ABSTRACT

Title of Document:

A HYBRID AIR CONDITIONER DRIVEN BY
A HYBRID SOLAR COLLECTOR
Ali Al-Alili, Doctor of Philosophy, 2012

Directed By:

Professor, Reinhard Radermacher, Department
of Mechanical Engineering

The objective of this thesis is to search for an efficient way of utilizing solar energy in
air conditioning applications. The current solar Air Conditioners (A/C)s suffer from
low Coefficient of Performance (COP) and performance degradation in hot and
humid climates. By investigating the possible ways of utilizing solar energy in air
conditioning applications, the bottlenecks in these approaches were identified. That
resulted in proposing a novel system whose subsystem synergy led to a COP higher
than unity. The proposed system was found to maintain indoor comfort at a higher
COP compared to the most common solar A/Cs, especially under very hot and humid
climate conditions.
The novelty of the proposed A/C is to use a concentrating photovoltaic/thermal
collector, which outputs thermal and electrical energy simultaneously, to drive a
hybrid A/C. The performance of the hybrid A/C, which consists of a desiccant wheel,
an enthalpy wheel, and a vapor compression cycle (VCC), was investigated
experimentally. This work also explored the use of a new type of desiccant material,

which can be regenerated with a low temperature heat source. The experimental
results showed that the hybrid A/C is more effective than the standalone VCC in
maintaining the indoor conditions within the comfort zone. Using the experimental
data, the COP of the hybrid A/C driven by a hybrid solar collector was found to be at
least double that of the current solar A/Cs. The innovative integration of its
subsystems allows each subsystem to do what it can do best. That leads to lower
energy consumption which helps reduce the peak electrical loads on electric utilities
and reduces the consumer operating cost since less energy is purchased during the on
peak periods and less solar collector area is needed.
In order for the proposed A/C to become a real alternative to conventional systems,
its performance and total cost were optimized using the experimentally validated
model. The results showed that for an electricity price of 0.12 $/kW-hr, the hybrid
solar A/C’s cumulative total cost will be less than that of a standard VCC after 17.5
years of operation.

A HYBRID AIR CONDITIONER DRIVEN BY A HYBRID SOLAR COLLECTOR

By

Ali Al-Alili

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, College Park, in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2012

Advisory Committee:
Professor Reinhard Radermacher, Chair
Professor Michael Ohadi
Associate Professor Bao Yang
Associate Professor Keith Herold, Dean's Representative
Research Associate Professor Yunho Hwang

© Copyright by
Ali Al-Alili
2012

Acknowledgements
In the name of Allah, Most Gracious, Most Merciful
{Indeed, in the creation of the heavens and the earth and the alternation of the night
and the day are signs for those of understanding} (Quran, 3:190). {and say, "My
Lord, increase me in knowledge."} (Quran, 20:114). All praise is due to Allah for
giving me the strength, health, and patience to accomplish this work.
I am forever grateful for my advisor, Dr. Reinhard Radermacher, for his guidance and
encouragement. Dr. Radermacher did not only teach me how to conduct a high level
research, but also helped me develop other skills needed in the academic and
professional life. I also would like to thank my dissertation committee, Dr. Michael
Ohadi, Dr. Yunho Hwang, Dr. Bao Yang, and Dr. Keith Herold, for their service and
contribution to improve this thesis. I would like to express gratitude to the Petroleum
Institute, Abu Dhabi, UAE, for the Ph.D. scholarship and the financial support of this
work.
I would like to offer a special thanks to Dr. Yunho Hwang, from whom I learned how
to perform and present my work in a professional manner. His guidance at crucial
moments throughout the research process is highly appreciated. I would like to thank
all CEEE students, past and present, for helping me overcome many obstacles along
the way.
Special thanks to Jan Muehlbauer, Daniel Leighton, Magnus Eisele, who helped me
in my experimental work. Their expertise and innovative ideas saved me considerable
time. I also would like to thank the undergraduate students, Bracha Mandel, Andy
Oles, and Tariq Jallad, who helped me construct the experiment,
Most importantly, I would like to thank my wife, Jamila AlAli, my children, and my
family for their love and support. Without the continuous love and sacrifice by my
wife, this achievement would not have been possible.

ii

Table of Contents
Acknowledgements ......................................................................................................................... ii
Table of Contents ........................................................................................................................... iii
List of Tables .................................................................................................................................. v
List of Figures ............................................................................................................................... vii
Nomenclature ................................................................................................................................ xii
1. Background and Literature Review ........................................................................................ 1
1.1
Fundamentals of Solar Radiation: ................................................................................... 1
1.1.1 Solar Radiation Geometry........................................................................................... 1
1.1.2 Solar Radiation Components and Resources .............................................................. 4
1.2
Solar Energy Collection Technologies: .......................................................................... 6
1.2.1 Solar Thermal Collectors ............................................................................................ 6
1.2.2 Photovoltaic Cells ....................................................................................................... 8
1.2.3 Photovoltaic/Thermal Collectors .............................................................................. 13
1.3
Solar Cooling Processes:............................................................................................... 17
1.3.1 Electrically Driven Cooling Cycles .......................................................................... 18
1.3.2 Thermally Driven Cooling Cycles: ........................................................................... 21
1.4
Solar Air Conditioning in Hot and Humid Climates .................................................... 32
1.5
Summary of Background and Literature Review ......................................................... 36
1.6
Research Objectives ...................................................................................................... 38
1.7
Thesis Structure ............................................................................................................ 39
2. The Novel Hybrid Solar Air Conditioner ............................................................................. 40
2.1
The Design Approach ................................................................................................... 40
2.2
The Solar Sub-System................................................................................................... 41
2.3
The Cooling Sub-System .............................................................................................. 42
3. Simulation of the Hybrid Solar Air Conditioner................................................................... 45
3.1
Modeling Approach ...................................................................................................... 45
3.2
Parametric Study ........................................................................................................... 51
3.3
Overall System Performance ........................................................................................ 55
3.4
Conclusions of the Hybrid Solar Air Conditioner Simulation ...................................... 59
4. Desiccant Wheel Cycle Experimental Investigation............................................................. 60
4.1
Experiment Apparatus .................................................................................................. 60
4.2
Equipment ..................................................................................................................... 61
4.2.1 Desiccant Wheel ....................................................................................................... 61
4.2.2 Enthalpy Wheel ......................................................................................................... 64
4.2.3 The Water-Air-Heat Exchanger ................................................................................ 65
4.3
Instrumentation ............................................................................................................. 66
4.4
Performance Indices...................................................................................................... 67
4.5
Uncertainty Analysis ..................................................................................................... 68
4.6
Results and Discussion ................................................................................................. 69
4.7
Conclusions of the Desiccant Wheel Cycle Testing ..................................................... 78
5. The Hybrid Air Conditioner Experimental Investigation ..................................................... 80
5.1
Experimental Facility .................................................................................................... 80
5.2
Equipment ..................................................................................................................... 81
iii

5.2.1 Vapor Compression Cycle ........................................................................................ 81
5.2.2 Conditioned Space .................................................................................................... 82
5.3
Instrumentations ............................................................................................................ 83
5.4
Results and Discussion ................................................................................................. 84
5.5
Conclusions of the Hybrid Air Conditioner Testing ..................................................... 89
6. Optimization Study ............................................................................................................... 91
6.1
Introduction ................................................................................................................... 91
6.2
Optimization Algorithms .............................................................................................. 91
6.3
Optimization Problem Formulation .............................................................................. 94
6.4
Experimentally Validated Solar Hybrid Air Conditioner Model .................................. 97
6.4.1 The Concentrating Photovoltaic/Thermal Collector ................................................. 97
6.4.2 The Desiccant Wheel Cycle ...................................................................................... 99
6.4.3 The Vapor Compression Cycle ............................................................................... 104
6.5
Results and Discussion ............................................................................................... 112
6.6
Conclusions of the Optimization Study ...................................................................... 120
7. Summary and Conclusions ................................................................................................. 122
7.1
Simulation Study......................................................................................................... 122
7.2
Experimental Study..................................................................................................... 123
7.3
Optimization Study ..................................................................................................... 124
8. List of Major Contributions and Future Work .................................................................... 127
8.1
Major Contributions .................................................................................................... 127
8.2
Future Work ................................................................................................................ 129
Appendices .................................................................................................................................. 131
Appendix A: Nozzle Calibration ............................................................................................ 131
Appendix B: Sample Optimization ......................................................................................... 136
Appendix C: VCC Charge Optimization ................................................................................ 139
Appendix D: Cost Analysis .................................................................................................... 141
References ................................................................................................................................... 143

iv

List of Tables
Table 1: Sign convention of the Earth-Sun Angles and Observer – Sun Angles ............... 3
Table 2: The sun’s extraterrestrial spectral irradiance ........................................................ 4
Table 3: Several US sources for solar radiation data .......................................................... 6
Table 4: Classification of solar thermal collectors (Kalogirou, 2004)................................ 7
Table 5: Theoretical conversion efficiency limits for several PV materials at 25oC (Roger
and Ventre, 2005)................................................................................................................ 9
Table 6: Performance of solar adsorption cycles .............................................................. 30
Table 7: Summary of the solar ejector cycles ................................................................... 32
Table 8: Investigations of the performance of the desiccant air conditioner .................... 34
Table 9: Overview of the thermally driven cooling cycles ............................................... 37
Table 10: ASHRAE design conditions for Abu Dhabi, U.A.E. ........................................ 47
Table 11: Specifications of the desiccant wheel selected ................................................. 63
Table 12: Enthalpy wheel specifications .......................................................................... 64
Table 13: List of the instruments ...................................................................................... 66
Table 14: Test matrix ........................................................................................................ 66
Table 15: The desiccant wheel cycle testing uncertainties ............................................... 78
Table 16: Instruments' range and accuracy ....................................................................... 83
Table 17: Test matrix ........................................................................................................ 83
Table 18: The hybrid solar air conditioner performance predictions ............................... 89
Table 19: The hybrid air conditioner testing uncertainties ............................................... 89
Table 20: Optimization design variables .......................................................................... 95
Table 21: Initial cost of the hybrid solar A/C components ............................................... 96
Table 22: VCC test matrix .............................................................................................. 104

v

Table 23: Selected evaporator's correlations .................................................................. 107
Table 24: Selected condenser's correlations ................................................................... 109
Table 25: Optimal Design specifications ........................................................................ 113

vi

List of Figures
Figure 1: Earth-Sun Angles (Stine and Geyer, 2001) ......................................................... 1
Figure 2: Observer-Sun Angles .......................................................................................... 2
Figure 3: Spectral distribution of solar irradiance at sea level for air mass = 1 (ASHRAE,
1999) ................................................................................................................................... 5
Figure 4: Pyranometer and Pyrheliometer .......................................................................... 5
Figure 5: Typical I-V and power characteristics of a PV module (Duffie and Beckman,
1991) ................................................................................................................................. 10
Figure 6: Equivalent circuit of a PV cell (Duffie and Beckman, 1991) ........................... 11
Figure 7: I-V characteristics of PV cells under different irradiance levels (Roger and
Ventre, 2005) .................................................................................................................... 11
Figure 8: Temperature dependence of the cell’s power output (Royne et al., 2005) ........ 12
Figure 9: I-V curves of PV cells connected various series and parallel arrangements
(Duffie and Beckman, 1991)............................................................................................. 13
Figure 10: The combination of the PV technology with thermal collectors ..................... 14
Figure 11: PVT Types ....................................................................................................... 14
Figure 12: Solar cooling processes classifications............................................................ 18
Figure 13: Schematic of a VCC ........................................................................................ 19
Figure 14: Schematic of a single thermoelectric device ................................................... 20
Figure 15: Processes of moisture transfer by desiccant material ...................................... 22
Figure 16: Schematic of a desiccant cooling ventilation cycle (Henning, 2007b) ........... 24
Figure 17: Pennington cycle for cooling and dehumidification........................................ 24
Figure 18: Schematic of a liquid desiccant system ........................................................... 25
Figure 19: Diagram of an absorption cycle....................................................................... 26
Figure 20: Adsorption cycle (GBU, 1995) ....................................................................... 29
Figure 21: Steam Ejector Cycle ........................................................................................ 31
vii

Figure 22: Pennington cycle ............................................................................................. 34
Figure 23: Various combinations between solar collectors and cooling processes .......... 37
Figure 24: COP of the proposed hybrid solar air conditioner ........................................... 40
Figure 25: The solar sub-system ....................................................................................... 42
Figure 26: The cooling sub-system ................................................................................... 44
Figure 27: Schematic of the hybrid solar cooling system. ................................................ 44
Figure 28: System information flow diagram. .................................................................. 45
Figure 29: Modeling approach. ......................................................................................... 46
Figure 30: Simulated performance of the DW for the month of June .............................. 49
Figure 31: Air state points in various locations in the cooling sub-system. ..................... 50
Figure 32: The effect of the collector MFR on its outputs. .............................................. 52
Figure 33: Thermal storage size vs. energy delivered. ..................................................... 53
Figure 34: Effect of the electrical storage size on the electrical energy delivered. .......... 54
Figure 35: The effect of the collector area on the external energy needed ....................... 54
Figure 36: Monthly sensible and latent loads on the VCC (VCC + DWC). ..................... 56
Figure 37: Monthly sensible and latent loads on the VCC (VCC only). .......................... 56
Figure 38: Comparison of the monthly performance of three solar air conditioners........ 57
Figure 39: The hourly ambient conditions for Abu Dhabi and indoor space conditions for
one year simulation (CPVT+VCC+DW). ......................................................................... 58
Figure 40: The hourly space conditions for one year simulation (PV + VCC) ................ 58
Figure 41: Desiccant wheel cycle schematic .................................................................... 60
Figure 42: Experimental setup .......................................................................................... 61
Figure 43: Isotherms of various desiccant materials......................................................... 62
Figure 44: Isotherms of different adsorbents (Mitsubishi Plastics, 2010) ........................ 63
Figure 45: Recommended regeneration temperature (Mitsubishi Plastics, 2010) ............ 63

viii

Figure 46: FAM-Z01 desiccant wheel .............................................................................. 64
Figure 47: The enthalpy wheel ......................................................................................... 65
Figure 48: Moisture Mass Balances of all the tests .......................................................... 70
Figure 49: Total Energy Balances of all the tests ............................................................. 70
Figure 50: Effect of process air temperature on MRC ...................................................... 71
Figure 51: Effect of process air temperature on COPLat ................................................... 71
Figure 52: Effect of process air humidity ratio on MRC .................................................. 72
Figure 53: Effect of process air humidity ratio on COPLat................................................ 73
Figure 54: Effect of process air humidity ratio on process air humidity difference ......... 73
Figure 55: Effect of process air humidity ratio on DW's process outlet humidity ratio ... 74
Figure 56: Effect of the ventilation flow rate on MRC..................................................... 75
Figure 57: Effect of the ventilation flow rate on COPLat .................................................. 75
Figure 58: Effect of regeneration temperature on MRC ................................................... 76
Figure 59: Effect of regeneration temperature on COPLat ................................................ 76
Figure 60: The enthalpy wheel’s effectiveness ................................................................. 77
Figure 61: Temperature difference ratio at the EW .......................................................... 77
Figure 62: COPLat with and without the enthalpy wheel ................................................... 78
Figure 63: Schematic of the experiment setup .................................................................. 81
Figure 64: The variable speed compressor and its inverter .............................................. 82
Figure 65: Electric air heater to represent the space sensible load. .................................. 82
Figure 66: Indoor conditions for the hybrid A/C and the standalone VCC ...................... 84
Figure 67: Moisture mass balance of all the tests ............................................................. 85
Figure 68: Inlet (Black Circles) and outlet conditions (Red Squares) of the desiccant
wheel cycle........................................................................................................................ 86
Figure 69: Indoor conditions for the hybrid A/C at various operating conditions............ 86

ix

Figure 70: VCC refrigerant state points ............................................................................ 87
Figure 71: MATLAB optimization flow diagram ............................................................ 92
Figure 72: A flowchart of GA’s working principle (Deb, 2001) ...................................... 94
Figure 73: Thermal network of the CPVT collector (Coventry, 2005) ............................ 98
Figure 74: Desiccant wheel process outlet temperature ................................................. 100
Figure 75: Desiccant wheel process outlet humidity ratio .............................................. 100
Figure 76: Enthalpy wheel process outlet temperature ................................................... 102
Figure 77: Enthalpy wheel process outlet humidity ratio ............................................... 102
Figure 78: Enthalpy wheel exhaust outlet temperature................................................... 103
Figure 79: Enthalpy wheel exhaust outlet humidity ratio ............................................... 103
Figure 80: Evaporator circuitry and temperature distribution in CoilDesigner .............. 105
Figure 81: Evaporator capacity ....................................................................................... 106
Figure 82: Evaporator pressure drop............................................................................... 106
Figure 83: Condenser capacity........................................................................................ 108
Figure 84: Condenser pressure drop ............................................................................... 108
Figure 85: Vapor compression cycle in VapCyc ............................................................ 110
Figure 86: Evaporator cooling capacity .......................................................................... 110
Figure 87: Compressor electricity consumption ............................................................. 111
Figure 88: Condenser capacity........................................................................................ 111
Figure 89: The experimental VCC coefficient of performance ...................................... 112
Figure 90: GA progress toward the minimum grid energy consumption ....................... 114
Figure 91: MOGA Pareto front progress ........................................................................ 115
Figure 92: The solar hybrid A/C Pareto front solutions ................................................. 115
Figure 93: Comparing ISOC and MATLAB MOGA ..................................................... 116
Figure 94: The effect of the population size ................................................................... 117
x

