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SUMMARY

Located at the equator (1°21°N; 103°55’E), Singapore has abundant solar radiation and
high ambient temperature throughout the year. Singapore’s meteorological data indicate
favorable conditions for the efficient operation of solar energy systems. To study the
performance of a desalination system, experiments were conducted on a solar assisted heat
pump desalination system at the National University of Singapore.

The system consists of two modules, a solar assisted heat pump and a water distillation
unit. The main components of the solar assisted heat pump consist of an unglazed,
serpentine-tube evaporator-collector, a compressor, a water condenser tank, and an
expansion valve. The water distillation unit consists of a glazed liquid solar collector, an
electrical heater, and a distillation chamber. A condenser coil is located at the bottom of
the chamber to evaporate saturated water, and a cooling coil is located at the top section of
the chamber to condense vapors. These coils are connected to the condenser and
evaporator section of the heat pump. Refrigerant R134a was used as the working fluid for
the heat pump. The distillation chamber was operated at 0.14 bar, which corresponds to
water saturation temperature of 52 °C. The liquid solar collector and electrical heater will
heat the feed water until it reaches 70 °C. Upon entering the distillation chamber feed
water undergoes thermodynamic flashing. Saturated water will then be evaporated further
by condenser coils of the heat pump system. Vapors from flashing and evaporation are
then condensed by a cooling coil located in the top section of the chamber, thus producing

fresh water.



A series of experiments have been conducted with the system under the meteorological
conditions of Singapore. Experiments were carried out to find the efficiencies of
evaporator-collector and liquid collector, Coefficient of Performance (COP) of the heat
pump system, distillate produced, and Performance Ratio (PR). Mathematical equations
were developed for each component of the system, and a simulation program was then
written. Comparison of the simulation and experimental results showed good agreement.
To further analyze the behavior of the system, a parametric study was conducted, followed
by an economic optimization.

Results showed that the system has a Coefficient of Performance that is close to 10, with
collector efficiencies between 80 to 90 % and 50 to 60 % for evaporator-collector and
liquid collector, respectively. The system has a Performance Ratio close to 1.5, with a
water production rate close to 1 kg/hr. Economic analyses showed that for the system to
be economically feasible, its production rate needs to be increased, while keeping the
investment cost as low as possible. To achieve this goal, a new design of the system was
proposed. To reduce the investment cost of the system, the new design leaves out the use
of a liquid solar collector. This way the investment cost is kept low, and the system may
achieve a payback period close to 3.5 years with a production rate of 900 l/day. To
achieve this condition, the evaporator collector area will need to be around 70 m?, and 30
kW is needed for compressor work. Further analyses of economic parameters showed that
fuel price will determine the feasibility of the solar desalination system. The study showed
that solar energy is a very promising source of thermal energy to be applied in
desalination processes. With the rising price of oil, solar energy becomes economically
competitive. Further studies will be needed to fully exploit the use of solar energy in

desalination systems.
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Chapter 1

INTRODUCTION

1.1. Background

It is a well known fact that water is the most important element in life. All living beings
need water to continue on living. Mankind need water to maintain life, perform domestic
tasks, and maintain industry. However, recent research shown that around 25% of the
world population does not have an adequate supply of fresh water, both in terms quality
and quantity. This tragic situation has been in place for nearly 80 countries, and demands
very urgent attention. [Fiorenza et al., 2003]

The world population, numbering a little more than 6 billion, may touch an unimaginable
Figure of nearly 8 and 9 billion during the year 2025 and 2050 [Fiorenza et al., 2003].
This increase in population will mostly take place in developing countries, causing severe
water shortages. By the year 2020, water availability will be less than the minimum level
recommended by the World Health Organization (WHO). The situation will be worse,
with an annual availability of less than 200 m’ per capita, in the majority of countries
listed in Table 1.1.

Table 1.1. Population (thousands) and yearly water availability (m*/capita)
in the South Mediterranean [Fiorenza et al., 2003]

. Water availability
Population 3y
Country (m’/capita)
1960 1990 2020 1960 1990 2020
Saudi Arabia 4,075,000 16,045,000 36,424,000 537 156 54
Libya 1,349,000 4,416,000 8,103,000 538 154 59
Malta 312,000 354,000 427,000 100 75 76
Yemen 5,247,000 11,590,000 34,190,000 481 214 82
Jordan 763,000 3,306,000 8,204,000 529 224 100
United Arab
) 90,000 1,921,000 3,170,000 3,000 189 117
Emirates




Table 1.1. (Continued)

Syria 4,561,000 12,386,000 24,555,000 1,196 439 172
Israel 2,114,000 4,660,000 7,952,000 1,024 467 324
Tunisia 4,221,000 8,156,000 12,254,000 1,036 532 334
Algeria 10,800,000 24,936,000 43,853,000 1,704 737 376
Oman 558,000 1,785,000 4,719,000 4,000 1,333 477
Egypt 27,840,000 56,333,000 90,491,000 | 2,251 1,112 682
Morocco 11,626,000 23,931,000 36,742,000 | 2,650 1,185 685

Although 75% of the earth’s surface is covered by water, 97.5% of this abundant source of
water is salty, while the remaining part is mostly in a frozen form, or located deep
underground, virtually inaccessible. It is, therefore, obvious that the sea is basically an
easily accessible source of water, as long as its salinity can be removed.

As a source of water, seawater has a salinity in the range of 35,000-45,000 parts per
million (ppm), much higher than the permissible limit of 500 ppm according to the World
Health Organization [Kalogirou, 2005].

Desalination is basically a process to remove salt from seawater or saline water. The
purpose is to purify water, and produce potable water with dissolved solids within the
permissible limit of 500 ppm. There are many methods of desalination. Nowadays, Multi
Effect Distillation (MED) and Multi Stage Flash (MSF) are the two methods commonly
used in desalination However, these two processes require a large amount of thermal
energy. The consumption of oil to generate the required heat will be very harmful to the
environment. Therefore, it will be advantageous to implement a new and clean source of

thermal energy. Solar energy fulfills this requirement.




Solar desalination is a desalination method involving solar energy in the process. Other
than using solar energy, Reali, [1984], Slesarenko, [1999] have discussed about using heat
pumps to provide heat in desalination processes.

In order to further investigate the potential of using solar energy and heat pumps for
desalination processes, an experimental solar assisted-heat pump desalination system has

been built at the National University of Singapore (NUS).

1.2. Objectives of Research
The main objective of this research can be described as follows:
e To perform experiments to identify important variables that affects the
performance of the system.
e To develop a mathematical model and a simulation program based on the
experimental system.
e To validate the results of the simulation with experimental results.
e To conduct a parametric study based on the simulation program.
e To conduct an economic analysis based on the system’s performance and

simulation results.

1.3. Scope of the Thesis
The thesis is divided into different sections and the order of presentation is as follows:
e Chapter 1 gives a brief background on the world’s water condition, and also the
objectives and scope of the project.

e Chapter 2 presents a literature review based on scientific journals and reports.



Chapter 3 includes a description of the system and its working principle, its
components, and the experimental procedure.

Chapter 4 contains the mathematical model of the system, the algorithm of the
simulation program and equations for economic optimization.

Chapter 5 presents the results of the experiments, simulation program and
economic optimization.

Chapter 6 contains the conclusion of the work that has been carried out.

Chapter 7 presents recommendations for future work.



Chapter 2

LITERATURE REVIEW

The desalination process has been known since ancient times, but perhaps the earliest
known seawater desalination process took place in AD 200, where Greek sailors, in their
long distance trips would boil seawater in a brass vessel and suspend large sponges on top
of it to absorb the vapors. The water extracted from the sponge is found to be potable.
[Kalogirou, 2005]

Nowadays there are many methods of desalination, however all methods require a pre-
treatment of raw seawater to avoid scaling, foaming, corrosion, biological growth, and
fouling. Shown in table 2.1, Khan [1986] divided the process into several categories,
viewed from water’s change of phase, utilization of energy, and separation of salt and
water in the solution.

Table 2.1. Types of desalination processes

Desalination processes

Thermal processes Membrane processes
Multi Stage Flash (MSF) Reverse Osmosis (RO)
Multi Effect Distillation (MED) Electrodialysis (ED)
Vapor Compression (VC)
Freezing

Humidification/dehumidification
Adsorption desalination
Solar stills

The most dominant commercial processes are MSF, MED, VC, and RO. Among these
processes, MSF is the most popular of thermal processes and RO is the most popular of

membrane Processces.



2.1. Thermal Desalination Processes

Multi-stage flash desalination (MSF) is currently the most popular method in the
desalination industry with a market share close to 60% of the total world production
capacity. The process has several advantages, which include a large operation capacity,
proven reliability, and well-developed construction and operation experience. El-
Dessouky et al. [1999] conducted a study to observe the present and future outlook of the
MSF process. In the study, they also proposed a novel configuration of the MSF system.
With the new system, though depends on the temperature of the feed seawater, the salinity
of the rejected brine can be less than the limiting value of 70,000 ppm. The new system
has similar variations in thermal performance with the conventional MSF system, and

gives higher thermal performance ratios with values ranging between 12 and 20.

Experiments using mechanical vapor compression system using two vertical evaporator-
condensers were conducted by Bahar et al. [2004] The system has a production capacity of
1 m*/day. The experiments were conducted with variation in compressor speed and brine
concentration, ranging from 20,000 ppm to 33,000 ppm. The highest performance ratio
obtained was 2.52, and it was found out that an increase of the compressor speed had a

positive influence on the system’s performance..

Dvornikov [2000] conducted a feasibility study of a combined power and desalination
plant incorporating horizontal falling film-type low temperature multi effect distiller
(MED), Heat Recovery Steam Generator (HRSG), and a gas turbine, fueled by natural gas.

The under study was based on a single shaft gas turbine of 38.3 MWe generating 139 kg/s



of hot flue gases at 545 °C. The MED system had a production capacity of 8760 ton of
water per day, consuming 430 kW of electrical energy. The combination of the power and
desalination plant proves to be a viable alternative for mid-size cogeneration projects with

a variable power load and a uniform water demand.

Marcovecchio et al. [2005] proposed a hybrid MSF-RO system. The system aims to
reduce operation and maintenance costs of the product water with an overall increase in
recovery and reduction of energy consumption. From the study, it is found that the
proposed system could produce 2500 ton of water per hour, with an optimal cost for water

production of $1.259/m’.

Wang and Ng (2005) conducted an experimental study with a four bed-silica gel
adsorption desalination system. Compared to other desalination methods, the adsorption
has several advantages such as: The utilization of the low-temperature waste heat, low
corrosion and fouling rates on the tube materials due to the low temperature evaporation of
saline water, and it has almost no major moving parts which renders inherently low
maintenance cost. From the study, it was found that system has an optimum daily water

production of 4.7 kg/kg silica gel.

2.2. Solar Energy and Heat Pump Desalination Processes

Experimental work on heat pump assisted water purification has been carried out in
Mexico since 1981 by Siqueiros et al. [2000]. The heat pumps used were initially of the
mechanical vapor compression type, which were later replaced by absorption heat pumps.

They concluded that, from a thermodynamic point of view, it is much more appropriate to



use waste heat to operate water purification systems than using high grade energy such as
electricity, oil, or natural gas with its associated environmental problems. The purification
unit was designed to operate as a small scale mobile unit, able to provide potable water in
disaster areas. Slesarenko [1999] investigated the application of the absorption heat pump
in power stations. Power stations used seawater to condense steam from turbines. In a
typical condenser, seawater temperature is increased by 10-20 °C. To make use of this
energy, a low temperature vacuum desalting installation and heat pumps were introduced.
The heat pump used is of the absorption type, where it consumes less electrical energy.
Further studies showed that the specific thermal energy consumption at desalination plants

with absorption heat pumps is 2-2.5 times lower than other power systems.

Reali [1984] proposed a desalination method called the refrigerator-heat pump
desalination scheme (RHPDS). In this study, sea water was evaporated and condensed
using a vapor compression heat pump. The system consists of two tanks, to contain salt
and fresh water, connected at the top part. The tanks were evacuated, and seawater entered
the salt water tank at atmospheric pressure. The heat pump will provide heating to
evaporate seawater, and cooling to condense the vapors into the fresh water tank. The
system was designed to operate with small temperature difference, around 5 °C, for the

water tanks. Thus a high energy efficiency was expected.

To utilize solar energy in desalination processes, solar stills are commonly used to
evaporate salt water in a basin. Many studies have been conducted on solar still
desalination, and many attempts have been made to increase its efficiency. Rahim [2001]

conducted a study to increase the solar still’s performance. His attempt included applying



forced condensation method in the solar still. With this method vapors were sucked from
the still’s evaporator zone and condensed over copper tubes that run in the salt water
basin, thus not allowing the vapor to condense on the glass cover’s surface. With this
method, the unit efficiency increased from 19.41% to 29.55%. Rahim [2003] also
proposed the idea to store excess heat absorbed by solar stills by separating the basin into
evaporating and heat storing zones. The division of the basin is achieved by placing an
aluminum plate slightly below the water surface, with gaps between the plate’s edges and
the basin wall, thus still allowing water to form a thin layer on the plate surface. This
technique, which does not require any external power to store heat, enables the unit to
recover 47.2% of the energy absorbed in the day during night operation. The unit has an
average efficiency of 57.3%, which is 12.5% higher than the average efficiency of similar

size basin unit.

