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Foreword   
I.	Deligkiozi,	D.A.	Charalambopoulos	

“ENERGY	in	BUILDINGS”	is	an	annual	International	Conference	that	took	place	for	the	seventh	
consecutive	year.	The	events	bring	together	professionals	of	all	disciplines	associated	with	the	built	
environment	 including	Engineers,	Architects,	Professors,	Researchers,	Building	Owners,	Property	
Managers,	Investors	and	other	disciplines.	The	7th	International	Conference	EinB2018	was	organized	
by	the	ASHRAE	Hellenic	Chapter	in	collaboration	with	the	Technical	Chamber	of	Greece	(TEE).	The	
event	was	held	in	Athens,	Hellas	on	November	3,	20186.		

A	total	of	68	speakers	from	Egypt,	Germany,	Greece,	Italy,	Portugal,	Serbia,	Singapore,	Spain,	
Sweden,	 Turkey	 and	 the	 United	 Kingdom,	 presented	 38	 technical	 papers	 and	 posters	 that	 are	
included	in	these	Proceedings.	The	main	conference	topics	covered	numerous	hot	themes	on:	High	
Performance	Building	Design	&	Operation,	Near	Zero	Energy	Buildings,	Green	Building	Performance,	
New	 Trends	 in	 HVAC	&	Architectural	 Design,	 Refurbishment	 for	 Improved	 Energy	 Performance,	
Simulations	&	Practical	Tools,	Energy,	Materials	&	Technology	Management,	Daylighting	&	Artificial	
Lighting,	Indoor	Environment	Quality,	Building	Automation,	Solar	Utilisation	&	Integration,	Life	Long	
Learning,	Combined	Cooling	Heat	and	Power.		

The	program	also	included	ten	keynote	and	invited	speakers: 	

Speaker:	 Prof.	Dr.	William	Bahnfleth,	P.E.		
	 ASHRAE	presidential	member,	USA	
Topic:	 Thermal	Energy	Storage	in	the	Era	of	Sustainability		

Speaker:	 Dr.	Costas	A.	Balaras	
	 Director	&	Regional	Chair,	ASHRAE	Region	XIV,	Greece	
Topic:	 Welcome	Presentation,	the	State	of	the	new	ASHRAE	Region	XIV	(Europe)		

Speaker:	 Angelos	Dalavouras	
	 President,	ASHRAE	Hellenic	Chapter,	Greece	
Topic:	 Welcome	presentation,	the	State	of	the	Hellenic	Chapter	

Speaker:	 Dimitris	A.	Charalambopoulos,	M.Sc.,	BEAP	
ASHRAE	Hellenic	Chapter	Board	Member,	ASHRAE	Region	XIV	RMCR,	ASHRAE	Members	
Council,	Greece	

Topic:	 Welcome	 Presentation,	 Introduction	 to	 the	 “Energy	 in	 Transportation”	 International	
Conferences	

Speaker:	 Prof.	Dr.	Maria	Venieri		
	 Department	of	Philosophy	&	Social	Studies,	University	of	Crete,	Greece	
Topic:	 Can	Machines	be	Conscious	

Speaker:	 Dr.	Milena	Blagojevic,	Architect	
	 Teaching	Assistant,	Department	of	Architecture,	University	of	Florence,	Italy	
Topic:	 Historical	Buildings	Energy	Efficiency	–	Improvement	and	Empowerment	

Speaker:	 Dr.	Christos	Vlachokostas,	Mechanical	Engineer		
	 Board	Member	Technical	Chamber	of	Greece/Region	of	Central	Macedonia,	Greece	
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Topic:	 Motives	 and	 Tools	 to	 Enable	 Citizens	 to	 Become	 “Smart	 Consumers”:	 A	 “Socially-
Oriented”	Approach	Towards	Smart	Energy	Consumption	in	Buildings	

Speaker:	 Dr.	Rupesh	Iyengar,	Dr.	Sc.	(Sustainable	Architecture)	
	 Director,	 Services	 Consultants,	 India.	Co-Founder,	 Index	 Workshop	 LLP,	 Singapore	

Mechanical	 Engineer,	 International	 Sales	 Manager	 at	 Engie	 Refrigeration	 GmbH,	
Singapore	

Topic:	 Net	Positive	Energy	Design	

Speaker:	 Andrés	Sepúlveda,	Chemical	Engineer	IFL	MBA	
	 Madrid	Politechnic	University,	Commtech	Commissioning	Services	CEO,	Madrid,	Spain	
Topic:	 Commissioning	Management	for	High-Performance	Buildings	

Speaker:	 Raul	Simonetti	
	 HVAC/R	 Corporate	 Business	 Manager	 at	 the	 HVAC/R	 Knowledge	 Centre	 of	 CAREL	

Industries	SpA,	Brugine,	Italy	
Topic:	 Optimizing	Efficiency	at	System	Level	

	
	

This	year	the	Conference	hosted	the	thematic	TESSE2B	conference	in	the	field	of	energy	storage	
targeted	 to	 Energy	 Efficient	 Buildings.	 This	 thematic	 event	 presented	 and	 discussed	 current	
innovations	in	the	Energy	Storage	field	targeted	to	Energy	Efficiency	&	Built	Environment,	focusing	
on	integrated	solutions	for	residential	building	energy	storage	by	solar	and	geothermal	resources.	
Results	were	presented	from	the	ongoing	European	project,	as	well	as	results	from	other	projects	
in	the	area	of	energy	storage	

• Prof.	Dr.	Michalis	Gr.	VRACHOPOULOS	&	Dr.	Constantine	KARYTSAS,	The	TESSE2B	overall	
vision	and	rationale	

• Prof.	Luis	COELHO, Thermal	Energy	Storage	Systems	for	Energy	Efficient	Buildings	
• Assist.	Prof.	Dr.	Maria	K.	KOUKOU, Development	of	heat	exchangers	and	PCM	 tanks	 for	

heating,	cooling	and	Domestic	Hot	Water	(DHW)	 	
• Mag.	Heiko	GAICH, Borehole	heat	exchangers(BHE)	using	PCM	technology	
• Theoni	I.	OIKONOMOU, Solar	Thermal	Systems’	innovative	concepts	for	residential	

buildings 
• Prof.	Constantinos	SOURKOUNIS	&	Pavlos	TOUROU, Control	and	monitoring	system	for	high	

energy	and	cost	efficiency	
• Aniol	Esquerra	ALSIUS,	Mag.	Heiko	GAICH,	Zenon	CHRYSANTHOU, TESSE2B	Demonstration	

Sites 
• Dr.	Olympia	POLYZOU	&	Dr.	Spyridon	KARYTSAS, Financial	&	Market	analysis	of	TESSE2B	

solution	
• Barbora	 BLAŠKOVIČOVÁ, Advanced	 thermal	 storage	 system	 based	 on	 Thermo-Chemical	

Materials	
• Barbora	BLAŠKOVIČOVÁ, Self-consumption	of	renewable	energy	by	hybrid	storage	systems	
• Barbora	BLAŠKOVIČOVÁ, Energy	efficient	 ventilated	 facades	 for	optimal	 adaptability	 and	

heat	exchange	
• Efstratios	VARVAGIANNIS, Integration	of	energy	storage	systems	in	a	heat	pump	
• DISCUSSION, Thermal	Energy	Storage	–	Prospects	and	future	steps	in	European	research	
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Six	workshops	were	also	organized	during	the	conference,	chaired	by	Alkis	Triantafillopoulos,	

and	were	very	well	attended: 	

Workshop	–	1:	 AHU	Systems	combined	with	VRF	Technology	–	Applications	and	Benefits.		
Presenter:	 Christos	GEKAS	
	 Mechanical	Engineer	NTUA,	AE	Academy	Supervisor,	LG	Electronics,	Athens,	Greece	

Workshop	–	2:	 Refrigeration	Applications	with	Transcritical	CO2.		
Presenter:	 Timos	DASKALOPOULOS	
	 Mining	&	Metallurgical	Engineer,	MBA,	CEO	Delphis	Group,	Athens,	Greece	

Workshop	–	3:	 ASHRAE	 Standard	 189.1	 –	 “Standards	 for	 the	 Design	 of	 High	 Performance	
Buildings;	except	Low-Rise	Residential”.		

Presenter:	 Prof.	Douglas	ZENTZ	
	 Associate	 Professor,	 Program	 Coordinator	 for	 the	 HVACR	 Programs	 within	 the	

College	of	Engineering	Technology	at	Ferris	State	University,	USA	

Workshop	–	4:	 HVAC	systems	for	Hyper	-	Efficient	Buildings.		
Presenter:	 Alkis	TRIANTAFYLLOPOULOS	
	 Mechanical	Engineer,	MSc	in	Energy	Engineering,	Menerga	Hellas	ASHRAE	Hellenic	

Chapter	President	2017-2018,	Greece	

Workshop	–	5:	 Chillers	and	Ecodesign.		
Presenter:	 Athanasios	PALIOGIANNIS	
	 Mechanical	 Engineer	 MSc.,	Sales	 Manager	 BSS	 &	 Projects,	AHI	 CARRIER	 SEE	 SA,	

Greece	
Workshop	–	6:	 Optimum	Savings	Through	a	Sophisticated	Air	Conditioning	System	in	a	Hotel	Unit	

in	Crete.		
Presenter:	 Elias	PETSANAS	
	 Mechanical	Engineer,	Sales	Manager,	DELTA	HEATING	–	AIR	CONDITIONING	LTD,	

Greece	

The	 Conference	 ended	 with	 an	 open	 discussion	 on	 “Building	 our	 New	 Energy	 Future	 –	
Challenging	the	president”.	

All	 the	presentations	and	videos	 from	 the	conference	are	available	on	 the	ASHRAE	Hellenic	
Chapter’s	website	(http://ashrae.gr/einb2018.php).		

	

We	 specially	 thank	 the	 speakers,	 the	members	of	 the	Conference	Scientific	Committee,	 the	
numerous	volunteers,	the	sponsors	and	the	over	450	participants	that	made	this	a	successful	event.		

	

	

Ioanna	Deligkiozi,	Ph.D.	
Chemical	Engineer	
Senior	Researcher,	CERTH	
EinB2018	Conference	General	Chair	
ASHRAE	Hellenic	Chapter	President	2016-2017	
ASHRAE	Region	XIV,	Nominating	Committee	

Dimitris	A.	Charalambopoulos,	M.Sc.,	BEAP  
Mechanical	Engineer	
EinB2018	Conference	General	Chair	
ASHRAE	Hellenic	Chapter,	Treasurer	2018-2019	
ASHRAE	Region	XIV,	RMCR	&	Treasurer	
ASHRAE	Members	Council,	Member		
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How Sustainable are Hotel Rooms? 
Estimating Sustainability Factors 

I. Stamatiou*, E. Alexandri
School of Science and Technology, Hellenic Open University, Patras, Greece 

ABSTRACT 
As tourist activities are responsible for large energy consumption both globally and at a national level (in Greece) (Hellenic Statistical 

Authority, 2013), this study explores how sustainable can new nearly zero energy hotel buildings be designed and constructed. Two nearly zero 
energy module rooms are examined in climatic zone A of Greece, designed for summer use; a typical one, where all necessary commodities are 
placed within the room and a less typical one, where the commodities that can be placed outdoors, are placed outdoors. In addition, as the 
operational energy consumption has to be reduced in new or renovated hotels according to EU and national legislation, the effect of the embodied 
energy of building materials on the Life Cycle Energy Assessment of these two nearly zero energy module rooms is examined. The aim of this 
study is to assess how sustainable a newly built hotel module can be, taking into consideration both its ‘design for less’ and bioclimatic strategy, as 
well as its materials and techniques. 

The operational energy consumption of both modules is calculated. Apart from that, the two modules are looked into with scenarios of 
various materials and techniques, whose embodied energy is also calculated. With the criteria of operational energy consumption, embodied energy 
consumption, embodied green house gas emissions, and initial cost, the two modules and their deriving scenarios are looked into. Comparison is 
made between ‘design for less indoor commodities’ and bioclimatic design to meet all commodities indoors, as well as between typically used 
materials in Greek structure and sustainable materials. Conclusions are drawn on the optimum scenario for nearly zero energy hotel rooms, which 
meets best all these energy, environmental and economic factors. 

INTRODUCTION 

According to the World Tourism Organisation there has been globally an increase of 40% or 384 million arrivals 
during the last decade (UNWTO, 2018). Europe receives 51% of international tourism, with a rising trend of the magnitude 
of 8% (UNWTO, 2018). This rising trend is also observed in Greece, with 9.7% rise in arrivals and 10.2% in overnights 
(SETE Intelligence, 2018). Although the touristic product may have a positive effect in the economy (according to Hellenic 
Statistical Authority (2018) tourism contributed by 10.3% in the country’s Gross Domestic Product in 2017), if not 
designed and managed properly, touristic infrastructure and activities may be disasterous for the environment; in the 
instance of Spain, abandoned touristic infrastructure costs billions of euros to the Spanish government for restoration 
(Carrero et al, 2009), while the overexploitation of touristic areas with large hotel buildings and infrastructure devalues the 
touristic product (Mantiñán and Solla, 2010), let alone the devastating consequences to the landscape. Until 2020, 52.08% 
of all hotels in Greece will have an age of more than 30 years (so a major renovation will be needed), while 10.59% will 
have an age of more than 50 years (Hellenic Statistical Authority, 2013) thus a demolition process and rebuilding might be 
needed or their structural reinforcement and their energy update. 

As sustainable tourism has become a crucial trend for the United Nations (2015), it is important to propose technical 
solutions that lead to sustainable touristic infrastructures. The aim of this study is to measure sustainability factors of two 
touristic room modules, so as to set guidelines for the efficient design of touristic modules, not only from an operational 
energy efficiency point of view, but also from an embodied energy, green house gases emissions and resources conservation 
point of view. 
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METHODOLOGY AND ASSUMPTIONS 

As most hotels in Greece operate during the summer period and mostly in the area of climatic zone A (Parpairi, 2016), 
room modules are designed and examined for summer use in this climatic zone. So as to assess the sustainability 
performance of ‘sustainable’ nearly zero operational energy hotel rooms, two bioclimatic hotel room modules are examined; 
one where all commodities (sleeping area, sitting area, toilet, shower, kitchen) are inside the room and a “design for less” 
room, where commodities regarding activities that can take place outdoors (sitting area, shower, part of the kitchen) are 
placed outdoors, so as to lower resources needed for constructing them as well as energy needed for air conditioning them. 
Both modules are designed bioclimatically, for summer use; so as to lower thermal gains, both rooms face North, so they 
receive the least possible solar radiation, they are shaded in the South, while there are no eastern or western openings. The 
plan of each module can be seen in Figure 1. As can be noticed, the “design for less” module (figure 1a) has smaller 
dimensions and occupies less floor area because shower is external (in the North outdoor space), kitchen is smaller (because 
oven has become a solar oven and has been transferred outdoors, in the Southern balcony), while the sitting area has also 
been transferred there. All the other areas and utilities have the same dimensions in both modules. The rationale of the 
‘design for less’ module is that the majority of tourists spend most of their time in a city, so there is a stronger nessecity for 
them to be more in touch with nature and spend more of their time outdoors during their holidays and these daily activities 
(bathing, cooking and relaxing) are better to be done outside for this reason. In this way the ‘design for less’ module 
(Scenario 4, as described later) exhibits less consumption in terms of materials and energy, making the touristic product 
more attractive and less expensive. 

(a)  (b)  

Figure 1 Floor plans of the studied room modules: (a) “typical” room and (b) “design for less” room 
Regarding ventilation, night-cross ventilation is considered, between the northern and southern openings, while the 

skylights that are placed on both orientations, achieving vertical ventilation within each room. Regarding materials, three 
scenarios are examined for the “typical room”; one according to the typical Greek structure (concrete foundations, concrete 
frame and brick walls – Scenario 1), one according to which concrete foundation is considered, with metal frame and 
precast, cement/gypsum boards as walls (Scenario 2) and one scenario with more environmental-friendly materials; stone 
foundations, with timber frame and clay/wood walls (Scenario 3). The same materials are considered in the “design for 
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less” room (Scenario 4). Thermal insulation in scenario 1 is expanded polystyrene (10cm), in scenario 2 is mineral wool 
(17.5cm), while in scenarios 3 and 4 are sawdust (20cm), resulting in U-values of 0.19-0.21W/m²K for walls, 0.23-
0.29W/m²K for roofs and 0.22-0.33W/m²K for floors in all cases. Aluminium frames with thermal break are used in 
openings in scenarios 1 and 2 and timber frame in scenarios 3 and 4, with U-values from 0.63W/m²K to 1.09W/m²K. All 
U-values are much smaller than the ones set in national standards (KENAK, 2017). For all scenarios, the design of the 
foundations and framing systems are made according to eurocodes (EN 1992-1-1:2004, EN 1995-1-1:2004) and national 
standards (ΕΑΚ 2000). In all scenarios, an ecolabel heat pump is considered with COP 4.84 and EER 5.64. Electricity 
needs are covered by 4 high performance (21% - with a 25-year life expectancy) photovoltaic (PV) Panels, occuping 6.52m² 
of the roof that has the appropriate slope (8.5°) to maximise the summer electrical production. Evacuated-tube solar 
thermal collectors are used, having a life expectancy of 20 years (Laborderie et al, 2011, Stucki and Jungbluth, 2012). 
Heating and cooling automations are class ‘B’, according to TOTEE 20701-1:2017, while lighting is controlling via presence 
and photosensors, while the daylight covers 90% of both modules’ daylight needs. The materials that have been used are 
shown in Table 1 for each scenario. It has to be mentioned that Scenario 3 and 4 use hard timber for bearing frames and 
soft cordwood in combination with cob for the walls, insulated with sawdust, as suggested by Roy (2016). 
Table 1.   Examined Scenarios for the two Touristic Room Modules 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 
Typical Design Typical Design Typical Design Design for less 

Convetional construction Composite construction Eco friendly construction Eco friendly construction 
Materials: Materials: Materials: Materials: 

Concrete 20/25 Stainless steel Glued laminated timber Glued laminated timber 

Clay Bricks Cemment/ Gypsum 
boards Cordwood and adobe  Cordwood and adobe  

Clay Tiles Clay Tiles Wooden boards Wooden boards 
Plaster Gypsum Plaster Adobe with lime Adobe with lime 

Expanded Polystyrene Mineral wool Sawdust  Sawdust 
Perlite-filling Perlite-filling Natural Perlite Natural Perlite 

Aluminium window/door 
frame with thermal 

break 

Aluminium 
window/door frame 
with thermal break 

Timber window/door 
frames 

Timber window/door 
frames 

Toughened Triple Glazed 
(Argon Filled) 

Toughened Triple Glazed 
(Argon Filled) 

Toughened Triple Glazed 
(Argon Filled) 

Toughened Triple Glazed 
(Argon Filled) 

Roof Tiles Roof Tiles Roof Tiles Roof Tiles 
PV panels PV panels PV panels PV panels 

Solar Thermal Collector Solar Thermal Collector Solar Thermal Collector Solar Thermal Collector 
Although the environmental criteria for estimating the sustainability of a building usually include global warming 

potential, acidification potential, eutrophication potential, ozone depletion potential, smog potential etc (Pacheco-Torgal et 
al, 2014), as this study mostly focuses on energy performance issues, the following criteria are used to examine the 
sustainability of each module and scenario: 

1. amount of materials – use of resources; 
2. operational energy consumption; 
3. embodied energy consumption;  
4. embodied green house gas emissions; 
Apart from that, as raised initial cost is many times a barrier in the sustainable development and construction of 

buildings (Weerasinghe et al, 2017), initial cost is also taken into consideration. 
The amount of materials used for each module are measured/estimated according to each module’s plans. In order to 

simulate the operational energy performance of the modules as well as the operational green house gas emissions, the 
software TEE KENAK is used, with the national assumptions that are described in TOTEE 20701-1:2017 and TOTEE 
20701-2:2017. In order to assess the embodied energy of the building materials that are used and their respective embodied 
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green house gas emissions, I.C.E. (Inventory of Carbon & Energy) database version 2.0 of Bath University has been taken 
into consideration (Hammond & Jones, 2011). Initial costs are estimated according to the Regulation on the Descriptive Works 
Invoices for Public Works Contracts (2017) Regulation about the Forest Products Ratings (2018) and as well as from information 
derived from respective companies. 

RESULTS AND DISCUSSION 

The operational energy is estimated for a 50 years Life Cycle (Dixit, 2017) for each scenario. It is depicted in the 
diagrams in figure 2. Total energy is calculated as the sum of Operational Energy (OE) and Embodied Energy (EE) in two 
cases: one where EE does not consider the bio-energy included in materials (EE) and one where EE considers the bio-
energy included to the materials (EEr) (Hammond & Jones, 2011). 

a)  b)   

Figure 2 Total Energy (operational (OE) and Embodied Energy (EE)) for each scenario in two cases: (a) 
without taking into consideration and (b) with taking into consideration the bioenergy (EEr) included in the 
materials  

As can be observed in figure 2, the “eco-friendly”, “design for less” scenario (Scenario 4) has in both cases (both 
when EEr is taken into consideration and when it is not) the smallest Total Energy (74,898.74kWh and 63,575.52kWh, 
respectively), while the typical design with the conventional materials (Scenario 1) has 137,081.96kWh in both cases and 
83.02% and 115.62% more Total Energy than Scenario 4, respectively. Also, Total Energy for Scenario 2 is 128,250.15kWh 
in both cases and it is 71.23% and 101.73% more than Scenario 4. Finally, Total Energy for Scenario 3 is 77,793.33kWh 
(65,996.15kWh EEr) and it is 3.86% (and 3.81%, respectively) higher than Scenario 4. For the criterion of both the 
operational and embodied energy, Scenario 4 is the eco-friendliest scenario. When the total energy for each scenario are 
examined as the total energy or the total energy per module user, it is obvious that Scenario 4 ranks first. 

On the other hand, when the Total Energy per area of conditioned space is used, which is usually used in practice to 
assess the energy performance of a building, results are diversed; in this case Scenario 3 having 63,575.52kWh/m²,  exhibits 
the lowest Total Energy per area of conditioned space (EEr is 63,575.52kWh/m²), as it is depicted in figure 3 (for a 50-year 
period, for EE in figure 3a and EEr in figure 3b). Scenario 1, consuming 3,757.73kWh/m² in both cases, has 93.80% and 
128.44% more Total Energy per area of conditioned space respectively than Scenario 3, while Scenario 4, having 
2,382.09kWh/m², has 22.85% more Total Energy/m² than Scenario 3 (EEr is 2,021.96kWh/m² and needs 22.92% more 
Total Energy/m² than Scenario 3). When taking the units of energy per area into consideration, Scenario 3 seems to be the 
most environmental-friendly scenario; as with the use of this unit, space is not taken out of consideration; “design for less” 
is underestimated. 
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a)  b)  

Figure 3 Total Energy (operational (OE) and Embodied Energy (EE))/m² for each scenario in two cases: 
(a) without taking into consideration and (b) with taking into consideration the bioenergy (EEr) 
included in the materials 

a)  b)  

Figure 4 Percentage of OE and EE to Total Energy for each scenario in two cases: (a) without taking into 
consideration and (b) with taking into consideration the bioenergy (EEr) included in the 
materials 

a)  b)  

Figure 5 Total Energy per conditioned floor area for each scenario in two cases: a) without taking into 
consideration and (b) with taking into consideration the bioenergy (EEr) included in the 
materials 
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a)  b)  

Figure 6 (a) EE and (b) EEr for the building structure of each scenario 
In Figure 4 the percentage of OE and EE to the Total Energy can be observed. Following the European Union 

(Directive 2010/31/EU) and the national legislation (KENAK, 2017) for the minimasation of OE (nearly Zero Energy 
Buildings), the percentage of OE to the total energy ranges from 10.11% (Scenario 1) to 18.89% (Scenario 4) (or 10.11% 
for Scenario 1 to 22.26% for Scenario 2, considering EEr). As stricter legislation, regarding the energy performance of 
buildings, it is verified in this paper as well, the tendency of reduced OE percentage to the total energy, to which other 
research studies have also concluded (Koezjakov et al, 2018; Giordano et al, 2017). By examining the diagrams in figure 5 
(figure 5b is about EEr) it is clear that OE is approximately constant for all scenarios, as they have similar U-values and 
HVAC systems, according to the new standards; thus, the only area where, and the total energy consumed in buildings is 
from their embodied energy. 

Regarding only the embodied energy (EE) (and EEr) for the building structures of the four scenarios, they can be 
seen clearly in figure 6. Scenario 1 has 102.83% more EE (123,219.56kWh) than Scenario 4 (60,749.61kWh) which has the 
lowest embodied energy, thanks to its more environmentally friendly materials and also its “design for less strategy” 
(Scenario 1 has 149.30% more EEr). Scenario 2 has 88.25% more EE (114,363.43kWh) than Scenario 4 (and 131.38% more 
EEr), while Scenario 3 has 6.92% more EE (64,954.93kWh) than Scenario 4 (and 7.55% more EEr – 53,157.75kWh). 