Figure 95: Total cost of the proposed system vs. conventional VCC ............................. 118
Figure 96: The hybrid A/C cost breakdown ................................................................... 119
Figure 97: Total cost of the hybrid solar A/C with incentives ........................................ 120

xi

Nomenclature
Abbreviations

Description

Units

A/C

Air Conditioner

ABS

Absorption cycle

AQSOA

AQua SOrb zeolitic Adsorbent

ARI

American Refrigerant Institute

ARI

Air-Conditioning and Refrigeration Institute

ASHRAE

American Society of Heating, Refrigerating and
Air Conditioning Engineers

B

Bias error

COP

Coefficient of Performance

CPC

Compound Parabolic Collector

CPVT

Concentrating Photovoltaic/Thermal

DB

Dry Bulb temperature

DC

Direct current

DP

Dew Point temperature

DW

Desiccant Wheel

DWC

Desiccant Wheel Cycle

EC

Evaporative Cooler

EES

Engineering Equation Solver

ESF

Electrical Solar Fraction

ETC

Evacuated Tube Collector

EW

Enthalpy Wheel
xii

o

C

o

C

Exp

Experimental

FAM

FerroAluMinophosphate

FPC

Flat Plate Collector

FPVT

Flat Photovoltaic/Thermal collector

FS

Full Scale

GA

Genetic Algorithm

GENOPT

Generic Optimizer

HRW

Heat Recovery Wheel

HX

Heat eXchanger

ISOC

Integrated Systems Optimization Consortium

MDB

Mean coincident Dry Bulb temperature

MFR

Mass Flow Rate

MMB

Moisture Mass Balance

MOGA

Multi Objective Genetic Algorithm

MOOP

Multi Objective Optimization Problem

MR

Moisture Removal

MRC

Moisture Removal Capacity

kgW/hr

MRR

Moisture Rejected Rate

kgW/hr

MWB

Mean coincident Wet Bulb temperature

NREL

National Renewable Energy Laboratory

P

Precision error

PS

Pattern Search

PV

PhotoVoltaic

o

C

kg/hr

xiii

o

C

PVT

PhotoVoltaic/Thermal collector

RD

Reading

RPH

Revolution Per Hour

S

Sample Standard deviation

SACE

Solar Air Conditioning in Europe

SEER

Seasonal Energy Efficiency Ratio

SF

Solar Fraction

SHX

Sensible Heat Exchanger

SPAC

Solar Powered Absorption Cycle

SW

Sensible Wheel

TC

Thermocouple

TEB

Total Energy Balance ratio

TMY2

Typical Meteorological Year 2

TRNEdit

TRNSYS Editor

TRNOPT

TRNSYS Optimizer

TRNSYS

Transient Systems Simulation

VCC

Vapor Compression Cycle

WAHX

Water-Air Heat Exchanger

Symbol

Description

Units

Mass flow rate

kga/hr

Effectiveness of the Enthalpy Wheel
Mean value

xiv

-

m2

A

Area

C

Concentration Ratio

c

Speed of light

C

Cost

Cmin

minimum fluid heat capacity rate

Cp

Heat capacity

CS

Control Signal

D

Diameter

dp

Pressure drop

kPa

E

Energy rate

kW

Ep

Photon energy

eV

ESF

Electrical Solar Fraction

F

Control function

F,i

Fluid inlet

F1,2

Iso-potential line

fcomp

Compressor frequency

Fdirt

Scaling factor for dirt on a mirror

FF

Filling Factor

-

FH

Carnavos correction factor

-

Fn,k

Iso-potential lines

-

Fshade

Scaling factor for shading of a mirror

Fshape

Scaling factor for mirror shape error

-

Funiformity

Scaling factor for non-uniform radiation

-

m/s
$
W/oC
kJ/kg-K

m

xv

-

Hz

G

Solar irradiance

W/m2

h

Enthalpy

kJ/kg

hcw

Water side heat transfer coefficient for
convection

hfg

Latent heat of water

kJ/kgw

hp

Planck constant

eV-s

I

Current

Amp

k

Thermal conductivity

W/m-K

LA

Purchased energy with solar collectors

kW-hr

Lo

Total purchased energy without solar collectors

kW-hr

m

Mass

N

Number

n

Day number

Nu

Nusselt number

ø

Latitude

Degrees

P

Pressure

kPa

P

Electrical energy

kW-hr

Pcomp

Compressor work

kW

Pr

Prandtl number

Q

Heat transfer rate

Re

Reynolds number

RH

Relative Humidity

%

Rspeed

Rotational Speed

RPH

kg

-

kW

xvi

s

Entropy

t

Time

Hr

T

Temperature

o

t95%

T-distribution (probability of 95%)

TC

Total Cost

$

ts

Local Solar Time

hr

TSF

Thermal Solar Fraction

-

U

Overall heat transfer coefficient

Uf

Uncertainty in a function f

L

kJ/kg-K

C

Modified overall heat loss coefficient

W/m2-oC

W/m2-oC
m3

V

Volume

V

Voltage

VCC

Vapor Compression Cycle

w

Humidity ratio

kgw/kga

α

Sun’s Altitude

Degrees

β

Temperature coefficient of the solar cell

γ

Sun’s Azimuth angle

Degrees

γs

Surface-solar azimuth angle

Degrees

δ

Sun’s declination angle

Degrees

ε

Effectiveness

η

Efficiency

θz

Sun’s zenith angle

λ

Wavelength

-

W/ oC

Degrees
μm

xvii

ρ

Reflectivity

Σ

Surface tilt angle

τ

Transmissivity

ω

Solar hour angle

Subscripts

Description

a

aperture

air

Air

amb

ambient

batt

batteries

c

photovoltaic cell

coll

solar collector

collin

collector input

collout

collector output

Comp

compressor

d

direct component of the solar irradiance

e

electricity

elec

electrical

eleccoll

collector electrical

elect

electrical

evap

evaporator

exp

experimental

f

Fluid

Degrees
Degrees

xviii

fanExh

exhaust fan

fanSupp

supply fan

fg

vaporization

gen

generator

HT

heater

hx

heat exchanger

i

the ith node

i

Inlet

in

Inlet

init

initial

inv

inverter

isen

isentropic

L

Load

lat

Latent

m

mirror

min

minimum

op

operational

P

Pump

r

reference

ref

reference

reg

regeneration

sc

sub-cooling

sens

sensible

xix

sh

superheat

sim

simulation

st

storage tank

sup

supply

sys

complete hybrid solar air conditioner system

tank

hot water storage tank

tank

hot water storage tank

tf

tube and fluid

th

thermal

ther

thermal

tot

Total

u

useful

VCC

vapor compression cycle

vol

volumetric

xx

1. Background and Literature Review
1.1
1.1.1

Fundamentals of Solar Radiation:
Solar Radiation Geometry

Understanding the motion of the sun with respect to an observer is very essential,
especially in the design phase of a system utilizing solar energy. In order to be able to
collect the solar energy available at any location, one should be able to predict the sun’s
position relative to the collecting devices. This knowledge would help utilize the solar
energy in the most effective way. The information can be used to estimate the energy
intercepted by various surfaces and predict the performance of the collecting devices.
The Earth-Sun Angles are the hour angle ω, the declination angle δ and the latitude angle
ø, Figure 1 .

Figure 1: Earth-Sun Angles (Stine and Geyer, 2001)
The hour angle is the angular distance between the meridian of the observer and the
meridian whose plane contains the sun. It is considered be zero at solar noon. Equation

1

(1) shows how the hour angle is calculated knowing the solar time, ts. The solar time is
based on the 24-hour clock and must be used in all the solar radiation calculations.

  15t s  12 

(1)

The declination angle is the angle between the earth’s equatorial plane and the line that
connects the center of the earth and the sun. This angle is found by using Equation (2)
(Threlkeld et al., 1998).



 284  n 

 365 

  23.45 sin 360


(2)

The latitude angle is the angle between the earth’s equatorial plane and the line
connecting a point on the earth’s surface to the center of the earth.
Figure 2 shows the Observer-Sun Angles, which are the sun’s Zenith angle θz, sun’s
Altitude α and sun’s Azimuth angle  .

Figure 2: Observer-Sun Angles
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The Sun’s Altitude Angle is the angle between the direct ray from the sun and the
observer horizontal plane. Knowing the declination angle, hour angle and the latitude, the
sun’s altitude can be calculated, Equation (3).

sin    cos cos cos   sin  sin  

(3)

Equation (4) is used to calculate the solar Zenith angle which is the complement of the
Sun’s Altitude Angle.

 z  90  

(4)

The solar Azimuth angle is measured clockwise on the observer horizontal plane from the
south axis to the projection of the sun’s ray. Equation (5) shows how the solar Azimuth
angle is calculated.
cos  

cos  cos  cos   sin  sin 
cos 

(5)

The sign convention of these various angles can be found in Table 1.
Table 1: Sign convention of the Earth-Sun Angles and Observer – Sun Angles
Title
Latitude
Declination
Hour Angle
Sun Altitude
Sun Zenith
Sun Azimuth

Symbol
ø
δ
ω
α
θz
γ

Zero
Equator
Equinox
Noon
Horizontal
Vertical
South

Range
± 90°
± 23.45°
± 180°
[0-90]°
[0-90]°
± 180°

Positive Direction
Northern Hemisphere
Summer
Afternoon
Upward
Toward Horizon
Clockwise

Knowing the sun-earth angles, the relation of sun’s rays to a tilted surface can be
established. Equation (6) shows how the surface-solar azimuth angle is defined.
3

 s   

(6)

for East, South, West and North, the values for the vertical surface azimuth angles used
are -90°, 0°, 90° and 180°, respectively.
Based on the surface tilt angle Σ, 0° for horizontal and 90° for vertical surfaces, the sun’s
incidence angle on the surface can be calculated as shown in Equation (7).

cos   cos  cos s  sin  sin  cos

1.1.2

(7)

Solar Radiation Components and Resources

The sun can be treated as a blackbody at an effective temperature of 5760K. The
maximum spectral intensity occurs in the green portion of the visible light at 0.48 µm.
The sun’s extraterrestrial spectral irradiance distribution is shown in Table 2.
Table 2: The sun’s extraterrestrial spectral irradiance
Percentage of the total extraterrestrial
solar irradiance [0.120-100] µm [%]
8.7
38.2
53.1

Spectral Range
UV - below 0.40 µm
Visible region [0.40 - 0.70] µm
Infrared region – above 0.7 µm

However, the solar irradiance undergoes considerable attenuation as it passes through the
atmosphere as a result of absorption and scattering. The spectral distribution of solar
irradiance on the ground can be seen in Figure 3. Even on a cloud free day with
unpolluted sky, about 30% of the incident energy on earth is lost (Kreith and Kreider,
1978). Practically, all of the solar radiation reaching the earth’s surface falls in the
wavelength band from 0.3 – 2.5 µm.
4

Figure 3: Spectral distribution of solar irradiance at sea level for air mass = 1 (ASHRAE,
1999)
The total solar flux striking a surface generally consists of three components: direct,
diffuse and reflected. A pyranometer is used to measure the total radiation, whereas a
pyrheliometer is used to measure the direct component, Figure 4. The direct normal or
beam component is that received from the sun without having been scattered by the
atmosphere. The diffuse radiation is that received from the sun after its direction has been
changed due to scattering by the atmosphere. The reflected radiation is that which is
received after being reflected from surrounding surfaces or the ground.

Figure 4: Pyranometer and Pyrheliometer
Analysis to predict long-term performance of solar energy systems rely on the availability
of solar radiation data. These data include measurements of global horizontal irradiance,
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diffuse irradiance, and direct irradiance in W/m2. Table 3 shows several US resources for
solar radiation data.
Table 3: Several US sources for solar radiation data
Source
The US National Solar Radiation Data
Base (NSRDB)

Brief Description
Contains hourly solar radiation data for 239
National Weather Service Stations
from1961 to 1990 (TMY2)
Provides irradiance and meteorological
data from stations throughout the United
States (NREL)
Provides live solar radiation data from
approximately 70 instruments at the NREL
South Table Mountain site and historical
measurements dating to 1981(NREL).
Provides information about biomass,
geothermal, solar, and wind energy
resources (NREL)
Provides solar radiation and wind
measurement data for select U.S. locations
(NREL)
Provides 5-minute measurements of solar
irradiance for six stations in the
southeastern United States from 1985 to
1996. (NREL)

Measurement and Instrumentation Data
Center (MIDC)

Baseline Measurement System (BMS)

Renewable Resource Data Center (RRDC)
Cooperative Networks for Renewable
Resource Measurements (CONFRRM)
Historically Black Colleges and
Universities Solar Radiation Monitoring
Network:
Solar Radiation Data Manual for Flat Plate
and Concentrating Collector
1.2
1.2.1

Data for 50 states. (NREL)

Solar Energy Collection Technologies:
Solar Thermal Collectors

Solar collectors can be regarded as a special kind of heat exchangers in which solar
radiation energy is transferred to the internal energy of the transport medium. These solar
thermal collectors can be divided into two main groups based on their motion as shown in
Table 4 (Kalogirou, 2004). The first group is the non tracking collectors in which the
collector is fixed at certain title angle, usually within 5 to 10 degrees with respect to the
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latitude angle. This group includes concentrating and non-concentrating collectors. In the
non-concentrating collectors, the same area is used to intercept and absorb the solar
radiation. Two type of collectors fall into the non-concentrating category: flat plate
collectors (FPC) and evacuated tube collectors (ETC). The second group is the tracking
collectors in which a reflected or a refracted surface is used to intercept and focus the
solar radiation into a smaller receiving area.
Table 4: Classification of solar thermal collectors (Kalogirou, 2004).

The stationary collectors can be used for low and moderate temperature applications,
such as domestic water heating, building heating and air conditioning. They can utilize
both beam and diffuse solar irradiation. The main advantage of these collectors is that
they require little maintenance. On the other hand, with tracking collectors, higher
working fluid temperatures can be achieved. The concentrator helps increase the solar
radiation flux and reduce the receiver area, hence reducing the heat loss. In addition, the
thermal efficiency is higher especially at higher temperatures. Since these collectors
utilize mainly the beam radiation, they are required to track the sun. The tracking
mechanism should be reliable and tracks with a certain degree of accuracy. There are two
methods in which the collector can track the motion of the sun. The first one is the
altitude-azimuth method which is a two-axes tracking method. The second is the one-axis
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tracking method which requires the tracking device to track the sun in either East to West
or North to South motion. If the collector is orientated in an East - West orientation, very
little collector adjustment is required and the full aperture always faces the sun at noon
time. It requires an approximate ± 30°/day motion (Goswami et al., 2000). However, the
collector’s performance decreases during early and late hours of the day due to the cosine
effect. On the other hand, if the collector is oriented in a North - South direction, the
cosine loss is less in the morning and evening and the collector performs less efficiently
at noon. This orientation requires about 15°/hr motion (Goswami et al., 2000).
1.2.2

Photovoltaic Cells

Photovoltaic (PV) conversion is the direct conversion of sunlight into electricity. The
photovoltaic devices can be made from various types of semiconductor materials.
Semiconductors are materials with valence band partly filled and have intermediate band
gaps ( ≤ 3 eV). Table 5 shows various PV materials with their respective band gaps and
maximum theoretical efficiencies (Roger and Ventre, 2005). They can be divided into
intrinsic (pure) and extrinsic (doped with impurities) semiconductors. Based on the
dopant material, n-type or p-type semiconductors can be created. When the dopant
material has more electrons in the valence band than the semiconductor, n-type
semiconductors are created. If on the other hand, the semiconductor is doped with
material with a deficiency of electrons in its outer shell, p-type is created. When a p and
an n type material are joined together, creating a p-n junction, excess electrons from n
layer jump to fill the holes in the p layer. This leads to the formation of a positive charge
on the n side close to the junction and a negative charge on the p side. This makes the p-n
junction behave like a diode since the negative charges on the p side restrict the
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movement of additional electrons from the n side to the p side, while the positive charges
at the junction on the n side made the movement of additional electrons from the p to the
n side easier.
Table 5: Theoretical conversion efficiency limits for several PV materials at 25oC (Roger
and Ventre, 2005).

When solar irradiance strikes the solar cell, the light photon is absorbed by a valence
electron increasing its energy by the amount of energy of the photon, Equation (8).

E p  hp f 

hp c



( Joules) 

1.24
(eV )
 ( m)

(8)

If the energy of the photon is equal to or larger than the band gap of the semiconductor,
the electron with excess energy will jump into the conduction band. The excess energy
over the band gap increases the kinetic energy of the photon. However, if the photon
energy is less than the band gap, the electron will not be able to jump into the conduction
band and the excess energy gained is dissipated as heat which increases the cell
temperature. For example, for Ge, band gap of 0.6, photons of sunlight at a wavelength
of 0.51 may be converted to electricity at a maximum efficiency of 100% while photons
at lower wavelengths will be converted at lower efficiencies.
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Figure 5 shows a typical I-V and power characteristics of a PV module. The maximum
current, short circuit current, is obtained when the voltage in the circuit is zero.
Conversely, the maximum voltage, open circuit voltage, is produced when there is a
break in the circuit which means that the resistance is infinitely high and there is no
current. The figure shows the maximum power which corresponds to the maximum
rectangle area under the I-V curve. The voltage and the current corresponding to the
maximum power are Vmp and Imp, respectively.

Figure 5: Typical I-V and power characteristics of a PV module (Duffie and Beckman,
1991)
Figure 6 shows an equivalent circuit of an illuminated PV cell with internal series and
shunt resistances. This circuit can also represent an equivalent circuit of a module of PV
cells or an array of PV modules.
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Figure 6: Equivalent circuit of a PV cell (Duffie and Beckman, 1991)
It has to be noted that the amounts of current and voltage available from the cell depend
on the solar irradiance level. Figure 7 shows I-V characteristics of real and ideal PV cells
under different irradiance levels.