Sinha and Tiwari [1992] conducted an analysis of a concentrator assisted solar distillation
unit. The unit consist of a solar still coupled to a non-tracking cylindrical parabolic
concentrator. The water in the basin is circulated into the concentrator by an electric
pump, thus the salt water receives more heat from the circulation. The unit produced a
maximum yield of more than 8 // m” day for a water depth of 0.02 m. At 0.1 m deep the
unit yields around 6 // m®. The overall thermal efficiency of the unit at each depth is
around 45 and 30%, respectively. A different type of solar still used for desalination was
studied by Minasian and Al-Karaghouli [1992]. They studied the performance of a conical
still floating in a salt water basin. The conical still consists of a cone-shaped glass cover
with a cotton wick formed into the same shape placed inside the cone. The base of the

cone enables the wick to absorb water from the basin, thus through capillarity ascension,



water will be absorbed by the conical wick, and solar radiation is absorbed from the cover.
The solar still has an average value of distillate output between the range of 2 and 4 liters /

m” per day.

Bohner [1989] presents an idea of a 100% solar powered desalination plant. The plant has
a water production capacity of 2 to 20 m’ / day. The product water can be used as a
potable water or for agricultural applications. The plant is operating in a low temperature
range of 65 to 75 °C. A small amount of electrical demand is used for circulation pumps,
which can be produced from a photovoltaic system or from a wind turbine. The first pilot

plant was built in Laatzen/Hannover in 1988 to conduct initial experiments.

Le Goff et al. [1991] developed a design of a multi stage solar still. The unit consisted of a
stack of six rectangular vertical walls. Salt water flows in between each wall. Heated by
solar radiation, the salt water evaporates and condenses on the opposite wall. The heat
from the condensed vapor is used to evaporate salt water on the other side of the wall. The
unit is capable of producing more than 20 litres of distilled water per m*. The advantage of
the design is that it is simple, rugged, easy to maintain by any craftsman with technical

skills, thus making it ideal to be used in remote rural areas.

Hawlader et al. [2004] conducted a study on a solar assisted heat pump desalination
system. The system consists of a solar assisted heat pump, a distillation chamber, and a
solar water preheating unit. The heat pump used an unglazed, serpentine tube solar
evaporator collector. Feed water is preheated through a commercial solar liquid collector,

and upon entering the evacuated distillation chamber, undergoes thermodynamic flashing.

10



The heat pump then provides further evaporation of remaining water and condensation of
vapors in the upper section of the chamber. Performance analysis showed that the
performance ratio of the system ranges from 0.77 o 1.15, while the coefficient of

performance ranges from 5.0 to 7.0.

Kudish et al. [2003] developed and tested a solar desalination system using an evaporator /
condenser chamber. The system is constructed fully of polymeric materials to prevent
corrosion from salt water. A simulation model was developed and validated with
experimental measurements of the system’s performance. The model was then used in a
parametric study to determine optimum design. Based on the prototype system, it was
found out that the system is capable of producing 11 kg / m? per day of fresh water on a
sunny day with the gap between evaporator and condenser surfaces is close to 2 cm, and

the feed flow rate is within the range of 40 — 50 kg / m” day.

A small solar water desalination unit was constructed and investigated by Nafey et al.
[2007]. The system uses the solar flat plate collector as a brine heater, and is attached to a
vertical flashing/condenser unit. The heated water from solar collector is flashed in the
unit, latent heat of vaporization is used to preheat feed water and condense the vapor. The
average productivity of the system in November to January ranged between 1.04 to 1.45
kg/ m* day. The average summer productivity ranged between 5.44 and 7 kg/ m” day in
July and August, and 4.2 and 5 kg/ m” day in June. The unit has a performance ratio of 0.7

to 0.8 in winter, and 0.8 to 0.9 in summer.

11



Al-Kharabsheh and Goswami [2004] proposed an innovative concept of water desalination
using low grade solar heat. The system uses natural forces of gravity and atmospheric
pressures to create vacuum in an evaporation chamber, which enables continuous flow of
water from a source tank thus removing the necessity of a pump. Saline water in the
vacuum chamber will then be evaporated by solar energy. Evaporated water is then
condensed into another tank. Through numerical simulations, the system showed that it

has an efficiency as high as 90%.

El-Nashar [2000b] developed a simulation program to predict the performance of a solar
desalination plant. The plant consisted of evacuated tube solar collectors, a heat
accumulator tank, with water as the working fluid, and MED chambers. The absorber area
of the collector field varied between 500 and 20000 m?, with the heat accumulator storage
capacity per collector area varies between 0.05 and 1.00 m*/m’. Simulation results were
validated with a measured data from a solar plant of similar design located in Abu Dhabi,
United Arab Emirates. The plant has been in operation since 1984, and meteorological
data of the plant collected in 1985 were used in the simulation program. The simulation
results showed a good agreement with the measured data for the months of January and

June.

Hermann et al. [2002] conducted a study on the desalination of seawater inside solar
collectors. The pilot plant, located in Pozo Izquierdo, Gran Canaria, produced about 600 /
of drinking water per day. The plant operates at ambient pressure, with temperature range
of 70 to 120 °C. The concept of the system is to increase efficiency by allowing seawater

to flow directly inside flat plate collectors, thus a corrosion free collectors and materials

12



are needed. A prototype of the collector has been developed, it consist of a selectively

coated glass tubes mounted in a conventional flat-plate collector casing.

A large scale solar desalination scheme was proposed by Rajvanshi [1980]. The scheme
was meant to be applied in the Thar Desert region of India to supply the locals with
potable water. The method was to pump seawater from the Gulf of Kutch to the
southwestern region of the desert. There the sea water was heated in a solar field, and
desalinated with a multi stage-flash system. The solar field consisted of a series of
rectangular collector tubes, made of concrete, half buried in the ground. In the proposed
scheme, there are two series of solar field, each with an area of 9.6 km x 0.6 km, half-
buried in the ground 8.9 cm deep. The purpose of the study was to look at the technical
and economical feasibility of the system to be applied in the Thar Desert in India. Based
on the study, it was concluded that, at a feed flow rate around 2.16x10° m3/hour, the
system will be able to produce 5.25x10" m® of fresh water per year. An area of 11.52 km?
will be needed to achieve this objective. The pumping requirements for the whole scheme
will be supplied by 415 wind turbines, each operating at a 200 kW capacity. The cost of

water for the scheme would match that of a fuel-fired MSF plant within 8 years.

Rodriguez et al. [2002] studied the usage of solar energy for desalination processes under
Spanish climatic conditions. They compared the use of static and one-axis tracking
collector technologies. The case study conducted here is related the use of solar energy in
Multi Effect Distillation (MED) and Multi Stage Flash (MSF) systems. The heat input is
considered to be at around 65-75 °C for MED and 80-90 °C for the MSF plant. Various

solar collector systems were considered, such as Solar Ponds, Flat Plate Collectors, and
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Direct Steam Generation (DSG) Parabolic Troughs. At Spanish climatic conditions, DSG-
Parabolic Trough showed interesting potential when combined with conventional energy
systems. Another advantage of one-axis tracking collectors was that it could be coupled to

a heat pump in a desalination plant.

2.3. Economic Analysis of Solar Energy Processes

El-Nashar [2000a] conducted a study on the economics of solar assisted multiple stack
distillation plants. Three system configurations were taken into account. The first one is a
Multiple Effect Stack (MES) evaporator supplied by steam from a low pressure boiler, and
pumping power supplied by a diesel generator. The second mode of configuration used
solar thermal collectors to provide thermal energy in the form of hot water to the MES
evaporator with pumping power delivered by diesel generator. The third configuration
considered a stand-alone system, using 100% solar energy. Thermal energy will be
provided by solar collectors, while electricity for pumping power comes from photovoltaic
cells. Two cost parameters were taken into account: collector cost per square meter and
the cost of diesel oil per giga Joule. The water price from the second configuration was
found to be more competitive when compared with the first one if collector cost drops to
$200/m” and diesel oil cost to $50/GJ. With 100% solar powered, the economics tend to
improve in favor to the solar system. Even when diesel oil price reached $10/GJ, the water
price from the solar system approached that of a conventional plant if collector costs
$200/m>. The cost of water from the solar system was shown to be always higher than
conventional plant when oil price is $10/GJ, but lower than conventional plant if the fuel

price reaches $50/GJ.
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Wijeysundera and Ho [1985] investigated four different economic indices to find optimal
sizing of thermal insulation, recovery heat exchangers, and solar heating systems. The
economic indices used are annualized cost, life cycle savings, internal rate of return, and
payback period. The results gave two optimum sizes, which correspond to maximum life
cycle savings and minimum payback period. Further analysis of the optimum sizes for
solar heating systems showed that the size that maximizes the life cycle savings was
always larger than the internal rate of return. Similar method of economic analysis was
conducted by Hawlader et al. [1987] to a solar water heating system in the Changi
International Airport in Singapore. The system was designed to provide hot water for the
kitchen in the airport. It was found, using life cycle savings and annual life cycle cost
calculations, that the optimum collector area was around 1200 m?, while analyses using
the payback period and internal rate of return indicated an optimum collector area of 1000
m’. For the economic variables used in these analyses, the minimum payback period is

around 14 years, which was considered rather high.

From the reviewed literature, the following is a summary of important findings:
e The most popular thermal desalination method today is the Multi Stage Flash, with
Multi Effect Distillation showing great potential for future development.
e Of the membrane processes the Reverse Osmosis method is still dominant,
covering a fairly large share in the market.
e Heat pump systems showed interesting possibilities to be used in desalination
systems. Absorption and vapor compression systems have been studied, and few

studied the use solar assisted-heat pump in desalination system.

15



e Solar thermal energy is mainly used in the form of solar stills to desalinate water.
There have been many attempts to improve the performance of the solar still.
e Economic analyses showed that with the rising of oil fuel cost, solar thermal

energy becomes a promising source of thermal energy.

Based on the above, not many studies have been done on the scope of solar assisted-heat
pump desalination systems. Further study is needed in this field to determine the full
potential of solar energy and heat pump desalination. Therefore, an experimental setup has
been constructed to achieve this goal. Experiments were conducted followed by a
simulation study. An economic optimization based on the analytical method mentioned

above may be used to determine the feasibility of the system.
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Chapter 3

EXPERIMENTS

To facilitate the study, a solar assisted heat pump desalination (SAHPD) system was
constructed, and experiments were conducted to evaluate its performance. The system is
located on the rooftop of block EA of the National University of Singapore. This chapter

describes the main components of the system and its working principles.

3.1. Working Principle of the SAHPD

The system consists of two main parts, a solar assisted heat pump, with refrigerant as its
working fluid, and a water desalination section, which preheats and distillates water, as
shown in Figure 3.1.

The solar assisted heat pump provides heating and cooling to the desalination process,
with a serpentine tube solar evaporator collector that absorbs solar radiation and ambient
energy. Refrigerant R134a is used as the heat pump’s working fluid. The serpentine tube,
with 9.52 mm diameter was soldered at the back of the absorber plate. The bottom of the
collector was insulated with polyurethane material. An open type reciprocating
compressor, directly coupled to a three phase induction motor was used in the system. A
frequency inverter controls the speed of the motor. Refrigerant passes through condenser
coil, located at the bottom of the desalination chamber. To ensure complete condensation
of the refrigerant, it is allowed to pass through a 250 / water tank. A thermostatic
expansion valve regulates the refrigerant’s mass flow rate. After passing through the

expansion valve, the refrigerant is divided into two branches, one through the evaporator-
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collector, and the other to a cooling coil located at the top of the desalination chamber to
condense water vapors. These two streams are then mixed before entering the compressor.
In the desalination section, a commercial solar collector is used to preheat incoming feed
water. An electrical heater is positioned at the outlet of this solar collector to provide
auxiliary heating to ensure the feed water to maintain the desired temperature, when solar
radiation is inadequate. The electrical heater will maintain the water temperature to be not
less than 70°C. After passing through the electrical heater, feed water enters the
desalination chamber. The chamber is evacuated to a pressure of 0.14 bar and at this
pressure the corresponding saturation temperature for water is 52.6°C. Thus, feed water
entering the chamber will undergo thermodynamic flashing. The remaining part of water
that does not evaporate will flow down to the bottom of the chamber, where it will be
heated further by the heat pump’s condenser coil, thus evaporating the water. Vapor from
flashing and evaporation will be condensed at the top section of the chamber by a cooling
coil of the heat pump. Distillate water produced will flow down to a collection tray.
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Figure 3.1. Solar assisted heat pump desalination system setup

Compressor

18



3.2. Components of the system

The following sections describe the main components of the SAHPD system.

3.2.1. Evaporator collector

The solar collector used in the heat pump system is of the plate and serpentine-tube type,
as shown in Figure 3.2(a). Refrigerant entering the collector absorbs heat along the tube,
evaporated, and reaches a superheated state at the exit. The evaporator collector is
unglazed to allow it to absorb heat from ambient, as the operating temperature is usually
less than the ambient. The collector has an area of 1.5 rnz, with an insulation made of
polyurethane 50 mm thick at the bottom part of the collector. The collector has a tube

spacing of 100 mm, and the plate is made of 1 mm thick copper.

