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ABSTRACT

Abstract of thesis entitled: Simulation and Experimental Investigation on Optimum
Application of Multi-functional Solar Assisted Air Source Heat Pump Systems
Submitted by: Li Hong

For the degree of: Doctor of Philosophy
at The Hong Kong Polytechnic University in Dec. 2009.

This thesis proposed the multi-functional solar assisted air source heat pump (MSA-
ASHP) system for improving the energy performance of the traditional solar assisted
heat pump technology in cooling-dominated buildings in sub-tropical areas like Hong
Kong.

Firstly, the detailed mathematical models of the MSA-ASHP system are developed
and a comprehensive simulation program of the proposed system is built. A number of
cases were simulated, which shows that the MSA-ASHP system can provide a much
better system performance than traditional air conditioners and water heaters, especially
in the air conditioning and water heating (AC/WH) mode.

The simulation model of the MSA-ASHP system was extensively validated by
experiments, covering all three operation modes. The investigation results demonstrate
that the mathematical model is accurate to within 10% of the experimental data.

Based on experimental data, an exergy analysis of the MSA-ASHP system was
carried out. It is found that the greatest irreversibility occurs in the solar collector,

followed by the evaporator, the compressor, the desuperheater, the condenser and the
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thermostatic expansion valve. The comparison analysis among the four different
domestic hot water heating systems shows that the MSA-ASHP system offers the
highest energy and exergy efficiencies.

Finally, the annual performance of the MSA-ASHP system was analyzed. The
monthly solar fraction ranges between 39.4% and 77.4%. The monthly average system
coefficient of performance (COP) value is 3.0 throughout a year. An annual energy
saving of 54.9% would be achieved when the MSA-ASHP system is adopted instead of
the electric water heater plus a conventional air conditioner. The life cycle saving (LCS)
analysis for using the MSA-ASHP system in Hong Kong is also conducted.

In summary, the simulation model developed for the MSA-ASHP system can
provide a useful and effective tool to investigate system performance in different
operating modes. The simulation and experimental results demonstrate that the MSA-
ASHP system can overcome the mentioned limitations and problems in subtropical areas.
Besides, the system performance is improved significantly. Based on the substantial
investigation results, it is feasible and desirable to apply the MSA-ASHP system to the

cooling dominated buildings in Hong Kong and other subtropical areas.

Keywords: multi-functional solar assisted air source heat pump systems, air-
conditioning, hot water production, simulation, energy and exergy analysis, control

strategy
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NOMENCLATURE

Symbols Description Unit

A Area m’
Ag~Az; Coefficients for water thermodynamic properties

ar~aj: Coefficients for water thermodynamic properties

B, Integrated coefficient of refrigerant thermophysical property
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CHAPTER 1 INTRODUCTION

1.1 Solar Assisted Heat Pump Systems

Hot water supply is a necessity in most of residential, commercial and industrial
buildings. On the other hand, residential air conditioners are becoming popular. Hot
water is needed while air-conditioning is provided for a house, a flat or a building. For a
residential flat of a high-rise building in an urban area, a number of room air-
conditioners and electrical or gas-fired water heaters are usually needed for catering for
space cooling and domestic hot water supply, respectively. In developed countries,
energy consumption of domestic hot water is secondary after that of domestic heating
and air-conditioning (Meyer, 1999) for residential buildings. Water heating accounts for
17% of all residential building energy use in the United States, making it the third
largest use of energy in homes (Hepbasli and Kalinci, 2008). In China, a large
percentage of building energy use was for domestic hot water heating, with ~10% to
40% in commercial buildings and ~20% to 30% in residential buildings (Xu et al., 2006).
In Hong Kong, a large amount of hot water is required for both residential and
commercial buildings. As a small territory with no indigenous energy sources, fossil
fuels are the major energy sources for hot water production. According to a report of the
“Hong Kong Energy End-use Data” conducted by the FElectrical and Mechanical
Services Department (2006) of the Hong Kong SAR Government, about 23% of the
total energy end-use in residential buildings was consumed to heat domestic hot water

(DHW) and 22% was used for space air-conditioning in the year of 2004. With the



deterioration of energy crisis and environment pollution, public awareness of energy
efficiency and environmental protection has become more prominent recently. There is
also a growing, government-led trend of applying renewable energy resources in Hong

Kong. One area of interests lies in the wider use of solar energy systems.

Solar water heating (SWH) systems have been applied in a number of public
facilities in Hong Kong, such as the installation of a 313 m® solar collector for a
swimming pool complex, 882 m” for a central slaughter house, and 135 m” for a fire
station and ambulance department. So far in these installations, conventional SWH
systems are mainly adopted. However, high-rise buildings are found everywhere in the
urban districts in Hong Kong, which means that there is space constraint for installing
enough solar collector arrays to satisfy customers’ requirement. For such a case, a solar
assisted heat pump (SAHP) system might be a better solution instead of a conventional

SWH system (Li and Yang, 2009).

A SAHP system combines the heat pump technology and solar thermal energy
technology in mutual beneficial ways. This combination, to some extent, improves the
coefficient of performance (COP) of the heat pump unit and reduces the consumption of
fossil energy resource for hot water supply and cooling provision. According to different
heat transfer media filled in the solar collector, the SAHP systems can be divided into
the direct expanded solar assisted heat pump (DX-SAHP) system and the indirect
expanded SAHP system. In the DX-SAHP system, refrigerant works as the heat transfer
medium. For the indirect expanded SAHP system, which includes the solar assisted air

source heat pump (SA-ASHP) system, the solar assisted water source heat pump (SA-



WSHP) system and the hybrid SAHP system, the heat transfer medium is usually water,

air or antifreezing solutions, etc.

COmpressor

hot wafer supply,

& )

N : "

i 3 storage water tank
AP =
o

S Qo <

o
expansion valve * water pump

@ cold water supply

Figure 1.1 Schematic diagram of the DX-SAHP system

Figure 1.1 shows the schematic diagram of a DX-SAHP system. This system mainly
consists of a flat plate solar collector which also acts as an evaporator, a compressor, a
condenser, an expansion valve and a storage water tank. From the thermodynamic
perspective, firstly, the liquid refrigerant is directly evaporated into vapor inside the
solar collector/evaporator through the absorbed heat from the sun and/or ambient air.
The working vapor is then drawn into the compressor, where it is compressed into high-
pressure and high temperature vapor. After compression, the high-pressure vapor
exchanges heat with water in the condenser. The condensed working fluid is then
passing through an expansion valve where the pressure is reduced back to the
evaporating pressure. The operating cycle is completed when the low-pressure liquid
working fluid flows into the solar collector/evaporator again. The DX-SAHP system has
the same operating principle as an air source heat pump system. The only difference is

that this kind of system uses the solar energy as its major heat source, while air acts as



its supplementary energy source. As described above, the solar collector also works as
the evaporator. Thus, the structure of the solar collector/evaporator should be very
different from that of the solar collectors only used in conventional SWH systems,
which means that it is necessary to redesign the configuration of the solar
collector/evaporator in order to obtain comfortable system performance. At present,
there is no uniform commercial product on market. Besides, the leakage problem of the
refrigerant in the solar collector/evaporator restricts its application for relative small

scale projects.
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Figure 1.2 Schematic diagram of the SA-ASHP system

The schematic diagram of a SA-ASHP system is shown in Figure 1.2. It is composed
of the solar collector loop and the heat pump unit which are connected in parallel. When
solar radiation is strong, the solar collector loop itself can meet the hot water heating
load. While on cloudy days or at night, the solar collector circle cannot supply enough
hot water, the air source heat pump system starts to operate. It is obvious that this kind

of system draws energy both from solar radiation and outdoor atmosphere.



As seen from Figure 1.3, a SA-WSHP system also contains two cycling loops — a
flat plate solar collector loop and a water source heat pump loop. They are connected in
series as distinct from the SA-ASHP system. In this system, the circulating water is
heated in the solar collector, rejects part of its heat to the water in the solar hot water
tank, and then flows into the evaporator for heat exchange with the working fluid in the
heat pump loop and finally returns to the solar collector. The heated working fluid in the
heat pump loop evaporates and experiences the same cycle as that in the DX-SAHP
system. When available solar radiation is not strong enough, the circulating water in the
solar collector loop absorbs heat from water in the storage tank which works as the
lower temperature heat source of the heat pump unit for a complete working cycle. In
this system, the heat pump draws energy only from solar thermal storage. The thermal
performance of the WSHP unit is improved since the solar collector loop ensures a
relatively higher temperature heat source as compared with that of a conventional

WSHP system.
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Figure 1.3 Schematic diagram of the SA-WSHP system



As for a hybrid SAHP system (i.e. the dual source SAHP system), the system
combines the SA-ASHP system and the SA-WSHP system in which the heat pump can
draw energy from either the thermal storage or the atmosphere. Generally, two
evaporators are adopted in this kind of the SAHP system. One is the water-to-refrigerant
evaporator and the other is the air-to-refrigerant heat exchanger. Due to the complicated
configuration, the system’s initial cost would be the highest and its control is difficult to

ensure comfortable performance.

1.2 Multi-functional Solar Assisted Air Source Heat Pump System

For a subtropical region like Hong Kong, almost all residential families use room air
conditioners merely for space cooling in summer. When it comes to the domestic hot
water supply, the use of heat pump unit is not popular because of the relatively short and
mild winter. Instead, electric heaters or gas-fired water heaters are used throughout a

year for hot water supply.

Under such conditions, condensation heat from air conditioners has to directly be
discharged to the environment. This not only engenders energy wasting, but yields
thermal pollution to the ambient environment. For high-rise buildings in Hong Kong, the
building re-entrant, an open space where kitchens receive daylight and ventilating air, is
a popular place to accommodate the outdoor units of split-type air conditioners. The
presence of these air cooled condensing units, however, introduces a thermal problem:
the thermal buoyance as a result of heat dissipation leads to the development of a rising
air plume. Inadequate air exchange at this recessed space elevates the ambient

temperature, and the insufficient cooling significantly affects the condensers’



performance, especially for those at the upper floor levels. The result could be an overall
degradation of the capacity and the efficiency of the air conditioners. At the same time,
the air conditioner is used only in summer for cooling and remains idle in the rest of the

year. The utilization rate of the split-type air-conditioners is very low.

On the other hand, electric water heaters or gas-fired water heaters for hot water
supply consume much more energy than heat pumps. A gas-fired water heater also
depends on the stability of water-pressure for its smooth operation. Besides, the system
has the potential danger in life safety caused by the possible leakage of fuel gas or
combustion products. In addition, a family has to buy both air conditioners for space
cooling and water heaters for hot water production, which may not be economical in

terms of cost and space.

In order to overcome the mentioned problems and limitations, a novel multi-
functional air source heat pump (ASHP) system is proposed in this study. According to
the customers’ different requirement, the multi-functional ASHP system may work in
three modes, i.e. the air conditioning and water heating (AC/WH) mode, the only air
conditioning (AC) mode and the only water heating (WH) mode. Therefore, this kind of
multi-functional ASHP system can simultaneously meet the cooling load and the hot

water heating load as well.

In addition, the multi-functional ASHP system is combined with the solar thermal
system which is called the multi-functional solar assisted ASHP (MSA-ASHP) system.
As shown in Figure 1.4, this system consists of two cycling loops, i.e. the solar collector

loop and the multi-functional ASHP circuit, which are coupled together with a storage



tank for hot water supply. The studied system is designed for multi-tasks and for year

round services.

air conditioning space

exparsion valve

Figure 1.4 The MSA-ASHP system in the AC/WH mode

In summer, when solar radiation is not strong enough, the system mainly operates in
the AC/WH mode. The superheated refrigerant vapor in the desuperheater sequentially
heats the hot water to the required level. On sunny days, the required hot water
temperature can be obtained only through the solar collector loop. In such case, the

bypass valve 1 is opened, and the system switches to the only AC mode.

In mild seasons, air conditioning may not be necessary in a subtropical area.
Meanwhile, solar radiation may not be strong enough so that the solar collector loop
cannot meet the required hot water heating load by itself. Therefore, under such weather
conditions, the proposed system works in the only WH mode, i.e. the multi-functional

ASHP unit becomes an air source heat pump water heater. In such a case, valve 2 is



switched on and the indoor heat exchanger does not work while the outdoor air-to-

refrigerant heat exchanger works as evaporator to absorb heat from ambient air.

As described above, generally, the MSA-ASHP system operates in three different
modes including the AC/WH mode, the only AC mode and the only WH mode. Space
heating load is sometimes required under subtropical weather conditions. Under such
conditions, the MSA-ASHP system can also work in the space heating with domestic
water heating mode. Sine the space heating load is insignificant in subtropical areas, the

space heating function of the MSA-ASHP system is not discussed in this study.
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Figure 1.5 Refrigerant cycle in a pressure-enthalpy diagram

The corresponding refrigerant cycle is described in a pressure-enthalpy diagram as

shown in Figure 1.5. The operating cycle can be represented by 5 refrigerant states. State



1 stands for the inlet state of the compressor; point 2 means its discharge state; point 2’
is the inlet state of the desuperheater; point 5 is the inlet state of the air-cooled
condenser which is also the outlet state of the desuperheater; point 3 is the outlet state of
the air-cooled condenser, i.e. the inlet state of the expansion valve and point 4 is the inlet

state of the evaporator.

As described above, the MSA-ASHP system utilizes solar energy resource for
heating and cooling, which is clean and renewable. Besides, the system combines air
conditioners and the water heaters into one product. In this way, the capital cost is
reduced, the equipment is utilized completely throughout the year and the system
performance is improved. As a result, the consumption of fossil fuel will be reduced,

which means less greenhouse gases will be emitted to the environment.

1.3 Aims and Objectives

As it is known that the SAHP system combines the SWH technology and the heat
pump system. Numerous studies have been conducted on the SWH systems, mono-
functional heat pump systems, multi-functional heat pump systems, and their
combination (i.e. the SAHP systems). At present, most of the SAHP systems are the
combination of the SWH system with the mono-functional heat pump system. However,
only a few researchers (Yang, 2007) focus on the combination of the SWH system with
the multi-functional heat pump system. In this research, a novel SAHP system, i.e. the
MSA-ASHP system, is proposed to replace the separate systems for air conditioning and
water heating purposes in subtropical areas like Hong Kong. The main objective of this

thesis is to develop an overall simulation model of the novel MSA-ASHP system to
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analyze its operating performance and economic feasibility from energetic and exergetic

perspectives. Not only the system components’ models but also the economic evaluation

of the life cycle savings (LCS) is to be proposed for system configurations evaluations

in this study. In addition, a sample experimental system will be developed for validating

the developed mathematical models and the simulation results. The specific objectives

of this thesis are summarized as follows:

a)

b)

Development of the mathematical model of each component of the MSA-ASHP
system will be the basic work for the estimation of the system performance. On
the basis of the laws of energy conservation, mass balance and pressure balance
as well as heat transfer correlations, a quasi-steady state model of the multi-
functional ASHP system will be developed. For the solar collector loop, steady
state modeling is also used except for the storage tank where dynamic modelling
is adopted. Accordingly, a comprehensive simulation program of the proposed

system is developed.

An experimental setup will be built for the efficiency test of the solar collector
loop. The correlation between the solar collector efficiency and the major
operating conditions will be analyzed. In addition, a prototype of the MSA-
ASHP system will be set up. Experiments will be conducted to validate the
simulation model and investigate the operating performance of the MSA-ASHP
system in different operation modes. The judgment parameters for switching
operating modes will be selected. Accordingly, the appropriate control strategy

will be recommended for operating the MSA-ASHP system.
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c) The comprehensive simulation model of the MSA-ASHP system will be
validated under various operating conditions based on the collected experimental
data. The operating performance of the MSA-ASHP system will be further

discussed.

d) The energetic and exergetic analysis of the MSA-ASHP system will be
conducted in all operation modes based on the recorded experimental data and
the simulation results. Appropriate exergetic equations will be derived for the
whole system and its each component. The exergetic results will reveal the most
inefficient part of the system and point out which component has the highest
improvement potential. Besides, the energy and exergy comparisons will be
carried out among different hot water heating systems to better investigate the

performance of the proposed MSA-ASHP system.

e) For evaluation of the long-term energy performance of the MSA-ASHP system,
a straightforward method (i.e. weather year for solar systems, WYSS) will be
proposed for the selection of typical meteorological year (TMY) weather
conditions from a multi-year record. Based on the selected TMY, the annual
monthly performance of the MSA-ASHP system will be analyzed. In addition,
an economic feasibility analysis will be implemented for using the proposed

system in Hong Kong.

1.4 Organization of the Thesis

This thesis is organized into 8 chapters. An introduction is made on the SAHP

systems in the first chapter. The application limitations and problems of the SAHP
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systems are subsequently discussed. Then, a novel MSA-ASHP system is proposed to
overcome the mentioned problems in cooling-dominated buildings of subtropical areas.

The detailed aims and objectives of this thesis are also proposed in this chapter.

A literature review about the SAHP system and its subsets (i.e. the SWH system and
the multi-functional heat pump system) is presented in Chapter 2. Various studies about
the application potential of the SWH systems are introduced. The application potential
of different solar thermal systems including the SWH system and the SAHP systems for
hot water production in Hong Kong is evaluated, considering both economic
characteristics and global warming impacts. This is followed by reviewing the
performance prediction methods for the SWH system, the monofunctional SAHP

systems and the multi-functional heat pump systems.

In Chapter 3, the detailed mathematical models for the components of the MSA-
ASHP system are developed. The systematic simulation model for the whole system is
obtained through coupling components’ model based on the principles of mass balance,
pressure balance and energy balance. The operating performance of the MSA-ASHP
system under various operating modes is predicted and discussed using the simulation

model.

Chapter 4 describes a sample MSA-ASHP system for the validation of the
simulation model and further investigation of the system performance. An experimental
rig is built to do various tests and record the measured data. At the end of this chapter,

an uncertainty analysis of the experimental data is conducted.
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In Chapter 5, based on the experimental data under different weather conditions, the
system simulation model is fully verified. All operating modes which are commonly

used in practice are analyzed based on a sequence of experiments.

In Chapter 6, an exergy analysis is carried out based on the experimental data and
the simulation model developed in Chapter 3. The exergy efficiency of the MSA-ASHP
system in AC/WH mode is analyzed in details. Consequently, components with the
greatest irreversibility and the highest improvement potential are pointed out, which are

valuable information for the practical design of the MSA-ASHP system.

The typical meteorological year for the MSA-ASHP system is developed in Chapter
7. A new method is adopted during the TMY selection procedure. The annual monthly
performance of the MSA-ASHP system is evaluated and discussed using the TMY data.

A simple economic analysis is conducted for the proposed system.

Finally, Chapter 8 summarizes the main conclusions and achievements of this thesis

and gives recommendations for the future work.
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CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

The depletion of conventional energy sources and its likely adverse impact on
environment have created growing interest for the application of renewable energy
sources such as geothermal, wind, solar and marine energy etc. For space heating and
domestic water heating applications, more consideration is given to application of solar
water heating (SWH) systems. At the beginning, conventional SWH systems were
mainly used. Later, when the heat pump technology became popular, the combination of
conventional SWH systems with heat pumps was proposed and developed. This SAHP
provides a real capability of upgrading low-grade energy sources from the surroundings
as well as using solar energy (Charters and Taylor, 1976; Charters et al., 1980; Charters

and Lu Aye, 1999).

The concept of the SAHP system was firstly proposed by Sporn and Ambrose (1955)
in West Virginia. Since then, numerous theoretical and experimental studies have been
conducted. On one hand, significant interests are shown in studying the application of
the direct expanded SAHP (DX-SAHP) systems. On the other hand, there have been a
lot of studies focusing on the indirect expanded SAHP systems. In order to overcome the
discharged heat pollution problem of traditional air conditioners in cooling-dominated
buildings and to increase the utilization efficiency of equipment, the multi-functional
heat pump technology was developed in this study. This chapter presents a detailed

literature review about the performance prediction of the SAHP system and its subsets
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including the conventional SWH system, the monofunctional SAHP system and the

multi-functional heat pump technology.

2.2 Investigation on Potential of the SWH Applications

The application of the SWH systems for a particular location depends heavily on
location of the site, the available solar radiation and the local price paid for electricity to
drive or boost the system chosen. For different districts and locations, climatic
conditions, including solar irradiance, variations in wind speed, ambient air temperature,
and so forth, are always changing. In order to efficiently utilize solar thermal energy, an
analysis of the application potential of the SWH systems in different sites should be

made at the stage of inception.