Figure 7: I-V characteristics of PV cells under different irradiance levels (Roger and
Ventre, 2005)
One of the factors that affect the performance of a PV cell is the cell temperature. The
open circuit voltage is directly proportional to the absolute temperature of the cell. In
addition, the reverse saturation current is highly temperature dependent while the short
circuit current remains nearly constant. The PV cell efficiency decreases with increasing
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temperature, the cells might also exhibit long term degradation if the temperature exceeds
a certain limit. A simple linear model can be used to predict the cell’s efficiency as a
function of temperature. (Royne et al., 2005).

  a(1  bTc )

(9)

Where a and b are parameters describing a particular cell. The electrical power output is
then given by Equation (10).

Pelec  Tc

(10)

The effect of the temperature on the power output can be seen in Figure 8.

Figure 8: Temperature dependence of the cell’s power output (Royne et al., 2005)
A typical photovoltaic cell produces less than 3 watts at approximately 0.5 volt DC
(Roger and Ventre, 2005). Therefore, cells must be connected in series-parallel
configurations to produce enough power to meet the load. Series connection results in
addition of voltages whereas parallel connection results in addition of currents, Figure 9.
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Figure 9: I-V curves of PV cells connected various series and parallel arrangements
(Duffie and Beckman, 1991)
1.2.3

Photovoltaic/Thermal Collectors

A Photovoltaic/Thermal collector (PVT) is a combination of photovoltaic cells with a
solar thermal collector which converts solar irradiance into electricity and heat
simultaneously, Figure 10. Since most of PV cells’ efficiencies are less than 25%, which
means that the cells would convert less than half of the solar irradiance into electricity,
the rest is converted to heat. Therefore, it is important to operate the PV cells under low
temperatures to increase their efficiency hence their electrical outputs. This makes
cooling PV cells, either passively or actively, attractive especially when designing
concentrating PV systems. The cooling media could be fluid (mostly water, air or both).
In addition, by combining the two collection technologies in one collector, the amount of
energy converted per unit surface area is larger than that of the side by side PV panel and
thermal collector.
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Figure 10: The combination of the PV technology with thermal collectors
PVT collectors might be categorized based on their geometry into three groups: flat PVT,
concentrating PVT and building integrated PVT, Figure 11 .

PVT

FPVT
(Flat)

CPVT
(Concentrating)

BIPVT
(Building Integrated)

Figure 11: PVT Types
1.2.3.1 Flat PVT Collectors
The flat PVT (FPVT) is basically a flat thermal collector with the PV panel attached on
the top of the absorber. The thermal output of FPVT should be expected to be less than
that of a flat thermal collector, since part of the available solar irradiance is converted to
electricity by the PV cells. Moreover, the optical absorptivity of the PV cells is less than
that of a black absorber. The PV material also represents an additional thermal resistance
between the absorber plate and the working fluid. On the other hand, the electricity
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production should be expected to be higher than a standalone PV module since the PV
cells are operating at a lower temperature.
A significant amount of research on PVT collectors has been carried out since mid 1970s.
Their performance has been investigated theoretically and experimentally. The theoretical
studies include analytical and numerical modeling of the collector. Florschuetz (1979)
extended the Hottel-Whillier-Bliss analytical model of the thermal flat collector to the
analysis of the FPVT. Zondag (2002) presented four numerical models to predict the
performance of PVT collectors: one 3D dynamic model and three steady state models (1,
2 and 3D). The results showed that more energy is produced per unit of surface area
using PVT collectors. Based on a control-volume finite-difference approach, an explicit
dynamic model was developed for a single-glazed flat-plate water-heating PVT collector
by Chow (2003). This explicit dynamic model is capable of producing hourly
performance results and instantaneous thermal and electrical gains and efficiencies.
Lazarova et al. (2005) investigates the performance of a glazed collector with crystallineSi cells. Their results indicate that it is possible to obtain more energy per unit of surface
area compared to the thermal and the photovoltaic solar collectors separately. Vokas et al.
(2006) presented an analytical model where the flat thermal collector’s equations are
modified to account for the PV laminate. The electrical and thermal performance of the
flat PVT has also been investigated experimentally. Fujisawa and Tani (2001) used three
different collector configurations, PV and thermal, hybrid collector and hybrid + PV, to
find an optimal design to minimize the auxiliary energy for a residential photovoltaicthermal binary utilization system. Zondaga et al (2003) evaluated nine different water
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type PVT collectors. They found that the channel-below-transparent-PV design gives the
best efficiency.
The thermal output of the PVT has been mainly utilized for domestic hot water
applications (Zondag et al., 2002, 2003; Chow et al., 2006; Fujisawa and Tani, 2001;
Tiwari and Sodha, 2006; Kalogirou and Tripanagnostopoulos, 2006) or direct floor
heating (Fraisse et al., 2007). An investigation using Transient Systems Simulation
(TRNSYS) was conducted to study the industrial application of two experimentally tested
PVT systems using a-Si and pc-Si (Kalogirou and Tripanagnostopoulos, 2007). It was
found that in order to keep the electrical and thermal efficiency of PVT systems at an
acceptable level, they should be used for applications that need heat in medium
temperature level (60-80°C).
Vokas et al. (2006) investigated the collector performance with respect to three different
geographical regions for domestic cooling and heating. The approximation methods Fchart heating and F-chart cooling were used for the study of PVT collector for the
coverage of the domestic heating load and the summer cooling load, respectively. It was
concluded that flat PVT collectors have the potential to cover a remarkable portion of the
domestic heating and cooling loads
1.2.3.2 Concentrating PVT Collector
The concentrating PVT (CPVT) has not received as much attention as the flat types with
regards to modeling, testing and exploring new applications. Brogren et al. (2001) studied
the optical performance of a CPVT using low concentrating Compound Parabolic
Concentrator (CPC) with mono-crystalline silicon cells. It was concluded that the electric
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output could be increased by 20% by using optimized anti-reflection coating and
reflectors for high latitude. Moreover, Nilsson et al. (2007) investigated the electrical and
thermal characteristics of an asymmetric CPC with mono-crystalline silicon cells built for
high latitudes. Assoa et al. (2007) studied a new concept where air and water were used
to cool a CPC with polycrystalline silicon cells. They investigated the performance of the
collector numerically and experimentally to find the effect of various parameters on the
performance. In addition, the performance of a single axis tracking system using a
parabolic trough of 37 concentration ratio with mono-crystalline silicon cells was
experimentally investigated by Coventry (2005). He studied the impact of the
illumination and temperature non-uniformities across the PV cells on the overall
electrical performance of the collector. Moreover, a miniature dish concentrator of
concentration ratio up to 400 with triple-junction PV cells was theoretically investigated
by Kribus et al. (2006). Later, Mittelman et al. coupled the miniature dish collector with
LiBr/H2O absorption cycle (Mittelman et al., 2007).
1.3

Solar Cooling Processes:

Utilizing solar energy to drive cooling processes is very attractive since the seasonal
variation of available solar energy is in phase with the space cooling requirements of
buildings. Solar radiation can be converted into thermal energy via thermal solar
collectors and used to drive thermally driven cooling cycles, i.e. absorption and
adsorption cycles. The solar radiation might also be converted into electrical energy via
PV panels and used to power electrically driven cooling cycles, i.e. vapor compression
cycle and Peltier cooling systems.
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Therefore, the solar cooling technology is classified into two categories: thermally driven
cooling cycles and electrically driven cooling cycles. The solar thermal cooling is further
divided into three sub-categories: open cycles, closed cycles and thermo-mechanical
cycles as shown in Figure 12.

Stirling Refrigerator
Solar Electrical
Cooling

Thermoelectric
Devices
Vapor Compression
Cycle

Solar Cooling Processes

Solid Desiccant
Open Cycles
Liquid Desiccant
Solar Thermal
Cooling

Absorption Cycle
Closed Cycles
Adsorption Cycle
Thermo-Mechanical
Cycles

Steam Ejector Cycle

Figure 12: Solar cooling processes classifications
1.3.1

Electrically Driven Cooling Cycles

1.3.1.1 Vapor Compression Cycle
The basic vapor compression cycle (VCC) consists of a compressor, expansion valve and
two heat exchangers, Figure 13. It makes use of the boiling and condensing of a working
fluid at different temperatures and hence at different pressures. The cooling effect is
obtained by transferring the heat from the conditioned space into the fluid at the lower
temperature and pressure. This heat causes the working fluid to boil in the evaporator.
The vapor is then mechanically compressed to a higher pressure and temperature. This
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state has to correspond to a saturation temperature at which its latent heat can be rejected
so that it changes back to a liquid in the condenser. In order to reduce the working fluid’s
pressure from the condenser pressure to the evaporator pressure, a pressure reducing
valve is used. Since this process is considered adiabatic, this valve must also cause a
corresponding drop in temperature and some of the fluid will flash off into vapor to
remove the energy for this cooling. The volume of the working fluid therefore increases
at the valve by this amount of flash gas.

Condenser

Expansion
Valve

Compressor

Evaporator

Figure 13: Schematic of a VCC
The overall energy conversion efficiency of the solar powered vapor compression cycle is
predominantly determined by the efficiency of the PV devices. It can be obtain by simply
multiplying the PV efficiency by the VCC Coefficient of Performance COP. One might
argue that the solar driven VCC would not be of interest unless the PV conversion
efficiencies exceed that of the grid. In spite of the fact that the grid-powered VCC has a
higher energy conversion efficiency than the solar powered VCC, solar driven VCC is
still attractive. That is because the primary energy source of the solar powered VCC is the
sun, which is a renewable source of energy with minimum impact on the environment.
Moreover, the efficiency of the PV cells is in a continuous rise.
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1.3.1.2 Thermoelectric Heat Pump
A thermoelectric heat pump is basically a solid-state active heat pump which transfers
heat from one side of the device to the other. It operates based on the Peltier effect, in
which the direction of the heat flux is determined by the polarity of the applied DC
voltage. Figure 14 shows a schematic of a single thermoelectric device. A junction is
formed by using two different semiconducting materials, a p-type and an n-type. The ptype contains positive charge carriers (holes) while the n-type contains the negative
charge carriers (electrons). When the DC voltage is applied in the appropriate direction
through the junction, the charge carriers move away from the junction causing a cooling
effect at the junction.
The thermoelectric heat pumps are attractive due to many reasons. They have no moving
parts which make them reliable and silent in operation. They use no refrigerants and can
be made in small sizes. However, their low efficiency have limited their use.

Figure 14: Schematic of a single thermoelectric device
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1.3.1.3 Stirling Refrigerator:
The Stirling cycle can be implemented as an engine or a heat pump. The cycle consists of
four processes in series: isothermal compression, constant volume heating, isothermal
expansion, and constant volume cooling. It is a closed cycle which utilizes a gas that
moves back and forth between the cooling and heating spaces. Some of the most
commonly used working fluids are air, helium, and hydrogen.
1.3.2

Thermally Driven Cooling Cycles:

Thermal energy produced by the solar thermal collector can be transformed into useful
cooling through the thermo-chemical or thermo-physical processes, using thermally
activated cycles. The thermally driven cooling cycles can be divided into two main
categories: open cycles and closed cycles.
Open sorption cycles refer to solid or liquid desiccant systems. The main purpose of these
systems is to transfer moisture from one airstream to another by using two main
processes, Figure 15. The first process is the sorption process in which the moisture is
transferred from the airstream into the desiccant material. The driving potential of this
process is the difference in the water vapor pressure between the humid air and the
desiccant material. When the desiccant material is dry and cold, its surface vapor pressure
is lower than that of the moist air, so the moisture is adsorbed from the airstream into the
desiccant material. The sorption process increases the air temperature because of the
release of the heat of adsorption. After the desiccant material becomes wet, desorption of
the moisture by increasing the desiccant material’s temperature is required. This is
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accomplished by the second process, the regeneration process. After that, the desiccant
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Figure 15: Processes of moisture transfer by desiccant material
The same process can take place inside a close cycle using different working fluid pairs.
Adsorption and absorption cycles represents the close thermally driven cooling cycles.
1.3.2.1 Solid Desiccant:
The purpose of the solid desiccant solar cycle is to reduce the moisture content of the
ambient fresh air. A typical approach for using solid desiccants for dehumidifying air
streams is to impregnate them into a light-weight honeycomb or corrugated matrix that is
formed into a wheel. The desiccant wheel rotates slowly between the process and the
regeneration airstreams. It is divided into two sections where the process air flows
through one section of the wheel to be dehumidified, while a reactivation airstream
passes through the other section to regenerate the wheel.
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In order to achieve both dehumidification and cooling using solar thermal energy, the
desiccant wheel is mostly combined with the evaporative process, Figure 16. The basic
process in providing conditioned air can be understood with the aid of Figure 17. The hot
and humid process air passes through the rotating desiccant wheel where its dry-bulb
temperature increases and its humidity decreases (1-2). Then, the process air is cooled by
passing through a heat recovery wheel (2-3). After that, the air is humidified and thus
further cooled by a controlled humidifier (3-4) according to the set-values of supply air
temperature and humidity. The exhaust air stream of the conditioned space is cooled by
evaporative cooling (5-6) and humidified as close as possible to saturation. The state is
the one which guarantees the maximum potential of indirect cooling of the supply air
stream through the heat recovery exchanger wheel (7-8). Finally, the regeneration air
stream is heated for use in regenerating the desiccant wheel, which allows for continuous
operation of the dehumidification process.
The COPthermal of a desiccant cooling system is defined as the ratio between the enthalpy
change from ambient air to supply air, multiplied by the mass flow, and the external heat
delivered to the regeneration heater, Equation (11).
mhamb  hsup 


COPthermal 

(11)

Qreg

The value of the COP of the desiccant cooling system depends strongly on the conditions
of ambient air, supply air and return air. Under normal design conditions, a COP of about
0.7 is achieved and the cooling capacity is in the range of about 5-6 kW per 1000 m3/h of
supply air (Henning, 2007a).
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Figure 16: Schematic of a desiccant cooling ventilation cycle (Henning, 2007b)

Figure 17: Pennington cycle for cooling and dehumidification
1.3.2.2 Liquid Desiccant:
Liquid and solid desiccants behave in the same principle so that their water vapor
pressure is a function of temperature and moisture content. However, they differ in their
reaction to moisture. Solid desiccants mostly adsorb the moisture, which means there is
no chemical reaction, whereas liquid desiccant materials usually absorb the moisture by
undergoing a chemical or physical change.
The system usually consists of a conditioner and a regenerator, Figure 18. In the
conditioner, the liquid desiccant is sprayed into the air in order to directly absorb the
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moisture from the process air. The liquid falls into a sump to be pumped and sprayed
back into the air. While absorbing moisture, the liquid desiccant becomes warmer and its
partial vapor pressure increases. In addition, its concentration decreases because of the
increase in the water content so regeneration is needed. A small amount of liquid
desiccant is taken continuously from the sump to the regenerator to remove the water that
is absorbed. The construction of the regenerator is similar to that of the conditioner; the
desiccant is also sprayed into the air. The desiccant is heated so that its partial pressure is
higher than that of the air. Therefore, the moisture is transported to the regeneration air.
As the liquid desiccant solution returns to the sump of the conditioner, it is drier, more
concentrated, and still at high vapor pressure and temperature. Therefore, it is cooled to
the required temperature by a cooling tower or a chiller before being sprayed into the
process air. The favorable feature of the liquid desiccant cycle is the fact that the liquid
desiccants can be regenerated at temperatures below 80°C. Typically liquid desiccant
working fluids are lithium chloride (LiCl), calcium chloride (CaCl2), and lithium bromide
(LiBr).

Sorption

1

Cooling

2

3

1

Desorption

2

3
Heating

Conditioner

Regenerator

Figure 18: Schematic of a liquid desiccant system
25

1.3.2.3 Absorption:
Absorption cycles are considered one of the oldest refrigeration technologies. The
refrigerant side of the absorption cycle essentially works under the same principle as the
vapor-compression cycle. However, the mechanical compressor used in the vaporcompression cycle is replaced by the thermal compressor in the absorption cycle. The
thermal compressor consists of the absorber, the desorber, and the solution pump, Figure
19.

Figure 19: Diagram of an absorption cycle
In the absorber, the absorbent-rich solution is diluted with the refrigerant. During this
process, the absorber is cooled in order to keep its pressure in a low level. Then the
solution pump increases the pressure of the absorbent/refrigerant mixture to the high
pressure level. The power consumption of the solution pump is relatively small compared
to that consumed by the mechanical compressor. Since the refrigerant is more volatile
than the absorbent, it leaves the solution when adequate heat is added in the desorber.
The attractive feature of the absorption cycle is that any types of heat source, including
solar heat and waste heat, can be utilized in the desorber. The refrigerant vapor leaves the
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desorber to be condensed in the condenser, expanded through the expansion device, and
evaporated in the evaporator, causing the cooling effect. Then the refrigerant vapor is
again absorbed in the absorbent-rich solution.
Typical cooling COPs, Equation (12), of the single-effect, double-effect, and triple-effect
absorption cycles are 0.7, 1.2, and 1.7, respectively, (Grossman, 2002). The most
common refrigerant-absorbent pairs used in the absorption cycle are water/lithium
bromide (H2O/LiBr) and ammonia/water (NH3/H2O). Because the H2O-LiBr system has a
high volatility ratio, it can operate at low pressures and, therefore, at lower generator
temperatures. However, the operation of the H2O/LiBr-based absorption cycle is limited
in the evaporating temperature and the absorber temperature, due to the freezing of the
water and the solidification of the LiBr-rich solution, respectively. Therefore, they are
operated at evaporator temperatures of 5°C or higher (Goswami et al., 2000) and are
mostly water cooled. The operation of the NH3/H2O-based absorption cycle is not limited
in either the evaporating temperature or the absorption temperature. Consequently, the
ammonia-water system has the advantage that it can be operated at very low
temperatures. A rectifying column after the boiler is required to remove water vapor from
ammonia as much as possible which helps prevent ice crystals from forming for
temperature much below 0°C. However, ammonia is toxic, a Safety Code Group B2
fluid (ASHRAE standard 34, 1992) and its usage is limited to the large capacity system,
which requires mandatory supervision.