»
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(a) Evaporator-collector (b) Water solar collector

Figure 3.2. Schematic diagram of (a) evaporator-collector and (b) water solar collector

3.2.2. Liquid collector
A commercial solar water collector is used to preheat the feed water, as shown in Figure
3.2(b). It has an area of 2 m* and 50 mm thick insulation at the bottom of the collector.

The collector is of parallel tube-type, with seven riser tubes connected by two headers.
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The plate is made of 0.9 mm thick aluminum. The collector is glazed with 3mm thick

glass to reduce heat loss to the environment.

3.2.3. Compressor

The compressor used in the system is of the single cylinder-reciprocating type. It is
connected to a three phase induction motor, and the speed of the compressor is controlled
with a frequency inverter. The compressor has a capacity of 1.5 kW with a maximum 50

Hz operating frequency. Figures 3.3 and 3.4 show the compressor and frequency inverter.

Figure 3.3. Compressor

Figure 3.4. Frequency inverter
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3.2.4. Thermostatic expansion valve
A thermostatic expansion valve, as shown in Figure 3.5, is used in the system to reduce

refrigerant pressure after leaving the water condenser tank to evaporator pressure.

Figure 3.5. Thermostatic expansion valve

3.2.5. Water condenser tank

The condenser tank, as shown in Figure 3.6, has a volume of 250 liter. During the
experiments it is filled with water. A 25 m long copper coil with an outer diameter of 9.52
mm is submerged inside it. Water in the tank will absorb heat from the coil, to ensure
complete condensation of the refrigerant vapor before it approaches the expansion valve.

The condenser tank is insulated with polyurethane and covered with aluminum casing.

Figure 3.6. Water condenser tank
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3.2.6. Desalination chamber

The desalination chamber, as shown in Figure 3.7, is made of PVC. It is cylindrical in
shape, with a 255 mm diameter and 500 mm height. During the experiment, the chamber
is evacuated to a pressure of about 0.14bar. To monitor the pressure inside the chamber, a
pressure gauge is mounted at the top of the chamber. At this low pressure, water saturation
temperature is at 52 °C. With feed water entering at 70 °C, thermodynamic flashing occurs
in the chamber. Feed water enters the chamber through a spray nozzle. This nozzle will
generate droplets falling over a condenser coil located at the bottom of the chamber. A
tray is located at the upper part of the chamber. An evaporator with a 3.3 m long copper

coil is located at the top to condense the vapors generated from flashing and evaporation.

Figure 3.7. Desalination chamber
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3.2.7. Electrical heater

An electrical heater is positioned after the liquid solar collector. The heater maintains the
feed water to a set temperature before entering into the desalination chamber. It has a
rating of 2.24 kW, and contains 6.95 liter of water. During the experiment, the heater is set

to maintain feed water temperature at 70°C.

3.2.8. Pumps

There are three different pumps used in the experiment, each with its own distinct
function. A single stage belt-driven vacuum pump was used to evacuate the desalination
chamber. The vacuum pump has a flow rate of 0.064 m*/minute. This pump is connected
to the top of the chamber. The pressure inside the chamber is maintained at 0.14 bar by the
vacuum pump.

To remove excess water from the bottom of the chamber, a positive displacement pump
was used.

To circulate the feed water from the feed water tank to the chamber, a commercial water
pump was used. A bypass connection is applied to the pipeline at the outlet of the pump to

control the flow rate of the water.

3.3. Instrumentation

Temperatures of the refrigerant and feed water were measured using T-type
thermocouples. Prior to the commencement of the experiments, connections of the
thermocouples to the measuring points have been tested to ensure its proper function.
Digital pressure transducers were installed in the heat pump section , and analog pressure

gauges were mounted on the chamber.
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To measure solar radiation, a pyranometer was mounted near the system. The pyranometer

has a sensitivity of 8.88x10° V/m®.

To record the measurement made during the experiment, a 20 channel data logger was

placed in a compartment located below the solar assisted heat pump, protected from solar

radiation. The readings were taken at 5 minutes interval. In summary, table 3.1 shows the

main components of the SAHPD system.

Table 3.1. Summary of main components

Evaporator collector

Dimensions 1000x1500x50 mm
Plate material copper
Tube material copper
Tube outer diameter / thickness 9.5mm/ 1 mm
Tube length 28.4m
Tube spacing 100 mm
Insulation Polyurethane
Insulation thickness 50 mm
Compressor
Bore 35 mm
Stroke 26 mm
Capacity 1.5 kW
Water condenser tank
Volume 250 liters
Dimensions 500x500x1000 mm
Insulation Polyurethane
Insulation thickness 50 mm
Tube outer diameter / thickness 9.5mm/ 1 mm
Tube length 25m
Liquid solar collector
Dimensions 1000x1980x80 mm
Tube material copper
Plate material aluminum
Tube outer diameter / thickness 12.7 mm /0.7 mm
# of headers 2
# of risers 7
Tube spacing 130 mm
Insulation material Insulwool
Distillation chamber
Volume 25.5 liters
Outer diameter 255 mm
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Table 3.1 (Continued)

Height 500 mm
Chamber material PVC
Coil material copper
Length of cooling coil 3.5m
Length of condenser coil 2m
Tube outer diameter / thickness 9.5mm/ 1 mm

3.4. Test Procedure
Prior to running the system, it is necessary to check the weather conditions. Cloudy days
are not desirable to conduct experiments, as the liquid solar collector will not be able to
absorb much heat. Other than weather conditions, there is a list of other conditions shown
below that needs to be fulfilled before running the system:

1. The water condenser tank must be filled with water, with the coil submerged.

2. The valves of the water line are in their desired positions.

3. There is adequate refrigerant pressure in the solar assisted heat pump.

4. The feed water tank is filled with clean water.

5. The electric heater is set to 70°C.
If such conditions are met, then the experiment may be conducted according to the
following procedure:

1. Turn on the main power switch to the system.

2. Turn on the positive displacement pump to drain any remaining water in the

chamber.

3. Turn on the vacuum pump to lower the chamber’s pressure to 0.14 bar.

4. Put the pyranometer in an open place, make sure it is not obstructed.

5. Put the data logger in place, set it to measure the readings from the sensors.

6. Set the desired frequency of the compressor, and activate it.
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Open the valve of the feed water tank, run the water circulation pump.
Activate the electrical heater.
After a few minutes, the system will reach steady state condition. Set the data

logger to record the measurements.

To shut down the system, the following procedure is be followed. These are listed below:

1.

Turn off the compressor, vacuum pump, electric heater, and water circulation
pump. Let the compressor cool down for about 10 minutes.

Open the feed water valve located near the chamber slowly to collect the
desalinated water.

Let the positive displacement pump run for a little while to drain the remaining
water in the chamber. Turn it off after it finishes draining.

Stop the data logger from recording and turn it off.

Store the pyranometer back to its case.

Cover the whole system, turn off the main power switch, take the pyranometer and

data logger back to the laboratory.
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CHAPTER 4
MODELING, SIMULATION, AND OPTIMIZATION
Mathematical equations describing the performance of different components of the solar
assisted heat pump desalination system are described in this chapter. The MATLAB
programming language was used in running the simulation program. Equations describing
the economic optimization Figures are also presented. The economic Figures of merit

taken into consideration are the annual cost, life cycle savings, and payback period.

4.1. Modeling of Components
This section explores the mathematical modeling of the system. The main components
covered in the model are the evaporator and liquid solar collector, compressor, expansion

valve, condenser tank, and desalination chamber.

4.1.1. Liquid solar collector
The liquid solar collector used to preheat the feed water has a single glazing, with an
aluminum plate as the absorber. The collector is of parallel tube-type, with seven riser
tubes positioned in parallel with the collector’s length. Several assumptions are made to
model the collector:

1. The collector is operating in steady-state condition.

2. The headers do not affect the thermal process and efficiency of the collector.

3. There is a uniform flow of water inside the tubes.

4. Heat flow is one dimensional, from the covers to the insulation.

5. Collector properties are independent of temperature.

6. The solar radiation falling on the cover is of uniform value.
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The useful energy absorbed by the water, in terms of its inlet and outlet temperature is

expressed as:

Qu = mwcp,w (Tw,out - Tw,in ) (4 1 )

The useful energy delivered from the collector to the water can be expressed through the
Hottel-Willier equation [Duffie, 1980]:

0, = Fdc[1(ze)-U,(T, - T,)] (4.2)
In terms of mean plate temperature, the useful energy can also be expressed as:
0, = Ac|1Ga)-U (T, - T)] 43)

where T, denotes the mean plate temperature.

Overall heat loss coefficient, U;, of the collector is a function of the top, bottom, and edge
losses. Edge losses are usually negligible for a well designed collector [Duffie, 1980],
thus, the overall loss becomes:

U, =U,+U, (4.4)

The top loss coefficient, Ur, can be expressed as:

- N 1 o(T, +T )T, +T})
T= +_ +
R IN+ f—1+0.133¢
Cc| 1T "| (e, +0.00591N, )" + / PN
Tp (N+f) &y
(4.5)
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Where N is the number of glass covers. Several other correlations were simplified to fit the

equation (4.5). These are:

f=(1+0.089h, —0.1166h,¢, 1+ 0.07866N) (4.6)
e=0.43(1-100/T,) (4.7)
C =520(1-0.000051/5) (4.8)

For 0° < <70°. For 70° < <90°, use f = 70°

The bottom loss coefficient, Up is defined as:

k
UB:7

(4.9)

With £ is the thermal conductivity of the insulation material, and ¢ is the insulation’s

thickness.

The collector heat removal factor, Fy, is a quantity that relates actual useful energy gain of
a collector to the useful gain if the collector surface is at liquid inlet temperature. This

value can be expressed as [Duffie, 1980]:

Fy=—2- (1= 0 me)y (4.10)

With F is the collector efficiency factor:

n
Fv: UL

4.11)
1 1

+L+
U,[D,+W-D)F] C, Dh,,
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Where D, is the tube outer diameter, and W is the distance between the center of two

tubes, as shown in Figure 4.1.

Figure 4.1. Cross section of solar collector

The fluid heat transfer coefficient, for single phase condition, is determined from Dittus-

Boelter equation:

k
h,,=0.83Re"* Pr’® L (4.12)
5 Di
And C} is the bond conductivity:
k,b
C, =—" (4.13)
4

With £; is the bond thermal conductivity, b is the bond’s width, and y is the bond average
thickness.
The function F in equation 4.11 is the standard fin efficiency. It is described as:

e tanh[m(W — D,)/2]
~ m(W-D,))/2

(4.14)

Where m =,/U, / ko
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4.1.2. Evaporator Collector
The evaporator collector is an unglazed, serpentine tube-type collector. Refrigerant leaves
the collector in a superheated condition. Energy absorbed by the collector can be

expressed by equation (4.15), in terms of enthalpy change:

Qu = mref,mll (hout - hin) (4 1 5)

In modeling, the tube of the collector is divided into segments. Each segment received an
increase of energy from solar radiation and the ambient. Useful energy absorbed by the
evaporator collector is modeled in a similar way to liquid solar collector. The modeling
difference of the two collectors lies in the two-phase and superheated regions of the
evaporator collector. Within the two-phase region, a different expression to calculate

refrigerant heat transfer coefficient was used.

For the evaporator-collector, while the refrigerant is passing through the tubes absorbing
ambient and solar energy, it may exist in either two-phase or superheated condition. In the
first condition refrigerant is assumed to be in the two-phase region, thus any energy
absorbed will be used to evaporate the refrigerant, thus causing an increase of vapor
quality, a ratio of mass flow rate of vapor to total mass flow rate of the refrigerant. After
the vapor quality reaches x = 1, the refrigerant model uses superheat conditions. From this

point all energy absorbed will be used to increase the refrigerant’s temperature.

To calculate the heat transfer coefficient of the refrigerant in the two-phase condition,

Chaturvedi et al., (1982) developed the following correlation.
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~ 0.0082%, {(RjJAx)h,g }“ @16

A D. L

1

Where J is a dimensional constant with a value of 778, and Ax shows the change of vapor
quality within a segment of the tube.

The Ay of equation (4.16) is then used the same way as in equation (4.11) for the two-
phase condition of evaporator collector.

Vapor fraction, x, is commonly expressed in the form:

h,=h;,,(1=x)+xh,, (4.17)
Rearranging, we get:
h,—h,
x=——l (4.18)
hy,

with 4. is the enthalpy of refrigerant in two-phase condition at a certain point in the
evaporator collector, /iy, is the saturated liquid enthalpy of the refrigerant, and Ay, is the

enthalpy of vaporization of the refrigerant.

4.1.2.1. Pressure drop in evaporator collector

To describe two-phase flows in the collector tube, it is assumed that the two phases are in
thermodynamic equilibrium. The change in vapor quality is mainly due to solar and
ambient energy input, and quality change due to pressure change can be neglected. For a
well-designed collector, the pressure drop through the tube is usually small, and the above

assumption is justified [Chaturvedi et al., 1982].
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Chaturvedi et al., (1982) developed an equation to model two-phase flow pressure drop in

horizontal solar collector tubes. The final form of the equation is described as:

2 1G°

—dp _ D (4.19)

d d dv,
R e I S (T s
dp dp

Where f denotes tube friction coefficient, x is vapor quality, vy and v, are specific volumes

(Vf T XV )+ G*v, Z)ZC

of saturated liquid and vapor phases and are function of pressure only, and G is the mass

flow rate per unit tube area.

