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Abstract

The issue of global warming has become an imperative concern to the world.
Many researchers attach great importance on renewable energy issues. In conjunction
with Taiwan’s government policy about saving energy and reducing carbon emission, a
Smart Energy Management Device (SEMD) is proposed in this study. The intention of
the SEMD design is to fulfill the energy demands of household appliances. Inspired
from heat pump technology, the SEMD is designed not only to provide heat energy but
also cold energy for household appliances. In this system, heat and cold energy recovery
subsystems are constructed simultaneously to reduce.the loss of energy. The focus of
this study is to investigate and optimize the performance of the SEMD system in order
to minimize the power consumption and z%g{]ieve minimum operating costs. To this end,
heat energy equations of the system are dé?i;éd and Particle Swarm Optimization (PSO)
is applied to find an optimal operating con.rt—rol strategy for the system. The minimum
life cycle cost of the system can be achievedaccordingly..It'is found through numerical
examples and demonstration, the most-decent design of water storage and system
capacity for the SEMD is 1000 L and 10 kW respectively. The life cycle cost after
applying the control strategy based on PSO can save 28.82% in comparison with the
ordinary control strategy. This research can improve the overall economic efficiency of

the SEMD system and provide a reference point for manufacturers to create new

solutions in the field of heat pump systems engineering.

Keywords: Life Cycle Cost, Operation Strategies, Particle Swarm Optimization, Energy

Management.
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Chapter 1 Introduction

1.1 Background and Motivation

Nowadays, since the growing environmental concern about global warming
caused by greenhouse gas emission, the development of renewable energy to reduce
carbon emission has become an important issue. Meanwhile, to overcome this issue,
renewable energy devices have been developed, such as wind turbine, solar cell,
photovoltaic cell, and heat pump.

According to European Heat Pump Association (EHPA), by passing Renewable
Energy Sources (RES) directive where aero-, hydro, and geothermal energies captured
by heat pumps, has made them-recognized assa unique renewable technology for
heating and cooling. The reduction energy demand of heat pumps leads to much lower
amounts of green house gases per Se. D;:a_'iég_nding on the national power production,
heat pumps can provide heating, coaling énﬂ_ hot Wwater nearly emission free. However,
they can make a major contribution towards| climateachievements and energy
challenges [1]. |

The first heat pump emerged in the 1940s ‘when Robert C. Webber, an American
inventor discovered the idea of pumping heat via his freezer in his home. The idea was
later furthered by another individual known as Lord Kelvin, and theoretically became a
scientific concept. The main objective is to move heat from one location (the 'source’)
at a lower temperature to another location (the 'sink’ or ‘'heat sink’) at a higher
temperature using mechanical work or a high-temperature heat source [2]. The basic
concept of heat pump is still using the basic refrigeration cycle. Thus, heat pump can
change which coil acts as the condenser and which is the evaporator by utilizing a
reversing valve. In cooler climates, it is common to have heat pumps that are designed

only to provide heating.


http://en.wikipedia.org/wiki/Heat
http://en.wikipedia.org/wiki/Mechanical_work
http://en.wikipedia.org/wiki/Heat_pump#cite_note-0

Most of the researches concentrate on modifying components of heat pump to
increase the energy performance. On contrary, decent operating strategy also plays an
important role in energy saving and cost reduction. However, sponsored by National
Science Council, we are complying research about “Energy saving technology research
and development project for livelihood system” [3]. The main objective is to develop a
device that can provide heating and cooling energy for household appliances
simultaneously. Inspired from the heat pump technology, the Smart Energy
Management Device (SEMD) has been introduced to overcome this problem. With this
novice technology, it is hoped that the SEMD can improve traditional heat pump’s
performance, reliability, efficiency, and-long cycle life.

Moreover, in conjunction with' Taiwan government policy about saving energy
and reducing carbon emission, the main objective of this'reésearch is to establish control
strategies to save energy Consumption a}j;&"minimize electricity usage of household
appliances. Hence, green envirgnment can-:'be achieved. Furthermore, we implement
Swarm Intelligence Technolegy to d:evelop optimal control strategy. Then, by applying
numerical analysis, we analyze either energy or electricity consumption of each SEMD

component. This highly efficient control strategy is expected can achieve minimum

energy consumption and cost.

1.2 Literature Review

In thermodynamic system, the SEMD performance is not only affected by its
components but also by operating strategies. In the previous studies, most researchers
focus on improving the energy performance of heat pumps and solar assisted heat
pumps instead of energy management. Besides, decent operating strategy also becomes

an imperative factor in saving energy.



Zhang et al. proposed numerical and experimental method to optimize the air
source heat pump water heater. Air energy was absorbed at the evaporator and pumped
to storage tank via a Rankine cycle. The coil pipe/condenser released condensing heat of
the refrigerant to the water side. The result shows that the energy performance can be
improved by choosing proper capillary tube length, filling quantity of refrigerant,
condenser coil tube length and water tank capacity [4].

Lee et al. proposed a study of heat pump system which is applied for indoor
swimming pool. Since water is evaporated from the pool surface, the exhausted air
contains more water and specific enthalpy. In response to this indoor air, heat pump is
generally used in heat recovery for indoor swimming pools. This paper utilizes particle
swarm optimization to optimize'the life cycle energy- cost of heat pump system. The
former consists of outdoor air mass flowsand heat conductance of heat exchangers; the
latter comprises compressor type and boi;i-é‘;"t'ype. In this regard, the optimized outdoor
air flow and the optimized design for heati;1g system can'be deduced by using particle

swarm algorithm [5].

Wang et al. investigated the performance of heat pump for high temperature water
and found that the heat pump using parallel cycles with serial heating has the best
energy performance when the condensing water temperature exceeds 75°C. The
experimental results indicate that the average heating capacity and coefficient
of performance of the High Temperature Heat Pump (HTHP) could be improved
significantly in high-temperature conditions due to the parallel cycles with serial
heating on the water side and the modified compressor. All the results indicate that the
HTHP using parallel cycles and modified compressor with serial heating on the water

side is very competitive in industrial heating applications [6].

Brenn et al. presents annual efficiencies of these systems and compares internal
3



combustion engine and electrically driven heat pumps in terms of primary energy
consumption and CO, emissions. Because heat pump performance depends strongly on
the heating circuit's flow temperature level, the comparisonis performed for
air-to-water and geothermal heat pump systems. In addition, this research compared
the energy performance of natural gas driven heat pumps and electrically driven heat
pumps, the results showed that these two kinds of heat pumps have equal energy
performance [7].

Fardoun et al. proposed a study about heat pump design and optimization tool. The
operational data provided by different manufacturers for each component is used by
system’s designers to specify installation-and operational procedures of the system. The
optimum of an individual piece of equipment results.in-sub-optimal system performance
due to unforeseen interactions between the different systém components. However, in
order to optimize the performance, it i$ es;:s:gﬁtial to identify and monitor key parameters
of the system, such as power consumption a-:nd refrigeration effect [8].

Kim et al. designed a dynamic: model of a Wwater heater system driven by a heat
pump to investigate transient thermal behavior of the:system which was composed of a
heat pump and a hot water circulation loop. From the simulation, the smaller size of the
water reservoir was found to have larger transient performance degradation, and the
larger size can caused additional heat loss during the hot water storage period. Therefore,
the reservoir size should be optimized in a design process to minimize both the heat loss
and the performance degradation [9].

Hsiao et al. used an ice storage subcooler to improve the heat pump performance.
The system supplies heating and cooling demands to two greenhouses with
temperature ranging 308~323 K and 273~291 K respectively and utilizes anice

storage tank to subcool the condensed refrigerant which can enhance



the system coefficient of performance (COP). Theice storagetank will charge
storing ice when the cooling load is less than the nominal cooling capacity. The
experimental presented that the COP of a heat pump with subcooler is higher than the
one without subcooler, which are 12% and 15% in charge and discharge mode,
respectively [10].

Chen investigated and compared the performance of four different operating
strategies which consist of simple temperature control, temperature and water amount
control, optimization temperature control and optimization temperature and water
amount control. In this research, Particle Swarm Optimization has been utilized to
optimize the heat pump system. The results showed that the optimization temperature
and water amount control has the_ best performance. in both energy consumption and
energy cost [11].

Rankin et al. presentéd a.study ab();a;fz"demand side management for commercial
building using an inline heat pump water-:'heater methodology. The results based on
actual data from the monitored installations showed* a significant peak demand
reduction for each installation.. The peak”demand:for whole hotel’s building with
occupancy of 220 people has been taken into account for one installation. The savings
incurred by the building owner also included significant energy consumption savings
due to the superior energy efficiency of the heat pump water heater. In one case study,
the peak demand contribution was reduced by 86% for hot water heating and 36% for
the whole building [12].

Hepbasli et al. proposed study dealt with reviewing Heat Pump Water Heater
(HPWH) systems in terms of energetic and exergetic aspects. The performance

evaluation has been modeled by using energy and exergy analysis methods. Moreover, a

comprehensive review of studies conducted on them were classified and presented.



It is expected that this comprehensive review will be very beneficial to everyone
involved or interested in the energetic and exergetic design, simulation, analysis,
performance assessment and applications of various types of heat pump water heater
systems [13]. Moreover, due to solar energy is a clean energy, some studies [14~16]

investigated solar assisted heat pumps.