COPthermal 
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Qevap
Qgen

(12)

1.3.2.4 Adsorption:
As depicted in Figure 20, the adsorption cycle is composed of two sorption chambers, an
evaporator, and a condenser. The water is vaporized under low pressure and temperature
in the evaporator, producing the cooling effect. Then the water vapor enters the sorption
compartment where the solid sorbent, such as silicate gel, adsorbs the water vapor. This
compartment has to be cooled to accomplish the adsorption process and to reject the heat
of adsorption. Simultaneously, in the other sorption compartment, the water vapor is
released by regenerating the solid sorbent via heating. The water vapor is then returned to
the evaporator after it has been condensed and throttled. By alternating the cooling and
heating water between the two compartments, this process can be continuous.
The adsorption cycle typically can achieve a COP of 0.3 to 0.7, depending upon the
driving heat temperature. Some of the working fluid pairs that have been used are:
Zeolite/water, Activated carbon/methanol, Activated carbon/H2O and Silica gel/H2O.
Some of the adsorption cycle advantages are the simple mechanical construction and
elimination of the crystallization problem. In addition, there is no internal solution pump
and electricity consumption is reduced to a minimum. The disadvantages are the
comparatively large volume, weight, and high cost.
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Figure 20: Adsorption cycle (GBU, 1995)
Dieng and Wang (2001), Anyanwu (2003), Sumathy et al. (1999), and Khattab (2006)
provided literature reviews of the solar adsorption cooling technologies using various
adsorption pairs and their performances. Table 6 summarizes the performance of the solar
adsorption cooling technologies using various adsorption pairs as reported by the four
authors.
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Table 6: Performance of solar adsorption cycles

1.3.2.5 Ejector Cycle:
The steam ejector cycle represents the thermo-mechanical cooling system. Figure 10
illustrates the steam ejector cycle which consists of three heat exchangers, a pump, an
expansion valve and an ejector. The refrigerant is converted to a high pressure vapor in
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the generator and is passed through the ejector. In the ejector, the refrigerant is
accelerated creating a pressure lower than that of the evaporator. During this process, the
refrigerant vaporizes in the evaporator by absorbing heat, causing cooling effect, and
migrates to the ejector. The two streams are mixed creating one stream at intermediate
pressure. Then, the vapor is condensed and separated to be sent to the high and low
pressures of the cycle using a pump and an expansion valve, respectively.
Most of the steam ejector cycle requires steam at pressures in the range of 0.1–1 MPa,
and temperatures in the range of 120°C–180°C (Huang et al. 1985; Badawy 1998).
However, Loehrke (1990) proposed and demonstrated that the steam ejector cycle could
be operated using low-temperature solar heat by reducing the operating pressure under
atmospheric pressure. Khattab and Barakat (2002) later proved this concept by
developing a detailed mathematical model of the solar steam ejector cycles operating at
low pressure and low temperature for the air-conditioning application.

Figure 21: Steam Ejector Cycle
Table 7 summarizes the performance and several working fluids suggested for the solar
ejector cycle.
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Table 7: Summary of the solar ejector cycles

1.4

Solar Air Conditioning in Hot and Humid Climates

It is very important to consider the ambient conditions and the types of loads when
designing an air conditioner (A/C). Regardless of the climate zone, the temperature and
humidity have to be controlled in order to maintain space comfort conditions. In hot and
humid regions, removal of moisture from the air using conventional air conditioners
represents a considerable portion of the air conditioning load. Conventionally, air
conditioning systems have to lower the air temperature below its dew point to accomplish
dehumidification. This approach makes the compressor operate at higher pressure ratio,
hence reducing the cycle coefficient of performance (COP). In addition, an auxiliary
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heater might be required to sensibly heat the air before it is supplied to the conditioned
space.
Desiccant assisted air conditioners offer a solution to meet the humidity and temperature
requirements of buildings via decoupling latent and sensible loads. Extensive studies
have been carried out on desiccant air conditioners. These studies focus mainly on two
key aspects: improving desiccant materials’ performance and innovative system
configurations. The first aspect involves the modification of conventional desiccant
materials (Chung and Chung, 1998; Knez and Novak, 2001; Yano and Yoshiaki, 2003)
and the fabrication of new desiccant materials (Ladisch, 1997; Beery and Ladisch, 2001;
Mathiowitz et al., 2001; Khedari et al., 2003; Jia et al., 2006). The second aspect involves
the modification of the basic rotary desiccant air conditioner introduced by Pennington
(1955), as illustrated in Figure 22. For example, the ambient air can be used in the
regeneration side of the cycle and return air can be re-circulated with no fresh air back up
to provide the so called recirculation cycle (Waugaman et al., 1993). Another heat
exchanger could also be added to the recirculation cycle as in Dunkle cycle (Dunkle,
1965). The common feature of these cycles is that evaporative cooling is used to handle
the sensible heat. This requires the process air stream to be over-dried in order to permit
its cooling using the evaporative cooling process. This motivates the introduction of the
desiccant assisted VCC air conditioners where the latent load is handled by the desiccant
wheel and the sensible load is handled by the VCC. The performance of various desiccant
air conditioners operating under different conditions has been investigated as shown in
Table 8. One can notice that studies on the desiccant A/Cs focus mainly on silica gel. In
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addition, the studies where VCCs are used do not have detailed analysis of the operation
of the VCC.

Figure 22: Pennington cycle
Table 8: Investigations of the performance of the desiccant air conditioner
Authors

Exp.

Sim.



System

Desiccant

Conditions

Results

DW+SW+EC

Silica Gel

T-reg = [60-140] ⁰C

Optimal

ω_dw = [1-19] RPH

Speed

Kodama
et al., 2001

Ts = [18-27] ⁰C
ws = [4.4-13.8] gw/kga


DW+SHX+EC

Ge
et al., 2008

Silica Gel

t-dw = [40,70,100]mm

MR

Two-stage DW

T-reg = [50-90] ⁰C

COPth

ARI summer

ω_dw = [2-20] RPH

and humid

V*=[360] m3/hr

conditions

T-return = [26.7]⁰C
w-return =[11.1]gw/kga



DW+SHX+EC

Silica Gel

T-amb = [30]⁰C

COP

R-amb=[60]%
V*=[200] m3/hr

Enteria
et al., 2010

T-return = [26]⁰C
Rh-return =[55]%
T-reg= [60-75] ⁰C




DW+SW+EC

Silica Gel

T-amb = [24-40]⁰C
w-amb=[4-14]gw/kga

Panaras
et al., 2010

T-reg = [50-80]⁰C
w-reg=[3-15]gw/kga
V*=[600-1200] m3/hr
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COP



DW+SW

Silica Gel

Enteria
et al., 2010

T-amb = [30]⁰C

MRC

w-amb=[16]gw/kga

COPlatent

T-return = [26]⁰C

COPsensible

w-return=[12]gw/kga

COPtotal

ω_dw = [5-90] RPH
T-reg = [60-80]⁰C
V*=[100-200] m3/hr




DW

Silica Gel

Antonellis
et al., 2010

T-amb = [18-27]⁰C

MRC

w-amb=[4.3-13.8]gw/kga

Optimal -

ω_dw = [2-28] RPH

Config.

T-reg = [60-140]⁰C
Heidari
et al., 2010







DW+SW+EC

Silica Gel

DW+SHX+EC

Silica Gel

ω_dw = [12-96] RPH

COP [sim]

T-reg = [60-120]⁰C

Tsupply [sim]

T-amb = [30]⁰C

COP

w-amb=[16]gw/kga
T-return = [26]⁰C
Enteria
et al., 2010

w-return=[12]gw/kga
T-reg = [60-75]⁰C
V*Sup=[200] m3/hr
V*Return=[100] m3/hr


Subramanyam
et al., 2004

DW + VCC

Metal

V*=[250-750] m3/hr

MRC

DW around

Silicate

T-amb = [32]⁰C

P-suction

the VCC's

R-amb=[65]%

P-discharge

evaporator

T-return = [26]⁰C

COPvcc

Rh-return =[65]%


Ghali, K., 2008

DW+SHX+VCC

Silica Gel

t-dw = [200]mm

Economic
feasibility





DW [exp]

Silica Gel

Four-partition
Jeong
et al., 2010

T-amb = [28]⁰C

∆ω

w-amb=[16-22]gw/kga

Outlet temp.

wheel

T-inter = [14-26]⁰C

DW+VCC [sim]

ω_dw = [1-17] RPH
3

Evaporative Cooler = EC
Sensible Wheel = SW
Desiccant Wheel = DW
Vapor Compression Cycle = VCC
Moisture Removal = MR
Moisture Removal Capacity = MRC
Sensible Heat Exchanger= SHX
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Tevap [sim]

V*=[30-130]m /hr

PComp [sim]

T-reg = [40-60]⁰C

COPvcc

1.5

Summary of Background and Literature Review

There are two common ways of utilizing solar energy in air conditioning (A/C)
applications. One is to convert the solar radiation to electricity and use an electrically
driven A/C. The other is to convert the solar radiation to thermal energy and use a
thermally driven A/C. In the first approach, the low efficiency of solar radiation
conversion to electricity, typically 10-15%, results in a low overall system COP. In the
second approach, the low COP of the thermally driven cycles, Table 9, leads to a low
overall system COP. These bottle necks results in an overall system COP less than unity
for both approaches. A comparison of possible combinations of the solar technologies
with the cooling processes is shown in Figure 23. It has to be mentioned that typical
values for the collectors’ efficiencies and cycles’ COP are used in this comparison and
does not necessarily represent state of the art technologies. The purpose is to obtain a
conservative value of the overall system COP. In addition, the residential and small
commercial application has to be kept in mind when selecting the performance values of
the solar air conditioners.
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Table 9: Overview of the thermally driven cooling cycles

Figure 23: Various combinations between solar collectors and cooling processes
The review of the pertinent literature shows that not only there is a limitation on the
literature available on CPVT, but also their applications. There have been a few attempts
to utilize the thermal output in applications other than domestic water heating. The
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literature review also shows that whether the solar electric A/C or the solar thermal A/C
is selected, the overall system COP is less than unity. This indicates that there is a need to
investigate innovative approaches.
1.6

Research Objectives

The objective of this thesis is to search for an efficient way of utilizing solar energy in air
conditioning applications. The solar air conditioner is intended to be used for residential
and small commercial buildings. The solar air conditioner is required to maintain
acceptable indoor conditions. It is also required to operate under very hot and humid
conditions with a high coefficient of performance. Thus, this work consists of modeling,
experimental, and post analysis tasks to find the high performance innovative solar A/C
configuration.
Conceptual and Modeling Tasks:


Select the most suitable air conditioning technology based on the air conditioning
loads



Select the most appropriate solar collector based on the geographical location and
type of air conditioner



Establish a model to predict the performance of the proposed solar air conditioner

Experimental tasks


Design and construct a test facility



Measure the performance of the selected cooling sub-system under various
operating conditions

Post Analysis Tasks
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1.7



Validate the simulation model using the experimental data



Optimize the system’s performance and total cost
Thesis Structure

The thesis starts with the fundamentals of solar radiation, which are essential information
required for any solar driven system. Then, the available solar collection technologies and
solar cooling processes are discussed. The pertinent literature is reviewed while focusing
on hot and humid conditions. After that, the background information and literature review
is summarized in order to identify the challenges and gaps in solar air conditioning. In
Chapter 2, the novel hybrid solar air conditioner, which addresses the weaknesses of the
current solar air conditioners, is presented. Chapter 3 describes the different system
components and their simulation models. The proposed system model is used in a
parametric study to identify the important design variables that affect the system
performance. Then, it is used to compare the novel hybrid solar conditioner to the most
common solar air conditioner. The experimental investigation is discussed in Chapters 4
and 5. Chapter 4 focuses on the desiccant wheel cycle investigation, which includes the
desiccant wheel, enthalpy wheel, and the water-air heat exchanger. In Chapter 5, the
vapor compression cycle and the conditioned space is added to the experiment. Chapter 6
investigates the various optimization algorithms to minimize the cost and the energy
consumption of the proposed hybrid solar air conditioner. The gathered experimental
data, presented in Chapters 4 and 5, is used to validate the models discussed in Chapter 2.
New components models are discussed and validated in order to simulate the actual
components used in the experiment.

The thesis concludes with a list of major

contributions and recommendations for future work.
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2. The Novel Hybrid Solar Air Conditioner
2.1

The Design Approach

In order to design a solar air conditioner, one has to take into consideration the
meteorological conditions, the types of solar collectors available, the conditioned space
loads, and the type of the solar air conditioner. As previously mentioned, both approaches
that are used for solar air conditioning have limitations in their coefficient of performance
and degrades when handling sensible and latent loads simultaneously. Therefore, the
purpose of a new design should solve these two problems while maintaining the
acceptable comfort conditions inside the conditioned space. This lead to the idea of using
a hybrid solar collector to drive a hybrid air conditions that control the temperature and
humidity separately.
The novelty of this design is to use a concentrated photovoltaic/thermal (CPVT) collector
to drive a thermally and an electrically driven cycles for air conditioning application,
simultaneously. A desiccant wheel cycle (DWC), which is driven by the thermal output
of the collector, is used to accommodate the latent load. A vapor compression cycle
(VCC), which is powered by the electric output of the collector, is used to accommodate
the sensible load.

Figure 24: COP of the proposed hybrid solar air conditioner
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Figure 24 shows the proposed system’s overall COP that could be achieved by coupling
the CPVT collector with the two selected cooling processes. The high COP is attributed
to both the solar sub-system and the cooling sub-system. The photovoltaic cells are
operated under concentration and cooled by forced convection. This allows the PV cells
to operate at high efficiency and increases their electric output. Therefore, the PV
efficiency and electrical output is higher than that of a photovoltaic panel shown in
Figure 23. However, the thermal output of the collector is lower than that of a flat plate
collector as shown in Figure 23. That is due to the presence of PV cells which have lower
solar radiation absorptivity than a blackened flat plate and represent an additional thermal
resistance. In the cooling sub-system, operating the DW to only handle the latent load and
operating the VCC to only handle the sensible load, allows each cycle to operate at its
most preferable conditions. The DW does not have to over-dry the process air stream to
allow its cooling using evaporative coolers. In addition, the VCC does not have to operate
at lower evaporator temperature in order to condense the moisture out of the supply air
stream. Since the VCC only handling the sensible load, its size can be reduced. This
addresses one of the most common problems in hot and humid climates which is oversizing the VCC to handle both latent and sensible loads. Operating the VCC at higher
evaporator temperature also reduces the pressure ratio across the compressor, hence
increases its efficiency.
2.2

The Solar Sub-System

The system is divided into two main sub-systems: a solar sub-system and a cooling subsystem. The solar sub-system consists of the solar collectors, a thermal storage, an
electrical storage, an inverter, controllers and a regulator to distribute DC power from the
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collector array to/from the battery array. The solar sub-system is depicted in Figure 25.
As the figure shows, storage for each form of the energy outputs of the collector is used.
The main purpose of these storages is to serve as a buffer reservoir to provide nearly
constant outputs. An electric heater is also used to ensure that the temperature supplied to
the desiccant wheel is sufficient for regeneration.

Figure 25: The solar sub-system
2.3

The Cooling Sub-System

The cooling sub-system includes the VCC, DW, an Enthalpy Wheel (EW), the
conditioned space and the required fans and controllers, as shown in Figure 26. The
conditioned space in this study represents a residential home. As indicated by the figure,
the thermal output of the solar sub-system is used to regenerate the DW by heating the
building exhaust air stream in the water-air heat exchanger (WAHX). Moreover, the
electrical output of the solar sub-system is used to drive the sensible VCC. This hybrid air
conditioner separates the latent and sensible loads where the latent load is accommodated
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in the DW and the sensible load is dealt with in the VCC. Separating the latent and
sensible loads allow the VCC to operate at higher evaporating temperature since no
dehumidification is required. Even though the liquid desiccant open cycles are preferred
to the solid desiccant ones in terms of thermal Coefficient of Performance (COP) , a
DWC is selected in this study. The main reason is that the DWC can be operated using
low heat source temperatures which eliminate the need to operate the solar sub-system at
high temperatures that could degrade the performance of the PV cells. It is also more
compact, and less subject to corrosion.
The figure also shows that part of the air leaving the building is ducted to the DWC to be
exhausted while the remaining air is re-circulated to be mixed with the fresh
preconditioned air. In order to utilize the conditioned exhaust air stream, the EW is used
to sensibly cool the hot and dry supply air leaving the DWC and reduce the sensible load
on the VCC. The EW also pre-heats the exhaust air stream reducing the amount of heat
needed at the WAHX. The cooling sub-system is coupled with the solar sub-system to
construct the complete hybrid solar air conditioner as shown in Figure 27.
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Figure 26: The cooling sub-system

.
Figure 27: Schematic of the hybrid solar cooling system.
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3. Simulation of the Hybrid Solar Air Conditioner
3.1

Modeling Approach

Modeling the hybrid solar conditioner involves modeling various mechanical, thermal,
and electrical components. Therefore, the transient systems simulation (TRNSYS)
program is selected to facilitate this task. TRNSYS program is a widely used modular
thermal process simulation program (Duffie and Beckman, 1991; Zhai and Wang, 2009).
TRNSYS has a library of subroutines, called TYPEs, which model the system
components. In order to construct the complete system, these TYPEs have to be linked
together. Therefore, it is useful to construct an information flow diagram for the system
to facilitate the identification of the various components used and the flow of information
between them. The information flow diagram for the hybrid solar air conditioner is
created as shown in Figure 28.

