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ABSTRACT

The present doctoral dissertation investigates the reduction of building final energy
consumption through renewable energy systems, the application of novel materials, and
the optimal control of the building’s space heating and cooling systems. Multiple
innovative and conventional passive envelope technologies are examined to identify
the optimum parameters regarding their application, their possible combinations, and
their effectiveness. Additionally, heat pump systems for space heating and cooling,
along with their integration with renewable energy sources and different terminal units,
are analyzed. Photovoltaics and hybrid solar technologies are investigated as a means
of on-site energy generation. This thesis aims to determine the optimal energy retrofit
strategy for buildings, considering both single and multi-criteria assessments. The study
considers all four climatic categories of Greece as well as other Mediterranean climates
in Europe, while the investigated buildings primarily focus on residential structures,
including single- and multi-family, ranging from single-story to multi-story structures.

Chapter 1 presents the driving forces of deep energy renovation in buildings.
Specifically, the rapidly escalating energy prices, the age and high energy demand of
the Greek and European building stock, and the increasing frequency of extreme
weather phenomena due to global warming intensify the phenomenon of energy poverty
and many people’s inability to ensure adequate thermal comfort in their homes.
Chapter 2 provides a comprehensive literature review of passive envelope
technologies, encompassing both conventional and innovative solutions. These include
insulation solutions, advanced windows, high thermal mass technologies, optically
advanced materials with cooling potential, mechanical ventilation strategies, and
bioclimatic design approaches. Techno-economic data for various insulation materials
and window systems is gathered from the market to provide practical insights. Chapter
3 provides an extensive literature review of the most important energy systems for
buildings. These systems include high-efficiency and advanced applications of
photovoltaic technology, and various solar thermal technologies for building and other
applications. Next, condensing boilers and shallow geothermal systems, including
horizontal fields and boreholes, are examined for building applications. Finally, a
detailed analysis is conducted on heat pumps, focusing on their various classifications
based on energy source and heat transfer fluid, their integration with renewable energy
sources, their coupling with different terminal units, and the use of environmentaily
friendly working fluids. Lastly, sorption cooling systems are also reviewed.

Chapter 4 provides the core methodology of this dissertation. Specifically, the
mathematical modeling of building thermal envelope physics and energy system
operation is described in detail. This chapter presents the specialized models developed
using DesignBuilder software, the EnergyPlus simulation program, Dymola software,
and the Modelica language. A validation study was also conducted using field-
monitored data from an existing two-story mixed-use building. A detailed building
model was developed using DesignBuilder software that accurately predicts the




building’s energy demand for heating and cooling, with a maximum deviation of 2.5%.
The model also effectively simulates indoor thermal conditions, with an average
deviation of 0.28 K and 0.27 K in dry-buib temperatures during two three-day periods
in May and September. These results validate the building energy simulation
methodology used in this dissertation.

The conclusions of the present thesis are drawn from Chapters 5 and 6, where the
results of the calculations performed are presented. First, Chapter 5 provides
simulation results regarding building thermal behavior and applying multiple passive
building envelope technologies. Firstly, a multi-objective evaluation is conducted on a
single-family building, assessing renovation actions, including thermal insuvlation,
window systems, green roof infrastructure, and an air-to-air reversible heat pump. All
possible combinations are analyzed to determine the optimal solution based on energy
and economic criteria. Next, thermochromic coatings are examined as a rooftop
renovation strategy for a single-family building, and this is followed by a study on the
combined use of phase change materials and optically advanced cool and
thermochromic rooftop coatings. Another study evaluates a two-story residence,
combining external wall insulation, PCM rooftop application, a mechanical ventilation
system for cooling, and a cool rooftop coating. Finally, three studies focus on thermal
comfort analysis. Analytical multi-objective studies are performed to investigate the
impact of various passive building envelope technologies on the building’s seasonal
and yearly thermal performance parallel with the indoor thermal comfort conditions.
Thermal comfort calculations are based on indices retrieved from Fanger’s model.