1.3 Research Structure

Following is the structure of the thesis which can be shown in figure 1.1:
Chapter 1: Introduction

The research background, literature review, and_the objective of this study are
introduced
Chapter 2: Smart Energy Management De}ffj,;(:e System

This chapter is describing principle E;Ir'structure of Smart Energy Management
Device (SEMD) system. In .addition, tra&itional system is also described in this
chapter.
Chapter 3: Optimization Method

Many kinds of optimization methods have been introduced and particle swarm
optimization has been chosen as a method to optimize the cost in this research.
Chapter 4: System and Component Analysis

In this chapter, the mathematical models of each component and control strategies
of SEMD have been established.
Chapter 5: Result and Discussion

Result and discussion of each case study is presented in this chapter.
Chapter 6: Conclusion

The conclusions of this research have been presented and recommendations have

6



been made.
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Chapter 2 Smart Energy Management Device System
and Traditional System

2.1 Introduction

Inspired from heat pump technology, the SEMD has been developed in order to
fulfill energy demand for household in Taiwan. Heat pumps have the ability to move
and absorb heat energy from one environment to another and in either direction once at
a time. On the other hand, the SEMD is designed to move and absorb heat energy from
one environment to another in either direction simultaneously. Although heat pump has
become very common technolegy used in Europe, but this technology is rarely used in
Taiwan. Nowadays, we are trying.t0 implement this ‘technology to provide both heat
and cold energy to empower ‘household appliances by modifying heat pump. Not only
the components of heat pump heed to be %&'dified, but househald appliances also have
to be modified in conjunction with the SEI\;‘ID. The electricity is applied to the SEMD
to convert electrical energy. into h:eat and ‘eold -energy’ to activate appliances. For
appliances which are activated by heat energy include hot water for hand washing, hot
water for showering, drier, shoe drier, foot bath machine, floor heating system, etc. On
the contrary, for appliances which are activated by cold energy consist of
air-conditioner, refrigerator, drinking fountain, cold spa, etc. In addition, the SEMD’s
system operation is also connected directly to computer, modem and human-machine
interface. To provide a comfort and healthy environment to people who live in the
house, thermal, ambient light, humidity, and CO, sensors are installed in order to
monitor environment condition inside the house. According to American Society of
Heating, Refrigerating, and Air-conditioning Engineers (ASHRAE), the effects of

increasing CO; level to adult’s health condition can be summarized in table 2.1. The



product, chip control, and sensors specifications are shown in table 2.2, 2.3, and 2.4
respectively. Moreover, power consumption, heating and cooling capacity of the
SEMD can be shown in figure 2.1, 2.2 and 2.3 respectively. In order to analyze the
performance of the SEMD, heating and cooling coefficient of performance (COP) have
to be calculated based on the experimental data in figure 2.1, 2.2 and 2.3. The results
are shown in table 2.5 and 2.6, respectively. The picture of the SEMD and sensors is

shown in appendix 1.

2.2 Principle of SEMD

The SEMD system is_composed of a modified.heat pump, hot and cold water
storages, feed water pump,-water eirculation pumps.for.hot and cold water, and an
auxiliary electric heater for hot water Ioaq;as shown in figure 2.4. The modified heat
pump is used to heat and cool the water mhf::)rt and coldwater storage respectively.

The structure of modified.heat pump C(;hsists of compressor, expansion valve, hot
and cold water storages and heat exchanger. The SEMD uses an intermediate fluid
called a refrigerant which absorbs heat-as. it,vaporizes and releases the heat when it
condenses. Therefore, in hot water storage the heat is absorbed from inside an occupied
space and rejects this heat to cold water storage to cool down the refrigerant. In SEMD,
heating and cooling mode is happened at the same time while the compressor is
activated.

Moreover, the working fluid, in its gaseous state, is pressurized and circulated
through the system by a compressor. On the discharge side of the compressor, the
present hot and highly pressurized vapor is cooled in cold water storage, called

a condenser, until it condenses into a high pressure and moderate temperature liquid.

The condensed refrigerant then passes through a pressure-lowering device also called a
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metering device such as anexpansion valve, capillary tube, or possibly a
work-extracting device such as a turbine. The low pressure and liquid refrigerant then
leaves the expansion device and enters hot water storage which is known as evaporator,
in which the fluid absorbs heat and boils. The refrigerant then returns to the
compressor and the cycle is repeated.

In addition, heat exchanger is connected to hot and cold water storage in order to
prevent freezing in cold water storage. While cold water load demand is higher than
hot water load demand, heat exchanger is activated to decrease water temperature in
hot water storage and vice versa.

The load for the SEMD.divided into hot water and cold water load. Hot water
load consist of open loop load and elosed loop loadsIn-open loop load, the heat energy
which has been used cannot'be recycled. Herice, hot water storage is also supported
with feed water system in“order to suppi;d;Water which has been used for open loop

P
load. In contrast, in closed foop; the heat er:lergy which has"been used can be recycled
into hot water storage. In addition, aﬁ auxiliary.heating.boiler is installed in this system
in order to keep the hot water temperature at a-default load temperature. On the other
hand, the system in cold water load is closed loop system. The cold energy used for
household appliances can be recycled into cold water storage. The advantage of

recycled process is that operating time of compressor can be minimized in association

with heat and cold energy loss.

2.3 Traditional System

Traditional system consists of steam boiler which is designed to produce heat
energy and chiller which is designed to produce cold energy. Heat energy from hot

water storage is shifted directly to hot water load. On the other hand, cold energy
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which is produced in cold water storage is also transferred directly to cold water load.
Alike in the SEMD system, in traditional system, both heat and cold from water
storage is taken away and released to the air through heat exchanger. In order to
compare with SEMD system, the specification of the system, including boiler and
chiller capacity, storage size, water pump capacity, hot and cold water load, and
auxiliary boiler capacity is designed exactly the same as in SEMD system. The system

can be illustrated as figure 2.5.
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Table 2.1 CO, Standard Level

Properties Specification
Normal Outdoor Level 350 - 450
Acceptable Level <600
Complaints of Stiffness and Odors 600 - 1000
ASHRAE and OSHA Standards 1000
General Drowsiness 1000 - 2500
Expected Adverse Health Effects 2500 - 5000
Maximum Allowed Concentration 5000

Within 8 Hours Working Period

Unit : ppm
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Table 2.2 Product Specification

SEMD Component Specification

Component Model Electricity consumption

Ts-185-HAR-13  Cooling Capacity = 30.9 kW

Compressor

4a) Input Power : 11.3 kW
Evaporator B03-052-38-HQ 30.9 kW
Condenser B03-052-78-H 42.2 kW

Electric Expansion Valve AKV-15-3 -

Refrigerant R-134a -

Operatirig: Condition

Evaporator Temperature 7.2°C

Condenser Temperature 60°C
Overheating 5K
Overcooling 5K

Compressor Input VVoltage and Current

Voltage 220V-3y-60 Hz

Current 35.9A
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Table 2.3 Control Chip Design Specification

Chip Element

Specification

Execution Speed
Input Points

Output Points

0.375~12.56 ps
128 points

64 points

Temperature Module

K or J type thermo couple, resolution 0.1 °C, in
compensation-with.cold junction temperature, digital filter

and disconnecting function

Pulse Output
Programmable Device

Interface Link

2 points > maximum,output pulse frequency7 kHz

RS-282C  can be directly connected to the computer,

i

hiiman-machine nterface and modem

Programs Link Interface

(Optional Equipment)

RS-232C'or RS-422/RS-485
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Table 2.4 Sensors Specification

Properties Specification

Carbon Dioxide (NDIR) Range 0 to 5% (volume

concentration in air)

Accuracy +5% of reading
Temperature Range -40 to +125°C
Accuracy +5%
Relative Humidity Range 0 to 100%
Accuracy +2.5%
Illuminance Dark;gurrent 31050 pA
Ev = 100 luxiLight Current Typical 50 pA
Respond Time < 2 Minutes
Product Size 7 90*50*32 mm
PC Software Requirements Win 2000/XP (with .NET

2.0+ installed), Vista, Win 7
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Table 2.5 Heating Coefficient of performance (COPh)

Condenser Input Temperature (°C)

30 35 40 45 50
10 452 379 312 273 239
11 464 393 325 288 255
5 12 48 406 332 203 261
Qag 13 5410 425 7343 305 278
g 14~ 5.36.-439,348% 307 284
i 157, /'5.42-. 4.42 ~355% 318 297
g 16 | 544 445- 363 1328  3.05
% 17- | 545 485 |72 341 3.0
i 181 553 464 885 352 3.15
19 560° 475 7402 '361 3.28
20 568 486 421 374 338

17



Table 2.6 Cooling Coefficient of performance (COPc)

Condenser Input Temperature (°C)

30 3 40 45 50
10 316 276 213 189 161
11 335 291 215 193 1.72
_ 12 a3 204 228 200 172
%-57 13 349173007230 202 176
% 14 2363 306w 235% 204 1.90
g 15/ /3,68~ 3.16,2.35% 240 1.9
=
= 16 383 802 |245 220 194
% 17 402 308 1262 239 2.10
A VN | e 261 240 215
19 399 382 72757 251 218
20 406 351 281 254 222
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Chapter 3 Optimization Method

3.1 Introduction to Optimization

In 1947, Dantzig published the Simplex algorithmto propose training
and logistics schedules in conjunction with the use of the program by the United States
military and later became the first optimization technique, which is known as linear
programming. Although much of the theory had been introduced by Kantorovich in
1939, Neumann developed the theory of the duality in the same year as Dantzig did. In
1954, Barricelli started using computer to run a simulation, but his publication was not
widely noticed [17, A8]. ~tStarting in"yd957,the - Australian quantitative
geneticist Fraser published :a'series of-papers .on simulation of artificial selection of
organisms with multiple loci controlling a;ff'ijgasurable trait [19].

