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    ABSTRACT 

 

 

 

The subject  of the thesis is to  invest igate a potent ial renewable 

strategy for the future in Greece. The main concern is to  suggest ways 

fo r energy saving and minimise cooling energy demands and carbon 

emissions in pr ivate residences. It invest igates the prospect of a more 

promising and eff icient new development in the f ield of passive 

cooling and low energy cooling.  It  looks at ground coo ling using 

earth-to-air  heat exchangers but also covers photovolta ic systems. It  

determines the possib le green electr icit y output o f PV systems which 

could  be used for air  condit ioning. 

Init ia l ly,  an overview of complete ly natural cooling methods and low 

energy methods took place. Moreover information for ground and 

solar energy was included for improving indoor comfort and external 

environment.  

A complete model of a building was created and simulated in an ESP-

r enviro nment accord ing to the Greek cl imate and modern building 

characterist ics. The build ing was bu ilt very recently and is located in 

the suburbs of Athens. The imp lementat ion of PV panels and earth-to-

air  heat  exchangers was invest igated. The resu lts of the energy 

demands and carbon emissions, before and after imp lementing the 

above renewable techno logies, were compared and examined. A 

validation of the two techno logies appeared to make an improvement 

in energy eff iciency and a reduction in carbon emissions.  
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    Chapter 1 Project Overview 

 
 

     1.1 Introduction 

Buildings are responsible for 40-50% of total energy consumption in 

Europe, about two thirds of this amount is used in private build ings.  

[1 ] .  In Greece, the use o f energy in public and private build ings, 

const itutes 30% of total nat ional energy demand and contribu tes about 

40% of carbon dioxide emissions [2] .  The heat ing and cooling of 

build ings consumes the largest amount of domestic energy use [3] .    

Unfortunately in Greece the last three decades, the ambient  

temperatures have risen [4]  and will continue to r ise because of the 

greenhouse effect.  Sales o f a ir condit ioning systems rose dramat ica lly 

in those years. A ir condit ioning units operate to coo l the inter ior 

environment, yet in doing so they heat the exter ior environment, 

increasing demand for cooling. Hot summers and cooling 

requirements are becoming cr it ical factors. The more temperatures 

during the summer increase the more dependent Greece becomes on 

cooling methods. 

Air condit ioning units consume vast amounts of electr icit y. The 

electr ic it y increase becomes more obvious every year. Pub lic Power 

Corporation (PPC S.A.) in Greece, the company that produces and 

supplies e lectr icit y to all the country is unable to  meet electr ic ity 

demand. During the summer months electr icit y production often 

collapses, leaving areas o f Athens without power causing ser ious 

problems to  the public. 

Increased use o f air  condit ioning creates not only a ser ious peak 

electr ic it y load problem but increases the cost of electr icit y which is 

a ser ious problem for the economy.  

The environmenta l impact o f a ir condit ioning equ ipment is very 

considerable. A ir cond it ioning ‘ is uniquely catastrophic from an 

environmental point of view, s ince it  can contr ibute directly to  

atmospher ic ozone deplet ion through the leakage of harmfu l 
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refr igerants. Moreover, it  contr ibutes directly to  global warming 

through the leakage of refr igerants which are powerfu l greenhouse 

gases. And, finally i t  contr ibutes to global warming b y consuming 

large amounts of e lectr icit y and indirect ly releases large quant it ies of 

carbon into the atmosphere.’ [5] 

It is evident that alternat ive renewable solutions to the problem have 

to be adopted soon not only in Greece but in a ll countr ies with similar  

problems in order to improve global environmental co ndit ions. 

The reduction o f energy consumption in build ings can be achieved by 

using an appropriate build ing design and energy effic ient  systems and 

technologies.  

 

     1.2 Building characteristics 

In this project a Greek residence was examined with the fo llowing 

characterist ics:  

1. Built by the end of 2007; 

2. Located in Kapandrit i,  Athens, a small town 35km north of Athens 

(Lat itude = 37°58´N, longitude = 23°43´E and alt i tude = 356 m);  

3. 256m² floor area and 800m³ volume; 

4. The occupancy is a t yp ical family consist ing o f 4  people; 

5. East-west direct ion and sett ing most of the windows in the south of 

the bu ilding; 

6. Two-storied dwell ing; with the ground f loor semi-underground and 

very small windows; and the f irst f loor with large windows and 

balconies that work as shading areas to the ground floor; 

7. A l iving-room, a kitchen and three bedrooms on the ground floor 

and basement usually unoccupied (garage and storage space). 

8. Non separated kitchen (provides heat ing most of the t ime) to  the 

l iv ing room;   

9. Double glaz ing high per formance windows; 

10. Construct ion o f high roofed building; (good air  t ightness and heat  

recovery vent i lat ion) 

11. Use of low conductivit y materials for shell walls and high 

insu lat ion level٭ .   
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 Only about 3% of buildings in Greece have been constructed after ٭

1981 (when heat insu lat ion regu lat ions were put into  effect),  it  may 

be concluded that the l im ited applicat ion of insu lat ion in the majority 

of residences causes s ignif icant energy losses in Greece [15].  

 

The building now is at the fina l stage of construction but is not 

occupied at the moment. Despite the fact that the building is very new 

and has most of the basic techniques to save energy, the owners want  

to take the next step. They are interested  in imp lement ing renewable 

technologies in order to improve the energy effic iency o f the 

build ing. The results wil l be very interesting to show that even new 

build ings can be much more eff icient with natura l and alternat ive 

methods of coo ling. 

As the residence a lread y existed it is obvious that it  would be 

dif ficult to  make changes in the bu ild ing design. An invest igat ion of 

new potent ial technolo gies was carr ied out but it  is important to point  

out that there is no unique solu tion. There are plenty o f environmenta l 

technologies that could  be used but it  was impossible  to examine a ll.  

Info rmation of al l the renewable solutions that can be app licab le to  

exist ing buildings and new designs can be found in the l iterature 

review.  

 

     1.3 Methodology 

The special emphasis of this project is u til is ing energy from the 

ground and energy from the sun to minimise cooling energy and 

carbon product ion relat ive to the air condit ioning technology. 

Work is carr ied out in the fol lowing phases:  

1. First ly, the creat ion of the complete model of the building 

characterist ics in a software programme called “ESP-r” in order to 

predict  the cooling loads in the case of an air  cond it io ned dwell ing 

set at 26ºC. HE 

2. Secondly,  simulat ions carr ied out and results of total cooling 

requirements found.  
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3. Thirdly the creat ion of the complete model of the build ing after  

implement ing PV panels in ESP-r. 

4. Fourthly, simulatio ns carr ied out and results analys is of potent ia l 

power output found. 

5. Fif thly, the analysis of the ground earth-to-air  heat exchanger model 

took place in Excel  in order  to determine the minimum outlet  

temperature of the system that enters the building.  

6. A f inal simulat ion carr ied out in ESP-r in o rder to examine the 

effect on the temperature inside the bu ild ing of the ground earth-to-

air  heat exchangers.  

 

     1.4 Why Photovoltaic systems? 

Solar radiatio n is the main natural source of energy. In a single day,  

the earth receives from the sun an amount of energy greater than that 

by consumed humanity during one year. This impressive quant it y of 

heat is released to the sky. Absorbing so lar energy allows 

achievement of a pleasing comfort in buildings, with a l imited use of 

conventio nal fuels [12 ]. Photovolta ic systems enab le us to take 

advantage o f this incredib le amount  of energy. However, the 

integration of PV into build ing architecture in o rder to  make a direct  

use of solar energy is a challenge. In the integrat ion o f so lar ce ll 

technology into building roo fs and facades projects, designing issues 

and quant ificat ion of PV energy contr ibution are things that need 

fu rther careful stud y [13].  

The main reason for implementing these renewable systems is because 

Greece is an extremely sunny country during the summer. We must  

take advantage of the sun considering that PV panels can be very 

eff icient in these cond it ions. Air-condit ioning units consume very large 

amounts of  electricit y, and so it  is important that the energy is produced 

using clean renewable technologies. 

Photovolta ic systems can produce electr ic current which is a direct  

current (DC) even during cloudy periods . Photovoltaics have a very 

smal l weight and are manufactured in order to function in unfavourable 

condit ions [16]. They can be installed easily on the ground,  on the roofs  
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of  bui ldings or on any other locat ion where l ight  can reach them easily 

[16]. The eff iciency of photovo ltaic power has increased. Over the 

years engineers have worked to increase the effic iency of 

photovoltaic power. Today, commonly available solar panels are 12% 

eff icient [11], which is four t imes greater than only a few years ago. 

In Greece the so lar rad iat ion is approximately 1800kWh/m², a PV 

panel that might have a peak electr ica l output of around 3kW (with an 

area of 30m²) wil l produce almost  4500kWh/year, and enough to  meet 

a family’s demands consist ing of 4 people. [16] 

Other advantages are the low maintenance cost and the long life cycle 

because they do not consume raw mater ials. F inal ly, they do not have 

noisy effects during their  operation and protect  the environment f rom 

pollution of the atmosphere with CO2 emiss ions. [16]  

 

    1.5 Why passive ground cooling/earth-to-air heat exchangers? 

PV panels, even though they can be very eff icient in very sunny 

regions, in genera l they have a very high cost (£3000/kW) [11]. An 

alternat ive approach of coo ling a residence while achieving low 

energy and thermal comfort can be managed through passive ground 

cooling. The main point of using this technolo gy is to avo id the use of 

the a ir  cond it ioning units as much as possible. Passive refers to  

technologies or design features used to cool o r heat bu ild ings without 

power consumption. [6 ]  

Ground coo ling [7]  is the dissipat ion of the excess heat of a build ing 

to the ground. Air is cooled  by circulat ing through underground pipes, 

that play the role of earth-to-air heat exchangers and is then injected 

inside the building.  Earth-to-air heat exchangers are suitab le for 

cooling of build ings and so could  p lay a s ignif icant role in reducing 

CO2 emissions [14 ]. Other advantages are their simplicit y, high 

cooling potent ia l,  low capital,  operational and maintenance cost. A 

large var iety of build ings with earth-to -a ir heat exchangers have been 

designed and monitored, and the performance o f the systems have 

been proven very high [8] .  Ground cooling systems have been used 

successfully in many housing projects [9 , 10]. In particular, the use of 
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earth-to-air  heat exchangers in a new housing development in 

Portugal has contr ibuted to a reduction in the cooling needs by 95% 

compared to an a ir-cond it ioned building, and the mean cost per 

build ing was quite low, at close to 7500 Euros/house [9] .  Similar  

resu lts have been obtained in Greece where earth-to-a ir  heat  

exchangers have been used in a housing complex to provide cooling 

during the summer period  [10 ].  One l imitat ion of this technology is 

that i t  cannot be used in the cit y centre as land space is required, and 

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

 
 
      2.1 History of buildings 

High consumption o f electr ic it y for mechanical coo ling has a lready 

caused power outages in some developed countr ies such as Greece as 

was ment ioned before. First of al l,  we have to go back to  the roots of 

architecture and search for alternat ive solutions. In Ancient t imes,  

technologies had been used fo r energy saving and passive cooling,  

when e lectr ica l power of course was not available.  

Correct or ientat ion of dwell ings fo r hav ing houses cool in summer 

and warm in winter f irst took place in Greece 2500 years ago [1] .  

Romans were the f irst to  use double f loors for heating where heat  

from a f ire passed through cavit ies in the f loor. Also Romans were 

pioneers in covering windows with materials l ike mica or glass so  

l ight was admitted into the house without let t ing in wind and rain [2] .   

In 1200 A.D., the Anasazi (regarded as ancestors of Pueblo Indians in 

North America) built cl i f f dwell ings that captured the winter sun [3] .  

The Iraqis on the other hand util ised the wind to  take advantage of the 

night cool air  and provide a cooler environment during the day. 

Add it ionally, running water was in use to provide evaporative cooling 

[4 -5 ].   

In 1960s, house comfort condit ions were only for the few. Since then 

centra l a ir  cond it ioning systems have become common in many 

countries due to the development of mechanical refrigerat ion and the 

rise in l iv ing standards. [4]  

Oil cr ises s ince the 1970s and global warming have compelled  

governments and engineers to examine environmenta lly fr iend ly 

build ing design and control.  Passive and low-energy coo ling of 

build ings have won a lot of interest la tely as an energy eff icient  

alternat ive to mechanical cooling. [4] 
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     2.2 Environmental friendly design  

The design of buildings emplo ying low energy cooling techno logies,  

however, presents technica l dif ficult ies and requires advanced 

modell ing and control techniques to ensure effic ient operation. 