4.1.3. Desalination chamber

The desalination chamber used in the experiment provides thermodynamic flashing,
evaporation, and condensation processes to take place inside it. Feed water enters the
chamber through a spray nozzle to enable uniform flashing. Condenser coil, located at the
bottom of the chamber, will provide heat to evaporate feed water that does not evaporate
from flashing. Due to buoyancy effect, vapors generated from flashing and evaporation
will flow to the top of the chamber, where it will be condensed by the cooling coil, as

shown in Figure 4.2.
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Figure 4.2. Heat transfer processes taking place inside the desalination chamber

To model the chamber, it is assumed to have similar characteristics of a one pass, single
tube heat exchanger at the condenser and cooling coil section. Thermodynamic flashing is

assumed to occur at equilibrium condition.

Therefore, mass of vapor produced due to flashing can be expressed as:

_ mféedcp,w7tr (Tféed - T'chamber)
- h

fg,wtr

m

(4.20)

Thermodynamic flashing occurs at 52°C, which corresponds to chamber inner pressure of

0.14 bar.
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Thermodynamic flashing produces saturated vapor and liquid water. Saturated liquid
water will then be evaporated by the heat released from the condenser coil. The condenser
coil behaves like that of a heat exchanger, therefore, the amount of heat released by the

condenser coil can be described as:

Qcondenser = ngin (Th,i - Tc,i) (42 1)

Where 7}, inlet temperature of hot fluid refers to refrigerant inlet temperature, and 7.,
inlet temperature of cold fluid refers to saturated liquid water. In the equation, the
effectiveness-NTU method is used. Effectiveness, ¢, is the ratio of actual heat transfer rate

of a heat exchanger to maximum possible heat transfer rate.

g=2 (4.22)

Chin 1 a product of fluid mass flow times its heat capacity. Since there are two fluids, hot
and cold, C,,;, is the value of the smaller product. In other words:

C.=mc
€ TeTpe (4.23)

CH = chp,H
If Cc < Cy, then Cpiy = Cc and Cye = Cp. Consequently, if Cy< Cc, then Cp = Cyy and

Cimax = Cc. In heat exchanger equations, it is also useful to describe:

C._
C = —mn 4.24
C (429

max

For any heat exchanger, it can be shown that [Incropera et al., 1985]:

¢ = f(NTU,C) (4.25)
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where NTU, number of transfer units, is a dimensionless parameter used in heat exchanger
analysis. It is defined as:

NTU = CU—A (4.26)

min

where A4 is the area of heat exchange surface, and U is the overall heat transfer coefficient.

Overall heat transfer coefficient is defined as:

U= (4.27)

In the equation (4.27), h, and h; are the heat transfer coefficients of fluids outside and

inside of the tube, respectively, as shown in Figure 4.3.

k

Figure 4.3. Cross section of heat exchanger tube

For a one pass-single tube heat exchanger, the effectiveness is defined as [Becker, 1986]:

-1

_ z)
£=2 1+C+«/1+c21+eXp( NIU~I+C (4.28)
1-expl- NTUA1+C?

Condensation occurs in the top section of the chamber due to the cooling coil absorbing

latent heat from the vapor. The cooling coil functions as a heat exchanger to condense the
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vapors. In heat exchanger analyses, for condensation taking place outside a horizontal

tube, the average heat transfer coefficient is described in the form [Incropera, 1985]:

B ok 1/4
i, = 0.728 &2 o= pkity) (4.29)
/ul (Tmt - ];)D()

Thus, the amount of heat absorbed and released by the refrigerant, in cooling coil’s
condensation and condenser coil’s evaporation processes, respectively, will be

proportional to the amount of water condensed / refrigerant evaporated.

- _ Qcooling,coil
mcondensed ,water h (430)
fg,water
— Qcondenser
m evaporate,refrigerant ~ (43 1)

fg,refrigerant

4.1.4. Compressor model
A reciprocating compressor coupled to an electric motor and a frequency inverter is used
in the system. The frequency inverter is used to control the running speed of the

compressor. The compressor model is assumed to have a polytropic index of x.

Volumetric efficiency of the compressor can be expressed as [Brown, 2005]:

1/n
n =1+C— C{%) (4.32)
1

Mass flow rate flowing through the compressor can be expressed as:

V,N
mz d 77\)

433
v, x 60 (433)
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Work required to run the compressor:

w, =m0 " (&J R (4.34)
n, n=1{ p

Discharge temperature of the refrigerant:

T, =T, ["—J " (435)

4.1.5. Condenser model

The water condenser tank is used to cool down the refrigerant leaving the condenser coil
of the distillation chamber. The condenser consists of a tube coil immersed in water in a
tank. Refrigerant flowing inside the tube will release its heat to the water. In the model,
the water temperature in the tank is assumed to be uniform, hence a mixed tank model is

used for this analysis.

Heat rejected in terms of maximum temperature can be expressed as:

Qcond = mwcp,wgcond (Th,i - Tc,i) (436)

Heat rejected by the refrigerant can be expressed as:

Qr,cond = mr (hr,m - hr,out) (437)

And the heat absorbed by the water as:

Qw,cand = mwcp,w (Tw,out - Tw,in ) (438)
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4.1.6. Thermostatic expansion valve

The expansion valve is located in the refrigerant path after leaving the condenser. Its main
function is to reduce the pressure of the refrigerant prior to entering the evaporator
collector. The expansion process is assumed to be isenthalpic, therefore:

h,,=h (4.39)

4.1.7. Electric heater

The electric heater, located between liquid solar collector and desalination chamber,
functions as a booster to preheat the feed water. Therefore, it covers the necessary heat
should there be not enough solar radiation. For the experiment, the heater is set to keep the
feed water outlet temperature at no less than 70 °C. The energy absorbed by the heater is

defined in the form:

Qelectr[cal = mfeedcp,water (Eut - ];n) (440)

4.1.8. Performance parameters

For any solar thermal system involving solar collectors, the efficiency of solar collectors
will always be needed to observe its performance. Instantaneous efficiency of the
collectors is defined as the ratio of useful energy absorbed by the working fluid to the

amount of solar radiation falling on the collector.

Qu
775‘0]166[0}‘ = H (44 1)
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The Coefficient of Performance (COP) is used to describe the performance of a heat pump
system. It is defined as the ratio of energy released in the condenser coil and water tank to

energy used to run the compressor.

COP — Qcondenser + Qtank (442)
compressor
As for a desalination system, a Performance Ratio (PR) shows how well a system
produced water compared to the energy input provided.

2326m ,
R = produced (4.43)

0,

Where 2326 kJ is the theoretical amount of energy needed to evaporate 1 kg of water, and

Oin 1s the electrical energy input to produce m, oduced-

In order to find the solar contribution, a quantity called Solar Fraction is introduced, which

is a measure of the solar energy input to total load demand:

SF = Qsolar (444)
Qsolar + Qelectrical

4.2. Meteorological Data of Singapore
Meteorological data is very important in solar thermal systems. They provide the
necessary data to perform load calculations. In the solar assisted heat pump desalination

system, local meteorological data has been used and will be described in this section.
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4.2.1. Singapore’s Climatic Conditions

As a country located near the equator (1°21°N, 103°55’E), Singapore has a uniform
temperature, high humidity and a reasonable rainfall throughout the year. The daily
ambient temperature variation is relatively small, while annual temperature variation is
about 1.9°C. The relative humidity is generally high. In the early hours of the morning it

reaches around 90%, and drops to around 60% in the afternoon.

There are hardly any seasonal effects. Two main seasons are the Northeast monsoon and
Southwest monsoon. Northeast monsoon starts in late November and ends in March,
whereas Southwest monsoon usually starts in the second half of May and ends in
September. In between these two seasons, there are shorter inter monsoon periods. Rain

frequently occurs during the early part of Northeast monsoon.

4.2.2. Correlation for Singapore’s Meteorological Conditions
A model to describe Singapore’s meteorological condition has been developed by
Hawlader et al. (1990). This model predicts the average daily values of solar radiation,

ambient temperature, wind speed, and relative humidity of a certain month.

7
X=>at (4.45)
n=0

Where X = hourly values of the variables (solar radiation, ambient temperature, relative
humidity, and wind speed), a, = coefficient of polynomial equation, ¢ = station time,
which is 7 hours ahead of GMT. The values of the coefficient, a,, in equation (4.45) are

given in Tables 4.1, 4.2, and 4.3.
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Table 4.1. Solar radiation coefficients

January February March April May June
a0 1.39E+01 26.299 33.092 2.14E+01 7.55E+00 7.73E+00
al -7.0314 -12.174 -15.784 | -1.05E+01 | -4.26E+00 | -4.15E+00
a2 1.1914 2.0026 2.7158 1.82E+00 7.45E-01 6.99E-01
a3 -0.08239 -1.44E-01 -2.09E-01 -1.36E-01 -4.89E-02 -4.36E-02
a4 2.37E-03 4.60E-03 7.37E-03 4.55E-03 1.15E-03 9.13E-04
a5 -2.17E-05 -5.34E-05 -9.76E-05 -5.53E-05 -4.16E-06 -2.94E-07
a6 0 0 0 0 0 0
a7 0 0 0 0 0 0

July August September | October November | December
a0 3.04E+00 6.58E+00 -4.18E+00 2.11E+01 1.56E+01 1.68E+01
al -2.20E+00 -3.82E+00 1.01E+00 -1.03E+01 -8.45E+00 -8.52E+00
a2 3.89E-01 6.74E-01 -1.69E-01 1.77E+00 1.59E+00 1.50E+00
a3 -2.06E-02 -4.46E-02 2.73E-02 -1.33E-01 -1.31E-01 -1.12E-01
a4 1.19E-04 1.10E-03 -1.89E-03 4.48E-03 4.86E-03 3.71E-03
a5 9.64E-06 -5.90E-06 4.24E-05 -5.47E-05 -6.78E-05 -4.39E-05
a6 0 0 0 0 0 0
a7 0 0 0 0 0 0

Table 4.2. Temperature coefficients

January February March April May June
a0 2.20E+01 2.21E+01 2.19E+01 2.28E+01 2.40E+01 2.41E+01
al 2.93E+00 3.35E+00 4.58E+00 3.95E+00 3.08E+00 2.63E+00
a2 -1.39E+00 -1.59E+00 -2.21E+00 -1.98E+00 -1.60E+00 -1.37E+00
a3 2.53E-01 2.92E-01 4.29E-01 3.96E-01 3.22E-01 2.75E-01
a4 -2.01E-02 -2.37E-02 -3.88E-02 -3.68E-02 -2.99E-02 -2.51E-02
a5 7.31E-04 9.10E-04 1.78E-03 1.74E-03 1.40E-03 1.15E-03
a6 -1.07E-05 -1.51E-05 -3.99E-05 -4.08E-05 -3.24E-05 -2.60E-05
a7 2.66E-08 6.79E-08 3.48E-07 3.77E-07 2.94E-07 2.27E-07

July August September | October November | December
a0 2.40E+01 2.44E+01 2.34E+01 2.30E+01 2.20E+01 2.21E+01
al 2.26E+00 1.90E+00 2.93E+00 3.28E+00 3.79E+00 3.06E+00
a2 -1.19E+00 | -1.04E+00 | -1.52E+00 | -1.72E+00 | -1.92E+00 | -1.47E+00
a3 2.43E-01 2.15E-01 3.09E-01 3.51E-01 3.92E-01 2.81E-01
a4 -2.27E-02 -2.01E-02 -2.09E-02 -3.31E-02 -3.75E-02 -2.44E-02
ab 1.07E-03 9.50E-04 1.39E-03 1.57E-03 1.83E-03 1.04E-03
ab -2.52E-05 -2.22E-05 -3.31E-05 -3.68E-05 -4.46E-05 -2.07E-05
a7 2.36E-07 2.07E-07 3.14E-07 3.38E-07 4.28E-07 1.49E-07




Table 4.3. Wind speed coefficients

January February March April May June
a0 6.42E-01 3.43E-01 7.62E-01 3.63E-01 1.24E-01 2.54E-01
al 2.13E+00 1.94E+00 6.40E-01 2.06E-01 7.65E-01 5.56E-01
a2 -1.04E+00 -9.27E-01 -3.53E-01 -2.50E-02 -3.54E-01 -2.03E-01
a3 2.12E-01 1.82E-01 6.73E-02 -1.18E-02 6.38E-02 2.54E-02
a4 -2.08E-02 -1.68E-02 -5.34E-03 3.63E-03 -4.61E-03 -7.21E-06
a5 1.07E-03 8.07E-04 1.98E-04 -3.33E-04 1.26E-04 -1.57E-04
a6 -2.78E-05 -1.92E-05 -3.31E-06 1.25E-05 -1.37E-07 8.51E-06
a7 2.93E-07 1.92E-07 1.89E-08 -1.69E-07 -3.11E-08 -1.35E-07

July August September | October November | December
a0 3.71E-02 1.11E-01 1.56E-01 -8.62E-02 3.92E-01 8.28E-01
al 1.34E+00 1.23E+00 8.69E-01 9.79E-01 1.02E+00 1.62E+00
a2 -6.22E-01 -6.11E-01 -3.52E-01 -3.62E-01 -4.85E-01 -8.49E-01
a3 1.15E-01 1.21E-01 5.45E-02 4.88E-02 9.06E-02 1.76E-01
a4 -9.50E-03 -1.08E-02 -2.77E-03 -1.50E-03 -7.55E-04 -1.70E-02
a5 3.71E-04 4.72E-04 -2.11E-05 -1.20E-04 2.99E-04 8.37E-04
a6 -6.34E-06 -9.83E-06 5.18E-07 8.53E-06 -5.25E-06 -2.06E-05
a7 -1.35E-07 7.65E-08 -1.03E-07 -1.45E-07 2.80E-08 2.03E-07

4.3. Simulation Algorithm

To determine the performance of the system, the analytical model of each component was

used in a simulation program. Figures 4.4 and 4.5 show the flowcharts of the simulation

program and the evaporator collector subroutine. The following is an overview of the

simulation’s algorithm:

1.