In applications, mathematical optirﬁz_ation Is often:used in engineering and
economics fields to select the ‘best ‘element from isome;sét of available alternatives.
More generally, it means finding. maximum or minirﬁum best available values of some
objective function in a given defined domain; including a variety of different types of
objective functions and different types of domains.

Nowadays, there are many kinds of optimization algorithms used by researches to
find an optimal solution for various issues in many fields. Choi et al. used genetic
algorithm to presents the capacity control of a heat pump system using the discharge
superheating of the compressor, concerns the design of a fuzzy controller for a heat
pump at the outlet of a compressor and compares an optimized fuzzy controller with
one that is not optimized. The result show that the optimized fuzzy controller makes
undershoot and overshoot alleviated significantly in the discharge superheating, outlet

temperature of secondary fluid and refrigerant mass flow rate [20]. Chebouba et al.
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proposed an ant colony optimization (ACO) algorithm is proposed for operations of
steady flow gas pipeline. The system is composed of compressing stations linked by
pipelegs. The decisions variables are chosen to be the operating turbocompressor
number and the discharge pressure for each compressing station. The objective
function is the power consumed in the system by these stations. The results are
compared with those obtained by employing dynamic programming method. We obtain

that the ACO is an interesting way for the gas pipeline operation optimization [21].

3.2 Particle Swarm Optimization (PSO)

The particle swarm optimization (PSO)“is a_robust stochastic optimization
technique based on the movement-and intelligence of swarms which is proposed by
Kennedy and Eberhart in 1995 [22, 23] The concept|was intended to graphically
simulate the graceful but unpredictable choreography of bird flock. Moreover, it has
been applied as a simulation of a'simplified soual system.in which individual members
of a school can profit from the dishoveries and previous experiences of all the other

members of the school during the search:[22].

A particle swarm in PSO refers to a number of potential solutions to the
optimization problem, where each potential solution is referred to as a particle position.
Each particle is initialized by a random position in multi-dimensional problem space
and then is “flown” through this space to locate the best position [5, 24]. A fitness
function (referred to as an objective function) quantifies the optimality of a solution
(that is, a partical) in a partical swarm algorithm so that the solution of each particle
can be compared. Each particle keeps track of its coordinates in the solution space
which are associated with the best solution (fitness) that has achieved so far by that

particle. This value is called personal best. Another best value that is tracked by the
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PSO is the best value obtained so far by any particle in the neighborhood of that
particle. This value is called group best. The basic concept of PSO lies in accelerating
each particle toward its personal best and the group best locations, with a random

weighted acceleration at each time step as shown in figure 3.1

L )

Figure 3.1 Modification/Concept of a'searchingpoint by PSO

radE
.

Where S* and S** refer to oument and modified seafching point; V¥ and V! are
current and modified velocity;.and V,and Vg; represent velocity based on personal best

and group best.

The modification of the particle’s “position can be mathematically modeled

according the following equation:

I I

Sik+1 _ Sik +Vik+1 (32)

where V; represents the velocity of particle i; k stands for the iteration number; o
represents inertial weight; ¢, and c, are acceleration constants; r; and r, are two
random functions in the range [0, 1]; S; represents the current position of particle i; Vp;

is the personal best position of particle i (pbest); and Vg; is the best position of all the
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particles found at present (gbest).

The acceleration constants represent the weighting of the acceleration terms in
which each particle moves toward personal best and group best positions. Thus, low
acceleration constant values allow particles to move slowly toward target regions,
while high values result in fast movement toward, or past, target regions. That the
acceleration constants ¢; and c; equal to 2.0 in nearly every application is suggested in

[25].

The inertial weight is used to control the move velocity; when the weight is too
high, particles might move past the best solution. In centrast, if the weight is too small,
particles might execute a limited-exploration Within the local regions and might be
unable to move far enoughto,reach-a_ better-position.” The weight adopted in this

research is from about 1.2 to 0.9 during a E@‘[JZS].

¥

Moreover, for discrete”binary problem;:Kennedy and+Eberhart [26] proposed a
discrete binary version of the particle swarmialgorithm (BPSO). In the binary version,
the evolution of particle velocity is the same -as PSO, but the evolution of particle

position is different and in accordance with the following equation:

ke 1 3.3
SV 1+exp( Vi) (3:3)

If ry<S(vfT) thenxf1-1, else xK*1 =0 (3.4)

where V; represents the velocity of particle i; k stands for the iteration number; rs is

random functions in the range [0, 1]; X;refers to the position of particle i.

Limiting the maximum value of velocity is helpful to further exploration after the

population has converged; Therefore, the maximum value of velocity is set to 4 in this
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study [27].

The process for implementing the BPSO is shown in figure 3.2 and described as

follows:

1. Initializing a population of particles with random positions and velocities on
dimensions in the problem space.

2. Evaluating each particle’s position according to the objective function.

3. Comparing particle's fitness evaluation with particle's personal best. If current
value is better than personal best, then set personal best value equal to the current

value and the personal best location.equal.to the eurrent location.

4. Comparing fitness evaluation®with the population's overall previous best. If
current value is better ‘than groupy best; then reset~group best to the current

particle's array index and value. o

[ |
5. Changing the velocity and position of rt—he particle according to the equation 3.1,

3.3and 34

6. Loop to step 2 until a criterion 1S met, usually a sufficiently good fitness or a

maximum number of iterations.
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Figure 3.2 PSO Flow Chart
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Chapter 4 System and Component Analysis

The components of the SEMD consist of modified heat pump, hot and cold water

storages, auxiliary heating boiler, hot and cold loads and feed water pump. This

research discusses an optimization strategies based on the SEMD switch on and off

condition of the compressor. To simplify the system, firstly, we divide the whole

system into several subsystems and determine control volume for the each subsystem,

and then applying first thermodynamic law to govern energy and mass conservation

equations for each control volume based on SEMD switch on and off condition. The

terms and conditions of system.simplificationhave_to satisfy thermodynamic law

which is shown as follows:

1.

2.

Satisfying energy and mass conservaﬂgn.

Neglecting the change of temperaturé ;__:hot and_eold water storage between time
intervals.

Neglecting heat and cold loss between storages‘and environment.

Neglecting heat and cold loss on-pipes while water travels to load and heat
exchanger in SEMD.

Neglecting kinetic and potential energy that occur on pipes.

Assuming that temperature for each particle of water inside storages is considered
average to whole temperature of storage.

Assuming that increasing or decreasing temperature for each particle of water

inside storage from heating or cooling process is considered average to whole

temperature of storage
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4.1 Heat and Cold Energy Analysis

The main objective of SEMD is to produce either heat or cold energy to water
storage, respectively. At the same time, when compressor is activated, it supplies both
heat and cold energy to hot and cold storage. The heat and cold energy which is supplied
to the storage are related to the changes of water temperature in hot and cold storage.

Heat and cold energy can be calculated as follow:

Qup =HPC xAtxK (4.1)

Qup shows heat or cold energy of system (kd);  HPC is heating or cooling capacity
(kW); At is estimation time interval (s); K refers te.Compressor on-off status, 0 refers
to off status and 1 refers to on status.

For traditional system, heat energy. of Boiler lin which heating capacity is related

to hot water temperature and airtemperature-and ¢an be represented as follow:

QHP,B = HPCB XAt x K (42)

Qups shows heat energy of traditional system (kJ); HPCg is heating capacity (kW); At
is estimation time interval (s); K refers to compressor on-off status, 0 refers to off status
and 1 refers to on status.

On the other hand, cold energy of chiller in which cooling capacity is related to

hot water temperature and air temperature and can be calculated as follow:

Qup ¢ = HPC( x 4txK 4.3)

Qupc shows cold energy of traditional system (kJ); HPCc is cooling capacity (KW);

At is estimation time interval (s); K refers to compressor on-off status, 0 refers to off
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status and 1 refers to on status.
The coefficient of performance of SEMD system for hot and cold water system are

related to hot and cold water temperature and can be calculated as follows
COP = aO +a1TH +32TC +a3TH TC (44)

COP shows coefficient of performance; apto az are coefficients; Ty means hot water
temperature (°C) and Tc means cold water temperature (C).
Moreover, the coefficient of performance of boiler in traditional system is related

to hot water temperature and air temperature and can be calculated as follows
COPB = ao + alTH + azTA + asTH TA (45)

COPg shows coefficient of performanee, of boiler; apte as are coefficients; Ty  means
hot water temperature ("C) and Ta mean's'iétl_temperature whichis set to 26°C [28].
However, the coefficient of performan'&e of chiller in traditional system is related

to cold water temperature and.afr temperature and|can‘be-calculated as follows
COPL =ag+a;Tc +a,Tp+a5Tc T (4.6)

COP¢ shows coefficient of performance of chiller; apto as are coefficients; Tc means
cold water temperature (‘"C) and Ta means air temperature which is set to 26°C [28].
After calculating the coefficient of the performance (COP), we can calculate the

power consumption of the system by using equation below:
P=Q/COP 4.7

P shows power consumption (kJ); Q represents each system’s hot or cold energy (kJ);
CORP is the coefficient of performance.