Chapter 6 presents simulation results on the combined use of passive envelope
technologies and energy systems, forming holistic retrofit scenarios for residential and
commiercial buildings. Emphasis is placed on renewable-driven heat pump systems
integrated with solar thermal and geothermal fields. First, a study determines the
maximum number of stories, allowing residential buildings to achieve electrified zero-
energy status via photovoltaic installations across Greece’s four climatic zones. Next, a
comparative dynamic and economic analysis evaluates four renewable thermally driven
heat pump systems, air-source, ground-source, dual-source (air and solar), and triple-
source (air, solar, and ground), for heating a 40-apartment residential building in Spain.
Another study explores the holistic energy retrofit of a large cultural heritage building,
integrating passive envelope solutions with a ground-source heat pump and borehole
thermal energy storage for space heating. Additionally, the use of an air-to-water high-
temperature heat pump with the environmentally friendly R1234ze(E) refrigerant is
assessed to replace an oil boiler but retain the existing radiators and piping in a
residency in Athens and Thessaloniki. Finally, the hybridization of a water-to-water
high-temperature heat pump with a solar thermal system of flat plate collectors and a
thermal storage tank is examined as a space-heating system for a residency in Athens.

Finally, Chapter 7 summarizes the key findings of this doctoral dissertation.
Specifically, the study demonstrated that thermal insulation is the most effective
renovation technology. It achieves the highest primary energy savings, up to 66.1%,




and reduces life cycle costs by up to 29% when combined with a high-efficiency
reversible air-to-air heat pump. Additionally, thermal insulation results in the highest
improvement of indoor thermal comfort, either as a standalone measure (up to 1.3%)
or combined with triple-glazed, low-emittance, argon-filled windows (up to 14.4%).
Cool coatings are an effective cooling technique resulting in up to 37% cooling energy
savings but are responsible for an up to 31% increase in heating energy demand.
Combining them with phase change materials restricts heating penalties up to 17%.
Thermochromic coatings are an interesting alterative, resulting in 17.1% annual
electricity savings, but are susceptible to optical degradation which makes their renewal
within three months necessary. For apartments in multi-story buildings, where rooftop
renovation is not an option, exterior shading ranks as the best cooling technique,
mechanical ventilation as the second, while thermal insulation is the optimum solution
regarding annual energy savings and thermal comfort improvement. Also, a comparison
between the national energy performance and the Passive House is performed using
field-monitoring data, and it proves that the latter results in 12.4% better thermal
comfort conditions and 45.25% lower annual electricity consumption.

The results of the zero-energy building feasibility study identified the maximum
number of stories in multi-family buildings that the installation of rooftop photovoltaic
systems can fully satisfy, which are six for Chania, five for Athens, four for
‘Thessaloniki, and two for Kastoria. Next, renewable thermally driven heat pumps are
found to outperform conventional air-source heat pumps in terms of efficiency but have
higher net present costs. Specifically, the triple-source heat pump with solar thermal
and geothermal fields is found to show a 17.4% better efficiency and 200 k€ extra net
present cost. The corresponding values for the ground-source heat pump are 9.98% and
222 k€, and for dual-source heat pumps, they are 5.57% and 30 k€. Following that, the
renovation of a large, historical building with thermal insulation, window replacement,
and the installation of a water source heat pump coupled with a borehole geothermal
field results in a 36.7% reduction in the final electricity consumption. Finally, replacing
oil boilers with air-to-water and water-to-water high-temperature heat pumps is
investigated. The first solution is more economically viable, resulting in up to 7.1%
primary energy savings, a maximum seasonal coefficient of performance of 2.128, with
a simple payback period of around 6 and 8 years, and CO; emissions avoidance of up
to 35%. On the other hand, solar-assisted heat pumps are more efficient but expensive
space heating solutions. The optimal design of the configuration for the city of Athens
includes 35 m? of solar collectors and a 2 m® storage tank, demonstrating a seasonal
coefficient of performance of 2.947.