2.

Input conditions, such as meteorological conditions, refrigerant temperature
leaving the expansion valve, and compressor running frequency, are given.

Using the input conditions, the program calculates the temperature at the outlet of
the liquid solar collector. The subroutine for the liquid solar collector will also
calculate collector efficiency and additional energy input from the electrical heater.
Similar calculation methods are used in the evaporator collector subroutine. This
subroutine calculates the evaporator collector’s efficiency and the refrigerant

temperature at the outlet. Initially, based on the refrigerant properties, the
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subroutine will determine the phase of the refrigerant, and the corresponding
equations used. Useful energy absorbed in each segment of the model will increase
the energy level of the refrigerant until its exit condition from the evaporator
collector is found. The efficiency of the collector is found from the energy gain of
the refrigerant compared to energy absorbed by the collector.

Temperature leaving the desalination chamber’s cooling coil is assumed. An
average value of this temperature and the one at the outlet of the evaporator is
calculated. This average value becomes the initial value for the compressor’s inlet
temperature.

The following subroutine calculates compressor work, and the temperature of
refrigerant leaving the compressor. The temperature value at the compressor outlet
becomes the inlet value for the chamber’s condenser coil.

The chamber subroutine comes next. It calculates thermodynamic flashing,
evaporation, and condensation processes that took place in the chamber. Feed
water temperature from the liquid solar collector and heater is used to calculate
flashing in the chamber. The remaining amount of water that does not vaporize is
assumed to be in saturated liquid state, and it is evaporated by absorbing heat from
the condenser coil. Vapor from flashing and evaporation is condensed by the
cooling coil. Thus, the chamber subroutine calculates the resulting distillated
water, and outlet temperatures of condenser and cooling coils. Temperature at the
outlet of cooling coil is compared with the initial assumption, and iteration will be
conducted if there is a large difference. Large value difference will have the
program iterate the compressor inlet temperature using the new value, thus

repeating the calculations.
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7. Temperature at the outlet of condenser coil becomes the input for the water
condenser tank. This subroutine calculates the temperature leaving the tank.

8. Considering the collector efficiencies, water production, and temperature values at
inlet-outlet of condensers and solar collector, the coefficient of performance and
performance ratio is calculated.

9. The program displays all the desired values. The results are then saved into MS

Excel format.
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4.4. Economic Optimization

The feasibility of a solar energy system is determined not only from its performance but
also from an economic analysis, which must be carried out to evaluate its performance.
Usually, solar energy systems require an initial high investment followed by a low
maintenance and operation costs [Hawlader et al., 1987]. Therefore, an optimization to
determine the system’s feasibility must take into account several economic parameters as

well.

In general, all components of a solar energy system will affect its performance and also its
cost. However, in practice, the problem is often reduced to observe the most influential
parameter of the system. As in all solar energy systems, the collector’s area is the most
sensitive variable to affect the system’s performance. Therefore, in the analysis, the
change of solar collector area is chosen as the driving parameters of the optimization. The
economic Figure of merit used in the economic optimization is the payback period, as it
shows how soon the initial investment can be returned by accumulated fuel savings
[Kreider et al., 1989]. Other than the payback period, other economic Figures of merit
commonly used in analyses are the annualized cost and the life cycle savings, as these two

shows the costs and savings obtained from operating the system.

Within this Figure, several economic parameters are taken into account. These parameters

include the life cycle of the system (n), fuel cost (Cr), fuel escalation rate (e), discount rate

(i), and inflation rate (5).
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4.4.1. Annualized Cost
Annualized cost is the yearly cost of the system, including the cost of auxiliary energy,

maintenance, and operation. It is expressed as [Hawlader, 1987]:

C,=CCo(i',n)+0,C, M +C, +C, (4.46)
CRF(l ,n)

where C, is the annualized cost, Cgr is the capital recovery factor, Q4 is the auxiliary
energy consumption, Cys and Cp are maintenance and operation costs. It is important to
notice that collector area related cost, Cs , is constructed of costs dependent and

independent of collectors.

Cs=C,A+C, (4.47)
Where

C,=C.+hC, (4.48)

Auxiliary energy is defined as the difference between energy demand and energy supplied

by solar radiation.

QA = QD - QS (4.49)

The capital recovery factor, Cgp, is defined as:

Crpr = {1{1 — (Ljn} (4.50)
i 1+

It can be seen that Cgr is a function of discount rates. Other than a regular discount rate, an

effective discount rate and a fuel effective discount rate are also considered.

Effective discount rate is defined as:
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f:("_j,j (4.51)
1+

And, effective discount rate for fuel is defined as:

i =(i _ej (4.52)
l+e

4.4.2. Life Cycle Savings
Life cycle savings is the difference between the life cycle cost of a system using
conventional fuel only and life cycle cost of the solar energy system plus auxiliary energy

cost. They are expressed by Hawlader [1987], as:

LCS =QS—€F—CS (4.53)
Crr (i ,n)

4.4.3. Payback Period
Payback period is the minimum length of time needed for the system to be fully paid
through the savings obtained from using solar energy. It is described by Hawlader [1987],

as:

_ lnll - (i - e)xppJ

n, o (4.54)
ln(j
1+i
Where x,, is defined as:
CS + (gM +.'C0)
X, = re (i) (4.55)
OsCr
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Chapter 5

RESULTS AND DISCUSSION

This chapter describes the experimental and simulation results of the study. Results of
economic optimization are also presented. The main performance parameters are the
collector efficiencies, distillate production rate, coefficient of performance (COP), and
performance ratio (PR). The economic parameter to be observed is the payback period

relative to the collector area and production rate.

For the purpose of experimental study, tap water is used in place of sea water. Comparison
of experimental results for multi effect desalination system using seawater and tap water
was presented by Rahman [2002], and it was concluded that, as far as distillation was
concerned, there was no significant difference in results. The desalination chamber of the

experimental system was based on the same principle of multi effect desalination.

5.1. Meteorological Condition of Singapore

Figures 5.1 and 5.2 show the values of solar radiation, wind speed, ambient temperature,
and relative humidity of Singapore in January 2006. It can be seen that the temperature
generally reaches around 30 °C, with the maximum value is at 35 °C and the lowest at
around 27 °C. Wind speed varies from around 1 to 3 m/s, with relative humidity between
65 to 85%, and solar radiation varies from 400 to more than 1000 W/m®. In general, the
main characteristics of Singapore’s climate are uniform ambient temperature, high

humidity with frequent rainfall throughout the year (Hawlader et al., 1990).
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Figure 5.1. Values for solar radiation and ambient temperature in January 2006
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Figure 5.2. Values for relative humidity and wind speed in January 2006

5.2. Experimental Results

A series of experiments has been conducted on the solar assisted heat pump desalination
system, under the meteorological conditions of Singapore. Influence of different
parameters and the thermal performance of the system have been investigated and the

results are presented in this section.
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Figure 5.3 Change of evaporator collector efficiency and solar radiation with time

Figure 5.3 shows the change of evaporator collector efficiency with respect to time. The
experiment was conducted in the month of December with the compressor speed at 30 Hz.
Solar radiation was relatively stable during the course of the experiment. The efficiency of
evaporator collector is sensitive to solar radiation. A low solar radiation will reduce the
refrigerant temperature in the evaporator collector, leading to a lower heat loss from the
collector and increased efficiency. In Figure 5.4 it can be seen that the ambient
temperature of Singapore is relatively stable, with a temperature range of 28 to 31 °C at
around noon. In general, the collector efficiency tends to have a value of 80 to around 100

percent.
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Figure 5.4 Change of evaporator efficiency and ambient temperature with time

100 600
80 | 1900 _
[g\N]
£
g; 4+ 400 S
\; 60 - g
(&) —
2 WMW 1 300 E
S 40 | E
i 1200 =
©
- . B
20 - —e— Efficiency| | 100 @
—m— Radiation
O T T T T 0
11:00 AM 11:30 AM 12:00 PM 12:30 PM 1:00 PM 1:30 PM
Time

Figure 5.5 Change of liquid collector efficiency and solar radiation with time
The efficiency of the liquid solar collector is shown in Figure 5.5. It can be seen that at a
relatively stable solar radiation, the collector efficiency is also stable. The collector, at 2

m?, has an efficiency in the range of 50 to 60 percent.
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Figure 5.6 shows liquid solar collector efficiency as a function of inlet water temperature

and solar radiation. The Fg(ta) value is shown to be at 0.51. The slope of the line gives a

value for FrU, close to 2.94 W/m?, and a value of U, = 5.76 W/m® K. Figure 5.7 shows

the efficiency of evaporator collector. The ta value is close to unity. At x = 0, the F has a

value close to 0.3. The slope of the line gives a value of FrU; of 13.66 W/m® K and,

hence, a value of U,.= 45.5 W/m*> K.
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As shown in Figures 5.8 and 5.9, the coefficient of performance (COP) tends to have a

relatively stable value. The relatively stable meteorological condition gives less

fluctuation in the refrigerant temperature in the solar assisted heat pump, which leads to a

more stable value of the COP. The COP has a value in the range of 8 to 9. During the

experiment the ambient temperature was relatively stable, with a value close to 30 °C and

the solar radiation varies from 300 to 500 W/m?>.
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Figure 5.9. Change of COP and ambient temperature with time
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Water production rate is measured every 30 minutes. From Figures 5.10 and 5.11, it can
be seen that the maximum water production rate is close to 0.9 kg/hr. The performance
ratio is a function of water production rate, thus the change of production rate will affect
the performance ratio. From Figure 5.10, the performance ratio is shown to be close to 1.5.
Figure 5.11 shows a comparison of the production rate and the average solar radiation
value during the 30 minutes interval of collection. It can be seen that the production rate
tends to follow the solar radiation value. The amount of water that undergoes
thermodynamic flashing depends on how much heat they absorb from solar radiation.

Thus the production rate will be affected by the solar radiation.
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Figure 5.10 Water production rate and performance ratio
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Figure 5.11 Comparison of water production rate and average solar radiation

It can be seen that the solar radiation greatly affects the performance of the system. The
following section will observe the general trend of how the system behaves as solar

radiation increases.

The COP readings obtained for the compressor speed of 30 Hz is shown in Figure 5.12. It
can be seen that the COP value tends to rise as the solar radiation increases. This is due to
the refrigerant absorbing more heat at higher radiation, causing more heat to be released in
the condenser coil. It can be seen that the highest COP value reached around 10, while the

lowest is close 6. In general, the COP of the system lies between 8 and 10.
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Figure 5.13 Effect of solar radiation to production rate

In Figure 5.13, the increase of solar radiation resulted in higher production rate. With

higher solar radiation, more vapors are produced in thermodynamic flashing. It can be

seen that the production rate varies from 0.6 to close to 1 kg/hr.
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5.3. Comparison of Experimental and Simulation Results

The meteorological condition for the day during the experiment conducted in December is
shown in Figure 5.14. It can be seen that the ambient temperature is relatively constant
with a value close to 30 °C. The maximum solar radiation value reaches around 1000

W/m?, and it varies throughout the measurement with the lowest value reaches around 400

W/m?
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Figure 5.14 Solar radiation and ambient temperature for a day in December

Figure 5.15 shows the comparison of simulation and experimental results plotted against
time. As can be seen from the Figure, there is a good agreement between the two results.
Liquid collector efficiency varies between 40 to 60%. Higher efficiency value occurs

during low solar radiation, where less heat loss occurs.
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Figure 5.15 Comparison of simulated and experimental result of liquid collector efficiency

Comparison between simulated and experimental results of evaporator collector efficiency
is shown in Figure 5.16. Compared to the liquid collector, the evaporator collector has a
higher efficiency value. This is due to the evaporator collector operating at a temperature
lower than the ambient, thus enables it to absorb heat both from the ambient air and solar
radiation. From the Figure, it can be seen that evaporator collector efficiency may reach

higher than 80% due to its low operating temperature.

100

80 A

60

—e— evaporator efficiency (simulation)

Efficiency of Evaporator (%)

20 |
—a— evaporator efficiency (experiment)
0 T T T T T T
10:50 11:20 11:50 12:20 12:50 13:20 13:50

minutes

Figure 5.16 Comparison of simulated and experimental result of evaporator collector
efficiency
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Figure 5.17 shows the comparison of experimental and simulated COP values, with the
compressor running at 30 Hz. The highest COP value, for both simulation and experiment,
reaches around 10, while the lowest is around 6. Higher COP values took place at higher

solar radiation value.
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Figure 5.18 Comparison of simulated and experimental result of water production

Figure 5.18 shows the water production rate of the system. The average production rate
was shown to be close to 0.8 kg/hour. At higher solar radiation, the system yields more

water. This is caused by the feed water absorbing more heat, thus more vapors are
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produced in thermodynamic flashing. The value of Performance Ratio is dependent upon
the water production rate, thus it shows similar variation with the production rate. As can

be seen from Figure 5.19 the Performance Ratio reaches close to 1.2.
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Figure 5.19 Comparison of simulated and experimental result of Performance Ratio

5.4. Results of Parametric Study

Results of the parametric study are presented here. The study observes the parameters
affecting the production rate. The parameters taken into account are the temperature of the
feed water entering the distillation chamber, solar radiation, ambient temperature,

operating frequency of the compressor, and the pressure within the distillation chamber.