Figure 28: System information flow diagram.
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The modeling approach is shown in Figure 29. By calculating the supplied electrical and
thermal energies and the air conditioner required heat and power, the solar fraction for
each form of energy can be calculated. A thermal solar fraction (TSF) and an electrical
solar fraction (ESF) can be calculated by using Equations (13) and (14), respectively.

(13)
(14)

Figure 29: Modeling approach.
The CPVT collector is modeled based on the work of Evans et al., (1978). The thermal
output is modeled by modifying the Hottle-Whillier-Bliss equation, which is commonly
used for solar thermal flat plate collectors, Equation (15).

(15)

The electrical output of the CPVT is calculated using Equation (16)
(16)
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The thermal storage is modeled using a stratified cylindrical storage tank with 10 nodes.
The temperature of each node is determined by applying an energy balance, Equation
(17).

(17)

F is the source/load control function used to determine which node receives the input
liquid (Duffie and Beckman, 1991). The electrical storage used is an array of lead acid
batteries. The charging and discharging of the batteries is described by the Shepherd
model.
Moreover, the VCC is modeled based on a commercially available 17.5 kW air
conditioning unit using R-410A (Trane, 2008). The manufacturer’s data for heating and
cooling are arranged in a format that TRNSYS can recognize. The VCC is sized based on
ASHRAE 1% design conditions for Abu Dhabi, U.A.E., Table 10 (ASHRAE, 2001). The
COP of the VCC (COPVCC) can be defined as shown in Equation (18).

(18)

Table 10: ASHRAE design conditions for Abu Dhabi, U.A.E.
DB
MWB

Air Conditioning (1%)
42.5°C
23.4°C

DP
W
MDB

Desiccant Cooling (1%)
28.8°C
0.025 kgw/kga
32.8°C

In addition, the DWC is sized using ASHRAE 1% design conditions for Abu Dhabi,
shown in Table 10. The desiccant material used in the DW is silica gel. The performance
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of the DW is based on the F1-F2 iso-potential lines method. These iso-potential lines are
functions of the wheel’s inlet temperatures and humidity ratio, Equations (19) and (20).
The outlet conditions of the supply air can be calculated using the effectiveness for each
line, Equations (21) and (22). The values of ηF1 and ηF2 used in this simulation are 0.08
and 0.95, respectively. The state numbers refer to the moist air conditions at state points
shown in Figure 26.

(19)
(20)

(21)

(22)

In this simulation, the humidity ratio of the supply air leaving the DW is specified and
then the required regeneration temperature is calculated. Figure 30 shows the
performance of the DW for the month of June using Abu Dhabi’s Typical Meteorological
Year (TMY2) data. The backup heater is activated when the tank temperature is not
sufficient to regenerate the DW. The COP of a desiccant wheel (COPDWC) can be defined
as the ratio of the latent load removed to the heat delivered to the water-air HX, as given
by Equation (23):

(23)

The EW is modeled based on the constant effectiveness method, Equation (24).
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(24)
where Cmin is the minimum heat capacity rate of the two streams entering the EW. The
sensible effectiveness used in the simulation is 0.75.

Figure 30: Simulated performance of the DW for the month of June
The performance of the cooling sub-system is simulated at Tamb = 45°C and wamb = 15
gw/kga. Figure 31 shows the psychrometric processes with state points corresponding to
the states indicated in Figure 26.
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Figure 31: Air state points in various locations in the cooling sub-system.
The complete system COP can be defined as shown in Equation (25). The COP is defined
as the total air conditioner capacity, sensible and latent, divided by the total energy input
into the system.

(25)

The overall performance of the hybrid air conditioner is compared to two solar driven air
conditioners, a VCC driven by PV panels and an absorption cycle (ABS) driven by
Evacuated Tubes (ETC). The COPs of these systems are defined by Equation (26) and
(27).

(26)
(27)
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3.2

Parametric Study

A Typical Meteorological Year 2 (TMY2) data file is used to obtain the solar irradiance
and various weather conditions for Abu Dhabi (Meteonorm, 2007). The initial
configuration of the solar sub-system consists of a 1 m3 hot water storage tank and 12
batteries. The initial operation conditions are a water mass flow rate (MFR) through the
collectors array of 1,800 kg/hr and water MFR through the water-air heat exchange of
1,500 kg/hr.
The water MFR through the collector array is varied to investigate its effect on the
thermal and electrical outputs. It has to be noted that, in PVT system applications, the
production of electricity is the main priority. Figure 32 shows that as the water MFR
through the collector array increases, the thermal output decreases and the electrical
output increases until both reach a nearly constant values. As the water MFR increases,
the increase in the water temperature across the collector decreases, which leads to lower
PV cells temperature. The lower the PV cell temperature, the higher the efficiency, hence
the electricity production.
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Figure 32: The effect of the collector MFR on its outputs.
The volume of the hot water storage tank is varied to investigate its effect on the collector
outputs and the amount of energy delivered to the DWC through the WAHX. As
indicated by Figure 33, the collector electrical and thermal outputs are not affected.
However, the amount of energy delivered to the DWC increases with increasing thermal
storage size. The results show that increasing the thermal storage volume beyond 2 m3
does not have significant effects on the energy delivered to the DWC.
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Figure 33: Thermal storage size vs. energy delivered.
Two power conditioning devices are used for the collector’s electrical output. The first
one is a regulator, which distributes DC power from the collector array to/from the
battery banks. The second device is the inverter which converts the DC power to AC to
be used by the VCC. These two components are represented by a TRNSYS TYPE 48 as
shown in Figure 28. Based on the VCC required energy, TYPE 48 will decide on whether
to use the collector output or the grid. The priority is given to utilizing the electrical
output of the collector directly to drive the VCC and the surplus is directed to charge the
batteries. Figure 34 shows the effect of increasing the electrical storage size on the
electrical energy needed from the grid. As the number of batteries increases the needed
grid energy decreases.
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Figure 34: Effect of the electrical storage size on the electrical energy delivered.
One of the key parameters of any solar cooling system that highly affects its performance
and initial cost is the collector area. The effect of the CPVT collector area on the amount
of external electrical energy needed is shown in Figure 35. The results show that as the
collector area is increased, the system becomes less dependent on the grid.

Figure 35: The effect of the collector area on the external energy needed
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3.3

Overall System Performance

The main advantage of the hybrid air conditioning can be clearly seen in Figure 36. The
heating season is considered to be from December to February, whereas the cooling
season is from March to November. The figure shows the sensible and latent loads on the
VCC. It indicates that when the DWC accommodates the latent load, the VCC has to
accommodate the sensible load only. The latent load that is shown is due to the recirculating of the space air which includes moisture from the internal latent load sources
and infiltration. As previously described, by treating latent and sensible loads separately,
the VCC can be operated at higher evaporating pressure hence reducing the cycle
pressure ratio and increasing the compressor efficiency. If the DWC is to be eliminated,
the standalone VCC has to accommodate the extra latent load introduced by ventilation in
addition to the space internal latent load, Figure 37. This requires decreasing the
evaporator’s temperature below the dew point of the incoming air in order to condense
the moisture. It can be seen that the latent load is higher during summer since the air
temperature is higher; hence its capability of holding more moisture increases.
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Figure 36: Monthly sensible and latent loads on the VCC (VCC + DWC).
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Figure 37: Monthly sensible and latent loads on the VCC (VCC only).
Figure 38 shows the results of comparing the proposed system to a VCC powered by PV
panels and an absorption cycle driven by ETCs. The overall system COP of the solar
hybrid air conditioner is above unity when cooling is needed the most. The current
thermally driven solar air conditioners have low system COPs due to the limitation on the
thermally driven cooling cycles. In addition, the electrically driven solar air conditioners
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have low system COPs due the low electrical conversion efficiency of the PV cells.
However, the proposed system eliminates these penalties by keeping the CPVT at high
electrical yield by concentrating the solar irradiance and by the forced convective cooling
of the PV cells. In addition, separating the latent and sensible loads contributes in
increasing the COP of the VCC since it is performing at its most preferable conditions.
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Figure 38: Comparison of the monthly performance of three solar air conditioners
Another advantage of the solar hybrid air conditioner can be seen when the hourly space
temperature and humidity ratio are plotted in the psychrometric chart, as shown in Figure
39. The figure shows how effective the combination of the DWC and VCC is in obtaining
the comfort level inside buildings located in hot and humid locations. It can be seen that
the hourly conditions inside the building range from a temperature of 20°C to 25°C and a
humidity ratio within 0.006-0.010 kgw/ kga. The performance of the system is compared
to the performance of the solar electric air conditioners. The hourly space conditions for
one year simulation for the standalone VCC powered by PV panels can be seen in Figure
40. The results indicate that the VCC alone is not as effective as the proposed system in
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precisely controlling the temperature and humidity ratio of the conditioned space. The
indoor conditions are found to be more scattered compared to hybrid solar air
conditioner.

Figure 39: The hourly ambient conditions for Abu Dhabi and indoor space conditions for
one year simulation (CPVT+VCC+DW).

Figure 40: The hourly space conditions for one year simulation (PV + VCC)
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3.4

Conclusions of the Hybrid Solar Air Conditioner Simulation

The simulation of the hybrid solar air conditioner involves processing meteorological
information and modeling of various electrical and thermal components. The simulation
of the novel solar powered air conditioner, which consists of a hybrid air conditioner and
a hybrid solar collector, was carried out using TRNSYS simulation program. The results
of the parametric study show that the CPVT collector area is the most important
parameter that affects the system performance. The results also show that integrating a
DWC with a conventional VCC is more effective than the standalone VCC in ensuring
comfort of buildings in hot and humid climates. In addition, the simulation shows that the
COP of the hybrid solar air conditioner is higher than that of a VCC powered by PV
panels and a solar absorption system. The average cooling COP of the hybrid solar air
conditioner, the solar VCC, and the solar absorption cycle are found to be 0.68, 0.34 and
0.29, respectively.
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4. Desiccant Wheel Cycle Experimental Investigation
4.1

Experiment Apparatus

Prior to investigating the performance of the complete hybrid air conditioner, it is
important to understand how the desiccant wheel cycle would perform under different
operating conditions. It is also important to identify the most important variables that
affect the cycle’s performance. The desiccant wheel cycle is shown in Figure 41. The
cycle consists of a desiccant wheel (DW), an enthalpy wheel (EW), and a water to air
heat exchanger (WAHX).

Figure 41: Desiccant wheel cycle schematic
Figure 42 shows the experimental setup used to investigate the performance of the
desiccant wheel cycle (DWC). The fans had 3-phase motors which were controlled using
variable frequency drivers. The volumetric flow rate was found using 76 mm nozzles,
which were installed according to ASHRAE standards 41.2 (ASHRAE, 1992). The
nozzle calibration results can be found in Appendix A. The air mixer was used to avoid
air stream stratification. A hot water storage tank equipped with resistance heating
elements was used to heat the exhaust air stream in the WAHX. The air duct, the DW, the
EW were insulated in order to minimize the heat loss to the environment. The supply air
stream temperature and humidity ratio were controlled using a vapor compression cycle,
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an electric heater, a steam humidifier, and a desiccant wheel. The exhaust air stream inlet
conditions, state 6, were fixed at a temperature of 25°C and a humidity ratio of 10
gw/kga. The purpose of the test is to investigate the effect of the process air inlet
conditions, the DW rotational speed, and the regeneration air conditions on the cycle
performance.

Figure 42: Experimental setup
4.2
4.2.1

Equipment
Desiccant Wheel

The desiccant wheel selected utilizes a new desiccant material based on zeolite,
developed by Mitsubishi Plastics (Mitsubishi Plastics, 2010). The AQSOA, AQua SOrb
zeolitic Adsorbent, utilizes Ferroaluminophosphate (FAM) Zeolite. This material has a
unique isotherm shape. It has the property of changing the desiccant water content in a
small change in relative humidity as shown in Figure 43. This adsorbent can also be
regenerated using a low temperature heat source.
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Figure 43: Isotherms of various desiccant materials
FAM-Z01 is selected in order to balance between the regeneration temperature and the
amount of water vapor adsorbed. FAM-Z01 adsorbs less water vapor per one unit mass of
adsorbent than FAM-Z02, Figure 44, but it can be regenerated using a lower temperature
heat source. Even though, FAM-Z01 adsorbs similar amount of adsorbate as FAM-Z05, it
starts the adsorption process at lower relative humidity. This is found to be more
attractive for the hot and humid weather conditions. Figure 45 shows that FAM-Z01 can
be regenerated with a low temperature heat source, as low as 45°C, which is lower than
that needed for other commonly used desiccant material, i.e. Silica-Gel.
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Figure 44: Isotherms of different adsorbents (Mitsubishi Plastics, 2010)

Figure 45: Recommended regeneration temperature (Mitsubishi Plastics, 2010)

The specifications of the DW used in the experiment are listed in Table 11 and the actual
DW used is shown in Figure 46.
Table 11: Specifications of the desiccant wheel selected
Desiccant type

AQSO-FAM-Z01

Process/Reactivation Area Ratio

50:50 split

Thickness

200 mm

Wheel Diameter

350 mm
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Figure 46: FAM-Z01 desiccant wheel
4.2.2

Enthalpy Wheel

The enthalpy wheel utilizes Molecular Sieve 3Å material, provided by Desiccant Rotors
International. It has a sensible effectiveness of 83%. The specifications of the EW are
listed in Table 12. The actual wheel is shown in Figure 47.
Table 12: Enthalpy wheel specifications
Material

Molecular Sieve 3Å

Process/Reactivation Area Ratio

50:50 split

Thickness

200 mm

Wheel Diameter

500 mm
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Figure 47: The enthalpy wheel

4.2.3

The Water-Air-Heat Exchanger

The WAHX has to fit the air duct and deliver the required heat to maintain the
regeneration temperature. The dimensions of the selected HX are 305 mm (Height) x 356
mm (Width) x 89 mm (Thickness). The capacity at the operating conditions is estimated
to be 2.1 kW.

Figure 5: Water-Air-Heat Exchanger
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4.3

Instrumentation

Details of the instrumentation used are provided in Table 13. The output signals of these
instruments were recorded and analyzed using LabView. The purpose of the test is to
investigate the effect of the process air inlet conditions, the DW rotational speed, and the
regeneration air conditions on the cycle performance. Table 14 shows the test conditions
used.
Table 13: List of the instruments
Instruments
Temperature
Measurements

Differential Pressure

RH Measurements
Mass Flow Meters
(Coriolis Type)

Location

Quantity

Accuracy

Range

Air side

7 (grids)

±0.5 °C

10-150 [°C]

Water side
Air sidesupply
(Nozzles)
Air sideexhaust
(Nozzle)
Air side

3 (points)

±0.5 °C

10-150 [°C]

2

±1 % [FS]*

0-500 [Pa]

1

±1 % [FS]

0-500 [Pa]

7

±1 %[RD]**

0-100 [%]

Water side

1

±0.1 5%[RD]

0-0.5 [kg/s]

* FS = Full Scale

** RD = Reading

Table 14: Test matrix
Test
#
1
2
3
4
5
6
7
8

Tamb
[°C]
25
30
35
30
30
30
30
30

wamb
[gw/kga]
16.2
16.2
16.2
14
20
16.2
16.2
16.2

air

[kga/s]
0.085
0.085
0.085
0.085
0.085
0.1
0.085
0.085

Treg
[°C]
55
55
55
55
55
55
45
65
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Rspeed
[RPH]
5,10,15,20,25,30,35,40,45,50
5,10,15,20,25,30,35,40,45,50
5,10,15,20,25,30,35,40,45,50
5,10,15,20,25,30,35,40,45,50
5,10,15,20,25,30,35,40,45,50
5,10,15,20,25,30,35,40,45,50
5,10,15,20,25,30,35,40,45,50
5,10,15,20,25,30,35,40,45,50

4.4

Performance Indices

The rate of moisture removal from the process air stream is represented by the Moisture
Removal Capacity (MRC), Equation (28).
(28)
The performance of the DW is also investigated using the latent load removed from the
process air stream compared to the heat provided to regenerate the wheel. The Latent
Coefficient of Performance (COPLat) is calculated using Equation (29).
(29)
The performance of the EW is given by the effectiveness, Equation (30).

(30)
where
In order to ensure the validity of the test results, the ratio of the moisture removal rate
from the process air stream to the moisture rejection rate to the exhaust air stream should
be maintained within 5%, (ASHRAE 139, 2007). The ratio is given by the Moisture
Mass Balance (MMB) ratio calculated using Equation (31).

(31)
The ratio of the process air stream change in total energy to that of the exhaust air stream
defines the total energy balance (TEB) of the DW, Equation (32). It has to be noted that
in an ideal case the process through the DW is an isenthalpic process. In this experiment,
the TEB is maintained within 10%.
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(32)
4.5

Uncertainty Analysis

The purpose of the uncertainty analysis is to estimate the uncertainty in the calculated
results based on the uncertainties in the primary measurements. Therefore, each
performance index has uncertainty that depends on its independent variables. In order to
calculate the uncertainty of a function f, with independent variables x1,x2,x3,…,xn,
Equation (33) is used.

(33)

where

is the uncertainty of the independent variables. The independent variable

uncertainty is associated with precision and bias errors. The precision error (P) is a
measure of the random variation found during repeated measurements, whereas the bias
error (B) is the difference between the average value and the true value (Figliola and
Beasley, 2000). The error on a particular measurement is combined using the Root Sum
Square (RSS), Equation (34).
(34)
where t is an estimator set to 1.96, corresponding to a probability of 95%. The bias error
is estimated by comparison and it is provided by the sensor manufacturer, otherwise
calibration is needed. However, the precision error is quantified through repeated
measurements and a statistical analysis of the recorded data. The sample standard
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deviation, Equation (35), needs to be calculated using the mean value defined by
Equation (36).

