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ABSTRACT

The subject of the thesis is to investigate a ponrenewable
strategy for the future in Greece. The main concisrho suggest ways
for energy saving and minimise cooling energy degdsmmnd carbon
emissions in private residences. It investigates pmospect of a more
promising and efficient new development in the @iebf passive
cooling and low energy cooling. It looks at groumrdoling using

earth-to-air heat exchangers but also covers pholtavc systems. It
determines the possible green electricity outputPdf systems which
could be used for air conditioning.

Initially, an overview of completely natural coognmethods and low
energy methods took place. Moreover information fground and
solar energy was included for improving indoor ceomtfand external
environment.

A complete model of a building was created and damed in an ESP-
r environment according to the Greek climate anddewn building

characteristics. The building was built very reclgnand is located in
the suburbs of Athens. The implementation of PV @lanand earth-to-
air heat exchangers was investigated. The resulisthe energy
demands and carbon emissions, before and after amphting the
above renewable technologies, were compared andmmed. A

validation of the two technologies appeared to makeimprovement

in energy efficiency and a reduction in carbon esness.
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Chapter 1 Project Overview

1.1 Introduction

Buildings are responsible for 40-50% of total engrgopnsumption in
Europe, about two thirds of this amount is usedpmvate buildings.
[1]. In Greece, the use of energy in public and prevdtuildings,
constitutes 30% of total national energy demand aadtributes about
40% of carbon dioxide emissiong?]. The heating and cooling of
buildings consumes the largest amount of domeshiergy use[3].
Unfortunately in Greece the last three decades, tambient
temperatures have risenl| and will continue to rise because of the
greenhouse effect. Sales of air conditioning sysseamse dramatically
in those years. Air conditioning units operate toot the interior
environment, yet in doing so they heat the extermvironment,
increasing demand for cooling. Hot summers and oopl
requirements are becoming critical factors. The endemperatures
during the summer increase the more dependent Grdesxcomes on
cooling methods.

Air conditioning units consume vast amounts of etexty. The
electricity increase becomes more obvious everyrydablic Power
Corporation (PPC S.A.) in Greece, the company tpatduces and
supplies electricity to all the country is unable tneet electricity
demand. During the summer months electricity prodout often
collapses, leaving areas of Athens without powewusiag serious
problems to the public.

Increased use of air conditioning creates not omalyserious peak
electricity load problem but increases the costetdctricity which is
a serious problem for the economy.

The environmental impact of air conditioning equipm is very
considerable. Air conditioning ‘is uniquely catasphic from an
environmental point of view, since it can contrilkeutdirectly to

atmospheric ozone depletion through the leakage drmful
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refrigerants. Moreover, it contributes directly tglobal warming
through the leakage of refrigerants which are pdwkrgreenhouse
gases. And, finally it contributes to global warmgirby consuming
large amounts of electricity and indirectly releadarge quantities of
carbon into the atmospherg3]

It is evident that alternative renewable solutiowsthe problem have
to be adopted soon not only in Greece but in allctwies with similar
problems in order to improve global environmentainditions.

The reduction of energy consumption in buildingsndae achieved by
using an appropriate building design and energycedht systems and

technologies.

1.2 Building characteristics

In this project a Greek residence was examined witih following
characteristics:

1. Built by the end of 2007;

2. Located in Kapandriti, Athens, a small town 35kmrth of Athens
(Latitude = 37°58"N, longitude = 23°43"E and altdiei= 356 m);

3. 256m?2 floor area and 800m?3 volume;

4. The occupancy is a typical family consistingdgpeople;

5. East-west direction and setting most of the wawag in the south of
the building;

6. Two-storied dwelling; with the ground floor semi-d@rground and
very small windows; and the first floor with largeindows and
balconies that work as shading areas to the grofloalr;

7. A living-room, a kitchen and three bedrooms dre tground floor
and basement usually unoccupied (garage and stospgee).

8. Non separated kitchen (provides heating mosthe time) to the
living room;

9. Double glazing high performance windows;

10. Construction of high roofed buildindgood air tightness and heat
recovery ventilation)

11. Use of low conductivity materials for shell vsland high

insulation leveft.
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* Only about 3% of buildings in Greece have beenstonmcted after
1981 (when heat insulation regulations were pubirtfect), it may
be concluded that the limited application of instuda in the majority

of residences causes significant energy lossesrigeGe[15].

The building now is at the final stage of constroct but is not
occupied at the moment. Despite the fact that thdding is very new
and has most of the basic techniques to save endigyowners want
to take the next step. They are interested in impdating renewable
technologies in order to improve the energy effiodg of the
building. The results will be very interesting tdhv@®w~v that even new
buildings can be much more efficient with naturahdaalternative
methods of cooling.

As the residence already existed it is obvious thatwould be
difficult to make changes in the building designn Anvestigation of
new potential technologies was carried out butsiimportant to point
out that there is no unique solution. Thexee plenty of environmental
technologies that could be used but it was impolgsim examine all.
Information of all the renewable solutions that cha applicable to
existing buildings and new designs can be foundthme literature

review.

1.3 Methodology

The special emphasis of this project is utilisingeegy from the
ground and energy from the sun to minimise cooliagergy and
carbon production relative to the air conditionitachnology.

Work is carried out in the following phases:

1. Firstly, the creation of the complete model of the building
characteristics in a software programme called “BSHn order to
predict the cooling loads in the case of an air conditid reewelling
set at 26°C.

2. Secondly, simulations carried out andesults of total cooling

requirements found.
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3. Thirdly the creation of the complete model of the buildiager
implementing PV panels in ESP-r.

4. Fourthly, simulations carried out andesults analysisof potential
power output found.

5. Fifthly, the analysis of the grounelarth-to-air heat exchanger model
took place in Excel in order to determine the mimimm outlet
temperatureof the system that enters the building.

6. A final simulation carried out in ESP-r in order to examitlee
effect on the temperature inside the building oéthround earth-to-

air heat exchangers.

1.4 Why Photovoltaic systems?

Solar radiation is the main natural source of enerin a single day,
the earth receives from the sun an amount of eneygater than that
by consumed humanity during one year. This impressguantity of
heat is released to the sky. Absorbing solar energhfows
achievement of a pleasing comfort in buildings, wa limited use of
conventional fuels[12]. Photovoltaic systems enable us to take
advantage of this incredible amount of energy. Huewe the
integration of PV into building architecture in cadto make a direct
use of solar energys a challenge. In the integration of solar cell
technology into building roofs and facades projecdesigning issues
and quantification of PV energy contribution areings that need
further careful study13].

The main reason for implementing these renewablstesys is because
Greece is an extremely sunny country during the se@em We must
take advantage of the sun considering that PV pamsn be very
efficient in these conditionsAir-conditioning units consume very large
amounts of electricity, and so it is important that energy is produced
using clean renewable technologies.

Photovoltaic systems can produce electric current which is aedir
current (DC) even during cloudyeriods. Photovoltaics have a very
small weight and are manufactured in order to fumetin unfavourable

conditions[16]. They can be installed easily on the ground, oa thofs
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of buildings or on any other location where light can reach theasily

[16]. The efficiency of photovoltaic power has increasddver the
years engineers have worked to increase the efilicye of

photovoltaic power. Today, commonly available sopenels are 12%
efficient [11], which is four times greater than only a few yeargo.

In Greece the solar radiation is approximately 18WMh/m2, a PV
panel that might have a peak electrical output oduand 3kW (with an
area of 30m?2) will produce almost 4500kWh/year, artbugh to meet
a family’s demands consisting of 4 peoplé5]

Other advantages are the low maintenance cost aedlang life cycle
because they do not consume raw materials. Finalhey do not have
noisy effects during their operation and protecke thnvironment from

pollution of the atmosphere with C@missions.[16]

1.5 Why passive ground cooling/earth-to-air hteeaxchangers?

PV panels, even though they can be very efficient viery sunny
regions, in general they have a very high cost B®&W) [11]. An
alternative approach of cooling a residence whilehiaving low
energy and thermal comfort can be managed throug$sive ground
cooling. The main point of using this technologytsavoid the use of
the air conditioning units as much as possible. das refers to
technologies or design features used to cool ort lealdings without
power consumption[6]

Ground cooling[7] is the dissipation of the excess heat of a building
to the groundAir is cooled by circulating through undergroundops,
that play the role of earth-to-air heat exchangansl is then injected
inside the building. Earth-to-air heat exchangene asuitable for
cooling of buildings and so could play a significarole in reducing
CO. emissions[14]. Other advantages are their simplicity, high
cooling potential, low capital, operational and m&nance cost. A
large variety of buildings with earth-to-air heatchangers have been
designed and monitored, and the performance of shstems have
been proven very high8]. Ground cooling systems have been used
successfully in many housing projedts, 10]. In particular, the use of
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earth-to-air heat exchangers in a new housing dgwvelent in
Portugal has contributed to a reduction in the ¢oglneeds by 95%
compared to an air-conditioned building, and the amecost per
building was quite low, at close to 7500 Euros/hey$]|. Similar
results have been obtained in Greece where earthHto heat
exchangers have been used in a housing complexro@ighe cooling
during the summer perio@l0]. One limitation of this technology is
that it cannot be used in the city centre as lapdc® is required, and

so it can only be implemented in suburban and raralas.
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Chapter 2 Energy efficiency in buildings and
Passive cooling techniques

2.1 History of buildings

High consumption of electricity for mechanical cood has already
caused power outages in some developed countrieb as Greece as
was mentioned before. First of all, we have to gack to the roots of
architecture and search for alternative solutiohs.Ancient times,
technologies had been used for energy saving anskiga cooling,
when electrical power of course was not available.

Correct orientation of dwellings for having housesol in summer
and warm in winter first took place in Greece 25@8ars ago[l].
Romans were the first to use double floors for hegtwhere heat
from a fire passed through cavities in the floorls& Romans were
pioneers in covering windows with materials like aai or glass so
light was admitted into the house without lettingwind and rain2].
In 1200 A.D., the Anasazi (regarded as ancestorBPwdblo Indians in
North America) built cliff dwellings that capturethe winter sun3].
The Iraqgis on the other hand utilised the wind &ike advantage of the
night cool air and provide a cooler environment ichgr the day.
Additionally, running water was in use to provideagporative cooling
[4-5].

In 1960s, house comfort conditions were only foe tlew. Since then
central air conditioning systems have become commanmany
countries due to the development of mechanicaligefration and the
rise in living standardsf4]

Oil crises since the 1970s and global warming havempelled
governments and engineers to examine environmewntdtiendly
building design and control. Passive and low-energgoling of
buildings have won a lot of interest lately as anergy efficient
alternative to mechanical coolin@4]
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2.2 Environmental friendly design

The design of buildings employing low energy coalitechnologies,
however, presents technical difficulties and re@usir advanced
modelling and control techniques to ensure efficieperation.