NHEPIAHYH

H napovon dwaxtopuc] dwtmfPny diepevve T peiwon g tehkig kataviAnong
EVEPYELONG TOV KTiplov LECH GUOTNHATOV OVAVEDGIUMY YDV EVEPYELNS, KIVOTOP®MY
VAKGDY Ko tov PEATIOTO EdgyY0 TV cvotnpbtov Béppavong kot woéne. Eferalovion
TOAMOTALG KouvoTopeg Kot ovpPatikég teyvoroyieg kelbpovg Y Tov Tpoodlopiond
tov Bédtictov mopopétpov epapuoync kot mlbavod cvvdévacuov toug. EmmAfov,
avoADovTIal o cuoThpaTe avtiidy Bepuotntoc, kKebdg kon 1 eveoudTeon Toug pe
AVOVEMOUIES TNYEG €VEPYEWS Ko Owpopetikés Tepuatikés povadss. H ypron
potoPolrtdikdv kot vPpdikdy nAakdv TEXVoloydy Sepevvital emiong mg Avon
EMTOTIAG THPAyOYNS NAEKTPIKNG Ko Oeppuknig evépyswag. H mapovoo dSumhopatiky
gpyaoio otoyevel otny BEATioT evepyewxt] avefadion kupiov, pécw aforoynoeny
povav 1 kot morhamiag kpumpiov. H pedém eferdler kon 11¢ téooepic kipanikeg
kornyopieg g EAAGdag kabdg kon dAAa pecoyewkd kiinato g Eupdang, evd to
KTipiee TOU £PELVAOVTHL HPOPOVY KUPILMG OE LOVIDPOPES £MC TOAVDOPOPES KaTotkiec.

To Kegpdaiowo 1 e&etalel v avoryicordTnTo TV EVEPYEWIKOV KTIPOK®V avaPadpiceav.
H poavdaio kApuokmorn tov TGOV SVEPYEIRS, N TRAOTITO KUl T} UYNAT] EVEPYEIOKN
{itnen Tov EAAMVIKOD Kot EpOTaiko KTiplakol erofénutog, Kaddg kat 1 avlavopevn
CUYVOTITE. OKPOLMV KOPIKOV QUIVOULEVOV EVIEIVOVY TO QUIVOUEVO TIG EVEPYSIRKIS
QTdYEWS Ko TNg advvapiag moAAmv avlporwv va s&aceoiicovy enapkn Oeppikn
dveon ota onitia tovg. To Kepdhato 2 mapéyet pua oAorinpopévn Biffitoypopiki
QVOOKOMNOT  OUUBOTIKOV KOl KOIVOTOM®Y  TEXVOAOYIDV  KEAVQOUS.  AvTég
wepapBavouy BepuotoveTIKG VALKE, TPOTYIEVE CUGTNOTA Tapabipay, Teyvoloyieg
wymAfg Beppuxng nalog, ontucd mponyuéva VAWKG pe dvvardmnteg Witneg, pwmovikd
ogplopd kot Aboswg Prokipatikod oyedaopod. Teyvikoowovopukd dedopéva o
Stdpopa povetikd VA Kot cvothpata nopabipov Exovv cvAiexbel and v ayopd
yier vo mapéxovv apaktikés yvaoels. To Ke@dhaio 3 napéyet pue exteviy Piflioypopikn
QVOCKOTNGT TMV CTUAVIKOTEPOVY EVEPYEWIKAV CLGINPATOV Yo KTip. Xe autd
neprAapPdvovror vymAing omodoong Kot TPONYREVES £QUpLOYES QoToBolTaikdV
cLOTNUAT®V, Kol VEpLdES nABeppikés Teyvoloyies, Le KOpLa sQUPUOYT OTA KTipLo.
Betalovron eniong AéPnieg cupmbicveong kot prixd yewBeppxd nedia, eite opilovi
nedie eite YEWTPNOE, KUTGAANAES Yo kTproxés epoppoyés. Télog, avaidovtal To
cuoTAuate aviAmv Beppotntog, eotidlovrag onig Spopeg Tavoprcelg toug Paost
TNG ANYNG EVEPYEWS KA TOV PEVSTOV PETAPOPES Depidtniog, o1V EVemPATOoT] ToUg
pe avoveDOUHES MNYEG evEPYEwNG, otn oULEVEN] ToUg pe SLQOPETIKES TEPUATIKEG
povadeg xoir otn xprion mepPorioviikd Quukodv epyalduevov péowov. Téloc,
avaQEPOVTAL ETIOC T0 SCVOTANUTA YHENS AmOPPOPTONG KOL TPOGPOPTIOTS,.