(35)

(36)

Then, the standard deviation of the means, Equation (37), can be used to estimate the
precision interval of the mean.

(37)

4.6

Results and Discussion

Prior to analyzing the results, the moisture mass balance ratio and the total energy
balance are checked to make sure that they are within the acceptable range. Figure 48
show the MMB for all the tests. The MMB values are maintained within 5% except for a
few outliers. Figure 49 show the TEB for all the tests. It has to be mentioned that there is
no standard requirements for the range of acceptable TEB values. However, various
precautions were taken in order to maintain the TEB values within 10%. The value of
TEB deviates out of the range due to the decrease of the enthalpy difference at lower
rotational speeds. The small enthalpy difference for both air steams, the process and the
regeneration air streams, makes the ratio sensitive to small changes in either stream. This
indicates that it is harder to maintain the ratio at lower rotational speed given that
different energy losses to the environment are expected from the two air streams.
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Figure 48: Moisture Mass Balances of all the tests
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Figure 49: Total Energy Balances of all the tests
The effect of the ambient air temperature on the DWC MRC and COPLat were
investigated. The MRC, Figure 50, and the COPLat, Figure 51, increase with decreasing
ambient temperature. For the same humidity ratio, the lower the dry-bulb temperature is,
the higher the relative humidity (RH). This indicates that the desiccant material water
vapor content will be higher as shown by the isotherm line, which makes the MRC value
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higher. For the same regeneration temperature, the COPLat would follow the same trend.
Equation (29) indicates that the shape of the COPLat lines should be similar to that of the
MRC. However, it has to be remembered that the regeneration temperature is kept
constant and not the regeneration heat. In order to maintain a constant regeneration
temperature, different regeneration heat is required based on the DW process air stream
outlet conditions and the EW’s effectiveness.
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Figure 50: Effect of process air temperature on MRC
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Figure 51: Effect of process air temperature on COPLat
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50

Another important variable to investigate is the humidity ratio of the DW process inlet. It
was found that the higher the humidity ratio is, the higher the MRC, Figure 52, and
COPLat, Figure 53, values are. That is because at the same temperature, the higher the
humidity ratio is, the higher the water vapor pressure. High water vapor pressure
difference between the moist air and the desiccant surface increases the adsorption
process. However, the condition of the moist air at the DW’s process outlet is not
necessarily drier. When the process air inlet is more humid, the humidity difference
across the DW is higher as shown in Figure 54, which makes the MRC value higher.
However, the process air outlet is more humid as shown in Figure 55.
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Figure 52: Effect of process air humidity ratio on MRC
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Figure 53: Effect of process air humidity ratio on COPLat
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Figure 54: Effect of process air humidity ratio on process air humidity difference
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Figure 55: Effect of process air humidity ratio on DW's process outlet humidity ratio
Investigating the effect of increasing the ventilation mass flow rate was possible due to
utilizing variable speed fans. Figure 56 shows that as the mass flow rate across the DW is
increased, the MRC value increases. In order to maintain the same regeneration
temperature, more heat is required for the higher mass flow rate. Therefore, the COPLat
for the higher mass flow rate reduces as shown in Figure 57.
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Figure 56: Effect of the ventilation flow rate on MRC
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Figure 57: Effect of the ventilation flow rate on COPLat
Increasing the regeneration temperature allows the DW to be dried thoroughly and
increases its capacity to adsorb water vapor, Figure 58. When the regeneration
airstream’s temperature is increased, the moist air relative humidity decreases. Lower RH
value indicates lower water content in the desiccant material as shown by Figure 43.
However, there is a decrease in the COPLat, Figure 59, because of the increase in the
regeneration heat required to increase the regeneration temperature.
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Figure 58: Effect of regeneration temperature on MRC
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Figure 59: Effect of regeneration temperature on COPLat
The average effectiveness of all tests was found to be 0.71, Figure 60. The ratio of the
process air temperature change to that of the exhaust air is found to be within 10% for
most of the test runs, Figure 61. Test number 6, which corresponds to the case of higher
mass flow rate, has the lowest ratio. This is expected to be due to the higher leakage
between state 2 and 7 through the EW’s rubber sealant.
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Figure 60: The enthalpy wheel’s effectiveness
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Figure 61: Temperature difference ratio at the EW
Part of the high COPLat value is due to the shape of the isotherm. This desiccant material
has a rapid shift in water vapor uptake and can be regenerated using a low temperature
heat source. The other part is due to the reduction in the regeneration heat by using the
EW. Figure 62 shows the desiccant wheel COPLat with EW compared to that without the
EW at DW rotational speed of 25 RPH. The value with the EW is found experimentally
whereas the value without the EW is calculated using the experimental data.
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Figure 62: COPLat with and without the enthalpy wheel
The performance indices’ uncertainty analysis was performed at desiccant wheel
rotational speed of 25 RPH. Table 15 shows the average value to each performance index
and its percentage. As the table indicates, the highest uncertainty was the desiccant wheel
total energy balance uncertainty. Its high uncertainty was caused mainly by the small
change in the enthalpy across the desiccant wheel. The uncertainty in the enthalpy change
for the two air streams was around 22% of the enthalpy change values.
Table 15: The desiccant wheel cycle testing uncertainties
Performance Index
MRC
COPlat
εEW
MMB
TEB

4.7

Uncertainty
0.12
0.13
0.02
0.11
0.32

%
7.6
11.6
2.9
10.8
32.0

Conclusions of the Desiccant Wheel Cycle Testing

Understanding how the desiccant wheel cycle (DWC) performs as function of various
variables is important for validation of a simulation tool. Testing the DWC allows the
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identification of the most important variables to control. It also makes it easier to couple
the DWC with other air conditioning cycles in order to obtain the desired outputs.
The performance of the desiccant wheel cycle was experimentally investigated. The
effect of the process air stream conditions, the regeneration temperature, the mass flow
rate, and the desiccant wheel rotational speed on the cycle performance was studied. The
results show that for the tested conditions, the highest desiccant wheel capacity was
obtained for the lowest process air stream temperature, and for the highest air mass flow
rate. This does not necessary ensure sufficient dry conditions at the desiccant wheel
process air stream outlet. In addition, the highest latent coefficient of performance for the
desiccant wheel was obtained for the lowest regeneration temperature case. Both
performance indices did not vary much with rotational speed between 20-30 RPH.
Moreover, the average enthalpy wheel effectiveness for all the tests was found to be 0.71.
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5. The Hybrid Air Conditioner Experimental Investigation
5.1

Experimental Facility

The experimental facility for testing the complete hybrid air conditioner was constructed
by expanding the experimental facility of the desiccant wheel cycle to include the
conditioned space and the vapor compression cycle. Figure 63 shows a schematic of the
experiment setup. It mainly shows the air loop. There were also a hot water loop, which
was connected to the WAHX, and a refrigerant loop, which was connected to the
evaporator. Three fans were utilized for the fresh ambient air, the conditioned space
circulation, and the conditioned space exhaust. All the fans were sized to maintain the
design mass flow rate given the estimated system pressure drop. All the fans were
variable speed fans controlled by frequency controllers. The conditioned space
volumetric flow rate was found using a 178 mm nozzle, which was installed according to
ASHRAE standards 41.2 (ASHRAE, 1992). Air mixtures were used at different locations
to avoid stratification.
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Figure 63: Schematic of the experiment setup
5.2
5.2.1

Equipment
Vapor Compression Cycle

The VCC system capacity is 4.5 kW, based on ASHRAE Standard’s test A conditions
(ASHEAE, 2010). The charge optimization study can be found in Appendix C. The cycle
utilized R-410A as its working fluid. The compressor was a variable speed compressor
with a displacement volume capacity of 13.2 cc. Figure 64 shows the compressor and its
inverter. An electronic expansion valve was also used as a metering device.
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Figure 64: The variable speed compressor and its inverter
5.2.2

Conditioned Space

The conditioned space is represented by an electric heater and a humidifier. The electric
air heater is used to represent the space sensible load. The selected heater has a 5 kW of
heating capacity, model DH-5000-240-1 supplied by Tutco Heating Solutions, Figure 65.
The heater is rated at 240 V single phase power.

Figure 65: Electric air heater to represent the space sensible load.
The humidifier is used to represent the latent load of the conditioned space. The selected
humidifier is capable of delivering 23 liter/day.
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5.3

Instrumentations

A summary of the instruments used in this experiment with their respective range and
accuracy is shown in Table 16.
Table 16: Instruments' range and accuracy
Instruments

Location

Temperature
Measurements
(T-Type Thermocouples)

Pressure
Measurements

Quantity

Accuracy

Range

Air side

9 (grids)/9 TCs each

±0.5 °C

10-150 [°C]

Refrigerant side

4 (points)

±0.5 °C

5-150 [°C]

Water side

3 (points)

±0.5 °C

10-150 [°C]

Refrigerant side

4 (points)

Air side (nozzles)supply
Air side (nozzles)exhaust
Air side conditioned space
Air side

Differential Pressure

RH Measurements
Mass Flow Meters
(Coriolis Type)
Power Meters

±0.125% [FS]* 0-3447 [kPa]

2

±1% [FS]

1

±1% [FS]

0-498 [Pa]

1

±1% [FS]

0-1245 [Pa]

9

±1% [RD]

**

0-498 [Pa]

0-100 [%]

Refrigerant side

1

±0.15% [RD]

0-130 [g/s]

Water side
Compressor
Electric air heater

1
1
1

±0.15% [RD]
±0.5% [FS]
±0.2% [RD]

0-500 [g/s]
0-6 [kW]
0-4 [kW]

* FS: Full Scale, ** RD: Reading

In this test, the effect of the ambient temperature, the ambient humidity ratio, and the
ventilation rate on the indoor conditions was investigated. The test matrix for this
experiment is shown in Table 17. The DW rotational speed is fixed at 25 RPH and the
regeneration temperature is maintained at 55°C.
Table 17: Test matrix
Test
#

Tamb
[°C]

wamb
[gw/kga]

1
2
3
4
5
6

25
30
35
30
30
30

16.2
16.2
16.2
14
20
16.2
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[kga/s]

Rspeed
[RPH]

Tregen
[°C]

0.085
0.085
0.085
0.085
0.085
0.1

25
25
25
25
25
25

55
55
55
55
55
55

5.4

Results and Discussion

The hybrid A/C was compared to a standalone VCC, both operating at ARI’s humid
conditions (Ge et al., 2008). In the standalone VCC case, two operation conditions of the
VCC were used: one was with no ventilation load and the other was with ventilation rate
of 10% of the mass flow rate supplied to the conditioned space. The indoor conditions at
steady state operation are shown in Figure 66. The figure shows that the standalone VCC
was not able to maintain space comfort conditions at 0% and 10% ventilation rates. The
space comfort conditions shown are based on ASHRAE thermal comfort zone
(ASHRAE, 2009). This indicates that the standalone VCC has to be oversized in order to
control the temperature and the humidity simultaneously. This result clearly show the
problem of A/C over sizing that HVAC engineers face in hot and humid climates. The
figure also shows that comfort conditions can be achieved by activating the DWC while
using the same VCC capacity.

Figure 66: Indoor conditions for the hybrid A/C and the standalone VCC
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The performance of the hybrid A/C was investigated at various ambient conditions. The
temperature and the humidity ratio of these conditions are listed in Table 17. In addition,
the ventilation rate was increased to see if the system was capable of maintaining the
comfort conditions inside the space. Figure 67 shows the moisture mass balance of the
hybrid A/C tests. The MMB is maintained within the acceptable range for all the tests.
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Figure 67: Moisture mass balance of all the tests
Figure 68 shows the moist air conditions at the inlet and the outlet of the desiccant wheel
cycle (DWC). The DWC reduces the humidity content of the fresh air stream while
maintaining acceptable temperatures. The DWC’s outlet conditions have less scattering
compared to the inlet conditions.
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Figure 68: Inlet (Black Circles) and outlet conditions (Red Squares) of the desiccant
wheel cycle
Figure 69 shows the indoor conditions of all the tests conducted. It can be seen that the
hybrid A/C is able to maintain comfort in the conditioned space for various ambient and
operating conditions.

Figure 69: Indoor conditions for the hybrid A/C at various operating conditions
Moreover, the VCC can be operated differently when coupled with a DWC. Since the
DWC accommodates the latent load, the VCC has to accommodate the sensible load
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only. This allows the VCC to operate at higher evaporating pressure and temperature.
Figure 70 shows the refrigerant state points on T-s and P-h diagrams.

75

3

VCC (Sensible + Latent)
[0% Ventilation]
R410A
VCC (Sensible + Latent) [10% Ventilation]
VCC (Sensible) [10% Ventilation]

50

2100 kPa

4

T [°C]

5
6

25

2

7

0

1

780 kPa

0.25

0.50

0.75

1.00

1.25

s [kJ/kg-K]

(a) T-s diagram
5x103

VCC (Sensible + Latent) [0% Ventilation]
VCC (Sensible + Latent) [10% Ventilation]
VCC (Sensible) [10% Ventilation]
4

5

3

P [kPa]

6

103
7

2

1

5x102
100

150

200

250

300

350

h [kJ/kg]

(b) P-h diagram
Figure 70: VCC refrigerant state points
The experimental data is used to estimate the performance of the hybrid solar A/C as
shown in Table 18. The performance of the hybrid A/C under ARI’s humid conditions is
used. It has to be mentioned that the hybrid solar A/C coefficient of performance
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(COPsys) in Equation (38), is based on the electric energy since the collector’s thermal
output is considered as a byproduct and it is quantitatively higher than the electric output.
The COPsys is defined as the total cooling effect provided by the DW and the VCC
divided by required solar energy captured by the hybrid solar collector. The DW latent
capacity and the VCC capacity are given by Equations (39) and (40), respectively.

(38)
(39)
(40)

where ηeleccoll is the collector electric efficiency, PVCC is the electrical power consumed by
the vapor compression cycle, hfg is the latent heat of water, and h is the moist air
enthalpy.
Three different collector efficiencies are used. The first one is assumed based on typical
values, the second one is based on the available subroutine, TYPE 50, in transient system
simulation program (TRNSYS), and the third is based on an experimentally verified
parabolic trough collector (Coventry, 2005). The table shows that, in order to provide the
energy required to run the cooling sub-system, 0.8 and 1.3 kW, a collector with an
electrical efficiency of 0.2 would need 3.98 kW of solar energy input. It also shows that a
COPsys higher than unity could be achieved. Even for COPsys values lower than unity, the
value is about double what the current technology is.
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Table 18: The hybrid solar air conditioner performance predictions
System

Eprovided,
Exp* [kW]

COPExp

Erequired
[kW]

VCC

4.22

5.3

0.8

Collector Efficiency

Ecollin
[kW]

ηelec = 0.2

3.98
1.4

Assumed

DW

1.4

1.05

1.3

VCC

4.22

5.3

0.8

**

ηther = 0.65

-

ηelec = 0.17

4.68
1.2

TRNSYS

DW

1.4

1.05

1.3

VCC

4.22

5.3

0.8

ηther = 0.64

-

ηelec = 0.11

7.24
0.8

Exp

DW

1.4

1.05

ηther = 0.58

1.3

COPSys

-

* Exp: Experimental value, ** ηther: Collector’s thermal efficiency

Table 19 shows the uncertainties associated with testing the hybrid air conditioner. As
one would expect, the uncertainties of the refrigerant side were smaller than their air
counterparts, for the same performance index.
Table 19: The hybrid air conditioner testing uncertainties
Performance Index

5.5

MMB

Uncertainty
0.11

%
11.1

Qvccair

0.30

6.6

Qvccref

0.05

0.9

COPvccair

0.46

8.4

COPvccref

0.12

2.0

Conclusions of the Hybrid Air Conditioner Testing

The performance of the hybrid A/C system was experimentally investigated. Its
performance was compared to that of a standalone VCC. The standalone VCC was not
able to maintain the comfort conditions under ARI’s humid conditions. However, the
comfort zone is reached when the desiccant wheel cycle is activated. This indicates that
the standalone VCC has to be oversized in order to control the humidity and temperature
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simultaneously. At different ambient conditions, the hybrid A/C system is found to be
very effective in keeping the indoor conditions within the comfort zone. Using the
experimentally data, the overall coefficient of performance COPsys of the hybrid A/C
powered by a hybrid solar collector is calculated. A COPsys value more than unity is
found to be achievable.
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6. Optimization Study
6.1

Introduction

In order for the solar air conditioners to become a real alternative to the conventional
systems, their performance and total cost have to be optimized. Optimization cannot
be simply replaced by a parametric study unless it is a single variable optimization
problem. In reality, most of the optimization problems encountered are nonlinear, and
finding the optimum design of a system involves dealing with multi-variables, multiobjectives and constrained problems. In order to determine the optimum design, the
designer undergoes a trial and error process to guess how to change variables for the
next step but this process is very time-consuming and expensive. Therefore, it is
important to use existing or user defined optimization algorithms where less designer
input is required. The purpose of this part of the thesis is to minimize the solar hybrid
A/C’s cost and energy consumption using systematic optimization techniques. This
requires investigating the various optimization options and finding the most suitable
approach to be used with TRNSYS simulations.
6.2

Optimization Algorithms

There are various ways in which optimization can be carried out for the solar hybrid
air conditioner. One approach is using an existing component in TRNSYS, TYPE
583, which launches TRNSYS Optimizer (TRNOPT) (Klein et al., 2007). TRNOPT
acts as an interface between TRNSYS and the GENOPT Optimizer (Wetter, 2001).
GENOPT is a generic optimization algorithm developed by the Lawrence Berkeley
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National Laboratory. It is designed to interface with black-box simulation programs.
Therefore, the objective function is evaluated by TRNSYS which is iteratively called
by GENOPT. Another method is coupling TRNSYS with MATLAB (The
MathWorks, 2009). Based on a user developed interface, MATLAB can open
TNRSYS’s input file and alter the design variables. Then, MATLAB calls TRNSYS
engine to run the modified input file and reads the output file to find the value of the
objective function as illustrated in Figure 71. In this study, MATLAB is selected as
an optimizer because it has an optimization tool box which handles single and multiobjective, single and multi-variable, unconstrained and constrained optimization
problems. It also has a Genetic Algorithm (GA) optimization tool box for global
optimization (The MathWorks, 2009). Therefore, the second approach allows more
robustness and flexibility in formulating the optimization problem.