The role of engineers is very important, especialith respect to
solar energy control, utilisation of thermal masshda correct
ventilation of a building. In effective solar engrgontrol, summer
heat gains must be reduced while winter solar hgaitns must be
maximized. To move towards low energy consumptianbiuildings,

the primary role of building design must be reatlsas well as of the
utilisation of renewable types of energs-8]

The main concern that needs to be ensured in buglsiis thermal
comfort. ‘Comfort is influenced by the air temperature and the

temperature of the surrounding surfaces. This canabhieved by the
proper orientation and shape of the building, thee uof shading
devices and the selection of proper constructiontenials. Thermal
mass, especially in hot climates can be used taucedhigh cooling
loads, reduce energy consumption and maintain aaradd indoor
temperature. 19]

Bioclimatic design is one of the best approachesdduce the energy
cost in buildings. Buildings should be designed @aing to the

climate of the site, reducing the need for mechahiteating or
cooling. Hence maximum natural energy can be used dreating a
pleasant environment inside buildings. The applicat of simple

passive cooling methods can be effective in redgcooling loads of
domestic dwellings in hot climates. By using a camdiion of well-

established technologies such as glazing, shadimgulation, and
natural ventilation, 43% reductions can be achievbtbre advanced
passive cooling techniques such as roof pond, dyonamsulation, and
evaporative water jacket need to be considered nuosely,and will

be discussed latelf6-10]

Bioclimatic structures are built in such a way thduring the winter
months, exposure to cold temperatures is minimised solar gains
are maximised; while during the summer, bioclimastructures are

shaded from the sun and various cooling technigaes employed,
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often with the aid of renewable energy sour¢e$-13]. A bioclimatic
building may be so economically efficient that ibrcsumes 10 times
less energy for heating compared to a conventidhalopean building
[14]. The additional cost of a typical bioclimatic stture is usually
around 3-5% and in most cases less than 10%; tbh& ¢s usually
returned within a few year§l5]. Bioclimatic technologies (such as
passive solar systems) may also be retrofitted xostéeng structures
although, in such cases, the cost is typically @ldi higher [16]. In
addition to the conservation of energy, bioclima#dcchitecture may
improve day lighting and indoor thermal comfort abtions.
The energy efficiency of a building based on biogtic principles is
determined by a set of environmental, technical arshge factors.
First of all, the location of a building is a majodeterminant;
geographic latitude that is related to mean tempem (with lower
temperatures in places of greater latitude) sholdd a major
influence. Also, the location of a building in amea with continental
climate increases dryness and thermal variationlevhdcation in the
Mediterranean implies mild winters and relativelgod summers (i.e.
lack of temperature extremes). Additional factonsclude altitude
(absolute height above sea level) that is assodiaweth a fall in
average temperature, an increase in temperaturattan and a fall in
humidity; topographic relief that is related to moclimatic variations
especially in relation to the sun and prevailingnas; and vegetation
that promotes thermal stability and increases hutyid 10]
Bioclimatic architecture literature recognizes tfdlowing factors to
be taken into account in building constructipin/|:
- Topography, e.g. slope, site orientation, site vsew
- Movement of the sun and its impact during the ydae. solar
altitude and azimuth);
- Climatic conditions including prevailing wind pattes, incoming
solar radiation, temperature, air moisture;
- Environmental conditions such as daylight and shadiof the
construction site; daylight may reduce consumptioh artificial
lighting from 40 to 80%18];

- Mass, volume and size of building;
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- Local architectural standards and availability odc&l building
materials.

Environmental design strategy takes into considiemrat the

harmonious existence of the local climate. In tlway it brings us

near to an ecological awareness that encouragedtihleing industry

to take into account local conditions and charaistecs in

construction.

2.3 Alternative cooling approach

Advanced building structure that can minimise theeegy wastage
and improve thermal comfort presents a considerahlallenge as was
mentioned above. This literature review includesl alspects of
technology and building design dealing with ventitmm and passive
cooling techniques able to minimise cooling requments of domestic
dwellings.

Low energy cooling technologies can be applied, ngloor in

combination, to meet the cooling needs. There areanyn
unconventional passive cooling technologies whian de applied to
residential buildings which are being developed various summer
circumstances.

The efficiency of all low energy cooling technolegi depends on
environmental conditions like ambient temperaturad ahumidity.

Intensive research has been carried out in recelary to develop new
technologies; components, materials and techniques permit the
decrease or even elimination of the cooling demaofdbuildings.

Ventilation in buildings permits the decrease ottbooling demand,
improves comfort conditions and decreases indodiutmn. [5]

2.4 Natural cooling techniques

2.4.1 Night cooling

In this system, cool night air is used to removethé&om the interior
of a building. The outdoor air can enter into the building natuyal

mechanically or with bothmethods. During natural ventilation, air
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enters into the building through intentional opegs$nleft to utilise
either the indoor/outdoor temperature differencesak effect) or the
wind pressures|1]

The prevailing wind is utilised, to take advantagfethe cool night air
and provides a cooler environment during the dag. nhechanical
ventilation a fan and a duct system can be usedotae air into the
building. Natural night cooling is an unreliable thed for air quality,
quantity and controllability. Its effect dependsrdaly on the
magnitude of heat gains and ventilation rates. Dléding mass is of
great importance when night cooling is used, simcéarge mass will

absorb greater amounts of heat load during the [@&y.

2.4.2 Evaporating cooling

Evaporation is the phase change of water from ldqto vapour. This
is accompanied by the absorption of large amourfth®at from the
air or the surface where evaporation takes placeapBrating cooling
systems can be direct or indire¢i4]

In direct evaporative cooling, the water content thfe cooled air
increases since air is in contact with the evapedawater, while in
indirect evaporative cooling, evaporation occursside a heat
exchanger and water content of the cooled air remmaunchanged.
When evaporation occurs naturally, this is calleakpive evaporation.
A space can be cooled by passive evaporation prexithat there are
surfaces of stagnant or moving water, like basinfountains.[26]
Advantages of evaporative cooling systems over @otional air-
conditioners include the provision of large ventiten rates, about 10
times higher than air-conditioning systems and eyesavings of 75%
are achieved. Moreover they do not require sigrafic maintenance
and their fabrication and installation, are easyldow cost. The main
disadvantage however, is that it can not be appiredumid regions
[26] but only to dry climates$34].

MSc in Energy Systems and the Environment

19



2.4.3 Radiative cooling

Radiative coolingis based on the heat loss by emission of long wave
radiation, from a body towards another body of lowemperature.
This technique can be successfully applied in binigs. Buildings
radiate in the long wave range and the heat sinkhis sky, since the
temperature of the space around us is lower than tdmperature of
most objects on earth. In passive or direct radiaticooling; the
building envelope radiates naturally because oftemperature, thus
increasing the heat loss from the indoor environmehthe building,

without the presence of any type of mechanical dev|26]

2.5 Low energy and natural cooling technologies

< Reflective or cool materials

Reflective materials when compared to a conventiomaterial of the
same colour present a surface temperature whialpiso 15 °C lower.
The combination of cool materials with green spa@s heat sinks
can contribute to a considerable decrease in thbiant temperature.
[20]

< Solar and heat protection

The main progress regarding solar control of traargmt components
comes from the development of switchable glazingchteology.

Electro-chromic glazing has been considerably ime and is

commercially available but is very expensive. Soland heat
protection of non-transparent components can beieasd by using
reflective coatings on the roofs of buildings. Emséve outdoor
testing of cool white coatings during the summeripd has shown
that they present surface temperatures that arestim2 K lower than
reflective aluminium paints and more than 16 K lawkan silver gray
reflective coatings. In parallel, coloured cool tods tested outdoors
against conventional coatings of the same colouvega reduction in

the surface temperature of up to 10.2 [K1]
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< Heat dissipation

Heat dissipation techniques are related to the afsa low temperature
heat sink to dissipate the excess heat from buddinAmbient air,
water, ground and the sky are the more importanathginks. For
example, the use of the ground for heat dissipatiomugh the use of
earth-to-air heat exchangers has gained increasiogeptance.[26]
(Further information is presented in Chapter 5)

R/

< Advanced ventilation

Natural ventilation is a very old technique for dom. Important
research has been carried out recently on appro@réend advanced
ventilation technique$22].

The main achievements of advanced ventilation teghesare in two
aspects:

- Better understanding of airflow phenomena andtbé expected
comfort benefits, in particular in the dense urbeEmvironment and the
development of efficient and practical procedures design natural
and hybrid ventilation systems and configuratid@s,24];

- Technological developments mainly in the field bybrid and
mechanical ventilation that contribute significantlto a more
comfortable and healthy indoor environmept2]

R/

< Solar chimneys

The use of solar chimneys to enhance airflow inltinigs is a well
known technique that can easily be integrated irtov-income
households. Solar chimneys are natural draft conemds, using solar
energy to build up stack pressure and thus drivamgairflow through
the chimney channel. Solar chimneys can improve thatilation rate
in naturally ventilated buildings in hot climatég&7, 28]. It is found
that the impact of solar chimneys is substantialimducing natural
ventilation at low wind speeds. Recent research hssrmitted
optimization of the design and operation of soldrimmneys and thus
the improvement of indoor environmental conditioimms hot climates.
[29-31]
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% Wind towers

Wind towers are well known as they are traditioyalised in the
Middle Eastern and Persian architectufdr enters the towers at the
higher part of the windward facade and leaves &t ldwer part which
is connected to the building. The air may be coobsdevaporative or
convective cooling through the tower. Recent depat@nts involve
towers where the air is forced through wetted padsdecrease its
temperature[32, 33]
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Chapter 3 Design investigation and cooling
potential of the residence

3.1 Introduction
The ESP-r programme will help to determine the etfef the building

design, such as the wall insulation, windows shamel size and the
contribution of daylight to the heating and coolingquirements.

Building simulations in ESP-r were run in order goedict the cooling
potential in the case of air conditioning, but al$somvestigate the

building design and the potential methods to samnergy.

3.2 ESP-r

Building simulation is a method for investigatinget building design
and the potential methods to save energry.order to simulate the
building performance, the ESP-r programme (Enviremtal Systems
Performance and Research) was used.

ESP-r is a computing programme for the simulatiohtibe thermal,
visual and acoustic performance of buildings. Ald® assessment of
the energy use and gaseous emissions associatedch wite
environmental control systems and constructionatenials.

ESP-r is capable of modelling the energy and flUildws within
combined building and plant systems when constrdib@ conform to
control action. Zones within a building are defined terms of
geometry, construction and usage profiles. Theseesoare then inter-
locked to form a building or just a part. The planetwork can be
defined by connecting individual components. Fiiyalthe multi-zone
building and multi-component plant are connected aaubjected to
simulation processing against user-defined contfhe control data
must contain standard constructions, event profilasd plant

components.
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3.3 Temperature history in Greece

Athens is characterised by a warm Mediterraneamate with mild

and relatively wet winters and warm dry summers. aviemonthly

maximum ambient temperatures for the hot periodeJum September
are between 25.6 — 35.8°C.

To start the model it was important to compile alle temperature
history for certain period in order to ensure thhée year chosen is in
some way representative of the weather in the area.

The source was the National Technical University @éfthens

(http://www.meteo.ntua.gr that has installed four sensors in the

Campus, about 4.5 km east of Plateia Syntagmataghe west feet of
Mount Hymettus. The webpage provides humidity amdtemperature,
rainfall, solar radiation, barometric pressure, wisapeed, wind gust,
wind direction and also sunshine duration collectadeach one of the
sensors. The data is stored in periods of 10 misut®ne of the
sensors has been active since 1999 while the otWerg started later.
Therefore, the period studied is from 1999 to 200he table below

shows the average temperature calculated for Jdnb, and August:

Y /M June July August
1999 26,096 | 27,384 27,872
2000 25,310 | 29,105 27,29
2001 24,943 | 28,343| 28,344
2002 25,383 | 28,029 26,439
2003 26,584 | 27,648 28,034
2004 24,741 | 27,082 26,581
2005 23,773 | 27,158 27,131
2006 24,217 | 25,911 28,537
2007 24,601 | 27,795 27,59

The table shows that the summer temperature for ythar 1999 was
similar to summer temperatures for the last 8 yedise year of 1999
is a typical meteorological year for Greece. Theref all the results
before and after the implementation of renewablehtelogies are

expected to be realistic for the current year.
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3.4 Model Definition

ESP-r was used to build a detailed model of theserg residence:
The process of modelling the building is descridsslow:

Import of the Hellenic climate files;

Creation of the zones of the building;

Creation of the typical Greek materials and compuse

A simple operational profile;

Attribution of control characteristics;

Shading and insolation analysis of the building;

N o o B~ WN P

Simulations and results analysis.

3.4.1 Import the climate files for the year 0999

Period of simulations: Fri-01-Jan at 00h30 to Th@-Bec at 23h30
for the year 1999. Ambient db temperature:

- Maximum: 36.9°C in 06-Aug at 14h30

- Minimum: 2.1°C in 26bec at 04h30

3.4.2 Creation of the zones of the building

In order to simulate the building, 3 zones werelbgconstruction by

dimension input and vertices).

Fig. 1 Greek modern residence (The whole building)

The zones are described analyticaitythe appendix on page 65.
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Some simplifications were applied in the initialrangement of the
residence in order to run the ESP-r programme:

1. Two windows assumed as a larger window (onlyire wall).

2. The zones conforming the ground floor were siifipd as two
polygons with all the angles at 90 degrees.

3. The roof had to be rearranged taking in accotliet distribution of

zones A and B.

The final model was built taking into account theternal dimensions

of the residence.

3.4.3 Creation of typical Greek materials and mponents

Layers of several materials construct the buildiogmponent. The
exact materials used in the building are lisiadthe appendix on page
66.