It is noticeable that the EE of the openings has a huge difference from Scenarios 1 and 2 to Scenarios 3 and 4 dues 
to the high embodied energy of the aluminium frame used in the first two scenarios than the timber frame used to the last 
two scenarios. By excluding the EE (and EEr) of the openings for all scenarios the results about the embodied energy of 
the other building materials in the total EE is more obvious. The results of the total EE without the openings is depicted in 
figure 7. It is observed that Scenario 1 has 37.83% more EE without openings (80,108.94kWh) than Scenario 4 
(58,121.03kWh) which has the lowest embodied energy (also Scenario 1 has 69.74% more EEr without openings). Also, 
comparing the EE/m² (and EEr/m²) without openings results that Scenario 3 has the lowest EE, 1,619.02kWh/m² (and 
EEr 1,324.97kWh/m²), while Scenario 1 has 41.36% more EE/m² (and 73% more EEr/m²) (2,195.97kWh/m²). These 
results depict that Scenario 4 is the optimum option, regarding the embodied energy of foundations, walls, roof and floor. 

a)  b)  

Figure 7 (a) Embodied energy EE (and EEr) and (b) embodied energy per unit floor area EE/m2 (and 
EEr/m2) without openings 

Two other important metrics that are used in this research are the equivalent CO2 emissions and the equivalent 
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CO2 emissions per unit floor which are representative of how eco-friendly a scenario is. Because OE is approximately the 
same in all scenarios (and so are the equivalent CO2 emissions), only the equivalent CO2 emissions for the EE are 
presented. The calculations are based on ICE 2011 database (Hammond & Jones, 2011) and are depicted in figure 8. It is 
obvious that Scenario 4 and Scenario 3 are the eco-friendliest scenarios, regarding green house gas emissions. Scenario 1 is 
responsible for 22,693.65kgCO2, while Scenario 4 has 13,818.74kgCO2 (an increase of 64.22%) and Scenario 1 has 
622.08kgCO2/m² while Scenario 3 has 374.66kgCO2/m² (an increase of 66.04%). 
 Another criterion that is examined is the investment cost. In the following diagrams the Total cost and the cost/m² 
for each scenario are in euros. Costs have been estimated according to Regulation about the forest products ratings (2018) and 
Regulation on the descriptive works invoices for public works contracts (2017). It can be noticed that Scenario 4 is less expensive both 
totally and per user, while Scenario 3 is less expensive per unit floor area. Scenario 4 has a cost of 19,721.78€ while Scenario 
1 has a cost of 25,450.82€, (an increase of 29.05%) and Scenario 3 has a cost of 530.73€/m² while Scenario 1 has a cost of 
697.66€/m² (an increase of 31.45%). 

a)  b)   

Figure 8 (a) Equivalent kg CO2 and (b) equivalent kg CO2/m2 for all scenarios without openings 

a)  b)  

Figure 9 (a) Total costs and (b) total costs per unit floor area for each scenario 
 Finally, two other criteria are used; the “embodied energy consumable cost” and the “green cost”. The “embodied 
energy consumable cost” shows how much embodied energy has been consumed for each initial invested cost unit (euros in 
this study). This metric is important because a building should be financially preferable if it is less expensive but consumes 
more embodied energy than another that it is more expensive and consumes less embodied energy. The “green cost" shows 
how many equivalent kgCO2 (considering EE) have been released for each initial invested euro. This metric is important 
because a building should be financially preferable if it is less expensive but releases more kgCO2 than another that it is 
more expensive and releases less kgCO2. These two metrics are depicted for each scenario in figure 10. It is obvious that for 
each euro spent in the initial investment, Scenario 3 consumes 3.05kWh ΕΕ, while Scenario 1 consumes 4.84kWh ΕΕ 
(58.71% more energy). Considering the ΕΕr, then for each € of the initial investment Scenario 3 consumes 2.5kWh ΕΕr 
while Scenario 1 consumes 4.84kWh ΕΕr (93.54% more energy). Also, for each euro of the initial investment Scenario 3 
releases 0.73 kgCO2, while Scenario 1 releases 1.25 kgCO2 (70.69% more equal kgCO2). In conclusion, Scenarios 3 and 4 
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not only consume less energy, release less kgCO2 and have the lowest cost per floor area and user, respectively, but also, 
they are financially efficient as for each euro of initial investment they consume the lowest embodied energy and release the 
lowest amount of kgCO2. 

a)  b)   

Figure 10 (a) “Energy consumable cost” and (b) “green cost” for each scenario. 

CONCLUSION 

Two different designs, one typical using three different sets of structural materials (characterised as "conventional", 
"lighweight" and "eco-friendly") and one "design for less" (using "eco-friendly" set of structural materials) and four 
different scenarios for a typical touristic module are examined. Total energy, operational energy, embodied energy, 
embodied energy with consideration to bioenergy included in materials, embodied energy, equivalent carbon dioxide 
emissions, investment cost, "energy consumed cost" and "green cost" are calculated for all scenarios both per user and per 
floor area. The typical scenario with environmentally friendly materials (Scenario 3) and the “design for less” scenario that 
also uses environmentally friendly materials (Scenario 4) are found out to be the optimal choice, per floor area and per user 
respectively, regarding all the examined criteria. 

The Europian Union, local governments and associations of tourism must take into consideration the results from this 
and similar research, so as to produce environmental-friendly touristic products. Databases and standards about the 
estimation of the Embodied Energy must be made both at a European Union and at a national level, while the embodied 
energy of building materials must be stated in their certification (Alexandri and Androutsopoulos, 2017). Touristic 
associations have to inform their members and their customers about the new, eco-friendly trends that they will implement 
within the next years (UNWTO Barometer. 2018), so as to provide touristic products that are sustainable; eventually 
following the three-pronged environment / society / economy, which are the basic principles of sustainable development 
(Athanasouli - Rogakou et al, 1999). 

Finally, further research is needed so as to create detailed national and international EE databases, including the main 
characteristics of the building materials, to carry out studies about not only the environmental impacts, but also the impacts 
on the national economy and trade of the embodied energy and embodied carbon dioxide emissions from the building 
structure sector. 
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ABSTRACT 
The tertiary sector has an important share in the EU’s final energy consumption; in 2015 this reached 14% with a rising trend from 2000 

to 2015. Therefore, the sector has a significant role to play in the EU’s efforts to decarbonize the national building stocks by 2050, according to 
the stipulations of the recent revision of the Energy Performance of Buildings Directive (2018/844/EU). Member States should promote 
ambitious, yet cost-efficient, buildings’ renovations towards nearly zero energy. It becomes clear that substantial investments in energy efficiency 
technologies and renewable energy systems will be required, however, these are not always put in priority by tertiary sector businesses which prefer to 
invest in their core business activity and usually do not have the capacity to deal with such issues, especially SMEs. The shift from public incentives 
towards a model of mobilizing private investment, gives rise to novel project development and financing mechanisms, such as Energy Performance 
Contracting (EPC). 

The Trust EPC South Horizon 2020 initiative run in the period 2015-2018, aimed to scale up energy efficiency investments in the 
tertiary sector of southern European countries, with a particular focus on EPC projects, through the development of an investment standardization 
and benchmarking framework and targeted capacity building activities. The project was carried out in 6 countries (Croatia, France, Greece, Italy, 
Portugal and Spain) who exhibit a large untapped EPC market potential in the tertiary sector, while outcomes were also transferred in the 
Balkan region. The initiative supported 46 lighthouse pilot cases from different segments of the tertiary sector, to evaluate the potential of EPC in 
their facilities, by applying the An analytical tool investment standardization and benchmarking framework, developed in the frame of Trust 
EPC South, based on a well tested rating methodology by an international certification body. This approach aspires to create a common 
understanding among project actors, facilitate decision-making and unlock access to project financing. 

In this work, we examine the case of an entertainment and leisure centre in Crete, Greece. It is a 3-buildings complex of approximately 
4,000 m2 surface, built in 2003. The facilities operate daily, all year round, while the only source of energy used is electricity, which raises their 
annual energy costs to a whopping 155,000 €/year. Through an option list of 47 standardized measures, it was proposed to substitute the low-
efficiency chiller with heat pumps, install air curtains in the main entrance, solar films in windows and install a photovoltaic plant. At an 
investment of 180,000, the facility can save 48% of its energy costs with a payback of less than 3 years. 

INTRODUCTION 

Energy efficiency in the tertiary sector is an issue with ever increasing importance, not only due to the sector’s large 
contribution to the European Union’s (EU) final energy consumption which reached to 13.55% in 2015, but also due to the 
rising trend of 21.5% in this share, observed in the years 2000 to 2015 (Bertoldi et al., 2018). The most recent revision of 
the Energy Performance of Buildings Directive (2018/844/EU) calls the Member States to decarbonize their national 
building stocks by 2050 (European Parliament, 2018). More particularly, Member States will have to establish long-term 
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renovation strategies to support the renovation of the national stocks into highly energy efficient and decarbonized building 
stocks by 2050, facilitating the cost-effective transformation of existing buildings into nearly zero-energy buildings. This is 
quite an ambitious target, considering that at the moment 35% of the EU’s building stock is over 50 years old and 75% are 
energy inefficient, while only 0.4-1.2% are being renovated each year (European Commission, 2018).  

It becomes clear that large-scale renovations, that include energy-saving measures, renewable energy technologies as 
well as users’ behavioral change practices, will be put in the forefront in the next years. The tertiary sector in Europe, 
although exhibits great energy efficiency potential, lacks investments in energy efficiency, and this is especially true in 
Southern European countries (Tsoutsos et al., 2017). Unfortunately, investments in energy efficiency are not always put in 
priority by tertiary sector businesses, which prefer to invest in their core business activity. Moreover, their ability for 
decision-making is often blocked by the lack of capacity to deal with such issues, especially SMEs, or sometimes by the lack 
of awareness about the potential benefits. Incentives are key for increasing their motives to proceed in energy efficiency 
investments, however, such incentives are not always available. The shift from public incentives towards a model of 
mobilizing private investment gives rise to novel project development and financing mechanisms, such as Energy 
Performance Contracting (EPC). 

EPC is a contractual arrangement between a final user and an energy services provider, under which the latter installs 
an energy efficiency measure, verified and monitored throughout the duration of the contract, while the payment is linked 
to a contractually agreed level of energy savings or other agreed energy performance criterion, such as financial savings. 
EPC offers a complete solution to the final user, which ranges from project development and financing to maintenance and 
monitoring. The level of EPC market maturity varies from country to country; so, for instance, Germany, Austria and the 
UK have mature EPC markets (Boza-Kiss et al., 2017), whereas this is not the case in several Southern European countries, 
such as Spain, Portugal, Greece etc. 

The Trust EPC South is a European initiative run in the period 2015-2018 and supported by the European 
Commission’s Horizon 2020 programme, aimed to scale up investments in energy efficiency and sustainable energy 
technologies in the private tertiary sector of southern European countries, with a particular focus on EPC projects. The 
participating countries were Croatia, Greece, France, Italy, Portugal and Spain, which represent a mix of EPC markets’ 
maturity, and at the same time exhibit large untapped energy efficiency potential. According to national markets mapping 
conducted by the project partners (Trust EPC South, 2016), which included interviews with over 180 stakeholders (tertiary 
sector representatives, EPC providers/facilitators and financial institutions), as well as consultation with national 
stakeholders, there are certain challenges that are common or widely significant in these South European countries: 

1. Lack of trust among the project actors, mainly associated with the lack of common understanding of the project 
concepts, lack of appropriate and commonly accepted tools for the project assessment and validation, poor 
understanding of the measurement & verification methods for the energy savings. 

2. Difficult access to financing, due to the common practice of financing institutions to evaluate the creditworthiness 
of the client and not the solidity of the energy efficiency project itself, the lack of specialized financing products 
and funds for EPCs, as well as the small size of investments which is usually a drawback for financing institutions. 

3. Inadequate policy and legislative framework, with poorly oriented and not harmonized policies, unstable regulatory 
framework, lack of national standards and clear procedures in the EPC market, including support mechanisms. 

4. Complexity and high transaction cost of EPCs, which is perceived as an increased risk by project actors. 
5. Insufficient understanding, lack of knowledge/skills, which results a low level of awareness of the benefits, from 

the tertiary sector side and as regards to the financing side, there is a lack of specialized skills on the assessment 
and financing of such projects. 

6. Lack of flagship projects in the private tertiary sector, to act as examples for others. 
7. Split incentives, in the case of buildings under the tenancy. 
The priority measures for the EPC market uptake in the Trust EPC South countries, as identified in the frame of 

National Discussion Platforms and consultations with the market stakeholders fall into five pillars of action: policy and 
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legislation, funding mechanisms, capacity building, technical support, market reinforcement. More specific the 
recommendations include: 

i) Legislation 
- Setting of long-term objectives and development of targeted measures for EE and EPC  
- Harmonization of existing legislation and regulations for EE and EPC  
- Promotion of white certificates, green certificates  
- Incorporation of the concept of ongoing energy performance in the Energy Performance Certificates of buildings  
- Promotion of voluntary energy efficiency certification schemes for buildings  
- Mandatory registration of EPC providers in official registries, after appropriate verification procedures  
ii) Funding mechanisms 
- State support mechanisms and special funds, such as energy efficiency fund, guarantee fund, guaranteed savings 
fund, to compensate part of the risk of EPC projects  

- Insurance schemes for EPC, as external guarantees  
- Bank products, specially designed for EPC, framed by reliable evaluation tools  
- Support program for SMEs to carry out energy audits  
- Tax incentives for businesses/organisations that implement energy efficiency improvements 
iii) Capacity Building, Information and Training 
- Training and capacity building workshops for building/energy professionals on the EPC procedures 
- Capacity building and awareness raising actions/campaigns for the tertiary sector, focusing on EPC benefits 
- Targeted training and capacity building on specific skills for EPC for financing institutions staff  
- Dissemination of flagship projects and best practices in EPC  
- Free available self-evaluation tools and guides for the preliminary assessment of EPC feasibility 
iv) Technical support 
- Creation of EPC procedure guidelines 
- Creation of standardised contracts by project type  
- Development of national and European open-source databases with results from EPC projects  
- One-stop shop dedicated to energy efficiency in the tertiary sector  
- Standardization practices/tools and certification protocols applied by EPC providers and banks in the assessment of 

EPC projects 
v) Market reinforcement 
- Partnerships between EPCs for greater economic power and liability 
- Formation of EPC providers’ Associations and lobbying  
- Link the asset value and rental rates to the energy/cost savings, better equipment and improved comfort conditions 
achieved from EPC  

- Grouping of small EPC projects 
 
The Trust EPC South initiative focused on creating a common understanding and building trust amongst project 

actors (tertiary sector, EPC providers/facilitators and financing institutions), by delivering a standardization and 
benchmarking framework for EPC and energy efficiency investments and by engaging them in capacity building activities. 
The project activities and results were extended to the Balkans area with the collaboration of the Technical University of 
Crete and the Association of Balkan Chambers and are available for EU-wide replication. 

METHODOLOGY 

Standardization and certification practices are amongst the solutions that could enhance the trust amongst the 
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different project actors (Frangou et al., 2018). In the context of the Trust EPC South initiative, a standardization and 
benchmarking framework has been developed that supports the technical and financial appraisal of EPC and energy 
efficiency projects. The method is based on an analytical tool, which is built on a well tested rating methodology by an 
international certification body, adopting a standardized and certified approach towards building representation and 
modelisation of up to 47 technical energy saving and renewable energy generation measures (Trust EPC South, 2017).  

Despite the fact that this is a standardized approach, still, every building model is validated through a dynamic thermal 
simulation that is an integral part of the methodology. More specifically, the steps followed in order to assess a building 
through the tool are: 

1. Detailed on-site energy audit to collect building plans, data about the building’s fabrics and equipment, energy bills 
of all the energy sources used, as well as water bills, operational data including operation times and schedules, 
occupancy patterns, control systems and occupancy levels. 

2. Interviews with the building owners and/or technical managers, in order to appraise qualitative indicators for the 
building, concerning the aspects of waste, transport and wellbeing. Discussions with the owners are important also 
for identifying their needs and priorities when it comes to energy efficiency investments. 

3. Thermal simulation of the building, by employing a dynamic or semi-dynamic thermal simulation software; this is 
an integral part of the methodology in order to have a validated model of the building against energy bills and get 
correct estimations about the energy savings from certain measures involving the building envelope. 

4. Application of the standardization and benchmarking tool; data from the previous steps (energy audit, interviews, 
thermal simulation) as well as financial parameters, are inserted into the analytical tool to calculate the energy 
breakdown, the environmental performance of the building, the energy efficiency measures savings and the 
financial assessment. 

The entire methodology, and especially the application of the standardization tool, can be exercised only by a qualified 
and trained engineer. 

The methodology was tested on 46 lighthouse pilot cases from different segments of the tertiary sector in the six 
countries, which included offices, retail, hotels, schools, hospitals and sport centres of different sizes ranging from 900 to 
220,000 m2. Not only this allowed the validation and fine-tuning of the methodology, but also it created a pool of lighthouse 
examples in each country. This is why particular attention was paid to selecting pilot projects with lighthouse significance 
and replicability potential.  

The standardization and benchmarking tool 

The tool can be used for the assessment of existing tertiary sector buildings, including offices, retail, logistics, 
hospitality, healthcare, schools and sports centres. The tool comprises of a technical and a financial module.  All the 
technical data from the energy audit, the interviews and the thermal simulation, which fully describe the building 
construction and behaviour, are fed in the technical module of the tool, which: 

a) Calculates the energy breakdown, by energy use and energy type 
b) Calculates the environmental performance of the building through a set of six indicators, three quantitative 

(Energy, Water, Carbon) and three qualitative (Waste, Transport, Wellbeing). 
c) Identifies potential measures that can be installed in the building, by selecting from a list of 47 measures after 

applying the built-in criteria. Despite the fact that the proposed measures are based on the data inserted by the 
auditor, he or she has the final call as to which ones should be included in the project. 

d) After the measures selection, the tool calculates for each one the energy savings in kWh of final energy, the 
financial savings in € (or other chosen currency), the emissions savings and simple payback time. At this phase, 
there is a minimum amount of data required by the tool for these calculations, such as the cost of the measure, the 
new equipment power etc. Nevertheless, for measures that involve the building envelope (such as walls, doors, and 
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windows), savings should be calculated from the thermal simulation model and this is why it is important that the 
model is validated against the real consumption of the building. 

The results of the technical assessment are automatically fed into the financial module of the tool, along with certain 
financial parameters that the user inserts, including interest rate, inflation rate, the percentage of debt and equity, operation 
& maintenance costs, project duration and others. The financial module creates different financial scenarios or “iterations” 
by combining different sets of measures; a scenario with all the measures is included, as well as scenarios where each 
measure is on its own. Each scenario is assessed from a financial point of view; the tool delivers the project cash flows, and 
a detailed set of economic indices, including Internal Rate of Return (IRR), Net Present Value (NPV), DSCR (Debt Service 
Coverage Ratio), discounted payback and others. A rating on a scale from A to E is also provided, allowing for a clear 
benchmarking and comparison between different scenarios or even projects. To estimate risks coming from technical 
uncertainties (financial savings achieved, investment overcost, operation & maintenance overcost) as well as external 
uncertainties (general inflation rate, energy inflation rate, interest rate), the tool performs a sensitivity analysis, giving the 
Base, as well as the Worst and Optimal case. Finally, the tool showcases the six optimum scenarios, however, the project 
actors can choose their preferred scenario or scenarios for further study and fine-tuning, by adjusting financial parameters, 
such as loan percentage, EPC project duration, client shared savings etc.  
 
 

CASE STUDY FROM THE TERTIARY SECTOR 

In this part, we examine the case of an entertainment and leisure centre in Crete, Greece. It is a 3-buildings complex 
of approximately 4,000 m2 surface, built in 2003. The facilities operate daily, all year round, while the only source of energy 
used is electricity, which raises their annual energy costs to a whopping 155,000 €/year. The total consumed energy on 
annual base reaches to 862,200 kWh, resulting a consumption of 215.6 kWh/m2 per year. 

The building thermal model was constructed in a simulation software. The multizone buildings’ geometry and 
specifications were designed in a plugin for a common 3D modelling tool. The occupancy schedule of the buildings was 
established according to the opening hours and according to information about the number of occupants. The set-points 
for heating and cooling were also inserted. Since we are dealing with a complex of buildings and the energy consumption is 
not sub-metered per building, the whole complex had to be treated as a single project, in order to be able to validate the 
model against bills. The requirement of the methodology is that heating or cooling needs exported from the simulation 
should not differ to more than 10% from the ones calculated by the tool. 

The cooling and heating loads for representative days of summer and winter respectively, are depicted in Figure 1. 
During the winter time, the atrium of cinema building (Figures 1(a) and (b)) hinders the achievement of desirable indoor 
conditions, while during summertime, due to the Mediterranean climate conditions, the whole building needs intensive 
cooling loads in order to achieve the thermal comfort conditions.  

On the other hand, the bowling building, shown in Figures 1(c) and (d), has additional intensive difficulties and 
presents a worse performance comparing to the cinema building, due to the construction materials. Metal frame has 
covered the roof leading to a more demanding heating process and the envelope aparts from single bricks skin walls with 
no insulation. Both of the buildings have conventional aluminum window frames, single glazed.  Therefore, the energy 
losses through the building envelope are significantly high.  
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Figure 1 Thermal simulation of the 2 buildings (a) Cinema – Winter (31/12 – 09:00 am), (b) Cinema – Summer 
(15/08 – 18:00 pm), (c) Bowling – Winter (31/12 – 09:00 am) and (d) Bowling – Summer (15/08 – 18.00 pm) 

 
Through an option list of 47 standardized measures, the ones that were eventually selected for the specific case 

targeted to reduce the heating and cooling consumption of the building, which sum up to more than 80% of the building’s 
energy use, as seen in Figure 2. Therefore, it was proposed to: 

1. Substitute the cooling system 
2. Substitute the heating system. Currently, heating and cooling needs are covered insufficiently by the already 

installed central air cooled and heated systems, through 4 main A/C units. The substitution of the A/C units with 
4 heat pump units was investigated for this measure. 

3. Install air curtains in the main entrance. The main entrance of the cinema building has a permanently open glass 
door, increasing significantly the energy losses. The installation of a low consumption air curtain was examined.  

4. Place solar films in windows. Due to the buildings’ orientation (south), the Mediterranean climate conditions 
through the year and the high percentage of glazing in the façade, the cooling needs are extremely high, especially 
in the cinema building through the atrium. Therefore, the installation of low emissivity window films is proposed 
both for cinema and bowling building.  

5. Install a photovoltaic plant. The installation of a 55 m2 photovoltaic plant on the free space of roofs was 
investigated through net-metering 

6. Substitution of windows. Substitution of window frames and glazing has a high cost, but due to the high 
percentage of openings within the buildings and the current low performance and losses through them, the 
measure yields an important amount of savings. 

7. Install occupancy sensors. The installation of occupancy sensors was proposed for the WC and corridors for both 
of the buildings.  
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Figure 2 Energy balance of the building complex 
 

At an investment of 300,000, the facility can save 63% of its total energy consumption with a simple payback time of about 
3 years. The analytical results per measure are listed in Table 1. 

 
Table 1.   Proposed measures for the entertainment-leisure center 

Proposed measure Energy saving 
(kWh/y) 

Financial saving 
(€/y) 

% of financial 
savings Investment (€) Simple 

payback (y) 
Substitution of 
chillers (cooling) 91,970 16,481 10.7 50,000 3.0 

Substitution of 
heating systems 79,961 14,329 9.3 50,000 3.5 

Air curtains (in 
cinema building) 90,147 16,154 10.5 6,000 0.4 

Solar films in 
windows 73,163 13,111 8.5 15,000 1.1 

Photovoltaic plant 
(net – metering) 75,000 13,440 8.7 57,500 4.3 

Substitution of 
windows 131,692 23,599 15.3 120,988 5.1 

Occupancy sensors 343 61 0.1 540 8.8 
Total 542,300 97,175€ 62.9%  300,028 € 3.1 

 
The financial assessment of the proposed scenario yielded excellent results with a project rating of A, which means 

high profitability and a high level of security in the loan. For the Base scenario, the IRR reaches 35% with the sensitivity 
analysis showing a likelihood range between 28-48%, as seen in Figure 3.  
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Figure 3 Financial assessment results for Base scenario and sensitivity analysis for Worst and Best scenario 
 

CONCLUSIONS 

A robust methodology, based on standardization and benchmarking, was applied in order to demonstrate the benefits 
of this approach to the decision making for tertiary sector buildings energy efficiency renovations. The methodology, which 
included the employment on an analytical evaluation tool, allows the technical, environmental and economic appraisal of 
the project and eventually the comparison between different scenarios or between different projects. Eventually, this 
approach aspires to facilitate access of tertiary sector businesses and/or organizations to project financing. 