Figure 71: MATLAB optimization flow diagram
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Different optimization algorithms are compared in order to find the most appropriate
one for TRNSYS application. The algorithms are compared based on two measures:
Robustness, which is related to the ability to find a global optimum and the
dependence of performance on initial guess, and Efficiency, which deals with how
many function evaluations are required.
Initially, some gradient based algorithms, fminunc and fmincon, were tried. However,
it was found that the non-gradient methods were better. In this investigation,
fminsearch, Pattern Search (PS) and GA are selected from MATLAB. fminsearch is
usually used to find a local minimum for unconstrained nonlinear optimization. It
uses the Nelder-Mead simplex algorithm, which does not require numerical or
analytical gradient of the objective function (Arora, 2004).
The Pattern Search method is also used to solve the single objective optimization
problems. It does not require any information about the gradient of the objective
function (The MathWorks, 2009). At each step, the algorithm searches a set of points,
called a mesh, around the current point and looks for a point where the value of the
objective function is lower than that of the current point. Once the algorithm finds a
point that improves the objective function, the new point becomes the current point at
the next iteration. The mesh is formed by adding the current point to a scalar multiple
of a set of vectors called a pattern.
GA is a population based method used to find global optimal solutions. It selects
individuals at random from the current population to be parents and uses them to
produce the children for the next generation. Over successive generations, the
93

population progress toward an optimal solution (The MathWorks, 2009). Figure 72
shows the working principle of GA.

Figure 72: A flowchart of GA’s working principle (Deb, 2001)
6.3

Optimization Problem Formulation

Two optimization problems are formulated for the optimization of the hybrid solar air
conditioner. The first optimization problem is to minimize the electrical consumption
of the complete system. The second is to minimize the total cost of the system. Both
problems are formulated as follows:
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(41)
(42)

Subject to

(43)
(44)

where

represents the design variables: collector area, collector mass flow rate,

storage tank volume, and number of batteries. Table 20 shows the details of the
design variables.
Table 20: Optimization design variables
Variables
Acoll
Vtank
Nbatt

Units
m2
kg/hr
m3
-

Range
[5-80]
[500-2000]
[0.5-5]
[2-20]

The electrical consumption of the complete hybrid solar A/C was calculated using
Equation (45). The electricity requirement of the different components was not
simultaneous. Therefore, the control signal (CS) was used to include the component’s
power consumption only when it was activated, as shown in Equations (46) to (48).
The pump power consumption was based on pump laws. The DW, EW, and VCC
power consumption was based on the components used in the experiment. The fan’s
power was calculated based on the anticipated pressure drop of the actual installation.
The experimental fans power consumptions were not used since the fans were sized
to overcome the pressure drop of the nozzles, thermocouples’ meshes, and other
experimental components.

(45)
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(46)
(47)
(48)

The Total Cost (TC) of the system was divided into the initial capital cost and
operating cost. Table 21 shows the initial cost of all the system components. The
initial cost of the components associated with the design variables has to be adjusted
during the optimization. This was accomplished by curve fitting the cost data for 60
storage tanks, 50 power inverters, and 30 fans. Details of the cost analysis can be
found in Appendix D.
(49)

(50)

(51)

Table 21: Initial cost of the hybrid solar A/C components
Component

Units

Solar Collector
Pump
Storage Tank
W_A_HX
DW
EW
Fan
Battery
Inverter
VCC

[$]
[$]
[$]
[$]
[$]
[$]
[$]
[$]
[$]
[$]

Value
2

583 [$/m ]* Acoll [m2] (SHC,2006)
881 [$/kW]*(Ppumps [kW])0.4 (Gebreslassie et al., 2009)
3.046e-006(Vtank [gal])3-0.005251*(Vtank)2+2.895* Vtank -113.9
100
1002
1352
169
2.23[$/Ah]* Nbatt [batt]*750[Ah/batt]
-4.37e-009(Pinv [W])2 + 0.0001664*(Pinv) + 0.05749
729

A multi-objective optimization problem (MOOP), as shown in Equations (52) to (54),
is constructed using the two objective functions, Grid Power (Pgrid) and the Total Cost
(TC). The only constraints are the upper and lower bounds on the design variables.
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(52)
(53)
(54)

Subject to
6.4

Experimentally Validated Solar Hybrid Air Conditioner Model

Prior to optimizing the complete hybrid solar air conditioner, it is important to have
an experimentally validated model in TRNSYS. Models of the main components,
namely, the concentrating PVT collector, the desiccant wheel, the enthalpy wheel,
and the vapor compression cycle, were updated based on experimental data.
6.4.1

The Concentrating Photovoltaic/Thermal Collector

The model for the CPVT collector was experimentally investigated by Coventry
(Coventry, 2005). He developed a detailed analytical model to simulate the
performance of a CPVT. The change of the fluid temperature in the receiver is given
by Equation (55).
(55)
The receiver was divided into multiple elements along its length mainly because the
electrical output depends on the cells’ temperatures. In order to apply Equation (55) at
each element, the heat flux Qth should be calculated for each element. To do so, an
equivalent thermal network of the CPVT was used, Figure 73.
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Figure 73: Thermal network of the CPVT collector (Coventry, 2005)
The thermal network can be mathematically represented by a set of nonlinear
equations. The solution of these equations would provide the temperature at each
node as well as the energy transferred from one node to another. The collector
electrical and thermal outputs were calculated using Equations (56) to (58)
(56)
(57)
(58)
The heat transfer coefficient was calculated using Equation (59)

(59)
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where FH was used to account for the internal fins according to the Carnavos relation
and set to a value of 0.74. The Nusselt number was calculated using the DittusBoelter equation, Equation (60).
(60)
These equations were solved using MATLAB. In TRNSYS, TYPE 155, which is a
subroutine used to run MATLAB scripts, was used to incorporate the CPVT model.
6.4.2

The Desiccant Wheel Cycle

There are various ways to incorporate the desiccant wheel and enthalpy wheel models
into TRNSYS. For the case of the DW, the previously explained iso-potential line
approach, given by Equations (19) to (22), can be updated to reflect the new Zeolite
desiccant. Alternatively, the effectiveness approach could be used in which the
experimental humidity ratio and temperature outlet conditions are correlated to the
maximum possible potential, Equations (61) and (62).
(61)

(62)
Applying the two methods to the desiccant wheel to predict the process outlet
temperature, Figure 74, and process outlet humidity ratio, Figure 75, shows a minor
difference between the two methods. The conditions used refer to the test conditions
shown in Table 14.
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Figure 74: Desiccant wheel process outlet temperature
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Figure 75: Desiccant wheel process outlet humidity ratio
In order to find the temperature and humidity ratio using the iso-potential lines
approach, the equations have to be solved iteratively until the stopping criteria are
satisfied. This implies using an initial guess to start the solver. It was found that one
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initial guess might not necessarily work for all the simulated conditions. It was also
found that the solution did not converge at higher humidity values. Therefore, the
second approach was preferred due to its simplicity and applicability to both the
desiccant and the enthalpy wheel.
In the case of the enthalpy wheel, the effectiveness method was applied to predict the
temperature and humidity ratio at the process and exhuast air streams.
(63)

(64)
The temperature of the process side outlet is shown in Figure 76, whereas the
humidity ratio is shown in Figure 77. Both the simulated process air outlet
temperatures and the simulated process air outlet humidity ratios are maintained
within ±10% of the experimental values.
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Figure 76: Enthalpy wheel process outlet temperature
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Figure 77: Enthalpy wheel process outlet humidity ratio
The exhaust air stream temperature, Figure 78, and humidity ratio, Figure 79, were
also compared to the experimental results. The discrepancy is due to the leakage
problem previously mentioned and due to the use of a fixed value of effectiveness for
all the testing conditions.
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Figure 78: Enthalpy wheel exhaust outlet temperature
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Figure 79: Enthalpy wheel exhaust outlet humidity ratio
TYPE 202 was created as a generic TRNSYS component to model any system
component that can be represented by the effectiveness method. It was used to
simulate the desiccant and enthalpy wheels.
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6.4.3

The Vapor Compression Cycle

In order to investigate the VCC performance at different operating conditions, a
separate test was conducted, Table 22. The compressor’s speed was varied using the
frequency inverter, whereas the superheat was changed using the electronic expansion
valve. Using data acquisition software written in LabView, the temperature, pressure,
refrigerant’s mass flow rate, and the cycle electricity consumption, was recorded.
Table 22: VCC test matrix
Test #

Tsh [K]

fcomp [Hz]

1

3

60

2

5

60

3

10

60

4

3

50

5

5

50

6

10

50

7

5

45

In-house software, VapCyc (Winkler et al., 2008), was selected to simulate the vapor
compression cycle performance. The collected experimental data were used to
validate the model. Then, the model was used to simulate the VCC performance at
various ambient conditions. The performance map of the VCC, created by VapCyc,
was incorporated into TRNSYS.
VapCyc allows the use of detailed heat exchangers’ models. Therefore, the
evaporator and the condenser were simulated using in-house software, CoilDesigner
(Jiang et al., 2006). The evaporator circuitry and temperature distribution is shown in
Figure 80.
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Figure 80: Evaporator circuitry and temperature distribution in CoilDesigner

Figure 81 shows the comparison between the CoilDesigner results and the
experimental data for the evaporator’s cooling capacity. The maximum discrepancy
was 2.8% of the experimental value. The pressure drop in the evaporator was also
compared to the experimental data, Figure 82. The differences range from 1-9% of
the experimental values.
It has to be mentioned that CoilDesigner allows correction factors to be implemented
to better match the experimental results. These correction factors are used to correct
for the pressure drop and heat transfer in cases where the experimental conditions do
not match the correlations’ range of operating conditions, or the correlations for the
refrigerant in use are not available. In the case of the evaporator, the correction
factors applied to the pressure drop and the heat transfer are 1 and 0.7, respectively.
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Figure 81: Evaporator capacity
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Figure 82: Evaporator pressure drop
Different applicable correlations were investigated. The most suitable ones that led to
the minimum discrepancy while satisfying the testing conditions were chosen, Table
23.
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Table 23: Selected evaporator's correlations
Heat Transfer
Air side
Refrigerant

Liquid
Two Phase
Vapor

Pressure Drop
Air side
Refrigerant

Liquid
Two Phase
Vapor

Correlation Name
Wang-Hwang-Lin/Wavy Herringbone Fin
Gnielinski
Gungor-Winterton
Gnielinski
Correlation Name
Wang-Hwang-Lin/Wavy Herringbone Fin
Blasius-Type
Friedel
Blasius-Type

The condenser’s experimental data and measured dimensions were used in
CoilDesigner to simulate its pressure drop and capacity. The condenser capacity
predicted by CoilDesigner was compared to the experimental data as shown in Figure
83. The maximum discrepancy was about 3.1% of the experimental value. The
condenser pressure drop was also compared to the experimental data, Figure 84, with
an average discrepancy of 28% of the experimental value. A correction value of 1.3
was applied to the pressure drop and the heat transfer correlations. However, the
pressure drop correlations were still unable to predict the experimental results. That
was mainly due to the two phase pressure drop correlations.
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Figure 83: Condenser capacity
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Figure 84: Condenser pressure drop
The condenser heat transfer and pressure drop correlations for the air and refrigerant
side are listed in Table 24.
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Table 24: Selected condenser's correlations
Heat Transfer
Air side
Refrigerant

Liquid
Two Phase
Vapor

Correlation Name
Wang-Tsai-Lu/Wavy Smooth Louvered Fin
Dittus-Boelter
Dobson
Dittus-Boelter

Liquid
Two Phase
Vapor

Correlation Name
Wang-Tsai-Lu/Wavy Smooth Louvered Fin
Blasius-Type
Friedel
Blasius-Type

Pressure Drop
Air side
Refrigerant

The CoilDesigner models of the condenser and evaporator were used in the VapCyc
model of the complete VCC, Figure 85. The remaining components are the expansion
valve and the compressor. The expansion valve was model based on an isenthalpic
fixed orifice model. The compressor model (Winkler et al., 2008) required
experimental data to evaluate the isentropic efficiency, Equation (65), and the
volumetric efficiency, Equation (66).

(65)

(66)
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Figure 85: Vapor compression cycle in VapCyc
The VapCyc results of the evaporator capacity were compared to experimental
values, Figure 86. The maximum discrepancy was maintained below the 5% of the
experimental value. Similar results were found when predicting the compressor
electricity consumption, Figure 87.
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Figure 86: Evaporator cooling capacity
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Figure 87: Compressor electricity consumption
The predicted condenser capacities were compared to the experimental value, Figure
88. Even though, the condenser capacity was not needed to construct the VCC
performance map, it was important to be validated in order to ensure the cycle energy
balance. In addition, the COPVCC was calculated and compared to the experimental
value as shown in Figure 89 with a maximum discrepancy less than 5%.
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Figure 88: Condenser capacity
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Figure 89: The experimental VCC coefficient of performance
The main purpose of the VCC model using CoilDesigner and VapCyc was to create a
performance map for the VCC to be used in TRNSYS. The performance map was
created by running the VCC model in VapCyc at various ambient and indoor
conditions while acquiring the compressor and cooling capacity at each condition.
6.5

Results and Discussion

A representative problem, which was less time consuming and less complicated, was
used to investigate the different optimization algorithms, Appendix B. The purpose of
the initial investigation was to explore the dependence of the algorithms on the initial
point selection. Minimization of the first objective function showed that not all the
algorithms were able to converge to an optimum. The fminsearch, which is a local
optimization technique, seemed to depend on the initial point since it converged to a
local minimum. On the other hand, the PatternSearch (PS) and Genetic Algorithm
(GA) were able to find the global minimum for all the trial initial points. The
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TRNOPT was also able to converge to a global minimum as long as the initial points
were inside the variables’ domain. The algorithm selected in TRNOPT was the
Hooke-Jeeves Algorithm, which is a modified pattern search algorithm (Wetter,
2001).
The difference between the MATLAB algorithms, fminsearch, PS and GA, was
investigated further by a second objective function. Minimization of the second
objective function showed that the minimal value was found by GA, but PS was
faster. For the problem in hand, GA is preferred since it is a global optimization
technique and it is capable of handling integer design variables.
The single objective function, total electrical consumption, was optimized using GA.
The problem was further constrained by requiring the second objective function, the
total cost, to be less than $35,000. A fixed value penalty was assign to designs that
did not satisfy the constraint. The optimum design and the minimum function value
are listed in Table 25. Figure 90 shows the progress of GA toward the minimum grid
energy consumption value. Only the feasible designs, which do not violate any
constraint, are shown. The marker size represents the number of batteries, whereas its
color represents the tank volume.
Table 25: Optimal Design specifications
Variable

Units
2

AColl

Value

m

42

kg/hr

1747

3

Vtank

m

1.6

Nbatt

-

2

Minimum: f( )

kW-hr

3,873.6
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 Minumum
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0
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1000
60
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2

Collector Area [m ]

Figure 90: GA progress toward the minimum grid energy consumption
One advantage offered by coupling MATLAB and TRNSYS is the capability of
handling Multi-Objective Optimization Problems (MOOP). The hybrid solar A/C
MOOP was solved using the gamultiobj function from MATLAB, which is a MultiObjective Genetic Algorithm (MOGA). It was also solved by an in-house developed
MOGA (Aute et al., 2004). There is no single solution to MOOP, but there are a set
of solutions, known as a Pareto front. All solutions on the Pareto front are optimal.
Therefore, the goal of MOGA is to find the Pareto front within the design variables’
bounds while satisfying the constraints. MOGA progress toward the final Pareto front
is shown in Figure 91, while the final Pareto front solutions are shown in Figure 92.
The solar hybrid A/C Pareto front results shows the tradeoff between the total cost
and the grid energy consumption.
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Figure 91: MOGA Pareto front progress
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Figure 92: The solar hybrid A/C Pareto front solutions
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5500