The possibilities of using the SWH systems in many districts or countries (such as
Australia, India, Turkey etc.) were studied (Aye et al. 2002; Sen and Sahin, 2001; Rylatt
et al. 2001; Sozen et al. 2005; Chandrasekar and Kandpal, 2004; Voinvontas et al. 1998;
Pillai et al. 2007) and different SWH systems are proved to be very practical and viable

in those areas.

2.2.1 Application potential of conventional SWH systems in Hong Kong

Considerable studies have been conducted on the solar thermal energy technology
for hot water production in Hong Kong. Ji et al. (2003) analyzed the annual
performance of facade-integrated hybrid photovoltaic/thermal collector system for use in
residential buildings of Hong Kong. Chow et al. (2006) estimated the potential

application of a centralized solar water-heating system for a high-rise residential
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building in Hong Kong. Chow et al. (2007) further conducted an experimental study of a
centralized photovoltaic and hot water collector wall system which can serve as a water
pre-heating system. Through modeling and experimental analysis, all of these researches
show that there is a good application potential of solar thermal energy for hot water

production in this territory.

However, most researches, until now, mainly focus on the application of the
conventional SWH systems. Little systematic research is conducted on the application of
different solar thermal systems, especially the SAHP systems, under the moderate
weather conditions. Therefore, it is necessary to evaluate the application potential of
different kinds of SWH systems for hot water production in moderate climates such as
Hong Kong. Considering both economic characteristics and global warming impacts, in
the following section, the application potential of various SAHP systems is discussed

under Hong Kong weather conditions.

2.2.2 Application potential of SAHP systems in Hong Kong

In recent years, the depletion of conventional energy sources and their likely adverse
impact on environment have created growing interest for application of renewable
energy sources. In Hong Kong, there is also a growing government-led trend to use
renewable energy resources and one area of interest lies in the use of solar thermal
energy for hot water supply. Till now, as described in Chapter 1, a number of solar
thermal systems using sunlight to heat water directly or indirectly have been installed in

both governmental and residential premises.
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On the other hand, the utilization of heat pump technology has been accepted world
widely considering its energy-saving and environmental protection benefits. In Hong
Kong, Chan and Lam (2003) presented the thermal performance, energy-saving, indirect
emissions and financial feasibility of using heat pumps for hotel outdoor swimming
pools. It was found that the average COP was ideal and the saving in energy was

substantial.

At present, the energy sources commonly used for hot water production are towngas
and electricity (EMSD, 2007) in Hong Kong. Thus, the following comparisons are made
among four kinds of different water heating systems i.e. the electric water heater, the

towngas water heater, the conventional SWH systems and various SAHP systems.

2.2.2.1 Case study

A case study is carried out for economic comparisons of different water heating
systems. It is assumed that all the systems studied have the same heating capacity and
are designed to supply hot water for one room with two persons in a hotel. According to
CIBSE GUIDE (1986), the heating load should be able to heat 280 liter water from 20°C
to 55°C. The initial temperature of water is set as 20°C because the average dry bulb air
temperature is about 20°C from February to May, a period during which the lowest solar
radiation occurs. If the heating load during this period could be guaranteed, the system
can then satisfy the hot water requirement a year round. In order to use the same basis
for comparisons, the solar collector area of 6 m” is adopted and the efficiency of solar

collector loop is set as 0.4 for all the solar thermal systems.
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2.2.2.2 Methodology of the case study

A simple evaluation procedure is developed for the case study and the calculation is
based on the savings compared to the use of an electric water heater. Details of the

evaluation procedure are described as follows.

Firstly, the annual heating load is estimated by the following equation:

0 =365mcAt 2.1)

where Q is the required heating load per year; m is the mass of hot water required per
day; c is the specific heat of water; and At is the water temperature difference between

the inlet and the outlet temperatures.

Secondly, the useful solar thermal energy collected by the solar collectors is

calculated by:
Qu = Acltncoll (22)

where Q, is the useful solar thermal energy per year; 4. is the area of solar collector; /;is

the maximum annual solar radiation received by the solar collector; and 7., 1s the

efficiency of the solar collector loop.

The conventional energy consumption is then evaluated:

E.=(0-0)/n (2.3)
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Where E. is the conventional energy consumption per year and 7 is the system

efficiency.

Based on the aforementioned calculation, the annual operating cost and the annual

cost savings compared to the electric water heater system can be estimated accordingly.

Finally, the solar fraction and the simple payback period are defined by Equation (2.4)

and Equation (2.5).

solar fraction = _9 x100%
ot E 2.4)

simple payback period = initial cost

cost saving per year 2.5)

The initial cost includes the cost of the major equipment shown in the schematic
diagrams in Chapter 1. The average price of the equipment with medium quality in the

market is adopted for the initial cost calculation.

In the case study, the solar collector surface is tilted at 19.4° due south in order to
receive the maximum solar radiation throughout a year in Hong Kong (Fung and Yang,
2005). The typical example year of 1989 for solar energy application is utilized for
calculating the solar radiation exposed on the solar collector surface because the weather
in this year has been found to be the most representative based on a statistical analysis
on weather data of Hong Kong from 1971 to 1991 (Yang and Lu, 2004). Based on the

above assumptions, the maximum annual solar radiation received by the surface of solar
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collector is 4910.7 MJ/m? (Fung and Yang, 2005). The economic comparison is based
on the energy price of 2004 in Hong Kong. The average tariff of electricity and gas were
about HK$1 per kWh and HK$0.21 per MJ (Fung et al., 2006). The theoretical calorific

value of electricity is adopted as 3.6 MJ/kWh.

2.2.2.3 Economic results and discussions

The economic comparisons between different water heating systems are performed
by means of the aforementioned calculation method. The results are summarized in
Table 2.1. The results show that the solar thermal systems, especially the SA-ASHP
system, have great potential of saving energy. As a result, their payback periods are
much shorter than the towngas water heater compared with the base case: the electric
water heater. Among the solar thermal systems, the conventional SWH system exhibits
the shortest payback period. Although the SA-ASHP system has the highest annual cost
saving, its payback period is longer than the conventional SWH system because of
higher initial cost. Also, the payback periods of other SAHP systems are much longer

than the conventional SWH system even though they have similar annual cost savings.

Table 2.1 indicates that different solar thermal systems have different solar fractions.
Since solar fraction, which can determine to a large extent the system annual cost saving,
is affected by solar collector area, the impacts of solar collector area change on the solar
thermal system performance are analyzed. According to the study results (Kuang et al.,
2003), it is assumed that the COP of the DX-SAHP system increases by 10% as 1 m* of
solar collector is added. For the SA-WSHP system, the COP increases by 15% for the

increment of 1 m? solar collector. In addition, other basic data remains unchanged.
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Table 2.1 Economic comparison among different water heating systems

Towngas Electricity Towngas SA- DX- SA-
Item water boosted boosted ASHP SAHP WSHP
heater SWH SWH
n 0.85 0.95 0.85 COP=3 COP=4 COP=4
E. (MJ/year) 17675 3405 3809 1079 3756 3756
Initial cost 3700 10980 12940 16800 14700 21500
(HKS$)
Operating 3712 946 800 300 1043 1043
cost
(HKS$/year)
Cost saving 461 3227 3373 3873 3130 3130
per year
(HKS$)
Solar fraction 77.6% 75.6% 91.6% 75.8% 75.8%
(%)
Payback 8 34 3.8 4.3 4.7 6.9
period (year)
100
90,
80,
& 701
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'g % O gas boosted SWH
g 50 OSA-ASHP
Lg 40 W DX-SAHP
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Figure 2.1 Effect of the solar collector area on solar fraction

Figure 2.1 shows that solar fraction is increased obviously with the increment of the

solar collector area. It is clear that the solar fractions of conventional SWH systems are
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much lower than the SAHP systems when the solar collector area is less than 4 m?.
Conversely, while the solar collector area is larger than 4 m” which also means solar
fractions of conventional SWH systems are above 50%, the solar fractions of the

conventional SWH systems are comparable with those of the SAHP systems.

Figure 2.2 presents the cost saving variations of different water heating systems as
the solar collector area changes. The cost saving of each system grows evidently as the
solar collector area increases, especially for conventional SWH systems. Meanwhile, the
conventional SWH system offers similar energy saving compared with the SAHP

systems when the solar collector area is greater than 4 m’.

4500
4000
3500
& 3000 - W electricity boosted SWH
&
< 2500 [gas boosted SWH
%D O SA-ASHP
> 2 |
‘% o0 Bl DX-SAHP
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Figure 2.2 Effect of the solar collector area on annual cost saving

The influences of the solar collector area on the payback periods are also analyzed,

as shown in Figure 2.3. It can be noticed that the payback period of the
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Figure 2.3 Effect of the solar collector area on payback period
conventional SWH system decreases sharply with the increment of the solar collector
area, especially the towngas boosted SWH system. On the contrary, the SAHP systems’
payback periods increase since their initial costs grow faster than the corresponding
annual cost savings. It is found that the conventional SWH systems have shorter

payback periods than the SAHP systems when the solar collector area is larger than 4 m”.

The analysis demonstrates that the conventional SWH systems are comparable with
the SAHP systems in terms of solar fractions, annual cost savings and payback periods
when their solar collector areas are large enough to ensure that a solar fraction is higher

than 50%.

2.2.2.4 Global Warming Impact Analysis

In Hong Kong, carbon dioxide is the dominated greenhouse gas released from fossil

fuel consumption, making up 86% of the total greenhouse gases (carbon dioxide-
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equivalent) emissions in 2004 (Environmental Protection Department, 2007). Therefore,
it is reasonable to assess different hot water systems’ global warming impacts through
evaluating the amount of CO, produced by these hot water systems during their

lifecycles.

For the SAHP systems, both their direct and indirect effects on greenhouse gas
emissions should be considered. The direct component relates to the release of
refrigerants (R22), and the indirect one is the carbon dioxide production in powering the
equipment. An indicator of the combined effects is the total equivalent warming impact

(TEWI), which is defined by equation (2.6) and Equation (2.7) (Florides et al., 2002):
direct eﬁ‘ect(kg C02)= [(make —up rate x service life)+ end —of — life loss]x change x GWP (2.6)

The make-up rate is the refrigerant lost per year in percentage; the service life is the
number of years that the system is utilized (years); the end-of-life loss is the percentage
of the lost refrigerant when the lifetime ends; the charge is the initial charge of
refrigerant in the system (kg) and GWP is the global warming potential of gas. The
GWP actually varies depending on the time frame considered, but usually a 100-year

integrated time horizon is used. For R22, the GWP is 1700.

indirect effect (kg co, ) = operation power x service life x emittedCO , 2.7)

The operation power is the power required by the system per year (kWh/year); the
emitted CO; is the amount of CO, emitted from the power plant per unit power

generated (kg/kWh).

25



For other hot water systems, since no refrigerants are used, the indirect effect is only

calculated.

In the case study, the make-up rate, the end-of-life loss and the initial charge of
refrigerant of the SAHP systems are set as 3%, 20% and 2 kg, respectively. All these
data are assumed according to the average figures from manufacturers’ specifications. In
addition, it is assumed that all the systems considered have the same service life of 10
years. In Hong Kong, the average CO, emission per unit power production in recent
years is 0.54 kg/kWh (Lancaster and Richard, 2007) and the average CO, emission of
towngas is 0.01444 kg/MJ (Hong Kong and China Gas Company Limited, 2007). Based

on the calculation method and basic data assumed, the results for TEWI are shown in

Table 2.2.
Table 2.2 TEWI of different water heating systems
Hot Electric Towngas Electricity Towngas SA- DX- SA-
water water water boosted boosted ASHP SAHP WSHP
system  heater heater SWH SWH
Tg(VgVI 22535 2552 5108 550 3320 7332 7332
CO,)

From Table 2.2, it is found that the towngas boosted SWH system has the lowest
value of TEWI, which means the least global warming impact is caused. Compared with
the towngas heater, about 80% of CO, emission can be reduced from this towngas
boosted SWH system. It is also found that the TEWTI of the electric water heater system
would be 4.4 times greater than that of the electricity boosted SWH system, 6.8 times

than the SA-ASHP system, and 3.1 times than the DX-SAHP system and the SA-WSHP
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system. These results prove that solar thermal systems have great potential in reduction

of greenhouse gas emission.

In order to offer a comprehensive comparison, the sensitivity of TEWI reacting to
the solar collector area is analyzed. The result is shown in Figure 2.4. It is obvious that
the towngas boosted SWH system has the greatest potential in reducing greenhouse gas
emission under any design condition. For the electricity boosted SWH system, it has the
comparative TEWI with SAHP systems if the solar collector area is larger than 4 m’.
Among the SAHP systems, the SA-ASHP system has evident advantage with respect to
the global warming impact. In conclusion, the TEWI of the electricity boosted SWH
system is sensitive to the solar collector area and decreases sharply with the increment
of the solar collector area. As for SAHP systems, the SA-ASHP system is more sensitive

than other systems.
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Figure 2.4 Effect of the solar collector area on TEWI
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The economic comparison results show that a solar thermal system has greater
economic benefits than an electric water heater and a towngas water heater. Accordingly,
its payback period is much shorter than a towngas water heater. Further analysis
demonstrates that the solar fraction of a conventional SWH system is much lower than a
SAHP system when the solar collector area is less than 4 m*. Conversely, while the solar
collector area is larger than 4 m* which means the solar fraction of a conventional SWH
system is above 50%, both the cost saving and payback period of a conventional SWH

system are comparable with that of a SAHP system.

From analysis on the sensitivity of TEWI of different solar thermal systems, it is
concluded that the towngas boosted SWH system has the greatest potential in reducing
greenhouse gas emission under any design conditions. While the electricity boosted
SWH system has the comparative TEWI with the SAHP systems if its solar collector
area is larger than 4 m”. As for the SAHP systems, the SA-ASHP system has evident

advantage considering its global warming impact.

All investigation results demonstrate that solar thermal systems have greater
application potential under Hong Kong weather conditions. In order to utilize solar
thermal energy more efficiently, the system selection should depend on the available
space for solar collector arrangement. If there is enough space to ensure that the solar
fractions of the conventional SWH systems are above 50%, the conventional SWH
systems, especially the towngas boosted SWH system, are preferred compared with
SAHP systems. Otherwise, SAHP systems are proposed, especially the SA-ASHP

system. In Hong Kong, the limited space has significant impact for the installation of the
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solar collector loop. Therefore, for most occasions, the SAHP system is a better choice

rather than the conventional SWH systems for hot water production.

2.3 Performance Study on the Conventional SWH Systems

A number of methods are available for the theoretical evaluation of the long term
performance of the conventional SWH systems. These methods can be broadly
classified into two categories, namely, correlation based methods and simulation based

methods. Methods based on utilizability (Duffie and Beckman, 1991), F-chart (Klein et

al. 1976), g;ﬁ—F chart (Klein and Beckman, 1979) etc. are prominent examples of

correlation based methods. Different simulation programs such as TRNSYS (Klein et al.
1975), SOLCHIPS (Lund, 1989; Lund and Peltola, 1992), etc. have been used to design

the conventional SWH systems through detailed simulation approach.

The use of correlation based methods (i.e. simplified calculation methods) has
maintained its popularity and usefulness, and recently a few more developments have
been added to this line of approach (Brinkworht, 2001; Joudi and Abdul-Ghafour,
2003a,b; Colle and Vidal, 2004). By identifying the most important parameters
governing system performance, these methods are most useful for system design, as they
provide a means of evaluating the effect of changing system parameters during the
design process. This is not easy with detailed simulations, as the change in some input
variables does not necessary have a significant effect in system long term performance
and does not show the “complete picture” — note that a large number of individual input

variables are present in solar thermal system simulation. Therefore, in this research, the
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F-chart method, one of the correlation based methods, is adopted for the performance

prediction of the solar collector loop.

Historically, the F-chart method is the first simplified method (Klein et al. 1976). It
is developed for the design of active and passive solar heating systems, especially for the
size and type of solar collectors supplying the domestic hot water and heating loads. Its
accuracy has been verified comprehensively (Evans et al., 1985; Ammar et al., 1989;
Minnerly et al., 1991; Barley and Winn, 1978; Drew and Selvage, 1979; Sfeir, 1980,
Ajona and Gordon, 1987; Tsilingiris, 1996). It is worth noting that F-chart method is so

widely used as a standard for assessing new methods.

The F-chart method is a correlation of the results of many hundreds of thermal
performance simulations of solar heating systems. The resulting simulations give f, the
fraction of the monthly heating load supplied by solar energy as a function of two
dimensionless parameters, X (Collector Loss) and Y (Collector Gain). X is related to the
ratio of collector losses to heating loads, and Y is related to the ratio of absorbed solar

radiation to the heating loads. The two dimensionless groups are

' - A
X=FRULX£X(Tmf—TanAtX < (2.8)
F,oLUr L
Fy, ta — 4
Y =F,(ra) XFRX il XHTNXTC
v (1), (2.9)

where

A, = Area of solar collector (m?),
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F, = Collector-heat exchanger efficiency factor (%),

F, = Collector heat removal factor (%),

U, = Collector overall energy loss coefficient (W/(m’K))

At = Total number of seconds in the month,

T.= Monthly average ambient temperature (C),

L = Monthly total heating load for space heating and hot water (GJ)

Hr = Monthly averaged, daily radiation incident on collector surface per unit area
(MJ/m?),

N = Number of days in the month,

(E) = Monthly average transmittance-absorptance product (%),

(z'a )n = Normal transmittance-absorptance product (%),

T, = An empirically derived reference temperature (100°C)

The F-chart equations for the fraction f of the monthly space and water heating loads

supplied by solar energy are given as follows:
— 2 2 3
f=1.029Y —0.065X —0.245Y° +0.0018 X~ + 0.0215Y (2.10)

2.4 Performance Study on Multi-functional Heat Pump Systems

The multi-functional heat pump system is the combination of an air-conditioning
system and a heat pump water heater for space heating, water heating and space cooling

services of buildings. In the combined system, only one set of key components (i.e. the
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compressor, the heat exchangers, the four-way valve etc.) is used. Thus, the investment
cost will be reduced obviously when compared with using two separate units. Besides,
the new equipment can meet both cooling load and heating loads. This practical use of
the waste heat of condensation not only improves the overall efficiency of the air
conditioner, but also supplies “free” hot water and reduces the heat pollution to the

surroundings.

Healy and Wetherington (1965) firstly demonstrated the potential for using heat
from condensers as ‘‘free’’ energy for producing hot water in residential buildings. They
found that it could save 70% energy for heating domestic hot water every year. In
succession, Cook (1990), Ying (1989), Toh and Chan (1993) and Goldschmidt (1990)
launched experiments and simulations on using condenser heat to heat hot water and
proved its feasibility. They concluded that the modified system could provide domestic
hot water without losing its cooling capacity. It was also found that the actual recovery
was about 20% of the total discharged condensing heat and COP of the system was

increased.

Olszeweki (1984) analyzed the economic feasibility of desuperheaters in heat pumps
for supplying domestic hot water. The assessment indicated that this system was
especially suitable for areas where cooling load was substantial and the price of
electricity was high. However, its use has not by far been fully exploited. In China, there
has not been found in open literatures on it until recent years. Ying et al. (2002)
presented a new heat pump system with hot water supply. No further research has been

found as yet. Shi et al. (2002) put forward an assumption on an inverter air cooled heat
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pump with a water heater. They calculated the all-year-round operation energy
consumption of the system, but this system was too complex to be realized in practice.
Later, Tan and Deng (2002) developed a simulation research on utilizing condenser heat
from a water chiller to generate hot water. The simulation results showed that the system
could achieve high-energy efficiency. Ji et al. (2003) carried out experiment and
simulation researches on energy performance of the air conditioner integrated a water
heater, and found that the energy efficiency ratio (EER) of the unit was about 30%
higher than that of the conventional unit. Jiang et al. (2006) did an experimental study
on a modified air conditioner with a domestic hot water supply. The dynamic operation
characteristics, hot water supply performance, energy efficiency and temperature
distribution of hot water in the storage tank were tested in different operation condition
by using the experimental rig. The investigation results show that the modified system
not only has a better operation performance than the original unit, but also can provide a

continuous hot water supply for householders.

2.5 Performance Prediction of the Multi-functional Heat Pump Unit

As aforementioned, the multi-functional heat pump systems have been the target of
numerous researches. However, few standard simulation models of the multi-functional
heat pump are found in open literatures that can evaluate its system performance under
all possible operating conditions. Inversely, the simulation models of vapor-compression
refrigeration and air conditioning systems, such as traditional heat pumps and chillers,
have been the topic of numerous papers. These models can generally be classified in

terms of the degree of complexity and empiricism. Hamilton and Miller (1990)
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classified the available simulation methods into two groups: one is the equation-fit
model (i.e. functional fit model), which treats the system as a black box and fit the
system performance into a few functional equations using catalog data; the other is the
deterministic model (i.e. first principle model), which are detailed models based on
thermodynamic laws and fundamental heat and mass transfer relations to individual

components.

