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ABSTRACT

Abstract of thesis entitled: ~ The Study of Storage-Enhanced Heat Recovery Room
Air-conditioner (SEHRAC) for Combined Space

Cooling and Water Heating in Residential Buildings in

Hong Kong
Submitted by: Jia Jie
For the degree of: Doctor of Philosophy

At The Hong Kong Polytechnic University in December 2015

In subtropical climates such as Hong Kong’s, air-conditioning and domestic water
heating are two dominant energy end-uses in residential buildings. Local statistics
show that out of the total energy consumption of the residential sector, 23% goes to
air-conditioning and 19% goes to water heating. These figures clearly show that a
technology that can simultaneously reduce energy use for space cooling and water

heating is highly valuable.

Water heating utilizing condenser heat rejected from a refrigeration cycle is
considered to be an energy efficient measure for domestic hot water production due
to the associated heating efficiency is always higher than unity. On this basis, heat
pump water heater is widely investigated for use in residential buildings. However, a

majority of previous studies focused only on its heating capacity at the condenser.



The cooling performance at the evaporator under various operation conditions was
seldom studied. This is because heat pump water heaters are often used as stand-
alone water heating appliances with evaporator leaving air discharged to outdoors
and thus the associated cooling effect is unexploited. Economic barrier also exists to
limit its use in residential buildings, since a considerable investment must be made in
the heat pump by the user. Therefore, a technology that allows a room air-
conditioner to serve the combined purpose of space cooling and water heating is
preferred, due to the fact that air-conditioners are commonly equipped in Hong Kong
households to combat the hot and humid summer. However, considering the
differences between a heat pump and a room air-conditioner, relevant research works

are limited in public domain.

In view of this, a storage-enhanced heat recovery room air-conditioner (SEHRAC)
was proposed. Besides space cooling, this installation can also provide water heating
utilizing recovered condenser heat. In this study, the effectiveness, energy
performance, operation characteristics, and performance improvement of SEHRAC

when used for combined space cooling and water heating were investigated.

For the application of SEHRAC, a major concern is whether or not the amount of
recoverable heat can meet the household water heating demand. The concern is
particularly prominent in Hong Kong because most local residential units are small
but the occupancy density is high (average living space is 12.9 m%person). The small
space cooling load and thus the small amount of recoverable heat may not be
sufficient to offset the high water heating demand. To address the concern, a typical

residential estate in Hong Kong was chosen for a supply and demand analysis. The



analysis was based on hour-by-hour simulations using actual building characteristics
and realistic equipment performance data. It was found that if a water tank was used
for thermal energy storage, the daily cumulative recoverable heat far exceeded the
daily household water heating demand, confirming the effective use of SEHRAC in
Hong Kong. Further, for optimal design of the water tank of SEHRAC, its design
requirements including the minimum required heat storage capacity and heat transfer

effectiveness were also determined and discussed.

Room air-conditioners are often sized for satisfying peak cooling loads. At part load
conditions, most air-conditioners operate intermittently to regulate their cooling
outputs for maintaining the indoor set-point temperature. Intermittent operation of
SEHRAC can lead to significant fluctuations in operating parameters on the
refrigerant side. Adding that capillary tube is often used as the expansion device to
magnify the fluctuations, whether SEHRAC can still operate satisfactorily in practice
is of concern. Further, as operation of SEHRAC is affected by outdoor temperature
and space cooling load, their influences on the energy performance of SEHRAC also
need to be ascertained. In view of this, a prototype SEHRAC was designed and setup
for laboratory experiments. The experimental results confirmed the satisfactory
operation of SEHRAC. Its overall coefficient of performance (COP) was also found
better than conventional room air-conditioner for a range of outdoor temperatures
and space cooling load conditions. On this basis, a prediction model was developed
for evaluating the sole use of SEHRAC for water heating in the entire air-
conditioned season. The potential water heating energy saving on wider application
of SEHRAC was estimated to be 9.1% of the overall energy consumption of the

residential sector in Hong Kong.



Considering the significant refrigerant pressure fluctuations during the operation of
SEHRAC, the selection of a suitable type of expansion device that can function
properly despite the fluctuations is very important. In this study, the use of capillary
tube (CT) and thermostatic expansion valve (TEV) in SEHRAC were side-by-side
compared with the aim of optimizing the system configuration of SEHRAC. A
prototype SEHRAC, which could be switched between the CT and TEV systems,
was used for two identical sets of experiments. For each set of experiments, a series
of tests under different outdoor temperatures were conducted. It was found that TEV
could better regulate the refrigerant flow, maintain a stable evaporator superheat, and
minimize the rise in refrigerant vapor content at the evaporator inlet during the
operation of SEHRAC. The space cooling and water heating capacities for the TEV
system were on average 16.3% to 19.4% and 18.5% to 23.4%, respectively, larger
than the CT system. Its overall COP was also found 12.5% to 20.9% higher for the

range of outdoor temperatures.

Accumulation of heat in the water tank of SEHRAC can result in an increase in tank
water temperature, which will unavoidably affect the space cooling and water
heating performances of SEHRAC. Measures to enhance the heat storage capacity of
the water tank will thus be beneficial to the overall performance of SEHRAC. For
achieving this objective, the use of phase change material (PCM) in the water tank
was proposed in this study. To confirm and quantify the resultant performance
improvement, laboratory experiments were conducted with and without the use of
PCM (abbreviated as wPCM and woPCM scenarios). It was confirmed that the PCM
could function as an internal heat sink to lower the rate of water temperature increase

and to enhance the heat storage capacity of the water tank. As a result, the space



cooling and water heating capacities for the wPCM scenario, as compared to the
wOoPCM scenario, were 5.4% and 16.1% larger, respectively. The overall COP was
therefore found 6.9% to 9.8% higher. It was also revealed that the use of PCM could

extend the heat retention time of the tank water by 21.1%.

From the above, the academic contributions of this thesis can be summarized into
four aspects. First, the effectiveness of SEHRAC in satisfying the daily space
cooling and water heating demands of Hong Kong households was confirmed.
Second, the energy performance and operation characteristics of SEHRAC in
comparison with conventional room air-conditioner under different outdoor
temperatures and space cooling load conditions were examined. Third, the system
configuration of SEHRAC was optimized by identifying a suitable type of expansion
device. Last, the use of PCM to improve the overall performance of SEHRAC was

proposed and confirmed.

Keyword: room air-conditioner; condenser heat recovery; residential buildings;
building energy simulation; experimental study; space cooling; water

heating; expansion device; phase change material
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CHAPTER 1

INTRODUCTION

1.1 Hong Kong Residences and Public Housing

Hong Kong is famous over the world for the modern culture, highly developed
economy, as well as the crowded living space. As one of the most densely populated
cities in the world, Hong Kong has an average population density of about 6300
persons per square kilometer (World Population Review, 2015), which is much
higher than other cosmopolitan cities such as Singapore (about 6100 persons per
square kilometer), Tokyo (about 5400 persons per square kilometer) and London

(about 4500 persons per square kilometer).

The high and growing population density is a consequence of the influx of
immigrants from the Mainland China. Adding to that is a continuous reduction in
average household size from 3.4 persons in 1991 to 2.9 persons in 2015 (Housing
Authority, 2015). As a result, the number of domestic households in the last 15 years
has increased from 1.58 to over 2.37 million (Census and Statistics Department,

2015). This sharp increase has led to a sustained high demand of residential housing.

The Hong Kong SAR Government is according a high priority to providing adequate
housing estates to its citizens. On this basis, the Government has adopted a housing

supply target of 480,000 units for the ten-year period from 2015-16 to 2024-25



(Hong Kong Government, 2015). Public housing, which is offered by the
Government for families of middle and low-class incomes, accounts for 60% of the

total housing supply.

Public housing estates are located in different parts of Hong Kong. It was estimated
by the Housing Authority (a statutory body responsible for implementing Hong
Kong’s public housing programs) that over 30% of the population in Hong Kong
(about two million people) resides in public housing in 2015 (Housing Authority,
2015). As at the end of March 2015, the Housing Authority has a stock of 783,000
public housing units (Housing Authority, 2015). Of these units, 46% are located in
Urban, 31% in Extended Urban, 22.7% in New Territories and 0.3% in Islands. In
the future five years, 55% of the total to-be-built public housing units will be located

in Urban district and 30% in Extended Urban district.

Attributed to the scarcity of residential land in Hong Kong, public housing units are
typically built in small size. As at the end of March 2015, 46.1% of public housing
units are of 30 to 39.9 square meters; 22.8% are of 20 to 29.9 square meters; 13.0%
are of size less than 20 square meters; and 18.0% are of size bigger than 40 square

meters (Housing Authority, 2015).

The small size of residential units has led to a dense living environment in Hong
Kong. It was reported that the average living space in Hong Kong is currently 12.9
square meters per person (Housing Authority, 2015). Despite the average living

space has seen a continuous increase in the last decade (it was 11.7 in 2005), it is still



much lower than Singapore, which has an average living space of 25 square meters

per person (Yuen, 2010).

1.2  Hong Kong Residential Sector Energy Consumption

Due to the rapid economic development and urbanization in the past two decades,
the energy consumption of residential sector in Hong Kong has risen sharply.
According to the latest energy statistics (Electrical and Mechanical Services
Department, 2015a), the total residential sector energy consumption has increased by

15.4% in the last decade (Figure 1.1).
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Figure 1.1 Residential sector energy consumption in Hong Kong



Among various energy end-uses, air-conditioning and domestic water heating are the
two dominant uses, accounting for 23% and 19% (Electrical and Mechanical
Services Department, 2015a), respectively, of the total energy consumption in
residential buildings (Figure 1.2). These figures clearly show that a technology that
can simultaneously reduce energy use for space cooling and water heating is highly

valuable.
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Figure 1.2 Energy consumption of various energy end-uses
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1.3  Air-Conditioners and Water Heaters Used in Hong Kong

Air-cooled window- or split-type room air-conditioners are commonly equipped in

Hong Kong households to combat the hot and humid summer. It was reported that



the penetration rate of air-conditioning in living/dining rooms of local residential

units is 83%, and that in bedrooms is 78% (Chen and Lee, 2010).

Given that the energy use of an air-conditioner to output a given rate of cooling
increases with the entering temperature of the medium for condenser cooling, the use
of air-cooled units in Hong Kong is particularly inefficient, due to the high outdoor
temperature of around 35 °C in summer. As a result, the achievable coefficient of
performance of most air-cooled units is low, in the range of 2.2 to 2.4 (Lee et al.,
2008). Another factor that upsets the efficiency of air-conditioners applied in Hong
Kong is the common practice to locate their condensers in a recessed place. The
recessed spaces are formed by individual flats extending outwards from the
building’s core in several directions, yielding more external walls and windows.
These spaces can be used for multiple purposes. However, the most common but
controversial use is to enable heat rejection of air-conditioners, since the hot air jet
resulted from the heat rejection can lead to the development of a rising air plume to
elevate the ambient temperature. The effect is particularly prominent at the upper

levels of a residential building (Lee et al., 2008).

Electricity and town gas are the major fuels reported in use for domestic water
heating in Hong Kong residential sector (Chen and Lee, 2010). The choice between
using town gas and electricity is determined largely by the provisions already made
when a residential building is built. It was estimated that the penetration rate of town
gas water heater in Hong Kong households is 90%, while the remaining market share
is dominated by electrical water heater (Chen and Lee, 2010). Domestic water

heaters are generally categorized using energy efficiency ratings. A Mandatory



Energy Efficiency Labelling Scheme in Hong Kong is currently used as guidelines
for manufacturing standards (Electrical and Mechanical Services Department,

2015b).

1.4  Objectives of This Study

Air-conditioners function to remove heat from indoor spaces and subsequently
discharge this heat to the outside. The discharged waste heat, if recovered for water
heating, can reduce energy use and greenhouse gas emissions. Along this line, a
storage-enhanced heat recovery room air-conditioner (SEHRAC) is proposed in this
study. SEHRAC is a conventional air-conditioner provided with an additional tank-
immersed refrigerant-to-water heat exchanger between the compressor and the air-
cooled condenser for recovery of condenser heat for water heating. This installation
can serve the purpose of combined space cooling and water heating, and is
particularly suitable for applications in tropical regions, where most residences are

equipped with air-conditioners to combat the hot and humid summer.

The recoverable heat from condenser is affected by the simultaneous cooling load
and power consumption of an air-conditioner. While the household water heating
demand is determined by the domestic hot water consumption. Whether or not the
heat supply can exceed the heating demand determines the effectiveness of
SEHRAC when used for combined space cooling and water heating. In this study, a
detailed supply and demand analysis will be carried out to evaluate the effectiveness

of SEHRAC in a typical residential estate in Hong Kong.



Whether or not the proposed SEHRAC can achieve the energy saving objective
depends on its energy performance under different outdoor temperatures and space
cooling load conditions. In this study, the energy performance and operation
characteristics of SEHRAC in comparison with conventional room air-conditioner

will be examined through laboratory experiments.

In a SEHRAC, expansion device is one of the most important components. It
functions to regulate the refrigerant flow to the evaporator and to maintain a pressure
difference between the high and low pressure sides. Failure to function will be
detrimental including refrigerant flooding to damage the compressor, refrigerant
starving to lower the evaporator effectiveness, and hunting to cause large
fluctuations in evaporator superheat. Therefore, an optimization of system
configuration of SEHRAC by identifying a suitable type of expansion device is
necessary. In this study, two types of expansion device that are most used in
residential applications (i.e. capillary tube and thermostatic expansion valve) will be

side-by-side compared for use in SEHRAC by experimental investigations.

Accumulation of heat in the water tank of SEHRAC can result in an increase in tank
water temperature, which will unavoidably affect the space cooling and water
heating performances of SEHRAC. For improving the overall performance of
SEHRAC, the use of phase change material (PCM) in the water tank is proposed. In
this study, the resultant performance improvement will be confirmed and quantified

by experimental investigations.

To sum up, the specific objectives of this study are to:



1) Examine the effectiveness of SEHRAC in satisfying the space cooling and

water heating demands of Hong Kong households;

2) Evaluate the energy performance and operation characteristics of SEHRAC

under different outdoor temperatures and space cooling load conditions;

3) Optimize the system configuration of SEHRAC by identifying a suitable type

of expansion device; and

4) Confirm and quantify the performance improvement of SEHRAC by the use

of PCM.

1.5 Organization of This Thesis

This thesis comprises eight chapters, which include an introduction, a review of
relevant research works, simulation and experimental studies on SEHRAC, as well
as a summary of conclusions drawn from this study.

Chapter 1 introduces the backgrounds, motivations, and objectives of this study.

Chapter 2 provides a review of relevant research works and identifies the research

gaps in previous studies.

Chapter 3 explains the research methodology adopted in this study.



Chapter 4 presents an effectiveness analysis on the use of SEHRAC in a typical

residential estate in Hong Kong.

Chapter 5 investigates the energy performance and operation characteristics of

SEHRAC under different outdoor temperatures and space cooling load conditions.

Chapter 6 presents a side-by-side comparison of capillary tube and thermostatic

expansion valve for use in SEHRAC.

Chapter 7 examines the performance improvement of SEHRAC by the use of PCM.

Chapter 8 summarizes the conclusions draw from this study and provides several

recommendations for future research.



CHAPTER 2

LITERATURE REVIEW

To identify the research gaps in previous studies, relevant research works are

reviewed and key findings are summarized in this chapter.

2.1  Heat Pump Water Heaters

In Hong Kong or elsewhere in the world, domestic water heating is typically realized
by using heat generating elements that consume fossil fuels (e.g. town gas) or
electricity (Aguilar et al., 2005). Water heaters developed based on the principle are
usually simple in configuration and installation, but less energy efficient. This is
particularly true for an electrical water heater, for which fossil fuels need to be
converted into electricity and then into thermal energy to provide heating effect,

resulting in a very low overall energy efficiency (Kim et al., 2004).

An alternative to the conventional (electrical or gas) water heaters is a heat pump
water heater (HPWH). It is an appliance that provides heating effect by using
rejected condenser heat from a refrigeration cycle. Heat is then extracted from a heat
source (typically ambient air) and transferred to the water being heated. It was
reported that HPWH can deliver much more heat with the same amount of energy

consumption as the conventional water heaters (Kim et al., 2004). The working cycle
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of an air-source HPWH is shown in Figure 2.1. The heat pump is often used as a

stand-alone water heating appliance as illustrated in Figure 2.2.
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Since the 1950s, HPWH is widely investigated as an energy efficient measure for
water heating (Hepbasli and Kalinci, 2009). Previous studies mainly focused on its
energy performance, operation characteristics, working fluids, and integration with

renewable energy technologies.

On the energy performance, it was found that the efficiency of HPWH is affected by
factors including the heat source temperature, the working fluid used, the
temperature of water being heated, etc. Among the factors, its performance is most
sensitive to the heat source temperature (Kara et al., 2008). For an air-source HPWH,
it was found that it can readily generate hot water at around 60 °C when the ambient
air temperature is 24 °C, but this may not be achieved if the air temperature drops to
1.7 °C. It was further concluded that there exists a threshold air temperature, below
which HPWH can hardly provide any heating effect, thus other auxiliary heating
elements should be activated to meet the water heating demand. Further, a lower air
temperature can also increase the risk of frosting on the evaporator surface. To melt
the frost formed, HPWH needs to be operated in defrost mode, which will further

degrade the heat pump performance (Sakai et al., 1976).

Energy factor (EF) is usually used to quantify the efficiency of a water heater
(Hoeschele and Springer, 2008). Air-source HPWH typically has an EF of between 2
and 3, while the EF for electrical water heater is approximately 0.9. This suggests a
potential energy saving of 55% to 70% if electrical water heater is retrofitted by
HPWH. However, due to the fluctuations in ambient air temperature and the
requirement for defrosting, the actual energy saving will correspond to 40% to 60%

(Hepbasli and Kalinci, 2009).
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On the operation characteristics, Kim et al. (2004) constructed a mathematical model
for HPWH with the aim to investigate its transient thermal behavior. In the study,
finite volume method (FVM) was applied to describe the evaporator and condenser
of HPWH, and a lumped parameter model was used to analyze the compressor. It
was found that the transient behavior of HPWH is significantly affected by its
system configuration. Yao et al. (2004) evaluated the operation characteristics of
HPWH when evaporator frosting occurs. The evaluation was based on a distributed
mathematical model for HPWH, in which the frost formed on evaporator surface is
taken into account. Based on this model, the influence of frosting on the operation of
HPWH was investigated. The criteria of evaporator design for mitigating the frost
influence were also discussed. To enable a satisfactory operation of HPWH, the
optimal set-point temperature for hot water supply was identified by Guo et al. (2011)
through experimental investigations. It was found that the set-point is preferably

higher than 46 °C in summer and 50 °C in other seasons.