To Kepdiore 4 napéyel ™ Pacwn pebodoroyla avtig g Swrpipig. Hepryphoston
AETTONEPDG 1] HEOT|HATIKY] LOVIEAOTOINGH TG PUOIKIG TOV KTIPLAKOD KEADPOLC Kot
NG AESITOUPYIOG TOV EvEPYEOKOV ovotudtov tov ktpiov. INopovoulovior to
gfeiduceupéve  poviéda  mov  avamToyOnKey  XPNOLOTOOVINS TO  AOYIGUKO
DesignBuilder, to npoypepua nposopoinong EnergyPlus, to Aoytopud Dymola ot
vAwooo Modelica. [Topovowaleron, emiong, n ueAémn emdpworg Bacer pstpiosmv




MAEKTPIKOV KATOVOADGEMY Kol BEPLOKPATIAY EVOG d1DPOoPoV KTipiov uKTg Xpriong.
‘Eva Aemtouspéc poviého kripiov avomtiybnie Ypnoylonoudvieg T0 AOYIGHIKO
DesignBuilder mov mpofiénel e axpifewn, péyomn andiduon 2,5%, Tig evepyeluKkés
anoTioElS Tov KTipiov Yo Bépuavon ko woln. To poviého mpooopoudvel riong pe
akpiPeio Tig sowTepkés Beppkég cvvBixeg, pe péomn amoxion 0,28 K xon 0,27 K og
Beppoxpacieg Enpov BoAPod katd ) duwipkeia d00 TpUuEpBV TEPLOS®Y TOV Mo Kal
tov ZertéuPpro. To amoterécpate autd emtkvpdvovy 1n pebododoyio evepyslakic
Posoloinong KTpinv mov ypnotpornomfrjke oty Topovco dSwTpifp).

To cvprepdcpate g Smdopatikng epyaciog efayovral and ta Kepalata 5 kot 6,
Omov ToPovc1ELovTol To UTOTEALGLLOTE TOV VTOAOYIC UMY oL Tpaypatonominxay. To
Kepdiaw 5 mopéysl 10 OROTSAECHOTO EPOCOPOIMONG OYETIKG HE TN Geppikh
CURAEPLPOPE. KTIPIMV Kot TNV QUPUOYT TOAAUTADY TEXVOAOYUDY KeADQovg. TIphTov,
YO WO MOVOKATOWKID 7poypoTomoteiton 1 moAvkprinploxt  ofloddynon g
Bepuopdveong, ocvotnudtov topabdpayv, Tpaowng opogng Kol aviilag Beppomrag
aépa-aépa. Avaivoviar OAot o1 dvvatol cuvdLeopol Y TOV TPOSHIOPICUO TNG
Béitiotng Adong pe Paom evepyEloKE Kol OWOVOMWKE KPUTHplo. Xtn cuvEXs,
géetdlovion o1 BepPoypoIKES EMCTPOGELS OC CTPUTNYIKN GVOKUIVIONSG OpoPNG LG
povokatotkiog, evd oxoAouvBel peAEtn oyeTikG pe Tr oLVODACUEVT XpNoT DAIK®GV
GAAOYAG PACTC KOl ONTIKG TPONYHEVOV Yuxphv Kal DEPHOYPOUIKGY ETICTPOGENDY
opo@nc. Mua 6AAn perétn afodoyel o dudpopn katoucte, ovvivdloviag eEmtepucy
Beppopdvmon Totywy, VAKAE AAXYTG PACTIC GTNV OpOPT], UNYAVLIKO GOCTNUO HEPITUOD
1 dposicud xou yoypn Poen opoeric. Téhog, Tpelg PEAETES EMKEVIPOVOVIUL OTIG
sowteptkés cuvlnkes Beppukng dveone. Bhoetl avaAvTikdy TOADKPUIPLOKGY PEAETOHV
Siepeovaror 1 exidpoon Swpdpov TEXVOAOYIDY KEADQPOLS TNV KTiplakr] Geppikn
COUTEPLPOPA KoL cuvlfKkeg scwTepikng Beppixng dveong. O vrohoywopol Bepuknig
dveong Pacilovtor og deixteg OV ovaKT@VTOL 0rd 10 poviedo Tov Fanger.