To sum up, by proceeding regression, the coefficients for COP for heating part are
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6.494, 0.134, -0.103, and -0.001 respectively, with R* equals to 0.952. For cooling part

are 4.526, -0.073, 0.113, and -0.001 respectively, with R? equals to 0.949.

4.2 Storage Analysis

There are many sorts of materials can be selected, such as carbon steel, stainless
steel, fiber reinforce plastic (FRP) and etc. Nowadays, FRP material becomes widely
used since it has many advantages, for instance, rust proof, leak proof, robust structure,
hygienic, structurally strong, easy to install, lightweight, easy to transport, durable, and
cost effective. This kind of material will become the best choice for the system. During
the operation of the SEMD; the. water-‘pressure is -easily unstable especially when
shifting water to load user. So, it'is‘essential to select water storage material that can

overcome this problem instead of low eost..In,this section, the water storage capacity is

aF
-

assumed to same type and capaeity for bE)i;_h hot and.cold water storage and then the

analysis of water storage will be discussed se—parately as follows:

1. Hot Water Storage

Firstly, hot water flow rate in relation with hot water storage temperature and load
demand has to be calculated before calculating output heat energy of hot water storage.
In this research, the default hot water load temperature needed is set to 50°C and feed
water temperature is set to 20°C. When storage temperature is lower than default hot
water load, hot water is shifted directly to auxiliary electric boiler in order to raise the
water temperature to 50°C and then hot water from boiler is shifted to hot water
appliances which need heat energy. On the other hand, when storage temperature is
higher than default hot water load, by integrating thermodynamic law, the output hot

water flow rate is adjusted in relation with default hot load temperature, hot recycled
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temperature, feed water temperature, city water temperature, and storage temperature.
In this case, we divide hot water load into closed loop and open loop. For open loop
system, while hot water temperature of storage is higher than default hot water load,

hot water flow rate adjustment can be calculated as follow:

(THL —Tew) (4.8)

Myo = MoHL X =
(THT —Tg)

Myo Shows hot water flow rate for open loop system (L/s); mgy, IS hot water flow
rate for open load system (L/s); Ty is hot water user load temperature (°C); Tcw

refers to city water temperature which is set to 20°C ; T means feed water temperature

which is set to 20°C, and T4 means hot water storage temperature at time n (°C).

However, for closed loep, system, when hot water.temperature of storage is higher

than default hot water load, hot water flow.rate adjustment is shown as follow:

-

;‘-(THTR s

49
T FTr) (49)

rhHC it rhCHL

myc shows hot water flow rate for closed loop system:(L/S); mqy, is hot water flow

rate for closed load system (L/s); Tguids hot water user load temperature (°C); Tutr

refers to hot water recovery temperature (°C); T.4; means hot water storage
temperature at time n (°C ).
Moreover, in open loop system, heat energy which is shifted through hot water to

user cannot be recycled. Hence, heat pump need to heat water which is supplied to water

storage before shifted to the user. The calculation of heat energy can be shown as follow:
QHO =thO XAtXCp X(qu _THU) (410)

Quo Shows output heat energy from storage for open loop system (kJ); my,, refersto

output hot water flow rate (L/s); Tyy is default temperature of hot water user which is set
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to 50°C; At is estimation time interval (s); Cp refers to water specific heat (4.186
kJ/(kg+"C)); T,1 means hot water temperature in storage at time n (°C).

In closed loop system, heat energy can be recycled after heat exchanging, so heat
energy which is produced from heat pump can be minimized. In contrast, the heat energy
which is used for open loop load cannot be recycled. After calculating hot water flow

rate for each case study, then the output heat from storage can be calculated as follow:
QHC ZmHC XAtXCp ><(T|£|‘I _TIHR) (411)

Quc shows output heat energy from storage for closed loop system (kJ); myo refers to
output hot water flow rate (L/s); Tag »is hot:water input temperature after heat

exchanging at time n (°C ). At is estimation time.interval (s); Cp refers to water
specific heat (4.186 kJ/(kg-°C)); T,5| means hot'water temperature in storage at time n
—ws
().
Feeding water is needed.in open Ioopr—system; the-amount of water supplied to
storage depends on amount of water'shiftsto the user. In this system, the water level in

storage is assumed always in full condition..\WWhen feeding the storage, the heat energy

in the storage is absorbed by the feed water and the energy can be calculated as follow:
QF =M xAtxCpxT, (4.12)

QrF shows input heat energy to storage from supplied water (kJ); mg refers to feed water

flow rate (L/s); At is estimation time interval (s); Cp refers to water specific heat

(4.186 kJ/(kg+C)); Tr means feed water temperature to storage (C).

2. Cold Water Storage

Before calculating input cold energy of cold water storage, cold water flow rate in
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relation with hot water storage temperature and load demand has to be calculated first. In
this research, the default cold water load temperature needed is set to 5°C. In the SEMD,
cold water system is a closed loop system, so the cold energy can be recycled after
shifting through cold water load for heat exchanging. Due to there is no cooling device
installed for cold water system, cooling process becomes the priority to the operation of
SEMD instead of heating process. When storage temperature is higher than default cold
water load, cold water is not going to be shifted to the appliances until the water
temperature reach the expected default temperature. Conversely, when storage
temperature is lower than default cold water load, adjustment has to be made to the
output cold water flow rate in relation-with default cold lead temperature, cold recycled
temperature, input water temperature from heat exchanger and storage temperature.
When cold water temperature of storage, is lower than'default cold water load, cold

water flow rate adjustment is shown as follow:-

i

(Terr £ TcL)

4.13
(TcTr —Tch ) (4.13)

=Mgp & Mc

Mo shows cold water flow rate (Lfs);  mq, is cold water flow rate for closed load

system (L/s); T is cold water user load temperature (°C); Tcrr refers to cold water

recovery temperature (‘C); Ty means cold water storage temperature at time n (°C ).

Next, after calculating cold water flow rate for each case study, then the output

cold energy from storage can be calculated as follow:
QCO :mco XAtXCp X(TgR —Tcr:]) (414)

Qco shows output cold energy from storage (kJ); mq, refers to output cold water flow

rate (L/s); At is estimation time interval (s); Tk is cold water input temperature after
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heat exchanging at time n (°C ) ; Cp refers to water specific heat (4.186 kJ/(kg-"C)); T¢

means cold water temperature in storage at time n (C).

4.3 Auxiliary Heating System Analysis

The auxiliary heating system which is installed in both traditional and the SEMD
system refer to boiler, which acts as an assistance to provide auxiliary heat energy to
water when the water temperature increased by heat pump does not reach default load
temperature. Nevertheless, hot water before shifted to user has to pass through boiler in
order to assure the water temperature is approaching default temperature. When the
temperature is below default temperature, boilerwill be activated to supply heat energy
to water. There are many kinds, of boiler, such-as gas, fuel oil, coal, electric, etc. in
correspondence to this system, electric boiler has'been chosen. When the output water

from storage does not reach 50°C, boiler\will be activated to increase temperature to 50

aF
-

‘C before shifting to user. The heat eneréy_ added to_hot water can be represented as

follow:
Qo= Muo XAt xCp *(Thy ~TH) (4.15)

Qsgo shows supplied boiler energy (kJ); myo refers to storage’s output hot water flow rate
(L/s); At is estimation time interval (s); Cp refers to water specific heat (4.186 kJ/(kg-
C)); Tuu is default temperature of hot water user which is set to 50°C; T3 means hot

water temperature in storage at time n (°C).

4.4 Heat Exchanger Analysis

For traditional system, heat exchanger is not taken into account since it has already
built in either boiler or chiller. On the contrary, in the SEMD system, both hot and cold

water storage are connected to heat exchanger. Water is shifted to heat exchanger in
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order to decrease temperature in hot water storage to prevent overheating and increase
temperature in cold water storage to avoid freezing simultaneously. For hot water
system, heat exchanger is activated when storage temperature is higher than 57°C in
order to prevent overheating of water in storage. The heat energy taken from water can

be calculated as follow:
QHHE =MHHE X At=C “(THer—TH ) (4.16)

Quue shows heat energy which is sunk by heat exchanger (kJ); my,e refers to hot

water flow rate which is shifted to heat exchanger from storage (L/s); At is estimation

n

time interval (s); Cp refers to.water specific heat (4.186 kJ/(kg+"C)); T.er is hot water

input temperature after heat exchanging at time.n (°C); 1,7 means hot water

temperature in storage at time n ('C)J L.

radE
.