Allen and Hamilton (1983) developed a typical equation-fit model of a reciprocating
water chiller. The other models employing the equation-fit approach in the literature are
much similar to this one. These models did not consider individual component models
and eliminated the internal variables by utilizing the functional relationships among
variables and existing typical water chiller performance data. Therefore, they are most
suitable for users that only have access to catalog data. These models would not be
useful for someone attempting to design a heat pump or chiller by modifying or
replacing internal components. Especially troublesome for some applications,

extrapolation of the model may lead to unrealistic results (Jin and Spitler, 2002).

The majority of the models differed from the equation-fit method are near to the
deterministic model, although the detailed deterministic models often apply equation-
fitting for some of the components. Fishcer and Rice (1983) developed an air-to-air heat
pump model to predict the steady state performance of conventional, vapor compression
heat pumps in both heating and cooling modes. This model is proposed as an analytical
design tool for use by heat pump manufacturers, consulting engineers, research

institutions and universities in studies directed toward the improvement of heat pump
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efficiency. The compressor was modeled using the data “curve-fits” and “compressor
maps” provided by the manufacturers. Modeling of the other components employed
many fundamental correlations and detailed design data are required. Hence, this model

may be useful in the heat pump design process.

2.6 Summary

This chapter mainly presents a literature review on the conventional SWH systems,
the SAHP systems and the multi-functional heat pump systems considering several

aspects.

First of all, a review of numerous studies about the application potential of the
conventional SWH system has been made. With the commonly used hot water heater
(i.e. the electric water heater) as the base case system, the application potential of
different SAHP systems is then discussed considering both economic and environmental

impacts.

The available methods for performance prediction of the conventional SWH systems
have been reviewed. The F-chat method is proposed for the long term performance

evaluation of the solar collector circuit in this research.

Finally, various performance studies and simulation models of the multi-functional
heat pump systems have been reviewed. Compared with few theoretical studies on the
multi-functional heat pump systems, two kinds of simulation models for conventional

heat pump and water chillers have been developed.
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It is found that although a large amount of work has been done on the conventional
SWH systems and the multi-functional heat pump, only limited number of researchers
focus on the performance evaluation of the combined system, i.e. the MSA-ASHP
system, based on experiments. Therefore, in this thesis, a comprehensive simulation
model of the MSA-ASHP system will be developed and the system performance will be
evaluated and validated based on a practical system under various operating modes in

subtropical areas, like Hong Kong.
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CHAPTER 3 DEVELOPMENT OF SIMULATION MODEL

OF THE MSA-ASHP SYSTEM

3.1 Introduction

The configuration and characteristics of the proposed MSA-ASHP system has been
described in Chapter 1. In order to accurately investigate the operating performance of
the MSA-ASHP system, an effective and practical simulation model is strongly
desirable. The objective of this chapter is to develop a systematic simulation model for
the MSA-ASHP system and to analyze its operating performance under various

operating conditions based on the developed simulation model.

According to the literature review on heat pump models in Chapter 2, it can be found
that, obviously, the equation-fit model is not helpful for the heat pump design process
and modification of internal components. On the contrary, one of the primary
advantages of the deterministic model is the convenience of designing an efficient and
cost-effective heat pump unit by varying the design parameters of each component and
conditions. Furthermore, it is able to simulate the system responses for a variety of

external and internal conditions which may be beyond the range of catalog data.

It is worth noticing that the deterministic models include the dynamic and steady-
state models. Generally, the dynamic model is used to analyze the dynamic behavior
during the start-up or shutdown period of a system or to evaluate the operating

performance of a complicated system with variable speed pumps or compressors. In the
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MSA-ASHP system, both the compressor and water pumps operate with constant speed.
For a heat pump system with constant speed water pumps and compressor, only a short
time is needed to approach the stead-state operation. The steady-state deterministic
model is therefore employed in this research to develop the simulation model of the
multi-functional ASHP unit which incorporates laws of thermodynamics, fluid

mechanics and heat transfer correlations into a network of simulation algorithms.

As shown in Figure 1.4, the MSA-ASHP system is mainly composed of a solar
collector loop and a multi-functional ASHP unit. And the multi-functional ASHP unit
consists of five subsets: a rolling piston compressor, evaporator, desuperheater,
condenser and a thermostatic expansion valve. In this thesis, steady-state models are
developed for each component of the MSA-ASHP system except for the storage water
tank of the solar collector loop. On the basis of the energy balance, the pressure balance
and mass balance, all the components’ models are coupled together into an overall

systematic model for the proposed MSA-ASHP system.

3.2 The Solar Collector Loop Module

Similar with most conventional SWH systems, the solar collector loop of the studied
system has two main parts: a solar collector array and a storage tank. The corresponding

models for these two components are developed one by one in this section.

3.2.1 Model of solar radiation on tilt surface

A solar collector is a special kind of heat exchanger that transforms solar radiant

energy into heat. In the MSA-ASHP system, a flat plate solar collector is selected. This
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kind of solar collector is usually designed for applications requiring energy delivery at
moderate temperatures, up to perhaps 80°C. It absorbs both beam and diffuse solar

radiation, does not require tracking of the sun, and requires little maintenance. It is the

most commonly used solar collector.

In steady state, the performance of the solar collector array is described by an energy
balance that indicates the distribution of incident solar energy into useful energy gain,
thermal losses, and optical losses. Accordingly, the useful heat gain from the solar
collector array (g;), the heating load met by solar energy (q.s) and the storage heat loss

(gsu) are evaluated by the following equations.

qs = Ac [ITFR (Ta)_FRUL (Tst _Ta ):I

(3.1)
qr, =m.C, (T, - Ty) (3.2)
9y =UA, (T, -T,) (3.3)
where the incident solar radiation on a tilted surface (/7) is calculated by:
I =(I,~1,)R, +1, (#J+Ig(l_cgsﬂJp{g
3.4)

In equation (3.4), to get Ir, the known values of the total horizontal and diffuse solar

radiations, 1.e. [/ . and /,, are necessary. The total horizontal solar radiation can be

obtained from The Hong Kong Observatory. However, data on beam and diffuse solar
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radiation are not available. Therefore, a correlation between horizontal diffuse and
horizontal total solar radiation is required. A model which based on locally measured
data was developed by Yik, Chung and Chan (1995) to simulate the relationship
between horizontal diffuse radiation and horizontal total radiation for Hong Kong

conditions. The co-relations are as follows:

1
I—d=1—0,435-kT For 0<k; <0.325 (3.5)

g

=1.41-1.695-k, For 0.325<k, £0.679 (3.6)

~ |&~

g

1
I—d =0.259 For k; >0.679
g (3.7)
The above correlation involves the sky clearness, k7, which is defined as the ratio of

the total horizontal radiation (/,) to the extraterrestrial radiation (/p).

3.2.2 Water temperature in preheating solar tank

Based on the principle of energy balance, the water temperature in the unstratified
preheating solar tank can be expressed as:
dT,

(PCVe) == 2~ —aa (3.8)

Combining equations (3.1), (3.2) and (3.3) with (3.8), the energy balance equation of

the preheating solar tank can be expressed as:

40



dT,
(pC,V.,) dtSt =A,[LF, (ra)-FU, (T, -T,)]-m -C, (T, -T)
- UstAst (Tst - Ta ) (39)
The solar fraction of the solar collector loop is defined as:
fo— 9
= x100% (3.10)

3.3 Compressor Module

In the multi-functional ASHP unit, a rolling piston compressor is adopted. This kind
of compressor uses a roller mounted on an eccentric shaft to compress vapor refrigerant
entering the compression chamber through the suction inlet (as shown in Figure 3.1).
When the rolling piston is in contact with the top of the cylindrical housing, the high
pressure and temperature gas is squeezed out through the discharge valve. Rolling piston
compressor has a high volumetric efficiency because of the small clearance volume and
correspondingly low re-expansion losses inherent in its design. It is therefore used in

household refrigerators, air conditioning units or unitary hermetic heat pump.

The compression and expansion processes in the compressor are assumed to be
isentropic processes. The oil effects on refrigerant properties and compressor operations
are neglected. Besides, it is assumed that the thermal properties of the refrigerant in the
compressor are uniform at any time. Based on these assumptions, the lumped-parameter
method is employed for the compressor model in view of the high speed of the

COI’IlpI'GSSiOIl process.
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Figure 3.1 A rolling-piston rotary compressor ( ASHRAE handbook 2000)

The refrigerant mass flow rate which is critical for the performance of the

compressor can be evaluated by:

m :Zﬁ

Vin (3.11)
where, m_ = refrigerant mass flow rate, kg/s;
V,, = theoretical displacement volumetric flow rate, m’/s;
v,, = specific volume at inlet of the compressor, m’/kg;

A = volumetric efficiency, which is given as:

=2,y Ry Ay (3.12)
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The compressor volumetric efficiency can be estimated (Jordan and Priester, 1948)

as:

1/n
A, =1+c—c(ij
£ (3.13)

where,

A = pressure loss coefficient with a value of approximately 1 due to the absence of
the suction valve;

A, = temperature coefficient with a range of 0.82-0.95;

A, = leakage coefficient with a range of 0.98-0.92;

¢ = clearance volumetric ratio of compressor;

n = re-expansion exponent, which is assumed to be isentropic exponent.

The compressor power input can be obtained as:

P P (n-1)/n
W — m,- invin n [(LMJ _ 1]
n n—-1\{P

in

(3.14)

where, 771s the overall efficiency which should be calculated considering the indicated

efficiency, the mechanical efficiency and the motor efficiency.

If the degree of superheating, the condensing and evaporation temperature are
known, the refrigerant mass flow rate and the power input together with the inlet and

outlet refrigerant thermal properties can be determined by the aforementioned equations.
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The refrigerant thermodynamic parameters at the inlet and outlet of the compressor can

be calculated based on the simplified model developed by Cleland (1986).

3.4 Evaporator Module

In the past decades, a great deal of research work on the modeling of heat
exchangers has been completed in the open literature. Generally, the existing models fall
into two broad classifications: zone-based (i.e. lumped-parameter) and distributed-
parameter models (Bensafi et al. 1997). In the zone-based model, a heat exchanger is
divided into several parts, depending on the number of the phases that the refrigerant
exhibits throughout the heat exchanger (vapor, liquid and two-phase). Each zone is
treated as a separate heat exchanger (Chi and Didion 1982). Doing in this way, the zone-
based models are hardly used to evaluate the detailed variations of the refrigerant along
its flow direction because of their oversimplifying assumptions. On the other hand, the
distributed-parameter model divides the heat exchanger into a great number of small
elements each of which can be solved using local values of thermal properties and heat
transfer coefficients. Hence, it is more rigorous and accurate compared with the zone-

based method. However, the distributed-parameter method is extremely time-consuming.

Considering the advantages and disadvantages of the aforementioned methods and
the complicated structure of the MSA-ASHP system, a zone-based distributed-parameter
model is employed here to analyze the performance of the heat exchangers in the MSA-

ASHP system.

The evaporator changes as the MSA-ASHP system operates in different modes. In

both the AC/WH mode and the only AC mode, the water-to-refrigerant indoor tube-in-
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tube heat exchanger is used as the evaporator. When the system operates as the only WH
mode, the air-to-refrigerant outdoor finned tube heat exchanger is adopted as the

evaporator.

It is assumed that there exist two sections (i.e. the two-phase and superheat sections)
in the evaporator. Each section is subdivided into a number of small elements. The
lumped-parameter model and the log mean temperature difference (LMTD) are used to
solve the heat transfer process in each element. The two working streams are taken as
counter flow in both the AC/WH mode and the only AC mode. While in the only WH
mode, the two fluids are in concurrent flow. The mathematical models of the two kinds

of evaporators are described individually.

3.4.1 Model of the water-to-refrigerant evaporator

For each element, the energy balance between the refrigerant and water can be

described by the following equation:
1’nwcp (tw,in - tw,out) = &evpmr (hr,out - hr,in) (3 . 15)

where,

m = water mass flow rate, kg/s;
¢, = water heat capacity, kJ/(kg.K);

t,... = inlet water temperature of an element, C;

t, = outlet water temperature of an element, 'C;

w,out
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h. . = inlet refrigerant enthalpy of an element, kJ/kg;

r,in

h. .= outlet refrigerant enthalpy of an element, kJ/kg;

&, = coefficient of heat loss, which varies according to the evaporator configuration

and the insulation, usually within a range of 0.8-1.

The heat transfer between the countercurrent flows in a given element can also be

calculated by:

Qevp = UAt, A (3.16)

The LMTD is defined as:

y L) () @

m
ln tw,in _tr,out
tw,out - tr,in

where U is the overall heat transfer coefficient evaluated at the mean properties of the

element, which can be calculated by:

o, 2K i (3.18)

where,

a,, = water heat transfer coefficient, (W/(m.*K));

a, = refrigerant heat transfer coefficient, (W/(m* K));
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k,= pipe wall thermal conductivity, (W/(m.K));
d = the outer diameter of the inner tube (m);

d,, = the inner diameter of the inner tube (m).

The water-side heat transfer coefficient (o) can be determined by the Dittus-Boelter

correlation (Incropera and DeWitt, 1990):

_ 0.8 0.4 .
a, =0.023Re " Pr," "k /d, &, (3.19)

where,

Re,, = the Reynolds number of water;

Pr, = the Prandtl number of water;

k, = water thermal conductivity, (W/(m.K));
d,= equivalent diameter (m);

&, = correction factor for the tube rows.

In the superheated refrigerant region, heat transfer is dominated by the forced
convective mechanism, which can also be approximately evaluated by the Dittus-Boelter
correlation:

a, =0.023Re "*Pr’' k. /d, g,

(3.20)

where, Re,and Pr, are the Reynolds and Prandtl numbers of the refrigerant, respectively.
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k. thermal conductivity of the refrigerant, (W/(m.K)).

The heat transfer in the flow boiling area has been studied for decades. In the
literature, there are over 30 saturated flow boiling correlations available. Generally, the
flow boiling correlations can be classified into two categories. Under the first category,
the correlations are developed by experimental investigators to represent their own data.
After ascertaining the accuracy of the experiments conducted, these individual
correlations may be used within the same range of parameters. The correlations under
the second category are developed based on a larger number of data sets involving a
number of fluids over a wide range of parameters. A general correlation proposed by
Kandlikar (1990) is used here. This correlation can be widely used in a number of
refrigerants, e.g. water, R11, R12, R22, R113, and R114, by incorporating a fluid-

dependent parameter £, . The general correlation is expressed as a sum of the convective

and nucleate boiling terms as follows:

a, =[C, (CO)C2 (251:1‘10)C5 +C, (Bo)Q Fyloy (3.21)

where,

a, = single-phase liquid-only heat transfer coefficient, W/(m* K);
C, = refrigerant convection number;

B, = refrigerant boiling number;

Fr, = Froude number with all flow as liquid;

F,= fluid-dependent parameter.
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Based on the energy balance of each element, the heat transfer area of a certain

element under given conditions can be calculated as:

4 = m, (hr,out - hr,in)

UAL, (3.22)

Thus, the total calculated area of the evaporator is a sum of areas of all the elements.

Aevp,cal = ZA[ (323)

3.4.2 Model of the air-to-refrigerant evaporator

The heat transfer on the air side of each element is expressed as:

q, =m, (ha,in _ha,out)

= &.’a’osAo (tam - twall) (324)

The sensible heat transfer coefficient %o is calculated as (Li et al., 1997):

—0.0887 -0.159
o, =0.982Re 0-““[5—1} (N'SzJ K,
0s ‘ a d

b

(3.25)

where,

m, = air mass flow rate, kg/s;
h, ,, = inlet air enthalpy of an element, kJ/kg;

h, = outlet air enthalpy of an element, kJ/kg;

a,out
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a, = sensible heat transfer coefficient, W/(m* K);
A, = surface area of outer tube, m%;

¢, = average air temperature, C;

t. = temperature of tube wall, C;

wall
&= coefficient of heat loss, within a range of 0.8-1;
Re, = the Reynolds number of air;

sl = distance between fins, m;

s2 = distance between tubes in air flow direction, m;
d, = diameter of the bottom finned tube, m;

N = number of tube column;

k,= thermal conductivity of air, W/(m.K).

For the calculation of the heat transfer coefficient on refrigerant side, the same

equations are adopted as those for the water-to-refrigerant evaporator.

3.4.3 Pressure drop prediction

In order to simplify the simulation procedure, the pressure drop in a single-phase

Zhang, 2001):

AP

pindin Pt P

_4L-f-Gr’ +Gr2£ 11
pout pin
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section is negligible owing to its relatively short length. For each element, the pressure

drop in a two-phase section can be estimated using the following equation (Ding and

(3.26)



where,
L =length of an element, m;
f = fraction factor;

p,, = inlet refrigerant density, kg/m3 ;
P, = outlet refrigerant density, kg/m’;

Gr = refrigerant mass flow rate per unit area, (kg/(m”.s)).

3.4.4 Simulation algorithm

Based on the aforementioned equations, an iterative method is established to
determine the outlet states of the water or air together with refrigerant in the evaporator

for the given operating conditions.

For the modeling process, the input parameters include the detailed evaporator
configuration, the water or air inlet temperature and flow rate, the inlet state of the
refrigerant and its flow rate. The constraint condition of the model is that the calculated
heat transfer area of the evaporator should equal the actual physical area. The detailed

simulation procedure is summarized as follows.

1) Input the inlet variables of the two working fluids and assume the
refrigerant outlet enthalpy and evaporation pressure drop.

2) Determine the two-phase and superheat regions respectively and divide
them into a number of small elements.

3) Calculate the intermediate and outlet temperatures of the two working

fluids.
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4)

5)

6)

7)

8)

9)

Calculate the LMTD, the heat transfer coefficient of each working stream
and the overall heat transfer coefficient.

Calculate the required heat transfer area corresponding to the heat
transfer rate in each element.

Calculate the total pressure drop of the refrigerant in evaporator.

Update the guessed pressure drop until the difference between the
calculated value and the guessed is within the acceptable error.

Determine the total required heat transfer area of the evaporator.

Update the guessed refrigerant outlet enthalpy and repeat steps above
until the calculated area converges to the actual area within an allowable

€Iror.

10) Calculate the refrigerant mass in the evaporator.

3.5 Desuperheater Module

The desuperheater installed in the heat pump unit is for recovering the thermal
energy at temperatures substantially above the condensing temperature (superheated
vapor). Accordingly, the heat pollution to the ambient air is reduced. In the MSA-ASHP
system, the desuperheater and the condenser are connected in series. In this way, the
desuperheater is able to absorb all or part condensation heat to heat hot water. Actually,

the desuperheater has the similar operating principle with the condenser.

In actual operation, the desuperheater cools the superheated vapor and condense part
of the saturated refrigerant. Accordingly, the refrigerant in the desuperheater may have

two states (superheat and two-phase) or one state (superheat) depending on its outlet
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enthalpy. The steady state zone-based distributed-parameter method together with the
LMTD method used in the evaporator model is also applied in the models of the

desuperheater and condenser.

3.5.1 Calculation of heat transfer coefficient

The heat transfer coefficients of the water side and the superheated refrigerant region
have the same characteristics and formulas as those of the water-to-refrigerant
evaporator. As for the condensation heat transfer coefficient of the refrigerant side, an
empirical correlation is given by Wu (1997):

_ 025 -0.25
h, =0.725B.d, "*(T, -T,,) (3.27)

where, B, is the integrated refrigerant thermophysical property related to the condensing
temperature 7,; T,, 1s the inner tube wall temperature, which can be calculated through

the Newton iteration method.

3.5.2 Simulation algorithm

The simulation algorithm of the desuperheater is quite similar with that for the

evaporator.

Firstly, the outlet enthalpy of the refrigerant is assumed. Based on this assumption,
the desuperheater can be divided into one or two heat transfer zones. Each section is
subdivided into several elements with equal enthalpy change or equal temperature

change. Then, the heat transfer area can be calculated. Based on the iteration procedure,

53



finally, the appropriate value of the refrigerant enthalpy will be found. The detailed

simulation flow chart is shown in Figure 3.2.
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Input structure and inlet parameters
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Calculate heat transfer area and pressure
drop in the two-phase section
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\ 4

Update the outlet enthalpy

A4

Calculate the total heat transfer area
Ades,cal

| Ades,cal'Ades,act | /Ades,act
SY

l Yes

Output results

A
End

Figure 3.2 Flow chart for the simulation of the desuperheater
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3.6 Condenser Module

Different heat exchangers work as the condenser when the MSA-ASHP system
operates in different modes. In the AC/WH mode, the outdoor air-to-refrigerant finned-
tube heat exchanger works as condenser while in the only WH mode, the water-to-
refrigerant heat exchanger, which is the desuperheater in the AC/WH mode, becomes

the condenser.