In this paper, we investigated the case of a leisure and entertainment centre in South Europe, and particularly in the 
island of Crete, Greece. The total consumed the energy of this facility was significantly high compared to other similar types 
of buildings and far from the proposed values of good practices, partly due to the poor energy management. The initial 
energy consumption of the facility was 216 kWh/m2 per year and the final energy potential consumption after the 
interventions proposed is estimated at 80 kWh/m2. The total savings were calculated up to 63% of current consumed 
energy and the corresponding financial savings at 97,175 €. The proposed investment of 300,000 € has a payback period of 
about 3 years, resulting, therefore, a project rating A. The renovation will bring significant environmental benefits in terms 
of CO2 emissions, due to the electricity use reduction; the examined measures have shown a total reduction of 405,728 
kgCO2 per year, 48% of the initial amount.  
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NOMENCLATURE 

EPC = Energy Performance Contracting 
EU = European Union 
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IRR = Internal Rate of Return 
SME = Small-Medium Enterprise 
NPV =  Net Present Value 
DSCR = Debt Service Coverage Ratio 
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ABSTRACT 
Nearly zero energy buildings (NZEBs) are one of the main priorities of the European Union (EU) energy policy. Nevertheless, the 

interdependence between cost-optimality and energy performance of NZEBs has not been sufficiently investigated. The present work includes a cost 
effectiveness analysis among different energy efficiency intervention packages (IPs) oriented towards new buildings being added to the Greek building 
stock. The goal is the determination of the most cost effective (cost-optimal) measures that are applicable for two different building types (European 
Commission 2012); Single Family House (SFH) buildings and Multi-family House (MFH) apartment blocks, taking into account the 
boundary conditions of the climate zone they belong to. All calculations were based on the methodology defined in the Directive 2010/31/EU 
(The European Parliament and the Council of the European Union 2010) on the energy performance of buildings. The economic evaluation 
assumptions were based on the EN 15459-1 standard (European Committee for Standardization 2017). The scope of the paper additionally 
includes the evaluation of the financial gap between the examined intervention packages and nZEB thresholds. The analysis showed that the 
minimum requirements of the new legislation permit the construction of buildings with primary energy consumption (PEC) slightly above the 60 
kWh/m2 threshold and at relatively low cost, but not within the cost-optimality threshold. From a cost-optimality perspective, natural gas boilers 
for space heating and domestic how water (DHW) production combined with split units and low temperature reversible heat pumps (LTHPs) are 
ranked as the optimal measures for SHFs, while their ranking is reversed in the case of MFH buildings. From an energy efficiency perspective, 
the study demonstrated that the combination of conventional heating systems with solar thermal utilization for heating and central DHW 
production makes it possible to reach nZEB PEC levels. However, in order to meet the ZEB criteria, the inclusion of highly efficient low 
temperature or geothermal heat pumps accompanied by PVs (currently inhibited by the net-metering schemes) is necessary. In this case, the 
financial gap between cost-optimality and ZEB standards was calculated equal to 100 €/m2 and 130 €/m2 for SFH and MFH buildings, 
respectively. Lastly, the highly different meteorological conditions among different climate zones significantly affect the energy requirements of 
buildings and need to be addressed by flexible and location-specific ZEB standard definitions. 

INTRODUCTION 

Buildings are at core of the EU's energy efficiency policies (European Commission 2011a). This is because they take 
up approximately 40% of the final energy consumption and for 36% of greenhouse gas emissions (Commission 2012). 
Improving the energy efficiency of the building stock in Europe is therefore a major goal, not only for achieving the EU's 
2020 and 2030 targets but also to meet the long term objectives set by the low carbon economy roadmap 2050 (European 
Commission 2011b). The existing Directives 2010/31/EU (Energy Performance of Buildings Directive-EPBD) (The 
European Parliament and the Council of the European Union 2010) as well as 2012/27/EU (Energy Efficiency Directive – 
EED) (The European Parliament and the Council of the European Union 2012) introduced specific measures for 
improving the energy perofrmance of the European building stock. A major focus of the EPDB is nearly Zero-Energy 
Buildings (NZEBs) both for new buildings and renovations. According to Article 2 (The European Parliament and the 
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Council of the European Union 2010) of the EPBD, nZEB defines “a building that has a very high energy performance. 
The nearly zero or very low amount of energy required should be covered to a very significant extent by energy from 
renewable sources, including energy from renewable sources produced on-site or nearby”. 

An important aspect of NZEB regards the notions of cost effectiveness and cost optimality. In fact, the minimization 
of the financial gap between cost optimal and NZEB/ZEB solutions constitutes a prerequisite for the implementation of 
the EPBD. Currently, cost optimality guides the framework for both renovation of existing buildings and new buildings. 
However, the principle of NZEBs will be the driving force for new buildings as from 2021. Therefore, a smooth and 
consistent policy and market transition is required.  

The goal of the present study is the determination of the most cost effective (cost-optimal) and energy efficient 
intervention packages (IPs) that are applicable for two different building types (European Commission 2012); Single Family 
House (SFH) buildings and Multi-family House (MFH) apartment blocks, taking into account the boundary conditions of 
the climate zone they belong to. The study is oriented towards newly constructed buildings that will be added to the Greek 
building stock. All calculations were based on the methodology defined in the Directive 2010/31/EU (The European 
Parliament and the Council of the European Union 2010) on the energy performance of buildings. The economic 
evaluation assumptions were based on the EN 15459-1 standard (European Committee for Standardization 2017). The 
scope of the paper additionally includes the calculation of the financial gap between the examined IPs and ZEB thresholds. 
The analysis showed that the minimum requirements of the new legislation permit the construction of buildings with 
primary energy consumption (PEC) slightly above the 60 kWh/m2 threshold and at relatively low cost, but not within the 
cost-optimality threshold. 

METHODOLOGY AND ASSUMPTIONS 

The scope of the present study is to evaluate the cost effectiveness and energy efficiency of multiple combinations of 
IPs on newly constructed buildings aiming at NZEB/ZEB PEC levels, in accordance with the methodological approach of 
the EPBD [4]. The main steps of the methodology include: 1) Definition of newly constructed reference buildings and their 
characteristics, 2) Definition of energy efficiency IPs, 3) Energy simulations and cost effectiveness assessment. The above 
steps are analyzed in the following sub-sections. 

Definition of newly constructed reference buildings  

The definition of the newly constructed reference buildings and their characteristics (size, construction materials, 
heating, cooling, and domestic hot water infrastructure) was carried out by taking into account the minimum requirements 
set by the Greek national legislation and specifically the Energy Efficiency of Buildings Regulation (EEBR-KENAK 2017) 
(2017) for SFH and MFH buildings. The reference buildings that are addressed in the present study belong to Climate 
Zones B (central-south zone) and C (central-north zone) of Greece, which are determined by the number of annual heating 
degree days according to national Greek legislation regarding the approval and implementation of the Technical Directives 
of the Technical Chamber of Greece (Energy 2014). The reason for the presentation of the results for these two climate 
zones is the fact that buildings located in Zones B and C (in which Athens and Thessaloniki, the two largest urban regions 
in the country, are included) constitute the majority of residential buildings in Greece, accounting for 75% of the residential 
building stock. Therefore, it is expected that the construction of new buildings in the future will also be concentrated in 
these two climate zones. 

Selection of energy efficiency intervention packages  

In principle, each IP includes a single or a multitude of combined energy efficiency measures. A wide range of energy 
efficiency measures were investigated to provide a fair comparison among them. Of course, to produce realistic and 
practically viable results, it is necessary to select reasonable combinations of different measures for the production of 
heating, cooling and domestic hot water (DHW), while cases including mutually exclusive measures are omitted from the 
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analysis, in order to end up to a consistent, focused methodology and avoid intractable calculations. The target of the IPs 
considered along with a brief description is is shown in Table 1. 

Table 1.   Target and description of IPs 
a/a Target of IP Description 

1 Building envelope 
Addition of extra insulation for a) external walls, b) 
roofs, c) lower floor, d) frames, doors and windows 
inolving three different U levels 

2 Installation of sunchades - 
3 Replacement of air conditioning and DHW systems Details shown in Table 2 

4 Automation systems 

Three different automation categories are considered in 
accordance with the Technical Directive 20701-1/2010 
of the Technical Chamber of Greece (Technical 
Chamber of Greece 2017)  which is based on the 
European Standard ΕΝ 15232:2012 (European 
Committee for Standardization 2017)) 

5 Installation of photovoltaic (PV) panels Installation of polycrystalline panels, ηPV,n=20% 
total PV area: a) SFH: 5 m2, b) MFH: 66 m2 

6 Solar assisted heating and domestic hot water 
production systems (only SFH buildings) 

installation of solar thermal system for 
a) coverage of 60% of DHW load 
b) coverage of space heating and DHW 

7 Micro scale combined heat and power (CHP) systems Details shown in Table 2 
 
The details regarding the IPs involving the replacement of air conditioning and DHW systems as well as micro scale 

CHP systems grouped by energy source and purpose are shown in Table 2. The combination of all presented 
heating/DHW systems with split units has been examined. An exception concerns geothermal heat pumps, which are 
capable of both heating and cooling, and thus no separate cooling system is considered in their case. Furthermore, for low 
temperature heat pumps, an additional scenario involving their use for both heating and cooling with the installation of fan 
coil units is investigated.  

Table 2.   Heating, cooling and DHW and micro CHP energy efficiency measures 
Energy source Heating and DHW Cooling 

Oil Condensing boiler, ηth=98% - 

Natural gas 
Condensing boiler, ηth=102% - 
CHP system with auxiliary natural gas boiler ηth=52%, 
ηe=35% - 

Electricity 

Low temperature (55 °C) heat pump COP for each 
climate zone (B:4.0, C:3.6) 

Split units (COP=3.5) 

High temperature (75 °C) heat pump 
COP for each climate zone (B:3.0, C:2.75) 

Low temperature heat pump with fan coil 
units (COP=4.2) 

Geothermal heat pump  
COP for each climate zone (B:5.3, C:5.1) 

Geothermal heat pump with fan coil units 
(COP=4.5) 

Biomass Wood pellet boiler, ηth=75%  - 
 
In accordance with the EEBR (2017), it is assumed that initially the reference buildings on which the IPs are 

implemented are equipped with condensing oil boilers with a thermal efficiency of 98% (LHV) for space heating. The 
DHW requirements are covered by solar thermal collectors at a fraction of 60%, while the remaining DHW demand is 
covered by the heating system (i.e. boiler). Split heat pump units with a COP of 3.5 are considered for cooling. The 
automation category is equal to 3 (as defined in the Technical Directive 20701-1/2010 of the Technical Chamber of Greece 
(Technical Chamber of Greece 2017)). Morevoer, the newly constructed reference buildings initially have no shading or any 
installed PVs.  
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Lastly, the U values of the insulating materials are shown in Table 3.  The U-values of the reference buildings are 
equal to the middle values. Two additional cases have been considered on both sides of the initial values as part of cost 
effectiveness assesment. 

Table 3.   Summary of U-values of insulating materials (W/m2K) 
Building envelope category Climate zone B Climate zone C 

External wall 0.25, 0.50, 1.00 0.23, 0.45, 0.90 
Floor 0.45, 0.90, 1.80 0.38, 0.75, 1.50 
Roof 0.23, 0.45, 0.90 0.20, 0.40, 0.80 

Window 1.30, 2.60, 5.20 1.30, 2.60, 5.20 

Energy simulations and cost effectiveness assessment 

For each reference building and intervention case, energy simulations are performed in order to estimate the heating, 
cooling and domestic hot water demands as well as the annual energy consumption. The meteorological data used in the 
calculations are based on weighted average values retrieved for different Greek cities based on the national legislation 
(Energy 2014), by taking into account the residential building stock in each region (at a Prefecture level), provided by the 
National Observatory of Athens (Hellenic Statistical Authority). The calculations undertaken by the national official 
simulation program entitled TEE-KENAK, which is based in the monthly method of EN ISO 13790:2008 (European 
Committee for Standardization). 

The cost effectiveness assessment of the different energy efficiency IPs is performed by a numerical model that was 
developed based on the requirements of standard ΕΝ 15459-1:2014 (European Committee for Standardization). For each 
IP, the corresponding capital costs as well as the annual costs and savings (benefits) are calculated. In addition to the costs 
of the IPs, a fixed capital cost (Cfixed) including all other costs that are related to the building construction but which are not 
related to the IPs is also taken into account. The value of this fixed capital cost is considered equal to 1050 €/m2 (SFH 
buildings) and 1080 €/m2 (MFH buildings). Subsequently, the life cycle cost (LCC) which corresponds to the net present 
value of the total cost of building usage for the whole calculation period expressed in €/m2 of heated/cooled area is 
calculated. More specifically, the LCC of each IP is calculated by estimating the initial investment cost (Cinv), the final 
disposal cost (Cdips,j), the residual value (Cval,j) as well as the net annual (i) operation and maintenance cost (Ca) deduced to 
the present for each jth energy efficiency measure, according to the equation: 

i

fixed inv, j a, j disp, j val, j
j i

1LCC=C + C + C +C -C
1+ p

ª º§ ·§ ·« »¨ ¸¨ ¸¨ ¸« »© ¹© ¹¬ ¼
¦ ¦  (1) 

The initial investment cost Cinv includes all costs that need to be covered until an energy efficiency measure is fully 
implemented. Therefore, it includes design and material procurement costs, connection costs, installation costs and other 
contingencies. The residual value cost Cval is the remaining value associated with the implementation of a measure, at the 
end of the techno-economic evaluation period, deduced to the present. In the present study, the disposal cost Cdisp has been 
considered null, since its accurate estimation for all measures is very impractical. The annual costs Ca consist of the sum of 
the energy costs (for each energy carrier), the operation costs (securities, services etc.), the maintenance cost (inspection, 
cleaning, overhaul, consumables) and the costs associated with periodic replacement of equipment. 

Additional financial assumptions are shown in Table 4. The investment cost data were estimated by taking into 
account VAT values and all the relevant taxes. The capital costs of the measures were retrieved from market data provided 
by private companies and trade associations of the Greek market. These data are market, location and time-specific. The 
cost data have been reviewed and approved by the General Secretariat for Energy and Climate Change of Greece (GSECC) 
(General Secretariat for Energy and Climate Change of Greece).  
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Table 4.   Life cycle cost estimation assumptions 
General economic assumptions 
Project lifetime (N) 30 years 
Interest rate (p) 7% 
annual increase rate of energy prices (δ) 2.8% 
Unit cost and primary energy conversion factors of energy carriers 
Natural gas 0.07514 €/kWhth Fuel Input L.H.V., PECF=1.05 
Heating oil 0.09030 €/kWhth Fuel Input L.H.V., PECF=1.10 
Electricity 0.21064 €/kWe, PECF=2.90 
Biomass (wood pellets)  0.06450 €/kWhth Fuel Input L.H.V., PECF=1.00 
 
The outcomes both from the energy simulations and economic calculations enable the evaluation the cost 

effectiveness of each IP in terms of primary energy consumption and consequently determine the cost optimality 
thresholds. This approach is best illustrated in the qualitative diagram shown in Figure 1. 

 

Figure 1 Graphical depiction of NZEB financial gap 

RESULTS AND DISCUSSION 

The LCC and specific annual primary energy consumption (PEC) of all investigated IPs for the two building types 
(SFH and MFH) and climate zones (B and C) are shown in Figure 2 and Figure 3. In these diagrams, the IPs are grouped 
based on the heating system on which they are based on, as shown in Table 2. Yellow points represent IPs involving oil 
boilers (OB), while blue, black, grey and green points represent IPs involving natural gas boilers (NGB), HT/LT heat 
pumps (HTHP/LTHP), geothermal heat pumps (GHP) and biomass boilers (BB), respectively. The enlarged points of each 
diagram correspond to the reference building scenarios which are based on the minimum requirements imposed by the 
EEBR (2017) for each heating system.  

Furthemore, in each diagram the LCC value corresponding to the cost optimality threshold is plotted (cost optimality 
threshold line). The area of each diagram that is below this line is henceforth defined as the cost optimal region. This value 
is considered equal to 10% of the difference between the global minimum and global maximum LCC values that appear in 
each diagram. Moreover, the black continuous-line window encloses the ZEB region, which is taken equal to 0-30 
kWh/m2.y. The black dashed-line window, on the other hand, encloses the NZEB region, which is taken equal to 20-60 
kWh/m2.y. The upper limit of the NZEB and ZEB windows is equal to an LCC of 350 €/m2. 

Single family house buildings 

nZEB

Financial gap

Global costs 
(€/m2)

Cost optimal

Primary energy consumption (kWh/m2.y)
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The LCC/PEC corresponding to single family house buildings in climante zones B and C are shown in Figure 2.  

  

Figure 2 Life cycle cost of intervention packages for single family house buildings for climate zones B and C  

The distribution of the IPs in SFH buildings in the cost optimality, NZEB and ZEB regions based on the heating 
system they are based on is presented in the diagrams shown in Figure 3. 

   

   

Figure 3 Life cycle cost of intervention packages for single family house buildings for climate zones B and C 

Firstly, it should be noted that the overall PEC levels of IPs in climate zone C are higher compared to those of climate 
zone B, due to its harsher climate conditions during the winter. As a result, all points in zone C are shifted to the right and 
thus a significantly lower number of IPs fall within the NZEB and especially the ZEB region. Consequently, the financial 
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gap in zone C is higher compared to that of zone B (80 €/m2 vs 101 €/m2).  Meanwhile, although the reference buildings 
(enlarged points) are close to the cost optimality limits that correspond to the respective heating technologies in both zones, 
their PEC levels are much farther away from the NZEB region in zone C. 

The cost optimal region in both zones is dominated by NGB-based IPs, while it also includes some IPs based on 
LTHPs and OBs (mainly in climate zone B). In climate zone B, there are a few IPs that are within the cost optimal region 
while also meeting the NZEB standards. On the other hand, the number of IPs that are within the cost optimal region and 
satisfy the NZEB requirements in climate zone C is extremely limited.  

The NZEB region in both zones mostly includes LTHPs, GHPs and, at a lesser extent, HTHPs. In zone C, only HP-
based IPs succeed in sufficiently reducing the PEC to reach NZEB levels. Meanwhile, although there are also some OB- 
and NGB-based IPs that satisfy the NZEB requirements in zone B, they do so only if combined with additional measures 
such as solar assistance systems, which lead to increased LCCs. On the other hand, there are few IPs that fall within the 
ZEB region, which are based on GHPs (especially in climate zone C) and LTHPs. Interestingly, in climate zone C almost all 
IPs inside the ZEB region additionally include PVs and building envelope measures, while some involve the combination of 
PVs with solar assistance systems. 

From the results it is clear that the combination of LTHPs and GHPs with PVs is necessary for reaching ZEB 
standards in climate zone B. Despite their substantial energy savings potential, building envelope and automation measures 
result in significantly increased LCCs. Furthermore, OB and NGB-based IPs require several additional energy measures to 
achieve sufficient energy savings and meet the ZEB requirements, which make them economically unfavorable. 

Multi family house buildings 

The LCC/PEC corresponding to multi family house buildings in climante zones B and C are shown on Figure 4.  

  

Figure 4 Life cycle cost of intervention packages for multi-family house buildings for climate zones B and C  

The distribution of the IPs in MFH buildings in the cost optimality, NZEB and ZEB regions based on the heating 
system they are based on is presented in the diagrams shown in Figure 5. 
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Figure 5 Life cycle cost of intervention packages for multi family house buildings for climate zones B and C 

 
As in the case of SFH buildings, the PEC levels in climate zone C are higher due to the higher heating loads in the 

winter. Consequently, there are again far fewer IPs that meet the NZEB and ZEB standards in zone C. Meanwhile, the 
PEC levels of MFH buildings are generally lower compared to those of SFH buildings because of their lower ratio of 
external building surface/heated building surface. As a result, the potential for energy savings is weaker and thus the 
financial gap in high capital investment IPs is much higher. In addition to this, two more major differences between SFH 
and MFHs can be observed.  

Firstly, the points in the diagrams of MFH buildings do not form a concrete cloud, but are distributed in two distinct 
regions, which are located on the upper-left and bottom-right areas of the diagrams. The first region (upper-left) involves 
IPs that include the installation of PVs, while the second region (bottom-right) involves the same IPs, but without the 
installation of PVs. This difference in the distribution of IPs between SFH and MFHs is due to the fact that for the latter, 
the installation, operation and maintenance costs of 66 m2 of PVs (compared to 5 m2 for SFHs) are high, while the attained 
energy savings are disproportionately lower. The reason is the aforementioned lower external building/heated building 
surface ratio. The result is the significantly higher (by 150 €/m2 on average) LCCs of IPs involving PV systems compared 
to IPs that do not include PVs in MFH buildings, which highlights the importance of optimal PV sizing, especially 
considering the fact that the installation of PVs is practically necessary for reaching the ZEB consumption levels. 

Secondly, in contrast to SFH buildings, for which the cost optimal region is dominated by NGB-based IPs, the cost 
optimal region of MFHs is highly populated by HP (mostly LTHP)-based IPs, while the percentage of IPs involving NGBs 
and OBs is much smaller. As a matter of fact, the global minimum LCC for MFH buildings in both climate zones is 
attained by LTHP-based IPs whereas in the case of SFH buildings it is attained by combinations of NGB-split unit-based 
IPs. 

As is the case in SFH buildings, mostly HP-based IPs are capable of meeting the NZEB requirements in climate zone 
C, while a more diverse distribution of heating systems fall within the NZEB region in climate zone B. In fact, the NZEB 
region in zone B not only includes IPs of all technologies, but it also contains the cost optimal scenarios corresponding to 
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each one. It can be thus concluded that, as in the case of SFHs, it is possible to meet NZEB standards while also achieving 
cost-effectiveness in this zone.  

Similarly to the case of SFH buildings, the distribution of IPs that are enclosed inside the ZEB region in MFH 
buildings mostly constists of HP-based IPs. However, the percentage of IPs based on GHPs is relatively lower in both 
climate zones, as there is a higher percentage of HTHP- (zone B) and LTHP- (zone C) based IPs.  

In zone B, the financial gap achieved by non-PV IPs is equal to 44 €/m2, being significantly lower than the 80 €/m2 
financial gap of SFH buildings in the same climate zone. Of course, it should be highlighted that the vast majority of IPs 
that meet the ZEB standards constists of including the installation of PVs. If the minimum LCC of these IPs is considered, 
the financial gap is very high, equal to 165 €/m2. 

In zone C, only IPs including PVs are capable of meeting the ZEB requirements. Due to the significantly high LCC of 
these IPs, the financial gap is equal to 133 €/m2. This value is lower than that of MFH buildings in climate zone B, due to 
the relatively higher energy consumption baseline in zone C, independently of the energy savings attained by the IPs, thus 
achieving high utilization of the energy produced from PVs. 

The financial gaps and global minimum LCCs for each building type and climate zone are shown in Table 5. 
Table 5.   ZEB financial gaps and minimum life cycle costs 

 Single Family House buildings Multi Family House buildings 
 Climate zone B Climate zone C Climate zone B Climate zone C 

Financial gap (€/m2) 80 101 44 133 
Global minimum LCC (€/m2) 1580 1640 1450 1500 

CONCLUSION 

The cost-effectivness and energy efficiency analysis of the energy efficiency IPs for the new building stock in climate 
zones B and C that was undertaken in the present study showed that the minimum requirements of the new legislation 
permit the construction of buildings with PEC slightly above the 60 kWh/m2 thresholdand at relatively low cost, but not 
within the cost-optimality threshold. From a cost-optimality perspective, primarily NGBs for space heating and DHW 
production combined with SUs and secondarily LTHPs are ranked as the cost optimal measures for SHFs. However, this 
ranking is reversed in the case of MFH buildings. From an energy efficiency perspective, the study demonstrated that the 
combination of conventional heating systems with solar thermal utilization for heating and central DHW production makes 
it possible to reach nZEB primary energy consumption levels. However, in order to meet the ZEB criteria, the inclusion of 
highly efficient LTHPs and GHPs accompanied by PVs (currently inhibited by the net-metering schemes) is necessary. In 
this case, the financial gaps between cost-optimal and ZEB standards were calculated equal to 80-101 €/m2 and 44-133 
€/m2 depending on the climate zone for SFH and MFH buildings, respectively. Lastly, the highly different meteorological 
conditions among different climate zones significantly affect the energy requirements of buildings and need to be addressed 
by flexible and location-specific ZEB standard definitions. 

NOMENCLATURE  

Abbreviations 

BB  biomass boiler 
GHP geothermal heat pump 
HP  heat pump 
HTHP high temperature heat pump 
IP  intervention pacakge 
LCC life cycle cost 
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LTHP low temperature heat pump 
MFH multi family house 
NGB natural gas boiler 
NZEB near zero energy building 
OB oil boiler 
PEC primary energy consumption 
PV photovoltaic 
SFH single family house 
ZEB zero energy building 
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ABSTRACT 
An going European project aims to develop a common European built environment assessment method for sustainable Mediterranean cities. 

The work capitalizes on existing public assessment systems by using well established performance indicators in a new decision making processes. 
The multicriteria system will help users to overcome the complexities for the design and assessment of large scale renovations and facilitate effective 
synergies for the development of successful, financially viable and operational solutions for energy efficiency plans for public buildings in the context 
of their surrounding neighbourhoods. At building scale, the work also incorporates the main indicators that are being considered by the European 
Commission as a voluntary reporting framework in order to introduce sustainability in the building design and construction process, linking the 
individual building’s impact with the priorities for sustainability at the European level. Overall, the work proposes a common European approach 
to support the comparison in absolute terms of the sustainability performance of buildings and neighbourhoods in the Mediterranean area, the 
development of regionally contextualized sustainability assessment tools, along with educational and training material for different stakeholders. 
Along these lines, the paper reviews the overall approach, the structure of the method, the proposed assessment criteria and key performance 
indicators for the sustainability assessment of buildings and small urban areas, and the overall process for deriving a composite score. The work 
also outlines the national test pilot efforts, education and training activities, along with the European neighbourhood award initiative. 

INTRODUCTION 

The European Union is committed to developing a sustainable, competitive, secure and decarbonised energy system. 
In this framework, the buildings sector is at the center stage since it is one of the most resource consuming sectors in 
Europe, accounting for 39.2% of the total final energy consumption (EU 2018), half of all extracted materials, one third of 
water consumption and one third of waste generation (Dodd et al. 2017). Europe is focusing on a sustainable built 
environment in order to move away from the linear economic model of ‘take, make, and waste’ and towards resource 
efficiency. As a result, the built environment is a key objective of the European Commission's policies for a circular 
economy, i.e. a system that minimizes the consumption of resources and energy.  