The ro le o f engineers is very important , especially with respect to  

solar energy control,  uti l isat ion o f thermal mass and correct 

venti lat ion of a building. In effective solar energy control,  summer 

heat ga ins must be reduced while winter solar heat ga ins must be 

maximized. To move towards low energy consumption in build ings, 

the primary ro le of build ing design must be realised, as well as of the 

util isat io n of renewable t ypes of energy. [6-8] 

The main co ncern that needs to be ensured in buildings is thermal 

comfort. ‘ Comfort is inf luenced by the air  temperature and by the 

temperature o f the surrounding surfaces. This can be achieved by the 

proper orientat ion and shape o f the build ing, the use of shad ing 

devices and the se lect ion of proper construction materia ls. Thermal 

mass, especia lly in hot cl imates can be used to reduce high cooling 

loads, reduce energy consumption and mainta in a balanced indoor 

temperature. ’ [9]  

Bioclimat ic design is one o f the best  approaches to reduce the energy 

cost in build ings. Bu ild ings should be designed according to the 

cl imate of the site, reducing the need for mechanical heat ing or 

cooling. Hence maximum natural energy can be used for creating a 

pleasant environment inside buildings.  The application o f s imple 

passive cooling methods can be effect ive in reducing cooling loads of 

domestic dwell ings in ho t c limates. By using a combinat ion o f well-

estab lished technologies such as glaz ing, shad ing, insulat ion, and 

natural vent i lat ion, 43% reductions can be achieved. More advanced 

passive cooling techniques such as roof pond, dynamic insulat ion, and 

evaporative water jacket need to be considered more closely, and wil l  

be d iscussed later. [6-10] 

Bioclimat ic structures are built in such a way that, during the winter  

months, exposure to  cold temperatures is minimised and so lar  ga ins 

are maximised; while during the summer, b ioclimat ic structures are 

shaded from the sun and var ious cooling techniques are emplo yed, 
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often with the aid of renewable energy sources [11-13].  A bioclimat ic  

build ing may be so economically effic ient  that  it  consumes 10 t imes 

less energy for heat ing compared to  a convent ional European building 

[14]. The add it ional cost of a  typ ica l b ioclimat ic structure is usually 

around 3–5% and in most cases less than 10%; this cost is  usually 

returned within a few years [15 ]. Bioclimat ic techno logies (such as 

passive solar systems) may also be retrof itted  to exist ing structures 

although, in such cases, the cost is t yp ically a  l it t le higher [16]. In 

addit ion to  the conservation o f energy, bioclimat ic architecture may 

improve day l ight ing and indoor thermal comfort condit ions.  

The energy eff ic iency of a building based on bioclimat ic pr inciples is 

determined by a set of environmenta l,  technica l and usage factors. 

First of a l l,  the locat ion of a build ing is a major determinant;  

geographic la titude that  is re lated  to mean temperature (with lower  

temperatures in places o f greater lat itude) should  be a major 

inf luence. A lso, the locat ion of a build ing in an area with cont inenta l 

cl imate increases dryness and thermal variat ion while locat ion in the 

Mediterranean implies mild winters and relat ively coo l summers ( i.e. 

lack of temperature extremes). Add itional factors inc lude alt itude 

(absolute height above sea level) that is assoc iated  with a fal l  in 

average temperature, an increase in temperature variat ion and a fa l l  in 

humid ity; topographic re l ief that is re lated to microclimat ic variat ions 

especially in relat ion to the sun and prevailing winds; and vegetat ion 

that promotes thermal stabil it y and increases humidit y. [10] 

Bioclimat ic architecture l iterature recognizes the fo l lowing factors to  

be taken into account in build ing co nstruction [17]: 

- Topography, e.g. slope, site or ientat ion, s ite views; 

- Movement o f the sun and its impact during the year ( i.e. so lar  

alt i tude and azimuth); 

- Climatic  condit ions including prevail ing wind patterns, incoming 

solar radiat ion, temperature, air  moisture; 

- Environmental cond it ions such as daylight and shading of the 

construct ion site; daylight may reduce consumption of art i f icia l 

l ighting from 40 to  80% [18]; 

- Mass, volume and size of build ing; 
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- Local architectural standards and availabil ity of loca l build ing 

mater ials. 

Environmenta l design strategy takes into consideration the 

harmonious existence o f the loca l c limate. In this way it b rings us 

near to an ecological awareness that encourages the building industry 

to take into account local condit ions and characterist ics in 

construction.  

 

      2.3 Alternative cooling approach  

Advanced building structure that can minimise the energy wastage 

and improve thermal comfort presents a considerab le challenge as was 

ment ioned above. This l iterature review inc ludes all aspects of 

technology and build ing design dealing with vent i lat ion and passive 

cooling techniques able to minimise cooling requirements of domestic 

dwell ings.  

Low energy cooling techno logies can be app lied, alone or in 

combinat io n, to meet the cooling needs. There are many 

unconvent ional passive cooling techno logies which can be applied to  

resident ial build ings which are being developed in various summer 

circumstances.  

The effic iency o f a l l low energy cooling technologies depends on 

environmental condit ions like ambient  temperature and humidit y. 

Intensive research has been carr ied out in recent years to  develop new 

technologies; components, mater ials and techniques that permit  the 

decrease or even elim inat ion of the cooling demand of build ings.  

Vent i lat ion in build ings permits the decrease of the coo ling demand, 

improves comfort condit ions and decreases indoor pollu tion. [5]    

      

     2.4 Natural cooling techniques 

   2.4.1 Night cooling  

In this system, cool night  a ir is used to remove heat from the inter ior 

of a bu ilding. The outdoor air can enter into the build ing naturally,  

mechanica lly or with bo th methods. During natural vent i lat ion, air  
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enters into  the build ing through intent ional openings left to util ise 

either the indoor/ou tdoor temperature dif ferences (stack effect) or the 

wind pressures. [1]  

The prevail ing wind is uti l ised, to take advantage of the cool night air  

and provides a cooler environment during the day. In mechanica l 

venti lat ion a fan and a duct system can be used to force a ir into the 

build ing. Natural night cooling is an unre liab le method for air  qualit y, 

quant it y and controllab ilit y. Its e ffect depends largely o n the 

magnitude of heat gains and venti lat ion rates. The building mass is of 

great importance when night cooling is used, since a large mass wil l  

absorb greater amounts of heat load during the day [25]. 

 

   2.4.2 Evaporating  coo ling 

Evaporation is the phase change of water  from l iquid to vapour. This 

is accompanied by the absorption of large amounts of heat  from the 

air  or the surface where evaporation takes place. Evaporating cooling 

systems can be direct or indirect. [34] 

In direct evaporative cooling, the water content of the cooled air  

increases s ince a ir is in contact with the evaporated water, while in 

indirect evaporative cooling,  evaporation occurs inside a heat  

exchanger and water co ntent of the coo led air  remains unchanged. 

When evaporation occurs naturally, this is ca lled passive evaporation. 

A space can be cooled by passive evaporation provided that there are 

surfaces of stagnant or moving water, l ike basins or founta ins. [26 ] 

Advantages of evaporative cooling systems over convent ional air-

condit ioners include the provision of large vent i lat ion rates, about 10 

t imes higher than a ir-condit ioning systems and energy savings of 75% 

are achieved. Moreover they do not require signif icant maintenance 

and their fabricat ion and insta llat ion, are easy and low cost. The main 

disadvantage however, is that it  can not be applied in humid  regions 

[26] but only to dry c limates [34]. 
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   2.4.3 Radiative cooling 

Radiat ive coo ling is based on the heat loss b y emission of long wave 

radiat ion, from a body towards another body of lower temperature. 

This technique can be successfu lly app lied in buildings. Bu ild ings 

radiate in the long wave range and the heat s ink is the sky, since the 

temperature of the space around us is lower than the temperature of 

most objects on earth. In passive or direct radiat ive coo ling;  the 

build ing envelope radiates naturally because o f its temperature, thus 

increasing the heat  loss from the indoor environment of the building,  

without the presence of any t ype of mechanica l device. [26] 

 

2.5 Low energy and natural cooling technologies 

 

�  Reflect ive or cool materials  

Reflect ive mater ials when compared to a convent ional mater ial of the 

same co lour present a surface temperature which is up  to 15 ºC lower. 

The combinat ion of cool mater ia ls with green spaces and heat s inks 

can contr ibu te to a considerable decrease in the ambient temperature. 

[20] 

 

�  Solar and heat p ro tection  

The main progress regarding solar contro l of transparent components 

comes from the development of switchable glaz ing technology.  

Electro-chromic glaz ing has been considerably improved and is 

commercial ly available but is very expensive. Solar and heat  

protection o f non-transparent components can be achieved b y using 

ref lect ive coatings on the roofs of build ings. Extensive outdoor 

testing o f cool white coat ings during the summer per iod has shown 

that they present surface temperatures that are a lmost 12 K lower than 

ref lect ive aluminium paints and more than 16 K lower than s i lver gray 

ref lect ive coatings. In paralle l,  coloured cool coatings tested outdoors 

against convent ional coat ings of the same colour gave a reduction in 

the surface temperature of up to 10.2 K. [21] 
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�  Heat d issipat ion  

Heat dissipat ion techniques are re lated  to the use of a low temperature 

heat s ink to  dissipate the excess heat  from buildings. Ambient air ,  

water, ground and the sky are the more important heat  sinks. For 

example,  the use o f the ground for heat d issipat ion through the use of 

earth-to-air  heat exchangers has gained increasing acceptance. [26] 

(Further informatio n is p resented in Chapter 5)  

 

�  Advanced vent i lat ion  

Natural vent i lat ion is a very old technique for cooling. Important  

research has been carr ied  out recent ly on appropriate and advanced 

venti lat ion techniques [22]. 

The main achievements o f advanced vent i lat ion techniques are in two 

aspects: 

-  Better u nderstanding of air f low phenomena and of the expected 

comfort benefits, in particular in the dense urban environment and the 

development of e ff icient and pract ical p rocedures to design natura l 

and hybr id vent i lat ion systems and configurations [23 ,24]; 

-  Techno logical developments mainly in the fie ld of hybrid  and 

mechanica l venti lat ion that contr ibute s ignif icant ly to a more 

comfortable and healthy indoor environment. [22 ] 

 

�   Solar chimneys 

The use of solar chimneys to enhance air flow in buildings is a well 

known technique that can easily be integrated into low-income 

households. Solar chimneys are natural draft components, using so lar  

energy to build up stack pressure and thus driv ing an a irf low through 

the chimney channel. Solar chimneys can improve the vent i lat ion rate 

in naturally vent i lated buildings in hot cl imates [27, 28]. It  is found 

that the impact o f solar chimneys is substantia l in inducing natural 

venti lat ion at low wind speeds. Recent research has permitted  

optimizat ion of the design and operation of solar chimneys and thus 

the improvement of indoor environmental condit ions in hot cl imates. 

[29–31] 
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�  Wind towers 

Wind towers are well known as they are tradit ionally used in the 

Middle Eastern and Persian architecture. Air  enters the towers at the 

higher part of the windward facade and leaves at the lower part which 

is connected to  the build ing. The a ir may be coo led by evaporative or 

convect ive cooling through the tower. Recent developments invo lve 

towers where the a ir is fo rced through wetted  pads to decrease 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 wil l he lp to determine the effect of the building 

design, such as the wall insulation, windows shape and size and the 

contr ibu tion of daylight to the heat ing and cooling requirements.  

Bu ilding s imulat ions in ESP-r were run in order to pred ict the cooling 

potent ial in the case of air  condit ioning, but also invest igate the 

build ing design and the potential methods to save energy.  

 

      3.2 ESP-r  

Building s imulat ion is a method for invest igat ing the bu ilding design 

and the potent ial methods to save energy. In order to simulate the 

build ing performance, the ESP-r programme (Environmenta l Systems 

Performance and Research) was used.  

ESP-r is a computing programme for the simulat ion of the thermal, 

visual and acoustic performance of build ings.  Also the assessment of 

the energy use and gaseous emissions associated with the 

environmental control systems and constructional mater ials.  

ESP-r is capab le of modell ing the energy and flu id  flows within 

combined building and plant systems when constrained to conform to 

control act ion. Zones within a building are def ined in terms of 

geometry, construction and usage profiles. These zones are then inter-

locked to form a building or just a part .  The p lant network can be 

defined by connect ing ind ividual components. F ina lly, the mult i-zone 

build ing and mult i-component p lant are connected and sub jected to 

simulat ion processing against user-def ined control. The control data 

must contain standard constructions,  event profi les and plant  

components. 
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      3.3 Temperature history in Greece  

Athens is character ised by a warm Mediterranean cl imate with mild  

and relat ive ly wet winters and warm dry summers. Mean monthly 

maximum ambient temperatures for the hot period June to September 

are between 25.6 – 35.8°C.  

To start the model it  was important to  compile a ll the temperature 

histo ry for certain period in order to ensu re that the year chosen is in 

some way representat ive of the weather in the area. 

The source was the Nat ional Technical Universit y of Athens 

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

Campus, about 4.5 km east of Plate ia Syntagmatos, on the west feet of 

Mount Hymettus. The webpage provides humid ity and air  temperature, 

rainfal l,  so lar rad iat ion, barometr ic pressure, wind speed, wind gust, 

wind  direct ion and also sunshine duration collected by each one of the 

sensors. The data is stored in periods of 10 minutes. One of the 

sensors has been active s ince 1999 while the others were started later. 

Therefore, the per iod studied  is from 1999 to 2007. The table below 

shows the average temperature calculated fo r June, July and August : 
 

Y / M June  July  August  

1999  26,096 27,384 27,872 

2000  25,310 29,105 27,290 

2001  24,943 28,343 28,346 

2002  25,383 28,029 26,439 

2003  26,584 27,648 28,038 

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 27,590 

 

The table shows that the summer temperature for the year 1999 was 

similar to  summer temperatures fo r the last 8 years. The year of 1999 

is a t yp ical meteorological year for Greece. Therefore all the resu lts 

before and after the implementation of renewable techno logies are 

expected to be realist ic for the current year.  
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      3.4 Model Definition  

ESP-r was used to build a detailed model of the exist ing residence: 

The process of modell ing the building is descr ibed below: 

1. Import of the Hellenic cl imate f i les; 

2. Creat ion of the zones of the building;  

3. Creat ion of the t yp ical Greek mater ia ls and components;  

4. A simple operational profi le; 

5. Attr ibution of contro l characterist ics; 

6. Shading and insolation analysis of the building; 

7. Simulat ions and resu lts analysis. 

 

   3.4.1 Import the cl imate f i les for the year of 1999 

Period of s imulat ions: Fr i-01-Jan at  00h30 to Thu-30-Dec at 23h30 

fo r the year 1999. Ambient db temperature:   

- Maximum: 36.9ºC in 06-Aug at 14h30                        

- Minimum: 2.1ºC in 26-Dec at 04h30                                                                                                  

 

   3.4.2 Creation of the zones of the building 

In order to simulate the building, 3 zones were built (construction b y 

dimensio n input and vertices). 