On the other hand, for ‘cold water"‘glysiem, heat exchanger is activated when
storage temperature is lower than4°C in order to prevent freezing on storage which can
cause malfunctioning of the. machine. The heat ‘energy supply to increase water

temperature can be calculated as follow:
QcHe = Mepe x 4txCp x(Ther ~T¢ ) (4.17)

Qcre shows cold energy which is taken away by heat exchanger (kJ); mq,e refers to

cold water flow rate which is shifted to heat exchanger from storage (L/s); At is

estimation time interval (s); Cp refers to water specific heat (4.186 kJ/(kg+"C)); Tfcr

is cold water input temperature after heat exchanging at time n (°C );T® means cold

water temperature in storage at time n (°C).
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4.5 Water Pump Analysis

In traditional system, there are four water pumps which are used to shift water
either from hot or cold water storage to load before proceeding heat exchanging and it
will be activated when hot and cold water load exist. The last water pump is used to
feed water for hot water storage. On the other hand, there are six water pumps will be
analyzed in the SEMD system. Two water pumps are used to shift water either from
hot or cold water storage to load before proceeding heat exchanging and it will be
activated when hot and cold water load exist. The.other two water pumps are used to
shift the water from both hot and cold water storage-t0 heat exchanger and it will be
activated when overheating or, overcooling occurs. The last-water pump is used to feed
water for hot water storage. Water pum&z power, consumption can be calculated as

—

follow: ' 3
Ryp =WPC [ n7x At xR (4.18)

Pwe shows power consumption of water pump (KJ); -z refers efficiency of pump which

is 0.8; At is estimation time interval (s); R refers water pump on and off condition.

4.6 Load Analysis

To save energy usage, the household appliances have been modified in
conjunction with the circulation of water. The design of appliances focuses on using
either hot or cold water for heat exchanging to fulfill both heat and cold energy
demand in household. Thus, water paths are designed to open and closed loop systems
for hot water and closed loop system for cold water. In closed loop system, water from

storage is shifted to load for heat exchanging. After heat exchanging, water is shifted
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back to storage for heating or cooling process. Conversely, in open loop system, once
water is shifted to load, the water cannot be shifted back to storage. Hot water
appliances include hot water shower, drier, shoe drier, foot bath machine, floor heating
system, etc. On the contrary, cold water appliances consist of air-conditioner,
refrigerator, drinking fountain, cold spa, etc. in brief, either hot or cold water load can
be shown in appendix I. In association with load consumption of Taiwan’s household,
the user load for hot, cold water system, and load distribution can be illustrated in table
4.31t0 4.5 and figure 4.4 and 4.5. In order to compare life cycle cost of the SEMD with

traditional system, both hot and cold water load remain the same in the calculation.

4.7 Mathematical Model

Mathematical model is establish«_e:g.; injorder to minimize the electricity
consumption of the SEMD. By implenié;{irng particle swarm optimization (PSO)
which is introduced in chapter.2, itlis expe&ed that the-operation time of the SEMD
can be optimized in order to achieve minimum electricity. consumption of the SEMD.
Meanwhile, the components which are-considered will consume electricity in this
system consist of hot and cold water pump, compressor, heat exchanger, and boiler. In
this case, life cycle cost is set as an objective function; operation time of the SEMD as
control parameter. As a result, minimum life cycle cost control strategy based on the
SEMD operation time of each time interval can be modeled by using numerical
analysis corresponding to each user load, storage, auxiliary heating system, and
electricity rate. It is expected that optimum control strategy can be found in order to

achieve economy efficiency in terms of Taiwan government policy about saving energy

and reducing carbon emission.
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4.7.1 System Setting

The main components of SEMD system consist of scroll compressor, plate heat
exchanger, and electrical expansion valve. The design temperature of heat pump
operation for evaporator and condenser are 7.2°C and 60°C respectively. When cooling
capacity is 30.9 kW, energy consumption for compressor is 11.3 kW. In addition, water
pump and heat exchanger capacity which is used in this system are 0.5 Hp.

For the operation of SEMD, cold water temperature will be taken as the first
priority since auxiliary boiler is_installed inthe system to increase hot water
temperature whenever needed. When cold water temperature is above 8°C, the SEMD
will be activated to decrease temperature until '5°Cs On.contrary, when cold water
temperature is under 4°C, heat exchquer will be ‘activated to increase water
temperature in order t0 overcome over(fb;irirng. However, the range of cold water
temperature is 5°C and 8°C. On the|other Hraind, when het water temperature is below
50°C, SEMD will be activated to iﬁcrease temperature until 55°C. Conversely, when
the hot water temperature reaches 57°C,-heat exchanger will be activated to decrease
water temperature to overcome overheating. Besides, the range of hot water
temperature will be adjusted between 50°C to 55°C. Moreover, to overcome lack of
heat energy, auxiliary heating boiler is installed to assist the SEMD to ensure hot water
temperature which is shifted to user reaches 50°C.

According to Taiwan power Company as shown in table 4.1, the average
electricity rate for summer and non-summer in a year of electricity rate for peak-on and
off time are 2.7 NTD/kWh and 1.48 NTD/kWh respectively. The time period for peak
on is from 07:30 am until 10:30 pm, conversely, time period for peak off is from 10:30

pm until 07:30 am [29]. However, feed water flow rate and temperature are 0.15 L/s
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and 20°C respectively. In this case study, the compressor switch on and off condition is
determined based on load consuming time interval which is modeled for 24 hours; the
system’s life is assumed to 5 years. Moreover, setting parameters above will be shown
significantly in table 4.2.

The user load for hot and cold water system is assumed to 24 hours. For hot water
system, load is divided into open loop system and open and closed loop system which
can be shown in table 4.3 and table 4.4 respectively. On the contrary, for cold water
system, the load can be shown in table 4.5. Meanwhile, the load distribution can be
shown in figure 4.4 and 4.5

Furthermore, in PSO parameter*setting, initial particle is set to 10 particles
randomly and iterations is done for300 times withirange of weighting factor between
0.9 and 1.2; learning factor is 2; velocity\boundary range ‘between -4 to 4. The setting

parameter can be shown significantly in table 4:9.

&

4.7.2 System Analysis

As mentioned in section 4.1 to 4.5 about the SEMD and traditional system
component’s analysis. In fact, to analyze the storage’s heat circulation, the energy
conservation equations of hot and cold water storage have to be derived. Besides, since
there is open loop load for hot water system, either heat or water circulation in hot
water storage has to be balanced. Therefore, we need to derive mass conservation
equation for water circulation of hot water storage instead of energy conservation
equations.

However, by combining equation 4.1, 4.2, 4.10, 4.11, 4.12, and 4.16, we can
derive energy conservation and mass conservation equation of hot water storage for the

SEMD system and traditional system, which can be expressed respectively as follows:
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M T xCp =Mt xTfir xCp = Qpp ~Qr ~Quo ~Qnc —Qne (4.19)

For mass conservation equation of the SEMD and traditional system can be

represented respectively as follows:

Mﬂ#lZMﬂT +mHHE ><At+m|: XAt—mHC x At (421)
M = M7 + g x At -y x At (4.22)

M shows hot water mass at time n+1.(L): M- refers to hot water mass at time n (L);

n+1
THT

shows hot water temperature at timen+1 (‘€)y, Ty expresses hot water temperature
at time n ("C); Cp refers to water specifié%‘éat (4.186 kJl(kg-C)); Qup is heat energy
from heat pump for the SEMD (kJ); QZRB is\heat energy from steam boiler in
traditional system (kJ); Qr shows inbut heat energy to.storage from supplied water (kJ);
Quo refers to output heat energy fromstorage for open‘loop system (kJ); Quc means
output heat energy from storage for closed loop system (kJ); Qnue expresses heat
energy which is sunk by heat exchanger (kJ); my,e refers to hot water flow rate which
is shifted to heat exchanger from storage (L/s)

Moreover, by combining equation 4.1, 4.3, 4.14, and 4.17, we can derive energy

conservation and mass conservation equation of cold water storage for the SEMD

system and traditional system, which can be expressed respectively as follows:
My XTg'FlXCp_MgT xTer xC, =Qcne +Qco —Qup (4.23)

M¢r XTCnT+1 xCp, ~M¢r xTey xCp =Qco —Qupc (4.24)
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M&! shows cold water mass at time n+1 (L); M¢; refers to cold water mass at time n

(L); T& " shows cold water temperature at time n+1 (‘C); T& expresses cold water

temperature at time n (°C); Cp refers to water specific heat (4.186 kJ/(kg+"C)); Qup is
heat energy from heat pump for the SEMD (kJ); Qupc is heat energy from chiller in
traditional system (kJ); Qco refers to output heat energy from cold water storage (kJ);
Qche expresses cold energy which is absorbed by heat exchanger (kJ);

Furthermore, in order to simulate energy change in hot and cold water storage in 24
hours, we need to calculate either hot or cold water temperature at next time interval
which can be found from energy.conservation equations mentioned above. Meanwhile,
since water level in cold water storageawill not'decrease, it is not imperative to derive

mass conservation equation:on cold water system

e
—

4.8 The SEMD Optimization

To reach the minimum cost: of the SEMD  operation is not only depends on
design optimization but also control strategy optimization. In this research, both design
and control strategy optimization is analyzed. In design optimization, the water storage
and system’s heating and cooling capacity optimization have been taken into
consideration. On the other hand, in control strategy optimization, we adopted Visual
Basic 6.0 to manipulate data in numerical calculation. In this analysis, we analyze
traditional control strategy based on temperature as control parameter to simulate
operation of the SEMD. For advanced analysis, Particle Swarm Optimization method
analysis is integrated to reach optimal control strategy to minimize cost. In addition,
traditional system is also analyzed in this section in order to compare the cost with the

SEMD system. The operation time for both systems is 24 hours, in which switch on and
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off decision time interval for both systems is 6 minutes with 5 years of life cycle. In

other words, there are three case studies presented in this section.