3.4.4 A simple operational profile added in eaclne.

ESP-r supports zone operational characteristicéenms of weekdays
and two separate weekend days (Saturday and Sundzagual gains
(e.g. people, light, small power) are one operaailooharacteristic of
a zone and schedules of infiltration (air from theutside via

intentional sources such as fans or unintentionalrses such as
cracks in the facade) and there are a limited numdfecontrols you

can impose on infiltration schedules. That exersisethe

environmental system and provides an early clueéoathe relationship
between building use and system demands. Sensibtelatent gains
were input for residents.

The following operational file and timetable wastratuted to each
zone:

In the bedrooms are usually 4 people, with 10W/nghting and 200W
equipment. The occupancy changes throughout the(éhk@myn 0hO0O till

7h00, 7h00 till 8h00, 8h0O0 till 16h00, and from 1@htill 0Oh00) and

(from OhOO till 9h00, 9h0O0 till 0h00) on the weekkn
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In the living room, kitchen and bedroom there amually the same 4
people, with 10W/m?2 lighting and 400W equipment. eTbccupancy
changes throughout the day (from 7h00 till 8h00P@8Hill 9h00, 9h00
till 16h00, and from 16h00 till Oh00) and (from OlGill 9h00, 9h00
till 0h00) on the weekend. The basement is not gc¢ed.

3.4.5 Attribution of different control charad@ristics

Control functions were attributed to all zones. Td@ntrol period was
the same with the operational profile. A simple iltration system

was used with 0.5AC/h air flow with a maximum cowodi and heating
capacity amount of 70000Watt available to meet deenands. Also, a
set point at 20°C for heating and a set point atQ#®or cooling, in

zone a and zone b. Finally, a set point at 17°C lieating and a set

point at 28°C for cooling in zone c.

3.4.6 Shading and insolation analysis of the Bding

The shading blocks are the balconies of the buiddithat affect
sunlight reaching the basement. After the defimtiof the shading
blocks an insolation analysis was performed for@llzone c that was
shaded.

3.4.7 Simulations and Results analysis

Simulations for all zones for the whole year of P99

Heating hours (h) Heating required
(kWhrs)
zone a 2896 3026
zone b 2594 2594
zone c 3785 3323
Total 8583 8943

Table 1, Total heating requirements and the numbtheating hours
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zone a 2010 -1482
zone b 1722 -3804
zone c 0 0

Total 3732 -5286

Table 2, Total cooling requirements and themher of cooling hours

Simulations from 1/1 — 30/3/1999 (winter period)

zone a 1656 1816 1.1 1100
zone b 1115 1776 1.6 1600
zone ¢ 2134 2297 1.7 1700
Total 4400*

Table 3, Total heating requirements and themier of heating hours

*This value is not realistic, the idea is to showetiheating
requirements. In fact air-conditioning is not beinged in Greece for
heating. It consumes vast amounts of power; thadgpway to heat a
house during winter is through central heating eddrs.

The project main aim remains to determine the coglrequirements
during the summer period. Diagrams show analytigathat is going
on through the whole period in every zone dependiag the
occupancy (operating profile and different contodlaracteristicssee

the appendix on page 69.
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Simulations from 1/6 — 30/8/1999 (summer el

zone a 1434 -964 0.67 670
zone b 1155 -2957 2.56 2560
zone C 0 0 0 0
Total 3230*%

Table 4, Total cooling requirements and thener of cooling hours

*This value is real, air-conditioning is the typicalay to meet the

cooling requirements in Greece during summer.

3.5 Discussion

It can be seen from the results that Greek climatea typical
Mediterranean climate with a very hot summer andoé& winter. The
total results show significant amounts of heatinglacooling required
for all the year in order achieve thermal comfoot the occupants.
If we consider that 1 kWh of electricity produces4@kg of carbon
dioxide (Centre for Alternative Technology)the residence during
summer produces 3230kWhs x 0.41kg = 1292kg carbioxide by the
use of air-conditioning in order to keep a constdatmperature of
26°C inside the building.
Heating requirements during winter for zone ¢ ahe thighest even
though the temperature set point for heating wal/@t 18°C and that
is based on the following reasons:

- Unoccupied zone;

- Very low sunlight because of the balconies of theouwnd

floor;
- Small/narrow windows

- Most of the zone is underground.
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For these same reasons zone c has zero coolingireagants during
the summer. This show how important is to keep éabae in cooling
and heating requirements by using the correct desegzhniques.
Cooling requirements for zone a and zone b are é&igthan zone c
because they receive direct sunlight.

It is necessary at this point to try to find moreissainable and
environmental solutions in order to save energy aeduce carbon
emissions in maintaining a safe and productive emwmnent for the
occupants. The residence has a building design wiiph cooling
demands for zone a and b. The critical factor incimenical systems
energy consumption, such as air-conditioning, islueing cooling

loads and carbon emissions by integrating renewaétdnologies.
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Chapter 4 ‘Energy from the sun’

Chapter 4a Theoretical part

4a.1 Introduction

In chapter 2, building design techniques were idiroed in order to
protect a building from the sun during the summerdato save
energy for cooling needs. In this chapter are listesome
technologies that actually take advantage of the.su

Today, solar power is used in two primary formsertmal solar,
where the heat of the sun is used to heat watearmother working
fluid, which drives turbines or other machinery ¢oeate electricity;
and photovoltaic, where electricity is produced etitly from the
sun with no moving parts.

During the design process, final costs of low energooling
technologies should be considered, against theepat electricity
required to power electrically driven cooling equpnt, which
strongly depends on the way electricity is produ.cgd

Due to the great quantity of solar energy and thghhambient
temperatures available in hot dry climates, a dirsolar cooling
system could meet a large part of the daily coolingd. There are
plenty of techniques considered as hybrid (conedlinaturally and
mechanically), ventilation including night ventiian, thermo-
active building mass systems with a free coolingvéo or ground
heat exchangers. But for residential buildings, tle¢ectricity
demand remains one of the crucial elements to mebke

requirementg?2].
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4a.2 Photovoltaics system

Photovoltaics or PV panels were first developedthe 1950s in the

space industry for use on satellites, but interiestheir use emerged
with fuel crisis of the early 1970s. Since theneté has been a steady
growth in their global usel.3]

Photovoltaics are manufactured from special semdaorior materials
that use the energy of the photons from solar rédia striking the
cell to produce an electric currert], through the "photovoltaic
effect".

The "photovoltaic effect" is the basic physical pess through which
a solar cell converts sunlight into electricity. r8ight is composed of
photons that contain various amounts of energy esponding to the
different wavelengths of light. When photons striesolar cell, they
may be reflected or absorbed, or may pass righough. When a
photon is absorbed, the energy of the photon isndfarred to an
electron in an atom of the cell which is actuallysamiconductor. The
electron is able to escape from its normal positi@ssociated with
that atom to become part of the current in an eleei circuit. By
leaving this position, the electron causes a hote form. Special
electrical properties of the solar cell a built-edectric field (with a
P-N junctior*) provide the voltage needed to drive the current

through an external load16]
* P-N junction

The basic structure formed by the contact of P-typed N-type
semiconductors, a positive-negative (P-N) junction.
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[14] "Photovoltaic effect”

\\ + “noda” Mow /,/

The most common material used in PV panels is siicwhich is
usually doped with phosphorus or similar materialegnsure that free
electrons are released when the materials absoies incident
photons. The cells also incorporate a conductingatlie mesh so that
as many of the free electrons as possible can blect®d. [5]

4a.2.1 Energy produced

A typical PV solar panel consists of many individusolar cells

connected together so that enough current can hemgged to provide
power to the external load. The efficiency of thgsenels, defined the
electrical power output divided by the solar insteda input, is

around 10-15% for most commercial crystalline solic PV panels,
and about one-half of these values for the cheaprorphous silicon
panels. Groups of individual cells are connectedetihier in series to
increase the voltage; usually to between 12 and 23, and then
these groups are connected in parallel to form mglete panel[5]

A photovoltaic cell with an area of 1m2 should pueeé approximately
3.5A in strong sunlight[4]

A typical US home uses 5000kWh of electrical eneppr year, or on
average nearly 15kWh per day. In a region with aerage insolation
of 5kWh/m?2 per day, this indicates that a solarleotor area of some
30m?2 would be required to meet the total electricefjuirements,
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assuming an average of efficiency of 10%. The 30aM2PV panel
might have a peak electrical output of around 3.5k¥Which should
accommodate most of the electrical load from thes$® while is in
direct sunlight. However, there is usually a misotatbetween peak
generating capacity and household electrical demangd
Manufacturers subject their photovoltaic modules aostandard test
condition of a solar irradiance of 1000W/m2 at arpeoating
temperature of 25°C, which approximately equivaldnt the solar
radiation which would be experienced by a horizdnsarface, at
noon, in June in Saudi Arabia. It should be nothdttthe performance
of photovoltaic modules drops off as the ambient &&mperature
increases above 25°C. This is of practical impoctms photovoltaic
modules are often used in environments which aremwarmer than
25°C. It has been calculated that operating powsduces by about
0.5% for every 1°C increase, thus a 100W modulete@aat 25°C)
when operating at 41°C would actually produce o9®W. [3]

The energy payback for PV systems is dependent fon dvailable

solar resource and on the degree to which the siysseoperational.

4a.2.2 Examples of photovoltaic panels integrdten building

a) Installation in Torre Garenat]: The solar PV installation is
located on the roof and on the facade of the buiddigiving a total
power of 85kWatts. The installation on the facadfetloe building is

comprised of 948 BP 380 photovoltaic panels. Thelding’'s facade

and roof include two different solar PV power geagon plants.

The PV installation on the facade has been builtings 948

photovoltaic modules manufactured by BP solar. Timistallation has
a total power of 75840Watts, representing a savin§s85 tonnes of
carbon emissions per year. These modules have hestalled at a
608 gradient to take full advantage of the avaiglsunlight. The BP
380 modules have been manufactured using state ld art

polycrystalline technology and consist of 36 ceWsth antireflection

coating connected in series. Each panel has a nampower of

80Watts. The roof application incorporates an arody93 glass-glass
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modules of polycrystalline solar cells each withmoal power of
100Watts. They are located on the south facing nmth a gradient of
308, being perfectly integrated into the buildingliesign.

Photo 1 PV installation in Torre, Garena/ Spain

b) The Beddington Zero Energy Development (BedZED) is the
UK's largest carbon-neutral eco-community. Only epne from
renewable sources is used to meet the energy neefisthe
development. The design is to a very high standandl is used to
enhance the environmental dimensions, with strompleasis not only
to solar energy but on roof gardens, sunlight aaduction of energy
consumption, waste water, recycling natural, reeyclor reclaimed

materials with low embodied energy.

Photo 3 Residence in Greece
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4a.3 Solar Energy in Greece

Greece is located in a major geographical regionthwrich and
reliable supply of solar energy, even during thenier. Despite the
excellent solar potential of Greece, developmentPdf systems for
electricity generation had been hindered due toirtlhegh installation
cost[15]. Last years subsidies up to 60% of the total prace given
in order to motivate peopleSolar water heating systemesre much

more commonly used.

ZONE| kWh I m?

1\
/'(f A | 1850

B |1600- 1649

1850 - 1599
1500 - 1549
1450 - 1489
1400 - 1449
<1399

Fig. 1 Solar potential zones in Gree¢e|

4a.4 Solar water heating system

Solar water heating system can be used in orderettuce the energy

use of the residences.

