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ABSTRACT

This study attempts to find out the electrical energy reduction from grid line for an
inverter air conditioning unit using the solar energy as well as the energy cool storage.
A packed bed of phase change material (PCM) RT-18 HC, having melting point around
18 °C was considered as the energy cool storage for a 1 TR R-410a air conditioner unit.
The PCM packed bed operation was divided into 2 periods: charging period, the PCM
bed was fully charged by supplying the cool air from evaporator coil in the early
morning with low ambient temperature; discharging period, the air before entering the
evaporator coil was passing through the PCM bed then the cooling load at the
evaporator was reduced and also the required electrical power at the compressor with
the bed thickness of 0.24 m, the electrical power saving from the grid line were 13.84%
and 16.13% in winter and summer, respectively. On the other hand, the polycrystalline
PV modules having a size of 0.99 m x 1.96 m with a maximum electrical power output
of 320 W under standard test condition were integrated to the tested system. The
modules installed with the tilt angle of 18°47 and south facing for Chiang Mai
condition. The PV modules were directly connected to the inverter air conditioner. The
electrical grid was supplied to the air conditioner unit when the solar radiation was

insufficient.

The optimum number of PV module could be determined at the lowest present worth of
the total investment cost, the electricity cost from the grid line, the maintenance cost and

the salvage value with 6.25% annual discount rate for 25 years of service. The unit cost



of grid electricity was 5.78 baht/kWh. It could be found that the optimum number of PV
modules at the lowest total expenses for the air conditioner unit with assisted PCM bed

was 3 modules with the payback period 8.92 years.
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CHAPTER 1

Introduction

This chapter gave the energy demand of the air conditioner in building air conditioner
application as well as the literature review of solar power energy in reducing of
electrical grid and energy cool storage of phase change material for improving the

energy efficiency of air conditioner.
1.1 Background and Problem Statement

Air conditioning system in building is considered as the large proportion of energy
consumption. Percentage of electrical energy consumed for air conditioning in
household or office building uses was 50%-70% [1,2]. Not only energy cost but also
high CO2 emission due to power generation is obtained. To alternate the problem, PV
module is an effective way to reduce electrical energy from the grid line in view of the
consumption of PV module raises as the growing demand for sustainable energy. Thus,
CO2 could also be reduced. Another approval is to use phase change material (PCM) as
cool storage to integrate with the air conditioner. With a good management, the PCM
could store coolness with a large amount of heat storage capacity during the off-peak
cooling load and generate cooling air using its latent heat to reduce air temperature
before entering the evaporator coil during the on-peak cooling load as shown in Figure
1.1.Then the power consumption for a whole day could be reduced. In this study, a use
of PV module to generate electrical power to an air conditioner with a thermal
management by taking PCM to hold coolness in the off-peak and generate cool air in
the on-peak will be considered. Investigation on the sizing of the PV module and the
PCM amount to reduce on-grid power consumption in the air conditioner will be carried

out.



Cool air supply
from evaporator

Cool air at higher
temperature

PCM solidification.

Cool air at lower
temperature

Cool air from
room

PCM melting.

Figure 1.1 State of PCM in solidification and melting [3].
1.2 Literature Review

In this paper, the literature review is divided into two parts. The first one is solar air-
conditioning system and the other one is phase change material (PCM) energy storage

for cooling.
1.2.1 Solar air conditioning system

The study of the development or evaluation of the technology of the enhanced grid-
connected photovoltaic solar air conditioning were conducted by many authors as

follows.

F. J. Aguilara et al [4] analyzed the possibility of using photovoltaic panels to produce
electricity that was used to power the compressor of an inverter air conditioning/heat
pump unit; without batteries storage or any inverter regulators. The aim of the project
was to study an "inverter" heat pump with a nominal cooling capacity of 3.52 kW and a
nominal heating capacity of 3.81 kW. The "inverter module" got the electricity from the
grid and three 235 Wp photovoltaic panels simultaneously. The experimental results
showed that during summer and winter, the solar contributions of PV panels were about

65% and 50% of total energy requirements, respectively.

D. Parker and J. Dunlop [5] used photovoltaic (PV) module for residential air

conditioning. The grid power for the cooling load could be decreased by over 75%.

K. S. Al Qdah [6] focused on design and construction of solar-powered air conditioning
system operating under AlMadinah AlMunawwarah climatic condition in Saudi Arabia

as shown in Figure 1.2. The outside temperature was almost higher than 42 °C in



summer. The results showed that several characteristics that must be given such as the
PV module and the air conditioner performances to evaluate the electrical power for
running the air conditioner. A suitable number of the solar panels each of 310W output

was 6 modules, based on 1-ton refrigeration cooling load.

l?:
\lll

I
b

|

i

Outside Unit

I
I
Charge Controller =

i} Invertor

&

Figure 1.2 Solar air conditioning system [6].

S. Loem and T. Deethayat [7] simulated electrical energy generated by a set of solar cell
modules with and without 5 mm thickness RT-42 phase change material (PCM) cooling
at the back of the module to match with a 2 tons air conditioning load. The optimum
module numbers under Chiang Mai climate were evaluated as given in Table 1.1.

Table 1.1 Optimum module numbers of the solar modules.

PV PV-PCM
Optimum number of solar cell module 6 4
Annual electrical energy demand from the grid line(kWh) 1014.92 1267.51
The payback period (year) 7.7 8.7

From Table 1.1, even the payback period of the PV-PCM was longer due to a high price
of the PCM but if the price was 30.56% reduction the unit could be competitive. It
could be noted that the number of the solar cell module could be reduced compared with

the normal PV module.
1.2.2 Phase change material (PCM) cool energy storage

In the office building, the main electrical energy consumption devoted to air
conditioning system. Thus, it is crucial to find a method that could be used to reduce the
electricity consumption of the machine or to intensify its performance. Some

3



researchers have achieved with the phase change material (PCM) as a cold storage to

reduce a load usage as presented in literature review below.

D. Zhao and G. Tan [8] studied a shell-and-tube based phase change material (PCM)
thermal storage system with conventional air conditioner to increase cooling coefficient
of performance (COP). The proposed PCM thermal storage unit used two kinds of heat
transfer fluids. Water was used for charging loop while air was used for discharging
loop. A schematic diagram of the air conditioner integrated with the PCM thermal

storage was shown in Figure 1.3.

PCM heat storage Water-cooled

Air duct
/ condenser
- : Room
< Iy | | o
)/ Y L e /
Valve ~ T g@ == = | = -
, Piping system Pump ~ = Q ’7 = —~ L [
A é <\ —_—
= o < = . =
Expansion valve /

Figure 1.3 Schematic diagram of the air conditioner integrated with PCM thermal

storage [8].

Numerical model for the PCM thermal storage system was evaluated with the effects of
fluids inlet temperatures, mass flow rate and conductive fin height. The model was
designed according to the cooling load profile and achieved the best performance of the
PCM thermal storage system. The results showed that the proposed PCM thermal
storage system could replace a conventional cooling tower for water-cooling at the air

conditioner condenser and the new design gave about 25.6% increase in the COP.

A. H. Mosaffa and L. Garousi Farshi [9] presented an air conditioning system combined
with a set of PCM slabs as a latent heat thermal storage unit (LHTS). This study
analyzed three cases with different PCM slab sizes and different PCM types.
Description of all PCM was presented in Table 1.2.



Table 1.2 Description of PCM slabs [9].

Caseno. Length,| Thickness,d PCM

case 1 1.8m 15 mm RT27
case 2 1.7m 10 mm S27
case 3 1.4m 15 mm SP25

The analysis was conducted from exergoeconomic and environmental points of view.
Figure 1.4 showed the schematic sketch of the proposed air conditioning system
incorporating with a LHTS unit. During the off-peak hours (nighttime), the heat was
released from the PCM by employing a conventional vapor compression refrigeration
system when the electricity service was inexpensive. Then the solidified PCM was used
for air cooling during the hot hours of day. The analysis resulted that: (1) RT27 gave the
highest value of exergy efficiency, (2) S27 showed the lowest value of total cost rate

and (3) SP25 presented the highest value of the coefficient of performance.

Fan 11 PCM slab
Condenser 9 s =
[ e @ 16220 Outdoor /T N\
EL._________ i» 1 T
10
7 8 W
COMPIESSOr immmmmmnt e ‘: "I:hrottling
" T Valve Air passage
6 5
Fan I  Evaporator o
— —
NS, - _—
Outdoor =>f|_§_|f NN [ ’A.
/ / Local
1 2 3 (during day)
Cold air Hot air |'=
during night during day 4;'

Qutdoor
(during night)

Figure 1.4 Schematic sketch of the air cooling system incorporating with LHTS [9].

M. Yamaha and S. Misaki [10] proposed an air distribution system with PCMs in air
ducts for peak air-conditioning load shaving. The concept was shown in Figure 1.5. The
PCM storage was charged from 5:00 am to 8:00 am (the charging mode) by the air
flowing in the closed loop of the PCM storage tank and the air conditioner was used to
solidify the storage medium. When the charging operation finished, the ordinary air
conditioning operation started, in which the air was bypassed the PCM storage tank and

fed into the occupied room. The discharging operation was occurred from 13:00 pm to



16:00 pm. At this mode, the outdoor air temperature was slightly higher than that of the
PCM melting point thus it could be used to flow through the PCM tank and to the room.

PCM storage tank
=

Air conditioner

Outdoor
= i
Air

(2) Ordinary air conditioning
(9:00 - 13:00 and 16:00 - 18:00) (3) Discharge operation ( 13:00 - 16:00)

Figure 1.5 Diagrams of HVAC system for simulations [10].

The simulation study based on a part of one floor of an office building in Japan showed
that the use of 400 kg MT-19 PCM for a room with an area of 73.8 m? could maintain a

constant indoor temperature without using any cold source in a hot summer day.

C. Arkar et al [11-13] studied cylindrical thermal energy storage unit filled with
spherically encapsulated PCM (RT-20) shown in Figure 1.6.

e

Figure 1.6 Cylindrical storage filled with spherically encapsulated PCM [11-13].

The storage was installed in a building room for studying free cooling as shown in
Figure 1.7. Mechanical ventilation system was integrated with latent heat thermal
energy storage (LHTES). During the nighttime, the ambient temperature was lower than
the temperature inside the room then the ambient air was ventilated and flowing through
the LHTES to accumulate the coolness. A high room temperature occurred around noon

then the outside air was used to pass the LHTES inside the room for reducing the air



temperature. The study concluded that about 6.4 kg of PCM per m? of floor area with
air flow rate of 1.0-1.5 m.h' per kg of PCM was optimum to ensure maximum cooling

degree hours.
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Figure 1.7 PCM storage for free cooling of buildings:(a) daytime operation and (b)
nighttime operation [12].

N. Chaiyat and T. Kiatsiriroat [14] used RT-20 PCM packed bed contained in a set of
celluloid balls. The melting point of the PCM was about 20 °C. The PCM bed was taken
as a cool storage for a 2 TR air conditioner. The packed PCM bed thickness was 40cm.
The solidified RT-20 PCM could maintain the return air temperature before entering the
evaporator of the air conditioner to be about 20 °C for 3 hours thus the electrical energy
consumption to run the air conditioner could be less than that of the normal system. The
result showed that the electrical power of the modified system could be saved around

9%. The schematic sketches of the experimental study were shown in Figure 1.8.

a

ROOM

v 3 ' ! S
nbient air ST “ondenser
e -
PCM BED 16—20°C -PCM BED

Ambient air

>25C

Supply air

ROOM

Figure 1.8 Schematic of the testing room. (a)The modified system, (b) Charging
operation and(c) Discharging operation [14].


http://www.sciencedirect.com/science/article/pii/S0196890415000813#%21

In the present study, similar to M. Yamaha and S. Misaki [10] and N. Chaiyat and T.
Kiatsiriroat [14], a well-insulated packed bed containing PCM balls each is 40mm in
diameter and encapsulated the paraffin wax having melting point around 18°C will be
integrated with an air conditioner evaporator coil inside a testing room. Numerical
method will be used to evaluate the thickness of the packed bed at a given of charging
and discharging periods. The experimental work is performed in a testing room with
cooling load around 1 ton of refrigeration (TR). In this operation, the on-grid solar
power system is known as the solar PV module which is connected to electrical grid to

power the load of air conditioning without batteries.