To Ke@dioro 6 Topovctolst anoTeEAECILOTO TPOCOPOINGTIG OXETIKG, LE TT) CLVOLQOUEVT
YPNON TEXVOAOYIDOV KEADPOVS KO EVEPYEIUKMY GUGTIIATOV, OLHHLOPPOVOVTHS OMOTIKE
ogvipur ovoBaduone ‘Epgoon divetar og cvotpote aviddv Oeppotnrag mov
TPOPOSOTOVVINT XD UVAVEDGULES TNYEG EVEPYEWNS KL EVOMUOTHOVOLY NAOBEpHIKE KoL
vewBeppukd medio. Hpdtov, po perétn xabopilel Tov Léyioto apBud opdemv, o
kabotd duvory Ty wANPN KEALYTM TG MABKTPKNG amaitnong kTpiov  ond
QoTOPOATUIKG cuGTANOTA OpoQNG. LTI CUVEXEW, L0 CUYKPLTIKY] EVEPYEINKY] Kol
owkovopk] ovéivon ofwroyel Téooepa cvotiuate avtldv Beppdmrog mwov
YPTOLOTOOVY MG YT TOV CEpa, TO £30pOog, TOV UEPL Ko TOV A0 (A1), Kot Tov
aépe, tov HA0 xal o £6apog (TpwmAn), Y T Béppavon pog moivkaroikiog 40
dapepiopdrov omy lonavie. Emduevn pehen dlepeuvé v OAIGTIKY EVEPYEWOKN
avaPdaduion evog peydAov kripiov moMtiotikng kinpovopds, cuvvdvalovag ADGEL
KeEMOQoug pe aviiio Beppotntag cvlevypévn pe yembeppud medio yur Héppovon .
Emmifov, aforoyeitan 1 ypniorn oviiiag Beppomntag vyming Ospuokpaciog agpo-
vepoh pe 10 QUAMKG mpog To mEPPEAIoV yukTud péco R1234ze(E) wog Adon
avtikatdoToaong Aéfnta meTpedaiov, pe v S10TMPTOT TOV VPIGTANEVOY DeplavTIKGOY




copdtov Kal coinvocsoy. Télog, peketdtol o vBpwiouds pog aviriag Oeppotnrog
vymAng Beppoxpaciog vepou-vepod pe nioBepuko nedio arhdv eninednv COAAEKTOV
oe oOvdeon pe debapevi) Beppikiic amobiKevong Y10 EQUPUOYT GE KOTOIKIM.