AUXILIARY

COLD WATER SUPPLY
b HOTWATER
TO LOAD

Fig 2 Typical domestic solar water heating syste@ls
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Solar hot water systems are devices that utilisen’suenergy to
directly heat water providing it to the recipient§uch systems
typically integrate a roof-mounted solar collectoan insulated hot
water storage tank and a hydraulic heat transpgsteam with sensors
and controls. A solar collector receives solar dience and converts
it into heat. To minimise heat losses the collectisr thermally
insulated and has a transparent cover made of spedtass or plastic.
Hot water is circulated to and from the storagekidary means of a
circulation pump, or by gravity as in the thermolsopic systems (the
latter being the most commonly used in Greece). Sacsystem may
provide more than 2/3 of the annual hot water dedhawhile a
conventional heat source (such as a gas-oil boderan electric

heater) provides the resj9]

4a.5 Further solar technologies

Using more commercial types of technologies in theure is a
challenge for Greece. Moreover, there are more rsolgpes of
technology existing and not very widely known. Theare planned to
replace the air-conditioning units proposing mor@vionmental

solutions. Here is a list of some of these types:

1. Solar cooling systems (most of them are not conuredryet) [1]
- Solar sorption cooling;
- Solar-mechanical systems;

- Solar related air conditionirfg

* The effect of solar collector area, tilt angle,dastorage tank size
must be investigated for various types of loadsolomg or combined
cooling and domestic hot water loads), single orubie glazing
collectors and degree of atmospheric turbulencechhaffects the top
loss coefficient of the collector field. The expedtpayback for solar
air conditioning was found to be considerably longwing to the
relatively low cost of electrical energy which iswally subsidized for

socioeconomic reasons and to the complexity to aoteand quantify
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the costs of environmental pollution in the calcudas. The prospects

of solar air conditioning are expected to furthempirove with a
growth of a local building comfort branch of thelap industry and
especially if solar heating will be accounted apa@tential option to
provide year round comfort, using the same mainasokystem
components|11]

2. Combining solar energy with other sources of energyorder to
increase efficiency.
For example the heating and cooling system of tlieldings can be

met with combining solar energy with geothermal ege In

particular, the integration of solar collectors & geothermal heat

pumps system can be used for the heating and cgolof the
buildings.[10]
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Chapter 4b Integrating renewable technologies 1/
PV panels

4b.1 Introduction

ESP-r will help to calculate the power output of R\anels and to
determine their feasibility in meeting the coolimgquirements in the

case of an air-conditioned residence.

4b.2 Model Description

Fig 1 PV panels installation (with grey colour)
The procedure is described in the following list:

1. Add PV panels

Photovoltaic modules BP 380 were added on the soadf. The exact
placements on the roof of zones a and b are shawfigi 1. The total
surface of 1 PV panel is 0.53m x 1.197m = 0.634441mhe total
surface area in zone a, is 7.424m2, so the maximmumber of PV
panels is 11. And, the total surface area in zons t0.047m?2, so the

maximum number of PV panels is 15.
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26 PV panels is the total number of installationiagthis the maximum

number the building can get.

2. Change the composite construction database Hherttvo surfaces.
The exact materials used in the building are listedhe appendix on
page 71.

Construction and materials. 2]:

» 36 multicrystalline silicon solar cells in seriesfficiency enhanced
by improved cell coating;

* Cells are laminated between sheets of ethylenaylviacetate
(Tedlar) and high transmissivity low-iron 3 mm teargd glasses;

* Frame strength exceeds requirements of certifyaggncies.
Material and optical properties for the Tedlar:

v Conductivity: 0.4W/mdegC

v Density: 1500kg/m3
v Specific Heat: 1760J/kgdegC
v Emisivity: 0.9

v Absorptivity:  0.5W/Mk?2

The electrical characteristics of BP 380 afe]:
¢ Pmax(nominal maximum power): 80W

e« V,c (Open circuit voltage): 22.1V

e lsc (short circuit current): 4.8A

e Vmpp (Max power point voltage): 17.6V

e Impp (Max power point current): 4.55A
The Mechanical Characteristics of BP 380 are:
Weight: 7.7 kg (17 pounds)

Dimensions: 1197mm x 530mm x 20 mm

4b.3 Simulations and Results analysis

Simulation for the whole year of 1999

Simulation was run for zones a and b consideredR¥rpanels power

output (Pout).
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For zone a: The maximum Pout is 185.9W for 04-Apr at 12h30 and

the minimum O for 01-Jan at 00h30. The mean Powl3522W per day.

For zone b: The maximum Pout is 185.2W for 04-Apr at 12h30 and

the minimum O for 01-Jan at 00h30. The mean Pow352W per day.

zone & zone b zone © Load W Misc.
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Simulations from 1/6 — 30/8/1999 (summer period),
Simulation was run in order to calculate the powesutput of PV

panels and to determine their feasibility in me@tinhe cooling
requirements in the case of an air-conditioned desce.

For zone a: The maximum Pout is 62.9 for 04-Jun at 10h00 ahd t

minimum O for 02-Jun at 06h00. The mean Pout is42®.per day.

For zone b: The maximum Pout is 64.4 for 04-Jun at 10h00 ahd t

minimum O for 02-Jun at 06h00. The mean Pout is92®.per day.
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4b.4 Discussion

Photovoltaics can be more efficient and produce enalectricity
generation during the day, during the night theceéldity is almost
zero. A better understanding of this can be achdew@rough the
above graphs. Also a remarkable result from the udation for the
whole year is that the maximum mean value 35.2W day in both
zones a, b was in April. This means that PV parsls more efficient
during the spring period than in summer.

For this project we are going to focus on the résuwf the summer
period and see if the total cooling requirementsy dee met. These
were calculated as 3230Watts in chapter 3 which mse35.9Watts per
day. In order to determine the impact of photovedsaon a building
and gain a general idea of how beneficial is; wesimknow the exact
total energy delivery to the grid, the total energpvings and the total
avoided emissions in COPYV solar cellswhich are installed with an
optimum power output of about 1 kW, in a year’s iper of operation
can save around 1300kWh of electrical energy andkg0of CQ
emissions.

26 PV panels (17m?2) was the total number of ingtatin which was
the maximum number the building can get. The optimpower output
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is 59.3Watts per day which is more than the totaboleng

requirements (35.9Watts per day) so the number dfpRnels can be
reduced.

Results present a very interesting potential for pdMver supply and
carbon emissions saving. It has to be mentionedh&t point that the
power output was examined to realise the feasibfynoeeting the
cooling requirements. The important factor is theocant of green
electricity that can be produced for air-conditiogi supply. The
photovoltaic systems generate more energy than dbmg cooling

demand for the summer period. The rest electricowld be used for
the lights and equipments or even it could be sypy the energy
excess to the public electricity grid.
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Chapter 5 ‘Energy from the ground’

Chapter 5a Theoretical part

5a.1 The ground...
Ground high thermal capacity keeps the soil temper® below a

certain depth, considerably lower than the ambiamt temperature
during summer or higher that the ambient air tensgere during
winter. Variation of the earth temperature decresasath increase of
depth, moisture content of soil and soil condudtyviln regions with
a temperate climate, the temperature of the sodeyth of 2-3 meters
can be low enough during summer (or high enoughidymwinter), to
serve as a cooling or heating sourcel

Here is a list of the ground technologies:

5a.2 Ground Source Heat Pumps

The types of heat pumps typically available foridences are air-to-
air, water source and ground source. Heat pumpkcbheat from the
outside air, water, or ground and concentrate it tse inside the
house.[2]

A ground-source heat pump, working like a refrig®main reverse,
takes in energy from the ground at a relatively lbamperature, and
then delivers it at a higher temperature. In thypd of installation a
pipe loop is buried in the ground near the buildit)gbe heated, and
refrigerant from the evaporator side of the heatmpu is then
circulated through this loop. The ground heat i®digo evaporate the
refrigerant, which is then compressed to a higheesgure and
temperature before being piped to the condensere @bndenser is a
heat exchanger which transfers heat to a buildiegting system as

the refrigerant is cooled and conversed back taiidgform. Electrical
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energy is required to drive heat pump, of coursait bwith ‘a
coefficient performance’ of the heat pump greatkarn unity, this is
much more efficient use of electricity for heatinthan electric
resistance heating. The heat pump can be run inerder during
summer and can therefore provide both summer amdeé@oning as
well as winter heating(2, 3]

A typical electrical heat pump needs 100kWh of poww® turn
200kWh of freely available environmental or wasteakh into 300kWh
of useful heat. Heat pumps are an important tecbgglfor reducing
emissions of gases that harm the environment. Heatps driven by
electricity from, for instance, renewable energytms of electricity
production such as PV panels reduce emissions nsigaificantly
than if the electricity is generated by coal, oit gas-fired power
plants.[2]

Heat exchangers are located in the wunderground hé¢eitin a
horizontal, vertical or oblique fashion), and a hearrier medium is
circulated within the heat exchangers, transportingat from the
ground to the heat pump (or vice versa).

Types of ground systems are described in picturesodlowing:

Figure 1, A horizontal heat exchanger (left), a lbple heat
exchanger (right)2]

5a.3 Natural Ground cooling techniques

5a.3.1 Direct contact
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Figure 3, Principle of direct ground cooling8] (left) Example of
semi-buried house in Santorini, Greece (righs)

Underground buildings have a good thermal behaviduring summer
by being contact with the ground; their indoor emwiment is
protected from the extreme variation of the indammnditions. Also,
the average ground temperature being lower than thdoor

temperature, heat from the buildings is dissipateadt.

The strategy is most suitable in hot-dry climatedghwa mild winter,

as the direct coupling of the building with the #ar which is

necessary for effective cooling during summer, ocamcourage heat
loss during winter. Their cost is sometimes a drawab to their
realisation together with other problems, like tlevailability of

natural light, contention and indoor quality. Howsrvthese problems

can be successfully faced by careful studies durimg design phase.

[3, 8]

5a.3.2 Earth-to-air heat exchangers

G { .I

Figure 4, Principle of earth-to-air heat exchangé€rs| (left) Drawing
of the earth-to- air heat exchanger, DB Netz AG (ifa) (right)

The technique has been developed recently, but ghaciple dates
from the ancient Persian and Greek times. More meam®nstructions
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are reported from the 1Bcentury using natural cavities, found in the
hills of Vicenza, ltaly.[3]
The earth-to-air heat exchanger is a basic techgplbut there are
things that make it more difficult such as, complkéyxnamics (thermal
inertia of the soil) and soil temperature (uneasyewvaluate) 1]
An earth-to-air heat exchanger is a pipe buried ihomtally at a
certain depth, through which air circulates by meanf electric fans.
Hot external air is cooled by circulating throughettubes positioned
in the ground. The underground pipes play the rofeearth-to-air
heat exchanger and cold air after the proceduredtgd inside the
building. This is possible happens after a depthlo3m, the ground
temperature during summer is lower than the averagabient
temperature. This is due to the important thermmedrtia of the ground
that results in protecting the underground from ihgortant surface
temperature variations. Heat can be dissipated e ground. The
temperature drop of the circulated air and the @é&ncy of the system
is a function of the inlet air dry bulb temperaturéhe ground
temperature, the thermal characteristics of botmegiand soil, as well
as the air velocity and pipe dimensions. The enteaof the outdoor
air to the pipes should be in a shaded locatioref@rably with cool
air currents. The pipes can be plastic, concretenetallic. The length
and the diameter of the pipes depend on the coolimgd of the
building. Usually they are about 10-30 cm in diaereand 12-60 m in
length. When restricted space is available, an yro& pipes can be
used instead of one big pipe. Circulation of thelaor air through
earth pipes can alter the indoor air temperaturelB3C compared to
the external ambient oné3, 7, 8]
The temperature[3] decrease of the air that enters the building
depends upon the following parameters:

- the inlet air tempetature,

- the ground temperature at the depth of the exchange

is installed,

- the thermal conductivity of the pipes,

- the thermal diffusivity of the soil,

- the air velocity,
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- the length of tubes
- the tube diameter
- the number of tubes

Detailed calculations are needed to optimise suslystem.

Problems with earth-to-air heat exchanger applicasi [3]

- Possible water inside the tubes or evaporation etuaulated
water, which affects the quality of the air injedtento the building.
This can be faced by placing appropriate filtersthe air-outlet or
one other option is to link the earth-to-air heatckangers with the
conventional air conditioning

- In order to maximise the control of such a systdemsinecessary to
provide automatic control algorithm. This must coame the indoor
and outdoor temperature and in the case that iselothe fan must be
stopped.

- Attention should be paid to avoid noisy fans.
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Chapter 5b Integrating renewable technologies 2/
Earth- to-air heat exchangers

5b.1 Main phenomena occurring in the system

5b.1.1 Physical interpretation

The principle of an earth-to-air heat exchangerdisectly related to
the thermal properties of the ground. The heat $fan mechanisms in
soils are in order of importance: conduction, cocwen and
radiation. Conduction occurs throughout the soik blue main flow of
heat is through the solid and liquid constituentSonvection is
usually negligible, with the exception of rapid weatinfiltration after
irrigation or heavy rain. Radiation is importantlgnn very dry soils
with large pores, when temperature is high. Therefahe main
parameters influencing the thermal behaviour of dwl are thermal

conductivity and heat capacity3, 5]

Heat transfer in earth ducts:

[5] Air enters the underground duct at a mass flom enthalpy h,
temperature ¥ humidity g. It is moving at a constant velocity V and
along the duct transfers heat Q by convection te gurrounding
ground.