With the implementation of the European Directive on the Energy Performance of Buildings (EPBD) that was first 
introduced in 2010 and its most recent amendment in 2018 (EPBD 2018), there is an emphasis on the holistic assessment 
of energy behaviour throughout the building's life cycle and nearly zero energy buildings by the end of 2020. In addition, 
the European Commission has recently made public its proposal for a Common European Framework of Performance 
Indicators for Assessment and Improvement of Building Sustainability in the framework of the implementation of the 
relevant European decision (EC 2014). This voluntary reference framework known as Level(s) (Dodd et al. 2017) is being 
developed on the basis of existing standards, providing a common European approach for assessing environmental 
performance in the built environment. Each indicator links the building's individual characteristics and impacts to 
sustainability priorities, facilitating users to consider key concepts and building-level indicators. In the current phase, the 
methodology refers to only residential and office buildings. 

While energy efficiency is a key strategy for reducing the environmental impact of buildings, common plans do not 
fully exploit the potential for synergies that groups of buildings may offer. The implementation of large scale energy 
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efficiency measures at block level, neighbourhood, district or city level (e.g. district heating and cooling, solar electrical and 
thermal generation) have clearly demonstrated that a building scale is not an optimal approach for reaching significant and 
cost-effective solutions. On the other hand, decision making processes for the design and assessment of interventions are 
more complex at larger scales due to the number of the various sustainability themes that need to be addressed and run 
across the different scales (Figure 1). 

 
Figure 1. Sustainability themes at different scales (Barbano et al. 2016). 

Various indicators are available that can be used as metrics to determine how well the sustainability objectives are 
achieved by tracking progress and success, or to assess different scenarios and future plans. They can be used for 
benchmarking different building and urban attributes or characteristics, facilitating decision making, assessing specific 
project requirements, or ensuring compliance with regulations and norms. The indicators quantify what one is trying to 
achieve and thus may need to select and use several of them at different stages of the work or process. They can be 
expressed as numerical values (e.g. buildings’ or neighbourhoods energy use intensity in order to compare different 
performances or against other benchmarks; water consumption per building occupant or area resident) or ratios and 
percentages (e.g. percent renewables that cover power or heat demand; percent of recycled waste). 

Opinions vary as to which one is the most important since they all depend on the user or the intent. Apparently, 
different indicators can support the diverse needs of stakeholders and their priorities, to support decision making. For 
example, in routine building design practice, the first step is to calculate peak power demand (loads) or energy demand, in 
an effort to minimize system sizing and thus meet building code requirements or minimize first cost. Depending on the 
opportunities for a given project, efforts may focus on building architecture, selection of different thermal envelope 
materials and components and then electromechanical systems. Other indicators may also be used for the assessment of 
indoor environmental quality and occupant the well-being. This usually includes indoor thermal comfort conditions under 
free floating conditions (e.g. minimum and maximum indoor temperature), indoor visual comfort conditions (e.g. daylight) 
and indoor air quality (e.g. different air flow rates and minimum fresh outdoor requirements). 

Simple numeric metrics are easily associated with energy performance (i.e. lower or higher energy use intensity) as a 
result of the building’s characteristics, design, equipment selection and overall operation. This way, one can compare 
different design scenarios in order to optimize building construction, operation or assess energy renovations and use these 
indicators to quantify and substantiate selections to different stakeholders. Indicators can be considered at different scales, 
e.g. building or urban scale. In some cases they share common indicators, with building scale values contributing to a larger 
scale, e.g. a neighbourhood or a district scale. Selected indicators may also be targeted for evaluating the district energy 
status or neighbourhood central systems for small scale areas and can be suitable for energy networks analysis (Barbano et 
al. 2016). 

The main objective of this work, in the frame of an ongoing European project, is to develop a harmonized assessment 
tool that uses a common language for the exchange of information and support common perception of key sustainability 
issues. The first step was to critically review a total of 14 transnational European projects and public assessment systems 
(Balaras et al. 2017). A generic list of indicators were finally selected and integrated in an assessment system for buildings 
and neighbourhoods, along with locally (national) contextualized assessment tools. The multiscale (i.e. building scale and 
urban (neighbourhood) scale) and multicriteria (i.e. all sustainability issues) features of the assessment tools are intended to 
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support the decision making processes for implementing sustainability policies, planning, action plans, monitor progress 
towards common sustainability objectives, facilitate transferring of best practices (learning from each other), thus expediting 
transnational activities and collaborations. Given a transparent and open structure, the work contextualizes the assessment 
and rating practices to local practices, in order to fit public administrations’ needs thus strengthening the sense of local 
ownership, with a flexibility to adapt to local needs and priorities. The overall approach and tools are currently being tested 
for their applicability at nine different European pilot studies in the Mediterranean basin. Finally, a comprehensive set of 
multilingual educational material for different stakeholders has also been developed to support national training activities 
and will be available on a publically accessible web platform for future open use. 

TRANSNATIONAL EUROPEAN PROJECTS & PUBLIC ASSESSMENT SYSTEMS 

There are over 60 methods and assessment systems that are being used in Europe, with an abundance of available 
knowhow. The main issues that are important for assessing the sustainability of buildings and neighbourhoods scales 
include among others: construction innovation, management, sustainability for building site selection and land use, energy 
efficiency of the buildings, indoor environment quality, water and waste management, environmental impacts (pollution), 
use of materials and resources, accessibility at building scale along with transportation and mobility at urban scale, economic 
parameters. 

However, the plethora of different methods, systems and tools, has some negative consequences, since there is no 
common language to facilitate the exchange of information and facilitate their use in practice. A recent effort (CESBA 
2013) has been working to respond to the perceived confusion caused by the proliferation of various building assessment 
schemes, by bringing together various projects and platforms led by public authorities. A set of key performance indicators 
(KPIs) include: primary energy use, CO2 emissions, reused/recycled materials, water consumption, solid waste, building life 
cycle costs, health and wellbeing factors (e.g. indoor air quality and thermal comfort), monitoring/optimisation in 
operation.  

As a first step, the work focused on 14 transnational European projects and public assessment systems (Figure 2). 
They all define and use several indicators in their methods in order to assess sustainability of buildings at different scales. 
From those, a generic list of 216 indicators at building and urban scale was derived (Balaras et al. 2017), addressing the main 
dimensions of sustainability. Based on their spatial coverage, 24 indicators (11% of the total) cover the building scale (only), 
142 indicators (66% of the total) refer to the neighbourhood (urban) scale (only), and 50 indicators (23% of the total) are 
common and apply at both scales. In terms of the level and complexity of their calculation, the majority of the indicators 
are derived using standard calculations (i.e. 98 indicators or 45% of the total use standards, simple tool calculations, simple 
measurements or utility bills), followed by advanced calculations (i.e. 50 indicators or 23% of the total use advanced 
software for dynamic simulations), basic calculations (40 indicators or 19% of the total use simple parametric calculations, 
values from literature, benchmark averages) and their combinations thereafter.  

 

Figure 2. Overview of available European transnational projects and public assessment systems considered in this work. 
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During the analysis, the indicators were grouped under three main pillars: Economic (ECO), Environmental (ENV), 
Social (SOC) issues and several descriptive categories (Figure 3). 

 

Figure 3. Overview of issues and corresponding categories (listed in alphabetical order) of available indicators from the 
reviewed European transnational projects and public assessment systems. 

 
The practical issues one needs to consider in order to identify a manageable number of indicators should address 

some general aspects (e.g. stakeholders, clarity and accuracy) and specific items related to energy and environmental aspects 
(e.g. energy demand and consumption, emissions). This is critical in order to secure the practical aspects during 
implementation, e.g. time constraints, complexity and relevant accuracy for collecting the main input data, etc. This is the 
trend and current practice within several projects, e.g. 16 KPIs (Enerbuild 2012, Barbano et al. 2016) or 20 KPIs (Fadusir 
2016) for building and district level.  

Different indicators can support the diverse needs and priorities of public authorities, policy makers and other public 
and private technical stakeholders (e.g. urban planners, investors, SMEs, grant managers, owners, construction companies, 
solutions providers, users), in their efforts to assess and improve the overall environmental, social and financial 
performance of buildings. The clarity of the indicators is critical, in order to properly support the decision making process 
of specific stakeholders, without demanding elaborate training for using them and being able to readily adopt them. 

Effective indicators should be based on scientifically and robust calculations that provide clear results that can be 
easily communicated and understood by the stakeholders. Simplicity and reproducibility should not conflict with accuracy. 
Input uncertainties that may result from increased complexity to determine the necessary data from which they are derived 
require time consuming data collection processes or very complicated simulations, which will impose unnecessary burdens 
and may limit the applicability of the indicators. This is also the approach taken by the European Commission within 
Level(s) that is elaborated next. 

Level(s) 

The European Commission has proposed a common EU framework of core indicators for assessing the 
environmental performance of buildings throughout their lifecycle (Figure 4), taking into account the use of resources such 
as energy, materials and water (Dodd et al. 2017). Τhe circular economy is a regenerative economic system in which 
resource and energy consumption are minimised. Level(s) is a tool of the circular economy for the built environment in 
order to encourage life cycle thinking at a whole building level, from design stage through to operation and occupation of a 
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building.  

 

Figure 4. Modular schematic of building life cycle stages; Source: CEN (Dodd et al. 2017).	
Within the Level(s) framework, each indicator is designed to link the individual building’s impact with the priorities 

for sustainability at the European level. Currently, Level(s) focuses on essential concepts and indicators at building scale, 
starting with residential buildings and offices, including six macro objectives: 

1. Greenhouse Gas Emissions along a Building’s Life Cycle: Use stage energy performance, Life cycle global warming 
potential; 

2. Resource Efficient & Circular Material Life Cycles: Building bill of materials, Life span, Adaptability & 
deconstruction, Construction & demolition waste; 

3. Efficient Use of Water Resources: Use stage water consumption; 
4. Healthy & Comfortable Spaces: Indoor air quality, Time outside of thermal comfort range; 
5. Adaptation & Resilience to Climate Change: Life cycle tools and scenarios for projected future climatic conditions; 
6. Optimised Life Cycle Cost & Value: Life cycle costs, Value creation & risk factors. 

Including these KPIs in the current work offers an additional advantage. This is the first time that the Level(s) 
indicators at building scale are being used during the pilot test phases in nine different European studies. This offers an 
excellent opportunity to provide feedback on the ease of applicability of the proposed Level(s) concept during the ongoing 
public consultation period that is organized by the European Commission.  

THE MULTICRITERIA ASSESSMENT METHOD & TOOL 

The outcome of the previous review and analysis of the various indicators from the transnational European projects 
and public assessment systems, along with the ones included in Level(s), was used to derive an exhaustive set of indicators 
that are being used to assess sustainability issues at different scales. The indicators were then used to derive the specific key 
and core performance indicators that are used in this work for the generic framework and then adopted to local context.  

The final list of indicators was determined in consultation with international experts and stakeholders during a sprint 
workshop and in various national local committees that have been set up by the work partners in the participating 
countries. Accordingly, a total of 19 KPIs (including Level(s) at building scale) along with additional 135 indicators at 
building scale and 159 indicators at neighbourhood scale, were finally selected and grouped under seven sustainability issues 
in a generic framework (GF) of the assessment system. The two GFs for buildings and neighbourhoods include the KPIs 
and the other indicators that cover all major aspects of sustainability. In a follow-up phase, these indicators were adopted in 
locally (national) contextualized assessment tools for buildings (SBTools) and sustainable neighbourhoods (SNTools) for 
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the participating European countries. All the national methods and tools include the same KPIs but may have a different 
number of additional indicators that best fit in the national and local context and sustainability priorities. The starting point 
of the assessment method and tool was a reference decision making process, originally developed for the building scale 
(iiSBE 2007) that was extended for the application at urban scale, allowing for a total contextualization of the tools to local 
conditions. 

The neighbourhood of a small urban scale area (e.g. block/cluster of buildings) may include 5-15 buildings with a 
traditional composition extending over 200-400 m in size that can be crossed in 10-15 min walk, with 200-1500 inhabitants. 
The set of indicators also consider different time scales to facilitate the sustainability assessment of existing urban areas. The 
results of the overall approach are totally compatible because they are based on the same transnational methodology and 
can be interpreted in the same manner. The final score represents how well a building or an urban area or is performing 
with regard to the minimum local acceptable performance. The transitional comparability of the assessment results is 
secured by the KPIs that follow the same calculation methodology and all the relevant data that are collected in a 
“Passport”. 

Method Structure 

The overall structure of the method (Figure 5) in organized in: 
• Issues - describe general themes that are important for sustainability assessment; 
• Categories - address particular aspects of issues that group relevant criteria and indicators; 
• Criteria - detail the specific aspects of a category and represent the main assessment entries used to characterize a 

building or an urban area, from the very beginning of the assessment process; quantitative and sometimes 
qualitative criteria are used; 

• Indicators - quantify the performance with respect to each criterion.  
 

  

Building Urban (Neighbourhood) 
Figure 5. Structure of the GF sustainability issues and categories, for building (left) and neighbourhood (right) scales. 

 
There are seven sustainability issues for the building scale (i.e. A-Site & infrastructures, B- Energy & resources, C-

Environment, D-Indoor environmental quality, E-Service quality, F-Social, cultural & perceptual aspects, G-Economy) and 
seven sustainability issues for the urban (neighbourhood) scale (i.e. B-Economy, C-Energy, D-Emissions, E-Natural 
resources, F-Environment, G-Social aspects, A-Urban systems). Each issue includes a different number of categories, each 
one of them describing a specific aspect of the issue that it belongs to. The building scale includes 25 categories (e.g. under 
the issue “Indoor Environmental Quality (IEQ)” there are four categories: indoor air quality and ventilation, air 
temperature and relevant humidity, daylight and illumination, noise and acoustics), while the urban scale includes 22 
categories (e.g. the issue “Energy” includes two categories: Non-renewable energy sources, and Renewable and clean energy 
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sources). 
Different numbers of criteria are included under a given category, each one of them describing a particular aspect of 

the corresponding category. For example, for the urban scale, the category “Renewable and clean energy sources” includes 
fourteen criteria, e.g. Share of on-site renewables on total final or primary energy consumption for residential or non-
residential buildings, Share of electricity production from renewables on public or private property, Total electricity from 
renewables that is exported from the area, Total electricity from renewables used in or exported from the area, Share of 
thermal energy from renewables on public or private property etc. 

In principle, several indicators can be associated with the same criterion, since one can define multiple strategies to 
quantify the urban area performance with regard to a specific criterion. For simplicity in this work, only one indicator is 
associated with each criterion. These metrics are used to quantify the performance and determine how well the 
sustainability objectives are achieved. Some representative examples of the method’s generic framework structure are 
presented next. For the building scale: Issue “B-Energy & Resources”, Category: “B1-Life Cycle Non-Renewable Energy”, 
Criteria: “B1.1-Primary Energy”, Indicator: “B1.1-kWh/m2/y”; Issue “C-Environment”, Category: “C1-Greenhouse Gas 
Emissions”, Criteria: “C1.3-Global Warming Potential”, Indicator: “C1.3-kg CO2 eq./m2/y”. For the urban scale: Issue: “B-
Economy”, Category: “B2-Economic Activity”, Criteria: “B2.3-Employment Rate”, Indicator: “B2.3-% of working age 
adults in the area”; Issue: “C-Energy”, Category: “C1-Non-Renewable Energy Sources”, Criteria: “C1.1-Total final thermal 
energy consumption for all building operations in the area”, Indicator: “C1.1-kWh/m2/y”. 

The selected KPIs (mandatory indicators) represent the priority sustainability transnational issues. These indicators are 
consistently defined and calculated with the same standardized procedures. There is a total of 19 KPIs for the building 
scale: 
B1.1 Primary energy consumption (kWh/m2/y) C1.3 Global warming potential (kgCO2eq/m2/y) 
B1.2 Final thermal energy consumption (kWh/m2/y) C3.1 Construction & demolition waste generation (kg/m2) 
B1.3 Final electrical energy consumption (kWh/m2/y) C3.2 Solid waste from building operation (kg/m2) 
B1.4 Renewables in primary energy consumption (%) D1.3 Formaldehyde concentration in indoor air (µg/m3) 
B1.5 Renewables in final thermal energy consumption (%) D1.4 TVOC concentration in indoor air (µg/m3) 
B1.6 Renewables in final electrical energy consumption (%) D1.5 CO2 concentration in indoor air (ppm) 
B2.1 Embodied non-renewable primary energy (MJ/m2) D2.1 Time outside of thermal comfort range (%) 
B3.5 Recycled materials in total materials used (%) D2.2 Thermal comfort index (PPD %) 
B4.2 Water consumption for indoor uses (m3/occupant/y) G1.4 Use stage energy cost (€/m2/y) 
 G1.5 Use stage water cost (€/m2/y) 

and 19 KPIs for the urban (neighbourhood) scale: 
A1.7 Land conservation in the area (%) E1.6 Water consumption in residential buildings 

(m3/occupant/y) 
B.3.3 Operational energy cost for public buildings (€/m2/y) E1.7 Water consumption in non-residential buildings 

(m3/occupant/y) 
C1.1 Total final thermal energy consumption for buildings 
(kWh/m2/y) 

E2.3 Solid waste from construction and demolition projects 
retained in the area for re-use or recycling (%) 

C1.4 Total final electrical energy consumption for buildings 
(kWh/m2/y) 

E3.2 Use of materials for construction of infrastructures 
(Tons/1000 m2) 

C1.7 Total primary energy consumption for buildings 
(kWh/m2/y) 

F1.3 Recharge of groundwater through permeable paving or 
landscaping (%) 

C2.1 Share of on-site renewables on total final thermal 
energy consumption for buildings  

F2.3 Ambient air quality of particulates (PM10) above 
acceptable limits (days/y) 

C2.4 Share of on-site renewables on total primary energy G2.1 Proximity of residents to public transportation (%) 
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consumption for buildings (%) 
C2.7 Share of on-site renewables on final electrical energy 
consumption (%) 

G2.4 Pedestrian & bicycle network (m/100 inhabitants) 

D1.2 Total GHG emissions from energy use in buildings 
(kgCO2eq/m2/y) 

G4.2 Proximity of residents to key services (%) 

 G6.3 Community involvement in urban planning activities 
(descriptive level score) 

 
The relevant information and data from the KPIs are accumulated in a “Passport” that constitutes the depository of 

common and comparable data. These results enable a consistent comparison of the key performances of urban areas and 
buildings between different areas, cities, regions and countries.  

Assessment Procedure & Local Tools 

A final concise score is necessary in order to summarize the overall performance of the building or an urban area with 
respect to all the criteria. The final score is calculated starting from indicator values following an assessment procedure that 
is based on three main steps. The contextualization of the generic framework for the development of local tools is 
implemented by selecting the KPIs and other preferred assessment criteria-indicators, and by assigning a weight and a 
scoring scale in order to adapt the final results to the local specific policies and priorities. The assessment procedure for 
calculating the final sustainability score follows three steps (Moro 2017) that are outlined next. 

Step 1 - Select the criteria-indicators: Calculate each indicator that has been selected for the selected criteria (e.g. 
Final thermal energy consumption of building in kWh/m2). The selection of the criteria is flexible (Figure 6) and allows for 
the combination of different number of categories, criteria and indicators. For example, the GF for the urban scale includes 
a total of 23 categories and 178 criteria-indicators, while for the national tool in Greece a total of 20 categories have been 
selected, with 62 criteria-indicators. The only core set of criteria that is mandatory, are the key performance indicators 
(KPIs) that represent internationally recognized priorities for sustainability assessment. The KPIs allow the comparison of 
the key performances for the buildings and urban areas through the “Passport”. The selection of additional recommended 
or optional criteria for each issue provides the opportunity to create different approaches that are tailored to the local 
sustainability priorities and experiences in the region. 

                

Figure 6. Visualization of selecting and combining different criteria-indicators from the generic framework. The note on 
the right summarizes the contents for the different categories and criteria-indicators for the GF tool and the Hellenic tool. 

 
Step 2 - Normalize the results and assign a score: The normalization step assigns a score to the value of each 

indicator (Figure 7). Due to the diverse nature of the criteria, the values of the various indicators are characterized by 
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different units of measure and different orders of magnitude. Moreover, indicators associated with qualitative criteria are 
without units since they do not represent any physical quantity. Accordingly, each indicator value is adimensionalized and 
rescaled in an interval from -1 to +5 before the aggregation phase. For the normalization intervals the scale is that zero 
represents the minimum acceptable performance, 5 the excellence, 3 the best practice and -1 a negative performance. The 
better the performance, the higher the normalized score. The normalized scores are computed by applying suitable 
normalization functions to the values of each indicator. These modify the indicator values and provide normalized scores 
that comply with the previous requirements. Each normalization function is defined in different ways depending on the 
criterion which it is associated with. For some criteria the normalized score fulfils the requirement “the better the 
performance, the higher the normalized score”, thus the normalization functions must be increasing (“Higher is Better”) 
shown with the solid black line in Figure 7 (e.g. percent contribution of renewable energy sources in the total primary 
energy consumption). For other criteria the rule is that the lower the numerical value of the corresponding indicator, the 
higher the performance level. In this case, the normalization functions must be decreasing (“Lower is Better”) shown with 
the dashed gray line in Figure 7 (e.g. total final thermal energy consumption (kWh/m2) for building operations). Finally, 
there may be qualitative criteria for which the normalized score can only attain discrete values in the normalization interval, 
each of them corresponding to a reference scenario defined by the corresponding indicator. In this case, the normalized 
score is determined by comparing the building or urban area’s performance with some reference scenarios which are 
defined by the indicator associated with the specific criterion. Different benchmarks are defined at national, regional or 
even local levels, which comply with the different minimum acceptable or ideal performances and best practices, for each 
indicator.  

 

Figure 7. Overview of the normalization functions for criteria “Higher is Better” (black solid trend) and “Lower is Better” 
(grey dashed trend).  

 
Step 3 - Aggregation: The normalized scores that are associated with each criterion are combined through a 

sequence of weighted sums to produce the final score (Figure 8). First, the normalized scores associated with all criteria in 
the same category are aggregated to produce a single score for each category. Then, the ones in the same issue are further 
aggregated to produce a single score for each issue. Finally, the results from all the categories are aggregated to produce the 
final concise score. This process provides the ability to use different weighting coefficients (% that may be adjusted up or 
down) for each criterion, category and issue, according to local environmental, social and economic priorities and scenarios 
under study.  
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Figure 8. Numerical example of calculating the weighted score for the Energy issue for the urban (neighbourhood) scale.  

Decision Making Process 

The indicators and the tools at building or urban scale can be used to support the sustainability assessment of 
buildings or an urban area at all six phases (Figure 9) of a project (Moro 2018). These phases include:  

1- Initiation: define the physical boundaries and decide which of the surrounding infrastructures are of relevance; 
2- Preparation: provide the necessary information to create a sufficient working basis for the decision-making 

method; 
3- Diagnosis: evaluate the actual performance and relative level of sustainability of the buildings and urban area using 

the SBTool and SNTool; 
4- Strategic definition: set environmental-social-economic performance targets and identify any legal-technical-

financial-environmental constraints that may limit the range of possible retrofit strategies; The targets must be 
SMART, i.e. Specific (clearly defined), Measurable (quantifiable), Attainable (realistic and achievable), Relevant (for 
energy retrofitting of urban districts), Time-bound (with a specific time plan of when they can be achieved); 

5- Decision making: select and study possible retrofit scenarios in order to identify the best one in terms of cost-
efficiency; 

6- Retrofit/New development concept: develop the concept of the best ranked scenario in more detail for project 
implementation. 

 

Figure 9. Schematic of the overall process. 
The work may focus on: 
• Retrofit (major renovations): assessing the actual performance in order to take a snap shot of the existing condition 

and characteristics and to identify the sustainability critical issues; assess the potential performance following the 
implementation of renovation scenarios in order to identify the most cost effective and sustainable one; monitor 
and evaluate the effectiveness of implemented actions and the achievement of the sustainability performance 
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targets. 
• New developments: assessing the potential performance of alternative planning options in order to identify the 

most cost effective sustainable development scenario; monitor the evolution of new buildings and urban 
developments and the achievement of the sustainability performance targets. 

NATIONAL TEST PILOTS 

The method and the national tools are currently being tested by simulating a decision-making process targeted to 
identify the best renovations scenarios for public buildings and neighborhoods during nine pilots in 9 cities (Figure 10) 
located in six Mediterranean countries (i.e. Croatia, France, Greece, Italy, Malta, Spain). The work is being performed using 
the national tools, which have been translated and adapted to national and local context. 

 

Figure 10. Schematic of the national test pilots. 
 
In Greece, the Municipality of Fylis adjacent to the north-west of Athens (Figure 11) has been selected for the 

national pilot project in Greece. Over the years, the Municipality of Fylis has exhibited genuine efforts, activities and 
communicated plans for improving its energy and carbon footprint, by implementing various initiatives on energy 
conservation and sustainable development aiming to regenerate into a thriving area. The pilot includes the area near the 
town hall and a school complex, along with other public areas, for the evaluation of different development plans including 
among others the new main natural gas supply network, the renovation of municipal buildings for improved energy 
performance, the installation of PVs and solar thermal in schools and sports facilities, the strengthening of collection and 
recycling of waste, the expansion of pedestrian & low traffic roads, along with bicycle lanes, municipal local transportation 
and public parking, the energy efficient public lighting, the engagement of citizens and the development of green areas for 
the urban regeneration of neighborhoods. 