 
Fig. 1 Greek modern  residence (The whole bu ild ing) 

 

The zones are descr ibed analyt ically in the appendix on page 65. 



MSc in Energy Systems and the Environment 29

Some simplif icat ions were app lied in the init ia l arrangement of the 

residence in order to run the ESP-r programme: 

1. Two windows assumed as a larger window (only in one wall) .   

2. The zones co nforming the ground floor were s implif ied  as two 

polygons with a ll the angles at 90 degrees. 

3. The roof had to be rearranged taking in account the distr ibution of 

zones A and B. 

 

The f inal model was built taking into account the internal d imensions 

of the residence. 

 

   3.4.3 Creation of typical Greek materials and components 

Layers of several materia ls construct the bu ild ing component. The 

exact  mater ials used in the building are l isted in the append ix on page 

66. 

 

   3.4.4 A simple operational prof i le added in each zone. 

ESP-r supports zone operational characterist ics in terms of weekdays  

and two separate weekend days (Saturday and Sunday). Casual gains 

(e.g. people, l ight,  small power) are one operational character ist ic of 

a zone and schedules of inf i ltrat ion (air  from the outside via  

intent ional sources such as fans or unintent ional sources such as 

cracks in the facade) and there are a l imited  number of contro ls you 

can impose on inf i ltrat ion schedules. That exerc ises the 

environmental system and provides an ear ly c lue as to the relat ionship  

between building use and system demands. Sensible and latent ga ins 

were input for residents. 

The fo l lowing operational f i le and t imetable was attr ibu ted to  each 

zone:   

In the bedrooms are usually 4 people, with 10W/m² light ing and 200W 

equipment. The occupancy changes throughout the day ( from 0h00 ti l l 

7h00, 7h00 ti l l 8h00, 8h00 til l  16h00, and from 16h00 ti l l 0h00) and 

(from 0h00 til l 9h00, 9h00 til l 0h00) on the weekend. 
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In the l iving room, kitchen and bedroom there are usually the same 4  

people, with 10W/m² l ight ing and 400W equipment. The occupancy 

changes throughout the day ( from 7h00 til l 8h00, 8h00 til l 9h00, 9h00 

til l 16h00, and from 16h00 ti l l 0h00) and (from 0h00 til l 9h00, 9h00 

til l 0h00) on the weekend. The basement is not occupied. 

 

     3 .4.5 Attribution of dif ferent control characteristics  

Control funct ions were at tr ibu ted to all zones. The contro l period was 

the same with the operational profi le. A s imple infi ltrat ion system 

was used with 0.5AC/h air  f low with a maximum cooling and heat ing 

capacity amount of 70000Watt available to meet the demands. A lso, a 

set po int at  20ºC for heat ing and a set point  at 26ºC for cooling, in 

zone a and zone b . Finally, a set point at 17ºC for heat ing and a set 

point at 28ºC fo r cooling in zone c. 

 

   3.4.6 Shading and insolation analysis of the building  

The shad ing b locks are the balconies of the build ing that affect  

sunlight  reaching the basement. After the def init ion o f the shad ing 

blocks an insolat ion analysis was perfo rmed for al l of zone c that  was 

shaded. 

 

   3.4.7 Simulations and Results ana lysis 

Simulat ions fo r al l zones for the who le year of 1999   

Table 1, Total heating  requirements and the number of heating hours 

 

 Heat ing hours (h) Heat ing required 

(kWhrs) 

zone a 2896 3026 

zone b 2594 2594 

zone c 3785 3323 

Total   8583 8943 
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 Cool ing hours (h) Cool ing required 

(kWhrs) 

zone a 2010 -1482 

zone b 1722 -3804     

zone c 0 0 

Total   3732 -5286 

     Table 2, Total cooling requ irements and the number of cooling hours 

 

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

 

 Heat ing 

hours 

(h) 

Heat ing 

required 

(kWhrs) 

kWat ts Watts 

zone a 1656 1816 1.1 1100 

zone b 1115 1776 1.6 1600 

zone c 2134 2297 1.7 1700 

Total ٭4400       

      Table 3, Total heating requ irements and the number of heating hours 

 

This va٭   lue is not realist ic, the idea is to show the heat ing  

requirements. In fact air-condit ioning is not being used in Greece for 

heat ing. It  consumes vast amounts of power; the t ypical way to heat a  

house during winter is through centra l heating radiators. 

The project main a im remains to determine the cooling requirements 

during the summer period . Diagrams show analyt ica lly what is go ing 

on through the whole period in every zone depend ing on the 

occupancy (operating profile and different contro l characterist ics) see 

the appendix on page 69.  
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      Simulat ions from 1 /6 – 30 /8/1999 (summer period) 

                     

 Cool ing 

hours 

(h) 

Cool ing 

required 

(kWhrs) 

kWatts Watts 

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 requ irements and the number of cooling hours 
                                                                                                                                 

,This value is real٭   air-condit ioning is the typ ica l way to  meet the 

cooling requ irements in Greece during summer.  

 

      3.5 Discussion   

It  can be seen from the resu lts that Greek cl imate is a typ ica l 

Mediterranean cl imate with a very hot summer and a cold winter. The 

total results show signif icant amounts o f heat ing and cooling required 

fo r al l the year in order achieve thermal comfort fo r the occupants. 

If we consider that 1 kWh of electr ic it y p roduces 0.41kg of carbon 

dioxide (Centre for Alternative Technology), the residence during 

summer produces 3230kWhs x 0.41kg = 1292kg carbon dioxide by the 

use of air-condit ioning in order to  keep a constant temperature of 

26ºC inside the building. 

Heat ing requ irements during winter for zone c are the highest even 

though the temperature set po int fo r heating was only at  18ºC and that  

is based on the fol lowing reasons: 

-  Unoccupied zone;  

-  Very low sunlight because of the balconies of the ground 

f loor; 

-  Small/narrow windows  

-  Most of the zone is underground. 
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For these same reasons zone c has zero  cooling requirements during 

the summer. This show how important is to keep a balance in cooling 

and heat ing requ irements b y using the correct design techniques. 

Cooling requirements fo r zone a and zone b are higher than zone c  

because they receive direct sunlight.  

It  is necessary at this po int to try to  f ind more sustainable and 

environmental solut ions in order to save energy and reduce carbon 

emissions in maintaining a safe and productive environment for the 

occupants. The residence has a building design with high cooling 

demands for zone a and b. The cr it ica l factor in mechanical systems 

energy consumption, such as air-cond it ioning,  is  reducing cooling 

loads and carbon emissions by integrat ing renewable techno logies.  
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    Chapter 4 ‘Energy from the sun’  

     

     Chapter 4a Theoretical part  

 
 
 

       4a.1 Introduction  

In chapter 2, build ing design techniques were introduced in order to 

protect a build ing from the sun during the summer and to save 

energy fo r cooling needs. In this chapter are l isted some 

technologies that actually take advantage of the sun.  

Today, so lar power is used in two primary forms: thermal so lar, 

where the heat of the sun is used to heat  water or another working 

f lu id, which drives turbines or other machinery to create electr icit y;  

and photovoltaic, where e lectr ic ity is produced direct ly from the 

sun with no  moving parts.  

During the design process, f ina l costs of low energy coo ling 

technologies should be considered, against the pr ice o f electr icit y 

required to power e lectr ica lly dr iven cooling equ ipment, which 

strongly depends on the way e lectr icit y is produced. [1]  

Due to the great quantit y of solar energy and the high ambient  

temperatures available in ho t dry c l imates, a direct  solar cooling 

system could meet a large part of the daily cooling load. There are 

plenty of techniques considered as hybr id  (controlled  naturally and 

mechanically),  vent i lat ion inc luding night  venti lation, thermo-

act ive bu ilding mass systems with a free cooling tower or ground 

heat exchangers. But for resident ial build ings, the electr icit y 

demand remains one of the crucial e lements to  meet the 

requirements [2 ] .  
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     4a.2 Photovoltaics system  
 

 
 

Photovoltaics or PV panels were first developed in the 1950s in the 

space industry for use on satell i tes, but interest  in their use emerged 

with fuel cr isis of the ear ly 1970s. Since then, there has been a stead y 

growth in their global use. [3]  

Photovoltaics are manufactured from special semiconductor materials 

that use the energy o f the photons from so lar rad iat ion str iking the 

cell to  produce an electr ic current [5] ,  through the "photovoltaic  

effect".    

The "photovoltaic e ffect" is the basic physica l p rocess through which 

a solar ce ll converts sunlight into  electr ic it y. Sunlight is composed of 

photons that conta in var ious amounts of energy corresponding to the 

dif ferent wavelengths of l ight.  When p hotons str ike a solar cell,  they 

may be ref lected or absorbed, or may pass r ight  through. When a 

photon is absorbed, the energy o f the photon is transferred to an 

electron in an atom of the ce ll which is actually a semiconductor. The 

electron is able to escape from its normal posit ion associated  with 

that atom to become part of the current in an electr ical circuit.  By 

leaving this posit ion, the electron causes a hole to form. Specia l 

electr ical properties of the so lar cell a built- in e lectr ic f ield (with a 

P-N junct ion٭)  provide the voltage needed to dr ive the current 

through an external load. [16 ] 

 

P-N junct ٭ ion 

The basic structure formed by the contact of P-type and N-type 

semico nductors, a posit ive-negat ive (P-N) junct ion.  
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[14 ]  "Photovoltaic effect" 

 

The most common materia l used in PV panels is  si l icon, which is 

usually doped with phosphorus or similar mater ial to ensure that free 

electrons are released when the materia ls absorbs the incident  

photons. The ce lls a lso incorporate a conducting meta ll ic  mesh so that 

as many of the free electrons as possib le can be collected. [5 ] 

 

   4a.2.1 Energy produced 

A typ ical PV solar panel consists of many ind ividual solar cells  

connected together so that enough current  can be generated to  provide 

power to the external load. The eff iciency of these panels, defined the 

electr ical power output divided by the solar insolat io n input, is  

around 10-15% for most commercial crysta ll ine s i l icon PV panels, 

and about one-half of these va lues fo r the cheaper amorphous si l icon 

panels. Groups of individual cells are connected together in ser ies to  

increase the vo ltage; usually to between 12 and 24V DC, and then 

these groups are connected in para llel to form a complete panel. [5]  

A photovo lta ic cell with an area of 1m² shou ld produce approximately 

3.5A in strong sunlight. [4]  

A typ ical US home uses 5000kWh of electrical energy per year, or on 

average nearly 15kWh per day. In a region with an average insolat ion 

of 5kWh/m² per day, this indicates that a solar co llector area of some 

30m² wou ld be required  to meet the to tal electr ical requirements, 
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assuming an average of eff iciency of 10%. The 30m² of PV panel 

might have a peak electr ical output of around 3.5kW, which should  

accommodate most o f the e lectr ica l load from the house while is  in 

direct su nlight. However, there is usually a mismatch between peak 

generat ing capacit y and househo ld electr ical demand. [5]  

Manufacturers subject their photovo lta ic modu les to a standard test  

condit ion o f a solar irradiance of 1000W/m² at an operating 

temperature of 25ºC, which approximately equ ivalent to the so lar  

radiat ion which would  be experienced by a horizontal surface, at  

noon, in June in Saudi Arabia. It shou ld be noted that the performance 

of photovoltaic modules drops off as the ambient air  temperature 

increases above 25ºC. This is of pract ical importance as photovoltaic  

modules are often used in environments which are much warmer than 

25ºC. It has been ca lcula ted that operating power reduces by about 

0.5% for every 1ºC increase, thus a 100W module (rated at 25ºC) 

when operating at 41ºC would actually produce only 92W. [3]  

The energy payback fo r PV systems is dependent on the available  

solar resource and on the degree to which the system is operational.   

 

   4a.2.2 Examples of photovoltaic panels integra ted in build ing  

a)  Installat ion in Torre Garena [6] : The solar PV installat ion is 

located on the roof and on the facade of the build ing, giving a total 

power of 85kWatts. The insta llat ion on the facade of the building is 

comprised of 948 BP 380 photovoltaic panels. The build ing’s facade 

and roof include two dif ferent solar PV power generatio n plants. 

The PV insta llat ion o n the facade has been built using 948 

photovoltaic modu les manufactured by BP solar. This installat ion has 

a total power of 75840Watts, represent ing a savings of 85  tonnes of 

carbon emissions per year. These modules have been insta lled at a  

608 gradient to take ful l advantage of the available sunlight. The BP 

380 modu les have been manufactured using state of the art  

polycrysta lline techno logy and consist of 36 cells with ant iref lect ion 

coating connected in series. Each panel has a nominal power of 

80Watts. The roof app licat ion incorporates an array o f 93  glass-glass 
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modules of polycr ystall ine solar cells each with nominal power of 

100Watts. They are located on the south facing roo f with a gradient of 

308, being perfectly integrated into the build ing’s design. 