On the working fluid, different pure refrigerants or refrigerant mixtures were
investigated for used in HPWH. Pure refrigerant R22 was used in experimental
prototypes constructed by Zhang et al. (2007) and Li et al. (2007). A HPWH based
on zeotropic mixture R22/R142b was evaluated by Liebenberg and Meyer (1998) in
terms of the viability of employing capacity control. It was found that the system
efficiency is improved by using R22/R142b, which offers the possibility of
continuous modulation of water heating capacity to match the demand. Zeotropic
mixture R22/R600a was proposed by Feng et al. (2009) for use in HPWH. Through
experimental investigations, an optimal content of R600a in the mixture was

identified. However, R22 is currently being phased out for its high ozone depletion
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potential (ODP) and global warming potential (GWP). In view of this, Vince et al.
(2001) experimentally investigated the possibility of replacing R22 in the mixture
with R407c in an existing HPWH. In the study, a HPWH originally designed for R22
was modified for R407c operation. Several tests, including baseline tests using R22
and comparison tests using R407c, were conducted. The results indicated that the
R407c-based unit has a much higher water heating capacity than that of the R22-
based unit. However, on energy efficiency, the R407c-based unit was found
consuming more power at higher water temperature region. Similar study was also
carried out by Karagoz et al. (2004) for evaluating the use of R134a as a substitute

for R22 in HPWH.

Considering the environmental risk associated with (H)CFC, Neksa et al. (1998)
proposed the use of CO; as the working fluid in HPWH. CO, is one of the few non-
toxic and non-flammable working fluids that do not contribute to ozone depletion
and global warming. Due to its relatively low critical temperature, CO, undergoes a
transcritical cycle when used in HPWH. The temperature glide at heat rejection
contributes favorably to water heating. For the CO,-based prototype HPWH
constructed by Neksa et al. (1998), a heating energy efficiency of 4.3 could be
achieved. It was further found that hot water with temperatures up to 90 °C can be
generated by the prototype without operation difficulties. Similar studies were also
carried out by Saikawa et al. (2011), Laipradit et al. (2008), and Fernandez et al.

(2010).

Among various renewable energy technologies for integration with HPWH, solar

energy was most widely researched. The performance of HPWH with solar boosted
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evaporator (i.e. solar-assisted HPWH (Figure 2.3) was investigated by Morrison
(1994) under a range of climatic conditions. In the study, a simulation model was
developed in TRNSYS environment to facilitate the investigations. Another
mathematical model was constructed by Xu et al. (2006) based on fundamental
principles of thermodynamics. Mohanraj et al. (2009) demonstrated that artificial
neural network (ANN) was also suitable for modelling the performance of solar-

assisted HPWH.
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Figure 2.3 Schematic of solar-assisted HPWH (Anderson and Morrison, 2007)

Besides simulations, experimental studies on solar-assisted HPWH have also been
done. Its long term performance was evaluated by Huang and Lee (2004) based on a
prototype that had been running for over 20,000 hours. It was found that the
prototype on average consumes 0.019 kWh of electricity for delivering one liter of
hot water (at 57 °C). For its performance under full load and part load conditions, an
experimental study was done by Anderson and Morrison (2007). A prototype was

constructed for the experimental study. The constructed prototype utilized flat
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unglazed aluminum solar evaporator panels to absorb solar and ambient energy. Its
energy efficiency was found in the range of 5 to 7 under clear daytime conditions,
and 3 to 5 under clear nighttime conditions. A variable capacity solar-assisted
HPWH was proposed and constructed by Chaturvedi et al. (1998). The water heating
capacity modulation was achieved by the use of a variable speed drive (VSD) to
adjust the compressor speed to maintain a proper matching between the pumping
capacity of the compressor and the evaporative capacity of the evaporator.
Experimental results indicated that the energy efficiency of solar-assisted HPWH
can be improved significantly by lowering the compressor speed as ambient

temperature rises from winter to summer months.

2.2  Expansion Devices in Refrigeration Systems

Expansion device is one of the most important components in a refrigeration system.
It functions to reduce the refrigerant condensing pressure (high pressure) to the
evaporating pressure (low pressure) by a throttling operation and to regulate the
refrigerant flow to the evaporator to match the equipment and load characteristics
(Dincer and Kanoglu, 2011). In small capacity systems (such as room air-
conditioners), capillary tube (CT) and thermostatic expansion valve (TEV) are most

commonly used, due to fairly good reliability and low cost.

TEV (Figure 2.4) is essentially a pressure reducing valve installed between the high
pressure and low pressure sides of a refrigeration system. It can automatically

control the refrigerant flow to the evaporator at a rate that matches the system
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capacity to the actual load (Dincer and Kanoglu, 2011). This is achieved by
maintaining a nearly constant superheat at the evaporator outlet. As the evaporator
superheat rises due to increase heat load on the evaporator, the TEV increases
refrigerant flow until superheat returns to the valve’s setting. Conversely, the TEV
will decrease refrigerant flow when superheat is lowered as a result of a decreased
heat load on the evaporator. The effect of this type of regulation allows the
evaporator to remain as nearly fully active as possible under all load conditions

(Sporlan, 2011).

TEV is a proportional controller, which responds to the difference between the
pressure of the refrigerant at the position that the pressure-sensing connection is
made and the pressure developed in the sensing bulb located at the outlet of the
evaporator (Sporlan, 2011). A variable spring setting in the valve is provided to

adjust the required superheat of the vapor leaving the evaporator (Figure 2.4).
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CT is a length of small diameter tube (typically from 0.8 mm to 2 mm) and is a non-
modulating expansion device. As liquid refrigerant flows through the tube, the
pressure drops due to friction and acceleration of refrigerant, thus some of the liquid
flashes into vapor (Hundy et al., 2008). The refrigerant mass flow rate through a CT
is therefore strongly dependent on the upstream pressure and sub-cooling. Flow rate
will also increase with lower outlet pressure down to a critical value, below which
the flow rate does not change (Dincer and Kanoglu, 2011). The critical value occurs
where sonic velocity is achieved at the exit, so that if CT is selected for a choked
flow condition then the flow rate will actually be independent of the evaporating

temperature.

CT is used almost exclusively in small capacity refrigeration systems and is self-
regulating in a certain extent. Increasing ambient temperature results in increasing
load on the conditioned space and the condensing pressure will rise, forcing more

refrigerant flow (Hundy et al., 2008).

For a given refrigeration system, the expansion device needs to be properly chosen
and sized to enable the satisfactory operation. Failure to function will be detrimental
including refrigerant flooding to damage the compressor, refrigerant starving to
lower the evaporator effectiveness, and hunting to cause large fluctuations in

evaporator superheat (Dossat, 1997).

Previous relevant works on comparing the use of CT and TEV mainly focused on

HPWHSs and conventional room air-conditioners (CRACSs). Choi and Kim (2002)

investigated the influence of different expansion devices on the performance of a
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HPWH under a range of operating conditions. The evaluations were based on an
experimental setup illustrated in Figure 2.5. The experimental results concluded that
the TEV system has an overall performance better than the CT system. Similar
conclusion was also drawn by Kim and O’Neal (2005) and Zhang et al. (2007).
However, Agrawal and Bhattacharyya (2008) came up with a different conclusion.
They adopted a detailed steady state simulation model to evaluate the performance
of a trans-critical CO, HPWH. It was found that with the use of a proper CT, the
HPWH can operate efficiently under a wide range of condenser inlet water

temperatures. It was also concluded that the performance of the CT system is on a

par with the TEV system.
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Figure 2.5 Experimental setup for comparing the use of CT and TEV in HPWH
(Choi and Kim, 2002)

For the use of CT and TEV in CRACS, Stoecker et al. (1981) found that by replacing
the CT with a TEV, the overall energy efficiency of a CRAC can be improved by 2%

to 3%. A similar study was conducted by Farzad and O’Neal (1993). It was found
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that TEV can better regulate the refrigerant flow to meet the cooling demand at off-
design conditions, but CT also performs fairly well in most conditions. It was also
reported that the feasible use of TEV is restricted to some systems because of the
valve instability problem. On this issue, Maidment et al. (1999) evaluated the use of
CT and TEV in a CRAC serving a supermarket’s display cabinet. It was found that
CT is better than TEV in energy performance and in providing a more stable

operating condition.
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2.3 Thermal Energy Storage
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Thermal energy storage (TES) in the form of sensible and latent heat has become an
important aspect of energy management in industry and buildings (Demirbas, 2006).
It not only reduces the mismatch between supply and demand but also improves the
performance and reliability of energy systems. When used for heat recovery, TES
can lead to saving of primary fuels and makes the system more cost effective by

reducing the wastage of energy and capital cost (Sharma et al., 2009).

TES deals with the storage of energy by cooling, heating, melting, solidifying, or
vaporizing a material. The energy becomes available as heat when the process is
reversed (Demirbas, 2006). Storage by causing a material to raise or lower its
temperature is sensible heat storage (SHS). SHS system utilizes the heat capacity and
the change in temperature of the material during the process of charging and
discharging. The amount of heat stored depends on the specific heat of the medium,
the temperature change and the amount of storage material. Water is a good SHS
material because it is inexpensive and has a high specific heat. But above 100 °C,

oils, molten salts and liquid metals are commonly used (Sharma et al., 2009).

Latent heat storage (LHS) is based on the heat absorption or release when a storage
material undergoes a phase change from solid to liquid or vice versa. Compared to
SHS, LHS offers higher energy storage density because energy is stored as latent
heat of a material. As a result, LHS is characterized by a substantial reduction in
required volume of storage material for the same amount of energy stored. It was
reported that a LHS-based storage system is typically 5 to 10 times smaller than a

system based on SHS (Zalba et al., 2003). Another advantage associated with LHS is
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the isothermal nature of the heat storage and release processes, which can improve

the stability of an energy system (Agyenim et al., 2010).

Due to the above mentioned advantages, LHS has been widely investigated for use
in building envelops (Kuznik et al., 2008), refrigeration systems (Liu et al., 2012),
renewable energy utilizations (Kenisarin and Mahkamov, 2007), equipment cooling
(Baby and Balaji, 2012), thermal protection (Mesalhy et al., 2006), and waste heat

recovery (Pandiyarajan et al., 2011).

2.4  Phase Change Materials

Storage materials used for LHS are phase change materials (PCMs). Thermal energy
is stored or released when a PCM changes from solid to liquid or liquid to solid.
Unlike SHS materials, PCMs absorb and release heat at a nearly constant
temperature. Further, they can typically store 5 to 14 times more heat per unit

volume than SHS materials such as water, masonry, or rock (Sharma et al., 2009).

A large volume of studies have been carried out on a wide range of materials for
potential use as PCMs, which can be classified as organic, inorganic, and eutectic
materials (Figure 2.7). However, for their employment in practice, these materials
must exhibit certain desirable thermodynamic, kinetic and chemical properties
(Zalba et al., 2003). Moreover, economic considerations and easy availability of
these materials have also to be taken into account. Comprehensive reviews of PCMs

that have been proposed or used, their characteristics, advantages and disadvantages,
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as well as the various experimental techniques used to determine the thermal
behaviors of these materials were presented by Abhat (1983), Lane (1983), and

Dincer and Rosen (2002).
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Figure 2.7 A classification of PCMs

PCMs to be used for LHS should have a large latent heat and a high thermal
conductivity. The selection of an appropriate PCM for any application also requires
the PCM to have phase change temperature within the practical range of application
(Agyenim et al., 2010). Figure 2.8 shows an overview of commonly used PCMs
according to their phase change temperatures and latent heats. Among the illustrated
materials, PCMs with phase change temperatures in the range of from 0 °C to 65 °C
are most widely investigated, as they are suitable for domestic water heating or

cooling applications (Agyenim et al., 2010).
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Most PCMs have unacceptably low thermal conductivities, leading to slow charging
and discharging rates, hence heat transfer enhancement techniques are required for
most LHS applications. The techniques commonly investigated in previous studies

are summarized in Figure 2.9.
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Figure 2.8 A thermodynamic classification of PCMs (Cabeza et al., 2011)

A majority of the heat enhancement techniques are based on the application of fins
embedded in PCM. This is probably due to the simplicity, ease in fabrication and
low cost of construction. This is followed by the impregnation of conductive matrix
into PCM using high thermal conductivity materials such as graphite and carbon

fiber (Agyenim et al., 2010).

Kalhori and Ramadhyani (1985) experimentally studied the melting and
solidification characteristics of paraffin around a vertical tube. The results show that
the existence of fins can mitigate the sub-cooling effect during the melting process of

paraffin. Agyenim et al. (2009) found that, as compared to radial fins, LHS system
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with axial fins has a better thermal performance in both melting and solidification
processes. Choi and Kim (1992) found that the overall heat transfer coefficient of a
LHS system can be enhanced by 3.5 times if axial fins are employed. Stritih (2004)
numerically calculated the transient temperature field in a LHS system and found
that the fin’s geometry has a significant influence on the overall heat transfer
performance. Inaba et al. (2003) studied the effect of fins on the heat transfer
performance of a LHS system. It was concluded that the heat transfer rate increases

with an increase in fin thickness and a decrease in fin pitch.
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2.5 PCM Enhanced Water Tank

Among various applications, PCMs were also investigated for use in domestic hot

water tank to enhance its thermal performance.

In relevant studies by Mehling et al. (2003), Cabeza et al. (2006), and Mazman et al.
(2009), modules containing PCM were added at the top of a hot water tank with

stratification (Figure 2.10).
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Figure 2.10 PCM modules at the top of the water tank (Mazman et al., 2009)

Through a series of experiments and simulations, Mehling et al. (2003) identified the

advantages of adding PCM modules in a water tank, which are summarized as:

1) The heat storage capacity of the water tank can be enhanced by adding PCM

modules;

26



2) The heat loss from the water tank can be compensated by the latent heat in

the PCM modules; and

3) The PCM modules can reheat the tank water after being partially unloaded.

Cabeza et al. (2006) conducted an experimental study to investigate the PCM’s
thermal behavior in a PCM enhanced water tank. It was found that the inclusion of
PCM modules can allow hot water to stand for a longer period of time even without
exterior energy supply, or to use smaller tanks for the same purpose. Mazman et al.
(2009) compared the thermal performance of a PCM enhanced water tank when
different organic PCMs were employed. It was found that a paraffin/stearic acid
mixture gives the best results for thermal performance enhancement. It was also
reported that the use of PCM can enhance the water tank’s energy storage density

and compensate the heat loss from the water tank.

PCM
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0.167m

0.167m

0.167m

0350 m

04m
Figure 2.11  PCM modules at the middle of the water tank (Kousksou et al., 2011)
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In other relevant studies, PCM modules were placed at the middle of a hot water
tank (Figure 2.11). Kousksou et al. (2011) developed a detailed mathematical model
for a solar heating system, in which a PCM enhanced water tank is used for storage
of solar heating energy. It was found that the system’s performance is highly
sensitive to the first order design parameters (e.g. PCM’s melting temperature).
Therefore, a mathematical optimization is highly recommended in the early stage of
the design process. Canbazoglu et al. (2005) carried out an experimental study on the
thermal performance of a PCM enhanced water tank coupled with solar heating. It
was reported that the overall system performance can be improved by the use of
PCM. To understand the heat transfer between the PCM modules and water, Castell
et al. (2008) developed a series of regression models to relate the natural heat
transfer coefficient with PCM modules’ geometry. It was found that the presence of
fins on the external surface of a PCM module can significantly enhance the heat
transfer. The temperature difference needed to achieve a certain natural heat transfer
coefficient can also be reduced. A finite volume based numerical model describing
the heat transfer during charging and discharging of a PCM enhanced water tank was
developed by Gracia et al. (2011). Based on the model, a parametric study was

carried out to optimize the PCM distribution inside the water tank.

2.6  Research Gaps

As discussed above, water heating utilizing rejected condenser heat from a
refrigeration cycles is an energy efficient measure for domestic hot water production

due to the associated EF is always higher than unity. On this basis, HPWH was
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widely investigated for use in residential buildings. However, a majority of previous
studies focused only on its heating capacity at the condenser. The cooling
performance at the evaporator under various operation conditions was seldom
studied. This is because HPWHSs are often used as stand-alone water heating
appliances with evaporator leaving air discharged to outdoors and thus the associated
cooling effect is unexploited. Economic barrier also exists to limit its use in
residential buildings, since a considerable investment must be made in the heat pump
by the user. Therefore, a technology that allows a room air-conditioner to serve the
combined purpose of space cooling and water heating is preferred, due to the fact
that air-conditioners are commonly equipped in Hong Kong households to combat
the hot and humid summer. However, considering the differences between a heat
pump and a room air-conditioner, relevant research works are limited in public

domain.

In view of this, a storage-enhanced heat recovery room air-conditioner (SEHRAC) is
proposed in this study. This installation can serve the purpose of combined space
cooling and water heating, and is particularly suitable for applications in subtropical

regions.

In a SEHRAC, same as other refrigeration systems, expansion device is one of the
most important components. As operation of SEHRAC can lead to significant
refrigerant pressure fluctuations, the selection of a suitable type of expansion device

that can function properly despite the fluctuations is very important.
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Previous relevant works on comparing the use of CT and TEV mainly focused on
heat pump water heaters (HPWHSs) and conventional room air-conditioners (CRACS).
It was revealed that whether CT or TEV is better depends largely on the associated
operation characteristics of a refrigeration system. Therefore, previous studied
results are not applicable to SEHRAC because its operation characteristics differ
largely from HPHW and CRAC. In a HPHW, the water delivered to the condenser is
usually tap water with very little variation in temperature throughout the year.
Similar condition also applies to CRAC in the cooling months. While for SEHRAC,
due to the heat recovery occurred in the water tank, the tank water temperature is

highly fluctuating, varying between 25°C and 55°C.

Further, despite many studies have been done on PCM enhanced water tank, a
majority of them focused on its performance in isolation from other system
components or performance when coupled with solar heating. There is virtually no
study to date that enables an evaluation of its performance when integrated with a

refrigeration system.

To fill the research gaps, the effectiveness, energy performance, operation
characteristics, and performance improvement (by the use of PCM) of SEHRAC
when used for combined space cooling and water heating will be investigated in this

study based on both simulation and experimental evaluations.
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CHAPTER 3

METHODOLOGY

This chapter presents the research methodology adopted in this study for
investigating the effectiveness, energy performance, operation characteristics, and
performance improvement of SEHRAC when used for combined space cooling and
water heating. The investigations, as explained below, are based on both simulation

and experimental studies.