Q = hc*A* (T — Ta)

With:
he = the convective heat transfer coefficient
A = the surface of the duct through which heat gf@m occurs

T

Td = temperature of duct on its external surface.

temperature of the air in the duct
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5b.1.2 Modelling the earth-to-air heat exchanger

In order to evaluate the cooling potential of trechinology, we have
to model the earth-to-air heat exchangers. The pdouce of modelling
earth-to-air heat exchangers (Mihalakakou and cojlees 1994
model) [3, 4] can be seen in the appendox page 71.

5b.1.3 Cooling potential of the technology

According experiments and long investigation by Miakakou and
colleague in 1994 the cooling potential|T() of earth-to-air heat
exchange depends on the following parameters:

v Different duct lengths; an increase of the lengththe pipe
decrease the outlet-air temperaturet.L(, | T)

v Different duct diameters; a decrease of the diamedé the
pipe decrease the outlet-air temperatured(, | T)

v Different air velocities; the air velocity increadeads to a
slight increase of the outlet-air temperaturgv ( |T)

v Different depth;an increase of the ground depth of the pipe
decrease the outlet-air temperaturéD(, |T)

v Different surface;for example bare soil, the multiyear annual
mean temperature is close to 21°C while for thershgrass- covered
soil, the corresponding value is close to 18.5%C which is basically
around 2°C.

5b.2 Model Description

A theoretical model of an earth-air heat exchangers developed for
predicting the outlet-air temperature (Tout). Theul of the air is a
function of several variables, such as pipe lengphpe diameter,
depth, flow speed, etc. as already mentioned. A-sabd temperature
model was adapted for the specific conditions oé tyear 1999. In
order to obtain the optimum Tout (which means theénimum) a
model was built in Excel programme. The Excel meathis validated
against other published models and shows good age®eé¢. The earth-
to-air heat exchanger was implemented in the Gréwklling with the

following way. Zones a and b were ventilated thrbuthe optimum
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Tout calculated in Excel. The examination took mam the ESP-r
programme. The earth-air heat exchanger was assuasea new zone
that supplies cool air to zone a and b. Ventilatiwam the earth-air

heat exchanger is expected to decrease the temperat both zones.

5b.2.1 Building the model

iHotaJ’r
" Cooled sl Yentilated
Ground surface | huilding
[1]

The ground earth-to-air heat exchanger system waist bhrough the

following steps:

a) Ground temperature calculation

The year chosen to carry out the study was 199% dhta collected
for the whole year 1999 (from January' Lntil December 3Y) gives
an average of 18.248°C. This data is required tkwwate the ground
temperature at certain depth, given by the follogvexpressior?2]:

T,=gm-|T,, —AH - AT, m{ 27 [/H — Vs +24-25]

8760
Where:

gm: ground material factor
Tam: annual mean outside temperature

AH: amplitude correction factor

ATa: amplitude of the annual outside air temperatuneng
JH: annual hour

VS: curve shift

Thegm can be obtained with the help of this table:
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Conductivity Density Capacity Correction
W/mK Kg/m~3 J/kgK gm factor
Moist
soil 1,5 1400 1400 1
Dry
sand 0,7 1500 920 0,9
Moist
sand 1,88 1500 1200 0,98
Moist
clay 1,45 1800 1340 1,04
Wet
clay 2,9 1800 1590 1,05

The amplitude correction factor and the curve slafé calculated

using these equations:

AH =-0.000335%depth® +0.01381% depth* — 0.1993 * depth + |

VS = 24 (—0.0195* depth* + 0.3385 * depth® —1.0156 * depth® +10.298 * depth +0.1786)

b) Optimisation model for the ground cooling system

In order to obtain the best Tout a model was binltExcel, using the
software available in the university Premium Solvélthe thinking
behind this decision was to change the variablesvprusly mentioned
in such way that the best Tout is obtained.

Premium Solver is an advanced version of the Soliwarnd in Excel.
It includes a more powerful optimisation engine aprbvides faster
calculations. An objective is set (objective thaancbe minimised,
maximised or equal to certain number) and the Vialga are chosen
including upper and lower boundaries.

Ideally the model would have to set as objectiventimimise the Tout,
but due to an incompatibility of Premium Solver withe link that
changes the constant values with the change of abdeils, the
objective was to minimise the dimensionless value This value is
directly related to the final Tout, therefore, mimising it a lower
Tout is obtained.

The following [3] rules were considered in order to build the model
for the required data:
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- The ground temperature around the tubes should tbéast 5-6
degrees lower than the ambient temperature.

- The length of the exchanger should be at least 10m

- The diameter of the exchanger should range betwk&nand 0.3m

- The depth of the exchanger should range betweemhdb4m

- The air velocity through the buried pipe should ganbetween 4

and 8m.s-1.

The calculation procedure is shown below:

Q: Air volume rate in the

tube (m”3/sec) T XTr2 Xu

P1l: Parameter P1 0.0161896 x L
P2: Parameter P2 0.00019058 x L2
P3: Parameter P3 0.000000957 x L3

U: Dimensionless

parameter 0.9995242 + P1 + P2 + P3
L: Tube Length (m), r: Radius of the tube (m), De@h of the tube
(m), u: Air velocity inside the tube (m/s)

QD1 al xD
QD2 a2 x D2
QD3 a3 x D3
CV1i a0 + QD1 + QD2+ QD3

a0, al, a2, a3 coefficients were taken from theléab see appendix on

page 74.
QV1 bl x Q
QV2 b2 x Q2
QV3 b3 x Q3
CV2 b0 + QV1 + QV2+ QV3

b0, b1, b2, b3 coefficients were taken from thel¢ad see appendix on

page 74.
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Ucor UxCV1lxCV2
Tout Tg + Ucor x (Tin - TQ)
Tin: Inlet air temperature QC) for the summer period of 1999

Tg: Ground temperature°C) calculated before.

Tow different scenarios were analysed, both of them temperatures
taken during the summer of 1999:
- June, July and August average T (27,117°C)
- Maximum T measured during the three months S{2bf
August, 39,98°C)

5b.2.2 Results analysis of the excel model

June, July and August average T:

L 60 m Tube Length

r 0,14497863 m Radius of the tube

D 3,648779647 m Depth of the tube
Air velocity inside the

u 6,004353 m/s tube

Tin 27,117 C Inlet air temperature

Tg 20,30406556 C Ground temperature

Q 0,396482574 m~3/sAir flow

Tout minimum 21,84548 °C

Maximum T measured during the three months

L 60 m Tube Length

r 0,142649391 m Radius of the tube

D 3,0733903 m Depth of the tube
Air velocity inside the

u 6,929811338 m/s tube

Tin 39,980 C Inlet air temperature

Tg 23,06379677 C Ground temperature

Q 0,443007548 m~"3/sAir flow

Tout minimum 28,63798 °C
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b.2.3 Results analysis of the ESP-r model

Simulations for summer period:

Lib: Greek_modem _residence: Results for Greek modem _residence
Period: Tue-01-Tun@00h30{1999) to Tue-31-Aug@23h30(1599) : sim@60m, output@60m
Zones:
zone a zone bizone ¢

430 —

400

150 A

100 T

| G | T P G O S o T T O el e S e P R T R T T R AT T R S TR T S M e R S e e L e
9 192 288 384 480 576 672 768 8&d 060 1036 1132 1248 1344 1440 1536 1632 1728 184 1920 2016 2112 2208
Time Hrs

Table 4 Temperatures inside the building

5b.2.4 Discussion

The tool designed in Excel proved that the optimuautlet

temperature of an earth-to-air heat exchanger wgsiicantly lower

than the inlet.

When an ambient T of almost 40°C enters the sys(dm worst case
scenario) Tout that enters the building will be ClRss. And when
the T average of around 27°C enters the systemTihet that enters
the building will be almost 22°C

Simulation results in ESP-r by using earth-air heathangers with a
constant temperature Tout 22°C in zone a and zohavue shown that
thermal comfort of 25-27°C can be achieved mosttlod time with

zero air-conditioning devices. For zone a the tenapere range is
between 25 and 27°C and for zone b the temperagirange between
24 and 26°C. Both zones are achieving thermal camiweith zero

cooling requirements and a similar temperature aoez c which is the
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basement. The basement from the beginning did nequire any

cooling.
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Chapter 6 Conclusion

In order to assess the performance of a typical eradhouse in the
Greater Athens area, a model was developed in ESIRitial results
showed high cooling requirements in order to keéprimal comfort
during summer period. An integrated renewable alégive scenario
for improving the energy efficiency of the buildingn summer was
presented and examined.

Research in renewable processes took place. Twoioopt were
investigated in depth. New models were built in ESBnvironment.
Separate simulations were run using PV panels aattheair heat
exchangers and their impact was validated againspeeimental
results.

Absorbing solar energy allows the achievement odrthal comfort in
the buildings, with a limited use of conventionaiefls. 26 PV panels
(17m?) were installed on the building’s roof whislas the maximum
number the building can get. Simulation results whd that the
renewable electricity output per day produced meé&% of the
energy needed per day for maintaining the indoorildinog

temperature at 26°C. This percentage of green ele=ty helps in

reducing carbon emissions. Results present a veoynpsing potential
for PV power supply and carbon emissions saving.nNaectricity
will be required from the grid. The photovoltaic stgms generate
more energy than building cooling demand for themswer period.
The rest electricity could be used for the lightsadher equipments or
even it could be supplying the energy excess to ghblic electricity
grid.

Greece is a particularly sunny country during themsner and we
must take advantage of that but PV panels haveeswxély high capital
cost.

An alternative approach of cooling while achievingw energy

consumption and thermal comfort can be managedughoearth-to-air
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heat exchangers. In particular, simulation resufibs earth-air heat
exchangers have shown a reduction in the coolingdseby almost
100% (assuming an optimum constant temperature Touh earth-to-
air heat exchangers of 22°C) compared to an airdteoned building.
Thermal comfort of 25-27°C can be achieved mosttld time using
earth-air heat exchangers with zero air-conditigndevices.

This project has indicated the feasibility of thesechnologies in
meeting the cooling demand while reducing carbonssions.
Modelling a typical new residence with improved uhation and other
modern techniques showed important problems in oopl
requirements. But it is possible to achieve sigoafit energy savings
in the residential environment with simple methaaddsd techniques.
The above proposed solutions for energy reductiondooling are not
unique solutions; this dissertation was an effod prove that
alternative technologies can be used to provide footn while
protecting the environment. The efficiency of thesgstems depends
on the building needs. Every building requires d&felient study. The
potential renewable energy strategy could implemjeist one of these
technologies or a combination.

Research commenced with a literature review whighmreined most of
the possible alternative scenarios for reducing dedhon the grid. It
was decided that simulations would be carried out @&an already
constructed residential building and so ground eyerand solar
energy were selected as the most applicable renkawvamurces.
Further techniques have been included in the liere review which
can be used to improve the energy performance dieotaspects of
buildings. For example, night ventilation could becorporated to
reach a higher comfort level. Therefore, the passtoncept seems to
be a valid and efficient solution to improve the vemnmental
performance of dwellings.

About two thirds of the total energy consumed inildings is used in
private buildings. Energy consumption for coolinlgeating, lighting,
ventilation and domestic hot water are the main warms in private
buildings. This dissertation has focused on the elepment of low
energy buildings by the use of various techniquesorder to reduce
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carbon emissions while achieving thermal comfort Sammer. The
potential renewable strategy was suggested andsingated. A new
way of thinking in the building industry has to m&opted soon. In
parallel, low energy consumption for cooling new ngeation
buildings has to be realised and monitored. A redaknation of the
activities in energy efficiency is an urgent reqanrent. Finally the
real challenge for the future is managing thermamdéort by natural
means, and this project has demonstrated the félagilmf two such

residential systems in the Greek summer climate.
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Appendix

For chapter 3
1. The zones of the model are:
Zone c, is the basement. A large zone below groumskd for

storage and mostly unoccupied.
(Volume = 346m3, Floor area = 128m?, opaque conston = 406m?2,

transparent construction = 3.89m?)

Zone a, is all the bedrooms at the ground floor.
(Volume = 133m3, Floor area = 38m?2, opaque constian = 184m?2,

transparent construction = 9m?)