This research proposal is going to compare the energy consumption between the

conventional unit and PV-air conditioner with assisted PCM packed bed cool storage.



1.3 Objectives of the Research

1.3.1 To study the phenomena of charging and discharging behaviors of the PCM
packed bed.

1.3.2 To find the appropriate PCM packed bed thickness in the reduction of electrical

power of the air conditioner.

1.3.3 To find out the size of the PV module for running the air conditioner with assisted

PCM bed and examine the grid line electrical energy saving.
1.4 Scope of the Research

1.4.1 The experiment is done at the Thermal System Research Unit Laboratory under
the climate of Chiang Mai with latitude 18°47’ North.

1.4.2 The inverter air conditioner having a cooling load around 1 ton of refrigeration
(TR).

1.4.3 Electrical heater having capacity around 1.5kW and humidity controller is used in

this experimental work.
1.4.4 Polycrystalline solar cells having maximum power output 320Wp/module.

1.4.5 Phase change material PCM RT-18 HC having melting point around 18 °C is
applied with the air conditioner.

1.5 Benefits of the Research

1.5.1 The PV module and the phase change material (PCM) could reduce a large

amount of electrical power from grid line.

1.5.2 The renewable energy is not only reduced electrical power from the grid line, but
it also helps to reduce the CO2 as well



CHAPTER 2

Theory

This chapter provided the equation of the seasonal energy efficiency ratio (SEER) and
the output power of solar photovoltaic of the air conditioner. The numerical enthalpy
method was also developed to predict the bed temperature and the outlet air temperature
of the PCM packed bed.

2.1 Energy Consumption of an Inverter Air Conditioner Unit

The seasonal energy efficiency ratio (SEER) of the air conditioner is the ratio of the
cooling capacity Q4. (kWh) to the power input of the unit P, (kWh) (more efficient -
the higher SEER). SEER is also used for the estimation of energy efficiency of air
conditioners due to an inverter compressor of the air conditioner runs at variable speeds
based on the ambient temperature. The outdoor temperature affected to the seasonal

energy efficiency ratio as shown in Figure 2.1.

ASEER A PAC

Inverter Range Inverter Range

N ~

| | 1
Min Speed q—l I—p Max Speed Min Speed 4_| ‘mp Max Speed

-
Ll Lt

T gmb Tamp

Figure 2.1 Thermal performance of inverter air conditioner.
The energy efficiency ratio could be calculated by

SEER = 4¢ (2.1)

AC
To know the total heat removed by the evaporator, wet bulb temperature T,,;, (°C) and

dry bulb temperature T, (°C) before and leaving evaporator of an air conditioning unit
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will be used to find the enthalpy (Ah), (kJ) at a specific time and the energy loss
through condensing water. The air mass flow rate m, (kg/s) flowing through the
evaporator coil is considered. Therefore, the energy balance of evaporator could be

shown as follows,

A Qac
i, S i,
Evaporator
Tdb Tdb
wa wa
WateD—- mn,

w

Figure 2.2 Energy balance of evaporator.

The heat generated can be formed as below,

QAC = mgy(Ah)q — My, hy, (2.2)
Qac = 1ha(hy = hy)q — 1itg (w1 — wp)hy, 23)

Thus, the three equation of SEER equations could be formed as follows,
Minimum speed of inverter compressor

SEER = a;(Tgmp) + by (2.4)
Inverter operation range

SEER = ay(Toymp) + by (2.5)
Maximum speed of inverter compressor

SEER = a3(Tamb) + b3 (26)

Where a4, a,, as, by, b,,and b; are the coefficients of the equations, T,,,, is the
ambient temperature (°C), m,, is the mass flow rate of condensing water ( kg/s), h,, is

the enthalpy of water (kJ), and w4, w, are the humidity ratios (kg/kg).

After getting those correlations, the calculation of P,. was depended on the room

cooling load and the ambient temperature under Chiang Mai climate.
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2.2 Energy Consumption of an Inverter Air conditioner Unit with Assisted PCM
Packed Bed Cool Storage

The seasonal energy efficiency ratio (SEER) of the air conditioner with phase change

material was also investigated for both charging and discharging periods.
2.2.1 Electrical power during charging period

The electrical power during charging period could determine following SEER equations
above and based on the coolness absorption capacity of PCM packed bed in the
solidification process, ambient temperature, and operating period in charging period.

The PCM having a melting point around 18 °C was considered.
2.2.2 Electrical power during discharging period

After the charging period finished, the discharging period of PCM packed bed was
immediately started, and the stored coolness was released by flowing the room air
temperature through the packed bed then the heat removed by sensible heat of the
evaporator coil was reduced. Therefore, the electrical power consumption and energy
saving from PCM could be carried out. A set of thermostat temperature of 25 °C, SEER

equations, and the ambient temperature were considered.
2.3 Mathematical Model of PCM Packed Bed Cool Storage

Figure 2.3 shows the unit with packed bed length (L) and cross-sectional area (A)
contains spherical balls each having diameter (D;,) which generates a void fraction (¢).
There is an air temperature at a given inlet air temperature and a mass flow rate entering

the packed bed storage and exchanges heat with the PCM.

Xn-1 AN Xys1

I'x : i Plastic ball Capsule

A *. A [ o ( T,
- @,O : Tt :mq.(pq.r., 1M, € .r‘,: * ox dx

X XX DL % Outlet Air : : A PCM

A A /L'Lf'xl\ /I_ﬁ AA {\IJ—L N A/-\f N i i

KX { .( ) . !

fvv Ny \/v\/V’\r“— N yi— : !

— ZI'\__/ AN '\ /\ / ‘\ ANt \ )
i dx i

—— \ ; ;
Ax  Ax Control volume boundary D T———

Figure 2.3 PCM packed bed storage.

When the bed is separated into N sections each having a cross-sectional area A,

thickness of Ax and the bed temperature T, is assumed to be uniform for the all section,

12



for air side, the energy balance at a control volume Adx when the bed is well insulated
could be given in a form as

aT,
M CpaTa = hy(Adx) (T, — Ty) + My Cphq (T = dx) (2.7)

For convection heat transfer coefficient ( h,, ) in the ball bed. The experimental result of

Lof and Hawley [15] was used as follows.

0.7

h, = 650 (lfb) (28)

Where G is mass flow rate per area of bed ( kg/s.m?), D, is diameter of spherical ball
(m).

From equation (2.7),

aT, h,A
—_—= —T 2.9
= () T o) 29)
Boundary conditionati = 1 : x=x1-> Tg =Ty,
Boundary conditionati = 2 : X=Xy Tg=T,,
Boundary conditionati = N — 1 : X =2xy_1 = Tg=Tyn-1
Boundary conditionati = N : x=xy— T, =Tyn
i+1 oT. Ax h.A
f L :_f ( 2 >6x (2.10)
i (Ta - Tb) 0 mana
TIRA AT h,A
lan'E—(, 4 )Ax (2.12)
Tai - Tb,i mana
Taiv1 — Thy ( )
————— = exp (2.12)
Ta,i 3 Tb,i Cpa
h,A
Toivr = Toi + (T — Tbl)exp( Ax) (2.13)
mqCpq

Where i and i+1 are the entering and the exit of the it" section, respectively of the bed
having a thickness Ax (m). T, ; and T, ;.4 are the inlet and outlet air temperatures at any
section of the packed bed (°C), respectively. m, is the air mass flow rate flowing

through the packed bed (kg/s) and Cp, is the air specific heat capacity (kJ/kg K).
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Consider the PCM packed bed, the energy balance of the PCM packed bed with heat
transfer rate from air to PCM packed bed of thickness Ax could be formed in term of

enthalpy (hy;) as

. dh
MaCpa(Tai = Taiv1) = M i (2.19)
: t t _ h;;f;“ — hlt),i (2.15)
1MaCPa(Ta; — Tais1) = PpADX(1 — 8)(T) :

> t t
pLHAE_pt mana(Ta,i = Ta,i+1) At (2.16)

bi BT ADx(1—¢)

1 Coa(TL; — T 41)

ht-i-'At a ht ) a“Fa\'a, a,i+ At 217
° bt T A (1 — o) (2.17)

Where h} ; and hit2" are the specific enthalpies of the PCM (kJ/kg) at time ¢ (s) and
time t + At (s), respectively. p, is the PCM density (kg/m?).

The temperature of PCM varied with the phase change as shown in Figure 2.4. Thus,
the PCM packed bed temperature of each period could be calculated by enthalpy as

follows.

1 h(ki/kg)

Liquid

Melting .

href

[

Tref T'm T (DC)

Figure 2.4 Enthalpy with a various temperature of PCM in each phase change.
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e Solid phase
href = hZ+At < Cps(Tm - Tref)
Trer < TEFM < Ty

The variant temperature of PCM at solid phase

ht-l-At hz,i — Cps (Tt-!-At _ Tlg,i)
ht+At h'll;,i
Cps

Tt+At T mana( t' l+1)
bi * ) ARx(1 = £)Cps

Tt; = Trer and hj, ; = h,er = 0 at the initial condition.

t+At
T, sz

e Melting Zone

Cps (Tm - Tref) < hH'At < Cps (Tm N Tref) +1

The temperature at melting point T4t =T,
e Liquid phase

hit® > Cp, (T — Tref) +1
Tt i>4rL,

The variant temperature of PCM at liquid phase

ht+At hlt),i = Cpl (Tt-!-At | ' Tlfli)

t+At t
Tt+At — Tbl + h hb'i
Cpy
Thacpa( t' l+1)
Tt+At Tbl +

PbAAx(l —&)Cpy

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

Where T, is the PCM initial temperature (°C), T, is the melting temperatures during

the phase change (°C). Cp, and Cp;, are the specific heat capacities of PCM in solid and

liquid phases (kJ/kg K), respectively. [ is the PCM latent heat (kJ/kg).

With the properties of the air entering the packed bed, the PCM properties, the initial

packed bed temperature, the bed thickness and the temperature of air leaving the packed

bed, T ;,, then the PCM packed bed temperature after the time lapse At, TETA, could

be evaluated from the above equations and the flow chart for the simulation is given in

Figure 2.5 below.
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={ Input parameters and the initial boundary conditions ]

[ Input the values of time and spaces ]
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Charging

Discharging
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h,A
Tais1=Thi+ (Tqi —Th;)exp T inaCp Ax
a a
!