 

 
 

Photo 1 PV installation in Torre, Garena/ Spa in 

 

b) The Beddington Zero Energy Development (BedZED) [7] is the 

UK's largest carbon-neutral eco-communit y. Only energy from 

renewable sources is used to meet the energy needs of the 

development. The design is to a very high standard and is used to 

enhance the environmental dimensions, with strong emphasis not only 

to solar energy but on roof gardens, sunlight  and reduction of energy 

consumption, waste water, recyc ling natural,  recyc led or recla imed 

mater ials with low embodied energy.  
 

 
Photo 2 BedZED in UK 

 

c) 

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

Greece is located in a major geographica l region with r ich and 

reliable supply of so lar energy, even during the winter. Despite the 

excellent solar potentia l of Greece, development of PV systems for 

electr ic it y generat ion had been hindered due to  their high installat ion 

cost [15]. Last years subsidies up to 60% of the to tal pr ice are given 

in order to motivate people. Solar water heating systems are much 

more commonly used. 
 

 

     Fig. 1 Solar potential zones in Greece [8]   

 

      4a.4 Solar water heating system 

Solar water heat ing system can be used in order to reduce the energy 

use of the residences. 

 

Fig 2 Typ ical domestic solar water heating systems [9]  
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Solar ho t water systems are devices that uti l ise sun’s energy to  

direct ly heat  water provid ing it  to the recip ients. Such systems 

typ ica lly integrate a roo f-mounted solar  collector, an insulated hot 

water storage tank and a hydraulic heat transport system with sensors 

and controls. A so lar collector receives solar irradiance and converts 

it  into  heat. To minimise heat losses the collector is thermally 

insu lated  and has a transparent cover made of specia l glass or plast ic. 

Hot water is circulated to and from the storage tank by means of a  

circulat ion pump, or by gravit y as in the thermos phonic  systems (the 

lat ter being the most commonly used in Greece). Such a system may 

provide more than 2 /3 of the annual hot water demand, while a 

conventio nal heat source (such as a gas-o il boiler or an e lectr ic  

heater) provides the rest. [9]  

 

      4a.5 Further solar technologies 

Using more commercial t ypes o f technologies in the fu ture is a  

challenge fo r Greece. Moreover, there are more solar types of 

technology exist ing and not very widely known. These are planned to 

replace the air-condit ioning units proposing more environmenta l 

solu tions. Here is a l ist of some of these types:  

 

1.  Solar cooling systems (most o f them are not commercia l yet) [1]    

-  Solar sorption cooling;  

-  Solar-mechanical systems;  

-  Solar related air  cond it ioning٭  

 

The effect of solar collector area, t ٭ ilt  angle, and storage tank s ize 

must be invest igated for var ious types of loads (coo ling or combined 

cooling and domestic  hot water loads), single or double glazing 

collectors and degree o f atmospher ic turbulence which affects the top  

loss coeffic ient of the collector f ield . The expected payback for so lar  

air  co ndit ioning was found to  be considerably long, owing to the 

relat ive ly low cost of electr ical energy which is usually subsidized for 

socioeconomic reasons and to the complexit y to account and quantify 
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the costs of environmental pollut ion in the ca lcu lat ions. The prospects 

of solar air  condit ioning are expected to further improve with a 

growth of a loca l bu ild ing comfort branch of the solar industry and 

especially i f  solar  heat ing wil l be accounted as a potent ial option to  

provide year round comfort,  using the same main solar system 

components.  [11] UN 

GLAZED TRANSPIRED SOLAR COLLECTOR 

2.  Combining solar energy with other sources o f energy in order to 

increase eff iciency. 

For example the heat ing and coo ling sys tem of the bu ild ings can be 

met with combining so lar energy with geothermal energy. In 

particu lar, the integration of solar co llectors to  a geothermal heat  

pumps system can be used for the heat ing and cooling o f the 

build ings. [10] 
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Chapter 4b Integrating renewable technologies 1/ 
PV panels 

 

 

 

     4b.1 Introduction 

ESP-r wil l help to  calcu late the power ou tput o f PV panels and to 

determine the ir feasib il it y in meeting the cooling requ irements in the 

case of an a ir-condit ioned residence.  
 

     4b.2 Model Description 

 

Fig 1 PV panels installation (wi th grey colour) 

 

The procedure is descr ibed in the fo llowing list : 

 

1. Add PV panels 

Photovoltaic modu les BP 380 were added on the south roof. The exact  

placements on the roof of zones a and b are shown in f ig 1. The total 

surface of 1 PV panel is 0 .53m x 1.197m = 0.634441m². The total 

surface area in zone a, is 7 .424m², so the maximum number of PV 

panels is 11. And, the to tal surface area in zone b is 10.047m², so the 

maximum number of PV panels is 15. 
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26 PV panels is the total number o f installation which is the maximum 

number the building can get.  

 

2. Change the composite construction database fo r the two surfaces.  

The exact materia ls used in the build ing are l isted in the appendix on 

page 71. 

     Constructio n and materials [12]: 

• 36  mult icr ystall ine s i l icon solar cells in ser ies, eff iciency enhanced 

by improved cell coat ing; 

• Cells are laminated between sheets o f ethylene vinyl acetate 

(Tedlar) and high transmissivit y low-iron 3 mm tempered glasses; 

• Frame strength exceeds requirements of cert ifying agencies. 

Materia l and optica l properties for the Tedlar: 

� Conductiv ity:  0.4W/mdegC 

� Densit y:           1500kg/m3 

� Specif ic Heat :  1760J/kgdegC 

� Emisivit y:         0 .9 

� Absorptivit y:    0.5W/Mk2 

 

The e lectr ica l characterist ics of BP 380 are [13]: 

• Pmax (nominal maximum power):           80W 

• V oc (open circuit vo ltage):             22.1V  

• I sc (short circu it current) :                4.8A  

• V mp p (max power point voltage):    17.6V  

• I mp p (max power point current) :      4.55A 

The Mechanica l Character ist ics of BP 380 are: 

Weight : 7.7  kg (17 pounds) 

Dimensions: 1197mm x 530mm x 20 mm  

 

     4b.3 Simulations and Results analysis 

Simulat ion for the whole year of 1999   

Simulat ion was run for zones a and b considered for PV panels power 

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

the minimum 0 for 01-Jan at 00h30. The mean Pout is 35.2W per day.         

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

the minimum 0 for 01-Jan at 00h30. The mean Pout is 35.2W per day.         
 

 
                                                                                                       

 

 

Simulat ions from 1/6 – 30/8/1999 (summer period),  

Simulat ion was run in order to calculate the power output of PV 

panels and to determine their feasibi l i ty in meet ing the cooling 

requirements in the case of an a ir-condit ioned residence. 
 

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

minimum 0 for 02-Jun at 06h00. The mean Pout is 29.4W per day.  

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

minimum 0 for 02-Jun at 06h00. The mean Pout is 29.9W per day.  
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     4b.4 Discussion   

Photovoltaics can be more effic ient and produce more electr ic it y 

generat ion during the day, during the night the e lectr ic ity is a lmost  

zero. A better understanding of this can be achieved through the 

above graphs. Also a remarkable resu lt from the simulat ion for the 

who le year is that the maximum mean value 35.2W per day in both 

zones a, b was in Apri l.  This means that PV panels are more eff icient  

during the spring period than in summer.  

For this pro ject we are going to focus on the results of the summer 

period and see if the total cooling requirements can be met. These 

were ca lculated as 3230Watts in chapter 3 which means 35.9Watts per 

day.  In order to determine the impact of photovo ltaics on a building 

and gain a genera l idea o f how benefic ia l is; we must know the exact 

total energy delivery to  the gr id, the total energy savings and the tota l 

avo ided emissions in CO2.  PV solar ce lls which are installed with an 

optimum power output of about 1 kW, in a year’s period o f operation 

can save around 1300kWh of electr ical energy and 800kg o f CO2 

emissions.  

26 PV panels (17m²) was the total number of insta llat ion which was 

the maximum number the bu ild ing can get . The optimum power output 
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is 59.3Watts per day which is more than the total cooling 

requirements (35.9Watts per day) so the number o f PV panels can be 

reduced. 

Resu lts present a very interest ing potent ial for PV power supply and 

carbon emissions saving. It has to  be ment ioned at this point that the 

power ou tput was examined to  realise the feasib ly of meeting the 

cooling requirements. The important factor is the amount of green 

electr ic it y that  can be produced for air-condit ioning supply. The 

photovoltaic systems generate more energy than build ing cooling 

demand for the summer period. The rest electr icit y could be used for 

the l ights and equipments or even it  could be supplying the energy 

excess to  the public e lectr icit y gr id .  
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    Chapter 5 ‘Energy from the ground’  

    

    Chapter 5a Theoretical part 

 

 

 

      5a.1 The ground… 

Ground high thermal capacit y keeps the soil temperature, below a 

certa in depth, considerably lower than the ambient a ir temperature 

during summer or higher that the ambient air  temperature during 

winter. Variat ion o f the earth temperature decreases with increase of 

depth, moisture content of so il and so il conductivit y. In regions with 

a temperate cl imate, the temperature of the soil at depth of 2-3 meters 

can be low enough during summer (or high enough during winter),  to 

serve as a cooling or heat ing source. [1]  

Here is a l ist of the ground techno logies: 

 

      5a.2 Ground Source Heat Pumps 

The types of heat pumps typ ica lly available for residences are air- to-

air ,  water source and ground source. Heat  pumps collect heat from the 

outside air ,  water, or ground and concentrate it for use inside the 

house. [2]  

A ground-source heat pump, working l ike a refr igerator in reverse,  

takes in energy from the ground at a relative ly low temperature, and 

then delivers it at a higher temperature. In this type of insta llat ion a 

pipe loop is buried  in the ground near the bu ilding to be heated, and 

refr igerant from the evaporator side of the heat pump is then 

circulated through this loop. The ground heat is used to evaporate the 

refr igerant, which is then compressed to a higher pressure and 

temperature before being piped to the condenser. The condenser is  a  

heat exchanger which transfers heat to a  building heat ing system as 

the refr igerant  is cooled  and conversed back to l iquid  fo rm. Electr ica l 
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energy is required to  dr ive heat pump, of course, but with ‘a  

coeffic ient performance’ of the heat pump greater than unit y, this is 

much more eff icient use of e lectr ic ity for heat ing than electr ic  

resistance heat ing.  The heat  pump can be run in diverse during 

summer and can therefore provide both summer air  cond it ioning as 

well as winter heat ing. [2, 3] 

A typ ical electr ical heat pump needs 100kWh of power to  tu rn 

200kWh of free ly available environmental or waste heat into  300kWh 

of usefu l heat. Heat pumps are an important techno logy fo r reducing 

emissions o f gases that harm the environment. Heat pumps driven b y 

electr ic it y from, for instance, renewable energy systems of e lectr ic ity 

production such as PV panels reduce emissions more signif icantly 

than if the electr ic it y is generated by coal,  o il or gas- f ired power 

plants. [2]  

Heat exchangers are located in the underground (either in a  

horizontal,  vert ica l o r ob lique fashion), and a heat carr ier med ium is 

circulated within the heat  exchangers, transporting heat from the 

ground to the heat pump (or vice versa).  

 

Types of ground systems are descr ibed in pictu res as fol lowing: 

 

   

Figure 1 , A horizontal heat exchanger (left) ,  a boreho le 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 cooling [8]  (left)  Example o f 

semi-buried  house in Santorini, Greece (righ t) [3]  

 

Underground build ings have a good thermal behaviour during summer 

by being contact with the ground; their indoor environment is  

protected from the extreme variat ion of the indoor condit ions. A lso , 

the average ground temperature being lower than the indoor 

temperature, heat from the buildings is d issipated to it.   

The strategy is most suitab le in hot-dry cl imates with a mild winter, 

as the direct coupling of the build ing with the earth, which is 

necessary for effect ive coo ling during summer, can encourage heat  

loss during winter. Their cost is sometimes a drawback to their  

realisat ion together with other problems, l ike the availabil it y of 

natural l ight,  content ion and indoor quality. However these problems 

can be successfully faced by carefu l studies during the design phase. 

[3 , 8] 

 

    5a.3.2 Earth-to-air heat exchangers 

   
Figure 4, Principle of earth-to-air heat exchangers [3]  (lef t)  Drawing 

of the earth-to- a ir heat exchanger, DB Netz AG (Hamm) (right) 

 

The technique has been developed recently, but the principle dates 

from the anc ient Persian and Greek t imes. More recent construct ions 
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are reported from the 16t h century using natural cavit ies, found in the 

hil ls of Vicenza, Ita ly. [3]  

The earth-to-air  heat exchanger is a basic technology but there are 

things that make it more diff icult such as,  complex d ynamics (thermal 

inertia of the so il) and soil temperature (uneasy to evaluate). [1 ] 

An earth-to-air  heat exchanger is a pipe buried horizonta lly at a  

certa in depth, through which a ir circu lates by means of electr ic fans.  