3.6.1 Calculation of heat transfer coefficient

In the condensation process, on the refrigerant side, there exist three possible heat
transfer modes, i.e. superheated, two-phase and sub-cooled sections. The heat transfer
coefficients in both the two-phase and the superheat regions can be estimated using the
correlations employed in the desuperheater. For the sub-cooled area, the heat transfer
coefficient of refrigerant is calculated in the same way as that used for the superheated

refrigerant vapor.

For the air-to-refrigerant condenser, the air-side heat transfer coefficient is evaluated
using the same method as that for the air-to-refrigerant evaporator. As for the water-side
heat transfer coefficient of the water-to-refrigerant condenser, the same equation is

employed as that for the water-to-refrigerant evaporator.

3.6.2 Simulation algorithm

During the simulation process of the condenser, firstly, the outlet refrigerant
enthalpy should be assumed based on the flow pattern of working fluids. Besides, the

pressure drop of the two-phase section should be guessed. The existing heat transfer
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Figure 3.3 Flow chart for the simulation process of condenser
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modes will be determined according to the outlet refrigerant enthalpy. Consequently, the
total heat transfer area and the pressure drop can be calculated using the chosen
formulas and given parameters. At last, based on the iteration process, the suitable value
of the outlet refrigerant enthalpy and the corresponding pressure drop will be found. The

flow chart for the whole simulation process is indicated in Figure 3.3.

3.7 Thermostatic Expansion Valve

In this research, a thermostatic expansion valve (TEV) is employed which is used to
modify the flow of liquid refrigerant entering the evaporator. For simplicity, a constant
degree of superheating and the refrigerant mass flow rate obtained in the compressor are
directly used in the thermostatic expansion valve model. The thermal process in the
expansion device is assumed to be adiabatic. Therefore, the following relationship can

be used from the first law of thermodynamics:

con,0 Hevp,in (328)

where H,,,,1s the outlet refrigerant enthalpy of the condenser and H.,, i, represents the

inlet refrigerant enthalpy of the evaporator.

3.8 Modeling of the Multi-functional ASHP Unit

With the above detailed mathematical models of each component of the MSA-ASHP
system, based on the principles of the energy balance, the refrigerant mass balance and

the pressure balance, the systematic model for the whole MSA-ASHP system is obtained.
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The corresponding simulation algorithm is described and illustrated in the following

section.

3.8.1 Refrigerant mass balance

Based on the principle of mass balance, the system refrigerant mass balance is

expressed by the following equation:

M. =M_, +Mevp+Mcom+M +M

pipe (3.29)

char des

The refrigerant mass in the compressor can be calculated as:

Mo = AV P, (3.30)

The detailed calculation procedure of the refrigerant mass with different phases is

introduced in the following subsections.

3.8.1.1 Single-phase refrigerant mass

The refrigerant mass in a single-phase zone can be estimated by the mean density

and internal volume.
For the subcooled zone,

Lsub
Msub = J‘ AinpldX
0 (3.31)

For the superheated zone,
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Lo
Msup = I AinpvdX
0 (3.32)

where, M is the refrigerant mass in the corresponding zone, kg; L is the length of the

section; p is the refrigerant density, kg/m’.

3.8.1.2 Two-phase refrigerant mass

In the two-phase zone, the mean density is estimated by the saturated liquid density,

the saturated vapor density and the void fraction (&, ) which is defined as the ratio of the

cross-sectional area occupied by vapor to the total cross-sectional area.

The modified coefficient X, is employed for the calculation of the void fraction

(Wallis; Domanski and Didion).

g, = (1+Xn°'8
e, =0.823-0.157InX, (X

)70.378

(X, <10)

tt —

>10)

tt

(3.33)

where X is the square root ratio of the liquid-only pressure gradient to the vapor-only
pressure gradient, which is calculated using the following equation (Lockhar and

Martinelli, 1949):

1 0.9 0.2 03
-X K Py
X, = (_] [_1] LA

X H) P

(3.34)
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Based on the definition of the void fraction, the two-phase refrigerant mass can be

consequently calculated through the following equation:

0 (3.35)

where, M,, is the two-phase refrigerant mass, kg; L,, is the length of the two-phase zone,

m.

3.8.2 Energy balance and definition of system performance

For the multi-functional ASHP unit under considered, according to the first-law
thermodynamic, the amount of energy absorbed by the refrigerant in the evaporator and
compressor theoretically equals the energy released from the refrigerant in the condenser
and the desuperheater when the system operates in the AC/WH mode. Based on this

theory, the energy balance can be given as follows:
Qdes + Qcon = W + Qevp (3 36)

where, O, = the heat absorbed by the water in the desuperheater, W;
Q. = the heat released to the condenser, W;

W = the power consumption of the compressor, W;

0, = the heat transfer rate in the evaporator, W.

The energy performance of a heat pump system can be evaluated by its coefficient of

performance (COP), which can be defined according to its specific applications.
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In the AC/WH mode and the only AC mode, the COP for air conditioning is given

by:

COP,. = Q\;;P

(3.37)

and the overall COP is given by taking into account the free production of hot water in

the desuperheater.

QBV +Q (]
COPAC/WH :pTd (3.38)

When the proposed system operates in the only WH mode, the definition of COP is

expressed as:

COP,, = QW

(3.39)

3.8.3 Simulation algorithm

It is known that the thermodynamic cycle of the heat pump is a closed loop, which
makes it convenient to incorporate the component modules of the multi-functional
ASHP unit into an overall systematic model. As shown in Figure 1.4, the solar collector
loop and multi-functional ASHP system are connected by the storage tank. In this way,
the hot water produced by the solar collector loop is supplied to the desuperheater or

condenser of the multi-functional ASHP system. Therefore, the module of the solar
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collector loop can be easily coupled together with the model for the multi-functional

ASHP unit to get the entire systematic model for the whole MSA-ASHP system.

Using the mathematical model of the MSA-ASHP system, firstly, the states of the
refrigerant, the outlet hot water properties and the discharged air states will be
determined. The operating performance in different operating modes is then evaluated

under the pre-specified working conditions.

For the simulation procedure of the heat pump unit, there are various control
strategies. At present, controlling superheat degree is the most commonly used method
(Krakow and Lin, 1987). In this research, this kind of control method is adopted here.
The complete simulation procedure for the whole MSA-ASHP system is illustrated in

Figure 3.4.
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Figure 3.4 Flow chart of complete simulation for the MSA-ASHP system
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3.9 Discussion on the Simulation Results

In this research, the simulation calculation is implemented by using FORTRAN
language owing to its distinct advantage of the high speed of scientific computing over
other compiling languages. Based on the simulation program, the system performance
under various operating modes is discussed in this section. It should be noted that the
space heating mode will not be discussed here since the operating principle and system
performance are generally similar to those of the only WH mode. Besides, the
possibility of operating in the space heating mode is quite little in cooling-dominated
buildings in subtropical areas. Therefore, this section mainly focuses on three operating

modes, i.e. the AC/WH mode, the only AC mode and the only WH mode.

The sample system built for the experimental validation in Chapter 4 is selected to
be the basic case for the following analyses. The basic parameters in the simulation
model including the structure parameters and installation specifications are shown in

Table 4.2.

3.9.1 Performance of the solar collector loop

The measured horizontal solar radiation during one day (i.e. June 20™ in 2009) of the
experimental period is shown in Figure 3.5. Based on the mathematical model of the
solar collector loop and the measured data, the hourly water temperature in the
preheating solar tank and the solar fraction are found. The results are shown in Figure

3.6 and Figure 3.7.
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Figure 3.5 Measured hourly horizontal solar radiation
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Figure 3.6 Hourly water temperature of preheating solar tank
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Figure 3.7 Hourly solar fraction on June 20"

It can be found that solar radiation has obvious effect on the water temperature and
solar fraction especially when solar radiation gradually becomes stronger throughout a
day. It can also be seen that a larger volume of the preheating solar tank results in a
relatively lower water temperature and a smaller solar fraction. With a tank volume of
0.12m’, the required hot water temperature can be reached at 12:00; when the 0.24m’

tank is used, the water can be heated to the required level until 14:00.

3.9.2 Performance of the Multi-functional ASHP Unit

The system operating performance of the multi-functional ASHP unit under various
working modes is discussed as follows. Prior to the analyses, the related operating

parameters of the system are set as shown in Table 3.1.
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Table 3.1 Operating parameters of the multi-functional ASHP unit

Parameter Value
Air flow rate in condenser 0.25m’/s
Water flow rate in evaporator 0.28kg/s

Water flow rate in desuperheater 0.28kg/s

Chilled water return temperature 12.5°C

3.9.2.1 Performance in the AC/WH mode

When the system operates in the AC/WH mode, it can supply both air conditioning
load and hot water heating load. Depending on the specific requirement of the customer,
the condensing heat could be absorbed partly or completely by the desuperheater to heat

hot water. In this research, both conditions are considered.
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Figure 3.8 Outlet water temperature of desuperheater
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The changing characteristic of the outlet water temperature from the desuperheater is
indicated in Figure 3.8. It can be observed that the water temperature tends to rise
rapidly at higher ambient temperature, which shows that the water heating capacity of
the multi-functional heat pump will be higher under warmer ambient conditions. When
the system operates in the AC/WH mode, a higher ambient air temperature leads to a
smaller temperature difference between the air and the refrigerant, which decreases the
heat dissipation of the outdoor air-to-refrigerant condenser. Therefore, the condensation
heat discharged to hot water becomes larger and a higher water heating capacity is

obtained.

In addition, it can be found that the increasing rate of water temperature decelerates
throughout the heating period. At the same time, the water heating capacity drops
significantly at an elevated water temperature as shown in Figure 3.9 and with operating
time as shown in Figure 3.10. The reason is that the raised water temperature leads to
higher condenser or desuperheater working temperatures and pressures as shown in
Figure 3.11, which increases the outlet temperature of the compressor (Figure 3.12) so
that more power input is consumed by the compressor (Figure 3.13) and the heat transfer
rate of the condenser or the desuperheater deteriorates. As a result, the thermal

performance of the system declines (Figure 3.14).
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Figure 3.10 Heat transfer rates in the AC/WH mode
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Figure 3.12 Outlet temperature of compressor in AC/WH mode
Figure 3.13 shows that the system performance is greatly improved when taking into
account the free production of hot water. On an average basis, the COPac/wi is 36.2%
greater than the COPxc. Furthermore, the COPacwr is 4.7% larger than the COPwy

when ambient air temperatures are 29.3°C and 17.2°C, respectively. The results show

that the COPacwn ranges from 3.3 to 6.37. Compared with a conventional air
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conditioner, which has a COP around 2.4, the proposed system gives much better

performance.
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Figure 3.13 Thermal performance in the AC/WH mode

From Figure 3.14, it can also be found that the overall system performance (i.e.

COPac/wn) 1s better when the ambient air temperature is relatively lower.
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Figure 3.14 Effect of air temperature in AC/WH mode
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Figure 3.16 Effect of flow rate on system performance

The impact of the circulation flow rate from the storage tank to the desuperheater is
shown in Figures 3.15 and 3.16. It can be found that, with the higher flow rate, a greater
COPac/wn is obtained. However, in this study, the power input consumed by the water
pump is not considered. Therefore, it is not good for the improvement of the system

thermal performance to increase the flow rate randomly. For the water heating capacity,
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with the growth of the flow rate, it does not increase consistently, which further verifies
that a larger flow rate is not always good for the thermal performance of the studied

system. In other words, there exists an optimum flow rate for a specific system.

The inlet water temperature of the desuperheater is significantly critical for the
system performance, especially in the AC/WH mode. The effects of the inlet water
temperature of the desuperheater on the operating performance are analyzed and shown
in Figures 3.17 and 3.18. From Figure 3.17, it is clear that, whereas the heat transfer rate
of the desuperheater and the evaporator decreased, the power consumption of the
compressor increased as the growth of the inlet water temperature of the desuperheater.
It is caused by the rising desuperheater working temperatures and pressures which lead
to the increasing outlet temperature of the compressor. Under such operating condition,
more power is consumed by the compressor while the heat transfer rate of the
evaporator and the desuperheater is reduced. Finally, the energy performance of the

studied system declined as shown in Figure 3.18.
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Figure 3.17 Effect of the inlet water temperature on system performance
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Figure 3.18 Effect of the inlet water temperature on energy performance

3.9.2.2 Performance in the only AC mode

When the proposed system works in the only AC mode, the operating principle is the
same as a conventional air conditioner which is widely used in Hong Kong. Thus, a
simple analysis of the operating performance is conducted here. When the ambient air
temperature is around 27.6°C, the system performance is shown in Figure 3.19. It is
clear that the COP value increases obviously during the early operating period. After a
few minutes, the system operates with a relative steady COP (around 2.6) which is

comparative with conventional air conditioners.
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Figure 3.19 System performance in the only AC mode

3.9.2.3 Performance in the only WH mode

In moderate climatic conditions, the multi-functional ASHP system will operate in
the only WH mode. Under this operating mode, it works in the same way as an air

source heat pump water heater.
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Figure 3.20 Outlet water temperature of condenser in only WH mode
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From Figure 3.20, it can be found the same increasing trend of the outlet water
temperature appears as that in the AC/WH mode. Also, the increasing rate decreases
during the operating period. As mentioned above, when the system works in the only
WH mode it has the same working principle with that of an ASHP water heater so that a
relative high ambient air temperature can improve its water heating capacity. Moreover,
the system performance COPwy (see Figure 3.21) is also improved under the higher

ambient air temperature.
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Figure 3.21 Effect of air temperature in only WH mode

3.10 Summary

The proposed novel MSA-ASHP system, which can operate in three modes, i.e. the
AC/WH mode, the only AC mode and the only WH mode, is simulated in detail in this
chapter. Firstly, The simulation model of each component is developed for both the solar
collector loop and the multi-functional ASHP unit. Based on the basic principles of the

energy balance, mass balance and pressure balance and the connection relationship
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between two main circuits of the MSA-ASHP system, a comprehensive system model is
obtained through coupling all the component models. And the corresponding program
which is written in FORTRAN language is developed. Finally, the operating
performance of the proposed system is analyzed and discussed in different working

modes under weather conditions in Hong Kong.

The simulation results show that the water temperature in the preheating solar tank
and the solar fraction are both heavily influenced by the solar radiation, and the volume
of the storage tank. A larger volume of the preheating solar tank results in a relatively
lower water temperature a smaller solar fraction, and longer heating time to obtain the

required level.

Furthermore, it can be observed that this kind of SAHP system can provide a much
better system performance than the traditional air conditioner and the ASHP water
heater. The COPac/wy of the multi-functional ASHP system ranges from 3.3 to 6.37,
36.2% larger than that when only air conditioning load is considered and 4.7% larger
than that of the only WH mode. Under warmer ambient conditions, the water heating
capacity of the multi-functional heat pump will be higher both in the AC/WH mode and
in the only WH mode. With increase of the ambient air temperature, the COPwy
increases while COPc/wy decreases. In addition, the analysis about the impact of the
flow rate shows that a larger flow rate can not ensure a better system performance for

the studied system, and an optimum flow rate should be found for a specific system.

It can be concluded that the developed systematic model of the MSA-ASHP system

is useful and effective in analyzing its system performance in all kinds of operating

77



modes. Moreover, it can be used to design a MSA-ASHP system with high system

performance by finding the appropriate match relationship among components.

78



CHAPTER 4 EXPERIMENTAL STUDY ON MSA-ASHP

SYSTEM

4.1 Introduction

A prototype MSA-ASHP system was built to provide air conditioning service and
domestic hot water on the campus of The Hong Kong Polytechnic University. The
primary purposes of the sample system are to investigate the operating characteristics of
the proposed system under subtropical weather conditions and to validate the developed

simulation of the MSA-ASHP system.

In this chapter, firstly the test setup for the solar collector efficiency is described.
The prototype multi-functional ASHP system is then presented, which is followed by
describing the experimental device and data collection system. The uncertainty analysis
is also investigated in terms of the measuring devices and the data acquisition system.
The fitting curve of the solar collector efficiency is derived based on corresponding
experimental data. Finally, a series of tests are conducted in order to find the appropriate

control strategies for the MSA-ASHP system.

4.2 Test Setup for Solar Collector Efficiency

The solar collector is one of the most important components of the MSA-ASHP
system and it plays a significant role in determining the system operating performance.
In this research, the relatively cheap and commonly used flat plate solar collector is used

in order to cut the initial cost of the proposed system. The detailed characteristic
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parameters of the selected solar collector are shown in Table 7.3. In order to ensure the
thermal performance of the proposed system, it is necessary to conduct an efficiency test
of the selected solar collector. Accordingly, the efficiency curve of the solar collector

can be obtained based on recorded experimental data.

A solar simulator with a 3-phase lamp array is employed to imitate necessary solar
irradiation in the tests. The light source (2mx2m) is based on proven steady-state
Halogen Dichroic system, which is made of 363x75 W lamps powered by 12VDC. The
standard steady-state solar simulator can simulate the sunlight in a variety of conditions,
with radiation from zero to approximately 1600 W/m>. As the number of the lamps is
large and the diffuse angle of the light is quite high, the solar radiation flux on the

surface of solar collector is quite uniform.

Table 4.1 Equipment used in the efficiency test

1. Ambient air temperature sensor 10. Valves

2. Temperature sensors 11. Weighing vessel

3. Air vent 12. Balance

4. Anemometer 13. Flow control valve

5. Pyranometer 14. Flow meter

6. Solar collector 15. Sight glass

7. Artificial wind generator 16. Heat exchanger

8. Insulated pipe 17. Refrigerated Bath (Phoenix P1-C25P)
9. Pressure gauge 18. Solar simulator

In the solar simulator lab, the test setup for solar collector efficiency (as shown in

Figure 4.1) is built based on the requirements of BS EN 12975-2:2006 (Thermal solar
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systems and components — Solar collector — Part 2: Test methods). The measurement

equipment used in the experiment is given in Table 4.1.

16

17

Figure 4.1 Schematic diagram for the efficiency test

The way in which a collector is mounted will influence the results of thermal
performance tests. Therefore, the collector is mounted in accordance with the
requirement of the standard. In this test, an open mounting structure is used which
allows air to circulate freely around the front and back of the collector. Meanwhile, the
collector shall be tested at tilt angles such that the incidence angle modifier for the

collector varies by no more than *+2% from its value at normal incidence. For single
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glazed flat plate collectors, this condition will usually be satisfied if the angle of

incidence of direct solar radiation at the collector aperture is less than 20°.

4.3 The Prototype Multi-functional ASHP System

The on-site photo of the prototype multi-functional ASHP system is shown in Figure
4.2. This system is mainly composed of an air-to-water heat pump unit with a
desuperheater and a hot water storage tank for hot water supply. The specifications of

each component and related parameters are summarized in Table 4.2.

Table 4.2 System parameters of the MSA-ASHP system

Location Hong Kong

Solar collector Flat plate with single cover, Ac=2 m’

Storage tank 0.12m’

Preheating solar tank  0.24m’

Compressor Displacement: 6.2m’/h

Evaporator Copper tube-in-tube heat exchanger; one outside tube with

diameter of 42mm, length of 5.6m; five inner tubes with
outer diameter of 10mm

Desuperheater Copper tube-in-tube heat exchanger; one outside tube with
diameter of 16mm, length of tube is 4.65m; one inner tube
with outer diameter of 8mm

Condenser Finned-tube heat exchanger; efficient tube length is 27.84m

Expansion valve Thermostatic expansion valve
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Figure 4.2 Sample system of the multi-functional ASHP unit

The multi-functional ASHP system consists of five basic components: a rolling
piston compressor, a thermostatic expansion valve and three heat exchangers (i.e.
evaporator, condenser and desuperheater). Both the evaporator and the desuperheater are
copper tube-in-tube heat exchangers, where refrigerant flows through the inner tubes
and water flows across the tubes. The outdoor condenser is a finned-tube heat exchanger.
The other components are neglected in this study due to the comparatively little
contribution to the thermodynamic analysis of the entire system. In this system, R22 is

employed as refrigerant.