 

Figure 11. Overview of the Hellenic national test pilot. 
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The preparation phase in order to identify the sources and collect the necessary general information and specific data 

at building and urban scales, revealed some common inherent difficulties that relate to different data providers from various 
departments, but triggered some improved housekeeping practices. The use of different tools (e.g. geographical information 
system, Google Earth, OpenStreetMap) accelerated the collection and processing of the data collection process 
significantly. The main data was accumulated from the municipality’s administrative offices, previous municipality and 
regional reports (e.g. Operational Program of Western Attica), issued energy performance certificates for buildings in the 
area, energy supply companies, information from previous R&D projects, and several on-site visits, inspections and 
consultations. 

The diagnosis phase and the consultation with the municipality’s decision makers, planners and technical departments, 
revealed the priorities in terms of  

• environmental issues: improve energy performance of public buildings, reduce energy use and emissions from non-
renewables, increase the exploitation of renewables, expand energy supply (e.g. central natural gas network) and 
increase energy efficiency by prioritizing central energy networks over individual solutions, use environmentally 
friendly materials, increase open green public spaces, etc; 

• social issues: avoid gentrification caused by energy renovation of buildings and neighborhoods, improve citizen 
accessibility and public transportation infrastructures, encourage community involvement and citizen’s engagement 
in near- and long-term planning, strengthen public services, etc;  

• financial issues: consider means to improve return on investment, exploit the use of different instruments for 
financing, maintain property and value of land, secure resources to strengthen economic feasibility and secure 
sustainable growth.  

Different scenarios will be evaluated in a holistic approach along the following lines: a) selecting and optimizing 
energy renovations at a building and neighborhood scale (i.e. reducing energy demand, increasing energy performance by 
prioritizing central energy supplies versus individual solutions, integrating renewables with appropriate energy storage 
and/or smart grids); b) considering other interventions for improving public transportation and mobility, enhancing green 
spaces, and other public infrastructures; c) exploiting different business models and financing instruments; and finally d) 
identifying the desirable scenario that will address the municipality’s objectives and priorities. 

Education & Training  

A key component to the overall work is the development of a comprehensive training system that is crucial in order to 
facilitate the proper use of the method and tools, improve knowledge base, enhance the understanding of the various 
sustainability issues by the main target groups (e.g. engineers, technical staff, decision and policy makers) to set up and 
implement high quality and sustainable urban plans, and support continuous learning (Borgano 2018). The main modules 
include: 

1. The generic framework concept and the multicriteria assessment methodology 
2. The decision-making process 
3. Case studies analysis (integration of building and urban scales), with a focus on the decision making process 
4. The assessment criteria of the contextualized tool at building scale 
5. The demonstration of the contextualized tool at building scale 
6. Case studies, with a focus on the technical issues 
7. The assessment criteria of the contextualized tool at urban scale 
8. The demonstration of the contextualized tool at urban scale 
The main electronic training material is available in six languages (i.e. Croatian, English, French, Greek, Italian, 

Spanish) covering the overall method approach, the tool, along with an in-depth presentation of the main sustainability 

[52][52]



 
EinB2018 – 7th International Conference “ENERGY in BUILDINGS 2018”	

	

issues, the KPIs, e.g. including the intent, description of the indicator, background information sources, calculation method 
with step by step calculations, numerical examples and exercises (Figure 12), while the specific nationally used indicators in 
the contextualized tools are only available in the local language. The training material is currently being used in a series of 
training courses, which are offered in the participating countries. These events offer an excellent opportunity to bring 
together all relevant local stakeholders related to development and implementation of high quality and sustainable urban 
development plans. 

 

Figure 12. Sample electronic training material for an example KPI (i.e. B.1.4 - Energy from renewables in total primary 
energy consumption). 

 
Additional training activities will also be organized in third-countries not included in the work consortium, with 

introductory info-days and e-learning sessions. Finally, all the electronic material and training courses will be available on an 
open e-learning platform in order to allow future use and facilitate wide dissemination efforts.  

Neighbourhood Award 

Another notable effort to test the overall approach and the use of the KPIs is the Neighborhood Award (CESBA 
2018). The effort fosters a competitive challenge for urban areas with different population (urban areas in cities under 
10,000 inhabitants, between 10,000 and 50,000 inhabitants and over 50.000 inhabitants) that have implemented 
sustainability projects (for new developments or renovations of existing areas) or in the planning phase. An international 
jury of professionals in the areas of urban development, spatial planning, architecture or energy efficiency and sustainable 
development, and policy makers, will evaluate the submissions. The objectives are to: Improve the quality of life for 
inhabitants and minimise negative impacts on climate and resources; Collect and promote knowledge on urban 
development (best practices, establishing a state of the art, getting an overview of tools used and goals, actions set, actors in 
the field); Give visibility to best practices and share knowledge among European stakeholders and policymakers; Contribute 
to an international collaborative process to develop a transnational performance assessment system for small urban areas.  

CONCLUSION 

This collaborative effort in the framework of a European project developed an open and transparent transnational 
multicriteria assessment system for rating the sustainability of buildings and neighbourhoods. The assessment system can 
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handle different scales (i.e. building and urban neighbourhood) and is associated to a decision making process in order to 
select the best sustainable retrofitting strategies that increase the quality of the built environment. The common method and 
tools are available in different languages, with their assessment and rating approach contextualized to national (local) 
priorities. They can also be tailored to fit public administrations’ needs (with a lower cost compared to other market 
available commercial systems), that is flexible to adapt to local needs and priorities, which strengthens a sense of local 
ownership. As a result, this can improve the effectiveness and impact of sustainability policies, planning activities and action 
plans. 
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Abstract 
The global energy crisis coupled with the threats of climate change bring into sharp focus both opportunities and 
challenges for developing countries. Developed and developing countries have to better address the increasing 
energy demands of growing economies, as well as address energy poverty issues often highlighted by extreme 
disparities in income. They also need to deal with the real and potential impacts of climate change and energy 
efficiency improvement. In addition to these challenges is the global imperative to reduce carbon emissions in 
order to prevent climate change. While developing nations have thus far been sheltered from obligations to reduce 
carbon emissions, one cannot anticipate that this situation will continue for long. Holistic approach to energy 
performance in built environment had been a key tool to improve the overall energy performance. Within this 
context nations need to follow a very different development path from that established by first world countries. 
This development path is a low energy, low carbon and generally a resource efficient one. 

Introduction 
To achieve such goals of energy efficient design of built environment, the joint working group (ISO JWG163/205) 
activities aim at the development of a coherent set of standards for the determination of the energy performance 
of buildings using holistic approach. For this, the JWG joins the expertise of both parent Technical Committees: 
ISO/TC 163 ("Thermal performance and energy use in the build environment") and ISO/TC 205 ("Building environment 
design").The scope of the JWG can be found in the new (2012) scopes of the two parent TC's. Both scopes contain 
the following text: 
"Covering also: Standardization of the holistic assessment of the energy performance of new and existing buildings 
as well as building retrofits, in close collaboration with ISO/TC 205 by means of the ISO/TC163/WG4 Joint 
working group TC 163 & TC 205 Energy performance using holistic approach, including; 
- Terms and definitions;
- System boundaries for buildings and technical systems;
- Assessment of the overall energy performance of buildings, taking into account the energy performance of
building elements;
-building related systems (heating, cooling, domestic hot water, ventilation, lighting,
-System Controls, transport, and other energy related systems); indoor and outdoor conditions;
-local energy production (on site and at district level);(use of) energy sources (including renewable);
-building commissioning
- Assessment of overall energy efficiency; and
- Means of experimentation

The JWG's Task Group 4, "JWG/AG On the strategy of international standardization on the energy use in 
buildings", produces a regularly updated strategic view, which includes 
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-an overview of standards and active, planned or missing work items that are needed for the assessment of the
energy performance of buildings using the holistic approach;
-ground rules for the drafting of standards that are to be coordinated by the JWG;
-proposals on the links with closely related fields of international standardization.

A very simple illustration of the time line plan of activities is shown here in Figure 1. It reflects the development 
from building envelope and component analyses towards energy use and overall energy performance and leading 
to energy producing built environment as a target in the present and future decades, References 1 to 11 highlights 
the more important features of the published work. 

nerg  pro ing 
ilt en ironment
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Time line

2000
Bl ng en elope  
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Bl ng eating nee s

1980 2020

nerg  se or 
eating an  ooling

O erall il ing 
energ  per orman e

Figure 1.Time line of activities 

In recent years, efforts were concentrated to further develop adequate and necessary standards that help the end 
user and industry to enhance the energy efficiency. An example of an earlier endeavor is shown here in Figure 2 
and relates to ISO 16343. 

A seven classes energy label is highlighted and in standard colors to set the various levels that should be achieved. 
Various forms are available. Countries are obliged now to set these levels of EER that designated the classes 
A….to G. In developing countries the minimum should be larger than 9 and the other upper end of the scale is 
open to innovation and development , but can be typically 14 or 15 with the inverter technology for room air 
conditioners. 
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 Figure2: Energy Performance of Buildings ISO Standards 16343 

Figure 3 shows the various energy systems interaction in built environment. 

 
 
 
 

Figure 3: Systems Interaction in Energy Performance Map 
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The ISO 52000 Series 
The design and implementation of public policies on Energy Efficiency may take various forms and require diverse 
mechanisms and tools, such as: 
1. Adequate statistical tools to monitor, analyze, set objectives and forecast energy production, distribution,

performance and consumption
2. Public funding of research and development on energy efficient technologies and renewable energies
3. Public-private partnerships for the design and deployment of energy efficient infrastructures and innovative

solutions and technologies
4. Policies and regulations to foster energy efficiency and renewable energy covering appliances, buildings,

equipment or operation at large, resource utilization and possible related tax or other incentives, as well as
labeling, auditing or communication obligations

5. Communication, education and training tools to promote efficient energy management and use at all levels,
from companies or public services to consumers

6. Standards based on consensus between stakeholders have been and are being developed at all levels
(professional, national, regional and international) to serve as tools to:

7. Support the development and implementation of public policies
8. Assist and motivate stakeholders in improving their own energy efficiency and in increasingly using renewable

energies
9. Facilitate the deployment of related technologies and good practices
Whether from a policy measures’ perspective or along technology pathways, energy efficiency or the deployment
of renewable energy are better addressed using systemic approaches, where proposed new standards series may
provide a tool box to support the collective and individual efforts such as for:
x Terminology, definitions and taxonomy
x Data acquisition, processing and exchange
x Interoperability
x Measurement, analysis and test methods
x Renewable energy, and electrical energy storage
x Design and performance standards and indicators for appliances, equipment, buildings, systems or
organizations, and support to the expression of minimum energy performance indicators (MEPs) where applicable
x Labeling and communication standards
x Calculation methods for energy savings, performance and systems
x Management and energy audit standards
x Conformity assessment

Along these lines, the new ISO series 52000 were designed to cover a holistic approach to energy performance in 
the built environment. The series covers the above aspects. Almost 20 of these standards were published so far, 
Figure 4 depicts these ISO 52000 series... 
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Figure 4: ISO 52000 series 

Concluding Remarks 

Standardization of the holistic assessment of the energy performance of new and existing buildings as well as 
building retrofits was carried out and is currently on-going activities, in close collaboration with ISO/TC 163 & 
ISOTC 205 using holistic approach. The present paper described briefly the International standardization for; 

- Terms and definitions;

- System boundaries for buildings and technical systems;

- Assessment of the overall energy performance of buildings, taking into account

1. the energy performance of building elements;

2. building related systems (heating, cooling, domestic hot water, ventilation, lighting, system controls,
transport, and other energy related systems);

3. indoor and outdoor conditions;

4. local energy production (on site and at district level);

5. (use of) energy sources (including renewable);

6. building commissioning

- Assessment of overall energy efficiency; and
- Means of expressing the energy performance and energy performance certification of buildings.
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ABSTRACT 
Understanding the energy performance of the current stock of buildings is an important step toward reaching the Zero Energy Buildings goal. 
Old buildings have a specific interest, because when they are restored and reused considerable changes take place concerning their energy 
performance, because the building envelope is chanced due to restoration interventions and additionally, the use of the building is chanced. 
Research shows that there is a great potential for environmental benefit of building reuse. When comparing buildings of equivalent size and 
function, reusing and retrofitting existing buildings with an average level of energy performance almost always offers environmental savings over 
demolition and new construction.  
Four public buildings in the area of Kalamaria were examined and their energy performance was analyzed. All selected buildings were 
constructed before 1955 and they have been renovated to some extent. All of them are of the same building type: orthogonal plan, two-storey, 
flat roof, basement and floor level one meter approximately over the ground. 
The buildings included in this study are: the Municipality central offices’ building, a primary education school building, a disabled school and 
library building, a nursery and social services offices building.  

INTRODUCTION  

In the case of the existing buildings’ stock, the energy savings depend on the characteristics of the building. The 
diversity and practical restrictions that occur in the existing stock complicate the energy efficiency analyses and causes a lot 
of uncertainties. Nevertheless, improving the existing building stock is crucial for the realization of the climate targets. 

Analyzing the cost efficiency of measures in the existing building stock is common practice in consultancy for specific 
buildings. For the purpose of setting or comparing energy performance requirements, measures have to be judged in a more 
general and transparent way in order to be valid for enforcing requirements. There is hardly any experience how to do this 
properly. It is therefore of great importance to organize knowledge exchange and to share experiences. The framework 
should take into account the fact that adjustments and refinement shall be needed in the near future. 

Old buildings have a specific interest, because when they are restored and reused considerable changes take place, 
concerning their performance: 

- The building envelope is chanced due to interventions aiming to stabilize the supportive structure elements. 
- The use is chanced (hours per day, months per year). 
About 70% of the building stock in Greece is built before 1980, which means that extended energy saving measures is 

needed, in order to fulfil the minimum performance requirements. 

Why is it important? The value of building reuse 

Buildings use almost 40% of the world’s energy, 16% of the fresh water and 25% of the forest timber, while is 
responsible for almost 70% of emitted sulphur oxides and 50% of the CO2. Reusing and retrofitting existing buildings with 
an average level of energy performance almost always offers environmental savings over demolition and more energy-
efficient new construction. 

Savings from reuse are between 4 and 46 percent over new construction when comparing buildings with the same 
energy performance level. The reuse-based impact reductions may appear small when considering a single building, 
however the “absolute carbon-related” impact reductions can be substantial when these results are scaled across the 
building stock of a country. 
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A report produced by the Preservation Green Lab of the National Trust for Historic Preservation “The Greenest 
Building: Quantifying the Value of Building Reuse” provides the most comprehensive analysis to date of the potential 
environmental benefit of building reuse. 

This study concludes that, when comparing buildings of equivalent size and function, building reuse almost always 
offers environmental savings over demolition and new construction. These findings add to the already impressive economic 
and quality of life advantages offered by building reuse.  

Key findings of the study reveal impacts of Energy Performance Upgrades. An analysis of energy performance 
upgrades demonstrates the potential impacts associated with materials usage. Upgrades result in lower energy consumption 
over the lifetime of a building, and therefore yield a significant reduction in environmental impacts in those categories that 
are dominated by operating energy: Climate Change, Resource Depletion, and Human Health impacts. In the area of 
Ecosystem Quality, however, materials contribute more substantially to total environmental impacts. 

Building Shape and Energy 

J. Straube in “The Function of Form: Building Shape and Energy”, says that “Building form and orientation do not 
have as large an impact on energy consumption as sometimes thought, especially for mid-size or large buildings. In all 
buildings, the ratio of enclosure area to floor area is important and hence simple shapes are preferred (as well as being less 
expensive to build and maintain)” (Straube, 2012)  

In Europe the ratio of volume V to surface area S, is a typical metric labelled Compactnes C = Volume/Surface Area. 
The German energy code goes as far as prescribing higher R-values for buildings that are less compact than others. 

The heating load of small buildings (e.g., houses) can vary by around 25% (Gratia and De Herde 2003) from the most 
compact (high C) to the most sprawling (low C) designs (Figure 1). Most ultra-low energy single-family houses have V/S 
ratios of around 1.0 or larger. 
 

 

Figure 1 Impact of building shape on annual heating energy in a cold climate. Source: Gratia & De Herde, 2003 
 

Another metric, preferred by this author for commercial buildings, is the ratio of the usable floor area (F) to above-
grade enclosure area (E). The more compact the form, the higher the ratio F/E. By explicitly removing volume from the 
assessment, this metric rewards buildings that require less floor-to-floor height. Figure 2a depicts the impact of size and 
form on the floor: enclosure (F/E) area ratio for an office with a 14,000 ft2 floor plate. As can be seen, the more compact 
the form (square is close to the perfect optimum, the circle), the higher the ratio. 
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Figure 2 (a) Impact of form on floor-to-enclosure (F/E) area ratio of different building types and (b) Floor area-
to-enclosure area ratios for different building forms, each with 930 m2 floor plate. 
  

Figure 2b provides a range of F/E ratios for two sizes of office floor plan area (900 m2 per floor). For the small office 
of 1800 m2 a narrow two-storey form, ideal for natural ventilation and daylighting, has an F/E of 0.88, whereas a deep 
square plan has an F/E of 1.02. For the long narrow building to have the same enclosure heat loss coefficient, its overall 
average enclosure R-value would need to be 1.02/0.88 = 16% higher. In practice, this might be achieved by increasing the 
average R-value from 7.5 to 9.0. (Straube, 2012)  

Research suggests that around 10% separates the energy use of a compact square building to a long narrow “bar” 
building (Ross 2009). Such buildings with a simple, compact form with the short dimension of around 14 to 18 m. can 
reduce lighting loads (which occur mostly during the daytime occupancy) to a minimum using daylight controls and daylight   
harvesting. The small increase in heat loss that a non-square floor plate form incurs can be eliminated by increasing the 
enclosure performance at little cost. If at all possible, the building should be oriented towards the south (for useful winter 
solar gain while easily rejecting summer gain and minimizing exposure to hot west summer sun). Numerous very low-
energy buildings have been constructed at market cost simply by choosing a more economical to build and energy-saving 
form for the building. (Straube, 2012) 

In a performance-based design approach, performance goals are developed during the initial stages of the design. The 
Integrated Design Process Guideline provides examples of how goals can be integrated into the design process (IEA 2003). 
M. Deru and P. Torcellini, in “Improving Sustainability of Buildings through a Performance-Based Design Approach” 
propose a process that starts with a vision statement, such as: “The project will design, construct, and operate a building 
that provides a healthy and productive work environment and minimizes the use of nonrenewable material and energy 
resources in a cost-effective manner”. 

THE RESEARCH 

Four public buildings in the area of Kalamaria were examined and their energy performance was analyzed. The 
calculation procedure was structured according to the following steps: 

a) Calculation of the building net energy demand (energy needs for heating, cooling, ventilation and lighting) 
b) Calculation of the building’s final energy consumption 
c) Calculation of the overall energy use and the energy performance indicators (primary energy, CO2 emissions) 
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d) Evaluation of the energy performance of the building 
For every building zone and each calculation period there were calculated: the total system energy consumption for 

heating, cooling and lighting. 

General characteristics of the selected buildings. Energy audit and results 

All selected buildings were constructed before 1955 and they have been renovated to some extent. All of them are of 
the same building type: orthogonal plan, two-storey, flat roof, basement and floor level one meter approximately over the 
ground. 

Their performance differentiates by the fact that one of them, the Municipal offices’ building (A) was totally 
reconstructed in 1995, by reinforcing the structure and insulating the external envelope, changing as a result the whole 
performance of the building. The heating and cooling system was changed to central system with air ducts. The other 
buildings were renovated only by changing the windows to aluminum double glazing. The heating system was upgraded 
from oil to natural gas, except for the building B which remained the oil-fired heating system. 

As far as their function is concerned (A) is offices’ building, (B) is a school building and the other two (C and D) have 
mixed uses different for each floor level: disabled school and nursery at the ground floor, library and social services’ offices 
at the 1st floor. 

Building A - The Municipality’s central offices. Built before 1955, initially it was used as a school building. It was 
restored in 1995 and then its use was changed to Municipal offices of Kalamaria. 

Total floor area 616,68 m2 Total volume 5.550,16 m3 

     

Figure 3  (a) The building (source: Google-earth) and (b) Front façade, SE orientation (source: Authors).  

Building B - Primary education school. Built before 1955, it was the first primary school of Kalamaria.  

Total floor area 302,10 m2  Total volume 2.114,70 m3 
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Figure 4  (a) The building (source: Google-earth) and (b) Front façade, South orientation (source: Authors). 

Building C - A disabled-school (ground floor) and library (1st floor). Built before 1955. Restored. It has mixed 
uses, different for each floor level: a disabled school at the ground floor and a library at the 1st floor. 

Total floor area 260 m2   Total volume 1.560,00 m3 

    

Figure 5  (a) The building (source: Google-earth) and (b) Front façade, SE orientation (source: Authors). 

Building D - A nursery (ground floor) and offices (1st floor). Built before 1955. Restored. It have mixed uses, 
different for each floor level: a nursery at the ground floor and social services’ offices at the 1st floor. 

Total floor area 176 m2 Total volume 1.758,00 m3 
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Figure 6  (a) The building (source: Google-earth) and (b) Front façade, SW orientation (source: Authors). 

COMPARATIVE ANALYSIS AND RESULTS 

Total primary energy consumption and ranking 
Comparative results concerning total primary energy consumption and ranking are shown in the following table. The 

table 1 shows that the building (A) has the higher ranking and the less source energy consumption. 
 

Table 1.    

Primary energy 
consumption 
[kWh/m2] 

 
Building A BuildingB  Building C 

 
Building D 

Heating  266,10 84,50 581,60 605,10 
Cooling  95,70 0,50 284,80 0,40 
D H W  114,20 123,50 69,60 102,80 
R E S 

 
Total           

  
Ranking (Energy 

Class) 

 0 
 

475,90  
       

      D 

0 
 

684,50  
 

H 

0 
 

1006,00  
 

Z 

0 
 

708,40  
 

H 

 
Emissions and ranking 
Comparative results concerning energy consumption and emissions are shown in the following table. The table shows 

that the building A with higher energy class presents the less source energy consumption and less emissions. 
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Table 2.   

  

Building A Building C Building D 

 
Building E 

CO2 emissions  124,6 186,4 264,4 291,10 
 

R E S 
 

Total           
  

Ranking (Energy 
Class) 

 
0 
 

475,90  
       

      D 

0 
 

684,50  
 

H 

0 
 

1006,00  
 

Z 

0 
 

708,40  
 

H 

 
Compactness V/S and F/E rate 
The German energy code prescribes lower energy consumption for buildings that are more compact (higher volume 

to floor surface V/S value). The ratio F/E (external surface to usable area) is a metric most preferable for office-
commercial buildings, because it rewards buildings that require less floor to floor height, removing volume from the 
assessment. The more compact the form, the higher the ratio F/E. Table 3 shows that building A has also a higher 
compactness V/S and a higher F/E rate. 

 
Table 3.    

  
Building A Building C Building D 

 
Building E 

V/S  9 7 6 6 
F/E  0,96	 0,54	 0,67	 0,53	

 

Comparative diagrams 

The following diagrams show that building (A) presents the less primary energy consumption and less CO2 emissions. 

    

Figure 7 (a) diagram showing the primary energy consumption and (b) diagram showing the CO2 emissions. 
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CONCLUSION 

Comparative results show that the building (A) has the highest energy class ranking, presents the less primary energy 
consumption and less CO2 emissions, even though it is the biggest in volume. Building (A) has a high compactness V/S 
value =9 (volume to floor surface), meaning lower energy consumption. The ratio F/E (external surface to usable area) is 
also the highest among the buildings included in this research. 

Addittionaly the building (A) was refurbished, so according to shape and construction old buildings of a specific 
architectural type are possible to achieve a higher energy performance. Existing buildings include the advantage of having 
no construction costs, but only the retrofit costs. Upgrades result in lower energy consumption over the lifetime of a 
building and therefore yield a significant reduction in environmental impacts. 
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ABSTRACT 
This work, deals with the problem of occupancy detection in a domestic environment based on available data resources such as smart homes’ 

overall energy consumption and basic environmental features (temperature, luminance and humidity). The most popular machine learning binary 
classification techniques are used to model occupancy. A series of Monte Carlo simulation schemas are used for decision making under uncertainty 
so as to decide for a dominant classifier and its internal parameters that can have an effective performance on the occupancy detection problem. 
Simulation results show the domination of decision tree and random forest machine learning classifiers compare over the rest classification 
techniques achieving almost 77% on accuracy and 70% on F1-Score evaluation measures, respectively.    

INTRODUCTION 

Knowing the true occupancy, the presence or the actual number of occupants of a building at any given time of the 
day is fundamental for the effective management of various building operation functions, such as security, heating, 
ventilating, and air-condition control, energy management etc. The monitoring of internal occupancy is much more 
complex, especially in buildings with different internal kinds of use. Occupant’s locations within the building varies 
throughout the day, therefore it is difficult to characterize the number of people that occupy a particular space and for what 
duration, because human behaviour is considered stochastic in nature. In general, occupancy monitoring in buildings is of 
high interest, since occupancy significantly contributes to the performance of the building. Therefore, there is a need for 
detailed occupancy knowledge. 

There are several approaches to count and infer about the internal occupancy of a commercial or a domestic building. 
Some of these approaches use data from intrusive devices such as infrared sensors, door sensors, RGB and depth cameras, 
bluetooth, mobile devices etc. Others use data from non-intrusive device-free sources such as WiFi, energy and water 
consumption measurements from smart meters, environmental features etc. Of course, there are also approaches that fuse 
data sources from intrusive and non-intrusive devices. With this work, the occupancy detection problem is addressed using 
as data sources the overall energy consumption of the domestic environment and a few environmental features, such as 
temperature, humidity, humidity ratio and luminance. The most known machine learning techniques for binary classification 
are tested and compared for different sets of internal parameters so as to end up with a dominant and effective 
classification model.        