4.8.1 Case Study 1

Due to water storage, heating and cooling capacity hold an important part in
saving energy, the design optimization of the system has been proposed in this research.
The larger the storage, the bigger heating or cooling capacity has to be selected to
increase or decrease the temperature in water storage, and vice versa. To simplify the
calculation, hot and cold water storage, heating and cooling capacity are assumed to
same size. In this term, the hot wateristorage temperature is also affected by supply
water to storage, in which it depends on the amount of. water that is shifted to hot water
open loop load. The analysis-is shown in figure'4.1 and.described in more detail as

follows:
—

1. Initializing system parameters, open"-lgc-)p hot water, and closed loop cold water
load settings. :

2. Proceeding trial and error calculationforboth Water.storage capacity and heating
or cooling capacity to determine the most.decent combination.

3. According to time interval chosen, determining system switch on and off status
based on water temperature in both storages.

4. Calculating heat and cold energy and water temperature for both hot and cold
water storage for the next time interval.

5. According to hot and cold water temperature, determining activation of auxiliary
boiler in each time intervals.

6. Calculating heat energy added by auxiliary boiler.

7. According to hot and cold water temperature, for the SEMD system, activation of

heat exchanger is determined in each time intervals.
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8. Calculating heat energy sunk and cold energy taken away by heat exchanger to
prevent overheating and overcooling.

9. Calculating all loads for each time intervals in 24 hours. If the calculation has not
finished, loop to step 2, but if the calculation has finished, continue to step 10.

10. Using heat and cold energy which are calculated above to calculate life cycle cost
and get minimum life cycle cost. If the minimum life cycle cost has not been
reached, loop to step 2, but if the minimum life cycle cost has not been reached,
continue to step 11.

11. Calculating and representing results.

4.8.2 Case Study 2

After calculating the most decent Wa}tgr storage, heating, and cooling capacity, in
this case study, traditional control straté'-g;based on water storage temperature as
control parameter and life cycle cost as objective function is proposed to determine
minimum life cycle cost. However, the operation 0f the compressor is subjected to
water storage temperature. When hot water. storage temperature reaches maximum
default temperature, heating process will be stopped, on the other hand, when cold
water storage temperature reaches minimum default temperature, cooling process will
be stopped, and vice versa. Due to heating and cooling process are preceded
simultaneously, overheating or overcooling may occur during the SEMD operation.
Thus, heat exchanger is installed to prevent overheating or overcooling. In addition,
traditional control strategy is also applied to traditional system in order to provide life
cycle cost comparison to the SEMD. In traditional system, there is no overheating or

overcooling problem since the design of boiler and chiller are independent. The analysis

is shown in figure 4.2 and described in more detail as follows:
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10.

Initializing system parameters, open and closed loop hot water, and closed loop
cold water load settings

According to time interval chosen, determining system switch on and off status
based on water temperature in both storages.

Calculating heat and cold energy and water temperature for both hot and cold
water storage for the next time interval.

According to hot and cold water temperature, determining activation of auxiliary
boiler in each time intervals.

Calculating heat energy added by auxiliary boiler.

According to hot and cold'water temperature, for the SEMD system, activation of
heat exchanger is determined in each time intervals.

Calculating heat energy’'sunk and cold energy taken-away by heat exchanger to
prevent overheating and overcooling:_:l;;"'*

Calculating for all loads for each/time -:intervals in 24" hours. If the calculation has
not finished, loop to step 2, but,: if the«calculation-has finished, continue to step 9.

Using heat and cold energy whichare calculated-above to calculate life cycle cost

Calculating and representing results.

4.8.3 Case Study 3

In previous case studies, design optimization and traditional control strategy have

been analyzed. To reach an optimal control strategy and life cycle cost, Particle Swarm

Optimization (PSO) method has been integrated to analyze the most decent control

strategy of the system. By setting life cycle cost as objective function, and the SEMD

compressor switch on and off status as control parameter, it is hoped that optimal control

strategy in every specified time intervals can be found and minimum life cycle cost can
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be achieved. In this term, there are many probabilities of control strategies will occur, by

applying PSO, the most decent control strategy can be simulated. Based on this strategy,

minimal life cycle cost can be calculated. The analysis is shown in figure 4.3 and

described in more detail as follows:

1.

Initializing system parameters, open and closed loop hot water, closed loop cold
water load settings, and PSO parameter settings.

Initializing particles with random positions and velocities on dimensions in the
problem space.

Evaluate each particle’s position according to the objective function which is life
cycle cost.

Comparing particle’s fitness evaluation with particle’s personal best. If current
value is better than personal best, then set personal best value equal to the current

=
B

value and the personal*best location éé[nﬂ'al'to the current‘location.

P
Comparing fitness evaluation with part:iele’s overall previous best. If current value
is better than group best, ‘then réeset group. best to.the current particle's array index
and value.
Changing the velocity and position of the particle
Loop to step 3 until a sufficiently good fitness or a maximum number of iterations

is approached.

Calculating optimal solution.
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Figure 4.1 Flow Chart Analysis of Case Study 1
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4.9 Life Cycle Cost

The main objective of this research is to calculate life cycle cost based on
operation cost and installation cost. In general, operation costs include energy cost,
maintenance cost, and human resource cost. The parameter costs mentioned in
operation cost are not related to optimization; hence, by neglecting discount rate,
objective function can be set to life cycle of energy cost and setup cost as shown in
equation (4.9).

E, =Eg +Eg (4.25)

E. shows life cycle cost (NTD); Eg refers to energy.cost (NTD); Es is setup cost (NTD).

4.9.1 Calculation of:Energy Cost

The energy cost calculation during oﬁ_'e}ﬂa,trion of system can be divided into
peak-on and peak-off energy cast. The ene-r(j)_/ costs for both-systems consist of water
pumps, auxiliary boiler, modified heat pump, boiler, and‘chiller which can be
calculated as follows: |

1.  Water pump energy cost at peak-on period
Evpon =Fwp*Mon (4.26)

Ewpon Shows water pump energy cost at peak-on period (NTD); Pwp refers to water

pump power consumption (kW); Mo, is electricity cost at peak-on period (NTD).

2. Water pump energy cost at peak-off period

=P xM (427)

E
WP, off WP off

Eweort Shows water pump energy cost at peak-off period (NTD); Pwp refers to water

pump power consumption (kW); Mo is electricity cost at peak-off period (NTD).
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3. Boiler energy cost at peak-on period

£ =Q I7xM_ (4.28)

BO,on
Egsoon Shows boiler energy cost at peak-on period (NTD); Qgo refers to boiler energy
consumption (kJ); n is efficiency of boiler which is 0.8; My, is electricity cost at

peak-on period (NTD).

4. Boiler energy cost at peak-off period

E =Q, /7XM (4.29)

BO, off f

Egoort Shows boiler energy cost at peak-off period (NTD); Qgo refers to boiler energy
consumption (kJ); n is efficiency ofsboiler which i1s.0.8;. Mo is electricity cost at
peak-off period (NTD).

- N
B

radE
-

5. Modified heat pump energy cost at peakon period

CE (Zm =Q,_ 4/ COP|x Mron (4.30)

Enpon shows modified heat pump:energy cost at peak-on period (NTD); Qup refers to
modified hot and cold energy consumption (kJ); COP is coefficient of performance;

Mon is electricity cost at peak-on period (NTD).

6. Modified heat pump energy at peak-off period

Q,,/COPxM_ (4.31)

E =
HP, off H f

Enporr Shows modified heat pump energy cost at peak-off period (NTD); Qup refers to

modified hot and cold energy consumption (kJ); COP is coefficient of performance;

Mot IS electricity cost at peak-off period (NTD).
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7. Boiler energy cost at peak-on period for traditional system

E /COPxM __ (4.32)

HPB.on ~ QHP,B

Enpson Shows boiler energy cost at peak-on period (NTD); Qupg refers to boiler energy
consumption (kJ); COP is coefficient of performance; M, is electricity cost at peak-on
period (NTD).

8. Boiler energy at peak-off period for traditional system

E /COP xM (4.33)

HPB, off :QHP,B

Eupsort Shows boiler energy cost at peak-off period (NTD); Qupg refers to boiler energy
consumption (kJ); COP is coefficient. of performance; Mg is electricity cost at
peak-off period (NTD). r

9.  Chiller energy cost at peak-0on peried for traditional System

E GpeCOP xM (4.34)

HPC,on T _

¥

Eupcon Shows chiller energy cost at peak:'-on period (NTD); Qupc refers to chiller
energy consumption (kJ); COP “is cc:Jef'ficient of performance; My, is electricity cost at
peak-on period (NTD).