The desuperheater is installed between the compressor outlet and the reversing valve.
The main function of the desuperheater is to absorb excess heat to produce or preheat
domestic hot water. Therefore, the heat rejection into the ambient air is reduced and the
heat pollution is alleviated. Consequently, the heat transfer deterioration of outdoor air-

cooled condenser as described in Chapter 1 can be alleviated.
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The prototype system can work in three different modes, which include the only AC
mode, the only WH mode and the AC/WH mode. Besides, if space heating is required
on special occasions, the system also can supply for the space heating load. Since space
heating load is insignificant under Hong Kong weather conditions, the space heating

with domestic water heating mode is not discussed in this research.

4.4 Test Device and Data Collection

In order to investigate the performance of the MSA-ASHP system, an experimental
rig was established in the system. In the solar collector efficiency test, 3 thermocouples
are needed for both the ambient air temperature and the inlet and outlet water
temperatures of solar collector. As shown in Figure 4.3, there are 15 thermocouples
located to measure the water and refrigerant temperatures at the inlet and outlet of the
main components. The accuracy of all the thermocouples is calibrated to be within 0.5
C. Three electromagnetic flow meters are used for the measurement of the water flow
rates in the water loops. With the standard installation position, the accuracy of the flow
meter is 2% of full scale. Four pressure meters are installed to test the inlet and outlet
pressure of the main components of the multifunctional ASHP unit. And the accuracy of
the pressure meter has been calibrated by the manufacture to be *1%. 2 PTX1400

pressure gauges are fixed besides the fluid temperature sensors of inlet and outlet of
solar collector for the pressure drop measurement. This kind of pressure gauge has an

accuracy of & 0.2% according to the specification of manufacturers. The relative

humidity and temperature of the indoor and outdoor air are measured by the HOBO data
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logger. The energy electricity consumed by the compressor is measured by a power

monitor which has an accuracy of +£0.5% of its rated value.

The experimental data was collected using a 20 channels data collector GL-800. All
thermocouples and the flow meters installed in the test rig are connected to this data
logger. The power monitor and the HOBO data logger have the storage function for
measurements. The same time interval of collecting data is set for the data logger, the
power monitor and the HOBO data logger. Besides, it is set according to the actual

operating conditions and research objectives.

hot water supply
Le—
2K

= 3

——

cold water supply

temperature sensor @ flowmeter ® pressure sensor

I-solar collector, 2-water pump, 3-preheating solar tank, 4-water pump, S-storage tank,
6-water pump, 7-desuperheater, 8-four-way valve, 9-condenser, 10-expansion valve, 11-

compressor, 12-electromagnetic valve, 13-evaporator, 14-air conditioning space.

Figure 4.3 Test sensors’ distribution for the MSA-ASHP system

4.5 Uncertainty Analysis

Based on the method proposed by Holman (2001) and Treado and Snouffer (2001),

the uncertainty analysis is conducted in this study to evaluate the errors of the indirectly
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measured parameters using the classic root-sum-square formula. It is assumed that the

calculated variable R is a function of the independent variables x;, x2,..., X,.

Based on the uncertainties of independently measured variables (w;, wo, ..., w,), the
relative uncertainty of the calculated variable can be estimated using the classic root-

sum-square formula:

4.1)

where

w, = the uncertainty of the independently measured variable x,

o = sensitivity coefficient, the partial derivative of the calculated variable R with
X,

1

respect to the measured variable x,

Taking the heat transfer rate as an example, the cooling capacity of the MSA-ASHP
system can be calculated by means of the measured values of water flow rate and water

temperatures as follows:

O=m.,c, by~ o) (4.2)

According to equation (4.1), the relative uncertainty of the cooling capacity can be

calculated as:
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Thus, the relative uncertainty of the cooling capacity approximately ranges from
6.4% to 8% under the considered experimental conditions. This value may vary slightly

with the variations of the actual flow rate and temperatures in practical operation.

4.6 Solar Collector Efficiency

For the solar collector efficiency test, two different testing conditions are adopted as
shown in Table 4.3. Under each testing condition, a series of different water inlet
temperatures are adopted. Correspondingly, four sets of independent data points are

obtained as listed in Tables 4.4 ~4.11.

Table 4.3 Two different test conditions for the efficiency test

Test condition Flow rate Air temperature (°C) Air speed Solar irradiance
(kg/s) (m/s) (W/m?)
1 0.022 26.01 3.86 809.64
0.050 26.33 3.46 758.30

4.6.1 Solar collector efficiency calculation

The following equations are employed to calculate the solar collector efficiency on

the basis of the recorded data.

Q=mc, AT

m Cf (tout - tin ) (44)
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0= AGn (4.5)

Combining equations (4.4) and (4.5), the solar collector efficiency can be expressed

as:

_mc,AT
AG (4.6)

n

where,

O - the actual useful heat absorbed by fluid, W;

m - mass flow rate of the fluid, kg/s;
¢, - fluid specific heat corresponding to the mean fluid temperature, J/(kgC);
AT - fluid temperature difference between the inlet and the outlet, 'C;

t, - inlet water temperature of solar collector, C;

t

out

- outlet water temperature of solar collector, ‘C;

A - absorber area of the solar collector, m?;
G - solar radiation on the collector, W/mz;

n - thermal efficiency of the solar collector.

4.6.2 Test results

Based on the above calculation method and the recorded data, the thermal efficiency

of the solar collector is calculated and analyzed in this section.
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When the water flow rate through the solar collector is set as 0.022 kg/s, the test
results are presented as follows. Accordingly, the efficiencies are calculated to be

56.89%, 54.28%, 52.38% and 50.2% respectively.

Table 4.4 Test results when the fluid inlet temperature is set as 25.74°C

Test Time 11:32(AM)  11:36(AM) 11:40(AM) 11:44(AM)
Inlet 25.72 25.7 25.75 25.78
temperature(C)
Outlet 34.21 34.81 35.29 34.61

temperature(C)

Table 4.5 Test results when the fluid inlet temperature is set as 32.47C

Test Time 12:24(PM)  12:28(PM) 12:32(PM) 12:36(PM)
Inlet 32.29 32.45 32.49 32.7
temperature(C)
Outlet 40.65 41.01 41.13 41.21

temperature('C)

Table 4.6 Test results when the fluid inlet temperature is set as 36.20°C

Test Time 13:26(PM) 13:30(PM) 13:34(PM) 13:38(PM)
Inlet 35.97 36.27 36.17 36.37
temperature(C)
Outlet 44.37 44.57 44.42 44 .48

temperature(C)

Table 4.7 Test results when the fluid inlet temperature is set as 41.21°C

Test Time 13:49(PM) 13:53(PM) 13:57(PM) 14:01(PM)
Inlet 41.06 41.13 41.3 41.36
temperature(C)
Outlet 49.05 49.56 49.59 49.77

temperature(C)

As the water flow rate becomes 0.05 kg/s, the corresponding efficiencies are

evaluated to be 74.3%, 72.35%, 68.91% and 64.86%, respectively.
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Table 4.8 Test results when the fluid inlet temperature is set as 34.72°C

Test Time 13:09(PM) _ 13:13(PM) 13:17(PM) 13:221(PM)
Inlet 34.85 34.75 34.63 34.65
temperature('C)
Outlet 39.73 39.67 39.71 39.61
temperature('C)

Table 4.9 Test results when the fluid inlet temperature is set as 39.19°C

Test Time 13:43(PM)  13:52(PM) 13:56(PM) 14:00(PM)
Inlet 39.16 39.12 39.31 39.15
temperature('C)
Outlet 44.06 44.03 4411 44.02
temperature('C)

Table 4.10 Test results when the fluid inlet temperature is set as 43.81°C

Test Time 14:35(PM) _ 14:39(PM) 14:43(PM) 14:47(PM)
Inlet 43.88 43.85 43.8 43.69
temperature('C)
Outlet 48.48 48.44 48.29 48.41
temperature(C)

Table 4.11 Test results when the fluid inlet temperature is set as 46.98C

Test Time 15:20(PM) 15:24(PM) 15:28 (PM) 15:32(PM)
Inlet 46.98 46.91 47.16 46.85
temperature('C)
Outlet 51.34 51.17 51.48 51.25
temperature('C)

Judging from all the efficiencies calculated above, it is obvious that the efficiency of

solar collector decreases as the inlet water temperature increases. That is because the

larger temperature difference between the ambient air and the heat transfer fluid

increases the heat convection loss between the ambient air and the absorber plate. In

addition, a relatively higher efficiency can be obtained under the second testing
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condition since the water flow rate is twice larger than that under the first testing

conditions.

When the mean water temperature (¢,) at the inlet and outlet of solar collector is

used, where

(4.7)

the corresponding relation between ¢, and the efficiency of solar collector under the

considered two kinds of testing conditions is summarized in Table 4.12. It can be

observed that the efficiency decreases as the mean water temperature rises.

Table 4.12 Solar collector efficiency vs mean water temperature

t, ('C) 30.24 36.74 40.33 45.35

lst
n (%) 56.89 5428 5238 50.2

{ ey 372 4163 46.11 49.15
" (C)

2nd
M@©e 743 7235 6891 64.86

4.7 Experiments for different operation control strategies
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In order to ensure an optimum operating performance of the proposed MSA-ASHP
system, appropriate control strategies will be suggested based on the series of

experimental results in this section.

4.7.1 The solar collector loop

Control parameters in solar energy collection systems are differentiated upon
objective, complexity and way of operation. As presented in Chapter 1, in the MSA-
ASHP system, the solar collector loop is mainly used for domestic hot water supply
while the multi-functional ASHP unit works as its auxiliary heat source when solar
radiation is not high enough. In this way, the multi-functional ASHP unit plays little
impact on the thermal performance of the solar collector loop, especially when two
water tanks are adopted in this system. Thus, the control strategy for the solar collector
loop in this study is treated as same with that for a separate solar thermal hot water

system.

Using the least square method, the instantaneous efficiency of the solar collector can
be calculated by statistic curve fitting as shown in Figure 4.4. It shows the variation of
the solar collector efficiency with changing temperature difference between the ambient
air temperature (z,) and the mean water temperature (z,). It can be found that, the
efficiency of the second testing conditions is significant larger than that of the first

testing condition when the temperature difference is less than 35 °C. With the growth of

the temperature difference, the thermal efficiency of the solar collector with higher
water flow rate (i.e. the second testing conditions) drops more quickly than that with

lower water flow rate, say the first testing condition. As a result, the solar collector
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efficiency of the second testing conditions becomes smaller than that under the first
testing conditions. Therefore, control of the temperature difference and flow rate is an

important factor to ensure thermal performance of the solar collector loop.

In literature (Kovarik and Lesse, 1976), an analysis of the optimal flow control
problem in solar energy collection systems has shown that if the amount of energy
collected is the only criterion of performance, maximum flow rate is to be applied
whenever there is a positive gain from the collector. In most cases, the temperature

difference of the flat plate solar collector will be in the range of 10-30°C. Thus, in order

to absorb the most solar energy, in this study, the flow rate is suggested to be above 0.05

kg/s.
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Figure 4.4 Solar collector efficiency vs temperature difference
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4.7.2 The multi-functional ASHP unit

For the MSA-ASHP system, appropriate control strategy is important for its efficient
operation. To find the optimal operation strategy, the system performance is measured
and analyzed in different operation conditions. The main test thermal conditions are
shown in Table 4.13. For these two tests, the water flow rates in the desuperheater and

evaporator are set to be the same, i.e. 0.12kg/s.

Table 4.13 The test thermal environment

operation conditions  Dry bulb temperature (‘C) Relative humidity

A 27.6 74.6%
B 29.8 72.9%

Under the operating condition A, the system firstly operated in the only AC mode. In
the following one hour, it was changed into the AC/WH mode. Finally, the outdoor air-
to-refrigerant condenser was switched off and then the system still worked in the
AC/WH mode but with all condensation heat absorbed by domestic hot water. While in
operating condition B, the system also began in the only AC mode. Similarly, it was
switched into the AC/WH mode later. A few minutes later, the outdoor condenser was
bypassed and all the condensation heat was absorbed by domestic hot water. Half an

hour later, the system operated in the only AC mode again.

The cooling capacities of the multi-functional ASHP unit under the described
operating conditions are shown in Figure 4.5 and Figure 4.6, respectively. From Figure
4.5, it can be seen that, in operating condition A, the cooling capacity of the system

almost keeps above 2kW in the first two operating modes (i.e. the only AC mode and
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the AC/WH mode). When the system operates in the AC/WH mode with all
condensation heat absorbed by hot water, the cooling capacity can still reach 1.5kW
until the outlet temperature of hot water is 46.1°C. In order to improve the cooling

performance, the outdoor air-to-refrigerant condenser should be turned on. In other

words, the system should operate in the normal AC/WH mode.
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Figure 4.5 Cooling capacity under operation condition A

As shown in Figure 4.6, in the operation condition B, the cooling capacity of the
system can also reach above 2kW during the initial operating process (i.e. the first only
AC mode and the AC/WH mode). In the following half hour, the system works in the
AC/WH mode with all condensation heat absorbed by the desuperheater. It can be found
that the cooling capacity is above 1.5kW until the hot water is heated to 39°C. However,
the corresponding COP is 3.4 (as shown in Figure 4.7) which is relatively higher
compared with that of the only AC mode. If the required cooling capacity was 1.5kW,

the system should turn into the normal AC/WH mode or the only AC mode to meet the

required cooling load.
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Figure 4.6 Cooling capacity under operation condition B
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Figure 4.7 Variation of COP under operation condition B

The analysis above took the cooling capacity as the judgment parameter of switching
operation modes. Actually, the COP of the system may affect the switching condition.
Take the experiment under operation condition B for example. In order to obtain better
energy performance in practice, the minimum COP of the system in the AC/WH mode is

required to be 3.0. Thus, when the outlet water temperature reaches 41.4°C the system

96



should be changed to the normal AC/WH mode. In other words, the outdoor air-to-
refrigerant condenser should be turned on. Depending on different requirements of
customers, similarly, the hot water heating capacity and the outlet water temperature of
desuperheater can also act as the judgment parameters for determining the switching

points.

As shown in Figure 4.8, under operation condition A, the average COP of the system
is about 2.8 which is 13.4% higher than that under operation condition B (i.e. 2.47).
Judging from Figure 4.9 and Figure 4.10, it can be found that, in order to obtain the
same outlet water temperature, the operating time of operation condition A is twice as
long as that under operation condition B even though the initial hot water temperature is
a little higher. It is because the system mainly operates in the AC/WH mode with all
condensation heat absorbed by hot water under operating condition B. Thus, more
condensation heat is absorbed by hot water. Therefore, if hot water is required to be
heated to a certain temperature in a relatively short time, the operation condition B is
proposed. The operation condition A is preferred when most condensation heat is

required to recover or when a higher energy performance is necessary.
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Figure 4.8 Variation of COP under operation condition A
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Figure 4.9 Outlet water temperature in operation condition A
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Figure 4.10 Outlet water temperature in operation condition B

4.8 Summary

This chapter mainly introduces a prototype system for experimental tests and
simulation validation of the MSA-ASHP system. It is divided into two parts: one is the

experimental setup for testing a solar collector’s energy efficiency and the other is a
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sample multi-functional ASHP unit. Accordingly, the used measurement apparatus and
experimental methods are described. A more accurate method is adopted for the
uncertainty analysis. The test results of solar collector efficiency show that the selected
solar collector behaves well under the considered weather conditions. Averagely, the
tested solar collector efficiency reaches 70.1%. The appropriate control strategies are
found based on the experimental results. For the solar collector loop, the temperature
difference and flow rate are selected as the control parameters. In order to maximize the
absorbed solar energy, the flow rate is suggested to be above 0.05 kg/s. As for the multi-
functional ASHP unit, different operation modes are suggested depending on different

design purposes.
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CHAPTER 5 SIMULATION VALIDATION

The simulation model of the MSA-ASHP system developed in Chapter 3 can be
used to analyze the system operating performance and to identify any potential
mismatches among all components. In addition, it can be employed to design and
optimize the proposed system when some optimal algorithms are integrated into the
simulation model. However, it is indispensable to validate the theoretical model using
experimental methods before applying it either to engineering practice or other related
research fields. In view of this point, the primary objective of this chapter is to
experimentally verify the built mathematical model of the MSA-ASHP system in

different operating conditions.

5.1 Description of Experiments

In order to validate the simulation model, a series of tests were conducted on the
basis of the built sample system as described in Chapter 4. The total three operation
modes (i.e. the only AC mode, the AC/WH mode and the only WH mode) and the
AC/WH mode with all condensation heat absorbed by the desuperheater were
investigated under different operating conditions. Table 5.1 summarizes the test thermal

conditions and input data of the four sets of experiments.
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Table 5.1 Test thermal conditions and input data

Operation mode Dry bulb temperature (‘'C)  Relative humidity
The only AC mode 27.6 74.6%
The AC/WH mode 27.6 74.6%
The only WH mode 24.8 77.0%
The only WH in AC/WH mode 27.6 74.6%

Throughout the experiments, the data collection system presented in Chapter 4 was
used to record the operating parameters including the inlet and outlet water temperatures
of all water circuits, the water flow rates, the inlet and outlet refrigerant pressures and
temperatures of each component in the multi-functional ASHP unit and the power

consumption of the compressor.

On the basis of the uncertainties of the parameters directly measured, the
uncertainties for the indirectly measured parameters can be calculated using the method
described by Holman (2001), as presented in Chapter 4. According to the range of
operating parameters during the experimental process, the relative uncertainty of the
water temperature was found to be within 0.9%~3.9%. Whereas the relative uncertainty
of the water flow rates was within 2.0%~5.2%. As for the power consumption of the
compressor, the relative uncertainty was found to be 0.5%~1.4%. The heat transfer rates
were found to have a large relative uncertainty of 2.1%~8.0% as it took the uncertainties
of the temperature and flow rate into consideration and the relative uncertainty of the

COP was within 10%.
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Once the necessary parameters and the inlet water temperatures of the load sides and
the domestic hot water side are assumed, the corresponding outlet parameters, heat
transfer rates and the COP can be determined using the simulation model developed in

Chapter 3.

5.2 The only AC Mode

When the MSA-ASHP system works in the only AC mode, it operates in the same
principle with a conventional air conditioner. Figure 5.1 shows the system performance
comparison between the tested COP and the simulated one. The greatest relative
uncertainty is about 9.46% which is acceptable for engineering application. In addition,
it demonstrates that the COP of the proposed MSA-ASHP system is comparative with

that of the conventional air conditioners.
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Figure 5.1 System performance in the only AC mode

5.3 The AC/WH Mode
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In this section, the simulation model in terms of the AC/WH mode was validated
using the corresponding experimental data. The operating performance of the system in

the AC/WH mode was also discussed accordingly.

The comparisons between the experimental measurements and the model predictions
were carried out in terms of the following parameters: the outlet water temperature of
the desuperheater, heat transfer rates of all heat exchangers, the condensation pressure,
the outlet refrigerant temperature of the compressor and the energy performance

(COPac/wn and COPxc) of the system as well. The detailed results are shown in Figures

from 5.2 to 5.8.

In general, the simulation model is accurate to within 10% of the experimental
results. From Figure 5.2, it can be found that the deviation of the simulated outlet water
temperature of desuperheater from the measured values was around +0.5°C.For the

outlet temperature of the compressor, the relative uncertainty ranged from 0.21% to

4.0% (as shown in Figure 5.3).
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Figure 5.2 Outlet water temperature of desuperheater in the AC/WH mode
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Figure 5.3 indicates the variation of the outlet refrigerant temperature of the
compressor during the whole operating process. It is clear that the outlet refrigerant
temperature rises quickly as the operation goes. However, the highest value of the outlet

temperature is about 79°C which is much lower than the upper safety limit.
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Figure 5.3 Outlet temperature of compressor in the AC/WH mode
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Figure 5.4 Condensation pressure in the AC/WH mode
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As the outlet water temperature in the desuperheater rises, the condensation pressure
is significantly increased. Figure 5.4 shows that the condensation pressure ranges from

1.3-1.55MPa throughout the whole operating process, and there is a good coherence

between the simulation results and test data.
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Figure 5.5 Heat transfer rates in the AC/WH mode

Figure 5.5 shows the changing characteristics of the heat transfer rates in all the
three heat exchangers when the system operates in the AC/WH mode. There are two
condensing devices in the MSA-ASHP system: the outdoor air-cooled condenser and the
indoor water-cooled condenser, i.e. the desuperheater. In the AC/WH mode, the two
condensers have complementary roles in condensation heat transfer. It is obvious that
the heat transfer in the desuperheater deteriorates as the operation proceeds.
Consequently, the percentage of heat exchange capacity of the water-cooled condenser
is weakened as shown in Figure 5.6. The recovery rate of the condensation heat for

heating hot water decreases from 55% to 16%. At the same time, the heating capacity of
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the air-cooled condenser is enlarged. The function of the air-cooled condenser is very
important for the MSA-ASHP system at elevated water temperature. It allows a reliable
dissipation of the condensation heat. In this way, the cooling capacity of the system only

reduces a little, say 0.5 kW during the whole operation process.
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Figure 5.6 Condensation recovery rate vs time
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Figure 5.8 COP4c in the AC/WH mode

Compared the results shown in Figure 5.7 and Figure 5.8, it is clear that the system
performance is improved obviously when the condensation heat is recovered for hot
water production. Under the test thermal conditions, the COP¢c/wy ranges from 4.6 to
2.4. The COP4c, which stands for the system performance coefficient when the cooling
capacity of the system is only considered, changes from 2.7 to 1.9. These results further

indicate that the proposed MSA-ASHP system can save energy considerably.