1o Ke@ahowo 7 ovvoyilovral Ta onuavikdtepa supripata Tng napodoag SwrpiPic.
Apyd, 1 Beppopdvion dwukpivetarl og 1 mo anodotiky] Texvoroyio avefaduiong,
ERTVYYOVOVTUS LLEloT TpeToYevols EVEPYELNG Kol KOGTOUG KuKAoL (wrig, émg 66,1%
kol 29,0%, 6tav cuvdoalgtol pe avaotpéyiun avtiia Oeppdnrog aépa-aépa LYNANG
an6doonc, kot péyot Beltioon covlBnkav Bepuhg dveong, tog 1,3% 1 14,4% otav
epappdletat Lovn e i cuvdvaletal pe wponyuéve cvsthueta tapadipav. Ouyuypig
Bagég sivan et amoTeASGHOTIKY AVOT pelwong poptimy yigng, £mg kot 37%, wotdco
guBdvoviol v v fog ko 31% advénon g Oimong evépysweg Bépuovong. O
GLYOVOGUAC TOVG PE DAIKG oAdayrg @dong mepopiler v advdnon tov goptiov
Béppavong éog kot 17%. Ov Beppoypopuxts emotpdoelg sivon o evolopEpovoa
svoAhoxTikny Avon, ov odnyel og 17,1% etnow sE0tkovOpNOT) NAEKTPIKIG EVEPYELNS,
®woT060 10 Qowdpevo g omtkig vroPdfpeng tovg kethotd amapaitnty v
AVOVEDOT TOLS EVIOG TPV uivay. Mo hapeplopata oe TOA®OPOQE. KTipit, 6mov 1)
avakoivion opogng dev damoteiel emioyn, 1 sEwtepikn okidon Kotardoostoar g M
koAdTEpT Ao PEIMOTNG WYUKTIKAY QopTioV, 0 PNYaviKos aepiopdg mg 1 dedtepn), eva
1 OeppopdvaocT og 1 BEAtiotn Ao doov apopd oty TG0 e£otKovVOUN oY EVEPYELOG
kol otn Pedtioon g Gepuknc dveong. Eniong, apaypatonoitor cuykpion petasd
oV e0viKoU KOvVOVIKOD EVEPYEWNKNG GROSOCNC KTIPIOV KOl  TOV TPOTLROL TOU
MadnTucod Kriplov kot arodsikvieton 61t o tedsvtaio odnyel os 12,4% xoukdtepeg
ouvnkeg Beppuing dveong kot 45,25% younAotepn eTow NAEKTPIKT| KOTovAA®OT.

H gykotdotaoTt ¢oTofoATaiKdY 0po@1ic LTOPEL VoL DAEPKOADYEL TNV ETACW amaitnon
NAEKTPIKIG EVEPYELNG O KOTOKiEG Emg €E1L opOQovg ota Xovid, mEvie oty Abrva,
téooepig ot Becoculovikn kar Vo oy Kaotopua. Ov avtrieg Beppdmntog mov
tpoQodotobvtol and avavedoipes TNy evépyswrg vrepPaivovy Tig copParicés avtiisg
Oeppomrog afépo-ofpo of amddooT), OAAR Kol KOGTOC. XUYKEKPUYEVH, T GvTAic
Beppdmrog tpmAng evépyelog mapovoidler 17,4% walitepn anddoon xou 200 k€
smmhéov kabapd tpéyov kootog. Ot aviiotoyes Tywég v v avidia Osppodtnrog pe
YN 1o £dagog eivar 9,98% kon 222 k€, eva yio v avtiio Beppotrag SimAng Tnyrg,
gival 5,57% won 30 k€. EmumAfov, 1 avakaivion evog peydiov, 1otopuod ktpiov pe
BeppOHOVOOT), OYTIKOTAOTOOT Tapabipov Kot eykatdctaon aviiiag Beppomrag os
ovlevén pe yswBepuikd medio cvpPdrier otn peiwon g TEAKNG KOTOVOADONG
evépyewg katd 36,7%. Téhog, Siepevvdran 1) avrikardotoot tov Aefirav netperciov
ue avriieg Beppomntag vymirg Beppoxpeciog aépa-vepold ko vepoi-vepod. H npatn
AVGT €IVOL O OIKOVOLLIKT) KoL 0011YEL 08 EE01KOVOUNGT TPOTOYEVODG EVEPYELDG £MG KO
7.1%, pe péyioto emoywxd cvvieheot] anddoong 2.128, anin mepiodo andcfeong
nepinov 6 kot 8 stdv, ko peiwon exmopmoy CO2 €mg kot 35%. Avtibeta, o1 avtAieg
Bepudmnrag pe miwki] vrofonbnon elvar mio amodotikég oAAG axpiéc Avoslg
Béppavong ydbpov. O Bédtiotog oysdacpdg g mepapPaver 35 m? nAoxov
ovAkekTdv Kot defopievn omodijkevong 2 m’, e ENOYLIKS CUVTIEAEGTN amoddoong 2.947.