Zone b, is the living room, the kitchen and the Hraobm at the

ground floor.
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(Volume = 323m?3, Floor area = 90m?, opaque congtiuc = 337m?2,
transparent construction = 9.47m?2)

2. Composite construction database:

Layers Description Optics

5 external wall Nol opaque

Db ref thickness (mm) db name

183 30 Asbes sheet

6 90 Brown brick

205 60 Poigahane foam b
6 90 Brown brick

107 20 Gypswplasterboard
Layers Description Optics

5 external wall No2 opaque

Db ref thickness (mm) db name

183 30 Asbestsheet

32 100 Heamyx concrete
32 100 Heamyx concrete
32 100 Heamyx concrete
107 20 Gypsphasterboard
Layers Description Optics

7 external wall No3 opaque
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Db ref thickness (mm) db name

263 100 Commearth

263 100 Commearth

263 100 Commearth

32 100 Heamyx concrete
32 100 Heamyx concrete
32 100 Heamyx concrete
107 20 Gypsphasterboard
Layers Description Optics

3 eternal wall opaque

Db ref thickness (mm) db name

107 20 Gypsypiasterboard
6 60 Lt ®wn brick

107 20 Gypsypiasterboard
Layers Description Optics

3 double glazing transpatren

Db ref thickness (mm) db name

242 6 Plagkss

0 12 &irl7

242 6 Plagkss

Layers Description Optics

1 external doors opaque

Db ref thickness (mm) db name

43 25 Aluminium

Layers Description Optics

1 internal doors opaque

Db ref thickness (mm) db name

63 25 Hardrd
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Layers Description Optics

4 roof for zone c opaque

Db ref thickness (mm) db name

153 10 Floalkes

36 100 Conadilock
36 100 Conadilock
151 8 Ceigifplaster)
Layers Description Optics

5 roof for zones a, b opaque

Db ref thickness (mm) db name

141 15 Claet

164 5 Asptha

205 80 Poletihane foam b
164 5 Asptha

72 12 Plya

Layers Description Optics

6 floor for zone ¢ opaque

Db ref thickness (mm) db name

263 100 Commoar
263 100 Commoar tdn
263 100 Commoar td

36 100 Conadilock
36 100 Conadilock
153 10 Floalkes
Layers Description Optics

3 floor for zones a, b opaque

Db ref thickness (mm) db name

107 10 Gypn plasterboard
36 100 Coate block
36 100 Qoate block
153 10 Blotiles
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3. The diagrams show analytically what is going onughd the whole

period in every zone depending on the occupancyeftating profile

and different control characteristics).

Simulations from 1/6 — 30/8/1999 (summer period)

Zone a

Lib: Greek_modem_residence: Results for Greek_modem residence

T T [ T [ T T T T T 1 T [ T T T T T 1
1344 1440 1536 1632 1728 1824 1920 206 2112

T T T T T T T T T T 1T T 1T T T T T T T T 1
9 192 384 480 576 672 68§64 960 1056 1152 1243
Time Hrs

3200
3000 A
600
00
20 A

Pertod: Tue-01-Jun@00h30{1999) to Mon-3 &-Aué@ljhw{lg’%) : sim@60m, output@iim
Zonies:

2000

288

0

69
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Zoneb

Lib: Greek_modemn_residence: Results for Gresk_modem_residence
Peniod: Tue-01-Tun@00H30{1999) to Mon-30-Aug@23030(1999) : sim T60m, output@6lm
Zones:

zrFTTrIEEI

T32.00 —

o

m3000
o0

28.00 — frone b Coolln)

LU

zonz b T

2400 —

200 -

20.00 | R ) [ (7Sc% R (T P NS TR ] R CESYs INPEY) P O [N KR P o R [ e 0 R [TFE RO (P AP e ot ST e ey e PR e T T E0 o
0 % 192 288 384 480 376 672 768 B&4 060 1056 1132 1248 1344 1440 1536 1652 1723 1824 1920 2016 2112
Time Hrs

Zonec

Lib: Greek modem residence: Results for Greek modem residence
Period: Tue-01-Jun@00h30{1999) to Mon-30-Aug @23h30{1999) : sim@60m, output@6im
Zotes:
rone ¢

00

one & £b'T
Taso o _ i ' S

o
100 ; ; zonz_c Coollny

+

S S ) A 72 e o 1T 7 7o 07 g o 0 S o (69407 2 VR TR
376 672 TR 864 060 1036 1152 1243 1344 1440 1336 1632 1728 1824 1920 2016 2112
Time Hrs

S N s i
9 192 288 334 480
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For chapter 4b

New Composite construction database:

Layers Description Optics

7 new roof for zones a, b opaque

Db ref thickness (mm) db name

246 3 CF low- e glass
247 3 Tedlar

246 3 CF low- e glass
141 15 Clay tile

164 5 Asphalt

205 80 Polyurethane foam b
164 5 Asphalt

72 12 Plywood

The Low-e glass and the Tedlar are the constructiaterials of the
PV model. BP 380 operates DC loads directly or,am inverter-

equipped system, AC loads.

For chapter 5b

1. The model was built following the procedure (Mihkékou and
colleagues 1994 model}, 4]

The transport phenomena that determine the operatod an air to
earth heat exchanger to the ground are the heansfar from the air
circulating in the exchanger and the ground, buts@lthe moisture
transfer induced by the heat transfer process. ®fiere this process
is described by the heat balance differential eqoatand the mass
transfer differential equation. This system of etjoas is solved,
taking into account the initial and boundary conidits for each one
of them.

The heat balance equation, in cylindrical co-ordiea is:
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o 19 JT U T 1 ¥
) ) e

vt rdr or dy r or
Dh 9 h
x (Du.mpr 'ljr) - l‘gﬂm _T.-?; (Du.v&n 'tg)

With:

T = soil temperature of the soil surface,

p = soil density

Cp = specific heat of soil

k = thermal conductivity of the soil

lg = heat of vaporisation of the moisture conterfttbe soil
pm= moisture density

Du, vap = isothermal diffusivity of moisture in vaypr form,
h = moisture content of the soil

The mass transfer equation:

oh 1 ¢ T ) o7
2L )

Where,
Y o7 1 T
s )+ (o)

Is the component of moisture flux due to temperatgradient and

|9 oh\ 9 (  oh
-2 prZ)+ = (D, =
p ﬂr( ! ﬂr) 9y ( ciy)

is the component of moisture flux due to the maistgradient
The heat and mass transfer problem has the follgwimitial
conditions:

T(r, y, t=0) = To(r)
h(r, v. t = 0) = ho(r)

The boundary conditions are:
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1. for the r co-ordinate:

(a) atr = R..

T(RL, y, t) = T(R)

h(Rc, v, t) = h(R),

where RL is a large radial distance in the soil at this dance the

temperature and moisture distributions are not udhced

(b) atr=Re
The calculated heat transfer in the soil is equaltheamount of heat

losses as air flows along the pipe.
G(T(y) = T(R,y, . 1) = —mC[dT,(y)/dy]

Where G is the overall thermal conductance of theole earth-to-air
heat exchanger system including air, pipe and soil.

Thus, G can be expressed as:

G = 2xl{ (1 /rphe) + [In( R,/ rn) /K]

And Ta(O) equals the ambient air temperature. At=r Rp, the
moisture content is caused by the temperature geatisince the pipe
is impervious. Thus, the component of moisture ftwe to moisture

gradient is equal to zero.
dhjor( R,. y. 1) =0

2. for the y co-ordinate:
(@) aty = w

T(r, ya, t) = Ts(r)

h(r, ya, t) = hs(r),

(b) aty =
T(r, ys, t) = Ts(r)
h(r, ye, t) = hs(r),

The diffusivity values (B Du, Du, vap) used in this study was

obtained from Puri ( 1986) and Gee ( 1966). Theldemperature at a
point in the pipe vicinity is estimated by supergomn of the
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temperature field due to the pipe system T(r, yany the undisturbed
temperature field Tu(z,t) due to the ground surfatEmperature.
Undisturbed soil temperature can accurately be mbee by the

following one dimensional, transient, heat condoatiequation:
Tz, 1)/0z" = 1/ ax8T,(z, 1)/ 0t

Where u is the soil thermal diffusivity and z iettiepth below ground
surface. The corresponding boundary conditions &t @ were the

following:

Tu = Tsurran: = Tm - AE*CGS[W*U - 10}]

for z = oo T, is finite

Carslaw and Jaeger (1959). According to this anadgl solution, the
temperature at any depth z and time t can be fobpdhe expression:
Tu{z! 1y = Tm - ;45*Exp[—l,3}

X cos[w(l — 1g) — Az]
where As is the amplitude of temperature wave &t glhound surface,
Tm is the mean annual soil temperature, w is theqfrency of annual

temperature wave, and can be defined by the expressioha:= (
w/2a)%.

The transient earth-tube system described beforeoiporates three

independent (r, y, t) and two dependent variablésH).

2. Two tables helped to get the constant values d0,a2 and a3 (pipe
length-airflow) and b0, bl, b2 and b3 (pipe lengtdpth).[3]