5.4 The only WH Mode

Figure 5.9 shows the outlet water temperature of condenser when the proposed
system works in the only WH mode. It can be seen that the water can be heated from
about ambient air temperature to the required value within an hour. If the water
temperature is preheated by the solar collector loop, the required hot water temperature

will be reached in a shorter heating period. Therefore, this system can meet the hot water
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requirement timely in moderate climates even when the solar radiation is not high.
Besides, as shown in Figure 5.10, the system performance in the only WH mode is about
2.0 on average which is much better than that of conventional water heaters.
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Figure 5.9 Outlet water temperature of condenser in the only WH mode
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Figure 5.10 System performance in the only WH mode

5.5 The only WH in AC/WH Mode
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For application of the MSA-ASHP system, the solar collector loop is firstly used to
heat hot water. If the required temperature is not obtained, the multi-functional ASHP
unit is then employed to continue heating the hot water to meet the heating requirement.
In the only WH of AC/WH mode, the hot water is usually preheated by the solar
collector to a certain degree. Then, the air-cooled condenser of the multi-functional
ASHP unit is turned off and all condensation heat is absorbed by the hot water in the
water-cooled condenser, say the desuperheater. From Figure 5.11, it is seen that the
system COP in this operating mode reduces from 3.4 to 2.1, i.e. about 2.8 on an average
basis, which is much higher than that of conventional water heaters and air conditioners.
Figure 5.12 indicates that, about 20 minutes are needed to obtain the required water

temperature from about 43°C. Compared with the heating time in only WH mode,

shorter time 1s needed when the system operates in the only WH in AC/WH mode. The
MSA-ASHP system can work in the only WH of AC/WH mode when allowed hot water

heating time period is limited.
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Figure 5.11 System performance of the only WH in AC/WH mode
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5.6 Summary

In this chapter, the simulation model developed in this study is validated through a
series of experiments. Comparisons between the simulation results and the test data are
conducted in terms of four possible operating modes: the only AC mode, the AC/WH
mode, the only WH mode and the only WH in AC/WH mode. The investigation results
show that the relative uncertainty of the simulation models is within 10% which is
acceptable for engineering applications. In addition, in the only AC mode, the proposed
system behaves better than conventional air conditioners. In the AC/WH mode, the
system performance is improved significantly when the condensation heat recovery is
considered for free hot water supply. As for the only WH mode, the system performs

better as compared with the conventional water heaters. When the system operates in the
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only WH of the AC/WH mode, the system performance is very good and required hot

water temperature can be obtained quickly.

As a whole, the investigation analysis obtained from four different operating modes
indicate that simulation results agrees well with experimental data and the MSA-ASHP
system can save a lot of energy compared with conventional systems for air conditioning

and water heating purposes.
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CHAPTER 6 ENERGY AND EXERGY ANALYSIS OF

THE MSA-ASHP SYSTEM

6.1 Introduction

Exergetic analysis has become an integral part of thermodynamic assessment of any
solar assisted heat pump system. The conventional energy analysis (based on the first
law analysis) does not give the qualitative assessment of the various losses occurring in
the components. The major indicator — the coefficient of performance (COP) of the heat
pump system, which is directly derived from the first law of energy conservation
principle, can only compare the desired energy output to the required energy input. In
other words, it cannot represent the quality of energy and indicate the irreversibility or
the energy losses in the components of a thermal system (Wark, 1995). That is why the
exergy analysis (based on the second law analysis) is used to get a clear picture of the

various losses quantitatively as well as qualitatively (Singh, et al., 2000).

In recent years, experimental studies and theoretical analysis based on the exergy
concept with heat pump systems have been reported. Ding et al. (2004) studied an
improved air source heat pump (ASHP) and presented a new subcooling system
employing a scroll compressor with supplementary injections that can effectively solve
the problems. The prototype of an ASHP was validated and relevant dynamic
performance was tested in this study. Ozgener and Hepbasli (2005), investigated

performance analysis of a solar-assisted-ground source heat pump (SAGSHP)
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greenhouse system and researched the performance characteristics with a 50 m vertical
u-bend group heat exchanger. Kaygusuz and Ayhan (1993), studied a solar-assisted heat
pump (SAHP) system experimentally and analyzed the data using exergy concept
method. Pei et al. (2005), presented the performance of multi-functional domestic heat
pump system and discussed the working principles and the basic features of this system.
Pei et al. (2005), also reported that a multi-functional domestic heat pump system that
can provide much better energy performance and higher equipment utilization, causes
less thermal pollution than the heat pump water heater and the conventional air
conditioner. Torres Reyes et al. (1998), studied exergy analysis and optimization of a
SAHP system and discussed the optimum evaporation temperature as a function of a
parameter that involves ambient conditions and the overall heat transfer coefficient.
Badescu (2002), studied first and second law analysis of a SAHP system and found that
most of exergy losses occur during compression and condensation. He reported that the
photovoltaic array can provide all the energy, required to drive the heat pump
compressor. Li et al. (2007), studied the thermal performance of a direct expansion
solar-assisted heat pump water heater (DX-SAHPWH) experimental setup. They
evaluated through energy and exergy analysis and also calculated the exergy loss
coefficient of each component and the exergy efficiency of the whole DX-SAHPWH
system. Hepbasli (2007), deal with the exergetic modeling and performance evaluation
of solar-assisted domestic hot water tank integrated GSHP systems and applied the
model to a system. Li et al. (2007), studied on the experimental performance analysis
and optimization of a DX-SAHPWH. They reported that the highest exergy loss occurs

in the compressor and collector/evaporator, followed by the condenser and expansion
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valve, respectively. Ozgener and Hepbasli (2007) have reviewed comprehensively
energy and exergy analysis of SAHP systems. They summarized the studies conducted
on the energy and the exergy analysis of SAHP systems in Turkey and around the world.
Kara et al. (2008) have reviewed exergetic assessment studies about direct-expansion
SAHP (DX-SAHP) systems. Cervantes de Gortari and Torres-Reyes (2002) conducted
experiments on a DX-SAHP system and determined the maximum exergy efficiency.
They (2001) also found that the exergetic efficiencies of the system are in the range of
0.067-0.13 and 0.083-0.14, which were calculated for two different equations, while the

COP values for the heat pump varied from 2.56 to 4.36.

The literature review shows that exergy investigation has become an essential part
for analyzing heat pump systems including the SAHP systems and the multi-functional
heat pump systems. However, very limited review studies have been done for analyzing
the operating performance of the MSA-ASHP system on the basis of the exergy concept.
Therefore, this chapter aims to evaluate the energy and exergy efficiencies of the MSA-
ASHP system for supplying both air conditioning load and hot water heating load under

subtropical weather conditions.

6.2 Energy Analysis of the MSA-ASHP System

The energy analysis of the MSA-ASHP system has been conducted in detail in
Chapter 3. It mainly involves the energy balance and energy performance definition as

follows:

The energy balance:
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Qdes + ann = W + Qevp (6 1)

The definition of COP in different operation modes:

COP,. = Qe
A (6.2)
Qev + Q €S
COPAC/WH = pTd 6.3)
cop,,, = L
W (6.4)

The above equations for energy analysis show that the COP only relates to the
energy transferred between the different components in the system. It gives equal
weighting to both the electric energy supplied to the compressor and the low-grade
thermal energy in the heat exchangers. No consideration on the quality changes of the
different energy resources is found in the energy analysis. Hence, it is necessary to
further investigate the exergy performance of the MSA-ASHP system on the basis of the

second law of thermodynamics.

6.3 Exergy Analysis of the MSA-ASHP System

An exergy analysis (or second law analysis) has proven to be a powerful tool in the
simulation thermodynamic analyses of energy systems. In other words, it has been
widely used in the design, simulation and performance evaluation of energy systems.

Exergy analysis method is employed to detect and to evaluate quantitatively the causes
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of the thermodynamic imperfection of the process under consideration. It can, therefore,
indicate the possibilities of thermodynamic improvement of the process under

consideration (Hepbasli, 2008).

6.3.1 General relations of exergy analysis

Exergy is the measurement of maximum useful work that can be produced by the
system interacting with an environment having constant pressure (P) and temperature
(To) (Ozgener and Hepbasli, 2005). When a system and its environment are in
equilibrium with each other, the system can be assumed to be in its dead state (Li et al.,
2007; Hepbasli, 2007). In this study, the dead state is taken as the average state of the

local atmospheric air during the experimental test.

For a general steady-flow process, the four balance equations (mass, energy, entropy
and exergy) are applied to the work and heat interactions, the rate of exergy decrease,
the rate of irreversibility, the energy and exergy efficiencies (Li et al., 2007; Ozgener

and Hepbasli, 2007; Balkan et al., 2005; Cornelissen, 1997; Wall, 2003).

The mass balance equation can be expressed in the rate form as

Zmin = Z"hout (65)

The general exergy balance for a control region can be written as follows

Z Exin - Z Exom = Z Exdest (66)
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or

Ex, —Ex. . +Ex . —Fx  —Ex,

work mass in mass out (6.7)
with

Ex, . =W (6.8)

EXppsn = > Min ¥, (6.9)

E Xpass.out = Z Mo Y out (6.10)

where W is the power consumption rate. The exergy associated with the heat transfer on

the control surface is determined by the maximum work that could be obtained using the

environment as a reservoir of thermal energy (Kotas, 1985). For a heat transfer rate Q

through the boundary at temperature 7 the heat exergy is:

Exheat :Z( _%]Q

(6.11)

The specific stream exergy of a fluid in a steady-flow process with kinetic and

potential-energy changes neglected can be calculated as:
p=(h—h)-T,(s—s,) (6.12)
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where /4 is enthalpy, s is entropy, and the subscript zero indicates properties at the

restricted dead state of Py and temperature 7.

Then, the exergy change of a fluid with mass flow rate m between the two states is:

l//z_l//lzm(hz_hl_To(Sz_Sl)) (613)

Numerous ways of formulating exergetic (or exergy or second-law) efficiency for
various energy systems are given in Ref. (Cornelissen, 1997). It is very useful to define
efficiencies based on exergy. Whereas there is no standard set of definitions in the
literature, two different approaches are generally used — one is called “brute-force”, the

other is called “functional” (Dipippo, 2004).

The “brute-force” exergy efficiency is defined as the ratio of the sum of all output
exergy terms to the sum of all input exergy terms. While a “functional” exergy
efficiency for any system is defined as the ratio of the exergy associated with the desired
energy output to the exergy associated with the energy expended to achieve the desired

output.

Here, in a similar way, exergy efficiency is defined as the ratio of total exergy output

to total exergy input, i.e.

Ex _ E xdest

output _ 1

&=
Exinput input (6 14)
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where “output or out” stands for “net output” or “product” or “desired value” or
“benefit”, and “input or in” stands for “given” or “used” or “fuel”. It is clear that the
brute-force definition can be applied in a straightforward manner, irrespective of the
nature of the component, once all exergy flows have been determined. The functional
definition, however, requires judgment and a clear understanding of the purpose of the
system under consideration before the working equation for the efficiency can be

formulated (Dipippo, 2004).

On the basis of the aforementioned formulations about exergy analysis and the
operating characteristics of the system, it is convenient to deduce the exergy decreases
and gains for each of the multi-functional SAHP system components, which is

llustrated in Table 6.1.

Table 6.1 Exergy analysis for the system components

Component Exergy input Exergy output Irreversibility
Exin (kW) ExOut (kW) Exdest (kW)
Solar collector Exscor Mo ¥y =MW EXscor=my W, +myp,,
Compressor W com m, (l//r13 V. ) W com— m, (l//m Y, )
Evaporator m, (l//rlo _l//rll) ms,, (l//l(aw_l//ISW) m, (l//rlo _l//rll)_mww('//]ﬁw_'//15w)
Desuperheater

m, ('//;-13 _Wr14) mg,, (W7w _V/sw) m, (V/m _V/r14)_ mg,, (V/7w _V/6w)

T, T,
Condenser mr (l//r8 - Wr9 ) Qa - __0 mr (WrS - !//r9 ) - Qa 1 - __0

Ta Ta
Expansion valve  m y/ my .. m, (l//r9 .10 )
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Van Gool (1997) has also proposed that maximum improvement in the exergy
efficiency for a process or system is obviously achieved when the exergy loss or
irreversibility is minimized. Consequently, he suggested that it is useful to employ the
concept of an exergetic “improvement potential” when analyzing different processes. In
this thesis, except for the exergy and energy efficiencies, the Van Gool’s improvement

potential (/P) is evaluated as:

IP= (1—5)(Ex,-n—Exomj
(6.15)

6.3.2 Calculation methods of related thermodynamic properties

Three kinds of substances are involved during the operation of the MSA-ASHP
system. Some basic thermodynamic properties (i.e. enthalpy and entropy) of these
substances are necessary for the exergy analysis as shown in the above section. The
corresponding calculation methods for the related thermodynamic properties are

described in the following sections.

6.3.2.1 The thermodynamic properties of water

The enthalpy of water is obtained based on the following equation:
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10

h/ 70120.4= 40— (n—2)4,0""

n=1

+A4,{Z|17 Z Y 59L +a,0—(a,-1)0YY 27"
29 12 12

+[A12 ~ 4,0 + 4,5(90+a,)(a;~0) + 4, (200" +a,)(a, + 91")2}ﬂ
(120" +a,)(a, +6")" (4, 8+ A B + Ay )+ Ay 5 (174, +1967)

x[(am +ﬁ)73 + a”,Bj|+ Azlalle3 + 21’422‘9720'34 (6 16)

where,
Y=1 —aﬂz —a20’6 ,
Y =-2a,0+6a,07,
Z=Y+(a,y’~2a,0+2a,)"
h, = the water enthalpy under temperature 7, , J/kg;

w,cr

0 =reduced temperature, 0 =T, / T,. T, is the critical temperature (647.3K);

B =reduced pressure, =P, / P P, . 1s the critical pressure (22.12Mpa).

w,er 2 T w

As for the entropy of water, it is calculated as:

10
sW/108.32:AolnH—Z(n—l)Ane"2+A11{[1522—(a3—I)Y}Y'+a4}25/”
n=2
+[—A13 ~24,0+104,(a,~0) +194,(a, +6" )’2 918} Vij
1172 plo 2 3 17 2
—11(a+0") 0" (4, B+ A4S’ + A )+ 4,,0" (184, +206°)

x[(alo +ﬂ)7 "‘anﬂJ + AzuB3 "'20’4226’721'34 (6.17)
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where S, is the entropy of water at temperature 7, J/kg. The related coefficients

involved in the calculation are shown in Table 6.2.

Table 6.2 Related coefficients for water thermodynamic properties

Item Value Item Value Item Value

Ay  6.824787741x10°  4,, -2.616571843 x10” a, 8.438375405 x10™
A, -5.422063673x10>  A;;  1.522411790 x10°  a, 5.362162162 x10™
A, -2.0966666205x10* A4,,  2.284279054 x1072 a; 1.72

A;  3.941286787x10%  A;5  2.421647003 x10°  a, 7.342278489 x107
A, -6.733277739x10% 4,5 1.269716088 x107'0 a5 4.97585887 x107
As  9.902381028x10*  4,,  2.074838328 x107  ag 6.5371543 x10!
As  -1.093911774x10°  A;,5  2.17402035 x10°  a; 1.15x10°®

A;  8.590841667x10* A4, 1.105711498 x10”  ag 1.5108 x10

Ay -4.511168742x10* A4y  1.293441934x10'  ao 1.4188 x10™!

A, 1.418138926x10°  4,;  1.308119072x10° a;,  7.002753165

Ay -2.017271113x10° 45, 6.047626338 x10™™ a;;  2.995284926 x10™

A; 7.982692717 ap  2.04x10"

6.3.2.2 The thermodynamic properties of air

The enthalpy of air can be evaluated using the following equation:

= (6.18)

122



where h(T ) stands for the enthalpy of air at temperature 7', J/kg; a(n) are the related

coefficients, and the detailed values are:

a(1)=0.12074x10%, a(2)=0.924502, a(3)=0.115984x107",

a(4)=-0.563568x10"°

The air entropy is calculated as:

> b(n)T" +b(3)ln(T)}

(6.19)

where s(T ) is the air entropy at temperature 7', J/kg; b(n) are related coefficients, and

the following specific values are adopted:

b(1)=1.386989, h(2)=0.18493x107, h(3)=0.95

6.3.2.3 The thermodynamic properties of refrigerant

As mentioned in Chapter 3, the enthalpy of the refrigerant is calculated using the
simplified model proposed by Cleland (1986). For the entropy calculation, the following

equations are adopted.

For the saturated vapor, the entropy is expressed as:

| op -2
s, =-T, j(ﬁ_]; pdp+s,+s,
’ (6.20)
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where s, is the entropy of the saturated refrigerant vapor, J/(kg.K); T, is the critical
temperature of refrigerant; 7 is the reduced temperature of refrigerant; P is refrigerant

pressure; pis the density of refrigerant vapor; s, is the constant-volume entropy; s, is

a related constant (Rankhesh et al., 2003).

For the saturated liquid refrigerant, the entropy is calculated as:

] ( 1 ljdps
P =Se T | T T | T
0Lp, P )dl (6.21)

where s, 1s the entropy of the saturated liquid refrigerant; p is the density of refrigerant;

p, 1s the saturated vapor pressure; the subscripts g and 1 stand for vapor and liquid

respectively.

6.3.3 Exergy analysis in the AC/WH mode

As illustrated in Figure 6.1, the multi-functional SAHP system can be divided into
two sections, i.e. the solar collector circuit and the multifunctional ASHP unit, which are
coupled by the storage tank for hot water supply. The former part includes the solar
collector, the preheating tank and two water pumps, while the latter consists of a rolling
piston compressor, a thermostatic expansion valve, three heat exchangers (desuperheater,

condenser and evaporator) and one water pump.
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Figure 6.1 MSA-ASHP system in the AC/WH mode for Exergy Analysis

6.3.3.1 Exergy equations in the AC/WH mode

Taking the AC/WH mode as an example, the exergy efficiencies of two major

circuits of the MSA-ASHP system are evaluates as follows:

- The solar collector circuit

Exin,scol = Exscol + Ex3w+ Wpump,l + Wpump,Z (6 22)

The Petela expression (Petela, 2003; Petela, 2005) is used in calculating the exergy
of solar radiation (£¥so!) as the exergy input to the solar collector.

4
Exscol :Alt 1-|-l & —i i
3T 3\ T

sr Sr

(6.23)

where T, is the solar radiation temperature and taken to be 6000K; A is the solar

collector area, m?; I , 1s the total solar radiation on the tilt surface, W/m?.
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EX(mt,scal = Ex4w (624)

Ex 4w

&

scol —

EXS001+ Ex3W+ Wpump,1+ I/‘VPW”P,2 (625)

- The multifunctional ASHP unit

Exm,unit = Wcomp + Qevp {_0 - 1 + Wpump,3

Tve (6.26)

where 7. means the average chilled water temperature in the evaporator.

The exergy output of the unit is the sum of the exergy gains in the desuperheater and

condenser:

ﬂ“’ﬂ

. T
EXauz,unit = Qdes [1 _OJ + Qcon [1 - J
Tw air (6.27)

where 7', means the average hot water temperature in the desuperheater and 7. is the

average air temperature throughout the condenser.

Therefore, the exergy efficiency of the multifunctional ASHP unit is calculated as

follows:
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Qdes [1_ ?(') J+an{l_ —T;) J
_ Tw Tair
&< =

unit
Wcom + Qe‘vp [0 — IJ + Wpump,?)

Tve (6.28)

6.3.3.2 Discussion on exergy results in the AC/WH mode

For exergy analysis in the AC/WH mode, based on the recorded experimental data,
the dead state is taken as the average state of the local atmospheric air during the

experimental test, which are Py=1 atm and T(=26.94C.

In the present study, a more precise method (Holman, 2001) of estimating
uncertainty in experimental results is employed as introduced in Chapter 4. Based on the
measured data and their uncertainties, the relative uncertainty of the COP was found to
be within 9.6% and the relative uncertainty of the exergy efficiency varied from 7.8 % to

10% in the concerned experiments.

