y.C. Deng, and Z.F. Jin. 2000. Analysis of thermal 

performance and energy savings of membrane based heat re

Energy 25(6): 515-527. 

ng, K. and Y.M. Kang. 2009. Applicability of air-to-air heat recovery ventilators in 

China. Applied Thermal Engineering 29(5-6): 830-840. 

u, Q., S.W. Wang, X.

building thermal load prediction for energy-efficient control. International Journal 

of Energy Research 32(15): 1418-1431. 

 185


	5.2.1 Basic Strategy  
	5.2.2 Supply Air Humidity Ratio Set-point Reset 
	5.2.3 Demand-controlled Ventilation Based Supply Air Humidity Reset 