10. Chiller energy at peak-off period for traditional system

E /COPxM (4.35)

HPC,off :QHP,C

Enpcort Shows chiller energy cost at peak-off period (NTD); Qupc refers to chiller
energy consumption (kJ); COP is coefficient of performance; My is electricity cost at
peak-off period (NTD).

Furthermore, by combining energy cost of water pumps, boiler, modified heat
pump, boiler, and chiller which is shown in equation 4.26 to 4.35, energy cost during

system operation for five years can be calculated as follow:

E_ = Life x365x E (4.36)
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Ee shows system energy cost (NTD); Life refers to system’s life for 5 years; E1 is total
energy cost of each component including water pumps, boiler, modified heat pump,

boiler, and chiller (NTD).

4.9.2 Calculation of Installation Cost

Not only energy cost, but installation cost also holds an important part in
calculating life cycle cost. In calculating the installation cost, heat and cold energy,
storage size, boiler’s capacity, water pump and heat exchange will be taken into
account. In this research, the reference of the average setup cost for the SEMD is based
on manufacturers in Taiwan ‘which is:shown-in-table.4.10. The calculation of device

cost can be shown as follow-[11, 30,31]:

E = HPC x 4500+ Mt 10 4805500 n x 1531+ h x 45490 (4.37)

Es shows SEMD setup cost (NTD);'HPC 'r’efers to modified-heat pump capacity which
is set to 20 kW; Mt is water storage size (L); Bo is auxiliary heating system capacity

(kW); n is number of water pumps;'h is-humber:of heat exchangers.

53



Table 4.1 Taipower Company Electricity Cost [29]

Categories Summer Period  Non-summer

(June 1% until Period
Week Period Time September 30")

Monday to  Peak-on 07.30-22:30 3.22 3.13
Friday Peak-off 22:30-07:30 1.52 1.42
Saturday Peak-on 07:30-22:30 2.26 2.16
Peak-off 22:30-07:30 1.52 1.42
Sunday All Day 1.52 1.42

Unit: Electricity Cost (NTD/KWh)
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Table 4.2 SEMD System Parameter Setting

Parameter Specification
Storage Capacity 1000 L
Boiler Switch-on Temperature Below 50°C
Hot Water Storage Temperature Range 50~55°C
Cold Water Storage Temperature Range 5~7C
Outside Air Temperature 26°C
Initial Hot Water Storage Temperature 55°C
Initial Cold Water Storage Temperature 5C
Heat Exchanger Capacity 0.5 hp
Water Pump Capacity 0.5 hp
Specific Heat for Water 7 4.186 kJ/(kg+"C)

Peak-on Electricity Co§;[
Peak-off Electricity Cost
Peak-on Time Period
Peak-off Time Period
Feed Water Temperature
Feed Water Flow Rate
SEMD Switched On-Off Time Interval
Hot Water Load Demand Temperature
Cold Water Load Demand Temperature

SEMD Life

2.74 NTD/KWh
1.52 NTD/kWh
07:30-22:30
22:30-07:30
20C
0.15 L/s
Every 6 minutes
50C
6C

5 Years

55



Table 4.3 Hot Water System Load for Open Loop

Time Interval Load Time Interval Load
00:30-01:30 0.000 12:30-13:30 0.060
01:30-02:30 0.000 13:30-14:30 0.060
02:30-03:30 0.000 14:30-15:30 0.000
03:30-04:30 0.000 15:30-16:30 0.000
04:30-05:30 0.000 16:30-17:30 0.000
05:30-06:30 0.000 17:30-18:30 0.000
06:30-07:30 0.000 18:30-19:30 0.000
07:30-08:30 0.095 a 19:30-20:30 0.000
08:30-09:30 0.097 o 20:30-21:30 0.085
09:30-10:30 0.000 21:30-22:30 0.083
10:30-11:30 0:000 22:30-23:30 0.000
11:30-12:30 0.000 23:30-00:30 0.000
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Table 4.4 Hot Water System Load for Closed Loop

Time Interval Load Time Interval Load
00:30-01:30 0.012 12:30-13:30 0.025
01:30-02:30 0.012 13:30-14:30 0.023
02:30-03:30 0.012 14:30-15:30 0.081
03:30-04:30 0.012 15:30-16:30 0.000
04:30-05:30 0.012 16:30-17:30 0.012
05:30-06:30 0.035 17:30-18:30 0.000
06:30-07:30 0.035 18:30-19:30 0.037
07:30-08:30 0.000 a 19:30-20:30 0.012
08:30-09:30 0.000 o 20:30-21:30 0.000
09:30-10:30 0.000 21:30-22:30 0.000
10:30-11:30 0.000 22:30-23:30 0.083
11:30-12:30 0.012 23:30-00:30 0.035
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Table 4.5 Cold Water System Load

Time Interval Load Time Interval Load
00:30-01:30 0.016 12:30-13:30 0.072
01:30-02:30 0.016 13:30-14:30 0.072
02:30-03:30 0.016 14:30-15:30 0.008
03:30-04:30 0.016 15:30-16:30 0.008
04:30-05:30 0.016 16:30-17:30 0.016
05:30-06:30 0.006 17:30-18:30 0.016
06:30-07:30 0.006 18:30-19:30 0.016
07:30-08:30 0.092 a 19:30-20:30 0.016
08:30-09:30 0.092 o 20:30-21:30 0.092
09:30-10:30 0.008 21:30-22:30 0.082
10:30-11:30 0:002 22:30-23:30 0.018
11:30-12:30 0.002 23:30-00:30 0.019
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Table 4.6 Particle Swarm Optimization (PSO) Parameter Setting

Parameter Specification
Number of Particles 10
Number of Iterations 300

Weighting Factor 09to1.2
Learning Factor 2
\elocity Boundary -4t04

Table 4.7 Setup Cast of SEMD System.[11, 30, 31]

Component Device Cost Rate
Modified Heat Pump 4500 NTD/kW
Water Storage 10 NTD/L

Boiler 500 NTD/kW
Water Pump 1531 NTD/Unit
Heat Exchanger 45490 NTD/Unit
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Chapter 5 Result and Discussion

The main focus of this research is to approach minimum life cycle cost of the
SEMD system. Therefore, optimization in either water storage or system’s capacity is
approached. Meanwhile, in energy management’s point of view, traditional control
strategy has been applied to simulate the energy consumption in a day. Furthermore, to
improve energy management, PSO optimization method is implemented to gain the
most decent control strategy. Nevertheless, to compare the performance of the SEMD
with traditional system, life cycle cost for traditional system will also be calculated.

Moreover, the results are presented as follows:

5.1 Case Study 1

To optimize the design of the systé;n there are many parts which can be
considered. The capacity selection of Wét'e’r_ pump, water-storage, boiler, chiller and
compressor is very important:instead of. optimizing“the ‘product design. Due to
compressor and water storage :hold animportant bart to whole system. Thus, the
analysis in this case study focuses on design of the system which is concentrating on
optimizing water storage and compressor’s heating or cooling capacity. Due to the
design optimization has a strong relation to load; the appropriate selection of capacity
should be made. However, to simplify the calculation, hot and cold water storage
remains the same. By using trial and error method, the comparison of system and water
storage capacity can be shown in figure 5.1 to 5.8.

However, to compare design of the SEMD with traditional system, the design of
traditional system under the same load and water storage have been simulated. Despite
the chiller has standard capacity, in traditional system, the chiller’s cooling capacity

has been set to 7 kW. Meanwhile, the boiler capacity is simulated in this case study
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under the same capacity of water storage as calculated in the SEMD above and the
result is illustrated in figure 5.9.

To sum up, after comparing life cycle cost under simulation of various water
storage and system capacity, it is found that the most decent design of water storage
and system capacity for the SEMD is 1000 L and 10 kW respectively. On the other
hand, the most decent design of boiler capacity under 7 kW and 1000 L of chiller and

water storage capacity respectively is 9 kW.
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5.2 Case Study 2

In previous case study, the design optimization has been simulated. Furthermore,
the analysis in this case study focuses on simulating control strategy to manage energy
consumption. Through traditional control method, this case study is simulating system
operation in a day based on the result mentioned in case study 1. The objective is to
calculate the life cycle cost of the SEMD for five years. In traditional control strategy,
the compressor operation is based on the range of default water temperature. When
water temperature reaches maximum default temperature in hot water storage, the
compressor will be terminated, and vice versa. On the other hand, in cold water storage,
compressor will be terminated when water temperature. once reaches minimum default
temperature, and vice versa.-In this'case, cold water system-is taken as the first priority
of compressor operation, since the load iq_.;c;old water system is smaller than hot water
system. The life cycle cost caleulation cérj ;be illustrated in table 5.1. Moreover the
simulation of compressor on-off status, hot (;nd cold storage temperature are illustrated
in figure 5.10 to 5.12 respectively.

However, to compare life cycle cost.of the SEMD with traditional system, we also
analyze traditional system under the same setting condition. The result is illustrated in
table 5.2. Furthermore, the simulation of compressor on-off status, hot and cold storage
temperature are illustrated in figure 5.13 to 5.15 respectively.