Based on these calculation methods together with the recorded data of the selected

operating point, the detailed property data is calculated and shown in Table 6.3.

The exergy analysis results are listed in Table 6.4. It can be found that the greatest
irreversibility occurs in the solar collector, followed by the evaporator, the compressor,

the desuperheater, the condenser and the thermostatic expansion valve.

As seen in Table 6.4, the exergy efficiency of the solar collector is the lowest of all
components since the highest exergy destruction occurs in this part. Solar energy is

highly inefficient from the standpoint of avoiding the one-way destruction of exergy.
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Therefore, solar energy should be first used in high temperature applications. The
thermal energy from those first applications can be then cascaded to applications at

lower temperatures, eventually.

Irreversibility in three heat exchangers (i.e. evaporator, desuperheater and condenser)
is mainly caused by the temperature differences between the two heat exchanger fluids,
pressure losses and heat transfer with the environment. In the present system, the
experimental data show that the greatest pressure loss (0.56MPa) occurs in the
evaporator, which may be the main cause that the evaporator has the greatest exergy loss

among three heat exchangers.

It 1s known that the input work consumed by the compressor depends heavily on the
inlet and outlet pressures. Hence, any heat exchanger improvement that reduces the
temperature difference will decrease the compressor power consumption by bringing the
condensing and evaporating temperatures closer. In this way, the compressor
irreversibility can be reduced and its exergy efficiency is increased accordingly. In this

study, the exergy efficiency of the compressor is 61.2%.

The exergy efficiencies of the solar collector loop and the multi-functional ASHP
unit are calculated based on equations (6.25) and (6.27). The exergy efficiency of the
solar collector loop (10.48%) is a little lower than that (14.53%) of the similar solar
collector circuit in Hepbasli’s study (Hepbasli, 2007). That may be because the work
input consumed by water pumps in the solar collector loop is considered in the present

study. The exergy efficiency of the multi-functional ASHP unit is about 13.4%, while its
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COP reaches 2.98. Compared with a conventional air conditioner, which has a COP

around 2.4, the proposed system shows 24.2% higher system performance.

Van Gool’s improvement potential (/P) is calculated for each component of the
system as shown in Table 6.4. It is indicated that the solar collector has the largest /P
value with 0.97kW, followed by the evaporator, the compressor, the desuperheater and

the condenser with 0.61, 0.16 and 0.12kW, respectively.

Table 6.3 Property data of the system

State Fluid Temperature Enthalpy Entropy flow rate

no. T(C) h(kJ/kg)  s(ki/kgK) m(kg/s)
0 Air | 26.94 0.999 0.0406

1 Water 35 146.63 0.5051 0.18
2 Water 395 165.44 0.5657 0.18
3 Water 25 104.83 0.3672 0.18
4  Water 37 156.24 0.5361 0.18
6  Water 39.5 165.44 0.5657 0.18
7 Water 40.8 185.09 0.628 0.18
8  R22 35.1 243.1 1.146 0.043
9  R22 32 239.2 1.133 0.043
10 R22 11.6 239.2 1.134 0.043
11 R22 14.8 414.9 1.777 0.043
12 R22 11.9 411 1.725 0.043
13 R22 62.6 437.2 1.763 0.043
14 R22 35.1 243.1 1.146 0.043
15  Water 18 75.54 0.2677 0.12
16  Water 13.8 57.95 0.2069 0.12
17 Air 26.94 0.999 0.041 0.65
18 Air 30.4 1.225 0.046 0.65
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Table 6.4 Exergy analysis results of the system

Component Exergy input Exergy output Irreversibility Exergy efficiency IP
Exin (kW) Exou (kW) Exaess (kW) & (%)
(kW)
Solar collector 1.18 0.11 1.07 9.5 0.97
Compressor 1.04 0.64 0.4 61.2 0.16
Evaporator 0.76 0.08 0.68 10.53 0.61
Desuperheater 0.38 0.17 0.21 44.74 0.12
Condenser 0.16 0.02 0.14 12.5 0.12
Expansion valve  2.83 2.77 0.06 97.88 0.001
Solar collector 1.24 0.13 1.11 10.48 0.99
loop
ASHP unit 2.54 0.34 2.2 13.4 1.91
6.4 Case Study

As described in Chapter 5, three different experiments which are corresponding to

different operating modes have been conducted based on the built sample system. In

order to further investigate the exergy and energy performance of the MSA-ASHP

system, the actual exergy efficiencies of the three experiments together with the COP

values are calculated according to the experimental data.

conditions have been presented in Chapter 5.
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The variations of energy and exergy efficiencies in the two cases of the only AC and
AC/WH modes are illustrated in Figure 6.2 and Figure 6.3 respectively. In general,
compared with the only AC mode, the AC/WH mode behaved a distinctly higher
operating performance associated with the energy and exergy efficiencies due to the
useful energy gain of the domestic hot water. As shown in Figure 6.2, the exergy
efficiency of the only AC mode was decreased from 16% to 9% with operating time. For
the AC/WH mode, whereas, its exergy efficiency was found to be firstly increased to a
high value of about 22% during several minutes and then decreased as the operation
processed. This is due to the fact that the increase rate in the exergy gain of the domestic
hot water was larger than that relative increase rate of power consumption at the
beginning of the experiment and, after several minutes, the power input played a

dominant role in determining the exergy efficiency.

Figure 6.4 shows the variation of the COP and the exergy efficiency of the proposed

system in the only WH mode. It can be found that the average value of COP was around
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2.0 during the considered experimental period, which is greatly higher than that of the
conventional hot water heaters. The COP was obviously reduced with the operating
time. That is because the increased domestic hot water temperature resulted in the
continual growth of the compressor power consumption. However, the corresponding
exergy efficiency was increased from 29% to 36%. The contrary changing trends
between the COP and the exergy efficiency reveal that higher COP of a MSA-ASHP
system may not represent a higher exergy efficiency which should be further

investigated by co-analysis of exergy and energy.

6.5 Comparisons with Commonly Used Hot Water Heating Systems

In order to further analyze the operating performance of the MSA-ASHP system, a
meaningful comparison of energy and exergy efficiencies has been conducted between
the proposed system and the other three kinds of commonly used systems with respect to
domestic hot water supply. The considered systems include the electric water heater, the
gas-fired water heater and the conventional ASHP system. Based on a series of

experimental data, the energy performance of the MSA-ASHP system can be expressed

as a function of the average domestic hot water (DHW) temperature (fDHW ). A second-
order polynomial regression is employed to fit the correlation of energy performance (i.e.

COP). The fitted equation is given as follows:

COP,g, sup =0.0049T pysy” —0.519T praw +15.71 (6.29)

When the comprehensive performance data of a heat pump unit from manufacturers

are available, the relationship between its energy performance (i.e. COPssnp) and the
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average DHW temperature can be obtained through a linear regression of the catalog
data. In this case, an ASHP unit with the same nominal capacity as the designed system

is selected for comparison. Similarly, a second-order polynomial equation is given as:

COP,s, 1sup =0.0015T pyy” —0.1893T prw +7.5826 (6.30)

Based on the second law of thermodynamics, the exergy efficiency of an electric

water heater can be expressed as:

T
QDHW (1 - T o j T
gelec = o = (1 — = j ' nelec (63 1)
Opiow Metee T prw

The exergy efficiency of the gas-fired water heater is evaluated as:

1,

QDHW (1 __enw j
= Lom / (1 . j-ngas /co (6.32)

(QDHW/ngas ) % T puw

ggas

where Q,,,, 1s the heat gain by the DHW; T, is the environmental temperature which
equals the outdoor air temperature; 77, means the energy efficiency of the electric

water heater which is assumed to be 95%; 7,,, is the energy efficiency of the gas-fired

water heater which is proposed to be 85% and ¢ is the ratio of specific chemical exergy

of the gas to its net calorific value (1.04) (Kotas, 1985).

The exergy efficiency of the ASHP system can also be deduced based on the second

law of thermodynamics:
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T
Easup = (1 _—ij ~COP (6.33)

T paw

Based on the aforementioned assumptions and equations (6.29) through (6.33), the

energy and exergy efficiency of four different DHW supply systems were calculated

under the specific operating conditions of 7, =25°C and Tomw in the wide range of

30-50°C. The investigation results are shown in Figures 6.5 and 6.6.
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Figure 6.5 Comparison of energy performance

It can be observed from Figure 6.5 that the MSA-ASHP system resulted in the
highest energy performance which ranges from 4.3 to 2.0. It is followed by the ASHP
system (3.2-1.9), the electric water heater (0.95) and the gas-fired water heater (0.85).

Consequently, the energy performance of the MSA-ASHP system is 18.9% higher
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compared with that of the conventional ASHP system and significantly more energy can

be saved as compared with the electric water heater and the gas-fired water heater.
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Figure 6.6 Comparison of exergy efficiencies

As shown in Figure 6.6, similarly, the MSA-ASHP system offered the highest
exergy efficiency of about 20%, followed by the ASHP system which has a relatively
higher value of 14.4%. When it comes to the electric water heater and gas-fired water

heater, the maximum efficiencies are only 7.3% and 6.6% respectively.

From Figure 6.6, it can also be found that the increasing rate of exergy efficiencies
of the MSA-ASHP and ASHP systems decreases as the average water temperature
increases. The reduction can be explained through the fact that the growth of the power

consumption becomes a major role in the exergy efficiencies rather than the increase of
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the exergy gain in the case of the high temperature of Touw . On the other hand, the

exergy efficiencies of the electric water heater and gas-fired water heater are always

increases with the rise of 7 puw owing to the gradually reduced difference of energy
quality between the energy supplied to the system and system output, say the hot water.
Unfortunately, their exergy efficiencies were still much lower than those of the MSA-
ASHP and ASHP systems, even at the highest DHW temperature. The low exergy
efficiencies of the electric water heater and gas-fired water heater indicate a poor match
between the quality of energy supplied to the system and the quality of output produced
by the system. This mismatch obviously results in considerable irreversible losses
because of the large irreversible heat transfer. Therefore, it is not economical to supply
DHW using the commonly used water heaters, say electric water heater and gas-fired

water heater.

6.6 Summary

The exergetic modeling and performance evaluation of the MSA-ASHP system were
conducted in this chapter. Appropriate exergy equations are derived for the considered
system and its each component. Based on experimental data, the energy and exergy
performances of the MSA-ASHP system in three different operation modes have been

analyzed. Some specific conclusions of this investigation can be drawn as follows.

The greatest irreversibility on the whole system occurs in the solar collector,
followed by the evaporator, the compressor, the desuperheater, the condenser and the
thermostatic expansion valve according to the detailed exergy analysis for each

component of the proposed system in the AC/WH mode. Solar energy is highly
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inefficient from the standpoint of avoiding the one-way destruction of exergy. For the
multi-functional ASHP unit, more attention should be paid to the evaporator to reduce
its exergy loss. The exergy destruction in the compressor in this study was also
significant. The external exergy loss in the compressor due to the electrical and
mechanical efficiencies can be significantly reduced by improving the performance of
the motors, valves or lubrication systems. The internal exergy loss due to the fluid
friction and the pressure difference in the compressor can be progressively reduced by

decreasing the condensing and evaporation pressure difference.

The exergy efficiencies of the solar collector loop and the multi-functional air source
heat pump unit are 10.48% and 13.4% respectively. The COP of the studied system
reaches 2.89 which is 24.2% larger than that of the conventional air conditioner. In
addition, the solar collector has the highest improvement potential value, followed by

the evaporator, the compressor, the desuperheater and the condenser.

The case study shows that a higher COP of the MSA-ASHP system may not
represent a higher exergy efficiency. The optimal operating condition may be obtained
for the MSA-ASHP system to achieve high energy efficiency and simultaneously to
keep high exergy efficiency through the co-analysis of the first and second laws of

thermodynamics.

The comparison analysis among the four different DHW heating systems shows that
the MSA-ASHP system has the highest energy and exergy efficiencies. The significantly
low exergy efficiencies of the conventional water heaters are caused by the mismatch of

the high quality energy supply and low quality energy demand. All investigation above
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demonstrates that this novel MSA-ASHP system is a good choice for buildings with
heating and cooling loads throughout a year, e.g. residential buildings, hotels, hospitals

and other commercial/industrial buildings in subtropical areas.
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CHAPTER 7 ANNUAL ENERGY PERFORMANCE

PREDICTION AND ECONOMIC ANALYSIS

7.1 Introduction

In order to find the annual energy saving of the MSA-ASHP system, the accurate
typical meteorological year (TMY)) data for simulations is needed. In this chapter, the
TMY is firstly developed using a relatively simple procedure (i.e. Weather Year for
Solar Systems, WYSS). The simulation model developed in Chapter 3 and the
synthetically generated weather data are incorporated in the annual performance
prediction program. For the solar collector loop, the monthly performance is also
analyzed based on the basic mathematical correlations adopted in the F-chart method
(Haberl, 2004). The investigation results indicate that the generated typical weather year
data gives better accuracy than that of other available weather data. The annual
simulation results show that the monthly solar fraction of the system can reach 61.8% on
an average. The monthly average system COP value is 3.0 throughout a year. The
annual energy saving of 54.9% can be achieved when the MSA-ASHP system is
adopted instead of an electric water heater plus a conventional air conditioner. The life
cycle saving (LCS) analysis for using the MSA-ASHP system in Hong Kong is

conducted as compared to the conventional ASHP system with an electric water heater.

7.2 Development of Typical Meteorological Year
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Predicting the performance of a solar system by using simulation methods requires
weather data input from the location where the system is being installed. These sets of
data should depict the weather pattern of the location, examples of which are widely
known as Typical Meteorological Year (TMY), Weather Year for Energy Calculations
(WYEC) and Test Reference Year (TRY). In Hong Kong, TMY and TRY are generally
used. The example weather year of Hong Kong which is deemed as TRY data was
developed by Wong and Ngan (1993), using 13 years real hourly weather data (from
1979-1991).The selection criterion of TRY is based on the smallest deviation from the
long term historical years’ values and the year 1989 was selected as the example year.
The TRY selected tends to be rather mild, extremely high or low mean temperatures
were progressively eliminated, thus not necessarily reflecting the prevailing ‘‘average’’
weather conditions. To address the shortcomings of the TRY, more sophisticated TMY
was developed by Chow and Chan (2006) using the hourly measured weather data of a
25 year period (1979-2003) in Hong Kong. Unlike the TRY, the TMY is not an actual
past year. It is composed of 12 typical meteorological months (TMMs) that selected by
comparing their cumulative distribution function (CDF) with the long-term CDF. By
considering the weighting factor of the annual and monthly mean values of major
weather indices, the month with the smallest deviation from the mean value is taken as
‘standard’ month and used for formulation of a TMY. The selection of TMY is highly

relays on the weighting factors of the different metrological variables.

For strict statistical significance, different energy systems will have different TMYs.
The aforementioned studies are mostly for building energy simulation and may not be

appropriate to address the renewable energy application systems such as wind and solar
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energy applications. Yang and Lu (2002) studied the impact of different TMYs and
EWYs according to their different weather parameters and weighting factors and
concluded that the right weighting factors of meteorological parameters play an
important role in the process of generating TMYs for renewable energy application
systems and the persistent structure of meteorological parameters is also important in
affecting the reliability and initial cost of these kind of renewable energy system with
energy storage. Argiriou et al. (1999) presented more detailed examination of 17 major
TMY selection methodologies reported in literature and those obtained TRYs were
evaluated according to their impact on performance simulations for flat plate solar
collector, photovoltaic, large scale solar heating system with seasonal storage and the
annual heating and cooling loads of a typical building. They found that the optimal TRY
differs from system to system. These differences may lead to erroneous conclusions on

the performance, the sizing and feasibility assessment of a certain energy system.

The earlier studies reveal that the selection of the TMY or TRY greatly depend on
the weighting factors and for different energy system the TMY or TRY may not be the
same for best performance evaluation and prediction. Further more, none of the
aforementioned methods for deriving TMY take the sensitivity of the system into
account. Thus, in this research, a new method — Weather Year for Solar Systems (WYSS)
proposed by Gazela and Mathioulakis (2000) is adopted for determining a set of typical

weather data in order to evaluate the long-term performance of the MSA-ASHP system.

7.2.1 Development of methodology
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Several methods for TMY generation have been reported in the literature.
Procedures have been reported by Klein et al. (1976), Crow (1981), ASHRAE
Fundamentals (1997), Bahadori and Chamberlain (1985), Pissimanis et al. (1988), Festa
and Ratto (1993), Marion and Urban (1995). The primary objective of these methods is
to select single years or single months from a multi-year database, preserving a
statistical correspondence. This means that the occurrence and the persistence of the
weather should be as similar as possible in the TMY to all available years. In addition,
the aforementioned methods often seem rather complicated when put into use. Moreover,
these methods significantly change the final selected ‘typical’ months or years in the
same way as the results of the long term prediction of the system performance. This
could lead to dubious results for the behavior of the system and may give rise to

confusion, especially when the system is being tested.

In this research, the WYSS procedure is adopted to generate the TMY data. This
method is quite straightforward, easily applicable and can be reliably applied in
predicting the long term performance of a solar hot water heating system, minimizing
the error in the estimation. The optimum selection of each individual month, considering
this error, relies on the observation that the solar sensitivity of the solar system to
weather pattern affects the accuracy of the prediction. Thus the primary difference of the
WYSS procedure from the existing ones is that it is system oriented. On the one hand,
this solves the problems which derive from the subjectivity of the criteria for generating
TMY data and on the other hand makes the WYSS procedure more suitable for testing

solar hot water heating systems.
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7.2.2 The WYSS procedure

All the aforementioned methods for TMY data generation aim to represent the
weather pattern at a particular location. Special care is given to choosing months (or
years in the US National Oceanic and Atmospheric Administration Method, i.e. NOAA
method) where weather sequences and persistence maintain correspondence to long-
term data. However, through the literature review, typicality appears subjective. This is
due to the fact that the selection criteria for typical months or year are based mostly on
mathematical and statistical methods rather than the natural operation of the system.
Besides, a remarkable fluctuation is noted among the typical months selected according
to these existing procedures. Moreover, the final results such as the monthly delivered
power of the system when long term performance is estimated, are significantly different
(Argiriou et al., 1999). This could be a serious problem, especially when a solar system

is tested and the final conclusions for the system should be reliable and accurate.

The most important criterion for selecting typical months is the use to which the data
is being put since typicality inevitably remains subjective. The WYSS procedure is
directed towards the prediction of long term behavior of a solar hot water heating system.
In this case, the performance indicator is characterized by the delivered power of the
studied system. In this research, the selection is based on the monthly solar gain of the
solar collector loop. In this way, the TMY data receive a specified orientation, a bit
different from the one it already has. This is due to the combination of climatological

conditions, weather sequences and system characteristics which affect its behavior.
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The typical weather data selected by the WYSS procedure consist of 8760 hourly
values of the two meteorological parameters: global solar radiation and the ambient air
dry bulb temperature. For generating this set of typical weather data, the real hourly
weather conditions of a long period (from 1993 to 2007) have been used (Hong Kong
Observatory). During the selection procedure, the monthly solar gain of the solar
collector loop is calculated through the basic mathematical equations adopted in the F-

chart method (Haberl, 2004) as presented in Chapter 2.

7.2.3 Description of the WYSS procedure

The selection of the typical meteorological values using the WYSS procedure
mainly consists of three stages as shown in Figure 7.1. In the first stage, the monthly
solar gain of the solar water heating systems is calculated using the equations introduced
above for all the 15 years (i.e. SG,,, for m=1,2, ..., 12 and y=1, 2, ..., 15). In the second
stage, the typical months are selected for the WYSS according to the following

procedure.

- Calculation of the mean value of the solar gains of all the 15 years

15
[ SGW]
Gy =)

15 (7.1)

- Calculation of the 15 values

7,,=[5G,,~5Gu | a2
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- Designation of the month m of year y in which 7, is minimum. This

month m is considered typical and is selected for the WYSS.

In the third and final stage, cubic spline is applied for elimination of abrupt

changes at the interfaces of the months.