Table 1
QL a 10 15 20 25 30 35 40 45 50 60
a0 | 1.1655 | 1.4890 | 1.6453 | 1.8000 | 1.9519 | 2.0338 | 2.1688 | 2.2203 | 2.2636 | 2.0308 | 2.3503
0.393 20 15 40 90 60 72 68 54 30 90
a0 | 1.1494 | 1.4428 | 15987 | 1.7003 | 1.9011 | 1.9678 | 2.1038 | 2.1274 | 2.1374 | 2.1872 | 2.2657
0.425 00 90 30 50 70 92 20 32 51 20
a0 | 1.1426 | 1.4183 | 1.5207 | 1.0682 | 1.8637 | 1.9462 | 2.0784 | 2.1083 | 2.1094 | 2.1272 | 2.1983
0.458 00 00 00 00 30 95 30 25 85 70
0528 | a0 | 1.1393 | 1.4078 | 1.4993 | 1.6728 | 1.7210 | 1.8714 | 1.9986 | 2.0763 | 2.0783 | 2.0964 | 2.1780
50 50 00 90 20 30 20 20 60 90
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a0 [ 1.1387 | 1.3946 | 1.4826 | 1.6528 | 1.6583 | 1.8504 | 1.9285 | 2.0582 | 2.0882 | 2.0962 | 2.1309
0.565 40 50 00 90 46 27 48 90 10 70 40
a0 | 1.1350 | 1.3816 | 1.4799 | 1.6314 | 1.6147 | 1.8504 | 1.9285 | 2.0413 | 1.9637 | 2.0043 | 2.1078
0.604 90 23 00 98 23 27 48 20 80 50 70
a0 [ 1.1321 | 1.3629 | 1.4769 | 1.5928 | 1.6087 | 1.8374 | 1.9080 | 2.0017 | 1.9478 | 1.9928 | 2.1023
0.643 70 30 71 30 90 21 32 00 30 40 80
a0 | 1.1280 | 1.3598 | 1.4580 | 1.5489 | 1.5978 | 1.8200 | 1.8743 | 1.9787 | 1.9213 | 1.9724 | 2.0993
0.684 70 30 30 40 70 71 24 60 50 30 60
a0 [ 1.1128 | 1.3394 | 1.4392 | 1.5079 | 1.5828 | 1.7873 | 1.8297 | 1.9674 | 1.8993 | 1.9237 | 2.0954
0.726 90 00 30 80 10 61 60 00 20 63 00
a0 [ 1.0101 | 1.3156 | 1.4295 | 1.4987 | 1.1798 | 1.7525 | 1.7986 | 1.9478 | 1.8902 | 1.9078 | 2.0903
0.770 33 70 20 30 90 40 30 32 20 93 20
a0 | 1.0100 | 1.3092 | 1.4109 | 1.4864 | 1.5720 | 1.7305 | 1.7806 | 1.9285 | 1.8896 | 1.8972 | 2.0862
0.811 87 70 30 40 60 80 00 39 30 14 70
a0 [ 1.0100 | 1.3000 | 1.3908 | 1.4665 | 1.5698 | 1.6992 | 1.7659 | 1.9027 | 1.8840 | 1.8776 | 2.0832
0.860 43 20 20 30 70 71 00 35 30 40 50
a0 [ 1.1001 | 1.2987 | 1.3776 | 1.4487 | 1.5695 | 1.6727 | 1.7482 | 1.8974 | 1.8840 | 1.8607 | 2.0692
0.907 01 30 00 30 70 20 00 50 30 80 50
a0 [ 1.0923 | 1.2883 | 1.3682 | 1.4278 | 1.5651 | 1.6520 | 1.7205 | 1.8675 | 1.8793 | 1.8527 | 2.0583
1.005 80 50 70 30 90 10 80 40 50 04 80
a0 [ 1.0894 | 12799 | 1.3527 | 1.4199 | 1.5481 | 1.6321 | 1.7179 | 1.8324 | 1.8759 | 1.8327 | 2.0455
1.056 23 00 84 80 99 00 86 30 08 78 08
a0 [ 1.0873 | 1.2707 | 1.3415 | 1.4109 | 1.5207 | 1.6098 | 1.7079 | 1.8092 | 1.8632 | 1.8297 | 1.9897
1.108 09 30 74 85 30 4 86 73 92 88 50
a0 | 1.0824 | 1.2698 | 1.3361 | 1.4093 | 1.5027 | 1.5989 | 1.6897 | 1.7998 | 1.8207 | 1.8094 | 1.9528
1.162 93 70 28 40 80 91 20 53 21 00 50
a0 | 1.0809 | 1.2592 | 1.6248 | 1.3996 | 1.4847 | 15872 | 11.659 | 1.7721| 1.7945 | 1.8026 | 1.9301
1.216 35 10 59 50 62 20 430 30 20 00 20
a0 [ 1.0792 | 1.2470 | 1.3109 | 1.3975 | 1.4749 | 15809 | 1.6373 | 1.7421 | 1.1783 | 1.7994 | 1.8263
1.272 72 10 12 60 60 10 40 83 52 78 72
a0 | 1.0785 | 1.2356 | 1.1303 | 1.3904 | 1.4651 | 15746 | 1.6294 | 1.7058 | 1.7714 | 1.7962 | 1.8232
1.330 07 14 61 60 73 69 70 42 53 58 25
al - - - - - - - - - - -
0.393 0.1092 | 0.3347 | 0.4233 | 0.5401 | 0.6394 | 0.6929 | 0.7958 | 0.7956 | 0.8587 | 0.8638 0.8957
10 99 97 70 15 90 03 60 80 90 00
al - - - - - - - - - - -
0.425 0.1018 | 0.3137 | 0.3980 | 0.5012 | 0.6117 | 0.6127 | 0.7678 | 0.7728 | 0.7945 | 0.8248 | 0.8528
60 80 70 02 29 83 96 50 32 95 13
al - - - - - - - - - - -
0.458 0.0982 | 0.3098 | 0.3767 | 0.4918 | 0.5987 | 0.6329 | 0.7396 | 0.7407 | 0.7438 | 0.7925 | 0.8437
10 73 30 37 30 81 28 20 70 63 10
0528 | af - - - - - - - - - - -
0.0914 | 0.2839 | 0.3587 | 0.4728 | 0.5108 | 0.5927 | 0.6627 | 0.7232 | 0.7028 | 0.7682 | 0.8289
20 85 80 93 70 43 82 14 90 70 30
al| 0.0889 - - - - - - - - - -
0.565 00 | 0.2729 | 0.3396 | 0.4498 | 0.4493 | 0.1878 | 0.6019 | 0.6439 | 0.6806 | 0.7529 | 0.8108
80 70 80 26 30 79 72 67 12 04
al - - - - - - - - - - -
0.604 0.0814 | 0.2649 | 0.3248 | 0.4507 | 0.4197 | 0.5878 | 0.6019 | 0.6932 | 0.6778 | 0.7389 | 0.7926
00 54 60 94 83 32 79 17 20 62 94
al - - - - - - - - - - -
0.643 0.0792 | 0.2508 | 0.3175 | 0.4227 | 0.4027 | 0.5287 | 0.1743 | 0.6572 | 0.6703 | 0.7229 | 0.7900
00 90 77 90 43 11 62 24 82 63 80
al - - - - - - - - - - -
0.684 0.0773 | 0.2427 | 0.3089 | 0.4082 | 0.4008 | 0.5672 | 0.1308 | 0.6327 | 0.6628 | 0.7028 | 0.7826
00 11 75 94 73 13 93 43 93 14 94
al - - - - - - - - - - -
0.726 0.0738 | 0.2302 | 0.2965 | 0.3927 | 0.3992 | 0.5529 | 0.5009 | 0.6187 | 0.6533 | 0.6987 | 0.7738
00 71 80 21 73 84 45 32 94 14 45
al - - - 0 - - - - - - -
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0.770

0.811

0.860

0.907

1.005
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1.108
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1.216
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1.330
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0.425

0.458
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0.565

0.604

0.643

0.684

0.726
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al

al

al

al

al

al

al

al

al
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a2

a2

a2

a2
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a2

a2

a2
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a2
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0.0342
98
0.0337

377730

0.3507
21

0.3227
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0.3127
83

0.3025
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0.2998
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0.2902
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0.2827
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1.005 22 87 81 93 55 23 02 21 89 94 92

a2 | 0.0092 | 0.0297 | 0.0329 | 0.0448 | 0.0539 0.0654 | 0.0638 | 0.0790 | 0.0912 | 0.0807 | 0.1067

1.056 30 81 05 78 72 71 60 26 65 83 50

a2 | 0.0089 | 0.0288 | 0.0310 | 0.0422 | 0.0489 | 0.0649 | 0.0630 | 0.0778 | 0.0884 | 0.0800  0.0943

1.108 28 32 69 79 27 81 70 43 74 78 87

a2 | 0.0087 | 0.0282 | 0.0309 | 0.0407 | 0.0458 | 0.0647 | 0.0625 | 0.0762 | 0.0842 | 0.0799 | 0.0938

1.162 49 87 62 83 79 22 74 74 71 65 37

a2 | 0.0084 | 0.0274  0.0302 | 0.0382 | 0.0424 | 0.0645 | 0.0614 | 0.0758 | 0.0807 | 0.0792 | 0.0907

1.216 31 98 07 76 79 27 73 21 21 56 21

a2 | 0.0082 | 0.0270 | 0.0298 | 0.0367 | 0.0408 | 0.0642 | 0.0608 | 0.0746 | 0.0782 | 0.0790 | 0.0793

1.272 80 08 71 21 96 71 31 21 71 08 21

a2 | 0.0080 | 0.0269  0.0292 | 0.0354 | 0.0394 | 0.0639 | 0.0593 | 0.0726 | 0.0768 | 0.0782 | 0.0796

1.330 77 40 26 19 77 22 10 73 72 79 25

a3 | 0.0008 - - - - - - - - - -

0.393 50 | 0.0022 | 0.0023 | 0.0035 | 0.0040 | 0.0042 | 0.0054 | 0.0040 | 0.0060 | 0.0059 | 0.0058

00 26 44 20 67 50 69 97 20 00

a3 - - - - - - - - - - -

0.425 0.0008 | 0.0021 | 0.0022 | 0.0033 | 0.0038 | 0.0040 | 0.0046 | 0.0040 | 0.0058 | 0.0017 | 0.0017

40 96 70 08 97 72 35 08 72 27 06

a3 - - - - - - - - - - -

0.458 0.0007 | 0.0021 | 0.0021 | 0.0031 | 0.0035 | 0.0039 | 0.0036 | 0.0039 | 0.0055 | 0.0055 0.0056

90 79 86 28 21 29 50 87 01 87 83

0528 | a3 - - - - - - - - - - -

0.0006 | 0.0021 | 0.0020 | 0.0030 | 0.0032 | 0.0038 | 0.0030 | 0.0039 | 0.0049 | 0.0014 | 0.0055

90 69 87 49 89 97 90 08 20 79 70

a3 - - - - - - - - - - -

0.565 0.0006 | 0.0021 | 0.0019 | 0.0030 | 0.0030 | 0.0033 | 0.0028 | 0.0035 | 0.0048 | 0.0053 | 0.0055

40 59 39 03 86 74 00 21 39 85 40

a3 - - - - - - - - - - -

0.604 0.0006 | 0.0021 | 0.0018 | 0.0029 | 0.0029 | 0.0038 | 0.0028 | 0.0038 | 0.0047 | 0.0052 | 0.0055

21 14 91 60 81 74 00 87 37 27 08

a3 - - - - - - -1 0.0003 - - -

0.643 0.0006 | 0.0020 | 0.0018 | 0.0025 | 0.0028 | 0.0038 | 0.0027 85| 0.0047 | 0.0051 | 0.0055

: 02 74 65 23 03 52 93 08 88 08

a3 - 0.0002 - - - - - 0.0003 - - -

0.684 0.0005 03 | 0.0017 | 0.0023 | 0.0027 | 0.0037 | 0.0027 83 | 0.0046 | 0.8507 | 0.0055

93 03 07 03 95 48 87 80 08

a3 - - - - -1 0.0037 - - - - -

0.726 0.0005 | 0.0019 | 0.0016 | 0.0022 | 0.0025 78 | 0.0027 | 0.0038 | 0.0046 | 0.0049 | 0.0054

82 89 78 89 08 39 19 58 70 98

a3 - - - - - - - - - - -

0.770 0.0005 | 0.0019 | 0.0015 | 0.0021 | 0.0024 | 0.0037 | 0.0027 | 0.0038 | 0.0046 | 0.0047 | 0.0013

42 17 51 47 98 53 20 07 47 29 98

a3 - - - - -1 0.0037 - - - - -

0.811 0.0005 | 0.0011 | 0.0015 | 0.0020 | 0.0024 21| 0.0027 | 0.0037 | 0.0046 | 0.0046 0.0053

29 92 27 98 30 15 97 37 63 25

a3 - - - - - - - - - - -

0.860 0.0005 | 0.0018 | 0.0014 | 0.0019 | 0.0041 | 0.0037 | 0.0027 | 0.0037 | 0.0046 | 0.0045  0.0052

13 98 86 27 11 08 12 69 02 27 98

a3 - - - - - - - - - - -

0.907 0.0005 | 0.0018 | 0.0014 | 0.0018 | 0.0024 | 0.0036 | 0.0027 | 0.0037 | 0.0045 | 0.0044 | 0.0052

01 67 28 88 11 92 09 59 92 72 01

a3 - - - - - - - - - - -

1.005 0.0004 | 0.0017 | 0.0014 | 0.0018 | 0.0023 | 0.0036 | 0.0027 | 0.0037 | 0.0045 | 0.0042 @ 0.0051

71 68 08 09 00 77 00 28 78 27 98

a3 - - - - - - - - - - -

1.056 0.0004 | 0.0017 | 0.0013 | 0.0017 | 0.0021 | 0.0036 | 0.0026 | 0.0037 | 0.0045 | 0.0041  0.0051