3.1 Building Energy Simulations

For evaluating the amount of recoverable heat and thus the effectiveness of using
SEHRAC for water heating, a series of simulations were performed to ascertain the
space cooling loads and air-conditioner energy use of carefully selected units in a
typical residential estate in Hong Kong. The space cooling loads were predicted by
using HTB2 (Alexander, 1996), while the air-conditioner energy use for offsetting
the loads was obtained from BECRES (Yik, 2000). The simulation package (HTB2
and BECRES) was adopted due to its popularity in Hong Kong since the
introduction of HK-BEAM in 1996 (Centre of Environmental Technology, 1999).
Previous evaluations indicated that it is in compliance with ASHRAE Standard 140
(ASHRAE, 2011) and is considered to be equivalent to DOE-2 (Winkelmann et al.,

1993). Further, considering the high building density in Hong Kong, the inter-
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shadowing effect among building blocks was taken into account in the simulations
by using ECOTECT (Marsh, 2010). Brief descriptions of the computer programs are
given below. A flowchart illustrating their integration in this simulation study is

shown in Figure 3.1.
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Figure 3.1 Flowchart of the simulation study

3.1.1 ECOTECT Simulation

To account for the inter-shadowing effect among building blocks, the shading mask
(a mechanism that records which parts of the sky are obstructed from a particular
point in a building) concept was adopted (Alexander et al., 1997). The building
design simulation software ECOTECT was used to calculate the shading mask in

this study.

For a given set of obstacles, the shading mask of a position is the fraction of un-

shaded area of the sky vault at that position which can be represented as follows:
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(3.1)

where SMK; is the shading mask of the target surface for sky vault position i; Areays
is the un-shaded area of the target surface for the sky vault position (m?); Area; is the

total area of the target surface (m?).

In preparation for the ECOTECT simulation, a scaled 3D model of the studied
residential estate was drawn by using AutoCAD (Autodesk, 2004). On exporting the
AutoCAD file to ECOTECT, a shading mask table was generated for each window
surface. Based on the obtained shading mask tables, HTB2 could take into account

the inter-shadowing effect in cooling load predictions.

3.1.2 HTB2 Simulation

HTB2 is a detailed dynamic building heat transfer simulation program, in which a
building is modeled as a series of spaces linked to each other and to the outside by
building elements (walls, windows, etc.). The simulation is driven by outdoor
conditions, by heating/cooling systems and by a network of incidental heat sources.
The approach adopted in HTB2 to represent the complex set of interactions, which
constitute the thermal behavior of a building, is to divide time into discrete intervals
and to assume that, within a time interval or time-step, each heat transport
mechanisms remain constant and independent of each other (Wan, 2003). At the end
of each time-step, a new set of conditions is calculated based on the accumulative

effects of these heat transports. These new values are in turn held constant for the
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duration of the next time-step and the cycle repeated for the duration of the

simulation run.

This simplified idea underlying HTB2 may be regarded as an extension of the
assumptions on which the explicit finite difference approximation of fabric heat flow
is based, to cover the full range of thermal processes in a building. The length of the
time-step used, however, must be small, which is effectively dictated by the stability
criteria for the fabric transport modelling procedure and would normally be less than
one minute (Wan, 2003). The structure of HTB2 has been developed to take
advantage of this short time-step so that, for instance, heat sources may be altered or

data can be output at this time scale.

A special Hong Kong Version of HTB2 is available, which is capable of modelling
100 spaces and allow the space cooling loads and the outdoor conditions to be
grouped and written to files designated by the user, in a format that can be used
directly as input files for BECRES. The subroutines or modules of HTB2 are

organized into three levels to facilitate program management.

The top level module is the main program responsible for managing the data input,
the simulation itself, and the output modules. The input contains information
necessary for the management of the simulation run, such as the length of time-step,
type of output data and format, and whether to enable individual subroutines in a

simulation run.
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The second level subroutines are divided into two groups. The first group reads the
input data files, sets initial values, maintains the clock and updates the database at
the end of each time-step. The second group covers the processes such as fabric
transport, internal radiative exchange, outdoor conditions, insolation, ventilation,
incidental gains, scheduling event, space sensible and latent heat balance. The input

contains general data on each of the main subsystems.

The third level subroutines consist of specific algorithms for the calculation parts of
the operation for which the calling subroutine is responsible. The input contains
definition data required for a simulation run such as the physical parameter

properties of building elements.

3.1.3 BECRES Simulation

BECRES is a computer simulation program functions to predict the air-conditioner
energy use in residential buildings (Yik, 2000). BECRES, however, does not include
a simulation routine for the prediction of the space cooling loads of various air-
conditioned rooms, but relies on HTB2 to provide such predictions, and the two are

to be used as a simulation package.

BECRES includes a Windows front-end program to facilitate data input and program

execution. The input data can be saved in the form of text files, which can be

retrieved later, modified if required, for further simulation runs.
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The performance model incorporated in BECRES for predicting the air-conditioner

energy use is shown in the following equations (Yik, 2000):

Q _ ch
cl,nor —
ch ,rated

=A+AT, + ATy (3.2)

W
Wnor = A4 + A5Tod + AYSTid (33)

rated

where Qg nor and Wpo are the normalized cooling output and compressor power (KW);
Qq and W are the actual cooling output and compressor power (kW); Toq and Tiq are
the simultaneous outdoor and indoor temperatures (°C); Qcirated and Wiaeq are the
rated cooling capacity and compressor power (KW); A; to Ag are regression

coefficients that can be found in Chapter 4.

3.2 Laboratory Experiments

For assessing the performance characteristics of SEHRAC, a prototype was setup
and tested in a test facility located at The Hong Kong Polytechnic University.
Experimental conditions were carefully determined to simulate the conditions that
SEHRAC may encounter in practical situations. In the experiments, the operating
parameters on the refrigerant, air and water sides of the prototype were closely
monitored. Descriptions of the test facility, prototype design, and measuring

instruments used are presented below.
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3.2.1 Test Facility

The test facility comprised two completely insulated and separated environmental
chambers resembling indoor and outdoor conditions. Each chamber measured 3.9 m
in length, 3.8 m in width and 2.2 m in height, which was constructed in conformity

with ASHRAE Standard 16 (ASHRAE, 1983) for rating of room air-conditioners.

The outdoor chamber was conditioned by a built-in air-conditioning system (BIACS)
and was provided with a set of sensible and latent load generation units (LGUS). The

indoor chamber was provided with another set of LGUSs.

Flow
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. AN =] Fan
Return air P Supply air to
from outdoor outdoor chamber
chamber N
— | ¥ —_

X EEV Variable-speed o
compressor _i

Computer
supervisory|
program

Air-cooled

condenser

Figure 3.2 Schematic of the BIACS

The BIACS mainly consisted of a direct expansion (DX) chiller, an air supply fan, a
well-insulated air-duct, and other relevant fittings. Its schematic is shown in Figure
3.2. The DX chiller had a variable-speed compressor, of which the specifications are

indicated in Table 3.1. An electric expansion valve (EEV) was used to maintain a
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desirable refrigerant superheat at the evaporator outlet. Other relevant devices, such
as oil separator, refrigerant receiver, and overloading protections, were also provided
(but not shown in Figure 3.2) to ensure robustness of the DX chiller. The chiller had
a nominal cooling capacity of 9.9 kW, while its actual cooling output could be varied
in the range of from 15% to 110% of the nominal capacity by varying the

compressor speed.

The nominal generation rates of sensible and latent heat of the LGUs were 12 kW
and 4.8 kW, respectively. While the actual outputs were adjustable by using solid

state relay (SSR) to vary the power input to the LGUs.

A computer supervisory program developed based on LabVIEW was adopted to
regulate the outputs of the BIACS and the LGUs. The program was capable of
reading air temperatures and humidities on a real-time basis from sensors located in
the chambers and generating control signals for output adjustments to maintain the

air conditions at pre-set values.

Table 3.1 Specifications of the variable-speed chiller
Model HITACHI THS20MC6-Y
Type Rotary
Frequency range 1510 110 Hz
Rated capacity 9900 W at 90 Hz
Displacement 3.04 ml/rev

3.2.2 Prototype Design
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To accomplish the objectives of this study, a prototype SEHRAC was designed and
setup for laboratory experiments. A schematic representation and a photograph of
the prototype are shown in Figures 3.3 and 3.4, respectively. It mainly comprised a
split-type air-cooled air-conditioner, a heat recovery water tank, and a refrigerant-to-
water heat exchanger immersed in the water tank. Table 3.2 summarizes the

specifications of these key components.
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Figure 3.3 Schematic of the prototype SEHRAC
(T: Thermocouple; P: Pressure transmitter; H: Hygrometer; HX: Heat exchanger)

The split-type air-cooled air-conditioner had a nominal cooling capacity of 2.5 kW.
The indoor unit was basically a DX evaporator with copper tubes and aluminum fins.
The outdoor unit consisted of an air-cooled condenser and a rotary type compressor.
There was no capacity control provided for the compressor. The cooling output was

adjusted by intermittent operation of the compressor in accordance with the indoor
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set-point temperature. A capillary tube was used as the expansion device. Non-
hydroscopic insulation material was used to insulate the connecting pipings. The
amount of refrigerant charged into the system was determined according to the

actual piping length and the manufacturer’s recommendations.

The heat recovery water tank was cylindrical in shape and contained 130 L of water.
It was insulated with rock wool wrapped with a layer of aluminum foil with a total
thickness of 50 mm. The maximum heat loss during the experiments was estimated

to be 21 W.

The refrigerant-to-water heat exchanger was a helical coil made of copper. It was
installed between the compressor and the air-cooled condenser and was immersed
vertically in the water tank with top inlet to cater for the density change of vapor-

liquid refrigerant.

In the prototype, the evaporator functions to absorb heat from the indoor chamber
into the evaporating refrigerant. An accumulator is provided at the evaporator outlet
to ensure that pure vapor refrigerant is supplied to the compressor. Subsequently, the
pressure and temperature of the vapor are raised by compression, and the high
pressure, high temperature vapor is discharged from the compressor into the heat
exchanger for water heating. The refrigerant leaving the heat exchanger is further
cooled in the condenser located in the outdoor chamber and then dried in a drier
before it flows through the expansion device, where its pressure and temperature are

reduced to enable the cooling of the indoor chamber.
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Figure 3.4 Photograph of the prototype SEHRAC

Table 3.2 Specifications of the prototype SEHRAC

Air-conditioner

Model Mitsubishi SRKO9CMP
Nominal cooling capacity 2.5 kKW

Nominal power consumption 0.925 kw

Compressor Hermetic and rotary type
Evaporator and condenser Copper tubes and aluminum fins
Expansion device Capillary tube

Working fluid R22

Heat exchanger

Material Copper

Tube diameter 10 mm

Total length 15.6 m

Heat recovery water tank
Material High-density polyethylene (HDPE)
Rock wool and aluminum foil

Insulation layer .
(Thermal conductivity=0.038W/m K)
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Due to the incorporation of the heat exchanger into the air-conditioner, the
refrigerant pipe work became exceptionally long, requiring a very large amount of
refrigerant. As such, to avoid over-loading of the compressor, additional safety and
control devices were installed. Enormous efforts were therefore made in adjusting
the sensitivities of these devices to ensure robustness of the prototype and continuity

of the experimental study during the lengthy study period.

To enable an optimization of system configuration of SEHRAC, a thermostatic
expansion valve was also installed on the prototype. The capillary tube and the
expansion valve were parallel-connected on a manifold feeding the evaporator. They
could be alternatively activated by the gate valves provided, thus enabling the direct
comparison of their performances under the same experimental conditions. Detailed

specifications of the expansion valve used are given in Chapter 6.

Further, for improving the performance of SEHRAC, a container filled with phase
change material (PCM) was immersed in the water tank to enhance the tank’s heat
storage capacity. Detailed specifications of the PCM used and dimensions of the

PCM container are given in Chapter 7.

3.2.3 Measuring Instruments

In the experiments, the operating parameters on the refrigerant, air and water sides of

the prototype were closely monitored. The measuring instruments used in this study

and their corresponding accuracies are summarized in Table 3.3. The refrigerant
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temperatures were measured by calibrated thermocouples (K type). The refrigerant
high and low side pressures were measured by pressure transmitters of appropriate
ranges for minimizing the measurement error. The refrigerant flow rate was
measured by a variable area flow meter installed between the air-cooled condenser
and the expansion device. The pressure drop across the flow meter was measured (=
2.1 kPa). It was much lower than the ASHRAE’s recommended limit of 82.7 kPa to
confirm fulfilling the accuracy requirement (ASHRAE, 2010). The evaporator return
and supply air conditions were measured by hygrometers. The supply air flow rate
was measured by thermal anemometers. The hygrometers and the thermal
anemometers were positioned according to the distribution method recommended by
British Standard 5141 (BSI, 1975). The water temperatures at various radial and
axial positions in the water tank were measured by Pt100 RTDs. The power

consumption of the prototype was measured by a power quality tester.

Table 3.3 Summary of the measuring instruments
Instrument Model Measurement range  Accuracy
ROTRONIC -40 °C t0 85 °C +).1°C
Hygrometer
HygroFlex 0 to 100% RH +1% RH
Thermal anemometer E+E 70-VT62B5 0to5m/s 2% F.S.
Pt100 RTD Omega 1/10 DIN -100 °C to 400 °C +0.05 °C
Thermocouple Omega TT-K-24 0 °C to 1250 °C +).1°C
) -0.1 MPato 1.2 MPa
Pressure transmitter ~ Danfoss AKS #).3% F.S.

-0.1 MPato 3.4 MPa
Variable area flow KROHNE

0to 3.2 L/min +1.6% F.S.
meter H250/RR/M9
) ISO-TECH IPM-
Power quality tester 3005 0.01 kW t09.999 kW +0W
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All the instruments used were connected to two data loggers (Agilent 34970A),
which allowed all measured data to be real-time monitored, recorded and processed.
In the experiments, the measurements were taken at a short time interval of 5-second

to better capture the dynamic variations in operating parameters of the prototype.
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CHAPTER 4

ANALYSIS OF EFFECTIVENESS OF USING SEHRAC

IN RESIDENTIAL BUILDINGS IN HONG KONG

For the application of SEHRAC, a major concern is whether or not the amount of
recoverable heat can meet the household water heating demand. Another barrier is
the need to use a water tank for thermal energy storage, due to the fact that space is
always a concern in Hong Kong. To address the concerns, this chapter presents a
detailed supply and demand analysis on the use of SEHRAC in a typical residential
estate in Hong Kong. Further, for optimal design of the water tank, its design
requirements including the minimum required heat storage capacity and heat transfer

effectiveness were also determined and discussed.

4.1 Introduction

For the application of SEHRAC, whether or not the amount of recoverable heat can
meet the household water heating demand to achieve the water heating objective is a
major concern. The concern is particularly prominent in Hong Kong because most
local residential units are small but the occupancy density is high. The small space
cooling load and thus the small amount of recoverable heat may not be sufficient to

offset the high water heating demand. Further, the need to use a water tank for
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thermal energy storage is also a barrier to the wide adoption of SEHRAC,
considering that space is always a concern in Hong Kong. To address the concerns,
an accurate and precise prediction of recoverable heat and water heating demand,
together with the water tank design requirements for achieving its optimal design,

are necessary.

In this study, for providing such information, a typical residential estate in Hong
Kong was chosen for a detailed supply and demand analysis. In the analysis, the
space cooling loads and air-conditioner energy use of selected residential units were
carefully determined by building energy simulations taking into account the inter-
shadowing effect among building blocks, the realistic building characteristics, as
well as the daily patterns of occupant activity, internal load and air-conditioner
utilization. On this basis, the recoverable heat of each studied residential unit was
determined and then compared against the water heating demand. Further, for
optimal design of the water tank of SEHRAC, its design requirements were also

determined and discussed.

4.2  Simulation Study

4.2.1 Case Study Estate

A public housing estate of Harmony One design (at Tseung Kwan O, Hong Kong)
consisting of 16 blocks was chosen as the case study estate (Figure 4.1). It was

chosen because over 30% of the population in Hong Kong resides in this type of
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housing blocks, and it is a standard design adopted by most newly developed public
housing estates (Housing Authority, 2015). Each housing block in the estate is of 40-
floor and has 20 units per floor. Among the 16 blocks, Building A is surrounded by
other building blocks from almost all directions to increase the inter-shadowing
effect and thus lowering the space cooling load. Accordingly, Building A is
considered the worst scenario for having the lowest recoverable heat and was chosen

as the case study building block.
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Figure 4.1 Schematic of the case study estate

?

The typical floor layout of Building A is shown in Figure 4.2, illustrating that there
are four wings on each floor (denoted as A-D), and each wing comprises five units
(denoted as 1-5). The units can be grouped into three types: studio unit (denoted as
1P), one-bedroom unit (denoted as 1B), and two-bedroom unit (denoted as 2B). Each
unit is provided with one bathroom and one kitchen. Each habitable room (i.e.
living/dining room and bedroom) of a unit has one external window, except for units

Al, A3, C1 and C3, of which the living/dining room has two external windows.
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According to the allocation standard for public housing (Housing Authority, 2015),
the studio unit is for one person, the one-bedroom unit is for a family of two, and the
two-bedroom unit is for a family of four. This corresponds to an average living space
of 15.6, 16.8 and 10.4 m?/person, respectively, with the two-bedroom unit having the

densest living condition.
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Figure 4.2 Typical floor layout of Building A

To account for the thermal inertia of building envelope in response to intermittent
operation of air-conditioners and highly variable outdoor conditions, the actual
building construction details, which are typical for public housing estates in Hong

Kong (Housing Authority, 2015), were used in this simulation study.
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4.2.2 Energy End-Use Characteristics

To enable an accurate and precise space cooling load prediction, references were
made to residential energy end-use characteristics reported in various sources (Lam,
1993; Wan and Yik, 2004; BEAM Society, 2010). These include installed powers
and utilization patterns of various lightings and small power appliances (e.g. TV).
Among them, only heat generating ones in air-conditioned space were considered.
The obtained end-use characteristics are appended in Tables A.1 and A.2. In the
tables, the utilization patterns of lightings and small power appliances are in fraction
of their respective installed powers. The occupancy patterns, represented by a
fraction of the total number of occupants of a unit, are also summarized in Tables
A.l and A.2. To enable formulating the water heating demand, the bathing habits of
Hong Kong residents, including the hot water supply temperature, as well as the

consumption rate and duration, are summarized in Table 4.1 (Chen and Lee, 2010).

Table 4.1 Bathing habits of Hong Kong residents

Item Range Average
Hot water supply temperature (°C) 32t0 50 40.4
Hot water consumption rate (kg/s) 0.096 to 0.168 0.133
Hot water consumption duration (minutes) 6 to 10 8

For air-conditioning, it was assumed that all habitable rooms of a unit are provided
with independent air-conditioners sized for satisfying the peak cooling loads of
corresponding rooms. The air-conditioned season was assumed to be from April 1 to

October 31, during which the air-conditioners are utilized according to the patterns
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indicated in Tables A.1 and A.2, while outside the air-conditioned season, they were

assumed to be left idle.