RUHAL — Bt L 1, CPa(Tai — Tais1) At
bi bt ppALx(1 —e)

Y

Solid phase

Liquid phase

[ Melting/Freezing zone ]

v
o Cpa(Th; — Thyrs) aCpa(Ta; = Tair1)
t+At _ ot a a\* a,i a,i+1 TH_A( =T TH_.M — Tr . AE
[T"-" =Thit pprADx(1 - £)Cp, At Mo mpe bit pprAAx(1 — £)Cp,

Printout T ;. 4, Tp; in
each Ax and t + At

Figure 2.5 Flowchart of the simulation program for evaluating the PCM bed
temperature and the air leaving PCM bed temperature during charging and discharging

periods.
2.4 Electrical Power Equation of PV Module

The output power of solar PV could be provided by Osterwald’s method [16] which
could be formed as

It
Ppy = Pmax,STC[l - V(TC - 25)] I_ (2.27)
STC

Where Ppy, is the calculated output power (W), PpqxsTc 1S the maximal rated power at

STC (Standard Test Conditions) which is given by manufacturer (W), I is a solar
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radiation intensity on the module plane (W/m?), Ispc is the references solar radiation
intensity at 1000 (W/m?), y is a temperature coefficient of power (°C?) and T is the

solar module temperature (°C).

For calculating the solar module temperature T, the following linear model [17] was

commonly used

Iy

Te = Tymp + (NOCT — 20°) (2.28)

NOCT
Where T, is the solar module temperature(°C), T,mnp 1S the ambient temperature(°C),

NOCT is the normal operating cell temperature given by the manufacturer (°C), I is

the solar radiation (W/m?) and Iy,cr is the solar radiation intensity at 800 (W/m?).

The instantaneous ambient temperature Ty,,,;, can be calculated and simulated from the

maximum and the minimum temperatures on each day as

1 (27
Tamp(t) = E (Tmax + Tmin) + (Tmax — Tmin) Sin <ﬁ (t— 9))] (2.29)

Where, T,,q, and T,,;, are the maximum and the minimum ambient temperatures (°C)

for Chiang Mai as given in Table 2.1.

Table 2.1 The maximum and the minimum ambient temperatures of Chiang Mai,
Thailand [18].

Month B A Thin
January 29.8 14.9
February 32.7 16.2

March 35.2 19.5
April 36.5 22.9
May 34.2 23.8
June 32.7 24
July 31.8 23.9

August 31.5 23.7

September 31.7 23.2
October 314 22.2

November 30.1 19.2
December 28.6 15.7
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The solar energy incidence on a tilted surface could be divided into three components,
beam radiation, diffuse radiation and reflected radiation from the ground. So, the solar
radiation on a tilted surface (I;) at any time could be calculated from the following
equation as

1+ cos 1 — cos

Where I, is the beam radiation on a horizontal surface (W/m?), 1,is the diffuse radiation
on a horizontal surface (W/m?), 8 is the tilt angle, pg is the ground reflectance and is
taken to be 0.7 for all the months and R,, is the ratio of beam radiation on a tilted surface

to that on a horizontal surface.
2.5 Economic Analysis

The present expenses of the system came from initial investment, yearly operation, and

maintenance cost minus the salvage value of the system at the present worth.

C = Ciny + Cogm — Csp (2.31)
Where C is the present worth total cost (baht), C;,, is the present worth initial
investment cost (baht), C,e., is the present worth operation and maintenance cost (baht),

and C,, is the present worth salvage value (baht).

The annual expense of the system comes from the conversion of present value to the
annual expense.
i(1+o"

Cannuar = € X [(1 +—i)n Y (2.32)

Where Cunnua 1S the total annual expense (baht/year), i is the discount rate (%), and n

is the service life of the system.
The unit cost of a product could be calculated as the following

annual expenses

product = pmnual product amount (2:33)

2)
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CHAPTER 3

Experimental Set-Up

This chapter, the experimental construction, measurement points and equipment testing

were descripted in this section.
3.1 Experimental Construction

The experimental unit was constructed to conduct the tests as shown in Figure 3.1
compared to the conventional air conditioner unit in Figure 3.2. The room dimension
was 3.9m x 3.4m x 2.9m. Four modules of solar PV were concurrently connected with
the conventional electrical grid to power the air conditioner inside a testing room with a
capacity of 1-ton TR without batteries storage. When the PV module cannot generate
the electricity, then the electrical grid could provide the power directly to the load
demand. The PV module unit will work efficiently following the condition of 18°47
south-facing level as the inclination angle for the panels (Tilt angle) under the latitude
of Chiang Mai, Thailand. For the PCM energy cool storage was integrated with the air
conditioner to reduce the air temperature before entering evaporator coil. The PCM
packed bed cool storage contained spherical balls having a diameter of 40mm and
melting point was around 18°C. The utilization of the PCM cool storage was divided
into 2 periods. The first period was known as charging period which acted during the
off-peak cooling load in the early morning as closed loop cycle. The cool air from the
evaporator coil employed to cool the PCM packed bed. After the charging period was
finished, the discharging period was continuously started by flowing the room air
temperature through the PCM packed bed storage in a purpose of reducing the air
temperature before entering the evaporator coil, then the electrical consumption of the
air conditioner was rather low. Consequently, the electrical power from PV modules

and the PCM energy cool storage played a significant role in energy saving.
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ﬁ Room

Evaporator J
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>--=>

PCM packed bed

I DC Power
AC Power :
?) Condenser

Figure 3.1 Schematic sketch of the modified air conditioner unit in the present study.

Return air 7\ Room

Evaporator

Supply air

AC Power
% Condenser

Figure 3.2 Schematic sketch of the conventional air conditioner unit.
3.2 Conventional Inverter Air Conditioner Unit

For coefficients, a,, a, az by, by, and b; of SEER equation could be determined from

experimental work under the Chiang Mai climate. The electrical power supplied to the
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air conditioner (P,c), room air temperature (7;.), dry bulb temperature (T,;), wet bulb

temperature (T,,,), ambient temperature(T,,p), and air mass flow rate (ni,) were
measured as shown in Figure 3.3.

Return air f\ Room

oTwb Tap
D Evaporator (
[——

olwb o Tap

oMy,
Supply air

oT,

AC Power - .
% Condenser

Figure 3.3 Measurement points of a conventional air conditioner.

The electrical heater having capacity around 1.5kW and the humidity controller were
mainly used in this testing unit as indicates in Figure 3.4 and Figure 3.5. The heating
load was coming from electrical heater and used for heating the room temperature. The

humidity in the room was set to be 60 % following the comfort zone requirement.

Figure 3.4 Humidity controller.
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Figure 3.5 Electrical heater.

3.3 PCM Packed Bed Cool Storage

The dimension of the PCM packed bed was 0.6 m x 0.5 m x 0.24 m. The PCM packed
bed was located under the evaporator coil as shown in Figure 3.6. The phenomena of
PCM packed bed in charging and discharging periods were determined. The thickness
0f 0.08 m, 0.16 m, 0.24 m and air mass flow rate were considered in the tested work.

i Damper
25cm "

1
S
-
=
=
S
)
=
=

25cm

25e¢m
N

25cm
-

PCM packed bed

Figure 3.6 Integration of the PCM packed bed and the evaporator coil.

3.3.1 Charging period

The leaving air temperature around 5°C from the evaporator coil circulated through the
packed bed as a closed loop cycle to solidify the PCM packed bed during off-peak
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period at the early morning during the charging period, all PCM balls in packed bed was
initially in a liquid state then the charging cycle was started until it reached to the inlet
air temperature. The charging period and the measurement points of the unit indicate in
Figure 3.7.

0) \

D Evaporator J
ﬁ
QO QOO ————»
ONONONONONG)

Charging period Leaving air [* X[ 'g‘ B (s
temperature qf o GaDlo- (2D o1 (2le; (2D o (@Dler Outlet Air
evaporator coil —_—
pdPOLATOT S . \%

PCM packed bed T T v I '{ T I I I4>
— e
KOOI I, I < _\n
}"‘0.0.0.'.
r.0.0.0.¢.¢: ‘ ‘
A
&S é
5°C K type thermocouples - Data logger

Figure 3.7 Charging period of the PCM packed bed and measurement temperature
points of the air and PCM packed bed.

3.3.2 Discharging period

The room air temperature at around 25 °C in a testing room was flowed through the
packed bed then the PCM packed bed begun to melt and released the cool air to the
evaporator as discharging period. This period was ended up when the leaving air
temperature of the packed bed reached to the room air temperature. The discharging
period of the PCM packed bed and the measurement points of the unit illustrate in
Figure 3.8
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Figure 3.8 Discharging period of the PCM packed bed and measurement temperature
points of the air and PCM packed bed.

From those of the experimental testing and its phenomena, the appropriate thickness
could be determined. The total time of discharging period could be carried out when the

outlet air temperature of the PCM packed bed was around 25 °C.
3.4 Solar PV Connected Grid Line

This unit was all direct current (DC) designed. The total direct current (DC) power from
solar PV modules can be generated directly into the air conditioning unit without any
converter for an alternating current (AC) power input. This can be reduced the energy
loss in power convertor by more than 30% [19]. The unit was automatically switched to
electrical grid when solar energy was not enough to operate in air conditioning unit.
Four modules of the solar PV and 1-ton of refrigeration (TR) were considered in this
experimental work. The electrical power output of PV modules for air conditioner under
Chiang Mai condition could be carried out. The description of the unit and its

components are given in Figure 3.9.
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Figure 3.9 On-grid solar PV powered the air conditioner.

The output power of PV module (Ppy), the solar radiation incidence on the module
(I7), the module temperature(T.) and the ambient temperature (Ty,,,) Were measured

under the latitude at Chiang Mai as given in Figure 3.10.

Return air 7\ Room

[

Supply air

Pyranometer model MS-602
. | EEEEEEEm

. SR . EEEEEEEE

e - === 1c/

,/’/Chauvin Arnox  Wattmeter C.A 8226\\ DC Power

o g e I_P
R e | sl ,
. AC Power 4
_ = %-ﬁ % Condenser

Figure 3.10 Schematic diagram of measurement points.
3.5 Experimental Components

The main components of the unit were PV modules, 1-TR of the inverter air-

conditioner, and phase change material PCM RT-18 HC.
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3.5.1 Air conditioner

The most common type of the air conditioner is technically referred to the vapor-
compression refrigeration system as shown in Figure 3.11. The experiment conducted
with the inverter air conditioner and the operating speed of compressor depended upon
the ambient temperature. As the compressor ran on varies speed thus the power
utilization was rather low compared to the fixed speed compressor of the air

conditioner.

Expansion Valve

I . —
\J 9 —
— —»
(o S T—
>
0

T
Evaporator Condenser

Compressor

Figure 3.11 Basic of air conditioning cycle.

R-410A air conditioner having a capacity around 1-TR (12,000 BTU/h) with air-cooled
condenser was used in this experiment. The unit was separated into two sections for the
evaporator (indoor unit) and condenser (outdoor unit). The description of air conditioner
is given in Table 3.1.

Table 3.1 Descriptions of the inverter air conditioner R-410a.

Components Details
Model PKSM12
Rated Voltage 220V-240V

Rated Frequency 50Hz
Cooling Capacity 3500W
Heating Capacity 3800W
Cooling Power Input  880W
Heating Power Input  950W
Cooling Rated Input  1260W
Heating Rated Input  1600W
Weight 43Kkg
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3.5.2 PV module

Solar (or photovoltaic) cells convert the sun’s energy into electricity. A solar cell is a
sandwich of n-type silicon and p-type silicon. It generates electricity by using sunlight
to make electrons hop across the junction between the different flavors of silicon as
shown in Figure 3.12. When sunlight shines on the cell, photons (light particles)
bombard the upper surface. The photons carry the energy down through the cell in
which the giving up the energy to electrons in the lower, p-type layer. The electrons use
this energy to jump across the barrier into the upper, n-type layer and escape out into the

circuit.

sunlight

e
electric current

n-type semiconductor
p-type semiconductor

to regulator

Cross section of a solar cell

Figure 3.12 Schematic diagram of solar cell [20].