The remainder of the paper is organized as follows. In Section 2 related work is presented while a short presentation 
of the machine learning techniques is provided in Section 3.  In Section 4, a brief description of evaluation metrics, dataset, 
experimental setup and results are provided and in Section 5 conclusions are drawn. 

RELATED WORK 

In this section, the latest state-of-the-art on non-intrusive occupancy detection and occupancy estimation techniques 
are briefly presented. Occupancy estimation performance usually increases when using data from multiple sensors, as each 
sensor type captures different aspects of human presence. Several sensor-based approaches have been proposed in the 
literature to address the challenging problem of occupancy detection either in commercial or residential buildings. Hutchins 
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et al. (2007) and Meyn et al. (2009) use infrared (IR) and passive infrared (PIR) sensors as the main data sources for 
machine learning predictive models so as to estimate global building occupancy. An occupancy detection and tracking 
system which utilizes depth cameras in a multi-space area is presented in the work of Krinidis et al. (2014), where a camera 
calibration method for transforming the cameras’ local coordinate system to a reference global coordinate system is 
introduced. Agarwal et al. (2010) had proposed a system that uses information from chair pressure sensors and provide 
fine-gained occupancy information with the limitation that the system is unable to detect standing occupants. 

The use of machine learning classification techniques for occupancy detection using multimodal data is very common 
in scientific literature and thus, occupancy detection is treated as a binary (absence – presence) classification problem. 
Several machine learning classification techniques have been evaluated in the literature, such as support vector machines, 
artificial neural networks, decision trees, random forest etc. among others. Kleiminger et al. (2015) used classification 
techniques, such as SVM and Hidden Markov Models (HMMs), on the publicly available Electricity Consumption and 
Occupancy (ECO) data set, and achieved accuracy between 83% and 94% on occupancy detection at households. In the 
work of Vafeiadis et al. (2017) a combined dataset of electricity and water consumption measurements is used together with 
mutual information for (a) the selection of the most important features and (b) the reduction of dataset’s sparsity and 
machine learning techniques for occupancy detection. Ryu and Moon (2016), use indoor environmental data (CO2 
concentration, temperature, humidity etc.) and energy consumption of the lighting system and other appliances obtained 
from building sensing network along with decision tree classification technique to detect occupancy in the Building 
Integrated Control Test-bed (BICT) at Dancook University. 

In study Dong et al. (2010) various sensor types, such as acoustic, PIR motion and CO2 sensors, are combined in 
order to estimate the occupancy in an open-plan office building. The authors evaluate three different machine learning 
methods. Occupancy detection for cubicles in an office is studied from Hailemariam et al. (2011). In that study, inputs from 
CO2, acoustic, PIR motion, light and electrical power sensors are combined to determine whether a cubicle is occupied or 
not. Kleiminger et al. (2013) had studied the use of electricity meters and smart plugs as input data sensors for occupancy 
detection in domestic environments and their results showed detection accuracy over 80%. Although such systems can be 
easily deployed in existing buildings avoiding the installation cost of occupancy sensors, they usually require occupants to 
carry equipment, such as Wi-Fi enabled mobile phones.  

MACHINE LEARNING TECHNIQUES 

In this section, the most popular machine learning techniques that have been tested for occupancy detection and 
estimation and their evaluation measures are briefly presented. The tested classifiers are: support vector machines (with 
polynomial and radial basis function kernels), decision tree, random forest, back-propagation network, naïve Bayes and 
logistic regression. In order to evaluate machine learning classifiers performance, a series of evaluation measures had been 
used and are: precision, recall, accuracy and F1-score.     

Support Vector Machines 

Support Vector Machines classifier is one of the most convenient and widespread classification and regression 
algorithm and it is first proposed by Boser et al. (1992). Support vector machine is a machine learning technique based on 
risk minimization. The main objective of a support vector machine is to construct a hyperplane as a decision boundary as 
the maximum margin between classified classes based on kernel functions. Several kernel functions have been deployed so 
as to improve the predictive performance of the support vector machine. In our work, we apply two Kernel functions: 
Polynomial and Radial Basis Function. 

Radial Basis Function kernel  

The support vector machine with a Gaussian radial basis function kernel case relies on the kernel with its form 
given by: K(x, y) = exp (- γ ║ χ – y ║2), where ║ χ – y ║2 is the Euclidean distance between the feature vectors x and y, 
and γ = 1/2σ2  is a positive constant with σ to be a free parameter. Along with σ, radial basis function kernel has 
another free parameter the constant C. 
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Polynomial Function kernel 

The support vector machine with a Polynomial function kernel relies on the kernel with its form given by: K(x, y) 
= [χΤy + θ] p, where p is the degree of the polynomial and θ is a free parameter that usually is an integer number, 
although θ = 1 is preferable as it prevents Hessian matrix from becoming zero. As in radial basis function kernel, a 
free parameter C is defined. 

Decision Trees 

Decision Tree learning is a technique for approximating discrete-valued functions, in which the learned function is 
represented by a decision tree (or Classification Tree or Learning Tree). Decision trees can also be re-represented as sets of 
if-then rules so as to improve human readability. This tree-shaped structure is capable of generating classification rules for 
the tested dataset [Lee et al. (2001)]. 

Random Forest 

Random Forest, also known as random decision forest, is an ensemble of decision trees and each decision tree is 
constructed by using a random subset of the training data, while the output class is the mode of the classes decided by each 
decision tree. Random Forest is unexcelled in accuracy among current classifiers, it runs efficiently on large databases and it 
can handle a vast amount of input variables without variable deletion [Breiman (1999)].   

Back-Propagation Network 

Artificial Neural Networks have seen an increasing interest over the last few years and are being successfully applied 
on a significant range of problem domains. One of the most popular artificial neural networks algorithms is the back 
propagation algorithm. Back-propagation network is a feed-forward model with supervised learning [Rumelhart et al. 
(1986)].  

Naïve Bayes 

Naive-Bayes is a supervised learning algorithms and it’s a very simple probabilistic model, which assigns conditional 
probabilities based on Bayes’ theorem with the naive assumption of strong independence between the features. This 
assumption, reduce significantly the number of parameters to be estimated. However its simplicity and effectiveness in 
many problems, makes it a very competitive method. 

Logistic Regression 

Logistic Regression (or Logit Regression) is type of regression where a response variable is related to a set of 
explanatory independent variables, which can be discrete and/or continuous. Generally, in one-class classification the 
response variable is binary or dichotomous (Binary Logistic Regression) i.e. it only contains data coded as 1 (True) or 0 
(False). This algorithm can achieve good results, which in our case are comparable to the ones of Naive-Bayes. 

 

EXPERIMENTS 

In this section, a brief presentation of the evaluation metrics, used to test classifiers performance, is provided along 
with dataset description experimental setup an results. 

Evaluation metrics 

Different performance metrics are used to evaluate different machine learning algorithms. For now, we will be 
focusing on the ones used for classification problems. We can use classification performance metrics such as Log-Loss, 
Accuracy, AUC (Area under Curve) etc. For a two-class classification scenario, in order to assess our models, we use the 
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measures of precision, recall, accuracy and F1-score, which are computed from the contents of the confusion matrix of the 
classification predictions (see Table 1). True positive and false positive cases are denoted as TP and FP, while true negative 
and false negative are denoted as TN and FN respectively. The terms associated with confusion matrix are briefly described 
below: 

True Positives (TP): True positives are the cases when the actual class of the data point was 1 (True) and the predicted is 
also 1 (True). 

True Negatives (TN): True negatives are the cases when the actual class of the data point was 0 (False) and the predicted 
is also 0 (False). 

False Positives (FP): False positives are the cases when the actual class of the data point was 0 (False) and the predicted is 
1 (True). False is because the model has predicted incorrectly and positive because the class predicted was a positive one.  

False Negatives (FN): False negatives are the cases when the actual class of the data point was 1 (True) and the predicted 
is 0 (False). False is because the model has predicted incorrectly and negative because the class predicted was a negative one. 

The ideal scenario that we all want is that the model should give 0 False Positives and 0 False Negatives. But that’s not 
the case in real life as any model will NOT be 100% accurate most of the times. In order to fit the classification evaluation in 
occupancy detection problem, we will assign the classes’ absence (0) and presence (1). Precision is the ratio of predicted true 
positive cases to the sum of true positives and false positives. Recall is the proportion of the true positive cases to the sum 
of true positives and false negatives. Accuracy is the fraction of the total number of predictions that were correct. Precision or 
recall alone cannot describe a classifier’s efficiency. That’s why F1-score is introduced as a combination of these two metrics. 
It is defined as twice the harmonic mean of precision and recall and is the metric we will be most referring to. A value closer 
to one, means better combined precision and recall of the classifier, whereas lower values imply worst accuracy or precision or 
both. 

 
Table 1. Confusion matrix for occupancy inference. 

 
Predicted class 

Absence Presence 

Actual Class Absence TP FN 
Presence FP TN 

 
The confusion matrix is one of the most intuitive and easiest metrics used for finding the correctness and accuracy of 

the model. It is used for classification problem where the output can be of two or more types of classes. The form of Table 1 
is similar in multi-class multi-label classification scenario and the calculation of precision, recall, accuracy and F1-score is based on 
all the classes and then on averaging them to get a single real number measurement. 

Dataset description 

The information retrieved from the smart home is gathered with the use of smart meters (environmental and energy). 
The measurements are recorder in 15-minutes time intervals, namely 96 measurements per day and per variable. The initial 
aggregated dataset contains the measurements of humidity, luminance, temperature and the overall power consumption of the smart 
home. Another available measurement is occupancy, which counts the smart homes’ occupancy in terms of absence (0) and 
presence (1). This measurement is used as ground truth for training machine learning models. An additional variable 
included in data model is the humidity ratio, which is calculated using the measured temperature [Candanedo and Feldheim, 
2016]. The dataset is pre-processed and cleaned so as no missing values and bad inputs exist among it. The basic 
assumptions under which the pre-processing face is set were: (a) to retain a 15-minutes time interval between recordings 
and (b) missing values to be filled using forward and backward fill.    

Experimental setup 

Our main objective is to find the predictive model that is more efficient on occupancy inference based on energy 
consumption data. To that end, our simulation schema is based on the application of all tested classifiers. For cross-
validation of our results, we generate a training set and a testing set, in a percent of 70% and 30%, respectively of the tested 
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dataset. We generate 100 Monte Carlo iterations for different parameter scenarios in each classifier. The 100-fold cross 
validation used for this work has as main goal to eliminate the bias and to provide more accurate results. For support vector 
machine with polynomial kernel, θ takes the values θ = (10, 40, step = 10) and the polynomial degree takes the values p = (2, 
6, step = 1). For support vector machine with radial basis function kernel σ varies as σ = [0.001, 0.01, 0.1] and the constant C 
as C = [100, 500, 1000]. The classic back-propagation full connected network has a single hidden layer and the number of 
neurons varies as n = (100, 200, step = 10). The random forest has an ensemble of estimators = (20, 100, step = 20) decision 
trees. Other classifiers tested here are naïve Bayes, logistic regression and decision trees, and utilizing default parameters 
from python sklearn library. The combination of all values of parameters and Monte Carlo iterations for each case, results 
in an overall of 3900 tested cases.  

Experimental results 

The simulation results of all machine learning classifiers tested for their performance on occupancy inference for the 
specified dataset are presented here. 

 
Table 2. Simulation results of support vector machine with radial basis 
function kernel for precision, recall, accuracy and F1-score (estimated 

averages) for 100 Monte Carlo iterations (highest values in bold). 
C σ Precision (%) Recall (%) Accuracy (%) F1-score (%) 

100 0.001 98.93 27.69 72.83 43.27 
100 0.01 90.91 30.77 72.83 45.98 
100 0.1 86.67 40.00 75.14 54.74 
500 0.001 97.86 23.53 69.94 37.93 
500 0.01 95.65 31.88 72.25 47.83 
500 0.1 96.55 40.58 75.72 57.14 
1000 0.001 98.62 28.57 71.10 44.30 
1000 0.01 91.67 31.43 71.10 46.81 
1000 0.1 83.87 37.14 71.68 51.49 

 
Table 3. Simulation results (in %) of support vector machine with 

polynomial kernel for precision, recall, accuracy and F1-score (estimated 
averages) for 100 Monte Carlo iterations (highest values in bold). 

p θ  Precision (%) Recall (%) Accuracy (%) F1-score (%) 
2 10 79.17 32.76 74.57 46.34 
2 20 78.57 37.93 75.72 51.16 
2 30 79.31 39.66 76.30 52.87 
2 40 79.31 39.66 76.30 52.87 
3 10 61.82 44.59 73.42 51.81 
3 20 73.18 48.24 73.96 58.14 
3 30 78.12 43.10 76.88 55.56 
3 40 80.65 43.10 77.46 56.18 
4 10 62.22 48.28 72.83 54.37 
4 20 57.63 58.62 71.68 58.12 
4 30 50.00 51.72 66.47 50.85 
4 40 54.84 58.62 69.94 56.67 
5 10 65.38 58.62 75.72 61.82 
5 20 58.06 62.07 72.25 60.00 
5 30 68.42 54.17 70.52 60.47 
5 40 67.31 55.21 68.92 60.67 
6 10 59.70 57.97 67.63 58.82 
6 20 61.14 56.98 66.10 58.99 
6 30 62.05 55.27 66.32 58.46 
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6 40 62.76 56.74 68.86 59.60 
 

Table 4. Simulation results (in %) of naive Bayes, logistic regression and decision 
trees for precision, recall, accuracy and F1-score (estimated averages) for 100 Monte 

Carlo iterations (highest values in bold). 
Metric Precision (%) Recall (%) Accuracy (%) F1-score (%) 

Naïve Bayes 46.83 80.82 53.18 59.30 
Logistic regression 97.36 33.82 73.99 50.47 

Decision Tree 68.18 66.18 74.57 67.16 
 

Table 5. Simulation results (in %) of random forest for precision, recall, 
accuracy and F1-score (estimated averages) for 100 Monte Carlo iterations 

(highest values in bold). 
Estimators Precision (%) Recall (%) Accuracy (%) F1-score (%) 

20 67.21 62.12 73.99 64.75 
40 72.41 62.69 76.30 67.20 
60 71.43 58.82 74.57 64.52 
80 74.44 62.36 76.88 68.25 
100 73.33 64.71 75.94 68.75 

 
Table 6. Simulation results (in %) of back-propagation network for 

precision, recall, accuracy and F1-score (estimated averages) for 100 
Monte Carlo iterations (highest values in bold). 

Neurons Precision (%) Recall (%) Accuracy (%) F1-score (%) 
100 90.44 24.64 69.36 39.08 
120 77.78 30.43 68.79 43.75 
140 75.00 30.24 68.21 43.30 
160 94.44 24.64 69.36 39.08 
180 93.12 23.92 68.26 38.06 

 
From simulation results presented in Tables 2, 3, 4, 5 and 6 one can see that random forest classifier, achieves the 

highest predictive performance compared to other tested classifiers. More specifically, the maximum F1-score achieved for 
support vector machine with radial basis function kernel (C = 500, σ = 0.1) is 57.14% while the accuracy for this case 
reaches 75.72%. For support vector machine with polynomial kernel (p = 5, θ = 10) the maximum F1-score is 61.82% while 
the accuracy for this case reaches 75.72%. For back-propagation network the highest value of F1-score is 43.75% (n = 120) 
and the accuracy is 68.79%. For naive Bayes and logistic regression the F1-score is 59.30% and 50.55% respectively with 
their accuracy to reach 53.18% and 73.99%, respectively. Finally, decision tree and random forest classifiers achieved the 
highest F1-score compared to other tested classifiers, namely 67.16% and 68.75%, while their accuracy reaches 74.57% and 
76.88%, respectively.  

CONCLUSION 

The present document described a methodology for occupancy inference, based on a fusion of environmental data 
sources and overall energy consumption of the smart home and the use of machine learning classifications techniques. The 
methodology aims to find a predictive model able to predict smart homes’ occupancy per 15-minutes in a day. The inputs 
of the predictive model are environmental measurements (temperature, humidity, luminance, humidity ratio) and overall 
energy consumption. Except humidity ratio, which is calculated based on temperature all other environmental 
measurements and energy consumption are provided by smart meters. The simulation results show that decision tree and 
random forest machine learning classifiers achieved the highest predictive performance compare to other tested 
classification techniques, achieving almost 77% on accuracy and 70% on F1-Score evaluation measures, respectively.  
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ABSTRACT 
Inelasticity of Demand along with the continuously increasing presence of distributed intermittent energy sources pose significant challenges 

and undoubtedly have considerably negative impact on the overall grid balance. Local network stresses continuously necessitate for costly upgrades 
towards increasing capacity and flexibility that will allow for the efficient integration of variable generation. Towards this direction, demand side 
management (DSM) is examined as the means to exploit the available demand flexibility of consumers, in response to particular conditions 
within the electricity system (e.g. peak period network congestion & high prices). In order to optimally incorporate DSM as part of a holistic 
reliability assessment analysis a detailed modeling of the system parameters is required. In this paper, a systemic risk analysis and assessment 
model is proposed to exploit the potential of demand flexibility (as a parameter of the network) to address local and global grid situations. The 
overall framework is proposed on the basis of STAMP accident causality model as a new systems thinking approach to engineering safer systems. 
Along with the definition of the innovative risk assessment model framework, we further evaluate the applicability and performance in a reference 
case study in electricity grids. 

INTRODUCTION 

Increasing complexity of power grids, growing demand, and greater distribution of elements, security and efficiency as 
well as environmental and energy sustainability concerns accentuate the need for continuous and reliable operation of 
distribution grids. Towards understanding the risks associated with the modernization of electricity networks in the era of 
smartgrids and further assess the potential risks and hazards in a systematic way, a review of the most relevant research 
work is briefly presented. Nordgård et al. [4] present in their position paper the different layers of electricity distribution 
system risk assessment – describing the different risk consequence categories which are relevant in the whole risk picture 
with regards to their characteristics, their type of impact and applicable risk analysis methods. The details of electricity 
network reliability theory are presented by Brown [3] to identify the main component of the system and define several 
techniques on the way to model potential risks and hazards in the electricity network. The identification of relevant to grid 
reliability metrics and indicators is performed with an on practice evaluation to be reported by Falaghi et al [2]. A hands on 
modeling of electricity network risks is performed by Holmgren [1] using Graph Models to analyze the vulnerability of 
electric power networks. 

On the way to define a fully fledged methodology for modeling risks & hazards in a dynamic system (as the case of 
smart grid), an overview of the most synchronous approaches is reported. Hazard models [5] provide a conceptualization of 
the characteristics of the accident, which typically show the relation between causes and effects. They explain why accidents 
occur, and are used as techniques for risk assessment during system development. The first class is this of sequential 
accident models or event-based models, which underlie models such as Failure Modes and Effects Analysis, Fault Tree 
Analysis, Event Tree Analysis, and Cause-Consequence Analysis [8]. These models work well for losses caused by failures in 
simple systems but are limited in their capability to explain accident causation in the more complex systems. In the 1980s, a 
new class of epidemiological accident models (most notable the “Swiss Cheese” model) endeavoured to explain accident 
causation in complex systems on the basis of a combination of factors, some manifest and some latent. Sequential and 
epidemiological accident models are defined as high level flow based models, inadequate to capture the dynamics in 
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complex systems and thus a new category was defined towards the systemic modelling to describe the characteristic 
performance on the level of the system as a whole, rather than on the level of specific cause-effect “mechanisms”. Two 
notable systemic modelling approaches, Rasmussen’s [7] hierarchical socio-technical framework and Leveson’s [6] 
STAMP/STPA (Systems Theoretic Accident Model and Processes) model, endeavour to model the dynamics of complex 
sociotechnical systems. The latest is defined as a new system thinking for risk analysis; it treats accidents as a control 
problem, not a failure problem as it integrates into engineering analysis causal factors such as software, human decision-
making and human factors, new technology, social and organizational design, and safety culture. For that reasons we have 
selected this new approach for risk modeling in our research work.  

STPA has been developed by Leveson with the purpose of identifying hazardous scenarios that could lead to 
accidents and generating detailed safety requirements which must be implemented in the design to prevent the occurrence 
of these unsafe scenarios in the system. STPA is a top-down process, like FTA (Fault Tree Analysis), but it addresses more 
types of hazards of components and their interactions like design errors, software and component interaction failures. One 
of the advantages of STPA is that it can be applied at any stage of the system development process and can also be applied 
to an existing system design. STPA is performed by four main steps: (a) before conducting an STPA analysis, the safety 
analysts should establish fundamentals of the analysis (e.g. accidents, the associated hazards) and construct the control 
structure diagram. (b) For each control action in the control diagram, the safety analysts must identify the potentially unsafe 
control actions of the system that could lead to a hazardous state. A hazardous (unsafe) control action is a control action 
that violates system safety constraints. (c) Use the identified hazardous control actions to create safety requirements and 
constraints. (d) Determine how each potentially hazardous control action, identified in step 2, could occur by augmenting 
the control structure diagram with a process model. 

In the research work, the focus is at the first (3) steps of the methodology towards understanding and modeling the 
potential risks in a smartgrids environment. The main interest is about the incorporation of smart elements in the grid to 
address operational risks with special focus on the adaptation of flexible demand as a means to address electricity grid 
operation criticalities.. The conceptual architecture of the proposed framework is blueprinted and the different steps of the 
methodology are described in detail. Next, a control structure diagram is produced on the basis of STPA methodology. 
Using the control structure diagram as a guide for conducting the analysis, a reference but practical example is presented to 
specify how each control model is assessed for potential contribution to assess network hazards. The results of this analysis 
may be further analyzed as hazard related requirements and recommendations, reported through a standardized and 
systematic way. 

ELECTRICITY GRID RELIABILITY AND FLEXIBLE COMPONENTS  

The importance of risk analysis for distribution grids (as presented in the introductory section) mandates for a 
thorough presentation of risks and challenges. The focus on this publication is on the analysis of risks that raise from the 
disperse operation of heterogeneous network elements in the synchronous grids. Along with the detailed analysis of risks 
and challenges, we define some indicative flexible smartgrid components as the means to mitigate or even eliminate risks 
associated with the network operation.  

The main parameter affecting the reliable operation of distribution grids is the mass penetration of renewables, driven 
by uncertainty and diversity on energy supplies due to environmental and sustainability concerns. More specifically, 
renewable resources generally have adverse impact on grid reliability due to (a) the variability and low capacity factors 
making the net demand profile steeper, (b) low correlation with the load profile especially in the case of wind, (c) relatively 
high forecast errors especially for longer horizons, (d) congestion issues at distribution level due to dispersed resources and 
(e) operational performance issues such as voltage and regulation. In addition, plug-in electric vehicles (PEV, eCARs etc.) 
continue to become more popular as environmental concerns increase. While the increasing penetration of electric vehicles 
may significantly impact on green house gases (GHG) reduction and reliance on fossil fuels, from a purely reliability 
viewpoint electric transportation poses significant challenges. As PEVs present a significant factor of load growth, this can 
also aggravate the demand variability and associated reliability problems depending on the charging schemes and consumer 
behavioral patterns. Long recharge times lead to generally unacceptable level of vehicle unavailability and short recharge 
times have potential to increase congestion, especially at the distribution levels. 
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Moreover, the trend for decarbonization and movement for all-electric homes is posing further challenges in network 
operation. The increasing request for non forecastable demand is leading to high levels of uncertainty that affect the 
smooth operation of the network, considering also that the overall design of the grids was performed taking into account 
the limits of demand coming from electricity. The power flow patterns in power lines are significantly modified from those 
considered in the design or off-line analyses leading to grid congestion issues (voltage instability, lines overcapacity). 
Moreover, with the advent of new sensitive electronic devices in the grid for the residential, commercial and industrial 
consumers, the quality of supply and continuity of service are becoming more important than before. On the same way, the 
definition of new concepts (e.g. self-consumption) that promote the re- organization of distribution networks at micro scale 
level mandates for a better balance of microgrid dynamics to ensure a reliable and uninterrupted operation. 

It is evident that the realization of the smart grid vision requires meeting the ever increasing reliability challenges. 
Clearly, higher levels of reliability can be achieved by adding to the redundancy level of the distribution grid through 
capacity expansion projects. This is however restricted in part due to the cost of additional investments on the 
infrastructure. Advanced distribution and feeder automation systems can be adopted as means to address emerging risks 
but the potential is limited. Towards this direction, it is mandatory to incorporate in reliability analysis nontraditional ways 
to mitigate the increasing operational risk.  

In this research we evaluate the potential of Demand Side Management. Electricity demand side 
management/demand response (DSM / DR) refers to the changes in the electricity usage by the end-use customers from 
their nominal consumption patterns in response to changes in the price of electricity over time, or to incentive payments 
designed to induce lower electricity use at times when the system reliability is jeopardized. Active demand is the alternative 
that can help reshape the demand profile of the system by partial curtailment of the load, or shifting it from peak hours to 
off-peak hours, thereby reducing the peak demand and relieving the system capacity during the peak hours. An overview of 
the impact of DSM/DR in grid reliability is presented in Fig. 1. 

 

 

 
Figure 1  Electricity Grid Reliability & DSM impact 

 
 The improvement on system reliability brought by DSM strategies comes from two aspects: when system demand 

approaches the demand limit, DR can be applied to shed/shift the load in order to increase the capacity margin, and also, 
after a fault occurs, DR can be used to increase the restoration capacity and reduce the load interruption duration. This 
helps partially relieve the capacity of the system and provide a safety margin should the system be exposed to faults and 
disturbances.  