36 30 90 89 00 33 99 08 58 28 73

a3 -1 0.0016 - - - - - - - - -

1.108 0.0004 98 | 0.0013 | 0.0017 | 0.0019 | 0.0035 | 0.0026 | 0.0036 | 0.0042 | 0.0039 | 0.0049
77
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09 88 29 70 97 78 99 89 90 27
a3 - - - - - - - - - - -
1.162 0.0004 | 0.0016 | 0.0013 | 0.0016 | 0.0018 | 0.0035 | 0.0026 | 0.0036 | 0.0040 | 0.0038 | 0.0046
02 59 70 54 60 67 53 83 99 27 80
a3 - - - - - - - - - - -
1.216 0.0003 | 0.0016 | 0.0013 | 0.0015 | 0.0017 | 0.0035 | 0.0026 | 0.0036 | 0.0039 | 0.0037 | 0.0042
99 36 60 94 36 49 09 54 27 92 80
a3 - - - - - - - - - - -
1.272 0.0003 | 0.0016 | 0.0013 | 0.0015 | 0.0015 | 0.0035 | 0.0025 | 0.0036 | 0.0038 | 0.0037 | 0.0039
95 01 40 05 82 08 40 33 76 03 02
a3 - - - - - - - - - - -
1.330 0.0003 | 0.0015 | 0.0013 | 0.0014 | 0.0014 | 0.0034 | 0.0025 | 0.0036 | 0.0036 | 0.0036 & 0.0037
91 9% 39 40 16 94 61 15 57 97 20
TABLE 2
D/L| b 10 15 20 25 30 35 40 45 50 5
b0 | 0.973237 | 0.984554 | 0.326835 | 0.932432 | 0.919087 | 0.921654 | 0.934780 | 0.932112 | 0.896039 | 0.90164:
0.500
b0 | 0.964251 | 0.987236 | 0.936781 | 0.911445 | 0.900188 | 0.878759 | 0.890215 | 0.830453 | 0.867342 | 0.86023)
0.750
b0 | 0.943157 | 0.942228 | 0.933072 | 0.914131 | 0.895504 | 0.890297 | 0.886878 | 0.846869 | 0.878355 | 0.83268|
1.000
b0 | 0.934129 | 0.862693 | 0.843289 | 0.851786 | 0.824018 | 0.848365 | 0.868781 | 0.846622 | 0.766978 | 0.83268|
1.250
b0 | 0.915252 | 0.751792 | 0.843289 | 0.719697 | 0.735950 | 0.775079 | 0.804484 | 0.793500 | 0.752700 | 0.82979
1.500
b0 | 0.929652 | 0.737016 | 0.843289 | 0.870439 | 0.900070 | 0.903584 | 0.929405 | 0.922783 | 0.928778 | 0.76399
1.750
b0 | 0.926914 | 0.767547 | 0.843289 | 0.578765 | 0.415915 | 0.353813 | 0.323308 | 0.335499 | 0.311043 | 0.93996
2.000
b0 | 0.914591 | 0.705065 | 0.665839 | 0.474699 | 0.383697 | 0.311219 | 0.292052 | 0.299266 | 0.283216 | 0.29393
2.250
b0 | 0.905220 | 0.667638 | 0.601498 | 0.376480 | 0.344708 | 0.320282 | 0.296884 | 0.233061 | 0.251109 | 0.26073
2.500
b0 | 0.924269 | 0.674073 | 0.472514 | 0.408116 | 0.342890 | 0.283230 | 0.277736 | 0.142827 | 0.174460 | 0.26168
2.750
b0 | 0.886844 | 0.525949 | 0.463996 | 0.416583 | 0.283646 | 0.233365 | 0.246983 | 0.147332 | 0.158649 | 0.11513
3.000
b0 | 0.893665 | 0.469679 | 0.469459 | 0.366157 | 0.279221 | 0.205594 | 0.190265 | 0.075588 | 0.073233 | 0.01898
3.250
b0 | 0.347735 | 0.417231 | 0.376069 | 0.318394 | 0.209448 | 0.194682 | 0.191679 | 0.024519 | 0.005535
3.500 0.04106:
b0 | 0.883030 | 0.335935 | 0.340092 | 0.232365 | 0.129926 | 0.133263 | 0.133291 - -
3.750 0.525600 | 0.047419 | 0.04722
b0 | 0.875150 | 0.341413 | 0.297175 | 0.214027 | 0.061206 | 0.133263 | 0.139015 - - [ 0.05860
4.000 0.052571 | 0.056730
b0 | 0.877611 | 0.342725 | 0.326480 | 0.166084 | 0.057348 | 0.696672 | 0.064383 - -
4.250 0.017931 | 0.007733 | 0.04802
b1 [ 0.070519 | 0.017476 | 2.225822 | 0.204429 | 0.258050 | 0.241741 | 0.180760 | 0.182248 | 0.339175 | 0.31399
0.500
b1 [ 0.099620 -1 0.188054 | 0.278246 | 0.316501 | 0.409781 | 0.345308 | 0.389427 | 0.450719 | 0.47755
0.750 0.009466
b1 [ 0.187090 | 0.176478 | 0.230717 | 0.269495 | 0.333413 | 0.358894 | 0.371761 | 0.539791 | 0.414013 | 0.59235
1.000
b1 [ 0.239084 | 0.332401 | 0.420427 | 0.389340 | 0.668460 | 0.563985 | 0.477142 | 0.562166 | 0.763249 | 0.59235
1.250
b1 [ 0.298709 | 0.773208 | 0.420427 | 0.917625 | 0.859183 | 0.763326 | 0.676103 | 0.723438 | 0.899990 | 0.62781
1.500
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b1| 0.261440 | 0.837941 | 0.420428 | 0.215834 | 0.057796 | 0.040890 - - - | 0.86137
1.750 0.073721 | 0.024182 | 0.031092
b1 | 0.262270 | 0.748543 | 0.420428 | 1.376202 | 0.203344 | 2.322206 | 2.459221 | 2.422317 | 2.534951
2.000 0.10010;
b1 [ 0.270990 | 1.008623 | 1.184661 | 1.984768 | 2.169122 | 2.504189 | 2.598345 | 2.579707 | 2.648889 | 2.62118
2.250
b1 [ 0.302190 | 1.170535 | 1.468510 | 2.398256 | 2.336022 | 2.469079 | 2.578260 | 2.847635 | 2.767559 | 2.75201!
2.500
b1 [ 0.255947 | 0.998754 | 1.839883 | 2.083679 | 2.357645 | 2.626279 | 2.668508 | 3.202602 | 3.112508 | 2.72449
2.750
b1 [ 0.417362 | 1.561626 | 1.804119 | 2.000029 | 2.588219 | 2.811538 | 2.792266 | 3.211882 | 3.199118 | 3.36529
3.000
b1 [ 0.385441 | 1.765941 | 1.762330 | 2.246018 | 2.611033 | 2.943951 | 3.045912 | 3.534070 | 3.543805 | 3.76666
3.250
b1 [ 0.552660 | 1.967172 | 2.108582 | 2.394992 | 2.918789 | 3.004595 | 3.034765 | 3.743594 | 3.823755 | 4.01394!
3.500
b1 [ 0.418251 | 2.266396 | 2.223635 | 2.739005 | 3.229980 | 3.228278 | 3.266448 | 4.048362 | 4.044835 | 4.04932!
3.750
b1 | 0.458460 | 2.207632 | 2.395603 | 2.784745 | 3.508352 | 3.228278 | 3.236331 | 4.071914 | 4.113760 | 4.11124!
4.000
b1 | 0.378486 | 2.194540 | 2.258263 | 2.983711 | 3.501942 | 3.497629 | 3.552356 | 3.932336 | 3.892151 | 4.06505
4.250
b2 -1 0.059640 - - - - - - -
0.500 0.019417 1.409554 | 0.107430 | 0.167547 | 0.138176 | 0.048576 | 0.040050 | 0.239138 | 0.20067
b2 -1 0.121604 - - - - - - -
0.750 0.030200 0.071871 | 0.168678 | 0.199395 | 0.315263 | 0.204793 | 0.259733 | 0.339269 | 0.36111
b2 - - - - - - - - -
1.000 0.124800 | 0.082171 | 0.130540 | 0.142208 | 0.205648 | 0.238440 | 0.248076 | 0.447952 | 0.302136 | 0.48855
b2 -1 0.021589 - - - - - - -
1.250 0.214145 0.073370 | 0.025450 | 0.607523 | 0.465888 | 0.346319 | 0.430653 | 0.662467 | 0.48855
b2 - - - - - - - - -
1.500 0.243880 | 0.443959 | 0.073366 | 0.595792 | 0.506930 | 0.475420 | 0.404196 | 0.450382 | 0.659302 | 0.47921
b2 - - - 10.386988 | 0.665393 | 0.705634 | 0.880760 | 0.810567 | 0.836506
1.750 0.217096 | 0.505118 | 0.073366 0.60142
b2 - - - - - - - - - 0.95165
2.000 0.194330 | 0.389507 | 0.073367 | 0.850035 | 1.573690 | 1.946369 | 2.099215 | 2.037891 | 2.170177
b2 - - - - - - - - -
2.250 0.165910 | 0.680109 | 0.887789 | 1.888100 | 1.723887 | 2.144810 | 2.261188 | 2.207337 | 2.280849 | 2.28992
b2 - - - - - - - - -
2.500 0.194200 | 0.858392 | 1.228272 | 2.367726 | 1.916167 | 2.087819 | 2.225290 | 2.496618 | 2.366066 | 2.33957
b2 - - - - - - - - -
2.750 0.145850 | 0.381002 | 1.367766 | 1.623140 | 1.935278 | 2.262320 | 2.322737 | 2.878610 | 2.708115 | 2.27577
b2 - - - - - 2459719 - - -
3.000 0.347610 | 0.960613 | 1.208119 | 1.434385 | 2.190531 2.439420 | 2.881440 | 2.876757 | 3.05990:
b2 - - - - - - - - -
3.250 0.297580 | 1.143981 | 1.096898 | 1.764339 | 2.198228 | 2.611646 | 2.752617 | 3.272345 | 3.267405 | 3.51993
b2 - - - - - - - - -
3.500 0.452310 | 1.349851 | 1.449095 | 1.835936 | 2.569710 | 2.658915 | 2.699009 | 3.496710 | 3.584013 | 3.78984:
b2 - - - - - - - - -
3.750 0.309536 | 1.639372 | 1.525580 | 2.213976 | 2.867527 | 2.858651 | 2.928204 | 3.832799 | 3.827527 | 3.82127
b2 - - - - - - - - -
4.000 0.364500 | 1.481885 | 1.707705 | 2.209309 | 3.163874 | 2.858651 | 2.822988 | 3.858930 | 3.918686 | 3.88393
b2 - - - - - - - - -
4.250 0.216830 | 1.443030 | 1.507623 | 2.416420 | 3.075666 | 3.077707 | 3.162026 | 3.641212 | 3.583629 | 3.78943
b3 - - 10.337021 | 0.024964 | 0.046290 | 0.032819 - - 10.068789 | 0.05238
0.500 0.000453 | 0.019890 0.005337 | 0.010682
b3 - - 10.006301 | 0.040429 | 0.049742 | 0.093959 | 0.044373 | 0.066940 | 0.099763 | 0.10487.
0.750 0.003700 | 0.051564
b3 [ 0.030800 | 0.023893 | 0.037281 | 0.031040 | 0.052904 | 0.067515 | 0.070307 | 0.144692 | 0.094942 | 0.15474]
1.000
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b3 | 0.074150 - - -1 0.210770 | 0.154572 | 0.106971 | 0.131526 | 0.213706 | 0.15474
1.250 0.056310 | 0.220640 | 0.042405

b3 | 0.070790 | 0.101288 - | 0.153534 | 0.113296 | 0.123151 | 0.090125 | 0.106114 | 0.184404 | 0.14062
1.500 0.220640

b3 | 0.066200 | 0.126232 - - - - - - - | 0.16037
1.750 0.220640 | 0.200631 | 0.322900 | 0.340089 | 0.417277 | 0.386555 | 0.401961

b3 | 0.050650 | 0.087590 - | 0.192006 | 0.458932 | 0.606394 | 0.658515 | 0.630029 | 0.678288
2.000 0.022064 0.45130:

b3 | 0.033608 | 0.188470 | 0.264176 | 0.676525 | 0.512640 | 0.676586 | 0.721232 | 0.691455 | 0.716206 | 0.73562
2.250

b3 | 0.045700 | 0.250631 | 0.391168 | 0.862860 | 0.581916 | 0.650636 | 0.708428 | 0.790365 | 0.730697 | 0.72334
2.500

b3 | 0.029410 | 0.005263 | 0.361538 | 0.473955 | 0.587120 | 0.717100 | 0.745985 | 0.923098 | 0.888232 | 0.69150
2.750

b3 | 0.110560 | 0.233349 | 0.314976 | 0.395789 | 0.678359 | 0.787635 | 0.780099 | 0.926711 | 0.926771 | 0.99260
3.000

b3 | 0.088986 | 0.285544 | 0.256598 | 0.525127 | 0.675482 | 0.845920 | 0.902249 | 1.074729 | 1.070178 | 1.16254
3.250

b3 | 0.130502 | 0.363345 | 0.379645 | 0.521886 | 0.821664 | 0.853060 | 0.870203 | 1.153075 | 1.183406 | 1.25467
3.500

b3 | 0.085784 | 0.455158 | 0.394496 | 0.656915 | 0.913115 | 0.908642 | 0.942279 | 1.272034 | 1.268936 | 1.26711
3.750

b3 | 0.109153 | 0.372982 | 0.458942 | 0.655489 | 1.028335 | 0.908642 | 0.889634 | 1.281729 | 1.307218 | 1.29086
4.000

b3 | 0.042491 | 0.354063 | 0.377560 | 0.723122 | 0.976271 | 0.979328 | 1.015718 | 1.201078 | 1.178372 | 1.25547.
4.250
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