The PV modules polycrystalline were used in this experimental work as shown in
Figure 3.13 with the detail of the specification in Table 3.2.

Figure 3.13 Series of a PV modules for the unit.
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Table 3.2 Specification of PV module.

TSM-320PD14

Maximum Power (Prax) 320W
Maximum Power Voltage (Vinp) 37.1V
Maximum Power Current (Inp) 8.63A
Open Circuit Voltage Voe) 45.8V
Short Circuit Current 9.10A
Maximum Series Fuse 15A
Power Selection 0-5W
Module Application Class A
Maximum System Voltage IEC 1000V
_ll\_leonilp'grg:ll?rrgal Operating Cell 44°C (+2°C)
Temperature Coefficient of B, - 0.41%/°C
Electrical Rating at SCT AM=1.5 IRRADIANCE=1000W/m? Temp=25
°C

3.5.3PCM RT-18 HC

The PCM was considered as thermal energy storage (TES). It stored and released
thermal energy during melting and solidification processes. Phase change materials
released large amounts of energy during its phase change in form of latent heat. This
enabled for heat or cold energy storages that was stored from one process or period and
kept for the later use.

ABSORB ©° STORE RELEASE

Figure 3.14 Store and release of phase change material cycle [3].
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PCM RT-18HC having the melting point around 18 °C was selected to be the cool
storage. The concept of using its latent to reduce the air before entering the evaporator
coil could be carried out. The PCM balls in this experiment were made of plastic ball
diameter of 40 mm. The properties of PCM RT-18HC detail in Table 3.3

Table 3.3 Descriptions of the RT-18HC.

RT18HC Properties
Melting point 18 °C

Heat storage capacity + 7,5% 260 kJ/kg

Specific heat capacity 2 kI (kg K)
Density solid at 15 °C 0.88 kg/l
Density liquid at 25 °C 0.77 kgl
Heat conductivity (both phases) 0.2 W/ (m K)
Volume expansion 12.5%

Max. operation temperature 50°C

3.6 Measuring Instrument

The measurement of the experimental data in the unit performance was measured by
some instruments tool such as pyranometer model MS-602, k type thermocouples,
wattmeter C.A 8220, Chauvin Arnox PAC 93, data-logger model Huato S220-T8 and

hotwire anemometer am-4234sd as shown in Figure 3.15 and Table 3.4.
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Figure 3.15 Measuring instruments.

Table 3.4 Measurement range and accuracy of instruments.

Instrument tools Range Accuracy
Pyranometer (0 ~ 2000) W/m?2 (£ 0.05)

K type thermocouple (-200~1300) °C (x1.5)
Data-logger S220-T8 (-200~+1800) °C (£1°C+5%0)

Wattmeter C.A 8220 (6 ~ 600) Vrms
Chauvin Arnox PAC 93 (1 ~1200) A
Hot wire anemometer (0.2~35) m/s

* (0.5 % +2 counts)

+(5%+a), a=0.1 m/s

3.6.1 Research procedure

This experiment was going to find the energy consumption of the air conditioning unit

and study the phenomena behaviours of the PCM packed bed in purpose of finding the

appropriate thickness and the operating time in charging and discharging periods. The

PV power output for air conditioning unit was also carried out. Thus, the electrical

saving could be determined. The research procedure is given in Figure 3.16.
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Find SEER of the normal air conditioner.

Find out the bed thickness and the operating time in
charging and discharging periods. D

Verify packed bed temperature and air leaving
temperature between theory and experimental work.

Find out the electrical power during charging and Verify the model of PV output power equation
discharging periods. between theory and experimental work.

AWA

Run the whole system and investigate the electrical
saving.

. 2

Conclude of the study

Figure 3.16 Flowchart of the study process.

The experiment begins to operate under these conditions:

Four PV modules was supplied the electrical power to air conditioner and PCM

packed bed was also integrated with the air conditioning unit in the testing room.

The electrical heater having capacity around 1.5 kW and the humidity was

controlled to be 60% were considered in the testing room.
The experimental work was started up from 5:00 am-4:00 pm.

The experiment was operated in condition of clear sky day, partly cloudy day and

mostly cloudy day.

The experimental data acquisition unit such as pyranometer, K type thermocouples,

data-logger, power meter and hot wire anemometer, and pyranometer were used.

The temperature data-loggers were used to record the dry bulb temperature, wet
bulb temperature, room temperature, PCM packed bed temperature, outlet air
temperature of PCM packed bed, ambient temperature and module temperature in

every 1 minute.

The pyranometer, power meter, and hot wire anemometer were used to measure the

solar radiation, electrical power, and air velocity, respectively in every 1 minute.
Experiment testing

Comparison of the simulated results from the developed model with those of the

experiment.
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e Sizing of the PV modules and the appropriate thickness of the PCM packed bed for

the air conditioner from the developed model.
e Conclude of the study.
3.6.2 Expected results

On-grid solar power unit could reduce large amount of the energy consumption in the
building air conditioner with faster payback period. The PCM packed bed cool storage
could store the coolness during off-peak period in the early morning and release back
during on-peak period which could help to reduce the compressor work as well as the
power consumption of the air conditioner at the afternoon. Solar PV module connected
grid line for air conditioner unit and PCM packed bed cool storage assisted were
significantly given in saving the energy consumption in building air conditioner

compared with the conventional unit.

32



CHAPTER 4

Thermal Characteristics on Charging and Discharging of RT-18 HC

PCM Packed Bed Cool Storage

This chapter, thermal characteristics of air charging/discharging period could be
considered by enthalpy method. The correlations of dimensionless terms for the PCM
packed bed were used to predict the outlet air temperature of the bed and the total

operating period of both charging/discharging periods.
4.1 Charging Period

In the experiment, the packed bed storage was fully charged in the off-peak period. At
the beginning of the charging period, the temperature of the PCM inside the spherical
ball was equaled to the ambient temperature, which was in the liquid phase. The inlet air
temperature of 5°C into the packed bed was considered. As the low inlet air temperature
was passing through the packed bed, the molten PCM begun to solidify and released
heat. The packed bed temperatures dropped down quickly at the beginning as sensible
heat form until they approached the PCM freezing point. The latent heat form displayed
at the freezing point temperature of the packed bed storage which remaining a constant
temperature at around 18 °C. After that the temperatures decreased quickly again and
closed to the inlet air temperature at around 5 °C. The simulated results also agreed to
experimental data with the mean absolute percentage error (MAPE) less than 10%. as

indicates in Figure 4.1.
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Figure 4.1 Variation of bed temperature with time at various bed thicknesses during

charging period.

Figure 4.2 also shows the outlet air temperature leaving the packed bed when the inlet
air temperature was 5 °C. Due to the heat transfer of temperature difference between the
inlet air and the packed bed was high, the outlet air temperature decreased faster at the
initial period. After the bed temperature reached the phase change, the outlet air

temperature dropped slowly at any section of the packed bed.
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Figure 4.2 Variation of outlet air temperature with time at various thicknesses during

charging period.

Figure 4.3 presents the solidification time of the paraffin from the initial temperature at
25 °C to the end of freezing point at 18 °C with the inlet air temperature at 5 °C. It
could be noted that the total solidification time was reduced approximately around
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32.22-36.96% at thicknesses of 0.02-0.24 m, respectively, when the mass flow rate
increased from 0.056-0.093 kg/s.
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Figure 4.3 Effect of mass flow rates on PCM charging period.

The above data was consolidated into dimensionless terms of 8, T and Y as illustrated in
Figure 4.4. 6 is the dimensionless which comes from the temperature ratio of the inlet
temperature minus the outlet air temperature and the inlet air temperature minus the
melting temperature. t is the dimensionless of heat transfer between air and PCM bed
with the PCM latent heat. Y is the dimensionless term illustrating the heat transfer
coefficient with mass flow rate and its specific heat capacity during the charging period.

From the Figure, a correlation could be determined as

0(tr,Y) = 0.03 — 0.177 + 0.92Y + 0.897% — 0.937Y — 0.16Y? — 0.9973 + 0.8872Y
+ 0.117tY2 4+ 0.317% — 0.273Y — 0.1372Y2 — 0.0375 + 0.017*Y

4.1
+ 0.0373Y? (41)
1.5 0.01 <t<3.99
0.35 <Y<2.44
ks h,A 0.02<6<1.40
% = Y= X
) ET 1 r macpa
ET % 2.44
| = 1.70
2| 3 1.20
3= 05 0.80
e~
Il 0.35
)
0 1 | 1 1
0 1 2 3
T = huvl(Ta.inlet - Tm)| ¢
M1

Figure 4.4 Dimensionless terms, 8, T and Y (charging period).
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From the correlation, with given values of the air mass flow rate and its inlet
temperature, the bed dimension, the PCM properties, and the operating period, T and Y
could be calculated including 6 then the outlet air temperature leaving the packed bed

could be evaluated.
4.2 Discharging Period

Figure 4.5 shows the PCM temperature at the ball center of the PCM bed at various bed
thicknesses during discharging period with the inlet temperature of 25 °C. The PCM
temperature was initially raised up in the form of sensible heat and when it reached the
temperature around 18 °C the phase change temperature was obtained. after that the
temperature increased continually and approached the inlet air temperature. The
temperature at higher thickness increased slowly compared to that of the previous
section. It could be noted that the simulated results agreed quite well with the
experiment data. The mean absolute percentage error (MAPE) was less than 10%.
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Figure 4.5 Variation of bed temperature with time at various bed thicknesses during

discharging period.

Figure 4.6 shows the temperature profiles of the outlet air temperature flowing
throughout the bed at any bed section. The simulation results showed a good agreement
with the experimental data. The outlet air temperature at each thickness rose up quickly
during the sensible heat period and slightly increased during the PCM phase change.
Smaller the PCM thickness, shorter the time that the outlet air temperature was in

equilibrium with the inlet air.
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Figure 4.6 Variation of outlet air temperature with time at various thicknesses during
discharging period.

Figure 4.7 shows the effects of air mass flow rate on the PCM melting time during PCM
discharging period (from the initial temperature of 5 °C to the end of melting point at
temperature of 18 °C). The total melting time was reduced approximately around 31.81-
37.02% at thicknesses of 0.02-0.24m, respectively, when the mass flow rate increased
from 0.052-0.087 kg/s. It could be seen that increase of the mass flow rate resulted in
higher heat transfer rate then the solidification time could be shortened for all PCM

thicknesses.
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Figure 4.7 Effect of mass flow rates on PCM discharging period.

The correlation of the dimensionless terms, 8, T and Y during the discharging period

also presents in Figure 4.8 which could be formed as
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Figure 4.8 Dimensionless terms, 8, T and Y (discharging period).
Similarly, with values of the air mass flow rate and the inlet temperature, the bed
thickness, the operating period and the PCM properties, the values of 7 ,Y, 8 and finally

the outlet air temperature leaving the packed bed could be determined.