For the same population size of 50 individuals, Figure 93 shows the results of the inhouse developed MOGA compared to that of MATLAB. Since GA is heuristic by
nature, Pareto fronts from the two MOGAs are not expected to coincide. This
randomness effect on the Pareto front can also be noticed if the MATLAB-MOGA is
run multiple times. Usually, MOGA is run for multiple times and the minimum of
these runs is selected. It can be seen that both algorithms present an acceptable
spread.
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Figure 93: Comparing ISOC and MATLAB MOGA
The effect of increasing the population size is shown in Figure 94. Doubling the size
of the population, from 50 to 100 individuals, does not seem to affect the Pareto front
solutions significantly. However, a population size of 50 gives better results than a
population size of 40, especially in finding the minimum total cost. In addition, the
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results of minimizing the system power grid consumption, while keeping the cost less
than $35,000, is superimposed on this figure.
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Figure 94: The effect of the population size
The optimized designs can be compared to a baseline system based on the importance
of each objective function to the designer. If the total system cost is more important,
designs from the lower right side of Figure 94 should be selected. For this case, the
design with 4,719 kW-hr grid energy consumption and a total cost of $15,753 is
selected for further investigation. A standard VCC with Seasonal Energy Efficiency
Ratio (SEER) of 16 is selected as a baseline. Figure 95 shows the total cost of the
hybrid solar A/C compared to that of the VCC as a function of time. The figure also
shows the effect of the electricity price on the period required for the cumulative total
cost of the proposed system to be less than that of the VCC. For electricity price of
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0.12 $/kW-hr, the proposed system cumulative cost will be less than that of the VCC
after 17.5 years of operation. As the figure indicates, the higher the electricity price,
the shorter that period is.
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Figure 95: Total cost of the proposed system vs. conventional VCC
The total cost of the hybrid solar A/C can be allocated as shown in Figure 96. This
figure helps to find the most expensive components and identify where the cost
reduction efforts should focus. As the figure shows, the key component is the hybrid
collector which represents 46% of the total system cost. The second most expensive
component is the batteries.
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Figure 96: The hybrid A/C cost breakdown
Even though the proposed system is more expensive than the conventional VCC, it
consumes less electricity and maintains better indoor comfort. The lower energy
consumption reduces the peak electrical loads on utilities. It also reduces the
consumer operating cost since less energy is purchased during the on peak periods. In
addition, the total system cost shown in Figure 95 does not include any incentives or
rebates. The total cost including federal tax incentive and some state rebates for
Maryland, USA, is shown in Figure 97. The figure shows that the cumulative cost of
the hybrid solar A/C is becoming less than the VCC after about 11 years of operation
for electricity price of 0.12 $/kW-hr. The hybrid solar A/C design selected is able to
pay back its initial investment in 24, 20, and 17 years for electricity prices of 0.10,
0.12, and 0.14 $/kW-hr, respectively. It has to be taken into consideration that the
system performance and total cost are subject to change. That is because the PV cells
efficiency is continuously improving and their cost is decreasing.
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Figure 97: Total cost of the hybrid solar A/C with incentives
It has to be mentioned that the cost evaluation of the proposed system, as shown by
Equations 49-51, is one of several ways of doing economic evaluations. The initial
cost could have included the labor and installation cost, whereas the operating cost
could have included the maintenance and parts replacements costs. In addition, the
cost of electricity is assumed to be constant throughout the life of the system.
However, the cost information provided in this work can be used in a more detailed
economic study, such as the life cycle savings method which takes into account the
time value of money and allows as many details as may be significant.
6.6

Conclusions of the Optimization Study

In order for the solar air conditioners to become a real alternative to the conventional
systems, their performance and total cost has to be optimized. Various optimization
methods were used to optimize an experimentally validated TRNSYS model of the

120

solar hybrid air conditioner. Minimizing the grid energy consumption of the system
showed that MATLAB is capable of finding comparable results to that of TRNOPT.
It was also shown that GA is preferred over Pattern Search algorithms since GA is a
global optimization technique and it is capable of handling integer design variables.
The advantage of coupling MATLAB and TRNSYS compared to using the TRNSYS
optimizer was demonstrated by solving a multi-objective optimization problem. The
tradeoff between the system performance and its cost was presented by a Pareto front.
This Pareto front allows the designer to estimate the cost of the system based on the
desired amount of load to be covered by solar energy. In addition, the results show
that coupling TRNSYS and MATLAB expands TRNSYS optimization capability in
solving more complicated optimization problems. It also provides more flexibility in
formulating the optimization problems.
From the Pareto front, a design with a minimum cost is compared to a standard VCC
with SEER of 16. The concentrated PV/T solar collector and batteries represents 46%
and 21% of the hybrid solar A/C’s total cost, respectively. For an electricity price of
0.12 $/kW-hr, the hybrid solar A/C’s cumulative total cost will be less than that of the
VCC in 17.5 years. However, this period is reduced to about 11 years once the federal
tax incentive and some Maryland state rebates are applied. These periods are
shortened if the electricity price increases. The hybrid solar A/C is able to pay back
its initial investment in 24, 20, and 17 years for electricity prices of 0.10, 0.12, and
0.14 $/kW-hr, respectively
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7. Summary and Conclusions
The main objective of this study is to search for a high coefficient of performance of
solar air conditioners (A/C). This objective has been accomplished and the
conclusions are summarized as follows:
7.1

Simulation Study

The simulation of the novel hybrid solar air conditioner was carried out using
TRNSYS simulation program. In addition, a vapor compression cycle (VCC) driven
by photovoltaic (PV) panels and an absorption cycle driven by evacuated tubes
collector were simulated in TRNSYS for the sake of comparison. The results of the
simulation study are as follows:


A parametric study of the hybrid solar air conditioner showed that the CPVT
collector area is the most important parameter that affects the system
performance. However, other design variables such as, the hot water storage,
number of batteries, and collector mass flow rate, have to be sized based on
the solar collector area in order to obtain the optimum performance.



Integrating a desiccant wheel cycle (DWC) with a conventional VCC is more
effective than the standalone VCC in ensuring comfort of buildings in hot and
humid climates.



The size of the VCC should be reduced, if it is coupled with a DWC. That is
because the VCC has to only accommodate the sensible loads.
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Comparing the COP of the hybrid solar air conditioner to that of the most
common solar A/Cs showed that it is higher than that of a VCC powered by
PV panels and a solar absorption system. The yearly average cooling COP of
the hybrid solar air conditioner, the solar VCC, and the solar absorption cycle
are found to be 0.68, 0.34 and 0.29, respectively.

7.2

Experimental Study

The experimental study was divided into two parts: desiccant wheel cycle (DWC)
testing and the complete hybrid A/C testing. The purpose of the first test was to
identify the most important variables that affect the cycle performance. The effect of
the process air stream conditions, the regeneration temperature, the mass flow rate,
and the desiccant wheel rotational speed on the cycle performance was studied. The
conclusions of the first part of the experimental study are as follows:


The highest desiccant wheel capacity of 1.96 kW was obtained for the lowest
process air stream temperature. The high capacity does not necessarily ensure
sufficient dry conditions at the desiccant wheel process air stream outlet.



The highest latent coefficient of performance for the desiccant wheel was
1.28, which is obtained for the lowest regeneration temperature case.



The desiccant wheel capacity and latent coefficient of performance did not
vary much with rotational speed between 20-30 RPH.



The average enthalpy wheel effectiveness for all the tests was found to be
0.71.
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The effect of the ventilation mass flow rate and the ambient air temperature and
humidity ratio on the hybrid A/C performance was investigated. The performance of
the hybrid A/C system was also compared to that of a standalone VCC. The
conclusions of the second part of the experimental study are as follows:


The standalone VCC was not able to maintain the comfort conditions under
ARI’s humid conditions. However, the comfort zone was reached when the
desiccant wheel cycle was activated. This indicates that the standalone VCC
has to be oversized in order to control the humidity and temperature
simultaneously.



At different ambient conditions, the hybrid A/C system was found to be very
effective in keeping the indoor conditions within the comfort zone. These
results agreed with TRNSYS simulation of the complete hybrid A/C.



Using the experimental data, the overall coefficient of performance COPsys of
the hybrid A/C powered by a hybrid solar collector was calculated. A COPsys
value more than 1.0 was found to be achievable. In the worst case scenario,
the COPsys was found to be less than unity, but still double that of the most
common solar A/Cs.

7.3

Optimization Study

The TRNSYS model of the hybrid solar air conditioner was validated using the
experimental data. Various optimization methods were investigated to optimize the
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proposed system’s performance and total cost. The findings of the optimization study
are as follows:


For single objective optimization problems, MATLAB is capable of finding
comparable results to that of TRNSYS optimizer.



Among MATLAB algorithms, Genetic Algorithm (GA) is preferred over
Pattern Search algorithms since GA is a global optimization technique and it
is capable of handling integer design variables.



The advantage of coupling MATLAB and TRNSYS over using the TRNSYS
optimizer was demonstrated by solving a multi-objective optimization
problem.



The tradeoff between the hybrid solar A/C performance and its cost was
presented by a Pareto set. This set allows the designer to estimate the cost of
the system based on the desired amount of load to be covered by solar energy.



In addition, the results show that coupling TRNSYS and MATLAB expands
TRNSYS optimization capability in solving more complicated optimization
problems. It also provides more flexibility in formulating the optimization
problems.



Comparing a design with a minimum cost to a standard VCC with SEER of 16
shows that the proposed system’s cumulative total cost is projected to be less
than that of the VCC in 17.5 years of operation. However, this period is
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reduced to about 11 years once the federal tax incentive and some Maryland
state rebates are applied.


The hybrid solar A/C is able to pay back its initial investment in 24, 20, and
17 years for electricity prices of 0.10, 0.12, and 0.14 $/kW-hr, respectively



Cost allocation of the minimum cost design shows that the concentrated PV/T
solar collector and batteries represents 46% and 21% of the hybrid solar A/C’s
total cost, respectively.
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8. List of Major Contributions and Future Work
8.1

Major Contributions

Overall, this study provides an alternative way of looking at solar air conditioning. It
suggests that in order to improve the performance of solar air conditioners (A/Cs),
hybridization can be used instead of focusing on improving a single component or a
single cycle in the traditional solar A/Cs. The benefits from hybridization is not only
limited to the performance, but also includes better control of the indoor temperature
and humidity ratio that ensures comfort. The hybridization of solar technologies and
the synergy due to combining the appropriate cooling technology led to the high
coefficient of performance (COP) of the proposed system. The required tasks to
accomplish this goal resulted into the following major contributions:


Innovative approach for solar A/Cs essentially doubling the COP of the
current solar A/Cs, especially in hot and humid conditions. Attaining this
contribution led to one conference paper, two journal publications, and one
invention disclosure:
o Al-Alili, A., Hwang, Y. , Radermacher, R., Kubo, I. , Rodgers, P. ,
(2008),

High

Efficiency

Solar

Cooling

Technique",

Second

International Energy 2030 Conference, Abu Dhabi, U.A.E., November
4-5
o Hwang, Y., Radermacher, R., AlAlili, A., Kubo, I., (2008). Review of
Solar Cooling Technologies. HVAC&R Research 14, 507-528.
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o Al-Alili, A., Hwang ,Y., Radermacher, R., Kubo, I.,(2012), A high
efficiency

solar

air

conditioner

using

concentrating

photovoltaic/thermal collectors, Applied Energy, 93, 138–147
o Office of Technology Commercialization, (2008), “Advanced Solar
Cooling Technology”, University of Maryland, PS-2008-055


A hybrid air conditioner which consists of a desiccant wheel cycle and a
sensible vapor compression cycle (VCC) has been built. The performance of
both cycles has been experimentally investigated under various operating
conditions.



Performance characterization of a new desiccant material which has a very
low regeneration temperature, as low as 45°C, and a unique isotherm. A
detailed analysis of the desiccant wheel performance has been discussed in the
following paper:
o Al-Alili, A., Hwang, Y., Radermacher, R., (2012), Experimental
Investigation Of A Desiccant Wheel Cycle, Proceedings of the ASME
2012 International Mechanical Engineering Congress & Exposition,
Texas, USA, November 9-15. (Accepted)



Unlike previous solar A/Cs studies, which mostly focus on the system
performance, the indoor comfort has been taken into consideration. The
experimental results of investigating the performance of the hybrid air
conditioner has been discussed in the following paper:
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o Al-Alili, A., Hwang, Y., Radermacher, R., (2013), Experimental
Investigation of A Hybrid Air Conditioner for Hot and Humid
Climates, ASHRAE Winter Conference, January 26-30, Dallas, Texas.
(To be Submitted)


The experimentally validated simulation has been used to optimize the system
performance and cost. Handling of multi-objective functions has been made
possible by expanding the optimization capability of a widely used simulation
tool for solar application. The optimization study have been described in the
following papers
o Al-Alili, A., Hwang, Y., Radermacher, R., Kubo, I., (2010).

Optimization of a solar powered absorption cycle under Abu Dhabi's
weather conditions. Solar Energy 84, 2034-2040.
8.2

Future Work

Even though this thesis continues to improve solar air conditioners, the following
would further develop the proposed system:


The current TRNSYS simulation of the complete hybrid solar air conditioner
takes about 20-30 minutes. It would be important to reduce the computational
time, if larger scale optimization problems are needed to be solved. One
improvement that might reduce the computational time is to implement the
concentrated photovoltaic/thermal collector model in FORTRAN.
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The range of the desiccant wheel regeneration temperatures suggests that the
solar sub-system might be utilized to provide domestic hot water. This would
increase the energy savings further.



An investigation on the effect of different enthalpy wheel on the desiccant
wheel cycle performance can be carried out experimentally. This would help
establish a guide on enthalpy wheel selection when coupled with a desiccant
wheel.



The optimization tool discussed is capable of handling more than two
objective functions. Therefore, the environmental impact of the traditional
and solar air conditioners can be added.



The proposed system has many components that need to be controlled. Since
the system’s response to various operating conditions has been investigated
experimentally, system control investigation would be the natural next step.
The optimization tool explained in this thesis could be used to find the
optimal set points for the controllers.
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Appendices
Appendix A: Nozzle Calibration
The nozzle calibration was carried out based on ASHRAE Standard 41.2 (ASHEAE,
1992). The experimental setup had 4 nozzles at states number 1, 2, 6, and 9. The
actual mass flow rates as a function of the nozzle pressure drops are shown in Figures
A-1 to A-4, respectively.

Air Nozzle-State #1
0.140

mdot_act [kg/s]

0.130

0.126
0.116

0.120

0.106

0.110

0.095

0.100

0.085

0.090
0.080
0.070
0.81

0.69

0.56

0.45

0.35

DP [in H2O]

Figure A-1: Actual mass flow rate at state 1 vs. nozzle's pressure drop
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Figure A-2: Actual mass flow rate at state 2 vs. nozzle's pressure drop
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Figure A-3: Actual mass flow rate at state 6 vs. nozzle's pressure drop
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Figure A-4: Actual mass flow rate at state 9 vs. nozzle's pressure drop
The corresponding Nozzle discharge coefficients are shown in Figures A-5 to A-8,
respectively.

Cd [-]

Air Nozzle-State #1
1.34
1.32
1.3
1.28
1.26
1.24
1.22
1.2
1.18
1.16

1.269

1.268

0.81

0.69

1.298

1.287

1.282

0.56

0.45

0.35

DP [in H2O]

Figure A-5: Nozzle discharge coefficient at state 1 vs. nozzle's pressure drop
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Figure A-6: Nozzle discharge coefficient at state 2 vs. nozzle's pressure drop
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Figure A-7: Nozzle discharge coefficient at state 6 vs. nozzle's pressure drop
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Figure A-8: Nozzle discharge coefficient at state 9 vs. nozzle's pressure drop
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Appendix B: Sample Optimization
A Solar Powered Absorption Cycle (SPAC) is modeled and optimized using
TRNSYS based on the Typical Meteorological Year 2 (TMY2) data for Abu Dhabi,
Figure B-1. Two single objective functions are defined and solved individually for
SPAC which are to minimize the system electrical consumption and minimize its total
cost, Equations (1-4). Then, a multi-objective optimization problem (MOOP) is
constructed by the two single objective functions and the solutions are presented as
Pareto points.

Figure B-1: Solar Powered Absorption Cycle
(1)
(2)
(Gebreslassie et al., 2009) (3)
(4)
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Four different algorithms are used to optimize the first objective function. In addition,
Four different initial points are selected to explore the dependence of the algorithms
on the initial point selection. It has to be noted that the first point is selected
intentionally outside the variables’ domain whereas the other three initial points are
selected within the variables’ domain. Figure B-2 shows that not all the algorithms
are able to converge to an optimum. The fminsearch, which is a local optimization
technique, seems to depend on the initial point since it converges to a local minimum
for the last two points. On the other hand, the PS and GA are able to find the global
minimum for all the trial initial points. The TRNOPT is also able to converge to a
global minimum as long as the initial points are inside the variables’ domain. The
algorithm selected in TRNOPT is the Hooke-Jeeves Algorithm, which is a modified
pattern search algorithm (Wetter, 2001).

Figure B-2: Electrical heater consumption minimization
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The difference between the MATLAB algorithms is investigated further by the
second objective function. Figure B-3 shows the results obtained for four different
initial points. A minimum solar fraction of 0.5, Equation (5), is used as a constraint.
Even though, the minimal SPAC cost is found by the GA, the PS is preferred in this
problem since it is faster and its optimal is very close to that of the GA.

(5)

Figure B-3: Total cost minimization results
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Appendix C: VCC Charge Optimization
The vapor compression cycle charge optimization was done in accordance with
ASHRAE standard 116 (ASHEAE, 2010). The cycle coefficient of performance and the
corresponding cooling capacity are showen in Figures C-1 and C-2.
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Figure C-1: COP as a function of refrigerant charge
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Figure C-2: Cooling capacity as a function of refrigerant charge
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Once the optimum refrigerant charge was obtained, the refrigerant was recovered and
the charging was repeated. Figure C-3 and C-4 shows the COP and cooling capacity
for the second refrigerant charging.
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Figure C-3: COP as a function of refrigerant charge
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Figure C-4: Cooling capacity as a function of refrigerant charge
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Appendix D: Cost Analysis
In order to construct the second optimization problem, the cost of the hot water
storage tank, blower size, and inverter size had to be changed to correspond to
different designs. The range of these equipments was set based on the range of the
design variables. The cost of these equipments was based on the market prices in
2012. The cost of the hot water storage tank as a function of size for 60 tanks is
shown in Figure D-1.
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Figure D-1: The cost of different hot water storage tanks
The cost of 30 different blowers, for power range of 1/40 to 1/20 HP, is shown in
Figure D-2. The blower power had to be changed to correspond to air mass flow
rates.
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Figure D-2: The cost of air blowers.
The inverter size had to be selected based on the number of batteries. The cost of
different inverters is shown in Figure D-3. The cost of the inverter was normalized by
its capacity.
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Figure D-3: The normalized cost of different inverters.
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