Hot external a ir is cooled by c ircu lat ing through the tubes posit ioned 

in the ground. The underground p ipes play the role of earth-to-air  

heat exchanger and cold air after the procedure injected inside the 

build ing. This is possib le happens after a depth of 1.5m, the ground 

temperature during summer is lower than the average ambient  

temperature. This is due to the important thermal inert ia of the ground 

that resu lts in protecting the underground from the important surface 

temperature var iations. Heat can be dissipated to the ground. The 

temperature drop of the c irculated air  and the effic iency of the system 

is a funct ion of the inlet a ir dry bu lb temperature, the ground 

temperature, the thermal characteristics o f both pipes and so il,  as well 

as the air  veloc ity and pipe d imensions. The entrance of the outdoor 

air  to  the p ipes should be in a shaded locat ion, preferably with cool 

air  currents. The pipes can be plast ic, concrete or metall ic. The length 

and the d iameter  of the pipes depend on the cooling load of the 

build ing. Usually they are about 10-30 cm in diameter and 12-60 m in 

length. When restr icted space is availab le, an array of p ipes can be 

used instead of one big p ipe. Circu lat ion of the indoor air through 

earth pipes can a lter the indoor air  temperature by 10oC compared to 

the external ambient one. [3, 7, 8 ] 

The temperature [3]  decrease of the air  that enters the building 

depends upon the fo l lowing parameters: 

-  the inlet a ir tempetature, 

-  the ground temperature at the depth of the exchanger    

is  installed, 

-  the thermal conductivit y of the pipes, 

-  the thermal dif fusiv ity of the soil,  

-  the air  ve locit y, 
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-  the length of tubes 

-  the tube diameter   

-  the number of tubes 

Detailed ca lcu lations are needed to optimise such a system.  

 

Problems with earth-to-air  heat exchanger applicat ions: [3]    

-  Possib le water inside the tubes or evaporation of accumulated 

water, which affects the quality o f the a ir injected into  the building.  

This can be faced by placing appropriate f i lters at the air-outlet or 

one other option is to link the earth-to-air  heat exchangers with the 

conventio nal a ir cond it ioning 

-  In order to  maximise the control of such a system it is necessary to  

provide automatic control algorithm. This must compare the indoor 

and outdoor temperature and in the case that is lower the fan must be 

stopped. 

-  Attent ion should be paid to avoid no isy 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 Physica l in terpretation 

The princip le of an earth-to-air  heat  exchanger is d irect ly related to  

the thermal properties of the ground. The heat transfer mechanisms in 

soils are in order of importance: conduction, convect ion and 

radiat ion. Co nduction occurs throughout the soil but the main f low of 

heat is through the so lid  and l iquid  const ituents. Convect ion is 

usually negligible, with the except ion of rapid  water inf i ltrat ion after  

irr igat ion or heavy rain. Rad iat ion is important only in very dry soils 

with large pores, when temperature is high. Therefore the main 

parameters inf luenc ing the thermal behaviour of the soil are thermal 

conductiv ity and heat capacit y. [3 , 5] 

 

Heat transfer in earth ducts: 

[5 ] Air enters the underground duct at a mass flow ma ,  enthalp y ho,  

temperature To,  humid ity go.   It  is moving at a constant ve locit y V and 

along the duct transfers heat Q by convection to the surrounding 

ground. 

Q = hc*A* (T – T d)   

 

With: 

hc  = the convect ive heat transfer coeff icient 

A = the surface o f the duct through which heat transfer occurs 

T = temperature of the a ir in the duct 

Td = temperature of duct on its external surface. 
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   5b.1.2 Modell ing the earth-to -a ir heat exchangers    

In o rder to  evaluate the cooling potent ial of the techno logy, we have 

to model the earth-to-air  heat exchangers. The procedure of modell ing 

earth-to-air  heat exchangers (Mihalakakou and colleagues 1994 

model) [3 , 4] can be seen in the append ix on page 71. 

 

   5b.1.3 Cooling potential o f the technology 

According exper iments and long invest igat ion b y Mihalakakou and 

colleague in 1994 the cooling potentia l (↓T) o f earth-to-air  heat  

exchange depends on the fo l lowing parameters: 

� Different duct lengths; an increase o f the length of the pipe 

decrease the outlet-air temperature. (  ↑L , ↓T)  

� Different duct diameters; a decrease of the diameter of the 

pipe decrease the outlet-a ir temperature. ( ↓d , ↓T) 

� Different a ir velocit ies;  the air  ve locit y increase leads to a 

sl ight increase of the outlet-air  temperature. (↓v , ↓T)  

� Different depth; an increase of the ground depth of the pipe 

decrease the outlet-air temperature. (↑D , ↓T)  

� Different surface; for example bare soil,  the mult iyear annual 

mean temperature is close to 21°C while for the short grass- covered 

soil,  the corresponding va lue is close to 18 .5°C [6]  which is basica lly 

around 2ºC. 
 

      5b.2 Model Description 

A theoretica l model of an earth-a ir heat exchanger was developed for 

predict ing the outlet-a ir temperature (Tout).  The Tout o f the a ir  is  a  

funct ion of severa l var iab les, such as pipe length, pipe diameter, 

depth, flow speed, etc. as a lready mentioned. A sub-soil temperature 

model was adapted fo r the specif ic condit ions of the year 1999. In 

order to obtain the optimum Tout (which means the minimum) a 

model was built in Excel programme. The Excel method is va lidated 

against o ther pub lished models and shows good agreement. The earth-

to-air  heat exchanger was implemented in the Greek dwell ing with the 

fo l lowing way. Zones a and b were venti la ted through the optimum 
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Tout calculated in Excel.  The examinat ion took place in the ESP-r 

programme. The earth-a ir heat exchanger was assumed as a new zone 

that supplies coo l a ir to zone a and b. Vent ilat ion from the earth-air  

heat exchanger is expected to decrease the temperature in both zones. 

 

   5b.2.1 Building the model 
 

 
         [1] 

 

The ground earth-to-air  heat exchanger system was built through the 

fo l lowing steps:  

 

a) Ground temperature calcu lation 

The year chosen to  carry out the study was 1999. The data collected  

fo r the who le year 1999 (from January 1s t unt i l December 31s t) gives 

an average of 18.248ºC. This data is required  to  calcu late the ground 

temperature at certain depth, given by the fol lowing expression [2] : 

 

 

Where: 

gm: ground material factor 

TAM : annual mean outside temperature 

AH: amplitude correctio n factor 

∆TA : amplitude o f the annual outside air  temperature swing 

JH: annual hour 

VS: curve shift 

The gm can be obtained with the help  of this table: 
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 Conduct i vi t y Densi t y Capaci t y Correct ion 
 W/mK Kg/m^3 J/kgK gm factor 

Moist  
soi l 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 shift are calculated 

using these equations: 
 

 

 

 
b) Optimisa tion model for the ground cooling system 

In order to obtain the best Tout a model was bu ilt in Excel,  using the 

software available in the universit y Premium Solver. The thinking 

behind this dec ision was to change the variab les previously ment ioned 

in such way that the best Tout is obtained.  

Premium Solver is an advanced version o f the Solver found in Excel.  

It  includes a more powerful optimisat ion engine and provides faster  

calculat ions. An object ive is set (object ive that can be minimised, 

maximised or equal to certa in number) and the variables are chosen 

includ ing upper and lower boundaries. 

Ideally the model would  have to set as object ive to minimise the Tout, 

but due to an incompatib i lit y of Premium Solver with the l ink that  

changes the constant values with the change of var iab les, the 

object ive was to minimise the dimensionless value U. This value is 

direct ly related to the f ina l Tout, therefore, minimising it a lower 

Tout is obtained.  

The fol lowing [3 ]  rules were considered in order to build  the model 

fo r the requ ired data:  
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-  The ground temperature around the tubes should  be at least 5 -6 

degrees lower than the ambient temperature.  

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

-  The diameter o f the exchanger should range between 0 .2 and 0.3m 

-  The depth of the exchanger should  range between 1.5 and 4m 

-  The a ir ve locit y through the buried pipe shou ld range between 4  

and 8m.s-¹.  

 

The calcu lat ion procedure is shown below: 

 

Q:  Air  volume rate in  the 

tube (m^3/sec) π  x r²   x u 

P1:  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: Rad ius o f the tube (m), D: Depth of the tube 

(m), u: Air velocity inside the tube (m/s) 

 

QD1 a1 x D 

QD2 a2 x D² 

QD3 a3 x D³ 

CV1 a0 + QD1 + QD2+ QD3 

a0, a1, a2, a3 coeff icien ts were taken from the table 1 see append ix on 

page 74. 

 

QV1 b1 x Q 

QV2 b2 x Q² 

QV3 b3 x Q³ 

CV2 b0 + QV1 + QV2+ QV3 

b0, b1, b2, b3 coeff icien ts were taken from the table 2 see append ix on   

page 74. 
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Ucor U x CV1 x CV2 

Tout Tg + Ucor x (Tin - Tg) 

Tin: Inlet air temperature (ºC) fo r the summer period o f 1999,   

Tg:  Ground temperature (ºC) calculated before. 

 

Tow different scenarios were analysed, both o f them temperatures 

taken during the summer of 1999: 

-  June, Ju ly and August average T (27 ,117ºC) 

-  Maximum T measured during the three months (21st of   

August, 39 ,98ºC) 

 

   5b.2.2 Results analysis o f 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 

u 6,004353 m/s 
Air veloc it y inside the 
tube 

Tin 27,117 C Inlet air  temperature 
Tg 20,30406556 C Ground temperature 
Q 0,396482574 m^3/s Air flow 

 

Tout minimum 21,84548 ºC 
 

         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 

u 6 ,929811338 m/s  
Air ve locit y inside the 
tube 

Tin 39,980 C Inlet air  temperature 
Tg 23,06379677 C Ground temperature 
Q 0 ,443007548 m^3/s Air f low 

 

Tout minimum  28,63798 ºC 
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      b .2.3 Results analysis o f the ESP-r model 

      Simulat ions for summer period : 
 

 

Table 4,  Tempera tures inside the bu ilding 

 

   5b.2.4 Discussion 

The too l designed in Excel proved that  the optimum outlet 

temperature o f an earth-to-air  heat exchanger was signif icant ly lower  

than the inlet.  

When an ambient T of a lmost 40ºC enters the system (the worst case 

scenario ) Tout that enters the bu ild ing wil l be 11ºC less. And when 

the T average of around 27ºC enters the system the Tout that enters 

the bu ilding wil l be a lmost 22ºC.  

Simulat ion results in ESP-r by using earth-a ir heat exchangers with a 

constant temperature Tout 22ºC in zone a and zone b have shown that  

thermal comfort o f 25-27ºC can be achieved most o f the t ime with 

zero air-cond it ioning devices. For zone a the temperature range is 

between 25 and 27ºC and for zone b the temperature is range between 

24 and 26ºC. Both zones are achieving thermal comfort with zero  

cooling requirements and a similar temperature to zone c which is the 



MSc in Energy Systems and the Environment 
 

60

basement. The basement from the beginning d id not requ ire any 

cooling. 
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    Chapter 6 Conclusion  

 
 
 
 

In o rder to assess the performance of a  typ ical modern house in the 

Greater Athens area, a model was developed in ESP-r. Init ia l results 

showed high coo ling requirements in order to keep thermal comfort 

during summer period. An integrated renewable alternat ive scenario  

fo r improving the energy effic iency of the building in summer was 

presented and examined.  

Research in renewable processes took place. Two options were 

invest igated in depth. New models were built  in ESP-r environment. 

Separate s imulat ions were run using PV panels and earth-a ir  heat  

exchangers and their impact was validated against  experimenta l 

resu lts. 

Absorbing solar energy a llows the achievement of thermal comfort in 

the build ings, with a l imited use o f convent ional fue ls. 26  PV panels 

(17m²) were insta lled on the build ing’s roof which was the maximum 

number the build ing can get. Simulat ion results showed that the 

renewable e lectr icit y output per day produced meets 165% of the 

energy needed per day fo r maintaining the indoor building 

temperature at 26ºC. This percentage of green electr ic ity he lps in 

reducing carbon emissions. Results present a very promising potent ia l 

fo r PV power supply and carbon emissions saving. Non e lectr ic it y 

wil l be requ ired from the grid . The photovoltaic systems generate 

more energy than building cooling demand for the summer period . 

The rest electr icit y could be used for the l ights or o ther equipments or 

even it could be supplying the energy excess to  the public e lectr ic ity 

gr id. 

Greece is a particu lar ly sunny country during the summer and we 

must take advantage o f that but PV panels have extremely high capita l 

cost.  

An a lternat ive approach of cooling while achieving low energy 

consumption and thermal comfort can be managed through earth-to-air  
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heat exchangers. In part icular, simu lat ion resu lts for earth-a ir heat  

exchangers have shown a reduction in the cooling needs by a lmost  

100% (assuming an optimum constant  temperature Tout from earth-to-

air  heat  exchangers of 22ºC) compared to an air-condit ioned building.  

Thermal comfort of 25-27ºC can be achieved most of the t ime using 

earth-a ir heat exchangers with zero air-condit ioning devices.  

This pro ject has ind icated the feasibi l ity o f these techno logies in 

meet ing the coo ling demand while reducing carbon emissions. 

Modell ing a t yp ical new residence with improved insu lat ion and other 

modern techniques showed important problems in cooling 

requirements. But it  is possible to achieve signif icant energy savings 

in the resident ial environment with simple methods and techniques. 

The above proposed solu tions for energy reduction for cooling are not 

unique solutio ns; this dissertat ion was an effort to prove that  

alternat ive technologies can be used to provide comfort while  

protecting the environment. The eff iciency of these systems depends 

on the bu ild ing needs. Every build ing requires a different study. The 

potent ial renewable energy strategy could implement just one of these 

technologies or a combinat ion.  

Research commenced with a l i terature review which examined most of 

the possib le alternat ive scenar ios for reducing demand on the gr id. It  

was decided that simulat ions would  be carr ied out on an a lready 

constructed resident ia l build ing and so  ground energy and so lar 

energy were se lected as the most applicable renewable sources. 