4.2.3 Space Cooling Load and Air-Conditioner Energy Use Predictions

The hourly space cooling loads of residential units were predicted by using HTB2
(Alexander, 1996). HTB2 has been subjected to third party validations to confirm its
predictions are within an acceptable error band (Lomas et al., 1997). The energy use
of air-conditioners for offsetting the space cooling loads was determined by using
BECRES (Yik, 2000). BECRES functions as a post-processor for HTB2 and is used
specifically for application to residential buildings that utilize room air-conditioners
for space cooling. Detailed descriptions of HTB2 and BECRES can be found in
Sections 3.1.2 and 3.1.3. An empirical model, as shown in Equations (3.2) and (3.3),
is used by BECRES for describing the energy performance of air-conditioners. The
coefficients in the model were determined from regression analysis of experimental
data and are summarized in Table 4.2 (Wan, 2003). The accuracy of BECRES

simulations has been confirmed by Chen et al. (2008).

Table 4.2 Summary of regression coefficients in Equations (3.2) and (3.3)
Ap 0.7651
Az -0.0086
Az 0.0199
Ay 0.0320
As 0.0191
As 0.0102
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4.2.4 Inter-Shadowing Effect Analysis

To account for the inter-shadowing effect introduced by other blocks on Building A,
the shading mask (a mechanism that records which parts of the sky are obstructed
from a particular point in a building) concept was adopted in this study (Alexander et
al., 1997). For a given set of obstacles, the shading mask of a position is the fraction

of un-shaded area of the sky vault at that position (Equation (3.1)) (Chapter 3).

In this study, ECOTECT was adopted to evaluate the shading mask at windows of
each residential unit on every 20th floor of Building A. Accordingly, there were
three floors (i.e. 1st, 20th and 40th floors) and 44 air-conditioned rooms per floor,
making a total of 144 windows for shading mask calculations. In preparation for the
ECOTECT simulation, a 3D model of the case study estate was drawn by using
AutoCAD. On exporting the AutoCAD file to ECOTECT, a shading mask table was
generated for each window surface. Based on the obtained shading mask tables,

HTB2 can take into account the inter-shadowing effect in cooling load predictions.

4.3 Results and Discussion

4.3.1 Inter-Shadowing Effect

In this study, the inter-shadowing effect introduced by other blocks on Building A
was evaluated by using the shading mask concept. In quantifying the shading mask

value for a solar position, the sky vault is divided into small segments with a solid
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angle of approximately 10 degrees which corresponds to 324 equal area segments
(i.e. 0° to 360° from azimuth, and 0° to 90° horizon to zenith). The shading mask
table generated by ECOTECT therefore comprises 36 rows and 9 columns, making a
total of 324 figures. Of the 324 figures, 50% can be ignored because they correspond
to sky vault positions at the back of the window surface. Further, the figures are

independent and of equal importance, as they are from equal sky segments.
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Figure 4.3 Inter-shadowing effect comparisons

It is therefore acceptable to use arithmetic mean of the figures to represent the

average shading mask (SMK,) of a window surface:

162

D SMK,

SMK, =2 (4.1)
162
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The wing averaged SMK,, on the three studied floors (i.e. 1st, 20th and 40th floors)
of Building A were then calculated to enable a comparison of inter-shadowing effect
among different wings and floors. Results are summarized in Figure 4.3. It can be
seen that the wing averaged SMK decreases with a decrease in floor levels,
indicating a more remarkable inter-shadowing effect for lower floors. Further,
among the four wings on the same floor, Wing D is most shadowed as reflected by a

smaller wing averaged SMK, as compared to other wings.

4.3.2 Space Cooling Load and Air-Conditioner Energy Use

Based on the actual construction details of Building A and the obtained shading
mask tables, the annual and peak cooling loads of residential units on the three
studied floors were determined from the hourly outputs of HTB2. The weather
conditions used in the simulations were referred to the hourly outdoor conditions of
Hong Kong in 1989, which is the typical meteorological year (TMY) for use in
building energy simulations for compliance with the performance-based building

energy code in Hong Kong (Electrical and Mechanical Services Department, 2007).

The annual cooling load (ACL) of a residential unit can be determined by:

ACL = ii(qﬁy ; x1hour ) (4.2)

j=1 i=1

where Qq,ij is the space cooling load of room j on the ith hour in the air-conditioned

season (kW); N is the number of air-conditioned rooms of the residential unit (=1 for
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1P; =2 for 1B; =3 for 2B); K is the number of air-conditioned hours from April 1 to

October 31.

Figure 4.4 shows the ACL of residential units on the three studied floors of Building
A. It can be seen that there is a marginal increase in ACL for the 20th floor as
compared to the 1st floor. This is reasonable because the inter-shadowing effect,
which can reduce the solar heat gain, is more significant for the 1st floor (Figure 4.3).
However, due to the additional roof area exposed to the outside environment, a
remarkable increase in ACL is observed for the 40th floor. Furthermore, as can be

seen, for the same type of unit on a floor, ACL varies with orientation.
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Figure 4.4 ACL of residential units on the three studied floors

BECRES was then used to determine the energy use of air-conditioners based on the

obtained cooling load predictions. On this basis, the annual (total) energy
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consumption (AEC) of all air-conditioners in a residential unit was calculated.
Results are shown in Figure 4.5. It is reasonable to observe that units with higher
ACL have greater AEC. It can also be seen from Figures 4.4 and 4.5 that units D2,
D4 and D5 have the lowest ACL and AEC among their respective unit types (2B, 1B
and 1P). This is because these units are located at recessed space of the wing, and

Wing D is most influenced by the inter-shadowing effect as revealed in Figure 4.3.
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Figure 4.5 AEC of residential units on the three studied floors

Table 4.3 Simulation results for the three representative residential units

Unit

Characteristic D2 D4 D5

BED1 BED2 LDRM BED LDRM BED

ACL (kwh) 2562.3 2824.6 2753.8 2579.6 2959.6 4020.5
AEC (kwh) 985.0 1056.0 958.2 989.5 1150.7 1353.9
Peak load (kW) 0.99 1.14 2.37 0.99 2.60 3.13
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Therefore, as far as condenser heat recovery is concerned, units D2, D4 and D5 on
the ground floor (i.e. 1st floor), which have the smallest space cooling load among
their respective unit types, were considered as the worst scenario and thus chosen as
the representative residential units for subsequent analysis. Their space cooling load

and air-conditioner energy use characteristics are summarized in Table 4.3.

4.3.3 Recoverable Heat and Water Heating Demand

Two possible designs for condenser heat recovery from room air-conditioners were
identified and evaluated in this study. The first is SEHRAC, of which the schematic
is shown in Figure 3.3. The second is a tank-less SEHRAC (referred to as HRAC).
Due to the absence of water tank, HRAC relies on a tube-in-tube heat exchanger to
enable heat transfer between compressor discharged refrigerant and water. Therefore,

HRAC can only provide space cooling and water heating on a simultaneous basis.

For assessing the effectiveness of using HRAC, the instantaneous water heating
demand and recoverable heat need to be determined. The instantaneous water

heating demand (Qnq(z)) can be quantified by:

th (T) = thCp,W I:Thw _Ttw (T):| (43)

where myy is the hot water consumption rate (kg/s); cpw is the water specific heat
capacity (kJ/kg K); Thy is the required hot water supply temperature (°C); Tw(7) is

the tap water temperature at time z (°C).
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To determine the tap water temperature, the following equation relating Ty (z) with

outdoor temperature (Toq4(z)) can be used (Chen and Lee, 2010):

T, (7) =—0.0156T7 (7)+1.2683T,, (7)+4.6356 (4.4)

Based on Equations (4.3) and (4.4), Qny(z) of the three representative units (i.e. D2,
D4 and D5 on the ground floor) can be determined. Unit D2, being a two-bedroom
unit with the densest living condition, has the highest Qnq(z), ranging between 6.115

kW and 9.739 kW in the air-conditioned season.

The maximum recoverable heat from condenser (Quwn(z)) can be determined based on
the first law of thermodynamics, which is the sum of simultaneous cooling output

(Qci(z)) and compressor power (W(z)):

Qun (7)=Qy (7)+W () (4.5)
where Q(z) and W(z) can be obtained from HTB2 and BECRES simulations.
In accordance, Qun(z) of the three representative units can also be determined. Figure
4.6 shows the profiles for Qun(z) of unit D2 on the minimum (April 10) and peak
(July 17) cooling days. In the figure, Qun(z) of bedroom air-conditioner (Bedroom 2

for having a higher Qun(z)) and living/dining room air-conditioner are separately

illustrated.
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It is evident from Figure 4.6 that the amount of recoverable heat (Qun(z)) is
constantly lower than the simultaneous water heating demand (Qn¢(z)) on both
minimum and peak cooling days, indicating that the use of a HRAC to provide

simultaneous space cooling and water heating is not feasible in Hong Kong

households.
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Figure 4.6 Instantaneous recoverable heat of unit D2
(Min: Minimum cooling day; Peak: Peak cooling day)

For assessing the effectiveness of using SEHRAC in achieving the water heating
objective, the cumulative recoverable heat on daily basis (Hwhcum) Was determined
by Equation (4.6) for comparison against the daily maximum household water

heating demand (Hng max)-
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k
H o com = ZQwh (7)x1hour (4.6)
=1

where k is the number of air-conditioned hours in a day.

The household water heating demand on hourly basis (Hng(z)) can be determined by
Equation (4.7), if each household member takes one bath a day (Chen and Lee,

2010).
Hua (7)=Qu (7)x HRx HS xUF (7) 4.7

where HR is the hot water consumption duration in hour; HS is the household size
(=1 for 1P; =2 for 1B; =4 for 2B); UF(z) is the hourly hot water utilization factor

defined as a fraction of the daily hot water consumption (=HR>HS).

Accordingly, Hngmax OCcurs at the hour when the corresponding outdoor temperature
is the daily minimum and all household members take shower consecutively within
that hour (i.e. UF(7)=1):

H = max [th (T)] = Max [th (T)JX HR> HS (48)

hd,max 21" 2a r=1~24

Figure 4.7 compares the profiles for Hyncum and Hngmax Of unit D2. In calculating
Huwhcum, ONly rejected heat from bedroom air-conditioner (Bedroom 2 for unit D2)
was considered due to its longer and more stable daily operation characteristics. As

can be seen, if a water tank is used to store the daily rejected condenser heat, Hyn cum
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is always sufficient to offset Hygmax In the entire air-conditioned season to confirm
the effective use of SEHRAC in Hong Kong households. Further, due to a higher
space cooling load and a smaller water heating demand, a huge surplus in heat

supply (>300%) can be seen in summer months (e.g. July).
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Figure 4.7 Daily recoverable heat and water heating demand of unit D2

4.3.4 Water Tank Design Requirements

For the use of SEHRAC, if completely free water heating is to be achieved in the
entire air-conditioned season, the day with the minimum heat supply and the
maximum heating demand was considered as the worst scenario. Therefore, to avoid

under-sizing the water tank, Hpgmax ON the minimum cooling day should be taken as
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its required heat storage capacity. Results are summarized in Table 4.4. As can be
seen in the table, unit D5 has the highest Hyncum and the lowest Hygmax. This is
reasonable because unit D5 has the highest bedroom cooling load (Table 4.3) and the

lowest occupancy density (one person household).

Table 4.4 Summary of the minimum required heat storage capacities
. Unit
Description
D2 D4 D5
. ) Huwh.cum (KWh) 6.11 5.16 8.84
Minimum cooling day
Peak cooling day
Hngmax (KWh) 3.68 1.84 0.92
Minimum required heat storage capacity (kwh)  5.19 2.60 1.30

It should be noted that the above discussions assumed a theoretical maximum
recoverable heat (the sum of cooling output and compressor power), which may not
be achievable in practice. To ensure a successful use of SEHRAC, the minimum
required heat transfer effectiveness between compressor discharge refrigerant and
tank water needs to be evaluated. The effectiveness (¢) is defined as a ratio of actual

amount of heat transfer over the maximum possible amount that can be transferred.

In this study, the actual and maximum amount of heat transfer were taken as Hpg max
and Huyh cum, respectively, on the minimum cooling day for determining the minimum
required effectiveness (emin). It is reasonable to expect that if the water tank is
designed to satisfy the minimum effectiveness requirement, the water heating
objective can be achieved by the use of SEHRAC in the entire air-conditioned

season.
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On this basis, emi for the three representative units (D2, D4 and D5) were estimated
to be 0.85, 0.50 and 0.15, respectively. It was found that emi, for unit D2 is much
higher, indicating special attention should be given to enhance the heat transfer

performance of the corresponding water tank.

4.4  Summary

The space cooling loads and air-conditioner energy use of residential units in a
typical estate in Hong Kong were carefully simulated based on the actual building
construction details. On the basis of the simulation results, the recoverable heat and
water heating demand profiles were formulated for three representative residential
units. A comparison of the profiles indicated that in the entire air-conditioned season,
the water heating objective could be achieved by the use of SEHRAC. For optimal
design of the water tank to satisfy the daily household water heating demand, its
design requirements including the minimum required heat storage capacity and heat
transfer effectiveness were determined. The results clearly showed that SEHRAC is
worthy of application even in dense living environment like Hong Kong. The space
cooling load, recoverable heat and water heating demand profiles established in this

study will also be useful for future studies on energy performance of SEHRAC.
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CHAPTER 5

ENERGY PERFORMANCE AND OPERATION

CHARACTERISTICS OF SEHRAC: AN

EXPERIMENTAL STUDY

The effectiveness of using SEHRAC for domestic water heating in residential
buildings in Hong Kong was confirmed in Chapter 4. However, given the simulation
study assumed a theoretical maximum recoverable heat, whether its use is still
energy effective in practice, in particular under intermittent operation, is of concern.
Intermittent operation of SEHRAC can lead to significant fluctuations in operating
parameters on the refrigerant side. Adding that capillary tube is often used as the
expansion device to magnify the fluctuations, whether SEHRAC can still operate
satisfactorily is another concern. To address the concerns, an experimental study is
presented in this chapter for evaluating the energy performance and operation
characteristics of SEHRAC when used for combined space cooling and water

heating.

5.1 Introduction

In Chapter 4, a supply and demand analysis on the use of SEHRAC in a typical

residential estate in Hong Kong was presented based on hour-by-hour simulations. It
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was confirmed that the water heating objective can be achieved by the use of
SEHRAC. However, considering that the simulation study assumed a theoretical
maximum recoverable heat (the sum of cooling output and compressor power),
which may not be achievable in practice, it is still not clear whether the use of

SEHRAC is energy effective in practical situations.

Room air-conditioners are often sized for satisfying peak cooling loads. At part load
conditions, most air-conditioners operate intermittently to regulate their cooling
outputs for offsetting the actual space cooling load. Intermittent operation of
SEHRAC will lead to reduced amount of recoverable heat, since condenser heat is
only available during the compressor on-cycle. Further, as the heat rejection
performance of SEHRAC is influenced by outdoor temperature, the amount of
recoverable heat is also affected. Therefore, for evaluating the energy performance
of SEHRAC, the influences of outdoor temperature and space cooling load need to

be ascertained.

For the application of SEHRAC, another concern is the use of capillary tube as the
expansion device. Despite capillary tube is widely used in small capacity room air-
conditioners for economic and simplicity considerations, its feasibility when used in
SEHRAC is in doubt, considering the highly fluctuating refrigerant pressures during
the operation of SEHRAC. Therefore, whether SEHRAC using capillary tube can
actually operate satisfactorily, in particular under intermittent operation, is subject to

experimental investigations.
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To facilitate the said investigations, a prototype SEHRAC was designed and setup
for an experimental study. Two identical sets of experiments with and without water
heating under a range of outdoor temperatures (OTs) and space cooling load
conditions (represented by part load ratios (PLRs)) were conducted. In the
experiments, different operating parameters on the water, refrigerant and air sides of
the prototype were measured and recorded. Based on the experimental results, the
space cooling, water heating and overall energy performances of the prototype, as
well as its dynamic operation characteristics were evaluated. On this basis, the
potential water heating energy saving on wider application of SEHRAC in Hong

Kong was also assessed.

5.2  Experimental Study

5.2.1 Test Facility

The experiments were conducted in a test facility located at the Hong Kong
Polytechnic University. The test facility comprised two completely insulated and
separated environmental chambers resembling indoor and outdoor conditions.

Detailed descriptions of the test facility can be found in Section 3.2.1.

In this study, the desired temperature in the outdoor chamber (referred to as outdoor
temperature) was achieved and maintained by the BIACS and the LGUs. While the
LGUs located in the indoor chamber were used to simulate various space cooling

loads.
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5.2.2 Prototype Design

To accomplish the objectives of this study, a prototype SEHRAC was designed and
setup for laboratory experiments. Its schematic is shown in Figure 5.1. The prototype
mainly consisted of a split-type air-cooled air-conditioner, a refrigerant-to-water heat
exchanger and a cylindrical water tank. The indoor unit of the air-conditioner was
basically a DX evaporator with copper tubes and aluminum fins. The outdoor unit
consisted of an air-cooled condenser and a rotary type compressor. Detailed

specifications of the prototype can be found in Section 3.2.2.

Outdoor chamber Indoor chamber

Power quality tester

SG - ! - P U UT SG
O 1 {O—
|
I
—H
— @L Accumulator ?
P Compressor
Water tank |
. ﬂ

T
I * Evaporator
—
P T
SG Condenser g ]
© ) a
. > Tu up up
C 1 r <3
| S— i
Flow Expansion
CDTC:' meter device

I
I
I
I
!
I
I
I
|
<] I
H V2 Overheat | ) )
ex:::anger X Vi protection | H H
BAE I
I
I
I
|
I
|
T
I
I
I
I

Figure 5.1 Schematic of the prototype for performance evaluation of SEHRAC
(T: Thermocouple; P: Pressure transmitter; H: Hygrometer; SG: Sight glass)

There was no capacity control provided for the compressor. The cooling output was

adjusted by intermittent operation of the compressor in accordance with the indoor
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set-point temperature. The original capillary tube supplied with the air-conditioner

was used as the expansion device.

Between the compressor and the condenser, a by-pass line for the water tank was
provided to enable switching between the combined cooling and heating (CH) mode
and the conventional cooling (CC) mode. For the CH mode, valves V2 and V3 were
opened while valve V1 was closed. For switching to the CC mode, V2 and V3 were

closed while V1 was opened to by-pass the water tank.

5.2.3 Measurements

In the experiments, different operating parameters on the water, refrigerant and air

sides of the prototype were measured and recorded. The measuring instruments used

are summarized in Section 3.2.3.

5.2.4 Experimental Conditions

The experimental conditions adopted in this study were carefully determined to

simulate the conditions that SEHRAC may encounter in practical situations, which

were mainly based on the simulation results obtained in Chapter 4.

As SEHRAC is intended for use in bedrooms to recover the nighttime condenser

heat, the cooling load characteristics, including the peak cooling load, the range of
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PLRs, and the sensible heat ratio of the representative bedroom identified in Chapter
4 (Bedroom 2 of unit D2 in Building A, Figure 4.2), were set as the indoor chamber

conditions (Table 5.1).