In brief, from economic point of view, life cycle cost of the SEMD and traditional
system for five years are 259237 NTD and 284708 NTD respectively. On the other
hand, total energy consumption of the SEMD and traditional system per day are
80994.97 kJ and 43985.37 kJ respectively. In short, the SEMD can save 8.95% of life
cycle cost. Meanwhile, the SEMD consumes 45.69% more energy than traditional

system since heating and cooling system of the SEMD system is not independent. The
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unbalanced load between hot and cold water load causes the cold energy provided by
the SEMD is not intensively consumed and some of them are wasted. In a word, the
SEMD is more suitable to use under a balanced load. The bigger the cold water load,

the smaller energy wasted.
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Table 5.1 Traditional Control Strategy Analytical Result for the SEMD

Properties Unit Specification
Auxiliary Boiler Energy Consumption kJ/day 9346.50
Water Pump Energy Consumption kJ/day 19271.25
Compressor Energy Consumption kJ/day 47337.22
Heat Exchanger Energy Consumption kJ/day 5040.00
Total Energy Consumption kJ/day 80994.97
Auxiliary Boiler Electricity Cost NTD/day 5.48
Water Pump Electricity Cost NTD/day 42.80
Compressor Electricity Cost o NTD/day 30.60
Heat Exchanger Electricity Cost o NTD/day 3.25
Total Energy Cost NTD/day 82.13
Installation Cost NTD 109355.23
Life Cycle Cost NTD 259237.00
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Table 5.2 Traditional Control Strategy Analytical Result for Traditional System

Properties Unit Specification
Auxiliary Boiler Energy Consumption kJ/day 836.15
Water Pump Energy Consumption kJ/day 18596.25
Compressor Energy Consumption kJ/day 24552.98
Total Energy Consumption kJ/day 43985.37
Auxiliary Boiler Electricity Cost NTD/day 0.61
Water Pump Electricity Cost NTD/day 39.31
Compressor Electricity Cost NTD/day 17.81
Total Energy Cost ; NTD/day 57.73
Installation Cost == | I\TD 179350.75
Life Cycle Cost - NTD 284708.00
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5.3 Case Study 3

However, to save more energy cost and consumption of the SEMD, this case
study concentrates on managing the energy usage by improving the control strategy.
PSO optimization method is integrated into the simulation with 6 minutes on-off time
interval to find the most decent control strategy in order to approach minimum life
cycle cost, in which the result is shown in table 5.3. Furthermore, to improve the
accuracy of PSO, the simulation has been executed 50 times, in which the standard
deviation and mean value can bejshown in table 5.4. Nevertheless, the simulation of
convergence status, compressorion-off-status,hot -and cold storage temperature are
illustrated in figure 5.16 to 5:19 respectively.

From the energy management and ci:;_iéiitﬂr_ql strategy views, it is found that the less
compressor on-off time interval, the bet;te:r_ accuracy can:be obtained. However, to
extend the system’s lifespan,:it'is"imperative that| reliability and maintainability of the
components be considered. Technically, to start andr stop' compressor frequently will
bring in rush current impact and huge energy expenditure. Hence, to avoid frequent
rush current impact to compressor and extends compressor’s lifespan, the optimized
control strategy with 15 minutes on-off time interval has been simulated. The result
can be illustrated in table 5.5. In addition, to improve the accuracy of PSO, the
simulation has been executed 50 times, in which the standard deviation and mean value
can be shown in table 5.6. Nonetheless, the simulation of convergence status,
compressor on-off status, hot and cold storage temperature are illustrated in figure 5.20
to 5.23 respectively.

In a word, life cycle costs calculation of the SEMD by using either traditional or

PSO control strategy are 259237 NTD and 184521 NTD respectively. Moreover, the
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energy consumption of the SEMD simulated by both traditional and PSO control
strategy are 80994.97 kJ and 22854.08 kJ respectively. Meanwhile, by using PSO as
optimization method, the SEMD can save 28.82% of life cycle cost and 71.78% of
energy consumption. However, due to technical consideration, optimized control
strategy for the SEMD with 15 minute on-off time interval has also been proposed. The
result is found that the life cycle cost approach 194859 NTD with 25809.89 kJ of
energy consumption. Nevertheless, from the result mentioned above, optimized control
strategy for the SEMD with 15 minute on-off time interval can save 24.83% and

68.13% of energy consumption in comparison with traditional system.
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Table 5.3 PSO Control Strategy Analytical Result under 6 Minute Time Interval

Properties Unit Specification
Auxiliary Boiler Energy Consumption kJ/day 0.00
Water Pump Energy Consumption kJ/day 16621.88
Compressor Energy Consumption kJ/day 5602.20
Heat Exchanger Energy Consumption kJ/day 630.00
Total Energy Consumption kJ/day 22854.08
Auxiliary Boiler Electricity Cost NTD/day 0.00
Water Pump Electricity Cost NTD/day 31.66
Compressor Electricity Cost NTD/day 3.51
Heat Exchanger Electricity Cost NTD/day 0.35
Total Energy Cost ~ NTD/day 35.51
Installation Cost NTD 119715.25
Life Cycle Cost NTD 184521.00

Table 5.4 PSO Statistical Analysis under 6 Minute Time Interval

Maximum Value Minimum Value

(NTD) (NTD)

Standard Deviation

Mean Value (NTD)

184756.90 184521.00

87.48

184752.00
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Table 5.5 PSO Control Strategy Analytical Result under 15 Minute Time Interval

Properties Unit Specification
Auxiliary Boiler Energy Consumption kJ/day 0.00
Water Pump Energy Consumption kJ/day 17752.50
Compressor Energy Consumption kJ/day 7269.89
Heat Exchanger Energy Consumption kJ/day 787.50
Total Energy Consumption kJ/day 25809.89
Auxiliary Boiler Electricity Cost NTD/day 0.00
Water Pump Electricity Cost NTD/day 37.08
Compressor Electricity Cost NTD/day 3.66
Heat Exchanger Electricity Cost NTD/day 0.43
Total Energy Cost ~ NTD/day 41.18
Installation Cost NTD 120457.83
Life Cycle Cost NTD 194859.00

Table 5.6 PSO Statistical Analysis under 15 Minute Time Interval

Maximum Value Minimum Value

(NTD) (NTD)

Standard Deviation

Mean Value (NTD)

195511.70 194859.00

147.03

194867.60
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Chapter 6 Conclusion

6.1 Conclusion

In this research, we integrate Particle Swarm Optimization method to optimize
control strategy in order to minimize life cycle cost. However, to compare the result,
traditional control strategy is also analyzed in either traditional system or the SEMD
system. This research is divided into three case studies which include design and
control strategy optimization. From the design optimization analysis, it is found that
the decent design of water storage and system capacity of SEMD is 1000 L and 10 kW
respectively. To compare the SEMD with the-traditional system, the chiller and water
storage capacity is set to 7 kW and 2000 L. Afterpreceding the analysis, it is found that
the decent design of boiler capacity is 9 kW. However, by-applying traditional control
strategy, the result indicates that the SEI\;;}Lliﬂ"Could reduce 8.95% of life cycle cost in
comparison with traditional” system. Convérsely, the SEMD consumes 45.69% more
energy than traditional system WhiC:h is_caused by unbalanced load between hot and
cold water load. Moreover, the SEMD-1s more appropriate to use under a balanced
load.

Despite the result mentioned above, we made another improvement in optimizing
control strategy to reduce more energy and cost. By implementing PSO method, we
found the most decent control strategy for the SEMD operation. Hence, the result
indicates that the SEMD could reduce 28.82% of life cycle cost and 71.78% of energy
consumption in correspondence with traditional control strategy respectively. However,
due to technical consideration, optimized control strategy for the SEMD with 15
minute on-off time interval has also been proposed, in which the result indicates that

this control strategy can save 24.83% and 68.13% of energy consumption in

83



comparison with traditional system.

To sum up, from the result shown above, we can conclude that the performance of
the SEMD can be improved not only by optimizing the product design but also its
control strategy. Nevertheless, in terms of Taiwan government policy about energy
saving and carbon reduction, the design of the SEMD has successfully decreased
household’s energy consumption in Taiwan. Furthermore, the SEMD has shown a
remarkable performance in reducing electricity cost and energy consumption in

comparison with traditional system.

6.2 Recommendations

The present article proposedithe ideas of thermodynamic analysis for the SEMD.
Basically, the research already covers me_y;q_r part of the contents in the study of heat
pump, but several goals still ‘need to be"-;fiieved. Firstly, this research focuses on
numerical analysis based on hypothetical .d—ata assumption. An experimental data is
needed to verify the result of.this research."Secandly;the main electricity source that
supports the SEMD operation is provided.by-Taiwan Power Company (Taipower).
However, we can replace the main electricity source with renewable energy in order to
save energy and reduce carbon emission. Many ideas about combining renewable
energy source with household appliances in conjunction with the SEMD are still under
investigation, some of them can be shown in appendix I. Thirdly, in this research, the
time interval of the SEMD operation remains constant. To make it more efficient, we
can optimize operation time of the system operation. Fourthly, life cycle cost which is
considered in this analysis includes installation and energy cost. To increase the

accuracy of cost calculation, we can consider other factors, for instance, maintenance

cost, transportation cost, disassembly cost, etc.
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Heat Exchanger for the SEMD
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