Overall, demand response may be foreseen as an important aspect of the Smart Grid paradigm to enable utilities to 
reduce the overall system demand during emergency times. In this section, a conceptual high level presentation of the 
impact of demand response on distribution grid reliability is presented. A new framework for the incorporation of DR in 
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grid reliability analysis is presented in the following section on the way to model potential hazards and hazard mitigation 
activities in a systematic way.  

A CONCEPTUAL ARCHITECTURE FOR RISKS & ACCIDENTS ANALYSIS IN ELECTRICITY GRIDS 

In this section, we present a novel approach that combines the activities related to safety analysis and verification with 
the development of a grid reliability framework. In the next figure, an overview of our approach is presented which is 
divided into four different but interrelated steps: (1) system dynamics specification (2) definition of possible risks & 
accidents per case scenario (3) formalizing the analysis adapted to STPA principles (4) verifying risk analysis outcomes in a 
formal way. 

 

Figure 2  Risks & Accidents analysis - Conceptual Architecture 
 
The different phases of the proposed methodology are briefly described, with the focus on the domain specific 
implementation as examined in this paper. 

SYSTEM DYNAMICS DEFINITION 

The early phase of the proposed methodology is the definition of the system dynamics to contextualize the modeling 
parameters for risk analysis. This process includes the specification of system components which are the controllers, 
actuators, sensors, and controlled processes of the system; depicted as boxes on the conceptual control structure diagram. 
For the case of a smartgrid, a non exhaustive list of system components is defined toward the definition of the control loop 
for the reference example: 
 
Controllers: DSM_MS (Demand Side Management Component/Gateway), Battery_MS, Context_Module, RES_MS 

Actuators: BUILDING_CONTROLLER (HVAC/lights controller …), Battery_Ivernter, RES_Inverter 

Sensors: ELECTRICITY_METER, ENVIRONMENTAL_METER, RES_METER, GRID_SCADA, 

BATTERY_SCADA,  

Controlled processes: BUILDING_DSM, RES_MANAGEMENT, BATTERY_MANAGEMENT 

 
In addition, the system connections are defined to represent information or resource flows, or other interactions 
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between system components. System connections are represented by lines connecting the components on a system control 
structure diagram. In the following table we present the sequence of connections among the associated components. 
 
Battery_MS → Battery Inverter →Battery Management →Battery SCADA  

RES_MS→ RES Inverter →RES Management →RES Meter/SCADA, Environmental Meter  

DSM _ MS→ Building_Controller → Building_DSM → Environmental Meter, Electricity_Meter 

DSM _ MS→ Building_Controller → Building_DSM → GRID_SCADA 

Context_Module→ DSM_MS → Building_Controller (Context)→ Environmental Meter 

…. 

 
Finally, the control actions are specified as the commands issued by a controller to changes the system state. Control 

actions are defined as system parameters to ensure proper system function and ensure system safety. Within the context of 
the application, the definition of control actions includes the identification of the controllable elements (controllers → 
actuators) in the electricity grid on the way to incorporate active attributes to address electricity grid operational needs. 

 
DSM_MS  ─<> Deploy Control HVAC (set point/status/mode) ─<> Building_Controller 

DSM_MS ─<> Deploy Control Lights (set point/status) ─<> Building_Controller 

RES_MS ─<> Deploy RES Command ─<> RES Inverter 

Battery_MS ─<> Deploy SoC command ─<> Battery Inverter  

The concrete definition of the system dynamics is a first step of the model as it is paving the way for the accurate and 
concrete identification of risks and hazards in electricity network. 

DEFINITION OF POSSIBLE RISKS AND ACCIDENTS 

Complementary to the definition system dynamics, the list of possible risks and accidents is reported as specified in 
STPA methodology. In STPA, an accident is defined as an undesired or unplanned event that results in a loss, including 
loss of system operation, property damage, environmental pollution, etc. An overview of potential hazards in electricity grid 
is reported and these are further modeled within the context of the proposed methodology. 
 
High Energy Cost due to electricity prices 

High CO2 Emissions 

Non exploitable RES generation 

Discomfort conditions for residents 

Grid Instability  

 
Along with the identification of potential accidents, the associated list of hazards is defined. Hazards are defined as 

system states or conditions that lead to a system accident under a specific set of worst-case context conditions. Hazards 
defined as conditions within the context of the smartgrids application are presented in the following Table: 
 
Non preference in environmental conditions 

Peak Demand in local network 
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Imbalance of local RES with demand 

Non availability of RES generation 

Non availability of Battery generation 

Imbalance of Battery usage with demand 

 
By defining a) system dynamics as the input parameters for the analysis and b) the potential list of risks and hazards 

for evaluation, the next step is the formalization of the system following the STPA theory principles. 

SYSTEMS THEORETIC PROCESS ANALYSIS ASSESMENT 

The main principles of STPA theory is the identification of Unsafe Control Actions and Causal Factors. The Unsafe 
Control Action (UCA) Analysis is performed as the early step to assess which of the potential unsafe controls may lead to 
the system-level hazards. An indicative list of UCAs is defined as a set of rules for modeling control actions 
Not provided when needed to maintain safety 

Provided when control action is not needed and unsafe 

Provided, but executed incorrectly 

Provided, but duration is too long or too short 

... 

 
By defining the list of Unsafe Control Actions we drill into the Causal Factors Analysis. The Causal Factor Analysis is 

defined as the guide towards analyzing how the components and connections in the system may lead to unsafe control 
conditions. An indicative set of Causal Factors is presented in the following table 

 
External control input or information wrong or missing 

Hazardous interaction with other components in the rest of the system/network 

Sensor inadequate operation, change over time 

Process model or calibration incomplete or incorrect 

Conflicting control action 

... 

 
Multiple causal factors may exist for each unsafe control action and thus a thorough analysis is required towards 

identifying the parameters that hinder any potential risk or hazard in the system, leading to the identification of the safe 
control actions in the last phase of the proposed framework that follows. 

 

RISK ANALYSIS RESULTS & FORMALIZATION 

The scope of this last step is twofold: a) the synthesis of the information from previous steps in a structural and 
standardized way towards the formalization of hazard analysis results and b) the identification of safe control actions and 
recommendations as extracted from the analysis. 

For the first layer of the analysis, integration with an STPA compatible tool should be performed on the way to model 
the parameters in a systematic way. Different tools are available (e.g. XSTAMPP, SAHRA) to act as the interface modeling 
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environment for the proposed methodology. Within the context of this research work, we have selected the SafetyHAT 
platform, as a flexible modeling tool for STPA hazard analysis and presentation.  
 

 

Figure 3 SafetyHAT Conceptual Modeling 
 

The outcomes of the risk assessment analysis in the distribution grid are presented in a formal way to enable a 
concrete understanding of risks and hazards. The detailed model parameters as represented in a formal way are presented in 
Fig. 4 (components & connections) 

 

   

Figure 4 Risk Analysis Outcomes & Formalization 
 

By identifying the potential risks in the system, a non exhaustive list of safety constrains and recommendations is 
defined as part of the assessment process. The focus in the proposed model is on the formalization of safety requirements 
towards providing a standardized approach for risks and hazards management. 

The conceptual architecture was presented focusing on the definition of system dynamics and relevant risks related to 
grid performance and reliability. In the next section, reference examples are specified and further presented within the 
context of the proposed methodology to show the practical applicability of the framework in a risk intense application 
domain. 

BUSINESS PERSPECTIVE: DEMONSTRATION OF METHODOLOGY IN CASE STUDIES  

The application of the proposed methodology in the smartgrids domain is reported in this section, defining a 
reference example associated with grid reliability and performance. The starting point of the analysis is the presentation of 
specific business case for evaluation with a brief presentation of system dynamics. The modeling representation of the 
selected case scenarios in a standardized way is the initial step towards further applying the proposed hazard analysis 
methodology. 
 
Microgrid Management in an isolated network: The concept of microgrids as depicted in Fig. 5 is defined as a discrete 
energy system consisting of distributed energy sources (including demand management) capable of operating in parallel 
with, or independently from, the main power grid.  
 

[82][83]



 

Figure 5 Electricity Microgrid – Reference Topology  
 

A microgrid network incorporates the control mechanisms required to ensure voltage and frequency stability and in 
parallel a smooth coordination of the controllable attributes. The mass presentation of RES in local grid raise some critical 
challenges related to the smooth operation of the network with the main characteristic of the system to be the need for real 
time stability control to ensure avoidance of islanding. 

By defining the principles for modeling the specific business case of electricity network, we proceed with the 
simulation and the systematic representation of STPA analysis results. The system dynamics were defined in previous 
section and thus the focus is about the synthesis of the information towards the identification of specific unsafe control 
actions (and the associated causal factors) and further the definition of a non exhaustive list of risk recommendations. The 
list of causal factors is presented in a formal way in Fig. 6. 
 

 

Figure 6  STPA analysis of the business case of microgrid operation – Causal Factors Analysis 
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In direct connection with the causal factors as presented above, a non exhaustive list of UCAs is provided, linking also 
the associated safety recommedations and constrains for the model scenario (Table 1). 

 
Table 1   Unsafe Control Actions and Safety Recommendations 

  
Controllers Unsafe Control Actions Risk Safety Recommendations 

DER (HVAC & 
Light) Command 

DSM_Controller does not provide control 
cmd when required (Grid constrain, 

RES/Battery imbalance) 

▪ Ensure reliable & uninterrupted DSM software 
operation 

▪ Ensure reliable communication with building 
actuators and external components (SCADA/ 
Batteries etc...) 

DSM_Controller provide inefficient control 
cmd 

▪ Ensure functional reliability of the software: 
accurate DER model parameters incorporation  

▪ Enable training period for definition of model 
parameters 

DSM_Controller provide inaccurate control 
cmd 

▪ Ensure functional reliability of interfaces with 
sensors: energy & environmental sensors reporting 
accurate contextual conditions  

▪ Avoid triggering conflicting actions for load 
management 

User Preference 
Profiles Command 

Context_Module does not provide profiles 
when required 

▪ Ensure reliable & uninterrupted Context Profile 
software operation 

▪ Ensure reliable communication of Context Profile 
module with DSM_Controller 

Context_Module provide inefficient cmd to 
DSM_Controller 

▪ Ensure functional reliability of the software: 
accurate user preference profiles incorporating 
contextual parameters 

▪ Enable training period for definition of contextual 
model parameters 

Context_Module provide inaccurate results to 
DSM_Controller 

▪ Ensure functional reliability of interfaces with 
sensors: environmental sensors reporting accurate 
contextual conditions required for the extraction 
of contextual profiles 

▪ Enable users to adapt their preferences when 
significant outliers and inaccuracies in the model 

 
The feasibility of applying STPA to the case of electricity grid hazard analysis was demonstrated by the application 

itself. STPA makes it possible to identify safety requirements and safety constraints of the system before the detailed design 
starts and therefore without knowing the details of the component design and failure modes. We found that causal factors 
other than component failures such as process model inconsistency, causal factors with regard to “delay of command,” 
“delay of feedback,” are identified by the detailed STPA analysis. These additional hazardous scenarios must be FURTHER 
eliminated or controlled following the system design.  

CONCLUSION 

As the electricity grids become more complicated, the limitations of traditional risk analysis are revealed. More 
complex modeling techniques are required to handle the multi dimensional synthesis of accidents in the electricity systems. 
This paper presents the adaptation of a new accident analysis technique called STPA (System-Theoretic Process Analysis) to 
formally specify the potential unsafe control situations that may lead to significant hazards in grid operation. Along with the 
proposed modeling architecture, different case scenarios were selected for further analysis and the STPA results are 
presented, evaluating the feasibility and usefulness of the model for safety analysis, especially at the early design phase. 
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Our plans for future work consist in deep evaluation of STPA as a hazards identification and analysis methodology 
with focus on energy applications. Next steps involve a) comparison of the results from STPA with traditional hazard 
analysis methodologies and further evaluation of results b) further expansion of the methodology to address additional risk 
and hazards with focus also on smart building environment. Related to the latest, self-consumption optimization in a local 
network as the case to maximize RES generation absorption at local level is an interesting business scenario. The reason for 
promoting self-consumption is to lessen the burden on regional and low voltage grids as energy is consumed at the same 
location where it is generated no longer has to be transported over the grid. On the other, significant challenges raise 
towards optimal self-consumption on the way to avoid charges related to abnormal system operation. 

NOMENCLATURE 

DSM =  Demand Side Management 
STAMP  =  Systems-Theoretic Accident Model and Processes 
STPA =  Systems-Theoretic Process Analysis 
PEV =  Plug Electric Vehicles  
GHG =  Green House Gases  
DR  =  Demand Response 
UCAs  = Unsafe Control Action 
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ABSTRACT 

Energy consumption in data centers is increasing year by year following the growth in the data center market. In order to mitigate global 
warming, it is an urgent task to reduce energy consumption in data centers. Generally, ICT (information and communication technology) equipment 
(e.g., servers, routers, switches, storage units) and facility equipment (e.g., power delivery components, heating ventilation and air conditioning 
(HVAC) system components) account for a large percentage of energy consumption in data centers. Thus, energy-saving measures for these components 
are necessary to reduce overall consumption [ITU-T, 2013]. Evaluation of energy efficiency in data centers is necessary to understand how energy-
hungry a data center is and to investigate the effect of energy saving measures. To evaluate whether a data center is energy efficient, it is necessary to 
continuously trace metrics which represent its energy efficiency. A new type of energy baseline is introduced in the present work, which is called energy 
signature of a data center and expresses the energy consumed as a function of the outdoor air temperature and the IT (information technology) 
equipment consumption, while at the same time it models how a data center performs. This energy baseline model is validated against actual data 
taken by one of the data centers of the Greek Research and Technology Network which is located in Attica province.  

INTRODUCTION 

The term “data center” means differently to different people. Some of the names used include data center, data hall, 
data farm, data warehouse, computer room, server room, R&D software lab, high-performance lab, hosting facility, 
colocation, and so on [Hwaiyu, G., 2015]. The U.S. Environment Protection Agency defines a data center as: “Primarily 
electronic equipment used for data processing (servers), data storage (storage equipment), and communications (network 
equipment). Collectively, this equipment processes, stores, and transmits digital information.” or “Specialized power 
conversion and backup equipment to maintain reliable, high-quality power, as well as environmental control equipment to 
maintain the proper temperature and humidity for the ICT equipment.” [Hwaiyu, G., 2015]. In any case data centers are 
amongst the most complex and energy demanding building indoor environments, as a result of high internal loads, low indoor 
temperature and humidity settings, and continuous (uninterrupted) operation. The facilities are characterized by very high 
concentration of information technology (IT) equipment, peripherals and facility equipment, for example, power distribution 
equipment, standby generators, uninterruptible power supplies (UPS), cooling systems (chillers, fans, pumps etc.), computer 
room air conditioner (CRAC) units, cooling towers, artificial lighting and ancillary services [Balaras, C.A., 2017]. Nowadays, 
the energy consumption of data centers has been increasing with the growth of cloud computing and high performance 
computing while further increase is expected when augmented reality applications will come into market. Hence, data centers’ 
energy consumption is of high concern due to its significant environmental impact. 
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Electricity used in global data centers during 2010 likely accounted for between 1.1 and 1.5% of total electricity use, 

respectively. For the U.S., that number was between 1.7 and 2.2% [Koomey, J., 2011]. IDC-IVIEW, sponsored by EMC 
Corporation, stated [EMC/IDC, 2011] as follows: “Over the next decade, the number of servers (virtual and physical) 
worldwide will grow by a factor of 10, the amount of information managed by enterprise data centers will grow by a factor 
of 50, and the number of files the data center will have to deal with will grow by a factor of 75, at least.” Gartner estimated 
[Gartner, 2011], “In 2011, it is believed that 1.8 Zettabytes of data was created and replicated. By 2015, that number is 
expected to increase to 7.9 Zettabytes. That is equivalent to the content of 18 million Libraries of Congress. The majority of 
data generation originates in North America and Europe. As other global regions come online more fully, data generation is 
expected to increase exponentially.” Evidently, as a result of increasing activities such as big data analytics, online services, 
mobile broadband, social activities, commercial business, manufacturing business, health care, education, medicine, science, 
and engineering, energy demand will continue to increase. 

 
Based on “Power Usage Effectiveness, March 2012” prepared by Lawrence Berkeley National Laboratory, 33.4% of 

total energy is used in power and cooling a data center and 66.6% by IT load (Fig. 1). For a typical server, 30% of power is 
consumed by a processor and 70% by peripheral equipment that includes power supply, memory, fans, drive, and so on. A 
server’s utilization efficiency is estimated to be at a disappointing 20% [Ebbers, M., 2011]. 

 
 

 
 

Figure 1 Average power consumption 400kW IT, 1kW Lighting, 24.1kW Building and IT Losses, 196kW Cooling 
 
By the above it becomes obvious that opportunities of energy savings have to be investigated in a more systematic 

manner. For this reason, an energy baseline is required so that a normalized view of the energy consumed in a data center can 
be available. If a proper energy baseline model is built then any variations of the energy consumed, as the time goes on and 
the IT processes change, can be statistically analyzed in details and energy saving opportunities can be identified. Moreover, 
energy forecasting is significantly facilitated and can be supportive of budgeting calculations, while the benchmarking of 
similar data center facilities can be based on common and objective criteria allowing to properly prioritize the implementation 
of energy measures and the corresponding capital spend. 

 
The key point for bulding an appropriate energy baseline is to identify the most important and statistically significant 

predictors (independent variables) that affect the energy consumption (dependent variable). It is more than expected that the 
consumption of a data center is affected by both the outdoor air temperature and the IT load. Hence, it seems reasonable a 
baseline model to involve these two variables. By analyzing the relationships between energy use, IT processes and outdoor 
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air temperature, empirical models can be developed for predicting electricity use as a function of the IT electric consumption 
and the outdoor air temperature. Such empirical models can be also used to predict future energy costs for budgeting, to 
establish baseline energy use, to measure energy savings, and for many other purposes [Kissock, J.K., 2008]. The present 
work describes the development of a statistical model to predict electricity use as a function of the outdoor air temperature 
and the IT energy consumption, validated against actual data. Moreover, it can identify data centers which perform worse and 
quantifies how weather- and IT-normalized energy use changes over time. 
 

���� 

THEORETICAL BACKGROUND OF THE ENERGY SIGNATURE FOR A DATA CENTER 

The source data for the development of the energy signature model for a data center are: (i) total monthly electricity 
consumption, (ii) monthly IT electricity comsumption, (iii) monthly air conditioning (AC) consumption, and (iv) average 
monthly temperature. Monthly bills can inform about the total electricity consumed. However, for IT and AC consumption 
data submeters have to be installed and commissioned. The average monthly temperature can be taken either from a private 
meteorological station that could be installed near the falicity by the data center administrator or from the closest public 
meteorological station. 

 
The proposed energy baseline model is 
 

! "#ℎ = &' ∗ ) ℃ + ,' ∗ -)("#ℎ)                                                                         (1) 
where 
E is the total monthly electricity consumption 
T is the average monthly outdoor air temperature 
IT is the monthly consumption of the IT equipment 
01 is the tempetature slope of E and expresses the additional total energy consumed if the temperature is increased by 1K 
,1 is the IT slope of E and expresses the additional total energy consumed if the IT consumption is increased by 1MWh 
 
 The proposed model is evaluated taking into account actual data from one of the data centers of the Greek Research 
and Technology Network (GRNET) which provides Internet connectivity, high-quality e-Infrastructures and advanced 
services to the Greek Educational, Academic and Research community. The data center is located in the northern part of the 
Attica province and the period that is examined is from 1-1-2015 to 31-12-2015. Temperature data are available from the 
closest station of the meteo.gr network. The IT consumption data are measured using submeters installed to play this 
particular role. The parameters 01 and ,1 are calculated as a result of a statistical regression analysis that is conducted. 
 
 A similar model to that expressed in (1) above can be adopted for the total electricity use of the AC subsystem. In 
particular, the model becomes   
 

23 "#ℎ = &45 ∗ ) ℃ + ,45 ∗ -)("#ℎ)                                                                    (2) 
 
where 
AC is the total monthly electricity consumption of the entire AC subsystem 
T is the average monthly outdoor air temperature 
IT is the monthly consumption of the IT equipment 
045  is the tempetature slope of AC and expresses the additional AC energy consumed if the temperature is increased by 16 
,45  is the IT slope of AC and expresses the additional AC energy consumed if the IT consumption is increased by 1MWh 
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 From expressions (1) and (2) one can obtain that the parameters 01 and 045  have to be the same since the increase 
in energy consumption if the temperature is increased by 1K (all other factors being equal) accounts the same for both E and 
AC. Alternatively, the consumption due to the outdoor air temperature addresses the AC subsystem and not the IT or any 
other loads such as lighting, miscellaneous, etc. Hence,  
 

01 = 045                                                                                          (3) 
 

The parameters 01, 045 , ,1 and ,45  employ in a very complicated manner, not algebraically identifiable so far, 
characteristics of the energy performance of the data center such as the overall building envelope conductance, the ventilation 
or infiltration flow rate, the density of air, the external heating/cooling coefficients, the efficiency of the space heating/cooling 
equipment, the thermostat set-point temperature, the internal loads from electricity use, solar gain and people. Changes in 
energy signature models indicate specific changes in the data center equipment or operation.	

 

NUMERICAL ANALYSIS AND RESULTS 

First, available data visualization is provided in Fig. 2, where total energy (E), AC, IT and T are illustrated for the entire 
period of reference. 

 

Figure 2 Monthly total energy, AC energy and IT energy are illustrated as well as the average monthly temperature   

It becomes obvious that the increase of E and AC happens during the summer 2015 where T increases. On the other 
hand, the variations of IT consumption are slight throughout 2015 (varying at around 90MWh per month). 

Subsequently, the regression analysis is conducted using state-of-the-art mathematical software tools. Initially, AC is 
statistically correlated with T and IT and the results are: 

045=1.041 (MWh/K), obtained within 95% confidence bound                             (4.1) 

,45=0.1864, obtained within 95% confidence bound                                         (4.2) 

while the goodness of fit of the regression analysis, expressed by 78, is 93.7%. The former means that to this percentage the 
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relationship of AC, T and IT is as proposed, while to the complementary 6.3% depends on other unknown factors. A low 
78 could indicate e.g. a bad control of the data center cooling system. The relevant graph follows (Fig. 3):  

 

Figure 3 Monthly AC consumption as a function of average monthly T and monthy IT consumption.  

Next, E is statistically correlated with T and IT, taking into account the constraint expressed in (3). The result is: 

,'=1.531, obtained within 95% confidence bound                                                         (5) 

while the goodness of fit of the regression analysis, expressed by 78, is 95.6%. The former means that to this percentage the 
relationship of E, T and IT is as proposed and to the complementary 4.4% depends on other unknown factors. A low 78 
could indicate e.g. a bad control of the data center energy operation. The relevant graph follows (Fig. 4):  

 

Figure 4 Total monthly energy consumption E as a function of average monthly T and monthy IT consumption. 
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So far, the industry metric proposed for evaluating the efficiency of a data center has been PUE (power usage 

effectiveness). This metric highlights the amount of power that is consumed in total by the data center, including IT loads, 
and the amount of facility infrastructure to support the IT. Figure 5 shows a simple schematic detailing the key data center 
subsystems that are accounted for in PUE [ASHRAE, 2009]. 
 

	
Figure 5 Key data center subsystems being accounted for in PUE 
 
  
The algebraic PUE definition is 
 

9:! =
;<=>?	A>BC?C=D	E<FGH

I;	'JKCLMGN=	E<FGH
                                                                      (6) 

 
 
If the idea of PUE, which involves electric power, is extended to electric energy then a new indicator can be defined, called 
EUE (energy usage effectiveness)  
 

!:! =
;<=>?	A>BC?C=D	'NGHOD	(LGH	M<N=P	<H	LGH	>NNKM)

I;	'JKCLMGN=	'NGHOD	(LGH	M<N=P	<H	LGH	>NNKM)
                                              (7) 

	
 
Under this assumption, expression (1) leads to  
 

,' =
Q'

QI;	
                                                                                  (8) 

 
which in other words means that the marginal rate of energy consumption by the facility is ,' . This is the total electricity that 
the facility consumes for every additional unit of energy consumed by the IT equipment. In a sense, one can say that ,' is 
the marginal EUE, while ,' < !:!. A simple interpretation in the present case is that for every additional MWh/month of 
IT, 0.531MWh/month of additional energy is required (IT consumption is substracted). Taking into account the above 
numerical results, the average EUE for the entire 2015 is calculated as EUE=1.737.  
 

In a similar manner, one can say that ,45  is the AC energy consumed for every additional unit of energy consumed 
by the IT equipment. By the above, it is rather straightforward that the difference ,' − ,45  represents the additional energy 

[92][92]



 
EinB2018 – 7th International Conference “ENERGY in BUILDINGS 2018”	

	

consumed for every additional unit of IT energy, which is related to non-AC and non-IT loads such as lighting, etc. 
 

The dynamic analysis of the above parameters along consecutive annual cycles provide a normalized and comparable 
overview of how a data center performs from the energy efficiency perspective. In other words, &' and ,' describe the data 
center facility and as the time goes on their variations can bring in light changes in the energy strategy adopted by the 
administrator or in the facility equipment, both of which can indicate energy saving opportunities.  
    