Table 5.1 Summary of the experimental conditions
Conditions Controlled Range
Outdoor chamber ~ Outdoor temperature (OT) 25 °C to 35 °C (with 5 °C intervals)
Relative humidity 50%
Indoor chamber Peak cooling load 0.99 kW
Part load ratio (PLR) 0.4 to 1 (with 0.2 intervals)
Sensible heat ratio 0.8
Tank water Initial temperature 25°C
Total volume 130 L

The outdoor chamber conditions are also summarized in Table 5.1. The range of OTs
was the outdoor temperature range in Hong Kong during the season when air-
conditioning is used (BEAM Society, 2010). The maximum (=35 °C) followed the
maximum dry-bulb temperature in 1989. The initial tank water temperature was
taken as 25 °C, which is Hong Kong’s annual average tap water temperature (Chen
and Lee, 2010). The total volume of the tank water was 130 L, which corresponds to

two persons’ daily hot water consumption (Chen and Lee, 2010).

5.2.5 Experimental Procedures

Two identical sets of experiments with the prototype operated in the CH mode and

the CC mode were conducted. At the beginning of each experiment, the outdoor
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chamber was first conditioned to the pre-determined temperature and humidity
(Table 5.1) by the use of the BIACS and the LGUs. The tank water was heated to 25
°C. Upon achieving the desired conditions, the prototype, the LGUs in the indoor
chamber and all the measuring instruments were powered on to maintain the indoor
chamber at 22 °C (indoor set-point temperature recommended by BEAM Society
(2010)). The prototype was then operated intermittently to offset the pre-determined
space cooling load generated by the LGUs, while the outdoor chamber condition was

maintained unchanged throughout each experiment.
For the CC mode, the experiments were stopped when the operating parameters of
the prototype reached a steady state. While for the CH mode, the experiments were

continued until the average tank water temperature reached 50 °C (maximum

required hot water temperature for Hong Kong residents (Chen and Lee, 2010)).

5.3 Results and Discussion

This section discusses the energy performance and operation characteristics of the

prototype operated in the CH mode as compared to the CC mode.

5.3.1 Water Side Performance

SEHRAC uses the rejected condenser heat for water heating. Whether the heat

recovered is sufficient to achieve the water heating objective needs to be evaluated.
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Figures 5.2 and 5.3 depict the average tank water temperature (T,,) against operating
time (z) for different OTs and PLRs, respectively. T, is taken as the arithmetic mean

of the water temperatures measured at 12 different locations in the water tank:

Tw = iTWI/LZ (51)

where T, is the tank water temperature measured at the i-th location.

It is obvious that T, exhibits a stepwise increase with operating time due to
intermittent operation of the compressor. It can also be seen that the rate of
temperature increase is higher initially and decreases gradually. This can be
explained by the fact that as T, increases, the heat transfer performance of the heat
exchanger drops so that the amount of superheated refrigerant condensed in the heat
exchanger is reduced to lower the heat rejection in the water tank. Figures 5.2 and
5.3 also indicate that due to the lower heat rejection rate when OT or PLR decreases,

longer time is needed to heat the water to 50 °C.

Figure 5.4 shows the vertical water temperature variations for different operating
times in a typical experimental condition (OT=30 °C and PLR=0.8). This condition is
shown because it occurs most frequently in the air-conditioned season. It can be seen
that water temperatures in the upper part of the water tank are much higher initially
and then the isothermal layer gradually expands to the lower part. This is due to the
top inlet design of the heat exchanger, as explained in Section 3.2.2. Hot refrigerant

from the compressor therefore flows from top to bottom of the water tank. As can be
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seen, Ty, reaches 48.9 °C in 360 minutes with a maximum temperature of 50.5 °C and

two-third of water above 50 °C.

&3

Vertical level of the water tank (cm)

35 40 55

Water temperature ("C)

Figure 5.4 Vertical water temperature variations for different operating times

The total time required (zr) for each experiment to heat T, from 25 to 50 °C is
summarized in Table 5.2. To check if the daily operation duration of a bedroom air-
conditioner will exceed tr, references were made to previous studies on utilization
patterns of air-conditioners in Hong Kong (BEAM Society, 2010; Chen and Lee,
2010) which indicate that bedroom air-conditioners normally run 10 to 18 hours
overnight. It can therefore be seen that for all experimental conditions, zx is less than
18 hours. Among them, zz is more than 10 hours only under three specific conditions

(OT=25 °C and PLR=0.4 or 0.6; OT=30 °C and PLR=0.4). The results confirm the
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feasible use of intermittently operated SEHRAC as the bedroom air-conditioner to

reduce the water heating energy use in residential buildings in Hong Kong.

Table 5.2 Required water heating time (zg) for different experimental conditions
Required water heating time (minutes)

OT (°C)
PLR=0.4 PLR=0.6 PLR=0.8 PLR=1.0

25 971 724 556 390

30 733 550 405 309

35 503 380 298 252

5.3.2 Refrigerant Side Performance

As T, increases, the heat rejection performance of SEHRAC drops continuously,
leading to significant fluctuations in operating pressures and temperatures on the
refrigerant side. To illustrate, selected operating parameters from the typical
experimental condition, except otherwise stated, are chosen for a detailed discussion
in Figures 5.5 and 5.6. The parameters were selected because they fluctuate most in

response to an increase in Ty,.

Figure 5.5 shows the variations of compressor discharge (Pcqr) and suction (Pcsr)
pressures with operating time. It can be seen that both Py, and P, fluctuate on
cutting in of the compressor. Upon continuous operation of the compressor, the
pressures become stable but display a rising trend with operating time. On cutting
out of the compressor, the pressures become equalized due to the refrigerant

migration from the condenser to the evaporator.
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Pressure variations during compressor cutting in and out are considered normal. The
steady increase in Pcq, and Pcs, with operating time is attributed to the increase in T,,.
As T, increases, the condensing pressure needs to be elevated to enable heat
rejection. Therefore, Py, IS increased to reduce the refrigeration effect and thus
increase the evaporator outlet pressure (i.e. Pcsr). Moreover, as revealed in Figure
5.5, Pes Is less influenced by the condenser heat recovery because it increases at a

much lower rate than Pcgq .

Figure 5.6 shows the variations of refrigerant temperatures at water tank inlet (Ty)
and outlet (T ) with operating time. It can be seen that both Ty and Ty experience
a significant increase but their difference decreases with operating time. The increase
in Ty can be explained by the increase in Pcq,, while the decrease in the temperature

difference is caused by the drop in heat transfer performance of the heat exchanger.

To check if the extents of pressure fluctuations are within acceptable ranges to
confirm the satisfactory operation of SEHRAC using capillary tube, the compression
ratio (CR), defined as the ratio of the absolute discharge pressure to the absolute
suction pressure, is used as an indicator. However, in view of the vast amount of
experimental data collected, the average P.qr and P¢s 0f a compressor on-cycle were

calculated to give Pcgrm and Pcsm. Therefore, the average compression ratio (CRy)

IS given by:
P P
CR, = Tearm TP (5.2)
I:)cs,r,m + I:)b
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where Py, is the barometric pressure.

Figure 5.7 shows the variations of CR,, for different OTs (PLR=0.8). To enable
pairwise comparison of the results, the corresponding average operating times (zm)
were calculated to form the X-axis. The results of other PLRs have not been shown
because they display the same order of variations with OTs, and differ only in the

rate of increase in CRy,.

As revealed in Figure 5.7, CRy, increases with operating time and ranges between
2.74 and 3.23. The increase is attributed to the higher rate of increase in Pcy, than
Pesr (Figure 5.5). The range of CRy, (2.74 to 3.23) is judged to be acceptable because
it is within the allowable limit of 10 as recommended by most compressor
manufacturers (Copeland, 1982). It can also be seen that at any given time, higher
OT gives higher CRy,. This is because higher OT means higher heat rejection rate,

resulting in a higher T, at a given time, and thus higher Pcgrm and CRy.

According to the lubrication oil’s properties (Whitman et al., 2005), for an air-
conditioner to operate properly, the compressor discharge temperature should never
exceed 105 °C. Figure 5.8 shows the variations of average compressor discharge
temperature (i.e. Ty m) for different OTs (PLR=0.8). It can be seen that despite Ty rm
has increased significantly with operating time (44 °C to 56.5 °C); it is still far lower

than the allowable limit of 105 °C.
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It is evident from the above discussions that the fluctuations in operating pressures
and temperatures on the refrigerant side can be well-explained and are within
acceptable ranges to confirm the satisfactory operation of SEHRAC using capillary

tube as the expansion device.

5.3.3 Energy Performance

5.3.3.1 CH Mode

The energy performance of the prototype operated in the CH mode is analyzed based
on the average space cooling output, water heating capacity, power consumption and
overall coefficient of performance of each compressor on-cycle. The average values

are used because of the intermittent operation characteristics of the prototype.

The average space cooling output (Q¢ m) is determined by:

ch,m = ma (her,a,m - hes,a,m) (53)

where m, is the evaporator supply air flow rate (kg/s); heram and hesam are the
average return and supply air enthalpies (kJ/kg), respectively, of the evaporator

within a compressor on-cycle.

The following equations are used to determine the air enthalpy (ASHRAE, 2009):
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h, =1.006T, +w(2501+1.86T,) (5.4)

w=0622— 2" (5.5)
I:)b _¢Psw
NP, =C,/T. +C,+C,T, +C,T.2+CT.2+C, InT, (5.6)

where T, is the air temperature (°C); w is the moisture content (kg/kg); ¢ is the
relative humidity; Ps, is the saturation vapor pressure over liquid water (Pa); C; to
Cs are the regression coefficients summarized in Table 5.3 (ASHRAE, 2009); T, is

the absolute air temperature.

Table 5.3 Summary of the regression coefficients in Equation (5.6)

C1 -5.800E+03
Cs 1.391E+00
Cs -4.864E-02
Cs 4.176E-05
Cs -1.445E-08
Ce 6.546E+00

The average water heating capacity (Qwnm) IS given by:

Qwh,m = Cp,wMW (Tw,e _Tw,b )/AT (57)

where ¢, is the specific heat capacity of water (kd/kg °C); My, is the total mass of

the tank water (kg); Twe and Ty, are the average water temperatures at the end and
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the beginning, respectively, of a compressor on-cycle (°C); Az is the time duration of

the compressor on-cycle in second.

The average overall coefficient of performance (COPy,m), Which takes into account

Qcim» Quhm and average power consumption (W), is mathematically expressed as:

COR)a . — ch,m +Qwh,m
‘ w

m

(5.8)

The calculated Qcim, Quwhm, Wm and COPq,n for all experimental conditions are
summarized in Figures 5.9 to 5.12, respectively. For direct comparison of results for
different experimental conditions, Ty, n, derived from further averaging T,, (Equation

(5.1)) over a compressor on-cycle, is taken as the X-axis.

It can be seen in Figures 5.9 and 5.10 that both Q¢ m and Qwhm decrease with an
increase in Ty m. They have dropped correspondingly by 26% and 55% over the
entire range of Ty, for OT at 35 °C. The drop in Q. m can again be explained by the
increase in the condensing pressure to lower the refrigeration effect, while the
decrease in Qunm is due to the drop in temperature difference between the refrigerant
discharged from the compressor and the water. For the same reason, it can be seen
that Quwnm drops at a much lower rate in the first 30 minutes due to a higher
temperature difference initially. It can also be seen that for a given Ty n, higher OT
results in smaller Q¢ m but larger Qunm. In other words, OT introduces a cancellation

effect between Qcim and Qun,m.
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Figure 5.10  Variations of Qunm With Ty for all experimental conditions

Figure 5.11 shows that when T, increases from 25 °C to 50 °C, W,, increases

approximately by 17%. This is due to the increase in CRy, as explained in Section
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5.3.2 (Figure 5.7). Moreover, for a given Ty, Wn is larger for conditions with

higher OT.
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Figure 5.11  Variations of Wy, with Ty, , for all experimental conditions

For the overall energy performance, it can be seen in Figure 5.12 that COPgam
decreases with an increase in Ty . This is due to the corresponding increase in Wy,
as well as the decrease in Qum and Qunm as explained earlier. Considering the
dominant influence of water temperature as well as the cancellation effect between
Qcim and Qunm, it is reasonable to see that OT has only a small influence on COPgam
for a given Ty, m. A closer examination of the results shows that the COP,,, profiles
for different OTs intersect when Ty, , is at approximately 38 °C, implying that lower
OT gives slightly higher COPoam When Ty, is below 38 °C. Figure 5.13 shows the
average coefficient of performance for space cooling only (COP ). As can be seen,
similar to COPgam, COP( 1, also decreases with an increase in Ty, . This is attributed

to the continuous decrease in Qci,m and increase in Wy, with Ty, m.
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5.3.3.2 CC Mode
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For the CC mode, Q¢ m is also determined by Equations (5.3) to (5.6). Given that
Quhm In Equation (5.8) equals 0, the average coefficient of performance (COP,,) can

therefore be calculated by:

O

COP, =2 (5.9)

Qcimy Wi and COP, were calculated for different OTs and PLRs. However, it was
noted that PLR introduces very little influence on their values, and thus Table 5.4
summarizes only the calculated Qe m, Wm and COPy, for different OTs. The results
are also shown in Figures 5.9 and 5.11 to enable direct comparison with the CH

mode.

Table 5.4 Energy performance of the prototype operated in the CC mode

Energy performance
OT (°C)

Qc|’m (kW) Wm (kW) COPm
25 1.78 1.01 1.76
30 1.63 1.04 1.57
35 1.46 1.06 1.38

As can be seen in Figure 5.9, at OT of 25 °C, 30 °C and 35 °C, Q. of the CH mode
falls below the CC mode when T,, , exceeds an intersection temperature of 31 °C, 37
°C and 42 °C, respectively. But the difference is less than 10% even when Tyn
reaches 50 °C. The existence of the intersection temperatures can be explained by the

interactive influence of refrigeration effect and refrigerant flow rate on Qg m.
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For the CH mode, the condensing pressure is low to give a higher refrigeration effect
at lower T, m, resulting in a larger Qum. But when T, exceeds the intersection
temperature, despite the condensing pressure being still lower than that in the CC
mode, the reduction in refrigerant flow rate due to lower pressure difference between

the condenser and evaporator outweighs to give a smaller Qcj .

To explain the above observations, Figure 5.11 compares the calculated Wy, for the
two modes. It can be seen that Wy, of the CH mode is lower than the CC mode before
Twm reaches 44 °C, 45 °C and 46 °C, respectively, mainly due to the lower

condensing pressure.

For the overall energy performance, due to the additional Qunm, COPoam Of the CH
mode, as compared to COP,, of the CC mode, is higher for the entire T, range.
Therefore, as far as energy performance is concerned, within the studied T, , range,
SEHRAC is always more efficient than conventional room air-conditioner as long as

water heating is needed.

5.4 Potential Water Heating Energy Saving

The discussions in Section 5.3.1 indicated that the water heating objective can be
achieved by the use of SEHRAC for the given experimental conditions. To further
evaluate the sole use of SEHRAC for water heating in the entire air-conditioned
season, and to enable prediction of the potential water heating energy saving, a

prediction model relating zr with OT and PLR needs to be developed.
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In this study, zr for different combinations of OT and PLR (Table 5.2) were used for
developing the prediction model. The resultant model (r’=0.9), developed based on

polynomial regression analysis, is shown in Equation (5.10):

7, =A +AOT + APLR+AOT?+AOT xPLR + A,PLR? (5.10)

where 7z is the required water heating time in minute; A; to As are regression

coefficients summarized in Table 5.5.

Table 5.5 Summary of the regression coefficients in Equation (5.10)

A 3605
Ay -91.9
Az -3022
Ay 0.4
As 53.8
As 510.4

For the use of Equation (5.10) to predict zg, the coincident OT and PLR need to be
determined. However, considering that the space cooling load of the representative
bedroom, as revealed from the simulation results presented in Chapter 4, does not
deviate much during the hours when air-conditioning is used, the simulated daily
average OT and PLR were therefore used for prediction of the daily zxz. The predicted

values are summarized in Table 5.6.

Based on the obtained daily g, it is estimated that if the daily operation duration of
bedroom air-conditioner is taken as 18 hours (=1080 minutes), within the air-

conditioned season, the water heating demand (hot water daily consumption: 130 L;
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Tw: from 25 °C to 50 °C) can be fulfilled for 179 days. On this basis, if both
bedrooms of unit D2 in Building A (Figure 4.2) is equipped with SEHRAC, the
annual water heating demand and thus energy saving will be 49.0% (= 179/365).
The energy saving is estimated based on the demand saving and thus is a fuel-neutral

estimation.

Furthermore, according to the latest energy statistics (Electrical and Mechanical
Services Department, 2015a), the water heating energy consumption of the
residential sector in Hong Kong was 2.95 TWh. Therefore, based on the above water
heating demand and energy saving potential, it is estimated that if all residential
buildings are designed to use SEHRAC, the total water heating energy saving will be
1.45 TWh per annum (=2.95>49.0%), or 9.1% of the overall energy consumption of

the residential sector(=15.93 TWh).

Table 5.6 Prediction of the energy saving potential

Application Description Value(s)
Unit D2 in Daily 7 predicted by Equation (5.10)* 400.8 min to 1666.9 min
Building A Daily air-conditioned hours 18 hours (=1080 min)
Number of days when 7z < 1080 179 days
minutes
% water heating energy saving 179/365>100%=49.0%
The Water heating energy consumption 2.95 TWh®
residential Annual water heating energy saving 2.95>49.0%=1.45 TWh
sector Overall energy consumption 15.93 TWh°
% saving of the residential sector 1.45/15.93%<100%=9.1%

# Within the air-conditioned season.
> Water heating energy consumption of the residential sector in Hong Kong.

¢ Overall energy consumption of the residential sector in Hong Kong.
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5.5 Uncertainty Analysis

For a result Y which needs to be determined from a number of independent variables
(vi) (Equation (5.11)), if the uncertainties in the measured values of these variables
(ov;) can be ascertained, the uncertainty in the result (6Y) can be estimated by using

Kline and McClintock’s method (Doebelin, 1983; Holman, 1989):

Y =f(V,V,,.nV,) (5.11)

SY = g(%aviJ (5.12)

Therefore, Equations (5.13) to (5.15), derived on the basis of Equations (5.3), (5.7)
and (5.8), together with the instrument accuracies summarized in Table 3.3, can be
used to determine the uncertainties in the calculated Q¢ m, Qwhm and COPyqm, While

that in Wy, can simply be taken as the corresponding instrument uncertainty.

ch,m m (her,a,m - hES,a,m )2

a

2
S Sh? oh?
ch,m _ \/[5ma] 4 —eram + es,a,m (513)

1) OTZ +0T/
Qwh,m — w,e + W,g (5 14)
Qwh,m (Tw,e _Tw,b )
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2 2 2
COP
5 oa,m — 5ch,m + 5Qwh,m +(6\ij (515)
COPoa,m ch,m +Qwh,m ch,m +Qwh,m Wm

For the CC mode, the uncertainty in Q¢ m can also be calculated by Equation (5.13),

while that in COP,, can be determined from Equation (5.15) when Qun m=0.