Further techniques have been inc luded in the l iterature review which 

can be used to improve the energy per formance of other aspects of 

build ings. For example, night vent ilat ion could be incorporated to 

reach a higher comfort level.  Therefore, the passive concept seems to  

be a va lid and eff icient  solut ion to  improve the environmenta l 

performance of dwell ings.  

About two thirds of the tota l energy consumed in buildings is used in 

pr ivate build ings. Energy consumption fo r cooling, heat ing, l ight ing,  

venti lat ion and domest ic hot water are the main concerns in pr ivate 

build ings. This d issertat ion has focused on the development o f low 

energy buildings by the use o f various techniques in order to reduce 
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carbon emissions while achieving thermal comfort in summer. The 

potent ial renewable strategy was suggested and invest igated. A new 

way of thinking in the building industry has to be adopted soon. In 

paralle l,  low energy consumption fo r cooling new generat ion 

build ings has to be realised and monitored. A re-examinat io n of the 

activ it ies in energy eff iciency is an urgent requirement. F inally the 

real challenge for the future is managing thermal comfort by natura l 

means, and this project has demonstrated the feasibi lit y of two such 

resident ial systems in the Greek summer c limate. 
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    Appendix  

 

 

 

     For chapter 3 

1. The zones o f the model are: 

Zone c, is the basement. A large zone below ground used for    

storage and mostly unoccup ied.  

(Volume = 346m³, Floor area = 128m², opaque construction = 406m², 

transparent construction = 3.89m²) 

 
 

Zone a, is a l l the bedrooms at the ground f loor. 

 (Volume = 133m³, F loor area = 38m², opaque construction = 184m², 

transparent construction = 9m²) 

 

 
 
 

Zone b , is the l iv ing room, the kitchen and the bathroom at the 

ground floor.   



MSc in Energy Systems and the Environment 
 

66

(Volume = 323m³, Floor area = 90m², opaque construction = 337m², 

transparent construction = 9.47m²) 

 

 
 
 

2. Composite construction database: 

 

Layers         Description             Optics  

5                  external wall No1    opaque 

Db ref           thickness (mm)      db name  

183               30                          Asbestos sheet 

6                   90                          Lt Brown brick 

205               60                          Polyurethane foam b 

6                   90                          Lt Brown brick 

107               20                          Gypsum plasterboard 

     

Layers        Description            Optics  

5                 external wall No2    opaque 

Db ref          thickness (mm)      db name  

183              30                          Asbestos sheet 

32                100                        Heavy mix concrete 

32                100                        Heavy mix concrete 

32                100                        Heavy mix concrete 

107              20                          Gypsum plasterboard 

 

Layers        Description            Optics  

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

263              100                        Common earth  

263              100                        Common earth  

263              100                        Common earth  

32                100                        Heavy mix concrete 

32                100                        Heavy mix concrete 

32                100                        Heavy mix concrete 

107              20                          Gypsum plasterboard 

 

      Layers         Description           Optics  

 3                eternal wall            opaque 

Db ref          thickness (mm)     db name  

107              20                         Gypsum plasterboard 

6                 60                          Lt Brown brick 

107              20                         Gypsum plasterboard 

     

Layers         Description            Optics  

3                  double glazing        transparent           

Db ref          thickness (mm)       db name  

242              6                             Plate glass 

0                 12                           air 0.17 

242              6                             Plate glass 

 

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                          Hardboard  
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Layers       Description            Optics  

4                roof for zone c        opaque 

Db ref        thickness (mm)       db name  

153            10                           Floor tiles  

36              100                         Concrete block 

36              100                         Concrete block 

151             8                             Ceil ing (plaster) 

 

     Layers       Description              Optics  

5                roof for zones a, b    opaque 

Db ref        thickness (mm)        db name  

141            15                            Clay ti le  

164            5                              Asphalt 

205            80                            Polyurethane foam b 

164            5                              Asphalt 

72              12                             Plywood 

   

Layers       Description             Optics  

6                floor for zone c       opaque 

Db ref        thickness (mm)       db name  

263            100                         Common earth  

263            100                         Common earth  

263            100                         Common earth  

36              100                         Concrete block  

36              100                         Concrete block  

153            10                           Floor tiles  

   

Layers       Description                 Optics  

3                floor for zones a, b      opaque 

Db ref        thickness (mm)           db name  

107            10                               Gypsum plasterboard 

36              100                             Concrete block 

36              100                             Concrete block 

153            10                               Floor t i les 
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3. The diagrams show analytically what is going on trough the whole 

period in every zone depend ing on the occupancy (operating pro fi le  

and different control characterist ics). 

 

Simulat ions from 1/6 – 30/8/1999 (summer period) 

 
  
Zone a         
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 Zone b        
                                

 

 

Zone c  
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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 t i le  

164            5                                     Asphalt 

205            80                                   Polyurethane foam b 

164            5                                     Asphalt 

72             12                                    Plywood 

The Low-e glass and the Ted lar are the constructio n materials of the 

PV model. BP 380 operates DC loads direct ly or, in an inverter-

equipped system, AC loads. 

 

 

     For chapter 5b 

1. The model was built fo l lowing the procedure (Mihalakakou and 

colleagues 1994 model) [3, 4]  

 

The transport phenomena tha t determine the operation of an air to 

earth heat exchanger to the ground are the heat transfer f rom the air 

circulating  in the exchanger and the ground, but also  the moisture 

transfer induced by the heat transfer process. Therefore this p rocess 

is described by the heat balance differential equation and the mass 

transfer differential equation. This system of equations is so lved, 

taking  into  account the init ia l and boundary cond itions for each one 

of them. 

The heat ba lance equation, in  cylindrical co-ordinates is:  
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With: 

T = soil temperature of the soil surface, 

ρ = soil density 

Cp = specif ic heat of soil 

k = thermal conductivity of the so il 

lg = heat o f vaporisation o f the moisture content of the so il 

ρm= moisture density 

Du, vap = isothermal diffusivity of moisture in vapour form, 

h = moisture content of the soil 

 

      The mass transfer equation: 

 

 
           

          Where,  

 
Is the component of moisture f lux due to temperature gradient and 

 
is the component of moisture f lux due to the moisture gradient 

The heat and mass transfer problem has the fol lowing init ia l 

condit ions: 

 

T(r, y, t=0) = To(r) 

h(r,  v. t = 0) = ho(r) 

 

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

(a)    at r = RL.  

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

h(RL ,  v, t)  = h(RL ) ,   

where RL  is a  large radial d istance in the soil at th is distance the 

temperature and moisture d istributions are not influenced 

 

(b) at r = RP 

The calcula ted heat transfer in  the so il is  equal to the amount of heat 

losses as air flows along the p ipe. 

 
Where G is the overa ll thermal conductance of the who le earth-to-air 

heat exchanger system including  air,  p ipe and soil. 

Thus, G can be expressed as: 
 

 
And Ta(O) equals the ambient air temperature. At r = RP,  the 

moisture content is caused by the temperature gradient since the pipe 

is impervious. Thus, the component of moisture f lux due to  moisture 

gradient is equal to zero. 
 

 

2. for the y co-ordinate: 

(a ) a t y = yA 

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

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

 

(b ) a t y = yB 

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

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

 

The d iffusivity values (DT,  Du, Du, vap) used in this study was 

obtained from Puri ( 1986) and Gee ( 1966). The soil temperature at a 

point in the pipe vicinity is estimated by superposit ion  of the 
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temperature f ield  due to the pipe system T(r, y, t) and the undisturbed 

temperature f ield  Tu(z,t)  due to  the ground surface temperature. 

Und isturbed so il tempera ture can accura tely be modelled  by the 

fol lowing one dimensiona l,  transien t, heat conduction  equation: 

 
Where u is the so il thermal d iffusivity and z is the depth below ground 

surface. The correspond ing boundary cond it ions at z = 0 were the 

fol lowing: 

 
Carslaw and Jaeger (1959). According  to  this analytical so lution, the 

temperature at any depth z and time t can be found by the expression: 

 
where As is the amplitude of temperature wave at the ground surface, 

Tm is the mean annual soil temperature, w is the frequency o f annua l 

temperature wave, and λ  can be defined by the expression: λ = ( 

w/2α)½. 

 

The transient earth-tube system described before incorpora tes three 

independent (r,  y, t)  and two dependent variables (T, h).  
 
 

2. Two tables he lped to get the co nstant values a0, a1, a2 and a3 (pipe 

length-a ir f low) and b0, b1 , b2 and b3 (pipe length-depth). [3] 