Figure 4.9 illustrates the inlet air temperature of evaporator coil at the thickness of 0.08
m, 0.16 m, and 0.24 m. From the experimental tests, more PCM bed thickness resulted
in longer discharging period. The operating times during discharging period was 411
minutes when the thickness was 0.24 m. This showed that the inlet air temperature of
evaporator coil could be maintained below 25 °C around 7 hours which was covered the
whole day of the air conditioner operation. Therefore, the appropriate thickness could be

considered at 0.24 m.
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Figure 4.9 Experimental results of the inlet air temperature at the evaporator coil with
and without PCM bed.
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CHAPTER S5

Performance of Air Conditioner Unit with and without PCM Packed

Bed Cool Storage

This chapter, an R-410A air conditioner of 1 TR (12,000 BTU/h) with air-cooled
condenser was experimentally studied its thermal performances under Chiang Mai
weather. The energy saving of the air conditioner unit with assisted PCM packed bed

cool storage was also evaluated.
5.1 Thermal Performance of the Conventional Air Conditioner Unit

In this experimental test a 1 TR inverter air conditioner having R-410a as a refrigerant
was used. For inverter air conditioner the seasonal energy efficiency ratio SEER was
considered in [27]. From the experimental results, it could be found that its SEER (ratio
of the cooling capacity to the power input of the unit) could be set up as a function of
surrounding ambient temperature as shown in Figure 5.1. It could be observed that as
the ambient temperature increased, the SEER dropped down. These correlations were
achieved at various ambient temperatures rank. Due to there was the inverter air
conditioner ran at variable speeds then the correlation of the SEER could be formed as
follows

Minimum speed of inverter compressor

SEER = —0.0955 Ty, + 6.6 (5.1)
Inverter range

SEER = —0.0759 Ty + 5.8 (5.2)
Maximum speed of inverter compressor

SEER = —0.0492 Ty + 4.7 (5.3)
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SEER (kWh/kWh)

Figure 5.1 Thermal performance of the conventional inverter air conditioner unit.

Figure 5.2 and Figure 5.3 illustrate the electrical power consumption in summer and
winter, respectively. In summer, the air conditioner generated with maximum power
input around 1.2 kW due to the high ambient temperature. It could be noted that the

calculated results match very well to the experimental data with mean absolute

Seasonal energy efficiency ratio

Min speed

SEER= -0.0955T 1,5, +6.6

Inverter range

SEER=-0.0759 T g +5.8
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percentage error (MAPE) less than 10%.

Power,P 4 (KW)
O~

Figure 5.2 Electrical power of conventional inverter air conditioner unit in summer.

1.2 Calculation wam

®

=)

[ B N

8:00
8:23
8:46
9:09
9:32
9:55
10:18
10:41
11:04
11:27
11:50
12:13
12:36
12:59
13:22
13:45
14:08

14:31

Experiment

Time

40

14:54
15:17
15:40
16:03



1.2

Calculation pam
[ Experiment —

e
=]
T

Power, P, (KW)
[—]
=N

Figure 5.3 Electrical power of conventional inverter air conditioner unit in winter.

5.2 The Effect of PCM Bed Cool Storage on the Inverter Air Conditioner
Operation

Following the PCM bed model and its dimensionless terms, the PCM bed cool storage
was integrated with a 1 TR inverter air conditioner unit to reduce the cooling load at the
evaporator and the electrical power from grid line. During the tested work, the internal
load of the electrical heater around 1.5 kW, the controlled room temperature of 25 °C,
60% of humidity were considered. The tests were conducted for four consecutive days

those had similar surrounding ambient temperature as given in Figure 5.4.
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Figure 5.4 The room temperature and the surrounding ambient temperature during the

tested work.
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Figures 5.5 (a, b) show the cooling load performance and power consumption of the
conventional air conditioner unit and the unit with assisted PCM bed at the thickness of
0.08 m and 0.24 m in winter. During the charging period, the PCM packed bed
thickness of 0.08 m and 0.24 m needed around 96 minutes and 192 minutes,
respectively, to complete the solidification. The inlet air temperature at the evaporator
could be reduced the temperature below 25 °C around 210 minutes and 411 minutes
when the thickness was 0.08 m and 0.24 m, respectively in discharging period. It could
be noted that the inlet air temperature of the unit with assisted PCM bed was lower than
the conventional unit. When the inlet air temperature of evaporator coil could be
reduced, not only the cooling load but the electrical power consumption also reduced.
The electrical power could be saved about 1.58-13.84% as thicknesses of 0.08-0.24 m.
This confirmed that the PCM bed cool storage was potentially used from air

conditioning unit.
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Figure 5.5 Experimental results of the conventional air conditioner unit with and
without assisted PCM bed. (a) 0.08 m. (b) 0.24 m.

Table 5.1 shows the electrical power consumption of the normal unit and the unit with
assisted PCM bed. The daily power consumption of the normal unit was around 5.04
kWh and those with assisted PCM bed thicknesses of 0.08 m, 0.16 m, and 0.24 m were
496 kWh, 4.18 kWh, and 4.34 kWh, respectively. It could be noted that the daily
electrical power consumption could be saved around 1.58% to 13.84% when the
assisted PCM bed thickness was 0.08 m to 0.24 m.
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Table 5.1 Energy consumption of the air conditioner unit with and without assisted

PCM bed cool storage.

Conventional unit Charging Discharging | Unit with assisted
) period period PCM bed )
i Thickness [ i i Saving
Operating Total (m) Time | Power | Time | Power | Operating | Total (%)
time power (min) | (kwh) | (min) | (kwh) time power
(kWh) (kWh)
X=008 | 9 | 036 | 228 | 460 |&3%M | 496 | 158
4:00pm
8:00am- _ 5:30am-
4:00pm 5.04 X=0.16 149 0.52 324 4.18 4:00pm 4.70 6.8
X=024 | 192 | 063 | 411 | 371 | 29084 | 434 | 1384
4:00pm

The sensible heat of the evaporator coil was reduced when the utilization of PCM bed

was considered. In calculation of the total cooling load at the evaporator coil with

assisted PCM bed, the inlet dry bulb temperature at the evaporator coil for the

conventional air conditioner unit was replaced by the outlet air temperature of bed. With

those of SEER correlations, then the electrical power during discharging period could

be carried out in each month. For summer, the electrical power saving from grid line of

the air conditioner with assisted PCM bed thickness of 0.08 m, 0.16 m, and 0.24 m were
4.91, 10.76, and 16.13%, respectively.

44




CHAPTER 6

PV Module Generation for Inverter Air conditioner Unit

This chapter, the validation of PV power output and module temperature were
determined. The electrical power production of PV modules to air conditioner unit

under the real weather condition in Chiang Mai was also carried out.
6.1 Validation of PV Power Generation and Module Temperature

Figure 6.1 gives solar radiation on tilt plan 18°47 of PV modules and the ambient
temperature on clear sky day. The solar radiation was obtained at around 8:00 am and
the maximum point of solar radiation occurred around noon with the highest value by
about 900-100 W/m?.
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Figure 6.1 Ambient temperature and solar radiation on clear sky day.

The validation of the PV power output and module temperature from experimental data
and formula showed a good agreement and a little bit error as given in the Figure 6.2.
The results presented that the formula above can be used to predict the PV power output

and the PV module temperature.
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Figure 6.2 Validation of module temperature and PV power output.

6.2 Electrical Power Generation of PV Module

In condition of clear sky day, cloudy day, and mostly cloudy day, the electrical power
of four PV modules could reduce the electrical from grid line during the summer about
75.13, 62.94, and 52.98%, respectively, as shown in Figure 6.3. It could be investigated
that the PV modules could produce large amount of electrical power in clear sky day
which was compared to the condition of cloud cover (mostly cloudy day). From the
results, it could be noted that PV modules power production could match with the air

conditioner load.
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Figure 6.3 Electrical power reduction from grid line by four PV modules to air
conditioner unit. (a) clear sky day. (b) cloudy day. (c) mostly cloudy day.

From Figure above, generally, the power generation of PV module was insufficient in
the early morning and the late afternoon. A peak PV module power generation was from
11:00 am to 1:00 pm in the afternoon, maximum power-consuming of the air
conditioning could be pointed at the late afternoon (1:00 pm -3:00 pm) since the high

ambient temperature was obtained.
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Figure 6.4 illustrates the electrical power requirement of air conditioner unit, PV power
output, and the electrical power needed from gird line. The electrical power requirement
of the air conditioner in summer was higher than the winter while the PV modules could
produce large amount of electrical power in winter due to high solar radiation
performance. The results showed that the electrical power from grid line could be
reduced around 98.83% and 72.86% in winter and summer, respectively.
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Figure 6.4 Electrical power reduction from grid line by four PV modules to the air

conditioner unit. (a) a day in winter. (b) a day in summer.
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CHAPTER 7

Energy Saving of the PV-Air Conditioner Unit with Assisted PCM bed

Cool Storage

This chapter, the reduction of electrical power-consuming from grid line for the PV-air
conditioner unit with assisted PCM packed bed cool storage and its economic analysis

were carried out.

7.1 PV Modules Power Generation for the Air Conditioner with Assisted PCM Bed
Cool Storage

Figures 7.1 (a, b) illustrates the electrical power requirement of air conditioner with
PCM bed, useful power of PV modules to air conditioner, and the electrical power
needed from gird line. The electrical power requirement of the air conditioner summer
was higher than the winter season due to high ambient temperature. The PV module
power generation could be matched and almost covered to the air conditioner unit with
assisted PCM bed in winter due to high solar radiation. The results showed that the
electrical power from grid line could be reduced around 99.44% and 84.62% in winter

and summer, respectively.
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Figure 7.1 Electrical power reduction from grid line by four PV modules to air

conditioner unit with assisted PCM bed. (a) a day in winter. (b) a day in summer.

7.2 Long Term Analysis of the PV-Air Conditioner Unit with Assisted PCM Bed
Cool Storage

Due the cooling load of the air conditioner in each month did not exist, thus the average
electrical power load of air conditioner with assisted PCM bed between winter and
summer was considered in economic analysis to select the optimum number of PV

module.
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The optimum number of PV module could be determined at the lowest present worth of
expense from the total investment cost, the electricity cost from the grid line, the
maintenance cost and the salvage value. In this study, the unit cost of the solar module
with the installation was 30 baht/Wp or 9,600 baht per module, 3% and 10% of the
initial cost for the maintenance cost and the salvage value, respectively were taken for
the calculation and 6.25% annual discount rate for 25 years of service. The unit cost of
grid electricity was 5.78 baht/kWh.