Because of the unsteady system behavior as shown above, the maximum possible
uncertainties were determined. Results are summarized in Table 5.7. They were
found comparable with those in previous studies (Lee et al., 2008; Adriansyah, 2001)

and therefore are judged to be acceptable.

Table 5.7 Uncertainties in the calculated system performance

Relative uncertainty (%)

OT (°C) CH mode CC mode

Qam  Qwim  Wm  COPoam  Qam  Wn COPp,
25 6.9 25.7 2.3 8.2 6.3 2.0 6.6
30 7.4 16.0 2.2 7.4 6.8 1.9 7.1
35 8.2 9.0 2.1 6.3 7.6 19 7.8

5.6 Summary

For evaluating the energy performance and operation characteristics of SEHRAC, a
prototype using capillary tube as the expansion device, and with intermittent
operation characteristics, was designed, assembled and tested under different outdoor
temperatures and space cooling load conditions. In the experiments, different

operating parameters on the water, refrigerant and air sides of the prototype were
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measured and recorded. The experimental results showed that the water heating
objective could be achieved within a range of carefully-determined experimental
conditions to confirm the practical use of SEHRAC as the bedroom air-conditioner
to reduce the water heating energy use. Further, the fluctuations in operating
pressures and temperatures on the refrigerant side of the prototype could be well-
explained and were found reasonable to confirm feasible use of capillary tube as the
expansion device. The experimental results also showed that the coefficient of
performance of the CH mode was constantly higher than that of the CC mode,
despite there was a maximum of 10% reduction in the space cooling output. On this
basis, a prediction model was developed for evaluating the sole use of SEHRAC for
water heating in the entire air-conditioned season. The potential water heating
energy saving on wider application of SEHRAC was estimated to be 9.1% of the

overall energy consumption of the residential sector in Hong Kong.
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CHAPTER 6

SYSTEM OPTIMIZATION OF SEHRAC:

PERFORMANCE COMPARISON OF CAPILLARY

TUBE AGAINST THERMOSTATIC EXPANSION

VALVE

As demonstrated in Chapter 5, SEHRAC is unique for the significant refrigerant
pressure fluctuations during its operation. Therefore, the selection of a suitable type
of expansion device that can function properly despite the fluctuations is very
important, especially considering that the operation of an expansion device is
sensitive to the refrigerant pressures. In small capacity refrigeration systems,
capillary tube (CT) and thermostatic expansion valve (TEV) are most used. For CT,
its feasible use in SEHRAC was confirmed in Chapter 5, but its performance as
compared to TEV was not assessed. Thus whether CT or TEV is preferred for use in
SEHRAC is still unknown. To fill the research gap, an experimental study to enable
a side-by-side comparison of the two expansion devices with the aim of optimizing

the system configuration of SEHRAC is presented in this chapter.

6.1 Introduction
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In a SEHRAC, same as other refrigeration systems, expansion device is one of the
most important components. It functions to regulate the refrigerant flow to the
evaporator and to maintain a pressure difference between the high and low pressure
sides. Failure to function will be detrimental including refrigerant flooding to
damage the compressor, refrigerant starving to lower the evaporator effectiveness,
and hunting to cause large fluctuations in evaporator superheat (Dossat, 1997). As
operation of SEHRAC can lead to significant refrigerant pressure fluctuations, the
selection of a suitable type of expansion device that can function properly despite the

fluctuations is very important.

Within the capacity range of SEHRAC, capillary tube (CT) and thermostatic
expansion valve (TEV) are most used. CT is a length of small diameter tube and is
therefore considered as a fixed type expansion device. As opposed to CT, TEV can
actively regulate the refrigerant flow by varying its opening extent according to
feedback from a sensing bulb. Thus a question is raised whether CT or TEV is

preferred for use in SEHRAC.

Previous relevant works on comparing the use of CT and TEV mainly focused on
heat pump water heaters (HPWHSs) and conventional room air-conditioners (CRACS).
It was revealed that whether CT or TEV is better depends largely on the associated
operation characteristics of a refrigeration system. Therefore, previous studied
results are not applicable to SEHRAC because its operation characteristics differ
largely from HPHW and CRAC. In a HPHW, the water delivered to the condenser is
usually tap water with very little variation in temperature throughout the year.

Similar condition also applies to CRAC in the cooling months. While for SEHRAC,
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due to the heat recovery occurred in the water tank, the tank water temperature is

highly fluctuating, varying between 25 °C and 55 °C.

In this chapter, to identify whether CT or TEV is preferred for use in SEHRAC, a
prototype equipped with the two expansion devices was setup for experimental
investigations. In the prototype, the CT and TEV could be alternatively activated by
the gate valves provided, thus enabling the direct comparison of the two systems (CT
and TEV systems) under the same experimental conditions. In the experiments, the
operating parameters on the refrigerant, air and water sides of the systems were
monitored. Based on the experimental results, the performances of the two systems

were determined and compared.

6.2 Experimental Study

6.2.1 Test Facility

The experiments were conducted in a test facility located at the Hong Kong
Polytechnic University. The test facility comprised two completely insulated and
separated environmental chambers resembling indoor and outdoor conditions.

Detailed descriptions of the test facility can be found in Section 3.2.1.

In the experiments, the desired conditions in the chambers were achieved by the use
of PID controllers to provide real-time adjustments of the LGUs outputs and were

maintained unchanged throughout each test.
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6.2.2 Prototype Design

To accomplish the objectives of this study, a prototype was designed and setup for
laboratory experiments. Its schematic is shown in Figure 6.1. Detailed descriptions

of the prototype can be found in Section 3.2.2.
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Figure 6.1 Schematic of the prototype for expansion device comparisons

(T: Thermocouple; P: Pressure transmitter; H: Hygrometer; V: Gate valve)

The prototype mainly comprised a split-type air-cooled air-conditioner, a refrigerant-
to-water heat exchanger and a cylindrical water tank. The indoor unit was basically a
DX evaporator with copper tubes and aluminum fins. The outdoor unit consisted of
an air-cooled condenser and a rotary type compressor. The CT and TEV were
parallel-connected on a manifold feeding the evaporator. They could be alternatively
activated by the gate valves provided. This design enabled carrying out comparative

tests on their influences on the system performance.
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Detailed specifications of the expansion devices used in this study are summarized in
Table 6.1. The original CT supplied with the air-conditioner was used in this study.
The tested TEV was a commercially available Danfoss TX2 internally equalized
expansion valve with an orifice number of 01. Its sensing bulb was mounted on the
horizontal suction line near the evaporator outlet. Non-hydroscopic insulation

material was used to insulate the connecting pipings and the expansion devices.

Table 6.1 Specifications of the expansion devices
Capillary tube Inner diameter=1.4 mm
(CT) Outer diameter=2.5 mm
Length=720 mm
Thermostatic expansion valve Model: Danfoss TX2
(TEV) Orifice number: 01

6.2.3 Measurements

In the experiments, different operating parameters on the water, refrigerant and air
sides of the prototype were measured and recorded. The measuring instruments used

are summarized in Section 3.2.3.

6.2.4 Experimental Conditions

In this study, two identical sets of experiments with the prototype operated with CT
and TEV were performed. For each set of experiments, the indoor temperature was

maintained at 18.5 °C, while the outdoor temperature was varied from 25 °C to 35 °C
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with an interval of 5 °C to become three different experimental conditions (same as
Chapter 5). The lower than comfort indoor temperature (=18.5 °C) was chosen to
enable continuous operation of the compressor and thus the proper operation of the
expansion devices under low evaporating temperatures can be evaluated. The total

volume of water to be heated in the water tank was 130 L (same as Chapter 5).

6.2.5 Experimental Procedures

Before the commencement of the actual experiments, a preliminary test was carried
out to check the proper functioning of the TEV and to determine an optimal
superheat setting. This is important because the setting can significantly affect the
performance of a TEV system. A high evaporator superheat can lead to
underutilization of the evaporator surface to degrade the system performance. While
if the superheat is set too low, the TEV may lose control on the refrigerant flow and
cause “hunting” (refrigerant flow shows sustained oscillations). In this preliminary
test, the superheat setting of the TEV was gradually increased to a position when the

sustained oscillations started to disappear.

After the preliminary test, two identical sets of experiments with the prototype
operated with CT and TEV were performed. For each test, the outdoor chamber was
first conditioned to the pre-set condition by the use of the BIACS and the LGUs. The
tank water was heated to an initial temperature of 25 °C. Upon achieving the desired
conditions, the prototype, the LGUs in the indoor chamber and all the measuring

instruments were powered on to maintain the indoor chamber at 18.5 °C and 65%
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RH. Under this condition, the instantaneous cooling output of the prototype was
actively adjusted to exactly offset indoor cooling load generated by the LGUs. The

test was continued until the average tank water temperature reached 50 °C.

6.3 Results and Discussion

This section discusses the performance of the prototype operated with TEV as
compared to CT under various outdoor temperatures. The performance is evaluated
based on the operation characteristics on the refrigerant side, the space cooling
capacity, the water heating capacity, and the system energy efficiency. Due to the
large amount of experimental data collected, performance comparisons of the two
systems presented below are for an outdoor temperature of 30 °C. The results
obtained for other experimental conditions will also be analyzed and given where

necessary.

6.3.1 Refrigerant Side

Proper operation on the refrigerant side can be revealed by checking if, under
pressure fluctuations, the expansion device can still feed a proper amount of
refrigerant to the evaporator, can keep a suitable degree of evaporator superheat, and
can minimize the amount of vapor refrigerant formed in the expansion process to

maximize the system capacity.
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Figure 6.2 Compressor suction and discharge pressures comparison

To illustrate the refrigerant pressure fluctuations during the heat recovery process,
Figure 6.2 compares the variations in compressor suction and discharge pressures for
the two systems. It can be seen that the discharge pressures for both systems display
a continuous increase with operating time. This is due to the fact that as the tank
water temperature increases, the heat rejection performance of the prototype drops to
increase the condensing pressure and thus discharge pressure. Between the two
systems, the TEV system has a slightly higher discharge pressure (0.7% on average)
due to the gradual reduction in opening extent of the TEV. While for the suction
pressure, as explained in a previous study (Bong et al., 1988), it is less influenced by

the heat recovery, thus a very small change is observed for both systems.
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Figure 6.3 Refrigerant flow rates comparison

Figure 6.3 shows the changes in refrigerant flow rate with operating time, illustrating
that the flow rate for the CT system increases with the discharge pressure. This is
reasonable because the flow resistance across a CT is fixed so that the refrigerant
flow rate at any one time depends on the pressure difference across it (Dossat, 1997).
On the contrary, the refrigerant flow rate for the TEV system is fairly stable despite
the discharge pressure increase. This is due to the active control provided by the
TEV. At a particular valve opening position, the pressure increase also tends to
increase the refrigerant flow, but that subsequently lowers the degree of superheat at
the evaporator outlet. To restore the pre-set level of superheat, the TEV will reduce
its opening extent and throttle the refrigerant flow. The flow rate thus does not vary

much during the heat recovery process.
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Figure 6.4 Degrees of superheat comparison

Figure 6.4 compares the degrees of evaporator superheat for the two systems, which
are taken as the temperature difference between the saturated refrigerant and the
refrigerant at the evaporator outlet. For the TEV system, the degree of superheat can
be maintained constant as the discharge pressure increases due to the active control
provided by the TEV, but the same cannot be done by the CT. For the CT system,
the degree of superheat is high initially and decreases significantly with operating
time. The high initial superheat value can lower the evaporator effectiveness and
thus system performance and efficiency. While the decrease, resulted from the rise in

refrigerant flow (Figure 6.3), will increase the risk of compressor flooding.

It should be noted that the results in Figure 6.4 were obtained under a lower than

comfort indoor temperature of 18.5 °C, which is considered the worst scenario where

100



the evaporating temperature was low, but the refrigerant flow rate was high to
increase the risk of compressor flooding (Moreno-Rodriguez et al., 2013). The
positive degrees of evaporator superheat obtained (8.1 °C to 3.4 °C for the CT
system; 5.9 °C for the TEV system) therefore confirm the feasible use of CT and

TEV in SEHRAC under higher indoor temperature conditions.

The presence of vapor refrigerant at the evaporator inlet can reduce the refrigeration
effect and thus is considered a loss to the system capacity (Dossat, 1997). This vapor
is called flash gas and is formed in the expansion process due to a drop in saturated
temperature with reduced refrigerant pressure. The amount of flash gas at the
evaporator inlet is represented by its fraction in two-phase flow (vapor content, Xei ).

Xeir Can be estimated by the following equation:

X-‘ — ei,r sl (61)

where hgi, is the enthalpy of refrigerant at the evaporator inlet (kJ/kg); hg is the
enthalpy of saturated liquid refrigerant (kJ/kg); o is the latent heat of vaporization of

refrigerant (kJ/kg).

The enthalpies in Equation (6.1) can be evaluated by a set of curve-fitted equations
(Cleland, 1986). By assuming an isenthalpic expansion process, hei is equal to the
refrigerant enthalpy before the expansion device, which can subsequently be

determined based on the corresponding pressure and temperature.

101



1.0

—CT
— TEV

0.9

0.8

0.7

0.6 |

05

04 |-

0.3

Refrigerant vapor content

0.2

R

0.1

| 1 | | 1 ]
0 20 40 60 80 100 120 140 160 180

Operating time (min)

Figure 6.5 Refrigerant vapor contents comparison

Figure 6.5 compares X, for the two systems, illustrating Xer increases with
operating time for both systems. This can be explained by the fact that as the water
temperature increases, the amount of heat rejection drops to lower the sub-cooling
effect. As a result, more flash gas has to be generated to cool down the remaining
liquid refrigerant to the required evaporating temperature. Between the two systems,
Xei r for the TEV system is constantly smaller, especially after the initial stage. This is
attributed to the higher heat rejection amount for the TEV system to enhance the

sub-cooling effect, as compared to the CT system (Dossat, 1997).

In the above, the pressure fluctuations, refrigerant flow rates, degrees of evaporator
superheat and refrigerant vapor contents at the evaporator inlet for the CT and TEV

systems are explained and compared.
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6.3.2 Space Cooling Capacity

In this study, the space cooling capacity (Qc) of the prototype is determined based
on the enthalpy drop of air across the evaporator (Equation (6.2)), while the air

enthalpy is quantified by Equations (5.4) to (5.6) (Chapter 5).

ch = ma (her,a - hes,a) (62)

where m, is the evaporator supply air flow rate (kg/s); hera and hess are the

evaporator return and supply air enthalpies (kJ/kg), respectively.

Figure 6.6 compares the space cooling capacities for the CT and TEV systems at an
operating time interval of 10-minute. It is noted that despite the TEV can operate to
maintain a stable refrigerant flow and evaporator superheat in response to the
refrigerant pressure fluctuations, the cooling capacity experiences a drop because of
the increase in X, resulting in less amount of liquid refrigerant available for
effective cooling. This indicates the inadequacy of TEV when used in SEHRAC but
is reasonable because TEV is typically a linear controller operating simply in

response to a change in evaporator superheat (Broersen and Van der Jagt, 1980).

It is also reasonable to see that the cooling capacity for the TEV system is on
average 19.0% larger than the CT system. This is due to the better control of
evaporator superheat (as explained in Section 6.3.1) and the interactive influence of
refrigerant flow rate and x.i on the cooling capacity. In the initial stage, the larger

cooling capacity for the TEV system can be explained by the higher refrigerant flow
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and the slightly lower x.,. After that, despite the refrigerant flow rate for the CT
system increases rapidly to exceed the TEV system, the rise in X, outweighs to give

a smaller cooling capacity.
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Figure 6.6 Space cooling capacities comparison

6.3.3 Water Heating Capacity

In this study, the water heating capacity (Qun) of the prototype is deduced from the

increase rate of average tank water temperature (Ty):

dT,
Qwh = Cp,wpw w E (63)
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where cpw is the specific heat capacity of water (kJ/kg K); pw is the water density
(kg/m®); V,, is the total volume of water in the water tank (m®); Ty is the average tank

water temperature (°C); r is the operating time (s).

Figure 6.7 compares the water heating capacities for the CT and TEV systems at an
operating time interval of 10-minute. It can be seen that the heating capacities for
both systems decrease continuously with operating time. This can be explained by
the increase in tank water temperature to decrease the temperature difference
between the refrigerant and the water. The heat transfer performance of the heat
exchanger is thus adversely affected. As a result, the amount of vapor refrigerant
condensed in the heat exchanger is reduced to lower the amount of heat rejection in
the water tank. For the same reason, it is noted that the heating capacities for both
systems drop at a much lower rate in the first 40-minute due to the higher

temperature difference initially.

Furthermore, it is reasonable to note that the heating capacity for the TEV system is
on average 18.7% larger than the CT system because of the higher amount of
recoverable heat resulted from larger space cooling capacity. It can also be explained
by the higher compressor discharge pressure for the TEV system (Figure 6.2) and
thus higher refrigerant temperature at the water tank inlet to enhance the heat transfer

performance of the heat exchanger (Moreno-Rodriguez et al., 2013).

From the above analysis, it can be concluded that the use of TEV can result in a

larger space cooling capacity and water heating capacity due to its active control

characteristics.
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Figure 6.7 Water heating capacities comparison

6.3.4 Energy Performance

Figure 6.8 compares the power consumptions for the CT and TEV systems. Due to
the rise in compressor discharge pressure as shown in Figure 6.2, the power
consumptions for both systems experience a continuous increase with operating time.
It is also noted that owing to the higher discharge pressure for the TEV system

(Figure 6.2), it has slightly larger power consumption than the CT system.

In this study, the system energy efficiency is quantified by the use of overall

coefficient of performance (COP,,), which takes into account the space cooling and
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water heating capacities, as well as power consumption (W) of the prototype. COP,4

can be mathematically presented as:

COP_ = M (6.4)
W

oa

Figure 6.8 compares COP,, for the two systems, illustrating that the system
efficiency decreases gradually with operating time. According to the previous
discussions, this can be ascribed to the corresponding decrease in cooling and
heating capacities, as well as the increase in power consumption. Moreover, it is
unveiled from Figure 6.8 that despite the larger power consumption for the TEV

system, the associated COP,,4 is still on average 18.6% higher than the CT system.
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Figure 6.8 Power consumptions and COP,, comparison
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To review if the above findings are also valid for other experimental conditions, the
time-weighted average cooling and heating capacities, power consumptions and
COPy, for both systems are determined and compared for different outdoor
temperatures in Figure 6.9. It is noted that a rise in outdoor temperature increases the
water heating capacity and simultaneously decreases the space cooling capacity to
result in a cancellation effect in system output (sum of cooling and heating
capacities). Therefore, the system output shows only a slight decrease with an
increase in outdoor temperature from 25 °C to 35 °C, which, combined with an
increase in power consumption, leads to a drop in COP,, for both systems. It is also
noted that similar to the results obtained for an outdoor temperature of 30 °C, COP,,
for the TEV system is 12.5% to 20.9% higher than the CT system, primarily owing

to the larger system output.