 
Table 1  
 

Q/L  a 10 15 20 25 30 35 40 45 50 55 60 
   

0.393  
a0 1.1655

20 
1.4890

15 
1.6453

40 
1.8000

90 
1.9519

60 
2.0338

72 
2.1688

68 
2.2203

54 
2.2636

30 
2.0308

70 
2.3503

90 
   

0.425  
a0 1.1494

00 
1.4428

90 
1.5987

30 
1.7003

50 
1.9011

70 
1.9678

92 
2.1038

20 
2.1274

32 
2.1374

51 
2.1872

93 
2.2657

20 
   

0.458  
a0 1.1426

00 
1.4183

00 
1.5207

00 
1.0682

00 
1.8637

30 
1.9462

95 
2.0784

30 
2.1083

25 
2.1094

85 
2.1272

95 
2.1983

70 
0.528 a0 1.1393

50 
1.4078

50 
1.4993

00 
1.6728

90 
1.7210

20 
1.8714

30 
1.9986

20 
2.0763

20 
2.0783

60 
2.0964

72 
2.1780

90 
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0.565  

a0 1.1387
40 

1.3946
50 

1.4826
00 

1.6528
90 

1.6583
46 

1.8504
27 

1.9285
48 

2.0582
90 

2.0882
10 

2.0962
70 

2.1309
40 

   
0.604  

a0 1.1350
90 

1.3816
23 

1.4799
00 

1.6314
98 

1.6147
23 

1.8504
27 

1.9285
48 

2.0413
20 

1.9637
80 

2.0043
50 

2.1078
70 

   
0.643  

a0 1.1321
70 

1.3629
30 

1.4769
71 

1.5928
30 

1.6087
90 

1.8374
21 

1.9080
32 

2.0017
00 

1.9478
30 

1.9928
40 

2.1023
80 

   
0.684  

a0 1.1280
70 

1.3598
30 

1.4580
30 

1.5489
40 

1.5978
70 

1.8200
71 

1.8743
24 

1.9787
60 

1.9213
50 

1.9724
30 

2.0993
60 

   
0.726  

a0 1.1128
90 

1.3394
00 

1.4392
30 

1.5079
80 

1.5828
10 

1.7873
61 

1.8297
60 

1.9674
00 

1.8993
20 

1.9237
63 

2.0954
00 

   
0.770  

a0 1.0101
33 

1.3156
70 

1.4295
20 

1.4987
30 

1.1798
90 

1.7525
40 

1.7986
30 

1.9478
32 

1.8902
20 

1.9078
93 

2.0903
20 

   
0.811  

a0 1.0100
87 

1.3092
70 

1.4109
30 

1.4864
40 

1.5720
60 

1.7305
80 

1.7806
00 

1.9285
39 

1.8896
30 

1.8972
14 

2.0862
70 

   
0.860  

a0 1.0100
43 

1.3000
20 

1.3908
20 

1.4665
30 

1.5698
70 

1.6992
71 

1.7659
00 

1.9027
35 

1.8840
30 

1.8776
40 

2.0832
50 

   
0.907  

a0 1.1001
01 

1.2987
30 

1.3776
00 

1.4487
30 

1.5695
70 

1.6727
20 

1.7482
00 

1.8974
50 

1.8840
30 

1.8607
80 

2.0692
50 

   
1.005  

a0 1.0923
80 

1.2883
50 

1.3682
70 

1.4278
30 

1.5651
90 

1.6520
10 

1.7205
80 

1.8675
40 

1.8793
50 

1.8527
04 

2.0583
80 

   
1.056  

a0 1.0894
23 

1.2799
00 

1.3527
84 

1.4199
80 

1.5481
99 

1.6321
00 

1.7179
86 

1.8324
30 

1.8759
08 

1.8327
78 

2.0455
08 

   
1.108  

a0 1.0873
09 

1.2707
30 

1.3415
74 

1.4109
85 

1.5207
30 

1.6098 
4 

1.7079
86 

1.8092
73 

1.8632
92 

1.8297
88 

1.9897
50 

   
1.162  

a0 1.0824
93 

1.2698
70 

1.3361
28 

1.4093
40 

1.5027
80 

1.5989
91 

1.6897
20 

1.7998
53 

1.8207
21 

1.8094
00 

1.9528
50 

   
1.216  

a0 1.0809
35 

1.2592
10 

1.6248
59 

1.3996
50 

1.4847
62 

1.5872
20 

11.659
430 

1.7721
30 

1.7945
20 

1.8026
00 

1.9301
20 

   
1.272  

a0 1.0792
72 

1.2470
10 

1.3109
12 

1.3975
60 

1.4749
60 

1.5809
10 

1.6373
40 

1.7421
83 

1.1783
52 

1.7994
78 

1.8263
72 

   
1.330  

a0 1.0785
07 

1.2356
14 

1.1303
61 

1.3904
60 

1.4651
73 

1.5746
69 

1.6294
70 

1.7058
42 

1.7714
53 

1.7962
58 

1.8232
25 

   
0.393  

a1 -
0.1092

10 

-
0.3347

99 

-
0.4233

97 

-
0.5401

70 

-
0.6394

15 

-
0.6929

90 

-
0.7958

03 

-
0.7956

60 

-
0.8587

80 

-
0.8638

90 

-
0.8957

00 
   

0.425  
a1 -

0.1018
60 

-
0.3137

80 

-
0.3980

70 

-
0.5012

02 

-
0.6117

29 

-
0.6127

83 

-
0.7678

96 

-
0.7728

50 

-
0.7945

32 

-
0.8248

95 

-
0.8528

13 
   

0.458  
a1 -

0.0982
10 

-
0.3098

73 

-
0.3767

30 

-
0.4918

37 

-
0.5987

30 

-
0.6329

81 

-
0.7396

28 

-
0.7407

20 

-
0.7438

70 

-
0.7925

63 

-
0.8437

10 
0.528 a1 -

0.0914
20 

-
0.2839

85 

-
0.3587

80 

-
0.4728

93 

-
0.5108

70 

-
0.5927

43 

-
0.6627

82 

-
0.7232

14 

-
0.7028

90 

-
0.7682

70 

-
0.8289

30 
   

0.565  
a1 0.0889

00 
-

0.2729
80 

-
0.3396

70 

-
0.4498

80 

-
0.4493

26 

-
0.1878

30 

-
0.6019

79 

-
0.6439

72 

-
0.6806

67 

-
0.7529

12 

-
0.8108

04 
   

0.604  
a1 -

0.0814
00 

-
0.2649

54 

-
0.3248

60 

-
0.4507

94 

-
0.4197

83 

-
0.5878

32 

-
0.6019

79 

-
0.6932

17 

-
0.6778

20 

-
0.7389

62 

-
0.7926

94 
   

0.643  
a1 -

0.0792
00 

-
0.2508

90 

-
0.3175

77 

-
0.4227

90 

-
0.4027

43 

-
0.5287

11 

-
0.1743

62 

-
0.6572

24 

-
0.6703

82 

-
0.7229

63 

-
0.7900

80 
   

0.684  
a1 -

0.0773
00 

-
0.2427

11 

-
0.3089

75 

-
0.4082

94 

-
0.4008

73 

-
0.5672

13 

-
0.1308

93 

-
0.6327

43 

-
0.6628

93 

-
0.7028

14 

-
0.7826

94 
   

0.726  
a1 -

0.0738
00 

-
0.2302

71 

-
0.2965

80 

-
0.3927

21 

-
0.3992

73 

-
0.5529

84 

-
0.5009

45 

-
0.6187

32 

-
0.6533

94 

-
0.6987

14 

-
0.7738

45 
   a1 - - - -0 - - - - - - -
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0.770  0.0707
08 

0.2489
30 

0.2833
90 

377730 0.3962
70 

0.5489
71 

0.4987
30 

0.6087
14 

0.6427
94 

0.6728
73 

0.7629
45 

   
0.811  

a1 -
0.0695

02 

-
0.2328

10 

-
0.2640

90 

-
0.3507

21 

-
0.3918

70 

-
0.5378

12 

-0 
48685 

-
0.5723

64 

-
0.6379

43 

-
0.6672

73 

-
0.7589

13 
   

0.860  
a1 -

0.0678
30 

-
0.2278

30 

-
0.2580

70 

-
0.3227

21 

-
0.3908

70 

-
0.5229

94 

-
0.4807

60 

-
0.5528

95 

-
0.6248

94 

-
0.6527

89 

-
0.7520

32 
   

0.907  
a1 -

0.0659
30 

-
0.2156

31 

-
0.2509

12 

-
0.3127

83 

-
0.3908

70 

-
0.5087

41 

-
0.4707

60 

-
0.5494

36 

-
0.6129

43 

-
0.6527

89 

-
0.7367

20 
   

1.005  
a1 -

0.0614
07 

-
0.2096

30 

-
0.2421

83 

-
0.3025

94 

-
0.3897

12 

-
0.4837

14 

-
0.4699

20 

-
0.5394

21 

-
0.6092

74 

-
0.6487

23 

-
0.7247

32 
   

1.056  
a1 -

0.0583
81 

-
0.1936

94 

-
0.2348

40 

-
0.2998

62 

-
0.0376

74 

-
0.4772

13 

-
0.4683

50 

-
0.5227

43 

-
0.6063

92 

-
0.6227

94 

-
0.7164

40 
   

1.108  
a1 -

0.0117
98 

-
0.1894

13 

-
0.2276

25 

-
0.2902

78 

-
0.3587

90 

-
0.4529

20 

-
0.4623

30 

-
0.5033

81 

-
0.5947

21 

-
0.6092

10 

-
0.6937

80 
  

1.162  
a1 -

0.0563
27 

-
0.1830

20 

-
0.2208

09 

-
0.2827

64 

-
0.3489

40 

-
0.4487

42 

-
0.4587

80 

-
0.4997

63 

-
0.5789

32 

-
0.5872

23 

-
0.6784

30 
   

1.216  
a1 -

0.0554
80 

-
0.1787

30 

-
0.2176

50 

-
0.2789

76 

-
0.3267

90 

-
0.0435

40 

-
0.4478

51 

-
0.4962

15 

-
0.5439

28 

-
0.5734

40 

-
0.6454

30 
   

1.272  
a1 -

0.0548
02 

-
0.1698

53 

-
0.2092

60 

-
0.2695

80 

-
0.3179

40 

-
0.4127

73 

-
0.4389

63 

-
0.4898

13 

-
0.5362

80 

-
0.5682

36 

-
0.5743

40 
   

1.330  
a1 -

0.0530
80 

-
0.1648

52 

-
0.2060

30 

-
0.2605

34 

-
0.3046

90 

-
0.4018

06 

-
0.4230

40 

-
0.4857

59 

-
0.5270

06 

-
0.5527

46 

-
0.1729

90 
   

0.393  
a2 0.0164

10 
0.0482

29 
0.0571

87 
0.0773

90 
0.0900

87 
0.0969

90 
0.1160

46 
0.1054

40 
0.1251

12 
0.1213

52 
0.1207

20 
   

0.425  
a2 0.0157

59 
0.0460

80 
0.0558

95 
0.0702

80 
0.0883

72 
0.0927

43 
0.1098

74 
0.1010

74 
0.1050

22 
0.1132

78 
0.1153

71 
   

0.458  
a2 0.0146

73 
0.0452

98 
0.0137

93 
0.0692

70 
0.0768

94 
0.0887

31 
0.0894

32 
0.0962

85 
0.0099

27 
0.1044

96 
0.1138

07 
0.528 a2 0.0139

83 
0.0439

87 
0.0498

73 
0.0682

00 
0.0697

85 
0.0854

78 
0.0880

60 
0.0938

21 
0.0978

71 
0.0953

60 
0.1117

08 
   

0.565  
a2 0.0135

78 
0.0419

62 
0.0479

67 
0.0642

93 
0.0652

25 
0.0837

73 
0.0772

40 
0.0805

21 
0.0950

70 
0.0962

89 
0.1099

53 
   

0.604  
a2 0.0129

72 
0.0407

61 
0.0458

79 
0.0627

99 
0.0627

83 
0.0837

73 
0.0772

40 
0.0922

11 
0.0948

72 
0.0928

03 
0.1092

87 
   

0.643  
a2 0.0122

35 
0.0382

79 
0.0436

00 
0.0618

97 
0.0608

94 
0.0812

35 
0.0750

89 
0.0890

72 
0.0940

38 
0.0902

25 
0.1090

28 
   

0.684  
a2 0.0118

70 
0.0370

03 
0.0417

20 
0.0580

72 
0.0597

13 
0.0799

25 
0.0704

39 
0.0880

72 
0.0934

81 
0.0898

21 
0.1089

87 
   

0.726  
a2 0.0110

90 
0.0359

23 
0.0398

70 
0.0560

78 
0.0582

78 
0.0772

51 
0.0684

85 
0.0862

78 
0.0930

87 
0.0882

74 
0.1083

02 
   

0.770  
a2 0.0107

30 
0.0350

72 
0.0384

32 
0.0540

77 
0.0568

93 
0.0755

44 
0.0668

93 
0.0852

45 
0.0929

94 
0.0868

74 
0.1080

85 
   

0.811  
a2 0.0101

28 
0.0348

72 
0.0362

08 
0.0522

72 
0.0552

76 
0.0732

31 
0.0657

54 
0.0842

74 
0.0927

44 
0.0852

73 
0.1079

92 
   

0.860  
a2 -

0.0100
99 

0.0322
27 

0.0318
79 

0.0508
97 

0.0149
27 

0.0718
92 

0.0649
17 

0.0817
46 

0.0926
75 

0.0847
23 

0.1078
73 

   
0.907  

a2 0.0100
40 

0.0319
27 

0.0342
98 

0.0488
74 

0.0549
27 

0.0698
79 

0.0640
17 

0.0806
94 

0.0920
78 

0.0832
79 

0.1070
89 

   a2 0.0094 0.0302 0.0337 0.0467 0.0548 0.0678 0.0640 0.0796 0.0919 0.0822 0.1069
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1.005  22 87 81 93 55 23 02 21 89 94 92 
   

1.056  
a2 0.0092

30 
0.0297

81 
0.0329

05 
0.0448

78 
0.0539

72 
0.0654

71 
0.0638

60 
0.0790

26 
0.0912

65 
0.0807

83 
0.1067

50 
   

1.108  
a2 0.0089

28 
0.0288

32 
0.0310

69 
0.0422

79 
0.0489

27 
0.0649

81 
0.0630

70 
0.0778

43 
0.0884

74 
0.0800

78 
0.0943

87 
   

1.162  
a2 0.0087

49 
0.0282

87 
0.0309

62 
0.0407

83 
0.0458

79 
0.0647

22 
0.0625

74 
0.0762

74 
0.0842

71 
0.0799

65 
0.0938

37 
   

1.216  
a2 0.0084

31 
0.0274

98 
0.0302

07 
0.0382

76 
0.0424

79 
0.0645

27 
0.0614

73 
0.0758

21 
0.0807

21 
0.0792

56 
0.0907

21 
   

1.272  
a2 0.0082

80 
0.0270

08 
0.0298

71 
0.0367

21 
0.0408

96 
0.0642

71 
0.0608

31 
0.0746

21 
0.0782

71 
0.0790

08 
0.0793

21 
   

1.330  
a2 0.0080

77 
0.0269

40 
0.0292

26 
0.0354

19 
0.0394

77 
0.0639

22 
0.0593

10 
0.0726

73 
0.0768

72 
0.0782

79 
0.0796

25 
   

0.393  
a3 0.0008

50 
-

0.0022
00 

-
0.0023

26 

-
0.0035

44 

-
0.0040

20 

-
0.0042

67 

-
0.0054

50 

-
0.0040

69 

-
0.0060

97 

-
0.0059

20 

-
0.0058

00 
   

0.425  
a3 -

0.0008
40 

-
0.0021

96 

-
0.0022

70 

-
0.0033

08 

-
0.0038

97 

-
0.0040

72 

-
0.0046

35 

-
0.0040

08 

-
0.0058

72 

-
0.0017

27 

-
0.0017

06 
   

0.458  
a3 -

0.0007
90 

-
0.0021

79 

-
0.0021

86 

-
0.0031

28 

-
0.0035

21 

-
0.0039

29 

-
0.0036

50 

-
0.0039

87 

-
0.0055

01 

-
0.0055

87 

-
0.0056

83 
0.528 a3 -

0.0006
90 

-
0.0021

69 

-
0.0020

87 

-
0.0030

49 

-
0.0032

89 

-
0.0038

97 

-
0.0030

90 

-
0.0039

08 

-
0.0049

20 

-
0.0014

79 

-
0.0055

70 
   

0.565  
a3 -

0.0006
40 

-
0.0021

59 

-
0.0019

39 

-
0.0030

03 

-
0.0030

86 

-
0.0033

74 

-
0.0028

00 

-
0.0035

21 

-
0.0048

39 

-
0.0053

85 

-
0.0055

40 
   

0.604  
a3 -

0.0006
21 

-
0.0021

14 

-
0.0018

91 

-
0.0029

60 

-
0.0029

81 

-
0.0038

74 

-
0.0028

00 

-
0.0038

87 

-
0.0047

37 

-
0.0052

27 

-
0.0055

08 
   

0.643  
a3 -

0.0006
02 

-
0.0020

74 

-
0.0018

65 

-
0.0025

23 

-
0.0028

03 

-
0.0038

52 

-
0.0027

93 

0.0003
85 

-
0.0047

08 

-
0.0051

88 

-
0.0055

08 
   

0.684  
a3 -

0.0005
93 

0.0002
03 

-
0.0017

03 

-
0.0023

07 

-
0.0027

03 

-
0.0037

95 

-
0.0027

48 

0.0003
83 

-
0.0046

87 

-
0.8507

80 

-
0.0055

08 
  

0.726  
a3 -

0.0005
82 

-
0.0019

89 

-
0.0016

78 

-
0.0022

89 

-
0.0025

08 

0.0037
78 

-
0.0027

39 

-
0.0038

19 

-
0.0046

58 

-
0.0049

70 

-
0.0054

98 
   

0.770  
a3 -

0.0005
42 

-
0.0019

17 

-
0.0015

51 

-
0.0021

47 

-
0.0024

98 

-
0.0037

53 

-
0.0027

20 

-
0.0038

07 

-
0.0046

47 

-
0.0047

29 

-
0.0013

98 
   

0.811  
a3 -

0.0005
29 

-
0.0011

92 

-
0.0015

27 

-
0.0020

98 

-
0.0024

30 

0.0037
21 

-
0.0027

15 

-
0.0037

97 

-
0.0046

37 

-
0.0046

63 

-
0.0053

25 
   

0.860  
a3 -

0.0005
13 

-
0.0018

98 

-
0.0014

86 

-
0.0019

27 

-
0.0041

11 

-
0.0037

08 

-
0.0027

12 

-
0.0037

69 

-
0.0046

02 

-
0.0045

27 

-
0.0052

98 
   

0.907  
a3 -

0.0005
01 

-
0.0018

67 

-
0.0014

28 

-
0.0018

88 

-
0.0024

11 

-
0.0036

92 

-
0.0027

09 

-
0.0037

59 

-
0.0045

92 

-
0.0044

72 

-
0.0052

01 
   

1.005  
a3 -

0.0004
71 

-
0.0017

68 

-
0.0014

08 

-
0.0018

09 

-
0.0023

00 

-
0.0036

77 

-
0.0027

00 

-
0.0037

28 

-
0.0045

78 

-
0.0042

27 

-
0.0051

98 
   

1.056  
a3 -

0.0004
36 

-
0.0017

30 

-
0.0013

90 

-
0.0017

89 

-
0.0021

00 

-
0.0036

33 

-
0.0026

99 

-
0.0037

08 

-
0.0045

58 

-
0.0041

28 

-
0.0051

73 
   

1.108  
a3 -

0.0004
0.0016

98 
-

0.0013
-

0.0017
-

0.0019
-

0.0035
-

0.0026
-

0.0036
-

0.0042
-

0.0039
-

0.0049
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09 88 29 70 97 78 99 89 90 27 
   