Figure 7.2 shows the optimum numbers of PV modules at the lowest total expenses for
the air conditioner unit with assisted PCM bed which the value was 3 modules with the

payback period 8.92 years as shown in Figure 7.3
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Figure 7.2 Optimum number of the PV-air conditioner with assisted PCM bed.
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Figure 7.3 Payback period of the PV-air conditioner with assisted PCM bed.
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CHAPTER 8

Conclusions

e The energy cool storage RT-18 HC PCM packed bed having a melting point around 18
°C was studied the characteristic behaviors both charging and discharging periods. The
mathematical model using the enthalpy method can be used based on the experimental
data and simulation data showed good agreement with mean absolute percentage error
(MAPE) less than 10%. Correlations of dimensionless operating parameter were
significantly used in predicting the outlet air temperature at specific time in charging
and discharging periods of the packed bed. A given values of the air mass flow rate, the
inlet air temperature, the bed dimension, the PCM and air properties were considered.

e The appropriate thickness of PCM bed was 0.24 m. The evaluation of PCM energy cool
storage in a reduction of energy consumption for air conditioner revealed that savings in
the electrical energy consumption were 13.84% and 16.13% in winter and summer,
respectively.

o Selection of appropriate number of 320 Wp polycrystalline PV modules in a reduction
of grid power for air conditioner with PCM bed assisted in Chiang Mai was found out.
The optimum number and the payback period of the PV-air conditioner with assisted
PCM bed were 3 modules and 8.92 years, respectively.
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APPENDIX A

Validation of the Bed Temperature and the Outlet Air Temperature of

the Bed in Charging Period

A.1 Bed Temperature Ty (°C)

Time Tb,x=0.02m Tb,x=0.06m Tb,x=0.10m Tb,x=0.14m Tb,x=0.18m Tb,x=0.22m

(min)

Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim

23 231|239 236|230 240|236 243|244 245|245 247
19.72 19.7 | 238.7 21.1|19.7 222|235 229|230 235|235 239

18 18.0|222 189|18.0 204|226 215|216 224|228 23.0

18 18.0|20.0 18.0|18.0 18.8|21.0 20.2|203 213|220 221
179 180|184 18.0|179 18.0|194 190|189 20.2|205 212
11 | 179 180178 180|179 180|184 180|184 192|195 20.3
13 | 179 18.0|17.8 18.0|179 18.0|18.0 18.0|18.3 184 |19.0 195
15 | 179 180179 180|179 180 |18.0 18.018.2 18.0|18.0 189
17 18 18.0|18.0 18.0|18.0 18.0|18.1 180|182 18.0|18.0 183
19 | 179 180180 180|179 180 |18.0 18.0|18.2 180|179 180
29 18 18.0|18.1 18.0|18.0 18.0|18.1 180 |18.1 18.0|18.0 18.0
39 | 181 18.0(183 18.0|18.1 18.0|18.2 18.0|18.2 18.0|18.1 18.0
49 | 181 180183 180|180 180 |18.2 180 |18.2 18.0|18.0 18.0
59 | 174 180|182 180|179 18.0|18.3 18.0|18.2 18.0|179 18.0
69 | 108 95 |18.0 18.0|18.1 18.0|18.1 18.0|18.2 18.0|18.1 18.0
79 6.1 58 175 180 |18.1 18.0|18.0 18.0|18.2 18.0|18.1 18.0
89 53 51 (128 105|181 18.0|18.0 18.0|18.2 18.0|18.1 18.0
99 53 50|64 60180 180|178 18.0|18.1 180|179 18.0
109 5 50 | 55 52 |146 115|179 180|181 18.0|179 18.0
119 | 51 50| 52 50| 68 6.2 |17.7 18.0|18.0 18.0|18.1 18.0
129 | 52 50|53 50|55 52136 127|180 18.0|18.1 180
139 5 50|51 50|53 50|66 64180 180|181 18.0
149 | 51 50|52 50|51 50|56 52152 142|181 180
159 | 52 50|53 50|51 50|54 50|71 66181 180

© N o1 W -
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A.1 Bed Temperature Ty (°C) (continued)

Time Tb,x=0.02m Tb,x=0.06m Tb,x=0.10m Tb,x=0.14m Tb,x=0.18m Tb,x=0.22m

(min)

Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim

169 | 52 50| 53 50|52 50|53 50|56 53]163 159
179 | 51 50|52 50|52 50|53 50|53 50|80 69
189 | 51 50| 52 50|51 50|52 50|50 50|57 53
199 | 52 50|53 50|52 50|53 50|52 50|54 51
209 | 52 50|53 50|52 50|53 50|52 50|50 50
2199 | 51 50|52 50|52 50|51 50|52 50|51 50
229 | 52 50 |53 50|51 50|53 50|50 50|52 50
239 | 52 50|53 50|52 50|53 50|51 50|52 50
249 | 52 50|53 50|52 50|53 50|52 50|51 50
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A.1 Outlet Air Temperature Ta (°C)

Time Ta,x=0.04m Ta,x=0.08m Ta,x=0.12m Ta,x=0.16m Ta,x=0.20m Ta,x=0.24m
(min) Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim
1 |[120 103|154 147|179 177|195 199|226 214|236 225
89 86 (130 119|154 147|170 16.9|19.0 18.7| 211 20.1

87 85 |11.7 113|140 133|156 152|170 16.8| 189 182

13 87 85 (116 113|139 133|154 147|165 159|18.0 17.1
17 | 88 85 |116 113|137 133|153 147|164 157|174 165
21 85 85 (116 113|137 133|153 147|164 157 |17.0 164
25 84 85 (115 113|137 133|152 147|163 157|169 164
29 | 83 85112 113|136 133|151 147|162 15.7|16.8 16.4
33 84 85 (113 113|135 133|150 14.7]16.1 15.7|16.8 164
37 | 83 85 |113 113|134 133|149 147|16.0 157|165 16.4
41 82 85 (111 113|133 133|148 147|159 157 |16.6 164
45 | 82 85 |111 113|132 133|147 147|158 157 |16.2 16.4
49 82 85 (111 113|130 133|145 147|156 157|164 164
53 | 79 85 106 113|129 133|148 147|155 157|163 16.4
57 77 85 105 113|129 133|143 147|154 157 |16.2 164
61 | 76 81 |102 110|125 131|146 146|154 156|16.2 16.3
65 72 75199 1061|124 128|141 144|154 154|16.2 16.2
69 | 6.8 69| 96 102|120 125|138 14.1|152 153|16.0 16.1
73 65 6.2 |92 97 |118 122|135 139|151 151|159 16.0
77 | 61 56|89 92 |114 118|132 136|151 149|159 1538
81 58 53|83 85 (107 113|128 133|147 147|155 157
85 | 56 51|76 79 |104 109|125 130|145 145|155 155
89 52 5168 72|99 104|119 126|141 142|151 154
93 | 51 50|60 65|93 99 117 123|137 140|151 152
97 51 50|52 57|85 93113 119|133 137|151 150
101 | 50 50|52 54|80 87 (109 115|131 134|147 148
105 | 51 50|52 52|77 81 |105 110|127 131|147 145
109 | 51 50|51 51|71 741|101 105|124 128|143 143
113 | 52 50|51 50| 66 67 |95 100|120 124|139 141
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A.1 Outlet Air Temperature Ta (°C) (continued)

Time Ta,x=0.04m Ta,x=0.08m Ta,x=0.12m Ta,x=0.16m Ta,x=0.20m Ta,x=0.24m
(min) Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim
117 | 52 50|50 50|62 59|90 095|116 120|135 138
121 | 52 50|51 50|60 54|82 88112 116|131 135
125 | 52 50|51 50|57 52|81 82/ 108 111|127 132
129 | 52 50|52 50|54 51|70 75104 106|123 128
133 | 50 50|52 50|52 51|63 68100 101|119 125
137 | 51 50|52 50|50 50|58 60|94 096|115 121
141 | 51 50|52 50|51 50|54 55|87 090|111 117
145 | 50 50|52 50|52 50|52 52|83 84108 112
149 | 51 50|50 50|52 50|49 51,77 7.7 |104 107
153 | 51 50|51 50|52 50|52 51|70 70|98 103
157 | 52 50|52 50|52 50|52 50|61 62|94 97
161 | 52 50|52 50|50 50|50 50|55 56|89 91
165 | 52 50|52 50|51 50|51 50|55 53|82 84
169 | 52 50|52 50|50 50|50 50|53 51|77 178
173 | 52 50|52 50|50 50|50 50|53 51|71 71
177 | 50 50|50 50|51 50|51 50|53 50|62 63
181 | 51 50|51 50|51 50|51 50|54 50|52 56
185 | 51 50|51 50|51 50|51 50|54 50|52 53
189 | 50 50|50 50|52 50|52 50|54 50|52 52
193 | DVENISNRE SN REGE S RS SRED W WirG R0 51
197 | 51 50|51 50|52 50|52 50|52 50| 47 50
206 | 52 50|52 50|50 50|50 50|50 50|48 50
215 | 52 50|52 50|51 50|51 50|51 50|49 50
224 | 52 50|52 50|52 50|52 50|52 50|49 50
233 | 50 50|50 50|52 50|52 50|52 50|49 50
242 | 52 50|52 50|52 50|52 50|50 50|47 50
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APPENDIX B

Validation of the Bed Temperature and the Outlet Air Temperature of

the Bed in Discharging Period

B.1 Bed Temperature Ty (°C)

Time Tb,x=0.02m Tb,x=0.06m Tb,x=0.10m Tb,x=0.14m Tb,x=0.18m Tb,x=0.22m

(min)

Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim

1 110 72|72 65 |110 60| 73 57 |105 55| 66 53
5 138 137 94 115|138 99 | 95 86 [103 7.7 |74 1.0
152 179|122 154|152 133|123 116|113 102 | 82 91
19 | 165 180|158 18.0 165 18.0|159 171|143 156|122 142
29 | 171 180/|16.8 18.0|17.1 18.0| 169 18.0|158 18.0|158 17.3
39 | 174 180|173 180|174 180|174 18.0|16.5 18.0|16.8 18.0
49 | 177 180|176 180177 180 17.7 180 |16.7 18.0|17.3 18.0
59 | 178 180|176 180 |17.7 180|178 18.0|169 18.0|176 18.0
69 | 179 180|178 18.0|17.7 18.0|178 180|171 18.0|17.6 18.0
79 | 180 180178 180|178 180|179 18.0|17.2 18.0|178 18.0
89 | 180 180|178 18.0|179 18.0|178 180|172 18.0|17.8 18.0
99 | 181 180|179 180 |18.0 180|179 18.0|17.3 18.0|18.0 18.0
109 | 184 18.0|180 180|179 180|180 180|173 18.0|18.0 18.0
119 | 183 18.0|18.1 18.0|18.0 18.0|18.1 18.0|17.3 18.0|17.9 18.0
129 | 185 18.018.1 180|182 180|181 180|173 18.0|17.9 180
139 | 19.2 18.0|18.2 18.0|18.2 18.0|18.2 18.0|174 18.0|18.0 18.0
149 | 211 217|181 180|183 180|181 180|175 18.0|17.9 180
159 | 234 239|183 18.0|183 18.0|18.1 18.0|174 18.0|18.0 18.0
169 | 243 246|183 180|183 180|183 180|175 18.0|18.0 18.0
179 | 250 249|185 18.0|186 18.0|185 18.0|17.6 18.0|18.0 18.0
189 | 253 25.0|194 180 |18.7 180|186 180|178 18.0|18.1 18.0
199 | 253 25.0|213 220|188 18.0|186 18.0|17.8 18.0|18.1 18.0
209 | 253 25.0]233 240|188 18.0|18.7 18.0]17.8 18.0]18.1 18.0
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B.1 Bed Temperature Ty, (°C) (continued)