CT Heating [___| TEV Heating —a— CT COP
CT Cooling [ TEV Cooling —e— TEV COP
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Figure 6.9 Energy performance comparisons for various outdoor temperatures
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6.4  Uncertainty Analysis

The uncertainties in the calculated system performance can be determined based on

the instrument accuracies summarized in Table 3.3.

By using Kline and McClintock’s method (Doebelin, 1983; Holman, 1989),
Equations (6.5) to (6.7), derived on the basis of Equations (6.2) to (6.4), can be
obtained to determine the uncertainties in the calculated space cooling capacity,
water heating capacity and overall coefficient of performance, while that in the

power consumption can simply be taken as the corresponding instrument uncertainty.

o0 _ (5m"“ Jz + My + Mg (6.5)
ch m, (her,a - hes,a )2 |
SQun _ |9Ta (r+AT)+6T, (z A7) (6.6)
Qu  \[T,(r+A7)-T,(r-A7)] .
5COP, _ ( 5Q, ] { 5Q, j +(&] 6.7)
COR)a ch +Qwh QC' +QWh w

Because of the unsteady system behavior as shown above, the maximum possible
uncertainties are calculated and summarized in Table 6.2. The results are ranging
from 2.1% to 8.8% and are judged to be acceptable as they are less than the ISO’s

recommendation of 10% (ISO, 2010).
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Table 6.2 Uncertainties in the calculated system performance

Relative uncertainty (%)
Performance parameter

CT system TEV system
Space cooling capacity 6.8 5.7
Water heating capacity 8.8 5.2
Power consumption 2.2 2.1
Overall coefficient of performance 5.8 4.6

6.5 Summary

The use of CT and TEV in SEHRAC as the expansion device were side-by-side
compared by experimental investigations. To facilitate the investigations, a prototype,
which could be switched between the CT and TEV systems, was designed and setup
in a test facility for two identical sets of experiments. For each set of experiments, a
series of tests under different outdoor temperatures were conducted. It was found
that the TEV system could better regulate the refrigerant flow, maintain a stable
evaporator superheat, and minimize the rise in refrigerant vapor content at the
evaporator inlet. The space cooling and water heating capacities for the TEV system
were on average 16.3% to 19.4% and 18.5% to 23.4% larger than the CT system,
respectively. Its overall coefficient of performance was also found 12.5% to 20.9%
higher for the range of outdoor temperatures. However, for both systems, due to a
drop in heat transfer performance of the heat exchanger with operating time, a
corresponding drop in cooling and heating capacities was observed. Uncertainty
analysis was conducted. It was found that the measured and calculated results in this

study were within an acceptable range of uncertainty.
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CHAPTER 7

PERFORMANCE IMPROVEMENT OF SEHRAC:

USING PHASE CHANGE MATERIAL FOR HEAT

STORAGE CAPACITY ENHANCEMENT

As demonstrated in Chapter 6, accumulation of heat in the water tank of SEHRAC
can result in an increase in tank water temperature, which will unavoidably affect the
space cooling and water heating performances of SEHRAC. Measures to enhance
the heat storage capacity of the water tank will thus be beneficial to the overall
performance of SEHRAC. For achieving this objective, the use of phase change
material (PCM) in the water tank of SEHRAC is proposed. An experimental study is
presented in this chapter to confirm and quantify the resultant performance

improvement.

7.1 Introduction

It was revealed from the above chapters that the increase in tank water temperature
resulted from heat recovery unavoidably affects the space cooling and water heating
performances of SEHRAC. Therefore, measures to enhance the heat storage capacity

of the water tank will be beneficial to the overall performance of SEHRAC.
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For achieving this objective, the use of phase change material (PCM) in the water
tank of SEHRAC is proposed in this study. PCM is capable of storing and releasing
large amounts of energy when charging and discharging. During charging, the
material changes from solid to liquid and vice versa for discharging. As reported,
PCMs can typically store 5 to 14 times more energy per unit volume than water
(Sharma et al., 2009). The phase change characteristics also allow heat storage or

release at an almost constant temperature.

For SEHRAC, the benefit of using PCM with a high energy storage density is
twofold. First, its overall performance can be improved with the heat storage
capacity of the water tank enhanced by PCM charging. And when it is not operating,
PCM discharging can partially offset the heat loss from the water tank to better

maintain the hot water at desired temperature.

In this chapter, to confirm and quantify the resultant performance improvement by
the use of PCM, a prototype SEHRAC was designed and setup in a test facility for
laboratory experiments. Two identical sets of experiments with and without the use
of PCM (abbreviated as wPCM and woPCM scenarios) under a range of outdoor
temperatures were conducted. In the experiments, the operating parameters on the
refrigerant, air and water sides of the system were closely monitored. Based on the
experimental results, the heat storage capacity of the water tank, the refrigerant side
operation characteristics, as well as the space cooling, water heating and overall

energy performances were examined and compared for the two scenarios.
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7.2  Experimental Study

7.2.1 Test Facility

The experiments were conducted in a test facility located at the Hong Kong
Polytechnic University. The test facility comprised two completely insulated and
separated environmental chambers resembling indoor and outdoor conditions.

Detailed descriptions of the test facility can be found in Section 3.2.1.

In the experiments, the desired conditions in the chambers were achieved by the use
of PID controllers to provide real-time adjustments of the LGUs outputs and were

maintained unchanged throughout each test.

7.2.2 Prototype Design

To accomplish the objectives of this study, a prototype was designed and setup for
laboratory experiments. The schematic of the prototype is shown in Figure 7.1. It
mainly comprised a split-type air-cooled air-conditioner and a heat recovery water
tank. Inside the water tank, there were a helical heat exchanger and a cylindrical

PCM container. Detailed descriptions of the prototype can be found in Section 3.2.2.

The PCM container was placed inside the helical heat exchanger and was located
centrally in the water tank (Figure 7.1). It was made of aluminum with longitudinal

fins added to the external surface to enlarge the total heat transfer area for
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minimizing the thermal resistance between the container and the water. A cross-
sectional view (with detailed dimensions) and a photograph of the PCM container
are shown in Figures 7.2 and 7.3, respectively. The dimensions were determined by
reference to a study by Castell et al. (2008), which was also on domestic hot water

heating but on a solar-powered system.
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Figure 7.1 Schematic of the prototype for evaluating the use of PCM

(T: Thermocouple; P: Pressure transmitter; H: Hygrometer; PCM: PCM container)

The temperature of hot water for direct residential use often ranges between 35 °C
and 50 °C (Chen and Lee, 2010). There are a number of PCMs with phase change
temperatures within this range; namely salt hydrates, fatty acids and paraffin waxes
(Cabeza et al., 2011). Among them, paraffin waxes are considered the most suitable
option for domestic hot water applications owing to their non-toxicity, wide

availability, low cost and non-corrosive property (Zalba et al., 2003).
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In this study, Paraffin wax RT44HC supplied by Rubitherm Technologies GmbH
was chosen as the latent heat storage material. Given the poor heat conduction
performance of the paraffin, expanded graphite (EG) with a high thermal
conductivity was mixed into it to form an EG/paraffin composite PCM. To enable
uniform distribution of EG in the composite, an ultra-sonic stirrer was used during
the addition of EG to the melted paraffin. The properties of the paraffin and the EG

used are summarized in Table 7.1.
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Figure 7.2 Cross-sectional view of the PCM container

(T1-T4 and T5-T8: Temperature measurements numbered from top to bottom)

Heat exchanger

Figure 7.3 Photograph of the PCM container
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EG is highly porous and has a good compatibility with organic materials. In an
EG/paraffin composite PCM, EG serves as a solid matrix to enable the impregnation
of paraffin into its pores by capillary and surface tension forces (Xia et al., 2010). A
conductive network is then formed by EG to enhance the overall thermal
conductivity. For achieving a balance between thermal conductivity and energy
storage density, too high or too low an EG content is not desirable. Previous
literatures recommended 7% to 15% by volume and 10% was most commonly
adopted (Cabeza et al., 2006; Castell et al., 2008; Ottinger and Bacher, 2010).
Therefore, the composite PCM (hereinafter referred to as the PCM) with an EG
content of 10% by volume was used in this study. Its thermal conductivity measured
by using transient hot-wire method was 1.2 W/m K, while the total mass that could

be encapsulated in the PCM container was about 12.6 kg.

Table 7.1 Properties of the paraffin and the EG

Paraffin

Melting temperature range 39.1°Cto425°C
Solidification temperature range 43.6°Ct042.3°C

Latent heat of fusion 256.9 kJ/kg

Specific heat capacity 2 kJ/kg K (solid and liquid)
Thermal conductivity 0.2 W/m K (solid and liquid)
EG

Average particle size 180 pm

Bulk density 10 kg/m’®

Carbon content >95%

Moisture content <5%

Thermal conductivity 23 W/im K
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7.2.3 Measurements

In the experiments, the operating parameters on the refrigerant, air and water sides of
the system were closely monitored (detailed in Section 3.2.3). Besides those, Pt100
RTDs were used for measuring the PCM temperatures along two longitudinal axes
of the container. Along each axis, temperature measurements were taken at four

equally spaced positions (T1-T4 and T5-T8 in Figure 7.2).

7.2.4 Experimental Conditions

The experiments carried out in this study were classified as heat charging and
discharging tests. Heat charging referred to water heating in the water tank, while
heat discharging referred to heat loss from the water tank to the atmosphere. For
each test, two identical sets of experiments with and without the use of PCM (WPCM

and woPCM scenarios) were conducted.

For the heat charging test, the indoor temperature was maintained at 22 °C, while the
outdoor temperature was varied from 25 °C to 35 °C with an interval of 5 °C to
become three different experimental conditions (same as Chapters 5 and 6). The
outdoor temperature range was determined by reference to Hong Kong’s climate

data during the air-conditioned season (BEAM Society, 2010).

For the heat discharging test, the indoor chamber was left idle, while the outdoor

chamber (where the water tank was located) was maintained at 23 °C. The
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temperature was chosen because it corresponds to Hong Kong’s annual average

outdoor temperature in the typical meteorological year (Chan et al., 2006).

7.2.5 Experimental Procedures

7.2.5.1 Heat Charging Experiments

The outdoor chamber was first conditioned to the pre-set condition. The tank water
and the PCM (in the case of the wPCM scenario) were heated to an initial
temperature of 25 °C, which is Hong Kong’s annual average tap water temperature
(Chen and Lee, 2010). Upon achieving the desired conditions, the prototype, the
LGUs in the indoor chamber and all the measuring instruments were powered on to
maintain the indoor chamber at 22 °C and 55% RH. Under this condition, the indoor
cooling load (generated by the LGUs) was actively adjusted to exactly offset the

instantaneous cooling output of the prototype.

For the wPCM scenario, the experiment was stopped on complete melting of the
paraffin in the PCM. The complete melting was confirmed by checking if the PCM
temperatures measured at positions T1 to T4 (Figure 7.2) had exceeded the melting
temperature range and reached a thermal equilibrium with the surrounding water.
The four measurement positions were chosen because they were furthest from the
heat transfer boundary. The time spent for the entire experiment was recorded. An
identical experiment, with the same time spent, was then carried out for the woPCM

scenario to enable their direct comparisons. The above-described experiments, both
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for the wPCM and woPCM scenarios, were repeated for the three outdoor

temperature conditions.

7.2.5.2 Heat Discharging Experiments

The tank water and the PCM (in the case of the wPCM scenario) were heated to an
initial temperature of 50 °C (maximum hot water temperature for direct residential
use (Chen and Lee, 2010)). The water was then left to cool down naturally to the
minimum use temperature (=35 °C) in an ambient of 23 °C. The time elapsed for the
entire experiment was recorded. The procedures were repeated for the woPCM

scenario to enable their direct comparisons.

7.3 Results and Discussion

This section discusses the performance of the prototype operated in the wPCM
scenario as compared to that in the woPCM scenario. For heat charging, the
performance is evaluated based on the heat storage capacity of the water tank, the
refrigerant side performance, the space cooling and water heating capacities, as well
as the overall energy performance. For heat discharging, the performance is
evaluated based on the heat retention time of the tank water. Due to the large amount
of experimental data collected, performance evaluations for heat charging are
presented for an outdoor temperature of 30 °C. The results obtained for other

experimental conditions will also be analyzed and given where necessary.
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7.3.1 Heat Storage Capacity of the Water Tank

During heat charging, whether the use of PCM can enhance the heat storage capacity
of the water tank and can eventually lower the tank water temperature are important

to the performance improvement of the prototype.

70
60 -

o [
< j -'

7] i i

2 H J

E i o &
P I ey L —

2.

: i
= Melting
E temperature
8 range
el

= 20

Pt

i

< woPCMT ----T = T

= 10 | N :

—wPCMT  ------ I T
P2 pd
0 ] 1 1 ]
0 100 200 300 400 500

Operating time (min)

Figure 7.4 Water and PCM temperatures during heat charging

Figure 7.4 compares the time varying average tank water temperatures (T,) for the
wPCM and woPCM scenarios. In the figure, T,, is taken as the arithmetic mean of
the water temperatures measured at 12 different positions in the water tank. It can be
seen that upon the prototype is switched on, owing to the condensation of the hot
vapor refrigerant from the compressor discharge, T, for both scenarios increase

gradually to exceed 50 °C. But the rate of the temperature increase drops with
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operating time to indicate a reduced amount of heat rejection in the water tank. It is
further noted that T,, for the wPCM scenario is constantly lower during heat charging,
with a maximum temperature difference of 2 °C. This is attributed to the use of PCM
in the water tank. As a result, part of the energy stored in the water is absorbed by
the PCM to lower the rate of increase in T,. Moreover, as compared to the Ty,
profiles shown in Figure 5.3 that were obtained under intermittent operation of the
prototype, the rate of increase in T, as compared to that in Figure 7.4, is much

higher.

To demonstrate a proper heat charging, Figure 7.4 shows also the time varying PCM
temperatures for the wPCM scenario measured at the four positions along the
centered axis of the PCM container (Tpy to Tps for T1 to T4 in Figure 7.2). By
analyzing the paraffin with differential scanning calorimetry (DSC) technique, its
melting temperature range (39.1 °C to 42.5 °C) can be identified and is shown as two

horizontal lines in Figure 7.4.

Based on the identified melting temperature range, the changes in the PCM
temperatures can be explained. It can be seen that the profiles for Ty, to Ty are
divided into three phases. They are solid sensible heating, phase change and liquid
sensible heating phases. In the solid sensible heating phase, the energy absorbed by
the PCM is in the form of sensible heat, which raises its temperature linearly from 26
°C to 39.1 °C. But the temperature increase, as compared to that in the water, is at a
relatively low rate. Upon reaching the temperature of 39.1 °C, the paraffin in the
PCM starts to change phase and turn from solid to liquid, whereby the PCM

temperature remains nearly constant. As the temperature increases to exceed 42.5 °C,
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the paraffin in the pores of EG is melted. Energy is then absorbed in the form of
sensible heat. As the heat transfer in liquid paraffin can be enhanced by convection
(Agyenim and Hewitt, 2010), the PCM temperature therefore jumps immediately to

reach a thermal equilibrium with the water.

Besides phase change, the PCM also exhibits a vertical temperature difference. A
review of the profiles for Tp; to Tps shows that the PCM in the upper part of the
container spends much less time to reach a common temperature with the water. This
can be explained by the top inlet design of the heat exchanger as described
previously. With this configuration, the hot vapor refrigerant discharged from the
compressor flows from top to bottom of the water tank, resulting in higher water
temperature in the upper part and thus higher heat transfer potential between the

water and the PCM.

As for the heat storage capacity of the water tank (Hs), it can be estimated by using
Equation (7.1) for the woPCM scenario. While for the wPCM scenario, Hs can be

quantified by using Equation (7.2) when the sensible heat stored in the EG is ignored.

H, =c, M AT, (7.1)

H, = cp’WMWATW + cp'paM paATpa +AM va (7.2)

where ¢, w and Cppa are the specific heat capacities of water and paraffin (kJ/kg K),

respectively; My, and My, are the total masses of water and paraffin (kg), respectively;

AT, and ATy, are the temperature increments of water (= 31.9 °C for woPCM; 29.9
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°C for wPCM) and paraffin (= 29.9 °C) for the entire experiment (°C), respectively; 4

is the latent heat of fusion of paraffin (kJ/kg).

In Equation (7.2), the three product terms on the right-hand side represent,
respectively, the sensible heat stored in the water, the sensible heat stored in the
PCM and the latent heat stored in the PCM. According to Equation (7.2), Hs for the
WPCM scenario is estimated to be 20.1 MJ, which is 15.7% higher than that for the
WOPCM scenario (= 17.4 MJ). It can therefore be seen that, despite the lower Ty, the
WPCM scenario still has a higher Hs due to the higher energy storage density of the

PCM.

Based on the above, it is evident that the PCM can function as an internal heat sink
to lower the rate of water temperature increase during heat charging and to enhance

the heat storage capacity of the water tank.

7.3.2 Refrigerant Side Performance

The refrigerant side performance of the prototype can be revealed from the

compressor suction and discharge pressures, the refrigerant flow rate and the

refrigerant vapor content at the evaporator inlet.

To illustrate the refrigerant pressure fluctuations during heat charging, Figure 7.5

compares the time varying compressor suction (P¢sr) and discharge (Pcqr) pressures

for the two scenarios. It can be seen that P4, for both scenarios display a continuous
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increase with operating time. This is because as T, increases, the heat rejection
performance of the prototype drops to increase the condensing pressure and thus P .
Between the two scenarios, the wPCM scenario has a slightly lower P4, due to the
lower T, as revealed in Figure 7.4. While for P, it is less influenced by the heat

recovery, thus a very small change is observed for both scenarios.
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Figure 7.5 Comparisons of compressor suction and discharge pressures

Figure 7.6 compares the time varying refrigerant flow rates (m;) for the two
scenarios, illustrating that m, for both scenarios are fairly stable despite the pressure
fluctuations. This is due to the active control characteristics provided by the TEV.
The refrigerant flow in a TEV system depends on the pressure difference across the
TEV as well as its opening extent (Dossat, 1997). At a particular opening position,

the rise in Pg, tends to increase my, but that subsequently lowers the degree of
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superheat at the evaporator outlet. To restore the pre-set degree of superheat, the
TEV will reduce its opening extent to throttle the refrigerant flow. Therefore, m,
does not vary much during heat charging. For the same reason, it is noted that m, for

the two scenarios are almost identical despite the difference in Py, (Figure 7.5).
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Figure 7.6 Refrigerant flow rate comparisons

The amount of vapor refrigerant at the evaporator inlet is a key indicator of system
performance because the presence of vapor can reduce the amount of liquid
refrigerant available for effective cooling (Dossat, 1997). The vapor is called flash
gas and is formed in the expansion process due to a drop in saturated temperature
with reduced refrigerant pressure. The amount of flash gas at the evaporator inlet is

represented by its fraction in two-phase flow (vapor content, Xeir). Xeir IS affected by
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the heat rejection performance. A better heat rejection performance will result in a

lower Xei r (ASHRAE, 2009). Xei r can be estimated by using Equation (6.1).