Hourly Characteristic
Meteorological parameters of solar
data of 15 years water heatlng system

First Stage <

Simulation
program

\
Monthly solar Average of the 15
gains for each of monthly solar gains
the 15 years for each month
Second <
Stage
L} Comparison
\
(
Cubic spline
Third <
Stage v
Selected 12
L typical months

Figure 7.1 Flow chart for selecting typical months
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7.2.4 Results and validation

Based on the proposed method (WYSS), one year of hourly total solar radiation and
ambient air temperature were created. The selected typical months of the TMY is listed
in Table 7.1. The selected typical weather data have been compared qualitatively and
quantitatively with those of the observed values. Figure 7.2 shows the selected hourly
weather data throughout a year. The statistical characteristics of the generated typical
weather data are compared with the long-term average value of the real weather data, the
TMY data and the TRY data. As shown in Table 7.2, the comparison includes annual
average, standard deviation, yearly maximum and minimum values. The comparison
results reveal that the generated weather data well preserved the characteristics of the
real weather data and the relative errors are all within 5% magnitude. The largest
relative error happens to the minimum value of air dry-bulb temperature which is 4.91%.
Compared with TMY and TRY, the simulated weather data are also satisfactory. On the
whole, the relative errors of generated weather data are within the same magnitude as
those of TMY and TRYSs’. Actually, the generated weather data are relatively better than
TMY and TRY. The largest relative error of the TMY is the minimum value of air
temperature, which is calculated to be 13.02%, and for the TRY, the largest relative

error is 5.08% which are a little larger than that of the generated weather data.

Table 7.1 The years in which the selected typical months belong to

Month 1 2 3 4 5 6 7 8 9 10 11 12

Year 2003 1995 1999 1993 2007 2002 2005 2001 2007 2004 1993 2003
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Table 7.2 Comparison between the real weather data and generated weather data

Parameters Observed real data (1993-2007)
Global solar Air dry-bulb
radiation [W/ mz] temperature [ 'C]
Average 331.10 23.71
Standard deviation 256.19 5.12
Maximum 1014.07 33.97
Minimum 0.00 8.14
Parameters WYSS
Value Relative | Value Relative
[W/m?] | error [%] [C] error [%]
Average 338.23 2.15 22.86 3.58
Standard deviation 257.80 0.63 5.28 3.13
Maximum 1019.45 | 0.53 35 3.03
Minimum 0.00 0.00 7.74 491
Parameters ™Y
Value Relative | Value Relative
[W/m?] | error [%] [C] error [%]
Average 344.88 4.16 23.85 0.59
Standard deviation 246.34 3.84 5.35 4.49
Maximum 972.00 4.15 32.80 3.44
Minimum 0.00 0.00 9.20 13.02
Parameters TRYS89
Value Relative | Value Relative
[W/m?] | error [%] [C] error [%]
Average 337.23 1.85 23.81 0.42
Standard deviation 251.17 1.96 5.38 5.08
Maximum 1015.00 | 0.09 33.90 0.21
Minimum 0.00 0.00 7.80 4.55
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7.3 Annual Energy Performance of the MSA-ASHP System

The use of comprehensive computer programs, which is able to simulate building-
plant system behavior in dynamic conditions, permits one to obtain a correct evaluation
of the long-term performance of a heat pump. This analysis is particularly important
when the solar assisted air source heat pump is considered. One reason is that the
discontinuity of the solar radiation and the other is about the variability of the ambient
air conditions. Besides, a great number of factors affect the performance of the proposed
MSA-ASHP system, such as the system capacity, various load profiles and the changing
environmental conditions. Therefore, a long-term performance analysis is very

important for the studied system for a given building under given weather conditions.

7.3.1 Monthly performance analysis of the solar collector loop

As introduced in Chapter 2, the theoretical evaluation of the long-term performance
of solar thermal systems is possible through different approaches. When the solar
systems started to appear, the estimation of long-term performance was done through the
simplified calculation methods. The F-chart method is available to calculate the
system’s monthly solar fraction (ratio of useful solar energy to the required thermal load)
through correlations with system parameters, including collector area, collector
efficiency and thermal load. Considering the acceptable accuracy and the specific
advantages in system design process, the F-chart method is adopted for the monthly
performance evaluation of the solar collector loop. The specification of the designed

MSA-ASHP system and relative parameters are summarized in Table 4.2.
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On the basis of the aforementioned method and assumptions, the long-term
performance of the solar collector loop was analyzed under the generated TMY data of
Hong Kong. The characteristic parameters of the solar collector used in the F-chart
method are listed in Table 7.3. The system is designed to supply hot water and air
condition for a family of two persons. According to ASHRAE handbooks and the local
domestic hot water usage profile, the average daily domestic hot water demand per
person for a typical residential apartment is about 60 liters. Hence, this system is
required to produce 120 liters hot water to meet the designed hot water heating load.
Figure 7.3 shows the monthly hot water heating load under the generated TMY weather
conditions. It can be found that there is a decrease of hot water demand during summer
months. This is attributed to the fact that during the summer months the air dry-bulb
temperature is higher (as indicated in Figure 7.4) which results in higher inlet water
temperature of the solar collector. Consequently, the hot water heating load during these

months is reduced.

Table 7.3 Characteristic parameters of the solar collector

Parameter A, ™ Fr UL Tilt angle

Value 2m’ 0.835 0.934 339 W/(m?>C) 19.4°
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As shown in Figure 7.5, the monthly average solar fraction of the system rises
gradually from January until July. It then decreases as the time goes. Averagely, the
solar fraction of the designed system reaches 61.8%. The highest solar fraction appears
in summer. That is because, in these months, solar radiation is relative higher and it
plays a significant impact in determining the thermal performance of the solar collector
loop. Also, the temperature difference between the solar collector and ambient air is

smaller which results in less heat loss of the solar collector.
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Figure 7.5 Monthly solar fraction in the generated TMY

7.3.2 Monthly performance analysis of the multi-functional ASHP system

Usually, the long-term performance is evaluated by carrying out the transient system
analysis that determines the thermal performance of the system at some chosen time
interval, representing a reasonable compromise between computational effort and
accuracy. In this study, simulations were carried out with the created TMY data of Hong
Kong. The annual hourly cooling load of the sample building in the selected TMY, as
shown in Figure 7.6, was calculated using the Residential Load Factor (RLF) method

(ASHRAE, 2005).

According to the mathematical model built in Chapter 3 and the generated TMY data
above, a simulation program is written in FORTRAN language for the long-term
performance of the considered system. The predicted variations in the monthly average
COP and the energy consumption for a year round performance are shown in Figure 7.7

and 7.8, respectively. From Figure 7.7, it can be found that, during the summer months,
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the system performance is better compared with the rest months in the year. The reason
is that the multi-functional ASHP unit operates in all three operating modes (i.e. the only
AC mode, the AC/WH mode and the only WH mode) during these months. In addition,
the system COP is obviously higher when it operates in the AC/WH mode as presented
in Chapter 3. Furthermore, the COP of the only WH mode is higher since the ambient
air temperature obtains relatively higher under summer weather conditions. On average,
the annual average COP of the MSA-ASHP system is around 3.0 which is much better
than that of the conventional air conditioner and the conventional water heater under the

similar weather conditions.
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Figure 7.6 Annual hourly cooling loads
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Figure 7.7 Variation of the monthly average COP

In order to further investigate the system performance of the proposed system, an
energy consumption comparison during the TMY was conducted between the MSA-
ASHP system and a base case system (i.e. the conventional air conditioner plus the
electric water heater system). As shown in Figure 7.8, the energy consumption of the
MSA-ASHP system is obviously lower than that of the base case, especially in cooling
seasons. As a whole, the annual energy consumption of the proposed system for air-
conditioning and hot water heating can reduce 54.9% of the energy consumption of a
conventional air-conditioning unit combined with a conventional electric water heater
system. If only the multi-functional ASHP unit is considered, about 32% of the total

energy can be saved based on the present calculation method.
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Figure 7.8 Energy consumption of the MSA-ASHP system and base case

7.4 Economic Analysis

It is important to perform an economic feasibility analysis of the MSA-ASHP
system as compared with conventional air-conditioning systems plus electric water
heating systems. In this section, firstly, the economic analysis is conducted based on the
real cost of the experimental system which represents the relative small scale project. In
order to further investigate the economic feasibility of the MSA-ASHP system, secondly,

a case study based on a hypothetical hotel building is carried out.

7.4.1 Economic analysis of the experimental system

The initial cost of the experimental system is estimated based on the real cost of the

experimental setup as shown in Table 7.4.
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Table 7.4 Initial cost of the MSA-ASHP system

Solar Water tanks  Water Heat pump unit Installation &  Sum
collector pumps maintenances

[HK$] [HKS] [HKS] [HKS] [HK$] [HK$]
4000 1000 700 8000 4500 18200

The life cycle savings (LCS) is the difference between the present value of the life
cycle energy saving and the extra initial expenditure. If this quantity is positive, the
proposed system is worth the extra expenditure, otherwise it is not. In this study, the
LCS analysis is conducted for the MSA-ASHP system to show its economic feasibility.
During this analysis, the life cycle of the system is assumed to be 20 years. The
conventional air conditioner plus the electric water heater is selected as the base system.
Thus, the extra expenditure of the MSA-ASHP system covers the costs of the solar
collector, one water tank and two heat exchangers. Therefore, an initial extra
expenditure C (i.e. HK$ 6850) for the experimental system was invested at a market
discount rate d equal to 0.08, in order to make a saving S in the yearly energy bill that is
inflating at a rate e equal to 0.1 over a period N of 20 years. The system is assumed to

have no resale value. The life cycle savings is then given by Duffie and Beckman (1980):

LCS =-C+ PWF(N,e,d)S (7.3)

where

1+d

PWF(N,e,d):dle[l—(l+ej] if exd
(7.4)
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PWF(N,e,d) =L if e=d
1+d (7.5)

Based on the assumed parameters and aforementioned correlations, the LCS of the
experimental system is calculated to be around HK$ 20605. For a set of specified
economic parameters, the return on investment (ROI) can be determined. ROI is defined
as the market discount rate that results in zero life cycle savings. A positive LCS implies

an ROI greater than the market discount rate; the reverse occurs if the LCS is negative.

The payback period is defined in many ways. In this research, the payback period is
defined as the time needed for the cumulative fuel savings to equal the total initial
investment, that is, how long it takes to get an investment back by savings in fuel. The
common way to calculate this payback time is without discounting the fuel savings. In

this way, the payback period can be evaluated as (Duffie and Beckman, 1991):

ln[cig'e%rl}
N‘DZW (76)

where C, is the initial cost of the MSA-ASHP system as shown in Table 7.4. Based on

the aforementioned assumptions and equation (7.6), the payback period of the
experimental MSA-ASHP system is calculated to be about 9.4 years. When the
conventional air conditioner plus the electric water heater system is considered, its
payback period is evaluated to be 10.3 years. Therefore, the proposed system has a little

shorter payback period as compared with the commonly used system.
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7.4.2 Case study

In order to further investigate the economic characteristics of the MSA-ASHP
system, a case study based on a hypothetical hotel building is carried out according to
the generated TMY weather conditions of Hong Kong. The total floor area of this
building is 5100 m” The air conditioning area is 3400 m”. In this hotel, there are 40
guest rooms and each room is designed for two persons. Accordingly, there are 80
servers and the canteen can accommodate 100 people at one time. There also exists a
laundry room. Using the Cooling Load Factor method, the monthly cooling load of the
considered building is calculated as shown in Figure 7.9. The amount of the required hot

water is presented in Table 7.5.
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Figure 7.9 The monthly cooling load of the hotel

Table 7.5 The required hot water of the hotel building

Item Guest Server Canteen Laundry
Standard 140 80 8 5
(L/(day.person))
Sum (L/day) 11200 6400 800 400
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The designed MSA-ASHP system is applied to supply both cooling load and hot
water heating load for the hotel, as shown in Figure 7.10. In this case study, the cooling
capacity of the MSA-ASHP system is assumed to be 600 kW which can satisfy the
cooling load of the hotel during summer months. The solar fraction of the system is
designed to be 50%. The hot water heating load is supplied by the solar collector loop,
the recovery of condensation heat and the multi-functional ASHP unit. The multi-
functional ASHP unit is not a market available product at present. As the multi-
functional ASHP unit is designed based on commonly used ASHP unit, the cost of the
multi-functional ASHP unit can be evaluated according to the price of conventional
ASHP unit. In this study, it is assumed to be 850 HK$/kW for the multi-functional
ASHP unit. Based on the designed MSA-ASHP system for the hotel building, the initial

cost is estimated as shown in Table 7.6.

Multi-functional ASHP Storage tank Preheating water tank

|- Solar collector

—  |Fan coil "L Shower

Hotel

Shower

{ ]
Canteen

Figure 7.10 The system schematic diagram
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Table 7.6 The initial cost of the designed system

Solar collector Water Heat pump Water tank Installation &  Sum
pump unit maintenances

Area price 100 850 18000 159100 954600

[m?] [HK$/m?] [HKS$/KkW] [HKS$/KW]

130 1600 59500 510000 [HKS$] [HKS$] [HK$]

Based on the aforementioned calculation method and assumptions, the LCS of the
designed MSA-ASHP system is calculated to be about HK$ 3.8 million. Compared with
the LCS of the MSA-ASHP system, the extra cost, i.e. HK$ 216233, is much lower.
Consequently, the payback period is decreased to be 4.5 years. If the monthly average
solar fraction, i.e. 61.8%, is adopted in this case study, the LCS would be increased to
HKS$ 4.45 million and the corresponding payback period will be shortened to be 4.0
years. It can be found that the payback period of the case study is much shorter than that
of the sample system for experimental tests. One reason is that each component of the
experimental system is specially designed and manufactured. In this way, the initial cost
would be much higher, especially the multi-functional ASHP unit. Another reason is
that the structure of the proposed MSA-ASHP system is relative complicated for a small
scale residential house. Therefore, the studied MSA-ASHP system is suggested to be
applied for relatively large scale buildings considering the economic feasibility. Besides,
the economic feasibility of the MSA-ASHP system can be further improved by
considering the space heating function and optimizing its structure and operating

parameters through some optimal algorithms.

7.5 Summary
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In this chapter, the generated weather data and the mathematical model are
incorporated into a comprehensive simulation program to evaluate the long-term
performance of the MSA-ASHP system. The results show that the energy saving
potential of the MSA-ASHP system is significant under Hong Kong weather conditions
due to the improvement of the system performance resulted from the integration of the
solar collector with heat pump technology and the combination of the condensation heat
recovery. Annually, 54.9% energy will be saved compared with the conventional air
conditioner with electric heater. Considering the substantial annual energy savings and
reasonable payback period, the extra cost is acceptable. In addition, the payback period
of the MSA-ASHP system is shorter than that of the conventional air conditioner plus
electric water heater system, especially when the proposed is used in relative large scale
buildings. When the space heating function of the system is considered, the

corresponding payback period will be further shortened.
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CHAPTER 8 CONCLUSIONS AND

RECOMMENDATIONS FOR FUTURE WORK

8.1 Summary of the Research Results

A novel multi-functional SAHP (i.e. MSA-ASHP) system integrated with a
desuperheater has been proposed to supply DHW and air conditioning for buildings in
subtropical areas. The objective of this thesis is to develop the simulation model of the
MSA-ASHP system and to investigate the operating performance of the system with
respect to the energy and exergy efficiencies in different operation modes. In this

chapter, the main conclusions of this research are highlighted as follows:

A detailed steady-state simulation model has been developed for the MSA-ASHP
system based on the basic principles of the energy balance, mass balance and pressure
balance and connection relationships between the two main circuits. Accordingly, the
operating performance of the MSA-ASHP system is analyzed and discussed in different
operation modes under Hong Kong’s weather conditions. The investigation results
reveal that both solar radiation and volume of storage tank play significant impacts on
the thermal performance of the solar collector circuit. A larger volume of the preheating
solar tank results in a relatively lower water temperature, a smaller solar fraction, and
longer heating time to obtain the required temperature level. In addition, the simulation
results show that the MSA-ASHP system performs much better than a traditional air

conditioner and the ASHP water heater. The system’s COP in the AC/WH mode ranges

163



from 3.3 to 6.37, which is 36.2% larger than that when only air conditioning load is
considered and 4.7% larger than that of the only WH mode. The effects of different
operating parameters are identified. The water heating capacity will be increased under
warmer ambient conditions. With increase of the ambient air temperature, the COPywy
increases while COPac/wy decreases. The analysis about the impact of the flow rate
indicates that a larger flow rate can not ensure a better system performance for the

studied system.

The sample system is built and tested in order to analyze the thermal performance of
the MSA-ASHP system and to validate the simulation results. The experimental tests for
solar collector efficiency show that the selected solar collector behaves well and the
tested solar collector efficiency reaches 70.1% on average. Appropriate control
strategies are suggested based on series of experimental results. The flow rate of the
solar collector loop is suggested to be above 0.05 kg/s. For the multi-functional ASHP
unit, the specific operation mode should be determined on the basis of different design

requirements.

The simulation model of the MSA-ASHP system i1s validated through experiments
covering all possible operating modes: the only AC mode, the AC/WH mode, the only
WH mode and the only WH in the AC/WH mode. The comparison results show that, on
the whole, the simulation model is generally accurate to be within 10% of the

experimental data.

The experimental results also indicate that the MSA-ASHP system can achieve a

relatively high performance in all possible operation modes, for example, an average

164



COP of 3.2 in the AC/WH mode. According to the experimental data, in the AC/WH
mode, the desuperheater can capture a significantly large percentage of the total
condensation heat, ranging from 16%~55%. Therefore, the heat pollution may be
reduced obviously and the insufficient cooling problem of air-cooled condensers can be

improved.

To sum up, the developed simulation model for the MSA-ASHP system can be a
useful and effective tool to analyze the system performance in different operation modes.
It is also suitable for research study and engineering applications with an acceptable

accuracy.

Based on experimental data and the simulation results, the exergetic modeling and
performance evaluation of the MSA-ASHP system are carried out for different operation
modes. The investigation results show that the greatest irreversibility on the whole
system occurs in the solar collector, followed by the evaporator, the compressor, the
desuperheater, the condenser and the thermostatic expansion valve. In addition, the solar
collector has the highest improvement potential value, followed by the evaporator, the

compressor, the desuperheater and the condenser.

The energy and exergy efficiencies of the experimental MSA-ASHP system in three
different operation modes show that a higher COP of the MSA-ASHP system may not
represent a higher exergy efficiency. The optimal operating condition may be obtained
for the MSA-ASHP system to achieve high energy efficiency and simultaneously to
keep high exergy efficiency through the co-analysis of the first and second laws of

thermodynamics.

165



The comparison analysis between the MSA-ASHP system and the other three kinds
of commonly used systems show that the MSA-ASHP system has the highest energy
and exergy efficiencies. The energy efficiency of the MSA-ASHP system is 18.9%
higher than that of the conventional ASHP system. Much more energy can be saved as
compared with electric water heaters or gas-fired water heaters. The largest exergy

efficiency of the MSA-ASHP system reaches about 20%.

Finally, the annual monthly energy performance of the MSA-ASHP system is
evaluated by the simulation model using the generated TMY data through WYSS
method. The results indicate that the monthly average solar fraction of the designed
system is 61.8% and the monthly average COP of the system is about 3.0. Annually,
54.9% energy will be saved compared with the conventional air conditioner with electric
water heater. The MSA-ASHP system has significant energy saving potential under
Hong Kong weather conditions. In addition, the economic feasibility analysis shows that
the extra cost of the MSA-ASHP system is acceptable and a shorter payback period is
obtained. The payback period of the MSA-ASHP system is further shortened when this

kind of system is applied in relative large scale buildings.

In summary, all investigation results demonstrate that it is feasible and desirable to

apply the MSA-ASHP system to cooling-dominated buildings in subtropical areas.

8.2 Recommendations for Future Work

Although, in this thesis, the MSA-ASHP system has been proven to be a promising

technology, there are still some aspects that are not included or just briefly discussed in
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this study. Therefore, it is worthwhile and necessary to make further investigation on the

MSA-ASHP system.

In this study, refrigerant R22 is adopted for the heat pump unit in the MSA-ASHP
system. Even though the ozone depleting potential of R22 is not as high as that of CFCs,
it still contains ozone depleting chlorine and hence the parties to the Montreal protocol
(1987) decided to phase out R22 eventually and the regulation for the HCFC production
has begun from 1996 in developed countries. Under such conditions, the use of more
environmentally friendly working fluids as refrigerants for the MSA-ASHP system

should be considered.

To a certain extent, the system performance of the MSA-ASHP system depends on
the ratio of the heating load to the air conditioning load in a building. Generally, it is
proposed to apply the MSA-ASHP system in subtropical areas where the heating load
and the air conditioning load are similar. A suitable range for the ratio of the heating
load to the air conditioning load for application of the MSA-ASHP system should be

identified.

In order to further improve the performance of the MSA-ASHP system, it is
essential to optimize the combination of the system components and control strategy,
which can be realized to incorporate a specific optimum method into the simulation

program, such as the artificial neural networks.
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