Figure 5.20 shows the effect of feed water temperature leaving the liquid collector on
production rate, and the corresponding collector area. Variation of results is taken for solar
radiation at 300 W/m” and 600 W/m”. The ambient temperature is set at 29 °C, with the
running frequency at 30 Hz. From the Figure, it can be seen that increase of feed

temperature has a positive effect on production rate. This is due to the fact at higher
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temperature, feed water will be able to produce more vapor in thermodynamic flashing.
Consequently, at a constant radiation value, a higher feed water outlet temperature will
require more heat from solar radiation and, thus increased the liquid collector area. From
the Figure, assuming a constant solar radiation value, it can also be seen that at higher
solar radiation, as the source of heat, increases the production rate. At high solar radiation
less collector area is needed to heat the feed water compared to a lower solar radiation

value.
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Figure 5.20 Effect of feed temperature to production rate and liquid collector area

Effect of solar radiation on production rate and liquid collector efficiency is shown in
Figure 5.21. From the Figure, it can be seen that at higher radiation value, and a constant
collector area, the efficiency of the collector is reduced due to the larger difference of feed
water temperature to that of the ambient, thus causing more heat loss. However, increase
of solar radiation has a positive effect to production rate, as higher solar radiation causes
feed water to release more heat in thermodynamic flashing. A change of ambient

temperature does not have much effect to the collector’s efficiency and production rate.
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However, a drop in ambient temperature does give a negative effect on both parameters. A
drop in temperature will increase the heat loss of the collector, causing it to lose its

efficiency, and reducing the amount of heat available for flashing.
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Figure 5.21 Effects of solar radiation on production rate and liquid collector efficiency

A further observation of the increase of ambient temperature is shown in Figure 5.22.
Keeping solar radiation at 600 W/m® it can be seen that an increase of ambient
temperature contributes to an increase of feed temperature and production rate. With a
higher ambient temperature, the liquid solar collector loses less heat to the environment,
thus providing a higher feed water temperature and producing more vapor in
thermodynamic flashing. The effect of distillation chamber pressures to production rate is
shown in Figure 5.23. With the compressor running frequency at 30 Hz, the increase of
vacuum pressure inside the chamber will result in higher production rate. At a higher
pressure, less latent heat is needed to evaporate saturated water thus contributing to the

increase of production rate.
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Figure 5.24 shows the effect of solar radiation on outlet temperature of evaporator

collector and production rate. Increase of solar radiation has a desirable effect to the

production rate and outlet temperature. At higher radiation values, the evaporator collector
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absorbs more energy, delivering more heat to evaporate saturated water in the chamber.

The increase of collector temperature is thus followed by an increase of production rate.
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Figure 5.24 Effect of solar radiation to evaporator outlet temperature and production rate
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An increase of compressor running frequency corresponds to larger electricity

consumption, as shown in Figure 5.25. With a constant solar radiation of 600 W/m?, the
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increase of frequency compresses the refrigerant into a higher energy state, resulting in an

increase of production rate due to more heat being released in the chamber.

5.5. Results of economic optimization

The principal reason for using solar energy in a thermal process, other than the
environmental considerations, is to reduce the energy cost normally associated with the
burning of fossil fuel to produce heat. Therefore, an economic optimization is needed to

determine the feasibility of a solar thermal system in terms of its return on investment.

Installations of solar thermal systems are usually marked with a high initial investment
cost and a low operating and energy cost. The increase of a system’s energy demand is
usually followed by an increase of the solar collector’s area. Thus the collector area is the
most influential parameter in determining the return on investment (payback period) of the

system.

Results of economic optimization are presented in this section. Table 5.1 shows the
economic parameters used in calculating the payback period. Further analyses of these
parameters are also presented. The costs of solar energy and heat pump systems are
influenced heavily by the collector cost per unit area and compressor cost. Thus, for the
proposed solar heat pump desalination system the payback period is calculated with regard
to the optimum collector area with a different compressor cost for various production

rates.
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Table 5.1 Parameters used in economic Figures

Life cycle of the system (n) 20 years
Fuel cost (Cr) S$0.06/M1J
Fuel price escalation rate (e) 3%
Discount rate (i) 7%
Inflation rate (5) 1.4%
Liquid collector cost S$420/m”
Evaporator collector cost $$250/m’
Condenser tank cost per collector area S$350/m”
Maintenance and operation cost 10% of collector cost

The solar assisted heat pump desalination system, which has been constructed, is an
experimental setup, thus it produces a small amount of desalinated water. In order to make
it economically feasible, it is necessary to scale up the system into a higher production
capacity, one that is able to provide water for domestic needs, or to supply water in remote
areas. From Table 5.2, we can see that to supply the water requirement for a single family
we need to produce at least more than 150 / of water per day. With a production rate of
150 //day, the system will also be able to supply potable water to a remote elementary
school of 60 students. However, we must always take into account the amount of

investment needed and the payback period of the system to make it economically feasible.
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Table 5.2 Water requirement of commercial and institutional buildings [Stein et al, 1986]

Type of Building Average water consumption per day
Men’s dormitories 50 //student
Women’s dormitories 45 [/student
Motels:

60 units 55 l/unit

100 units or more 40 //unit

Office buildings 4 [/person

Nursing homes 70 I/bed
Apartment houses:
50 units 152 //units
100 units 140 [/units
200 units 133 //units
Schools:
Elementary 2.5 Il/student
Junior and senior 7 l/student

A high price of solar collector will cause the solar energy savings to be less competitive
compared to conventional fuel systems. Therefore, other than using solar thermal energy,
it is necessary to make use of the heating and cooling provided by the heat pump
efficiently. In order to achieve this, a new setup is proposed as shown in Figure 5.26. In
the new setup, the refrigerant is allowed to condense fully through the distillation chamber
and water tank, thus heating the feed water. Therefore, the need of liquid solar collector to
preheat the feed water may be removed from the system. In the new design, the distillation
chamber will maintain the same vacuum pressure of 0.14 bar, thus water saturation
temperature will still be at 52 °C. Refrigerant leaving the chamber will preheat the feed
water tank to be close to 50 °C, thus reducing the need of condenser tank, and water will
be heated further by the electrical heater to 70 °C. The evaporator collector will heat the

refrigerant until 50 °C, and the compressor will further increase its energy level to 70 °C.
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Figure 5.26 Proposed solar heat pump desalination setup

The proposed setup produces distillate water at different production rates, and thus
different component sizes and investments are needed. A comparison of the production
rates, 225 [/day, 450 I/day, and 900 //day showed that at lower production rate, the
payback period increases. At low production rate, as shown in Figure 5.27, less solar
energy is used in the process, thus the fuel savings is reduced, resulting in higher payback
period. At 225 //day the payback period is close to 4 years, while at 450 and 900 //day the
optimum payback period close to 3.5 years. At 900 //day, the operation and maintenance
cost of the system is high, thus reducing the savings acquired from solar energy usage,
causing a similar payback period to 450 //day. At 225 1/day the optimum collector area is
20 m?, while for 450 and 900 1/day it is 34 and 67 m®, respectively. For production of 450

l/ day, it is achieved with a compressor power input of 15 kW, and 30 kW for 900 // day.
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Figure 5.28 Comparison of payback period with the usage of liquid solar collector

As shown in Figure 5.28, installation of solar water collector to the system with a

production rate of 900 //day will increase its optimum payback period to more than 4
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years. A system with the same production rate will have a lower payback period without

utilizing the solar water collector.

Further analysis for the production of 900 //day is shown in Figure 5.29. It can be seen that
a variation of inflation rate (j) and fuel escalation rate (e) does not have much effect on the
payback period. The variation of discount rate (i) gives a more significant effect, but it is

the price of fuel (Cr) that will greatly affect the payback period.
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Figure 5.29 Effect of discount rate (Production rate: 900 1/day)

The increase of discount rate (i) will reduce the payback period, as shown in Figure 5.29.

The discount rate shows the future value of the investment relative to the current value.

Thus, a higher discount rate means a higher return value of investment in the future, which
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resulted in a higher energy cost savings. Figure 5.29 showed that for a discount rate close

to 0.1, the payback period of the system will be less than 3.5 years.

The effect of inflation is shown in Figure 5.30. It can be seen that a little change in
inflation will not have much effect in payback period either. For an inflation rate of around
1%, the payback period of the system is close to 3.5 years. The change in fuel escalation
rate will also cause a little change in payback period, as shown in Figure 5.31. A 5%
change of fuel escalation rate, from 3% to 8%, will slightly reduce the payback period to

less than 3.5 years.
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Figure 5.30 Effect of inflation rate (Production rate: 900 1/day)
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The most influential economic parameter to the payback period is the fossil fuel price, as
can be seen in Figure 5.32. A slight increase of the fuel price will reduce the payback
period significantly. Thus if the oil price continues to increase in the future, solar energy
will become a very competitive source of energy. At S$ 0.09/MJ (S$ 2.88/1) the payback

period will be close to 2 years.
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Chapter 6

CONCLUSIONS

A series of experiments has been conducted with the solar assisted heat pump desalination
system. A liquid solar collector was added to the system to preheat the feed water before
entering the distillation chamber. Experimental results showed that the system could reach
a Coefficient of Performance (COP) of 10, and at a relatively stable meteorological
conditions, the evaporator collector has an efficiency value between 80 and 90%, whereas
the liquid solar collector has an efficiency value between 50 and 60%. The water
production rate is generally close to 1 I/hr for the system, with a Performance Ratio (PR)

close to 1.5.

A mathematical model of the system and a simulation program were then constructed to
analyze the performance of the system. Comparison of simulation and experimental results
showed good agreement, and indicates that the program is able to predict the performance
of the system at a given meteorological condition. A parametric study of the system was
then conducted using the program to further analyze the behavior of the system.
Parametric study showed that increasing the feed temperature and reduction of chamber
pressure has increased the production rate. However, an increase of solar radiation will
reduce the efficiency of the collectors, as the increase of the refrigerant and feed water

temperatures will increase the heat losses as well.

An economic analysis was conducted to determine the feasibility of the system. It was

found out that in order to be feasible, the system’s production capacity must be increased.
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However, the increase of production rate will also increase the investment cost of the
system. With the high price of liquid solar collector, the payback period of the system
becomes less feasible. A new design of the system, one that does not use liquid solar
collector, was proposed. With the new design, the payback period of the system becomes
much more attractive. A high production rate will require more investment cost, and it is
shown that removing the liquid solar collector will reduce the payback period
significantly. The optimum payback period of the system with a 900 1/day production is
close to 3.5 years with a 67 m” evaporator collector. Analysis of the economic parameters
showed that the oil price is very influential in determining the competitiveness of the

system.

In conclusion, it was found that the solar assisted heat pump desalination system exhibits

great potential for future developments. With the increase of oil fuel prices, solar energy

will likely to be more economically feasible as a source of clean energy.
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Chapter 7

RECOMMENDATIONS

The system was built to operate on an experimental scale. To give a more realistic
experimental result, one that which could provide water for domestic scale, it will be more
beneficial if the existing system is modified, increased in terms of its production capacity,
to meet this need.

As shown in the previous chapter, to reduce the investment cost of the system, the liquid
solar collector may be removed from the system. To fully condensate the refrigerant, and
at the same time, preheating the feed water, the feed water tank might be used as a
condenser for the solar assisted heat pump. Such configuration will reduce the complexity

of the system and reduces heat loss.