Figure 7.7 compares the time varying X for the two scenarios, illustrating that they
both increase with operating time. This is because as T, increases, the amount of
heat rejection of the prototype drops. Therefore, more flash gas has to be generated
to cool down the remaining liquid refrigerant to the required evaporating temperature.
Between the two scenarios, it can be seen that ., for the wPCM scenario is
constantly lower, especially after the early stage. This can be explained by the lower
Tw (Figure 7.4) and thus a better heat rejection performance of the prototype for the

wPCM scenario.
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Figure 7.7 Refrigerant vapor content comparisons
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In the above, the refrigerant pressure fluctuations, flow rates and vapor contents for
the two scenarios are explained and compared to confirm a better refrigerant side
performance for the wPCM scenario.

7.3.3 Space Cooling and Water Heating Capacities

The differences in refrigerant side operation characteristics explained above will
result in different space cooling and water heating capacities between the two
scenarios as discussed below.

In this study, the space cooling capacity (Qc) of the prototype is determined based

on the enthalpy drop of air across the evaporator (Equation (7.3)), while the air

enthalpy is quantified by using Equations (5.4) to (5.6).

ch =m, (her,a - hes,a) (73)

Similarly, the water heating capacity (Qun) of the prototype is deduced from the

enthalpy drop of refrigerant in the heat exchanger:

Qwh =m, (hhi,r - hho,r) (74)

where hpir and hpo, are the refrigerant enthalpies at the heat exchanger inlet and

outlet (kJ/kg), respectively.
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Figure 7.8 compares the time varying Qc for the two scenarios at 20-minute intervals.
It can be seen that owing to the slightly lower T,, (Figure 7.4) and X, (Figure 7.7)
for the wPCM scenario, the associated Qg is larger than that for the woPCM scenario

by 5.4% on average.

Regarding the cooling capacity profiles, it is noted that despite the rather stable m;
for both scenarios (Figure 7.6), Q¢ drops substantially in the early stage and
becomes stable afterwards. The drop is attributed to the increase in X, (Figure 7.7),
resulting in less amount of liquid refrigerant available for vaporization. While X
continues to increase and tends to be stable, Qg drops correspondingly and

approaches a steady state.
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Figure 7.8 Space cooling capacity comparisons
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Figure 7.9 compares the time varying Qun for the two scenarios at 20-minute
intervals. It is reasonable to see that Qyy for the wPCM scenario is constantly larger.
The average difference is 16.1%. This is attributed to the use of PCM, as identified
previously, to lower the rate of increase in T, during heat charging, which can

enhance the heat transfer performance of the heat exchanger.
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Figure 7.9 Water heating capacity comparisons

Regarding the heating capacity profiles, it is noted that Qy drops significantly with
operating time for both scenarios. This can be explained by the increase in T, to
decrease the temperature difference between the refrigerant and the water. The heat
transfer performance of the heat exchanger is thus adversely affected (Bejan, 1993),

leading to reduced amount of vapor refrigerant condensed in the heat exchanger. For
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the same reason, it can be seen that Q. for both scenarios are rather stable in the late

stage due to the corresponding slower increase in T,, (Figure 7.4).

It is evident from the above that both the space cooling and water heating capacities
of the prototype can benefit from the enhanced heat storage capacity of the water

tank.

7.3.4 Overall Energy Performance

In this study, the overall energy performance is quantified by the use of overall
coefficient of performance (COP,,), which takes into account the space cooling and
water heating capacities, as well as power consumption (W) of the prototype. COP,4

is mathematically presented as:

oa

COP =M (7.5)
W

Figure 7.10 compares the time varying COP,, for the two scenarios. It is noted that
COP,, drops gradually with operating time. According to the previous discussions,
this is attributed to the corresponding decrease in Q. and Qun. Moreover, it is
unveiled from Figure 7.10 that COP,, for the wPCM scenario is on average 8.9%

higher than that for the woPCM scenario.
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Figure 7.10  Overall energy performance comparisons

To review if the above findings are also valid for other experimental conditions, the
time-weighted averages (Y) of Qu, Quwn, W and COP,, for both scenarios are
determined for different outdoor temperature conditions by using the following

equation:

y=fo (7.6)

where X is the parameter being averaged; z is the operating time; « is the time spent

for the entire experiment.
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Results are shown in Figure 7.11. It is noted that a rise in outdoor temperature
decreases Q¢ and simultaneously increases Qun to result in a cancellation effect in
system output (sum of Q¢ and Qup). Therefore, the system output displays only a
slight decrease with an increase in outdoor temperature from 25 °C to 35 °C. The
decrease, combined with a marginal increase in W, results in a drop in COP,, with
outdoor temperature for both scenarios. It is further noted in Figure 7.11 that COPg,
for the wPCM scenario is constantly higher, with a difference ranging from 6.9% to

9.8% for different experimental conditions, primarily owing to the larger system

output.
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Figure 7.11  Energy performance comparisons for various outdoor temperatures

7.3.5 Heat Retention Time
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The heat retention time, defined as the time elapsed for the tank water to drop below
the desired temperature (= 35 °C), can be revealed from the heat discharging test

described previously in Section 7.2.5.2.

Figure 7.12 shows the time varying average water (T,) and PCM (T,) temperatures
for the two scenarios. In the figure, T, is taken as the arithmetic mean of the
temperatures measured at positions T1 to T8 in the PCM container (Figure 7.2). It
can be seen that the profiles for T, are similar in the early stage. But they start to
deviate from each other when T, drops below 43.6 °C. This is because the PCM has
reached the solidification temperature range (43.6 °C to 42.3 °C) when the paraffin in
it starts to turn from liquid to solid. The latent heat released therefore heats up the

water to result in a lower rate of drop in Ty,.
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Figure 7.12  Water and PCM temperatures during heat discharging
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It was found that the time elapsed for the water to cool down from 50 °C to 35 °C is
68.4 hours for the wPCM scenario, and is 56.5 hours for the woPCM scenario. The
results indicate that the use of PCM as an internal heat source to partially offset the

water tank heat loss can extend the heat retention time by 21.1%.

7.4  Uncertainty Analysis

The uncertainties in the calculated system performance can be determined based on

the instrument accuracies summarized in Table 3.3.

Table 7.2 Uncertainties in the calculated system performance

Relative uncertainty (%)
Performance parameter

woPCM scenario wPCM scenario
Space cooling capacity 6.7% 6.2%
Water heating capacity 7.9% 7.6%
Power consumption 1.8% 1.8%
Overall coefficient of performance 6.7% 5.8%

By using Kline and McClintock’s method (Doebelin, 1983; Holman, 1989),
Equations (7.7) to (7.9), derived on the basis of Equations (7.3) to (7.5), can be
obtained to determine the uncertainties in the calculated space cooling capacity,
water heating capacity and overall coefficient of performance, while that in the

power consumption can simply be taken as the corresponding instrument uncertainty.

2
ShZ _ +6h
N e -
QCI m (her,a - hes,a)

a
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r

2 2 2
5Qwh — (5mr j + 5hhi,r + 5hho,£ (78)
Q‘Nh m (hhi,r _hho,r)

2 2 2
SCOR, _ ( 5Q, ) { 5Qu j +(& ] 7.9)
COR)a ch +Qwh ch +Qwh w
Because of the unsteady system behavior as shown above, the maximum possible
uncertainties are calculated and summarized in Table 7.2. The results are ranging

from 1.8% to 7.9% and are judged to be acceptable as they are less than the ISO’s

recommendation of 10% (ISO, 2010).

7.5 Summary

Whether the use of PCM in the water tank of SEHRAC could improve the system
performance was investigated in this study. To facilitate the investigations, a
prototype SEHRAC integrated with an expanded graphite/paraffin composite PCM
was designed and setup in a test facility for laboratory experiments. Both heat
charging and discharging tests were carried out. For the heat charging test, two
identical sets of experiments with and without the use of PCM (wPCM and woPCM
scenarios) under a range of outdoor temperatures were conducted. It was confirmed
that the PCM could function as an internal heat sink to lower the rate of water
temperature increase and to enhance the heat storage capacity of the water tank. As a
result, the space cooling and water heating capacities for the wPCM scenario, as
compared to the woPCM scenario, were 5.4% and 16.1% larger, respectively. The

overall coefficient of performance was also 6.9% to 9.8% higher. While for the heat
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discharging test, it was revealed that the use of PCM could extend the heat retention
time of the tank water by 21.1%. The results of this study confirmed that the

performance of SEHRAC could be improved by the use of PCM.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR

FUTURE RESEARCH

Air-conditioning and domestic water heating are two dominant energy end-uses in
residential buildings in subtropical climates. Hong Kong is not an exception. Space
cooling and water heating are responsible for 23% and 19%, respectively, of the
overall energy consumption of the residential sector. These figures clearly show that
a technology that can simultaneously reduce energy use for space cooling and water

heating is highly valuable.

In view of this, a storage-enhanced heat recovery room air-conditioner (SEHRAC)
was proposed in this study. SEHRAC is a conventional air-conditioner provided with
an additional tank-immersed refrigerant-to-water heat exchanger between the
compressor and the air-cooled condenser for recovery of condenser heat for water
heating. This installation can serve the purpose of combined space cooling and water
heating, and is particularly suitable for applications in subtropical regions, where
most households are equipped with air-conditioners to combat the hot and humid

summer.

To facilitate the wide application of SEHRAC, this study provided an insight into its
effectiveness, energy performance, operation characteristics, system optimization,

and performance improvement when used for combined space cooling and water
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heating. The conclusions drawn from this study and the recommendations for future

research are detailed below.

8.1 Conclusions

8.1.1 Effectiveness Analysis

An effectiveness analysis on the use of SEHRAC to satisfy the daily space cooling
and water heating demands of households in a typical residential estate in Hong
Kong was carried out. The space cooling loads and air-conditioner energy use of
selected residential units were carefully determined by building energy simulations
taking into account the inter-shadowing effect among building blocks, the realistic
building characteristics, as well as the daily patterns of occupant activity, internal
load and air-conditioner utilization. On this basis, the recoverable heat of each
studied residential unit was determined and then compared against the water heating
demand. Further, for optimal design of the water tank of SEHRAC, its design
requirements were also determined and discussed. The key findings are detailed as

follows:

1) The use of a tank-less SEHRAC (i.e. HRAC) to provide simultaneous space
cooling and water heating is not feasible in Hong Kong households, due to
the fact that the amount of recoverable heat is always lower than the

simultaneous water heating demand.
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2) If a water tank is incorporated in HRAC for thermal energy storage, the daily
cumulative recoverable heat far exceeds the daily household water heating

demand, confirming the effective use of SEHRAC in Hong Kong.

3) SEHRAC is especially effective in summer when the space cooling load is
high but the water heating demand is low. A huge surplus of heat supply

(>300%) can be seen in July.

4) For the densest populated unit in the studied residential estate, the heat
transfer effectiveness of the heat exchanger in SEHRAC should be higher
than 0.85, if completely free water heating is to be achieved in the entire air-

conditioned season.

8.1.2 Energy Performance and Operation Characteristics

For evaluating the energy performance and operation characteristics of SEHRAC, a
prototype was designed and setup in a test facility for an experimental study. Two
identical sets of experiments with and without water heating under a range of
outdoor temperatures and space cooling load conditions were conducted. In the
experiments, different operating parameters on the water, refrigerant and air sides of
the prototype were measured and recorded. Based on the experimental results, the
space cooling, water heating and overall energy performances of the prototype, as

well as its dynamic operation characteristics were evaluated. On this basis, the
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potential water heating energy saving on wider application of SEHRAC in Hong

Kong was also assessed. The key findings are detailed as follows:

1)

2)

3)

4)

8.1.3

The water heating objective can be achieved within a range of carefully-
determined experimental conditions to confirm the practical use of SEHRAC

as the bedroom air-conditioner to reduce the water heating energy use.

The intermittent operation characteristics of SEHRAC can lead to significant
fluctuations in operating pressures and temperatures on the refrigerant side.
SEHRAC wusing capillary tube can operate satisfactorily despite the

fluctuations.

As compared to conventional room air-conditioner, SEHRAC has a
constantly higher overall coefficient of performance (COP) during its
operation, despite there is a maximum of 10% reduction in the space cooling

output when the tank water temperature reaches 50 °C.

The potential water heating energy saving on wider application of SEHRAC
in Hong Kong corresponds to 9.1% of the overall energy consumption of the

residential sector.

System Optimization
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Aiming to optimize the system configuration of SEHRAC, the use of capillary tube
(CT) and thermostatic expansion valve (TEV) as the expansion device were side-by-
side compared by experimental investigations. To facilitate the investigations, a
prototype, which could be switched between the CT and TEV systems, was designed
and setup for two identical sets of experiments. For each set of experiments, a series
of tests under different outdoor temperatures were conducted. The key findings are

detailed as follows:

1) TEV can better regulate the refrigerant flow, maintain a stable evaporator
superheat, and minimize the rise in refrigerant vapor content at the

evaporator inlet during the operation of SEHRAC.

2) The space cooling and water heating capacities for the TEV system are on
average 16.3% to 19.4% and 18.5% to 23.4% larger than the CT system. The
overall COP for the TEV system is also 12.5% to 20.9% higher for a range of

outdoor temperatures.

3) For both systems, due to a drop in heat transfer performance of the heat

exchanger with operating time, the associated space cooling and water

heating capacities drop correspondingly, and thus performance improvement

is needed.

8.1.4 Performance Improvement
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Aiming to improve the overall performance of SEHRAC, the use of phase change
material (PCM) in the water tank was proposed. Two identical sets of experiments
with and without the use of PCM (abbreviated as wPCM and woPCM scenarios)
under a range of outdoor temperatures were conducted to confirm and quantify the
resultant performance improvement. Based on the experimental results, the heat
storage capacity of the water tank, the refrigerant side operation characteristics, as
well as the space cooling, water heating and overall energy performances were
examined and compared for the two scenarios. The key findings are detailed as

follows:

1) The PCM can function as an internal heat sink to lower the rate of water
temperature increase during heat charging and to enhance the heat storage

capacity of the water tank.

2) The space cooling and water heating capacities for the wPCM scenario, as
compared to the woPCM scenario, are 5.4% and 16.1% larger, respectively.
The overall COP for the wPCM scenario is also 6.9% to 9.8% higher for a

range of outdoor temperatures.

3) The PCM can function as an internal heat source to partially offset the water

tank heat loss during heat discharging. The use of PCM can therefore extend

the heat retention time of the tank water by 21.1%.

However, there are limitations with the above findings:
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1)

2)

3)

4)

8.2

R22 was used as the working fluid for SEHRAC, the simulation and
experimental results obtained in this study may not be applicable to heat
recovery air-conditioners using refrigerants with physical or thermal

properties deviating largely from R22.

The conclusions drawn may be not applicable to other countries or regions
having significantly different climatic and living conditions from that of

Hong Kong.

The PCM investigated for performance improvement of SEHRAC is limited
to a paraffin/expanded graphite composite material, while the use of other
PCMs may have different space cooling and water heating performance

improvements.

Considering that space is always a concern in Hong Kong, the wide

application of SEHRAC may be limited by the additional space required for

locating the water tank.

Recommendations for Future Research

The present work can be further extended by incorporating the following:

1)

A detailed mathematical model, which is capable of evaluating the dynamic

performance of SEHRAC under time-varying conditions, can be developed.
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2)

3)

The availability of the model can overcome the inherent shortcoming
associated with experimental investigations, which can only provide discrete
performance evaluations. The model can also be coded into a computer

program to enable performance optimization of SEHRAC.

As compared to CT, TEV is a more suitable option for use in SEHRAC as
revealed from this study. However, it is noted that the space cooling capacity
of the TEV-based SEHRAC still drops with operating time. This may be due
to the fact that TEV is a linear controller in response to the evaporator
superheat, but the refrigerant side operating parameters vary non-linearly
during the operation of SEHRAC. Therefore, an electric expansion device
(EEV) with multiple feedbacks and advanced control mechanism may be the
best option for use in SEHRAC. The experimental results presented in this

study may be useful in developing this control mechanism.

In this study, the PCM used for performance improvement of SEHRAC is
limited to a paraffin/expanded graphite composite material. Other PCMs with
different phase change temperatures and latent heats may also be investigated
for use in this circumstance. The resultant performance improvement may be

further enhanced if an optimal PCM is used.
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APPENDIX A

Table A.1 Daily patterns of occupant activity, internal load and air-conditioner

utilization (Bedroom)

ltem Bedroom _

Occupancy Lighting SPA? ACP
Daily patterns:
Hour
From To
0 1 1 0.3 0.8 On
1 5 1 0 0 On
5 6 1 0 0 On
6 7 1 0.5 0 On
7 8 0.25 0.2 0 Off
8 9 0 0.3 0 Off
9 10 0 0 0 Off
10 11 0 0 0 Off
11 12 0 0 0 Off
12 13 0 0 0 Off
13 14 0.25 1 0 On
14 15 0.25 1 0.33 On
15 16 0.25 1 0.33 On
16 17 0.25 1 0.33 On
17 18 0.25 0 0.33 On
18 19 0.25 1 0.33 On
19 20 0.25 1 0.8 On
20 21 0.5 1 0.8 On
21 22 0.5 1 0.8 On
22 23 0.5 1 1 On
23 24 1 0.6 1 On
Installed power (W):
Unit type
1P 302 176
1B 104 44
2B 104 44

8 SPA=Small power appliance
® AC=Air-conditioner
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Table A.2 Daily patterns of occupant activity, internal load and air-conditioner

utilization (Living/dining room)

Living/dining room

Item

Occupancy Lighting SPA? ACP
Daily patterns:
Hour
From To
0 1 0 0 0.19 Off
1 5 0 0 0.19 Off
5 6 0 0 0.19 Off
6 7 0 0.3 0.37 Off
7 8 0.25 0.5 0.54 Off
8 9 0.5 0 0.54 Off
9 10 0.5 0 0.54 Off
10 11 0.5 0 0.54 Off
11 12 0.5 0 0.54 Off
12 13 0.45 0 0.54 Off
13 14 0.5 0.5 0.63 On
14 15 0.5 0 0.43 On
15 16 0.5 0 0.43 On
16 17 0.5 0 0.43 On
17 18 0.5 0 0.43 On
18 19 0.5 0.5 0.43 On
19 20 0.75 1 1 On
20 21 1 1 1 On
21 22 1 1 1 On
22 23 1 1 1 Off
23 24 0 0.5 1 Off
Installed power (W):
Unit type
1P - -
1B 250 132
2B 250 132

8 SPA=Small power appliance
® AC=Air-conditioner
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