Time Tb,x=0.02m Tb,x=0.06m Tb,x=0.10m Tb,x=0.14m Tb,x=0.18m Tb,x=0.22m
(min) Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim
219 | 25.2 25.0| 244 247|188 180|187 180|178 180|181 180
229 | 252 25.0|25.0 249|193 18.0|18.8 18.0|17.8 18.0|18.1 18.0
239 | 252 25.0|253 250|201 180|186 18.0|18.0 18.0|18.1 180
249 | 25,3 25.0| 253 25.0(225 226 |18.6 18.0|18.0 18.0|18.2 18.0
259 | 253 25.0| 253 250|239 242|185 180|179 18.0]18.0 180
269 | 25.3 25.0|25.3 25.0|24.7 247|186 18.0|18.0 18.0|18.0 18.0
279 | 25.3 25.0| 253 25.0 (252 249|188 18.0|18.0 18.0|18.0 18.0
289 | 254 25.0| 254 250|254 250|200 194|181 180181 180
299 | 25.3 25.0(25.3 25.0(253 25.0|222 231182 18.0|18.1 18.0
309 | 254 25.0|254 25.0|252 25.0|23.6 243|184 18.0|18.2 18.0
319 | 2563 25.0| 253 25.0| 252 25.0|24.8 248|184 18.0| 183 18.0
329 | 254 25.0|253 25.0|252 25.0|253 249|186 18.0|18.2 18.0
339 | 254 25.0| 253 25.0|253 25.0|254 250|198 204|181 18.0
349 | 252 25.0|25.2 25.0|253 25.0|255 25.0(220 234|182 180
359 | 252 25.0| 252 25.0|253 25.0|255 25.0|237 245|181 18.0
369 | 252 25.0(25.2 25.0|253 25.0|256 25.0|24.6 248|186 18.0
379 | 253 25.0| 253 25.0(254 25.0|255 25.0|251 249|188 18.0
389 | 253 25.0 (253 25.0|254 25.0|255 25.0|254 25.0|20.0 217
399 | 253 25.0| 253 25.0(253 25.0|255 25.0|253 25.0|222 239
409 | 253 25.0|253 25.0|253 25.0|255 25.0|250 25.0|235 246
419 | 254 25.0|254 25.0|253 25.0|255 25.0|252 25.0|25.1 249
429 | 253 25.0 253 25.0|253 25.0|256 25.0|252 25.0|253 250
439 | 254 25.0|254 25.0|252 25.0|252 25.0|252 25.0|254 25.0
449 | 253 25.0(253 25.0|252 25.0|254 25.0|253 25.0|255 250
459 | 254 25.0|253 25.0|252 25.0|254 25.0|253 25.0|255 25.0
469 | 254 25.0|253 25.0|253 25.0|254 25.0|254 25.0|256 25.0
479 | 252 25.0| 252 25.0|253 25.0|255 25.0|253 25.0|255 25.0
489 | 252 25.0|252 25.0|253 25.0|255 25.0|253 25.0|255 25.0
499 | 252 250|252 25.0|253 25.0|25.6 25.0|253 25.0|255 25.0
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B.2 QOutlet Air Temperature Ta (°C)

Time Ta,x=0.04m Ta,x=0.08m Ta,x=0.12m Ta,x=0.16m Ta,x=0.20m Ta,x=0.24m
(min) Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim
1 82 193] 67 148| 56 11751 96 |88 81|46 7.1
5 197 214|156 179|154 151|147 128|149 110|134 96
212 227|182 20.2|176 17.7|16.7 156|163 13.7|16.0 121

13 226 230|195 213191 194|178 176|171 159|174 14.2
17 | 233 23.0|205 214|198 20.2|188 188|178 17.4|18.2 159
21 | 236 230|209 214|203 203|194 194|182 184|185 17.2
25 | 238 230|214 214|207 203|199 196|185 189|19.0 18.0
29 | 227 23.0(213 214|201 203|195 196|188 19.1|187 185
33 | 225 230{21.0 214|200 203|193 196|189 19.1|184 187
37 | 218 23.0(21.0 214|197 20.3|19.1 196|190 19.1|183 187
40 | 225 23.0/209 214|200 203|194 196|191 19.1|184 187
50 | 231 23.0(214 214|205 203|198 196|193 19.1|18.8 187
60 | 229 230|214 214|205 203|198 19.6|195 19.1|18.8 187
70 | 230 23.0(215 214|206 203|199 196|195 19.1|189 187
80 | 224 230|217 214|203 203|19.7 196|196 19.1|19.1 187
90 | 235 23.0(216 214|210 203|202 196|196 19.1|19.1 187
100 | 23.3 23.0|218 214|210 203|201 19.6 19.7 19.1|19.2 187
110 | 226 230|215 214|205 203|198 19.6 |19.7 19.1|19.0 187
120 | 229 23.0|218 214|208 203|201 19.6 |19.7 19.1|19.2 187
130 | 226 231|216 215|206 204|199 19.6|19.7 19.1|19.0 188
140 | 23.0 235|220 21.7|210 205|203 19.7 (198 192|194 1838
150 | 23.7 239|224 220|210 20.7|20.2 199|198 19.3|19.3 189
160 | 242 243|229 223|211 210|202 20.0(19.8 194|193 189
170 | 247 248|234 227|212 212|205 202|198 195|194 19.0
180 | 246 249|235 230|215 214|204 203|198 196|194 191
190 | 25.2 250|239 234|214 217|207 205|199 197|194 19.2
200 | 247 25.0|243 239|215 22.0|21.0 20.8|19.8 199|196 19.3
210 | 25.0 25.0| 247 244|221 223|211 21.0|20.0 200|199 194
220 | 25.3 25.0|24.8 248|222 227|215 212|199 20.2|19.8 195
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B.2 QOutlet Air Temperature Ta (°C) (continued)

Time Ta,x=0.04m Ta,x=0.08m Ta,x=0.12m Ta,x=0.16m Ta,x=0.20m Ta,x=0.24m
(min) Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim | Exp | Sim
230 | 25.2 25.0|249 249|228 231|218 215|199 204|202 196
240 | 25.1 25.0|25.2 25.0(232 235|221 21.8|20.0 20.6|20.2 19.8
250 | 25.0 25.0| 254 250|238 240|222 221|200 208|206 199
260 | 25.1 25.0|25.1 25.0|234 245 |23.0 224|200 21.0|203 20.1
270 | 253 25.0| 252 250|246 248|231 228|204 213|206 202
280 | 25,5 25.0(25.2 25.0 (242 249|232 232|211 215|206 20.4
290 | 25.0 25.0|25.2 25.0 (246 25.0 234 236|212 21.8|20.7 20.6
300 | 25.3 25.0 253 25.0 242 250|237 241|219 221|208 2038
310 | 248 25.0( 253 25.0(243 25.0|24.0 246|223 225|209 21.1
320 | 245 25.0|254 25.0|242 250|243 249|225 229|210 213
330 | 248 25.0| 253 25.0|245 25.0|244 250|228 233|212 216
340 | 244 25.0|254 25.0|24.6 25.0|242 25.0(232 237|214 219
350 | 247 25.0|253 25.0(249 25.0|243 25.0|235 242|217 222
360 | 25.1 25.0|25.4 25.0|252 25.0|243 25.0(242 247|228 226
370 | 255 25.0|25.3 25.0|25.1 25.0|243 25.0|24.7 249|234 229
380 | 252 25.0|25.4 25.0|24.8 250|245 250|249 250|234 234
390 | 248 25.0|25.1 25.0(25.0 25.0|245 25.0|252 25.0|23.7 238
400 | 25.1 25.0(25.2 25.0|25.1 25.0|24.6 25.0|253 25.0|239 243
410 | 25.8 25.0| 252 25.0|249 25.0|245 25.0|253 25.0|242 248
420 | 253 25.0 (254 25.0|25.0 25.0|24.7 25.0(253 25.0|24.4 249
430 | 255 25.0|254 25.0|25.0 25.0|249 25.0|254 25.0|24.6 25.0
440 | 255 25.0|25.2 25.0|253 25.0|24.8 25.0|254 25.0|248 250
450 | 255 25.0| 252 25.0|253 25.0|253 25.0|253 25.0|24.6 25.0
460 | 255 25.0 (252 25.0 252 25.0|252 25.0|253 25.0|248 250
470 | 255 25.0|25.3 25.0|255 25.0|255 25.0|253 25.0|251 25.0
480 | 255 25.0(253 25.0|255 25.0|255 25.0|253 25.0|250 25.0
490 | 255 25.0|25.3 25.0|25.7 25.0|25.7 25.0|252 25.0|251 25.0
500 | 255 25.0|25.3 250|257 250|257 250|252 250|252 250
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APPENDIX C

C.1 Validation of PV Module Power Output

Tc (°C) Ppv (KW)

Time It (W/m?) | Tamb (°C)

Exp Sim Exp Sim
7:17 30 19.8 18.9 20.57 0.00 0.01
7:26 52 20.3 20.3 21.63 0.00 0.02
7:35 140 20.8 21 24.39 0.00 0.04
7:44 191 21.3 234 26.19 0.05 0.06
7:53 202 22 2591 27.18 0.05 0.06
8:02 241 21.8 25.6 27.98 0.06 0.08
8:11 272 22.6 26.6 29.57 0.07 0.09
8:20 345 22.7 28.1 31.54 0.09 0.11
8:29 378 23 29.6 32.69 0.10 0.12
8:38 406 24.1 30.3 34.50 0.11 0.12
8:47 445 26.4 34.1 37.80 0.12 0.13
8:56 491 26 36.9 38.58 0.13 0.15
9:05 539 25.1 39.1 38.91 0.15 0.16
9:14 566 26.4 41.3 40.90 0.16 0.17
9:23 595 26.7 42.2 41.95 0.17 0.18
9:32 626 21.7 44 43.74 0.18 0.18
9:41 661 27.7 45.1 44.64 0.19 0.19
9:50 686 27.8 45.8 45.38 0.19 0.20
9:59 710 28.9 46.8 47.09 0.20 0.21
10:08 735 29.5 48.1 48.33 0.21 0.21
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C.1 Validation of PV Module Power Output (continued)

T. (°C) Ppv (kW)

Time It (W/m?) | Tamb (°C)

Exp Sim Exp Sim
10:17 756 30.2 47.6 49.57 0.22 0.22
10:26 780 30.2 47.8 50.19 0.22 0.22
10:35 804 31.3 49.5 51.90 0.23 0.23
10:44 821 30.1 49.5 51.14 0.24 0.23
10:53 851 31 51.3 52.81 0.24 0.24
11:09 904 31.3 50.2 54.47 0.28 0.25
11:18 881 33.3 53.7 55.88 0.25 0.25
11:27 894 32.7 55.2 55.61 0.25 0.25
11:36 903 33.2 56.8 56.34 0.25 0.25
11:45 906 32.5 57.2 55.72 0.25 0.25
11:54 896 33.1 57.1 56.06 0.25 0.25
12:03 902 34 57.3 57.11 0.25 0.25
12:12 905 32.1 56.1 55.29 0.25 0.25
12:21 897 31.9 57.1 54.89 0.25 0.25
12:30 913 33.7 58 57.10 0.25 0.25
12:39 863 31.5 57.5 53.61 0.24 0.24
12:48 869 33 57.5 55.27 0.24 0.24
13:00 883 33 55.5 55.63 0.25 0.25
13:09 925 34.1 57.7 57.80 0.26 0.26
13:18 957 33.6 59.4 58.12 0.26 0.26
13:27 888 31.8 56.2 54.56 0.25 0.25
13:36 845 315 56.1 53.15 0.24 0.24
13:45 812 33 55.1 53.81 0.23 0.23
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APPENDIX D