1.162  
a3 -

0.0004
02 

-
0.0016

59 

-
0.0013

70 

-
0.0016

54 

-
0.0018

60 

-
0.0035

67 

-
0.0026

53 

-
0.0036

83 

-
0.0040

99 

-
0.0038

27 

-
0.0046

80 
 

1.216  
a3 -

0.0003
99 

-
0.0016

36 

-
0.0013

60 

-
0.0015

94 

-
0.0017

36 

-
0.0035

49 

-
0.0026

09 

-
0.0036

54 

-
0.0039

27 

-
0.0037

92 

-
0.0042

80 
   

1.272  
a3 -

0.0003
95 

-
0.0016

01 

-
0.0013

40 

-
0.0015

05 

-
0.0015

82 

-
0.0035

08 

-
0.0025

40 

-
0.0036

33 

-
0.0038

76 

-
0.0037

03 

-
0.0039

02 
   

1.330  
a3 -

0.0003
91 

-
0.0015

96 

-
0.0013

39 

-
0.0014

40 

-
0.0014

16 

-
0.0034

94 

-
0.0025

61 

-
0.0036

15 

-
0.0036

57 

-
0.0036

97 

-
0.0037

20 
 
 
TABLE 2 
 

D /L b   10    15     20     25     30     35     40     45     50     55 
   

0.500  
 b0  0.973237 0.984554 0.326835 0.932432 0.919087 0.921654 0.934780 0.932112 0.896039 0.901643

   
0.750  

 b0  0.964251 0.987236 0.936781 0.911445 0.900188 0.878759 0.890215 0.830453 0.867342 0.860232

   
1.000  

 b0 0.943157 0.942228 0.933072 0.914131 0.895504 0.890297 0.886878 0.846869 0.878355 0.832680

   
1.250  

b0 0.934129 0.862693 0.843289 0.851786 0.824018 0.848365 0.868781 0.846622 0.766978 0.832680

   
1.500  

 b0 0.915252 0.751792 0.843289 0.719697 0.735950 0.775079 0.804484 0.793500 0.752700 0.829797

   
1.750  

 b0  0.929652 0.737016 0.843289 0.870439 0.900070 0.903584 0.929405 0.922783 0.928778 0.763997

   
2.000  

 b0  0.926914 0.767547 0.843289 0.578765 0.415915 0.353813 0.323308 0.335499 0.311043 0.939961

   
2.250  

 b0 0.914591 0.705065 0.665839 0.474699 0.383697 0.311219 0.292052 0.299266 0.283216 0.293936

   
2.500  

 b0  0.905220 0.667638 0.601498 0.376480 0.344708 0.320282 0.296884 0.233061 0.251109 0.260737

   
2.750  

 b0  0.924269 0.674073 0.472514 0.408116 0.342890 0.283230 0.277736 0.142827 0.174460 0.261688

   
3.000  

 b0 0.886844 0.525949 0.463996 0.416583 0.283646 0.233365 0.246983 0.147332 0.158649 0.115134

   
3.250  

 b0 0.893665 0.469679 0.469459 0.366157 0.279221 0.205594 0.190265 0.075588 0.073233 0.018980

   
3.500  

b0 0.347735 0.417231 0.376069 0.318394 0.209448 0.194682 0.191679 0.024519 0.005535 
0.041068

   
3.750  

 b0  0.883030 0.335935 0.340092 0.232365 0.129926 0.133263 0.133291 -
0.525600 

-
0.047419 0.047222

   
4.000  

 b0  0.875150 0.341413 0.297175 0.214027 0.061206 0.133263 0.139015 -
0.052571 

-
0.056730 

0.058600

   
4.250  

b0 0.877611 0.342725 0.326480 0.166084 0.057348 0.696672 0.064383 -
0.017931 

-
0.007733 0.048029

   
0.500  

 b1  0.070519 0.017476 2.225822 0.204429 0.258050 0.241741 0.180760 0.182248 0.339175 0.313993

  
0.750  

 b1  0.099620 -
0.009466 

0.188054 0.278246 0.316501 0.409781 0.345308 0.389427 0.450719 0.477553

   
1.000  

 b1  0.187090 0.176478 0.230717 0.269495 0.333413 0.358894 0.371761 0.539791 0.414013 0.592354

   
1.250  

 b1  0.239084 0.332401 0.420427 0.389340 0.668460 0.563985 0.477142 0.562166 0.763249 0.592354

   
1.500  

 b1  0.298709 0.773208 0.420427 0.917625 0.859183 0.763326 0.676103 0.723438 0.899990 0.627818
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1.750  

 b1  0.261440 0.837941 0.420428 0.215834 0.057796 0.040890 -
0.073721 

-
0.024182 

-
0.031092 

0.861373

   
2.000  

 b1  0.262270 0.748543 0.420428 1.376202 0.203344 2.322206 2.459221 2.422317 2.534951 
0.100102

   
2.250  

 b1  0.270990 1.008623 1.184661 1.984768 2.169122 2.504189 2.598345 2.579707 2.648889 2.621181

   
2.500  

 b1  0.302190 1.170535 1.468510 2.398256 2.336022 2.469079 2.578260 2.847635 2.767559 2.752019

   
2.750  

 b1  0.255947 0.998754 1.839883 2.083679 2.357645 2.626279 2.668508 3.202602 3.112508 2.724490

   
3.000  

 b1  0.417362 1.561626 1.804119 2.000029 2.588219 2.811538 2.792266 3.211882 3.199118 3.365295

   
3.250  

 b1  0.385441 1.765941 1.762330 2.246018 2.611033 2.943951 3.045912 3.534070 3.543805 3.766664

   
3.500  

 b1  0.552660 1.967172 2.108582 2.394992 2.918789 3.004595 3.034765 3.743594 3.823755 4.013946

   
3.750  

 b1  0.418251 2.266396 2.223635 2.739005 3.229980 3.228278 3.266448 4.048362 4.044835 4.049328

   
4.000  

 b1  0.458460 2.207632 2.395603 2.784745 3.508352 3.228278 3.236331 4.071914 4.113760 4.111240

   
4.250  

 b1  0.378486 2.194540 2.258263 2.983711 3.501942 3.497629 3.552356 3.932336 3.892151 4.065053

   
0.500  

 b2  -
0.019417 

0.059640 -
1.409554 

-
0.107430 

-
0.167547 

-
0.138176 

-
0.048576 

-
0.040050 

-
0.239138 0.200674

   
0.750  

 b2  -
0.030200 

0.121604 -
0.071871 

-
0.168678 

-
0.199395 

-
0.315263 

-
0.204793 

-
0.259733 

-
0.339269 0.361111

   
1.000  

 b2  -
0.124800 

-
0.082171 

-
0.130540 

-
0.142208 

-
0.205648 

-
0.238440 

-
0.248076 

-
0.447952 

-
0.302136 0.488550

   
1.250  

 b2  -
0.214145 

0.021589 -
0.073370 

-
0.025450 

-
0.607523 

-
0.465888 

-
0.346319 

-
0.430653 

-
0.662467 0.488550

   
1.500  

 b2  -
0.243880 

-
0.443959 

-
0.073366 

-
0.595792 

-
0.506930 

-
0.475420 

-
0.404196 

-
0.450382 

-
0.659302 0.479214

   
1.750  

 b2  -
0.217096 

-
0.505118 

-
0.073366 

0.386988 0.665393 0.705634 0.880760 0.810567 0.836506 
0.601421

   
2.000  

 b2  -
0.194330 

-
0.389507 

-
0.073367 

-
0.850035 

-
1.573690 

-
1.946369 

-
2.099215 

-
2.037891 

-
2.170177 

0.951659

   
2.250  

 b2  -
0.165910 

-
0.680109 

-
0.887789 

-
1.888100 

-
1.723887 

-
2.144810 

-
2.261188 

-
2.207337 

-
2.280849 2.289920

   
2.500  

 b2  -
0.194200 

-
0.858392 

-
1.228272 

-
2.367726 

-
1.916167 

-
2.087819 

-
2.225290 

-
2.496618 

-
2.366066 2.339570

   
2.750  

 b2  -
0.145850 

-
0.381002 

-
1.367766 

-
1.623140 

-
1.935278 

-
2.262320 

-
2.322737 

-
2.878610 

-
2.708115 2.275774

   
3.000  

 b2  -
0.347610 

-
0.960613 

-
1.208119 

-
1.434385 

-
2.190531 

2.459719 -
2.439420 

-
2.881440 

-
2.876757 3.059903

   
3.250  

 b2  -
0.297580 

-
1.143981 

-
1.096898 

-
1.764339 

-
2.198228 

-
2.611646 

-
2.752617 

-
3.272345 

-
3.267405 3.519935

   
3.500  

 b2  -
0.452310 

-
1.349851 

-
1.449095 

-
1.835936 

-
2.569710 

-
2.658915 

-
2.699009 

-
3.496710 

-
3.584013 3.789842

   
3.750  

 b2  -
0.309536 

-
1.639372 

-
1.525580 

-
2.213976 

-
2.867527 

-
2.858651 

-
2.928204 

-
3.832799 

-
3.827527 3.821276

   
4.000  

 b2  -
0.364500 

-
1.481885 

-
1.707705 

-
2.209309 

-
3.163874 

-
2.858651 

-
2.822988 

-
3.858930 

-
3.918686 3.883933

   
4.250  

 b2  -
0.216830 

-
1.443030 

-
1.507623 

-
2.416420 

-
3.075666 

-
3.077707 

-
3.162026 

-
3.641212 

-
3.583629 3.789436

   
0.500  

b3 -
0.000453 

-
0.019890 

0.337021 0.024964 0.046290 0.032819 -
0.005337 

-
0.010682 

0.068789 0.052389

   
0.750  

b3 -
0.003700 

-
0.051564 

0.006301 0.040429 0.049742 0.093959 0.044373 0.066940 0.099763 0.104872

   
1.000  

b3 0.030800 0.023893 0.037281 0.031040 0.052904 0.067515 0.070307 0.144692 0.094942 0.154745
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1.250  

b3 0.074150 -
0.056310 

-
0.220640 

-
0.042405 

0.210770 0.154572 0.106971 0.131526 0.213706 0.154745

   
1.500  

b3 0.070790 0.101288 -
0.220640 

0.153534 0.113296 0.123151 0.090125 0.106114 0.184404 0.140624

   
1.750  

b3 0.066200 0.126232 -
0.220640 

-
0.200631 

-
0.322900 

-
0.340089 

-
0.417277 

-
0.386555 

-
0.401961 

0.160375

   
2.000  

b3 0.050650 0.087590 -
0.022064 

0.192006 0.458932 0.606394 0.658515 0.630029 0.678288 
0.451305

   
2.250  

b3 0.033608 0.188470 0.264176 0.676525 0.512640 0.676586 0.721232 0.691455 0.716206 0.735627

   
2.500  

b3 0.045700 0.250631 0.391168 0.862860 0.581916 0.650636 0.708428 0.790365 0.730697 0.723340

   
2.750  

b3 0.029410 0.005263 0.361538 0.473955 0.587120 0.717100 0.745985 0.923098 0.888232 0.691507

   
3.000  

b3 0.110560 0.233349 0.314976 0.395789 0.678359 0.787635 0.780099 0.926711 0.926771 0.992600

   
3.250  

b3 0.088986 0.285544 0.256598 0.525127 0.675482 0.845920 0.902249 1.074729 1.070178 1.162540

   
3.500  

b3 0.130502 0.363345 0.379645 0.521886 0.821664 0.853060 0.870203 1.153075 1.183406 1.254670

   
3.750  

b3 0.085784 0.455158 0.394496 0.656915 0.913115 0.908642 0.942279 1.272034 1.268936 1.267115

   
4.000  

b3 0.109153 0.372982 0.458942 0.655489 1.028335 0.908642 0.889634 1.281729 1.307218 1.290864

   
4.250  

b3 0.042491 0.354063 0.377560 0.723122 0.976271 0.979328 1.015718 1.201078 1.178372 1.255473

 