Other method to make use of the heat released by the solar assisted heat pump, is by

implementing a second distillation chamber to allow further heat extraction from the

condenser coils. This way, the method will also increase the production rate of the system.
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APPENDIX A

EXPERIMENTAL DATA
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Table Al. Experimental data of 12 December 2005
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Time 101(C) | 102(C) | 103(C) | 104(C) | 105(C) | 106(C) | 107(C) 10§(C)
10:56 AM 68.95 37.75 39.29 62.39 31.76 31.23 30.05 8.79
11:01 AM 70.26 38.34 43.02 63.15 31.74 31.09 30.05 5.46
11:06 AM 70.97 39.84 43.72 67.28 31.74 31.02 30.10 6.70
11:11 AM 70.04 40.88 44.03 70.87 31.94 31.53 30.12 5.13
11:16 AM 71.42 41.40 45.07 70.00 32.39 32.02 30.32 8.61
11:21 AM 74.46 42.05 45.45 70.46 32.61 32.01 30.47 5.83
11:26 AM 70.99 42.58 46.31 70.28 32.90 32.29 30.62 9.06
11:31 AM 71.54 42.42 30.80 68.71 32.35 31.65 30.64 10.66
11:36 AM 69.64 47.34 0.59 72.36 32.89 33.02 30.57 6.39
11:41 AM 71.64 50.05 14.01 66.24 32.65 32.00 30.85 10.18
11:46 AM 74.43 47.25 45.37 70.55 32.82 32.33 30.78 5.29
11:51 AM 73.92 44.59 46.65 70.75 33.04 32.52 30.90 5.05
11:56 AM 72.41 44.20 48.15 67.80 32.99 32.00 31.13 10.17
12:01 PM 73.81 44.80 50.44 64.29 33.14 3247 31.18 10.15
12:06 PM 71.65 45.33 50.72 68.66 33.50 32.68 31.23 8.84
12:11 PM 73.73 45.65 50.47 72.56 33.38 32.48 31.28 9.04
12:16 PM 72.22 46.13 51.04 70.58 33.58 33.10 31.42 10.16
12:21 PM 75.19 47.20 45.93 69.61 33.99 33.53 31.54 8.31
12:26 PM 73.51 50.32 33.17 68.01 33.60 32.70 31.59 8.95
12:31 PM 72.72 52.33 42.63 68.48 33.73 33.76 31.73 10.45
12:36 PM 75.78 48.99 51.02 74.40 33.90 34.25 31.73 5.34
12:41 PM 75.16 46.56 51.70 68.82 33.56 32.58 31.83 8.58
12:46 PM 73.69 47.16 52.03 71.25 33.57 32.57 31.93 7.85
12:51 PM 75.46 46.88 51.32 74.30 33.54 33.52 31.95 5.65
12:56 PM 75.93 46.44 50.79 74.57 33.63 32.84 32.24 10.60
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Table Al. Experimental data for 12 December 2005 (continued)

5 S o o Q g 2 5 a % o
gz | 98| g5 8¢ =2 &¢ ge g = g =
=S| Fg| 3% 3a| & <2F| €| &E| ©=®
5 g5 | & i gE| gEF| EF|

S S S g S
109(C) 110(C) 111(C) 112(C) 113(VDC) 114(C) 115(vDC) | 116(vDC) | 117(VvDC)
12.32 57.01 34.86 77.77 1.07 69.27 1.35 1.77 1.12
10.49 55.57 41.43 78.91 1.07 64.37 1.30 1.80 1.24
12.36 55.42 42.73 79.59 1.07 64.26 1.33 1.79 1.20
16.84 56.07 43.67 83.27 1.07 67.80 1.30 1.80 1.22
16.14 58.63 44.58 82.07 1.08 70.42 1.35 1.79 1.16
11.82 56.50 44.42 84.41 1.08 68.23 1.31 1.81 1.23
12.70 56.79 45.13 84.48 1.08 66.46 1.36 1.80 1.15
11.59 56.55 44.28 80.80 1.07 67.30 1.37 1.79 1.13
15.16 57.80 29.93 85.48 1.08 71.02 1.32 1.81 1.20
11.19 59.10 26.98 78.61 1.07 74.71 1.38 1.79 1.10
18.54 58.28 33.40 81.31 1.07 76.15 1.31 1.82 1.22
17.94 57.63 44.05 82.59 1.07 75.29 1.30 1.83 1.23
11.12 57.84 4543 78.58 1.07 73.26 1.37 1.81 1.12
10.72 56.56 46.14 79.39 1.07 72.25 1.37 1.81 1.13
9.77 57.17 47.47 82.36 1.08 72.63 1.37 1.81 1.13
11.23 56.06 47.85 86.12 1.08 72.03 1.37 1.82 1.19
11.01 57.65 4791 84.45 1.08 72.57 1.39 1.82 1.12
10.63 59.18 49.15 85.00 1.08 74.63 1.34 1.83 1.21
10.43 58.88 44.07 83.12 1.08 77.13 1.38 1.82 1.13
10.84 62.29 38.79 82.94 1.08 81.06 1.37 1.83 1.16
14.75 61.56 47.62 87.41 1.08 82.60 1.31 1.85 1.23
10.97 56.77 47.64 82.44 1.08 78.39 1.36 1.84 1.17
10.83 59.24 48.14 83.96 1.08 77.62 1.34 1.85 1.21
15.66 59.89 49.57 87.68 1.07 83.34 1.32 1.86 1.25
20.91 62.72 49.00 84.45 1.08 87.52 1.38 1.84 1.17
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Table Al. Experimental data for 12 December 2005 (continued)
—%] 2| onZ| =0 ST 58] =¥
25| sz 22| g% zfg| 28| &g
5 38 o de | 283 ez 3 ()
3 S| pE| SRZ| gl 83
a @ 52 = = =
<
118(VDC) | 119(C) | 120(C) | COP % % W
0.00 28.96 8.42 6.20 89.24 62.32 0.00
0.01 29.55 5.96 7.33 62.35 37.83 68.36
0.01 29.21 6.03 6.77 46.11 29.17 78.05
0.01 29.98 6.79 9.28 44.68 34.19 25.99
0.01 30.62 6.27 9.30 60.34 45.53 11.62
0.01 30.40 5.83 8.80 68.75 46.78 72.44
0.01 30.61 6.16 9.21 63.59 41.79 52.63
0.01 30.61 5.70 8.22 54.34 35.84 49.26
0.01 32.44 6.09 5.26 49.46 37.77 0.00
0.01 30.80 8.12 5.05 51.58 38.25 0.00
0.01 30.68 7.12 6.08 48.68 44.82 0.00
0.01 30.92 8.28 8.69 48.13 43.57 0.00
0.00 30.67 8.00 8.46 77.14 56.76 0.00
0.01 31.04 7.60 8.42 53.87 39.48 18.08
0.01 31.49 6.78 7.99 61.45 43.95 0.00
0.01 31.17 7.46 7.22 59.61 44.44 19.79
0.01 32.54 6.94 7.59 54.98 39.88 0.00
0.01 32.57 7.23 7.75 57.47 41.96 6.51
0.01 31.43 6.70 7.01 46.53 35.97 0.00
0.00 32.47 7.77 6.10 98.77 77.81 0.00
0.01 34.21 7.53 6.91 38.92 34.68 0.00
0.01 32.04 6.93 7.98 62.29 52.34 0.00
0.01 32.03 6.83 7.73 45.66 35.68 0.00
0.01 33.44 6.85 7.24 38.72 37.04 0.00
0.01 32.77 6.88 7.81 37.23 40.52 0.00
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Table A2. Experimental data for 13 December 2005

2 7oge| oZ| 928 | 98| 9f| gflsis
7 & =F2 =q =& 2 = 59 2% 258
> 5|z g % g | g g=\°z
S . s - g s g -
£ g
Time 101(C) | 102(C) | 103(C) | 104(C) | 105(C) | 106(C) | 107(C) | 108(C)
I1:10AM | 7085 3496 | 3437 58.85 2790 | 28.15 3221 539
I1:15AM | 7368 | 3670 | 4172 | 5281 2801 | 2930 | 3226 9.56
1120AM | 7621 3952 | 4316 | 4924 | 2819 | 2947 | 3215 9.75
1125AM | 7232 | 4165 | 4768 | 5059 | 2847 | 2987 | 3235 | 104l
1130 AM | 7376 | 4335 | 4921 53.11 2870 | 3087 | 3231 | 10.13
1135AM | 7134 | 4417 | 50.75 56.53 2000 | 31.67 | 3239 | 1035
1140 AM | 7284 | 4466 | 5148 | 6295 2027 | 31.93 3246 | 10.13
11:45AM | 7607 | 4697 | 34.13 6597 | 2947 | 3208 | 3248 | 10.56
1150 AM | 7232 | 4929 | 42.83 6540 | 2956 | 32.15 3251 | 1032
11:55AM | 7433 | 4640 | 4998 | 7275 2089 | 3224 | 32.60 9.93
1200PM | 7173 | 4572 | 5185 6679 | 2980 | 3227 | 3269 | 1034
1205PM | 7348 | 4732 | 5380 | 6643 3010 | 3407 | 3277 | 10.32
12:10PM | 7326 | 4673 | 5322 | 68.65 3028 | 3350 | 3275 9.98
12:15PM | 7284 | 4584 | 5296 | 7016 | 3043 | 3220 | 3280 | 1022
1220PM | 7595 | 4578 | 5262 | 7052 | 30.63 | 3216 | 32.90 735
1225PM | 7278 | 4761 | 3582 | 6855 31.04 | 32.05 3300 | 10.66
1230PM | 7577 | 5103 | 8.14 7126 | 3111 | 3274 | 33.02 9.89
1235PM | 7335 5125 | 1688 | 7329 | 3147 | 3391 33.15 6.44
1240PM | 7757 | 4925 | 5044 | 6760 | 3187 | 3274 | 3340 548
1245PM | 7465 | 4720 | 4699 | 6593 3188 | 3318 | 3337 | 10.07
1250PM | 73.51 4801 | 4435 6628 | 3208 | 3201 3348 | 10.16
1255PM | 7452 | 4722 | 5008 | 6638 | 3221 | 32.73 33.60 7.00
1:00 PM 7262 | 4771 | 4800 | 65.13 3221 | 3207 | 3360 | 1021
1:05 PM 7556 | 5004 | 2790 | 67.35 3217 | 3286 | 336l 7.63
1:10 PM 7444 | 5079 | 4397 | 6898 3241 | 3412 | 3375 9.43

87



Table A2. Experimental data for 13 December 2005 (continued)
— o wn O — —
28|52 (2% |98 | S& (85| g¢| §E| %*=
SE|ERE (2| |EE| gF Es| ¢
S =t S g S
109(C) | 110(0) | 111(0) | 112(C) | 113(VDC) | 114(C) | 115(vDC) | 116(vDC) | 117(VDC)
18.98 | 46.42 | 22.53 | 69.41 1.07 68.19 1.30 1.84 1.15
10.03 | 47.12 | 32.82 | 66.65 1.07 65.22 1.35 1.83 1.10
10.83 | 47.65 | 35.63 | 63.70 1.06 64.85 1.36 1.82 1.07
10.83 | 48.73 | 37.62 | 71.44 1.07 64.84 1.38 1.83 1.11
10.68 | 48.77 | 39.13 | 73.41 1.07 64.47 1.37 1.83 1.10
10.77 | 49.01 | 40.52 | 75.97 1.07 64.06 1.37 1.83 1.11
10.82 | 48.81 | 43.01 | 80.99 1.07 63.64 1.38 1.84 1.15
11.08 | 48.93 | 41.04 | 81.27 1.07 63.72 1.38 1.84 1.14
10.73 | 49.19 | 39.19 | 82.09 1.07 64.24 1.38 1.84 1.13
13.63 | 49.67 | 44.36 | 84.39 1.07 64.64 1.38 1.85 1.14
10.93 | 49.40 | 44.83 | 82.46 1.07 64.84 1.38 1.85 1.15
10.68 | 50.19 | 45.61 | 83.20 1.07 64.86 1.38 1.85 1.15
11.09 | 49.62 | 46.53 | 84.61 1.07 64.60 1.34 1.87 1.25
12.51 | 49.30 | 46.00 | 84.66 1.07 64.87 1.38 1.86 1.15
11.34 | 48.86 | 46.65 | 86.61 1.07 65.30 1.34 1.88 1.25
11.37 | 49.68 | 44.03 | 83.03 1.07 65.87 1.39 1.86 1.14
13.54 | 50.20 | 30.88 | 83.90 1.07 67.57 1.39 1.86 1.11
17.00 | 50.22 | 24.87 | 84.24 1.07 69.31 1.33 1.89 1.24
11.51 | 50.75 | 31.53 | 80.98 1.07 69.76 1.31 1.89 1.24
10.74 | 50.90 | 42.54 | 77.67 1.07 68.85 1.38 1.87 1.12
10.63 | 50.72 | 39.54 | 79.49 1.07 67.88 1.38 1.87 1.14
12.29 | 50.78 | 41.09 | 83.14 1.07 68.35 1.33 1.89 1.23
10.98 | 51.60 | 43.92 | 79.45 1.07 69.51 1.39 1.88 1.15
9.65 | 51.53 | 40.23 | 81.81 1.07 70.86 1.34 1.89 1.21
10.37 | 52.40 | 37.11 | 82.02 1.07 70.90 1.38 1.88 1.14
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Table A2. Experimental data for 13 December 2005 (continued)

I~ »B: ) g) Q Eﬂ"ﬂ = E-J"’ =2 gj
Te| £ 2| 55| sif| zEE| I8
£ | &2 9% S5 Fei| EEE g
3 s g 25| EE| g8&8 | gsé g3
118(VDC) 119(C) 120(C) COP % % W
0.00409 28.98 6.38 4.65 62.09 57.22 30.93
0.00411 29.45 8.59 5.76 83.38 52.51 98.25
0.00416 29.50 6.58 5.62 81.81 51.34 131.95
0.00408 30.01 7.55 7.50 85.95 52.35 86.85
0.00411 29.46 9.16 7.67 85.63 51.33 107.94
0.00398 30.76 7.21 7.71 88.84 52.41 84.56
0.00392 29.95 8.13 8.57 89.60 52.56 106.91
0.00396 29.67 5.16 7.42 88.42 52.17 143.56
0.00401 29.93 6.26 6.59 88.60 52.24 93.92
0.00376 29.70 6.36 8.04 88.65 56.38 112.64
0.00402 29.92 5.36 8.67 88.49 53.06 80.05
0.00399 31.21 7.00 9.32 91.66 53.55 100.16
0.00402 30.39 7.33 8.90 88.58 52.68 100.68
0.00428 29.84 8.33 7.31 79.55 49.91 92.58
0.00419 29.35 8.43 7.04 82.81 51.60 123.76
0.00456 29.82 8.24 7.21 77.68 48.15 80.31
0.00503 30.17 8.59 5.07 67.41 45.70 95.31
0.00489 31.49 7.56 4.47 62.98 49.25 46.99
0.00434 30.38 8.37 5.44 83.60 56.05 90.70
0.00423 30.97 8.55 8.12 87.88 56.25 67.49
0.00457 30.72 7.52 6.96 81.12 50.72 65.38
0.00479 30.53 6.45 6.57 74.36 49.00 71.80
0.00489 29.77 7.54 8.01 76.88 49.46 36.19
0.00481 30.39 9.20 6.65 80.56 52.01 54.60
0.00488 31.11 9.62 6.07 79.83 51.37 41.17
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Table A3. Ex

perimental data for 23 January 2006

2 = | O g O - ~21 :