D.1 Thermal Performance of the Normal Inverter Air Conditioner Unit

Tinlet,Eva (OC) Toutlet,Eva (o C) Tinlet, Toutlet, SEER
Tr Qac Pac
(KWh/

wb | db | wb | db | O | gy | gy | W) | (kW) | Gy

Time

8:00 221 26 | 155 15.6 27.7 | 256 | 339 | 44 0.6 7.0
8:09 | 194 251 | 124 12.5 25 | 258 | 341 | 4.2 0.7 6.4
8:18 194 25 | 146 14.9 265 | 264 | 31.8 | 3.0 0.4 6.7
8:27 | 193 255 | 145 14.9 249 | 272 | 326 | 3.0 0.5 6.4
8:36 | 189 249 | 141 14.5 254 | 274 | 322 | 29 0.5 6.3
845 | 187 249 | 14 144 | 259 | 269 | 322 | 29 0.5 5.8
8:54 |18.8 254 | 141 14.6 259 | 286 | 335 | 29 0.5 5.9
9:03 | 186 251 | 13.6 14 245 | 281 | 335 | 3.0 0.5 5.6
9:12 | 18.7 253 | 13.7 14.1 245 | 28.7 | 342 | 3.0 0.5 5.6
9:21 | 188 259 | 138 14.3 245 | 285 | 34 3.0 0.5 5.9
9:30 | 187 253 | 14 145 247 | 29.2 | 341 | 29 0.5 5.8
9:39 | 185 254 | 116 11.9 246 | 286 | 359 | 4.0 0.7 5.8
9:48 | 179 257 | 12.6 13.2 246 | 29.8 | 355 | 31 0.6 5.5
9:57 | 184 255 | 134 13.9 247 | 29 | 343 | 30 0.5 5.6
10:06 | 179 252 | 10.3 10.5 248 | 293 | 358 | 4.3 0.9 5.0
10:15 | 175 25.7 | 12.2 12.7 249 | 29 35 3.1 0.6 5.5
10:24 | 18.2 25.7 | 13.2 13.7 243 | 30 | 352 | 3.0 0.6 5.3
10:33 | 17.8 25.2 | 10.3 10.5 2477 | 29.7 | 364 | 4.2 0.9 4.9
10:42 | 171 253 | 11 115 25 | 288 | 36.1 | 34 0.7 5.1
10:51 18 255 | 115 11.8 2477 | 294 | 36.1 | 3.7 0.7 5.2
11:00 | 175 26.7 | 11 115 255 | 283 | 358 | 3.7 0.7 4.9
11:09 | 17.3 26.2 | 10.5 111 254 | 288 | 36.3 | 3.8 0.7 5.1
11:18 | 17.2 25.6 | 10.6 11 25.6 | 28.2 | 359 | 3.7 0.7 5.0
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D.1 Thermal Performance of the Normal Inverter Air Conditioner Unit (continued)

Tinteteva (°C) | Toutleteva (°C) Tinlet, | Toutlet, SEER
Time Tl cond | cona | 22C | PRC why

wb | db | wb db (°C) ¢C) | (0 (kW) | (kW) KWh)
11:27 | 174 257|105 108 | 251|289 | 366 | 39 | 08 | 47
11:36 | 16.9 26.4 | 8.6 9 | 256(299|368| 45 | 10 | 47
11:45 | 169 26.4 | 8.6 9 | 254|295 | 366 | 45 | 1.0 | 47
11:54 | 168 258 | 8.6 9 | 253(208| 37 | 44 | 10 | 46
12:03 | 16.7 254 | 85 9 [ 259(299| 37 | 44 | 10 | 46
12:12 | 17 264 | 86 91 |256(301| 37 | 45 | 10 | 46
1221 | 17 264 | 8.6 9 | 253(29.7|369 | 45 | 10 | 47
12:30 | 171 256 | 87 92 | 259 | 30 | 372 | 45 | 10 | 46
12:39 | 172 264 | 88 92 [252(301|372 | 46 | 10 | 46
12:48 | 172 267 | 87 92 | 25 [ 302|369 | 46 | 10 | 47
1257 | 17 255 | 85 89 |256(291|362 | 46 | 1.0 | 47
13:06 | 172 265 | 87 92 [251| 30 | 371 | 46 | 10 | 46
13:15 | 171 258 | 88 93 |255|307|37.7 | 45 | 10 | 45
1324 | 174 267 | 89 93 |257| 30 | 373 | 46 | 1.0 | 47
13:33 | 172 262 | 88 93 | 256|304 |37.7 | 46 | 10 | 44
1342 | 174 264 | 87 91 | 257|297 | 369 | 47 | 10 | 47
1351 | 173 267 | 89 93 |258 (303|377 | 46 | 10 | 45
14:00 | 173 259 | 88 93 | 26 |309| 38 | 46 | 10 | 45
14:09 | 174 269 | 9 95 | 261|314 | 384 | 46 | 10 | 44
14:18 | 174 26 | 89 94 |262 307|379 | 46 | 10 | 45
14:27 | 175 269 94 | 262|303|37.7 | 46 | 10 | 45
14:36 | 17.3 265 95 | 263 |318|385 | 45 | 11 | 43
14:45 | 178 27 | 92 97 |265|315|387 | 47 | 11 | 45
1454 | 175 262 | 89 94 |267 (309|381 | 47 | 11 | 44
15:03 | 176 268 | 91 97 |264 |313| 386 | 47 | 11 | 44
1512 | 176 263 | 89 95 |264|305|37.7 | 48 | 11 | 45
1521 | 176 268 | 9 95 | 259|307 |379 | 47 | 11 | 44
1530 | 176 262 | 89 93 | 26 | 304|376 | 48 | 11 | 44
15:39 | 176 27 | 9 95 | 26 | 306|378 | 47 | 11 | 43
1548 | 174 26 | 89 94 | 261|305 376 | 46 | 11 | 42
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APPENDIX E

Thermal Performance of the Inverter Air Conditioner Unit with PCM
Packed Bed.

E.1 Electrical Power in Charging period at Various Thickness of PCM Bed

Time X=0.08m X=0.16m X=0.24m

(min) Qac (KW) Pac (KW) Qac (kW) Pac (KW) Qac (KW) Pac (KW)
1 0.00 0.00 0.00 0.00 0.00 0.00
5 1.60 0.43 1.65 0.50 1.75 0.36
9 1.43 0.38 1.60 0.40 1.70 0.55
13 1.25 0.28 1.25 0.34 1.55 0.34
17 0.98 0.23 1.17 0.24 1.47 0.24
21 0.90 0.23 1.01 0.20 1.21 0.20
25 0.90 0.23 0.85 0.17 1.15 0.17
29 0.86 0.23 0.85 0.20 1.15 0.20
33 0.88 0.23 0.77 0.15 0.97 0.15
37 0.87 0.23 0.59 0.15 0.79 0.15
41 0.88 0.23 0.42 0.15 0.62 0.15
45 0.85 0.23 0.74 0.20 0.94 0.20
49 0.60 0.23 0.78 0.20 0.98 0.20
53 0.53 0.23 0.70 0.20 0.90 0.20
57 0.45 0.23 0.51 0.17 0.71 0.17
61 0.44 0.24 0.67 0.17 0.67 0.17
65 0.60 0.17 0.78 0.22 0.98 0.22
69 0.20 0.17 0.69 0.15 0.89 0.15
73 0.40 0.19 0.66 0.15 0.86 0.15
77 0.31 0.19 0.50 0.21 0.70 0.21
81 0.25 0.19 0.36 0.17 0.56 0.17
85 0.20 0.19 0.20 0.15 0.40 0.15
89 0.19 0.19 0.48 0.14 0.68 0.14
93 0.50 0.17 0.70 0.17
97 0.47 0.17 0.67 0.17
101 0.42 0.17 0.62 0.17

70




E.1 Electrical Power in Charging period at Various Thickness of PCM Bed (continued)

Time X=0.08m X=0.16m X=0.24m
(min) Qac (KW) Pac (KW) Qac (KW) Pac (KW) Qac (KW) Pac (KW)
105 0.37 0.17 0.57 0.17
109 0.74 0.29 0.94 0.29
113 0.52 0.22 0.72 0.22
117 0.49 0.22 0.69 0.22
121 0.51 0.22 0.71 0.22
125 0.36 0.17 0.56 0.17
129 0.33 0.17 0.53 0.17
133 0.31 0.17 0.51 0.17
137 0.29 0.17 0.49 0.17
141 0.29 0.17 0.49 0.17
145 0.29 0.17 0.49 0.17
149 0.26 0.17 0.46 0.17
153 0.75 0.33
157 0.61 0.21
161 0.61 0.21
165 0.57 0.21
169 0.32 0.17
173 0.23 0.15
177 0.23 0.12
181 0.32 0.19
185 0.34 0.17
189 0.34 0.17
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E.2 Electrical Power in Discharging period at Various Thickness of PCM Bed

Time X=0.08m X=0.16m X=0.24m
(min) Qac (KW) Pac (KW) Qac (KW) Pac (KW) Qac (KW) Pac (KW)
1 0.08 0.23 0.04 0.23 0.00 0.54
10 1.77 0.37 1.94 0.32 2.07 0.30
19 1.34 0.31 1.35 0.24 1.32 0.23
28 1.09 0.28 0.99 0.19 1.05 0.20
37 1.10 0.28 1.80 0.34 1.07 0.22
46 1.81 0.28 1.02 0.15 0.41 0.31
55 1.43 0.28 1.61 0.22 0.41 0.20
64 1.14 0.28 1.05 0.24 0.82 0.20
73 1.83 0.31 1.46 0.31 0.45 0.21
82 1.63 0.31 1.15 0.24 1.08 0.23
91 1.64 0.42 1.69 0.22 0.82 0.23
100 1.97 0.33 1.22 0.34 1.28 0.20
109 2.05 0.37 1.71 0.36 0.97 0.25
118 1.50 0.33 1.74 0.33 1.49 0.20
127 2.01 0.38 1.88 0.33 1.50 0.22
136 2.08 0.40 1.79 0.31 1.56 0.25
145 2.08 0.44 1.90 0.31 1.65 0.25
154 2.20 0.37 1.82 0.30 1.65 0.23
163 2.13 0.38 1.90 0.31 1.66 0.30
172 2.02 0.40 1.84 0.31 1.64 0.25
181 2.09 0.43 1.87 0.31 1.52 0.27
190 2.14 0.64 1.78 0.57 1.61 0.50
199 2.12 0.43 1.76 0.58 1.61 0.55
208 2.17 0.66 2.44 0.58 1.57 0.55
217 2.19 0.47 2.61 0.49 1.72 0.55
226 2.23 0.66 2.69 0.34 1.67 0.58
235 2.23 0.66 2.24 0.60 2.43 0.44
244 2.94 0.66 2.09 0.62 2.04 0.58
253 2.34 0.66 2.87 0.62 2.04 0.39
262 2.82 0.57 2.97 0.62 2.62 0.55
271 2.67 0.76 2.98 0.62 2.29 0.39
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E.2 Electrical Power in Discharging period at Various Thickness of PCM Bed
(continued)

Time X=0.08m X=0.16m X=0.24m
(min) Qac (KW) Pac (KW) Qac (KW) Pac (KW) Qac (KW) Pac (KW)
280 3.04 0.76 3.00 0.62 2.77 0.58
289 2.93 0.75 3.00 0.64 2.77 0.58
298 2.95 0.75 3.06 0.64 2.83 0.57
307 2.95 0.75 3.03 0.61 2.77 0.57
316 2.48 0.78 3.03 0.71 2.80 0.57
325 3.11 0.78 3.05 0.74 2.75 0.57
334 3.07 0.78 3.11 0.74 2.78 0.58
343 3.18 0.78 3.07 0.74 2.77 0.58
352 3.19 0.75 3.11 0.74 2.89 0.58
361 3.23 0.75 3.07 0.74 2.77 0.60
370 3.31 0.75 3.11 0.74 2.99 0.58
379 3.25 0.75 3.07 0.74 2.98 0.58
388 3.18 0.76 3.14 0.73 311 0.58
397 3.27 0.76 3.09 0.73 3.08 0.73
406 3.29 0.76 3.11 0.73 3.00 0.73
415 3.18 0.76 3.14 0.75 3.20 0.73
424 3.24 0.76 3.19 0.75 3.15 0.75
433 3.36 0.75 3.16 0.75 3.25 0.73
442 3.34 0.76 3.24 0.75 3.20 0.73
451 3.28 0.76 3.41 0.75 3.32 0.73
460 3.05 0.76 3.31 0.75 3.18 0.73
469 3.30 0.76 3.47 0.75 3.26 0.73
478 3.22 0.76 3.31 0.78 3.13 0.73
481 3.33 0.76 3.09 0.75 3.00 0.73
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