3| ZRgS|22pRE% |G| S SEEZS

=] &8¢ E &% | & g8 ['%

Time | 101(C) | 102(C) | 103(C) | 104(C) | 105(C) | 106(C) | 107(C) | 108(C)

1207PM | 6749 | 4692 | 5424 | 5596 | 2847 | 29.71 | 29.97 | 9.48
12:13PM | 65.60 | 48.98 | 24.63 | 66.80 | 2872 | 29.53 | 29.92 | 4.25
12:19PM | 72.10 | 48.68 | 51.95 | 55.64 | 29.03 | 30.46 | 3020 | 9.64
1225PM | 69.92 | 47.73 | 55.02 | 5496 | 2939 | 30.65 | 3029 | 888
1231PM | 69.68 | 47.75 | 55.84 | 57.26 | 29.62 | 3039 | 3029 | 9.72
1237PM | 69.98 | 4842 | 54.67 | 6425 | 29.90 | 30.93 | 30.11 | 4.19
12:43PM | 7121 | 47.84 | 5532 | 63.52 | 3040 | 32.00 | 30.46 | 9.0l
12:49PM | 6820 | 4899 | 5639 | 62.88 | 30.97 | 31.91 | 30.58 | 9.46
12:55PM | 72.42 | 5098 | 51.89 | 61.90 | 31.04 | 31.85 | 30.71 | 8.88
I.0IPM | 69.72 | 4891 | 5470 | 68.65 | 30.98 | 31.00 | 30.51 | 5.15
1:07PM | 6834 | 48.68 | 5499 | 6642 | 31.14 | 3231 | 30.69 | 3.44
I:13PM | 69.86 | 47.79 | 55.79 | 61.04 | 31.12 | 30.47 | 30.81 | 7.39
I:19PM | 69.95 | 48.12 | 5467 | 67.83 | 31.17 | 3135 | 30.83 | 7.44
125PM | 69.12 | 4824 | 5643 | 62.93 | 31.31 | 31.05 | 31.03 | 9.94
I:31PM | 7384 | 4943 | 57.02 | 60.77 | 31.49 | 3290 | 31.11 | 9.2I
1:37PM | 69.47 | 49.44 | 41.00 | 7027 | 31.69 | 3220 | 30.98 | 6.93
1:43PM | 6868 | 50.50 | 53.04 | 61.03 | 31.24 | 31.55 | 3120 | 9.74
1:49PM | 73.13 | 49.12 | 5630 | 60.46 | 31.34 | 3246 | 3129 | 8.49
1:55PM | 68.08 | 4921 | 56.84 | 61.44 | 31.29 | 3287 | 3133 | 991
201PM | 72.18 | 49.14 | 5530 | 67.85 | 31.35 | 3252 | 31.10 | 5.05
2:07PM | 6862 | 48.11 | 56.11 | 65.33 | 31.35 | 32.18 | 3150 | 9.67
2:13PM | 75.88 | 4828 | 5475 | 6858 | 31.34 | 32.54 | 3131 | 630
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Table A3. Experimental data for 23 January 2006 (continued)

5 °lo O o 22 5 = o
0t |28 |55 (52| S2(5%| EE| £2| 5=
%3z |25 |85 | TE|85| 2¢| §F| %%
S8 |28 |5 % % o E. S 8 2 @ A
S el T - S |g&| T L -
109(C) | 110(C) | 111(C) | 112(C) | 113(VDC) a4(C) 115(vDC) | 116(VDC) | 117(VDC)
10.69 [ 36.99 [ 37.95 [ 7231 | 1.08 [ 4659 1.40 1.77 1.08
17.08 | 37.51 | 36.76 | 7886 | 1.10 | 47.96 | 131 1.80 1.20
10.77 [ 39.18 [ 33.67 | 71.73 | 1.08 [ 4927 | 1.39 1.78 1.09
1043 [ 4090 [ 37.13 [ 7233 | 1.12 [5134] 1.39 1.78 1.10
10.64 | 41.12 [ 4025 | 73.96 | 1.08 |51.91 ] 1.39 1.78 1.11
13.64 | 41.82 [ 4594 [ 80.13 | 1.08 |[53.27 | 131 1.81 1.22
1026 | 44.90 | 4479 | 77.48 | 1.08 |56.89 | 1.39 1.80 1.15
10.88 [ 47.23 [ 4571 [ 7859 | 1.09 [ 58.03 | 1.40 1.80 1.13
10.66 | 47.87 | 45.46 | 7886 | 1.07 | 59.10 | 1.39 1.80 1.16
18.79 | 46.22 [ 48.43 [ 8120 | 1.08 | 5828 | 1.33 1.82 122
16.41 | 46.00 | 4722 [ 7922 | 1.08 |[5737| 134 1.80 1.16
10.52 | 45.62 | 44.68 | 76.54 | 1.07 | 56.78 | 133 1.82 1.23
18.11 | 45.57 | 47.14 | 79.75 | 1.16 |55.64| 1.34 1.81 1.19
1131 [ 4521 [ 4454 [ 7699 | 1.12 [54.92] 1.40 1.80 1.13
10.53 | 46.34 | 44.66 | 7721 | 138 | 5641 1.39 1.81 1.14
18.83 | 46.60 | 47.33 [ 8224 | 1.10 [5923 | 1.35 1.83 1.21
10.89 | 44.87 [ 40.03 [ 75.70 | 1.08 [ 57.60 | 1.40 1.81 1.12
10.23 | 45.00 | 42.61 | 76.60 | 1.08 |56.00 | 1.37 1.82 1.15
10.56 | 45.02 | 44.42 | 77.73 1.07 55.72 1.39 1.82 1.15
15.63 | 4445 | 47.04 | 82.26 1.07 57.11 1.33 1.84 1.23
11.39 | 44.30 | 45.28 | 78.94 1.06 56.79 1.39 1.82 1.15
18.58 | 44.15 | 47.77 | 81.33 1.05 58.24 1.36 1.84 1.21
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Table A3. Experimental data for 23 January 2006 (continued)

— »B: o g) ¢} Eﬂ"ﬂ = E-J"’ o gj

Ty| Z£% | 25| 38| sff | ig

&5 g £g =5 | g2 | 28 g -

2 s 8 == E2| gE< | ggd g 2

g £ 2 ge | "8 | =EFg g &

118(VDC) | 119(C) 120(C) COP % % W

0.0030 28.38 28.42 8.26 96.82 34.05 242.77
0.0031 28.26 -1.03 6.53 73.14 35.83 204.98
0.0031 29.06 21.86 7.27 100.19 37.79 265.28
0.0034 28.75 25.47 8.00 99.92 38.86 215.83
0.0031 28.84 25.36 8.46 107.08 42.72 206.44
0.0045 29.39 1.22 8.36 69.13 31.65 194.15
0.0043 30.32 12.73 8.80 88.94 38.20 166.43
0.0039 30.10 11.57 8.73 104.16 44.37 118.20
0.0041 29.88 9.96 8.57 101.10 43.66 154.85
0.0040 30.09 1.18 8.79 75.87 43.16 132.94
0.0038 30.17 7.78 9.03 87.09 37.84 175.05
0.0035 28.95 13.29 9.33 110.32 46.56 151.98
0.0036 30.13 4.89 9.06 84.23 43.44 166.28
0.0035 28.96 16.36 9.10 108.77 44.24 164.94
0.0045 30.93 21.90 9.06 87.47 35.67 202.52
0.0038 29.74 0.16 8.34 80.33 46.65 119.02
0.0034 29.47 11.70 8.07 109.70 49.29 128.73
0.0037 29.97 2241 8.57 103.22 42.72 198.98
0.0037 30.69 21.75 8.79 102.07 42.16 143.66
0.0039 30.14 2.48 8.24 82.67 43.01 175.11
0.0042 30.14 8.90 8.67 87.65 39.51 137.40
0.0040 31.46 0.38 8.72 70.50 43.05 205.01
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APPENDIX B

COMPRESSOR PRICE LIST
AND
AIR CONDITIONER COOLING CAPACITY
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A short list of compressor prices and commercial air conditioner cooling capacity is
shown in this section. For a full range of price and air conditioner capacity, please refer to

www.thermacom.com and www.daikin.com.sg, respectively.

Table B1. Compressor prices (www.thermacom.com)
Makelodd Egquvslert  Waightks) Trade (=1

b -~1_'_|F

e ]
Bitzar I __|: _ T

e

Smrmni Hermebic
ZHL1= BHS 171 =0 E4D0 E550
aGl2.2 BHS 181 0 E400 E550
ZFlLa.2 BHS 231 O B400 E550
zhLaz BHS 31 =0 E425 E505
zhLaz BHS 431 0 E425 E505
1= E-%-] 2] 425 E505
a2 BHS moz O E4TS 555
204.2 BHS ez O E4TS E555
=1 1% BHS S0z O ESO0 ET00
=062 BHS sz ] ESDO ET00
aME2 ) ESDO €700
4Ve.2 BHS qoz =] EF2N E1.015
L a3 BHS 7z 140 EFO0 a0
L] BHS 1zm2 120 EFS0 €1,053
ATez BHS 1102 150 ETS0 €1,053
4P1o.2 BHS 1z== 150 EFQS €1,113
V102 BHS 1482 120 EFOS €1.113
aMizz BHS 1mzz 150 E1,025 E1.435
ATiz=2 BHS 170z 150 E1,025 €1, 435
4P16.2 BHS aoez 120 E1,050 €1.470
Aoz BHS 2402 150 E1,075 1,505
aMio.2 180 E1,075 &1, 505
4132 150 E1,200 €150
AHIEZ 150 E1,325 E1.715
aMzo.2 150 E1,200 €1,550
Az 180 E1,325 1,715
aGznz 150 E1,2B5 €1, 700
AHzE Trana CAHZ 200 180 E1,350 &1 500
AGEI0Z Trana CAHZ zo0 180 E1,375 1,003
sMzo.2 00 E1,400 £1.925
A -] SO0 E1,400 &1, 080
sHzE2 200 E1,550 170
G262 00 E1,550 €2 170
sMan.2 R0 B1,550 170
[heE TR FEO E1,750 450
[N R 220 E1,700 2 350
EHzs2 Trana CAHZ 300 220 BE1,775 =1
[heE IR FEO E1,B25 L]
SRz 220 E1,975 E2 TES
EFs02 240 ED,075 &3 005
SEB0.2 400 EZ,450 E3_ 430
slmo.z 450 EZ,650 €3,710

94


http://www.thermacom.com/
http://www.daikin.com.sg/

Table B2. Cooling capacity of air conditioners (www.daikin.com.sg)

Air Conditionners up to 12 kW / Air Cooled / Split / Reverse Cycle

Refrigerant R410A
Outdoor Indoor unit Cooling Capacity | Cooling power | EER | Class
(KW) input (KW) EER
RN20C FTN20C 2 0.62 323 | A
RKH20C FTKS20C 2 0.62 323 | A
ARKH20C ATKS20C 2 0.62 323 | A
ARKS35B ATKS20C 2 0.5 4 A
RN25C FTN25C 2.25 0.7 321 | A
RKH25C FTKS25C 2.25 0.7 321 | A
ARKH25C ATKS25C 2.25 0.7 321 | A
RS20B FTS20B 2.5 0.89 281 | C
RKS25B FTKS25B 2.5 0.7 357 | A
RK25B FTK25B 2.5 0.89 281 | C
ARK25B ATK25B 2.5 0.89 281 | C
ARKS25B ATKS25B 2.5 0.7 357 | A
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APPENDIX C

SAMPLE CALCULATION
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An example of a manual calculation to find a payback period for a given economic

parameters is presented here. The parameters taken into account, and its values, are:

Cr =S$0.06/M]J Cc=S$250/m’

n =20 years CutCo=0.1*Cg
e=0.03 Qs = 1.97x10° MJ
i=0.07 Ci=S$ 7,500
j=0.014 A=40m’

To find the payback period, first we must first find the effective discount rate (i), capital

recovery factor (Crr), and collector area related cost (Cs).

i'=(l_Jj=0.055
1+

Cor(i',1) = {{1(%1]]} = 0.084

C, =C,A+C,=17,500

Then, we can find the X, :

CS + (CM +.'CO)

x,, = ——w) 55y
pp - Q C :
S~F
_ ln[l—(i—e)xppJ: 16
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Thus, the payback period of the system is 3.6 years.
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