CONCLUSION 

In the present work, a method to create an energy baseline for a data center is presented. This method has been 
influenced by established energy signature models and it is adapted to the most critical parameters encountered in a data 
center. The method is based on the statistical regression of actual data of the energy consumed in a data center (total, AC and 
IT) as well as on the ambient temperature. The energy signature parameters reflect the energy strategy followed in a data 
center and the qualitative aspects of its equipment operation. Changes in energy signature model parameters indicate specific 
changes in the data center equipment or its operation strategies.   
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ABSTRACT 
Organic Rankine Cycle (ORC) is a Clausius-Rankine cycle in which an organic medium is used in place of water vapor. It is a power 

generation cycle that can work with low temperature energy such as renewable energy sources (e.g. solar energy, geothermal energy) [1] or waste heat 
from industrial and other processes. ORC is suitable for operation and use on a smaller scale of power generation, as well as heat recovery even at 
temperatures around 80°C. Small-sized ORCs with a power output of few kW before they are widely applied require growth at various points. 
The correct choice of the turbine, the choice of the appropriate working medium as well as other parameters must be studied and evaluated so as to 
achieve an increase in system performance. 

At Energy and Environmental Research Laboratory of Technological Education Institute of Sterea Ellada, a thermal power ORC station 
has been developed, within the framework of the research project Effi Low Res. The research focuses on the preliminary design of the ORC 
apparatus giving technical specifications that comprise working fluid selection, sizing of heat exchangers and expanders and other auxiliary 
equipment. Based on the research findings, R134a as a working fluid is an optimal solution based on the balance of various factors studied e.g. 
required amount of heat, mass flow rate, market availability and cost. The installation was tested for solar and geothermal energy utilization, 
achieving these conditions using a boiler of appropriate power, giving the evaporator the required heat. The facility was tested for limited operating 
conditions. Measurements indicate that the system efficiency is low but in combination with other low temperature thermal energy utilization 
facilities it can support and significantly improve the rate of heat utilization. Furthermore, the performance of the ORC unit should be optimized 
so as to become cost effective. 

 

INTRODUCTION 

Solar and geothermal energies are renewable sources of energy that potetianly can cover the demand of electric 
energy. However, because of their low temperature these energies cannot efficiently transform to electric power. In recent 
years, several themodynamic cycles like the Organic Rankine Cycle (ORC), the supercritical Rankine, etc have been 
proposed for the conversion of heat sources to electricity [1-2]. ORC uses the principle of the vapour Rankine cycle 
utilizing an organic working fluid with a low boiling point in order to regain the heat from low temperature sources of heat. 
It has become fairly popular in the energy production field, because it has the ability to utilize exhaust gas low temperature 
heat as any low temperature energy source in order to produce electricity [3-6]. The ORC related technology has been 
studied thoroughly the last years in a research level [1-6], while there have been developed commercial and experimental 
facilitites pointing that such type of technology is developing fast. Studies and comparisons between different 
thermodynamic cycles and working fluids exist in literature. Most of them are performed under prescribed temperature 
conditions and a limited number of working fluids are used [1-6]. In addition, although the technology is developed for a 
power range of MW, at international level there are only a few ORC facilities of some kW according to the studies of big 
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manufacturers who are involved in the ORC technology [1]. The small scale ORC units with an output power of few kW 
require development in several areas before they are widely applied.
energy, a correct selection among various types of expanders
fluid are necessary. The working temperature must
The control of the ORC device is very important in order to counterbalance the fluctuations of the solar radiation and the 
preservation of small superheating. With superheating, the pr
two phase expansion in the expanders too. 

At Effi Low Res unit an organic medium
energy sources. The selection of the medium
place in the cycle [1-6]. In the present work, data from the preliminary design of the ORC device are given with 10 kWe 
capacity and emphasis is given on issues rela
indicative results of the testing operation [
kW. The specific device was designed, built and used in
stop operation with maximum efficiency. Today
product with the operational conditions of Effi Low Res unit 
or waste heat from e.g. industrial facilities. Consequently, the product is novel and because of the operation temperature 
range there is the potential for further exploitation of heat for winter or summer 

OPERATIONAL APPROACH OF EFFI LOW RES

In an ORC unit the hot fluid – whether from geothermy or from thermal solar systems
its heat to a secondary circuit, through a heat excha
particular the cooling fluid R134a, propels
Next, the vapour of R134a is cooled and condenses inside the condenser and then it is send t
of a cooling fluid pump.  
 

Figure 1 ORC cycle operation 
A: Evaporator, B: Scroll expanders, C: Generator, D: condenser, E: HTF pump

 

The conditions of heat generation 
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manufacturers who are involved in the ORC technology [1]. The small scale ORC units with an output power of few kW 
before they are widely applied. In the case of application

, a correct selection among various types of expanders (scroll, screw, centrifugal, etc) and an appropriate working 
fluid are necessary. The working temperature must be set to the optimum range for the increase of the system efficiency. 
The control of the ORC device is very important in order to counterbalance the fluctuations of the solar radiation and the 
preservation of small superheating. With superheating, the presence of working fluid in liquid phase is avoided and thus the 
two phase expansion in the expanders too.  

medium with low boiling point is used for the heat recovery 
medium in this application is important for the successful operation, as it has a crucial 

6]. In the present work, data from the preliminary design of the ORC device are given with 10 kWe 
capacity and emphasis is given on issues related with the selection of the working fluid and the equipment [7
indicative results of the testing operation [7]. Two parallel expanders were used in order to accomplish power levels of 5
kW. The specific device was designed, built and used in a series of parametric experiments in order to as

with maximum efficiency. Today based on authors the knowledge, there is not available in the market any 
product with the operational conditions of Effi Low Res unit (75oC/35oC) with exploitation of solar or geothermal energy 
or waste heat from e.g. industrial facilities. Consequently, the product is novel and because of the operation temperature 
range there is the potential for further exploitation of heat for winter or summer air conditioning. 

OF EFFI LOW RES 

whether from geothermy or from thermal solar systems
its heat to a secondary circuit, through a heat exchanger, the evaporator (Figure 1). The vapour of the secondary fluid, in 

propels the turbine, which is connected with a generator and produces electric energy. 
Next, the vapour of R134a is cooled and condenses inside the condenser and then it is send t

ORC cycle operation with heat source solar or geothermal energ
A: Evaporator, B: Scroll expanders, C: Generator, D: condenser, E: HTF pump

The conditions of heat generation from solar or geothermal energy were created – simulated with a heat generation 

” 

manufacturers who are involved in the ORC technology [1]. The small scale ORC units with an output power of few kW 
In the case of application using solar or geothermal 

(scroll, screw, centrifugal, etc) and an appropriate working 
be set to the optimum range for the increase of the system efficiency. 

The control of the ORC device is very important in order to counterbalance the fluctuations of the solar radiation and the 
esence of working fluid in liquid phase is avoided and thus the 

recovery from low temperature 
in this application is important for the successful operation, as it has a crucial 

6]. In the present work, data from the preliminary design of the ORC device are given with 10 kWe 
ted with the selection of the working fluid and the equipment [7-8] and on 

]. Two parallel expanders were used in order to accomplish power levels of 5-10 
a series of parametric experiments in order to ascertain the non-

there is not available in the market any 
with exploitation of solar or geothermal energy 

or waste heat from e.g. industrial facilities. Consequently, the product is novel and because of the operation temperature 
air conditioning.  

whether from geothermy or from thermal solar systems- is used to transfer part of the 
). The vapour of the secondary fluid, in 

the turbine, which is connected with a generator and produces electric energy. 
Next, the vapour of R134a is cooled and condenses inside the condenser and then it is send to the evaporator with the use 

 

heat source solar or geothermal energy  
A: Evaporator, B: Scroll expanders, C: Generator, D: condenser, E: HTF pump 

simulated with a heat generation 
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unit that consists of an oil boiler with a working temperature range of 70-90oC and 200kW power. It has the capability using 
an automated system, to generate the temperature conditions and the corresponding power. The boiler unit is programmed 
and operates according to the exit conditions that are generated by the heat generation units. In the case of solar systems, if 
the daily temperature values of the solar system were measured, they were reproduced at the boiler outlet. The temperature 
operating curve was based on the corresponding operating curve of the solar systems as well as the range of thermal power. 
For the case of geothermal energy, data was also used by a real implementation. For both simulations, the energy change 
over a one year period was calculated to exploit these data and to adjust the boiler simulation of the two systems. The 
boiler, by programming, produces the final heat that gives the systems to be evaluated at exactly the same rate, size and way 
of illustrating exactly how they function. 

In order to study the operation of the solar power plant, the conditions prevailing at the Technological Education 
Institute of Sterea Ellada campus at Psachna, Evia were used. During the project period, meteorological measurements 
(solar radiation, temperature etc) were taken continuously from a meteorological station installed in the campus area 
specified for the installation of the solar system as well as in the wider region with measurements from meteorological 
station in the area of Nea Artaki, which is just 3.500m from the facility. At the same time, an installation of measurements 
of the solar collector, flat and vacuum, was created and measurements were taken. The installation consists of a flat solar 
collector system with a total area of 4m2 and a vacuum collector system with corresponding total surface area. From that 
facility, all the useful measurable data required for heat generation was produced. 

With regard to geothermal data, the data from the verified geothermal field in the Polichnitos area in Lesvos [9] used 
for a local district heating system, was used. In this application of geothermal electric power generation, the thermal 
characteristics of the fluid, which is pumped from the existing drilling of the district heating system, were utilized and 
applied. The fluid from the productive drilling releases its heat at a temperature of ~ 85°C, through an intermediate plate 
heat exchanger to the organic ORC evaporator, which operates with R134a organic medium. From the existing drillings, the 
geothermal fluid is pumped at a temperature of about ~ 85°C, with a productivity of 35m3/h from a depth of 150m. 

SELECTION OF THE COOLING MEDIUM 

Taking into account the basic criteria of the inlet temperature to the productive expander (scroll expander), the 
refrigeration cycle efficiency, environmental criteria and the availability of potential refrigerants in the market, three 
refrigerants [7] were selected to evaluate and investigated: R134a, R245fa and HFE7000. In the temperature range of 
interest, R245fa presents the best performance with a small difference from R134a, but is fairly expensive and scarce. 
HFE7000 was discarded due to the higher mass flow required. Finally, R134a was chosen as the optimal solution for 
balancing these three factors studied. The selected refrigerant has a relatively high efficiency at 75°C, which is important 
since the project concerns electric power generation from a source close to 80°C from solar systems and from low enthalpy 
geothermy. It is also available in the market, it is used in a variety of applications and it is therefore low cost refrigerant. 

COMPONENTS OF THE DEVICE 

The design has taken into account equipment and units that are commercially available to reduce construction costs 
and ease of industrialization, which is unique to the viability of the ORC low-temperature device [1]. 
It actually includes three subsystems [7-8]: 

i. The ORC system which includes all the devices and components through which the refrigeration cycle (pump, 
evaporator, scroll expanders, condenser, valves, metering devices, etc.) is implemented. 

ii. The cooling/rejection system typically including the condenser, the cooling tower, the water pump, piping and the 
accessories. 

iii. Heat generation system including the boiler used to simulate the solar and geothermal conditions, piping, water 
pump, automation and measurement and accessories. 
Also, in the experimental unit, an electric load dissipator is used (7 resistors of 1.6kW + 7 fuses + 3-row table). 
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Heat exchangers that can be used in an ORC system for vaporizing and condensing the refrigerant may be plate heat 
exchangers, shell-tube exchangers, and the like
relatively small volume compared to other heat exchangers are used for this project (Table 1).
 

Table 1. Technical characteristics of ORC heat exchangers
Heat exchanger 
Type 
Thermal power 
Hot side fluid 
Inlet/Outlet temperature of hot side
Cold side fluid 
Inlet/Outelt temperature of cold side

 
In addition, they are small in size and weight, 

evaporator and condenser of the unit selected 
CB200-80H and the Alfa Laval AC220EQ that will vaporize it.

Up to now, the ORC devices being 
and feed rates large enough to require mainly centrifugal expansion devices for 
however, are not suitable for use with low boiling
low power devices. Thus, for the Effi Low Res device
reversing operating cycle expanding devices 
check valve was removed from their shell. The device has 2 such 
compressors are SANDEN TRSA12 type
drive, these are MeccAlte ET20FS type, three
necessary refrigerant pump for R134a is a mu
to stabilize the operating conditions (pressure and inlet temperature) of the device a pressure stabilizer 
ICS 40 on the high-pressure side of the gas phase was 
PILOT VALVE CVP. 
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Heat exchangers that can be used in an ORC system for vaporizing and condensing the refrigerant may be plate heat 
hangers, and the like [1-6]. Plate heat exchangers that achieve high heat transfer efficiency

compared to other heat exchangers are used for this project (Table 1).

Table 1. Technical characteristics of ORC heat exchangers
Evaporator 

Plate counterflow Plate counterflow
200 kW 
Water 

Inlet/Outlet temperature of hot side 80/ 60oC 
R134a 

Inlet/Outelt temperature of cold side 35oC liq/ 75oC gas 

e small in size and weight, extremely reliable and they do not require frequent maintenance. The 
unit selected are the heat exchanger that will condense the working medium, 

Laval AC220EQ that will vaporize it. 
Up to now, the ORC devices being launched have been found to operate at a minimum te

large enough to require mainly centrifugal expansion devices for electric power generation. The
however, are not suitable for use with low boiling point fluids such as R134a and in particular for small mass 

us, for the Effi Low Res device two scroll compressors were used which were transformed into 
expanding devices and rated power each around 5kWel. To perform this 

valve was removed from their shell. The device has 2 such expanding units connected in parallel. Scroll expander
RSA12 type (Figure 2). With regard to the generators connected to the expand

are MeccAlte ET20FS type, three-phase 2-pole, self-actuated and with automatic stabilization system. The 
R134a is a multi-stage Grundfos, CRN 5-26 magnetically driven,

to stabilize the operating conditions (pressure and inlet temperature) of the device a pressure stabilizer 
pressure side of the gas phase was installed, before the scroll expansion d

 
Figure 2 Photo of the ORC unit. 

” 

Heat exchangers that can be used in an ORC system for vaporizing and condensing the refrigerant may be plate heat 
hangers that achieve high heat transfer efficiency with a 

compared to other heat exchangers are used for this project (Table 1). 

Table 1. Technical characteristics of ORC heat exchangers 
Condenser 

Plate counterflow 
200kW 
R134a 

35oCgas/ 35oCliq 
Water 

27/30oC 

do not require frequent maintenance. The 
ill condense the working medium, Alfa Laval 

have been found to operate at a minimum temperature of about 120°C 
electric power generation. These units 

fluids such as R134a and in particular for small mass flow rates, i.e. 
two scroll compressors were used which were transformed into 

. To perform this operation, the one-way 
connected in parallel. Scroll expander-

erators connected to the expander units via belt 
automatic stabilization system. The 

ally driven, rated at 4.69m3/h. In order 
to stabilize the operating conditions (pressure and inlet temperature) of the device a pressure stabilizer DANFOSS VALVE 

efore the scroll expansion devices, with pilot control 
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The necessary heat rejection of the device from the condenser-exchanger was done by means of an open type 
evaporative cooling tower. This arrangement creates for each season the corresponding heat rejection temperature from the 
condenser to the ambience. The installation consists of the cooling tower, the condenser cooling water flow pump and the 
electrical connection. It connects to the water network to fill water, due to exhaust during operation. The PAK 22-A model 
of AirTechnic was used with a cooling capacity of 283kW and a water feed rate of 40.6m3/h. Finally, a 200.000kcal/h oil 
boiler (Novatherm construction, 2009 built) was used to simulate operating conditions with solar or geothermal energy as 
explained above. 

In order to conduct the experimental investigation of the device a series of electronic and analog sensors were placed. 
During the experiments, the temperature at the inlet and outlet on both sides of the evaporator and the condenser as well as 
the scroll expansion devices were recorded. Pressure was measured at critical points in the working medium network [7,8]. 
Digital measurements were recorded using an advanced DAQ system by National Instruments. 

INDICATIVE RESULTS - EVALUATION OF INSTALLATION – CONCLUSIONS 

In this section indicative results from measurements made in the Effi Low Res unit with solar panels and geothermal 
energy as well as calculation of its performance based on the measurements are presented and dicussed. Solar data was used 
to set up the boiler, which by programming produces the corresponding final heat to that given by the solar array. Heat 
generation from the boiler is done in such a rate and way as to accurately illustrate the operation of the solar system. The 
temperatures built up by the solar system are measured at the boiler outlet. In addition, hot water circulation was achieved 
by using a suitable high efficiency circulator calculated to cover all friction losses of the close water circuit. Checking the 
inlet temperature of the water in the exchanger was accomplished using a three-way mixing valve located in the suction of 
the pump or using a variable flow circulator. 

The boiler was put into operation and by creating the normal operating conditions the final inlet hot water 
temperature in the evaporator was set. At the same time, the cooling device with the cooling tower was put into operation. 
Finally, the refrigerant pump was put into operation and the working medium was moved inside the device. Power 
generating devices rotate and drift the generators, which produce electricity. Through resistors the electricity is consumed 
consecutively and the system remains in operation until it balances under normal operating conditions. Throughout the 
time the experiments were conducted, initial measurements were taken. Based on them, the time of device operation in 
normal conditions was highlighted and data recording started. Controlling the inlet temperature of the evaporator water was 
accomplished by using a three-way mixing valve located in the pump suction or using a variable flow circulator. 

Following measurements processing, the unit performance was approached under different operating conditions as 
determined for the extreme ambient conditions and for both different heat transfer conditions (solar or geothermal energy). 
The conditions that were formulated relate to extreme seasons, winter and summer so as to determine the effect of 
environmental conditions on the unit performance and a small variance was found (Tables 2,3). Tables 2 and 3 present 
indicative measurement values and efficiency of the Effi Low Res unit during solar and geothermal operation in winter and 
summer conditions [7,8]. The numbers in the Tables have the meaning: 1. Scroll expander inlet – Superheated vapour, 2. 
Scroll expander outlet, 3. Start condensation, 4. End condensation, 5. Sub-cooling, 6. Pressure increase-compressor outlet, 
7. Start vaporization, 8. End vaporization. 

Along with the cooling cycle operation, consumption is also evident in peripheral systems such as the working fluid 
circulation pump, the hot water and cooling water circulation pumps. The total absorbed hydraulic power in the peripheral 
devices accounts to 4.61kW. The final power output is 7.063kW for the case of the solar system in the summer which is 
also the worst case scenario. The final total system performance is 3.53%. The optimum of all cases is the case of 
geothermal utilization in winter due to both the higher temperature difference in the device and the reduction in the 
consumption of peripheral systems. In that case, performance is rising. The hydraulic power in peripheral devices becomes 
4.55kW while the final output power is 7.6kW and the overall efficiency is 3.80%. 
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Table 2. Indicative measurements and estimated efficiency during unit operation with solar panels 
under summer and winter conditions [8]. 

Points Enthalpy Temperature Pressure Enthalpy Temperature Pressure 
 kJ/kg oC bar kJ/kg oC bar 

Season Summer Winter 
1 432,825 76,2 23,631 432,632 76,6 23,632 
2 419,297 38,0 8,869 418,291 36,0 8,389 
3 415,895 35,0 8,869 414,936 34,8 8,389 
4 249,819 35,0 8,868 246,913 34,8 8,388 
5 245,819 33,0 8,868 242,912 32,9 8,386 
6 247,619 34,4 23,634 244,710 34,4 23,636 
7 313,272 75,0 23,632 313,272 75,1 23,634 
8 429,240 75,0 23,633 429,240 75,1 23,633 

nth 7,3% nth 7,6% 
nm 6,2% nm 6,5% 
nel 5,8% nel 6,1% 

 
From the experimental process and the operation of the system under the conditions that were existed, it was found 

that the efficiency is low. However, the low-temperature electrical production system is able to function as a supplementary 
system for utilizing heat quantities. Combined with other low-temperature thermal energy utilization facilities, the power 
unit can support and significantly improve the heat utilization without causing any problems to the rest of the installation. 
Low efficiency does not produce any negative results, since this performance can largely make independent thermal 
installations and lead them to more efficient behaviors. 
 

Table 3. Indicative measurements and estimated efficiency during unit operation with geothermal 
energy under summer and winter conditions [8]. 

Points Enthalpy Temperature Pressure Enthalpy Temperature Pressure 
 kJ/kg oC bar kJ/kg oC bar 

Season Summer Winter 
1 433,109 76,2 23,631 432,916 76,4 24,153 
2 419,297 38,0 8,869 418,291 36,0 8,386 
3 415,895 35,0 8,869 414,936 33,0 8,385 
4 249,819 35,0 8,868 246,910 32,0 8,868 
5 245,819 33,0 8,868 242,915 31,0 8,868 
6 247,619 34,4 23,634 244,716 31,4 24,154 
7 315,514 75,0 23,632 315,261 76,0 24,153 
8 428,923 75,0 23,633 428,561 76,0 24,153 

nth 7,4% nth 7,8% 
nm 6,3% nm 6,6% 
nel 5,9% nel 6,2% 
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As for the combination with solar systems, during twinter, although the unit is performing better, the exploitation rate 
is reduced due to the short period of sunshine. The expected generation of electricity is 1388kWhel (compared to 2073 in 
summer). During summer its presence is significant, at a time when thermal solar systems are becoming less efficient due to 
the low heat demand. Then electricity generation is important, even with this low efficiency and exploitation. If it is 
combined with a cooling production unit to meet the needs of summer air conditioning, then the device becomes very 
attractive and completely renewable. 

Regarding the exploitation of low enthalpy (temperature) geothermal installations, the above are valid with the positive 
indication that these installations also, make the unit very productive during winter compared to the existing heating 
devices. During summer, when these devices become inactive, their further use and utilization is clear and by coupling 
them, with a cooling network for summer air conditioning optimize their exploitation period. Electricity generation in the 
winter is 12216 kWh. 

As a conclusion, it could also be pointed out that the use of this technology is important for rural areas, because by its 
implementation, energy needs of greenhouse crops can be covered in remote areas without the need for electricity 
transmission, especially in low enthalpy geothermal areas where efficiency is a direct function of the mass flow of 
geothermal fluids. 

ACKNOWLEDGEMENTS 

The work was conducted under the aupices of the Effi Low Res project funded by the General Secretariat of Research and 
Technology under the program COOPERATION 2011 (11SYN_7_1155). 

REFERENCES 
[1] Quoilin, S., Van DenBroek, M., Declaye, S., Dewallef, P., and V. Lemort, 2013. Techno-economic survey of Organic 

Rankine Cycle (ORC) systems. Renewable and Sustainable Energy Reviews, 22: 168-186. 
[2] DiPippo, R. 2004. Second law assessment of binary plants generating power from low-temperature geothermal fluids. 

Geothermics, 33: 565–586. 
[3] Saleh, B., Koglbauer, G., Wendland, M., and J. Fischer, 2007. Working fluids for low-temperature Organic Rankine 

Cycles. Energy, 32: 1210–1221. 
[4] Tchanche, B.F., Papadakis, G.,  Lambrinos, G., and A. Frangoudakis, 2009. Fluid selection for a low-temperature solar 

organic Rankine cycle. Applied Thermal Engineering, 29: 2468–2476. 
[5] Masheiti, S., Agnew, B., and S. Walker, 2011. An Evaluation of R134a and R245fa as the Working Fluid in an Organic 

Rankine Cycle Energized from a Low Temperature Geothermal Energy Source. Journal of Energy and Power 
Engineering, 5: 392-402. 

[6] Brasz, J.J., and G.J. Zyhowski, 2005. The Environmental Impact of Working Fluids for Organic Rankine Bottoming 
Cycles. IASME Transactions, 5(2): 780-785. 

[7] Deliverable 3.3 (D3.3): Performance evaluation report of pre-prototype 10 kWe units using solar or geothermal energy. 
EFFI LOW RES project, Cooperation 2011, 11SYN-7-1155. 

[8] Vrachopoulos, M.Gr., Tachos, N.S., Koukou, M.K., Karanasiou, G.K., Karytsas, C., Tsekouras, P., and V. Drosou, 
2015. Pre-Assessment of a Low-Temperature Geothermal and Solar ORC System for Power Co-Generation: the Effi 
Low Res Approach. WSEAS Transactions on Environment and Development, 11: 228-236. 

[9] Mendrinos, D., Choropanitis, I., Polyzou, O., and C. Karytsas, 2010. Exploring for geothermal resources in Greece. 
Geothermics, 39(1): 124-137. 

 

 
  

[101][101]



 
EinB2018 – 7th International Conference “ENERGY in BUILDINGS 2018”	

																			
	

	

[102][102]



Assessment of the Influence of the Thermal 
Properties of the Grout Backfill Material on 
the Heat Exchange Process of Geothermal 

Boreholes 

N. Kovachevl1, J. Passaro2, L. Coelho2,3, A. Rebola2* 

1 "Angel Kanchev" University of Ruse, Ruse, Bulgaria 
2 Escola Superior de Tecnologia de Setúbal/IPS, Setúbal, Portugal 

3 CINEA-IPS, Centro de Investigação em Energia e Ambiente – IPS, Setúbal, Portugal 

ABSTRACT 
This paper presents a numerical study of the heat transfer process in a vertical borehole with a simple U-tube heat exchanger. The main 

goal of the study is to assess the influence of the PCM enhanced (phase change material) grout material properties in the performance of the 
geothermal heat pump system. The simulations were developed for two cases: a Base case with a commercial grout backfill material and a case with 
a grout backfill material enhanced with PCM. The simulations were developed for the heating mode for a 24 hours period. A typical profile of 
extracted heat from the geothermal borehole, for residential heating, was set for both cases. The simulations were performed with the Ansys Fluent 
16 code using the melting/solidification model. Based on the CFD results the time evolution of the heat transfer fluid temperature troughout the 
borehole, the heat transfer rate in the boundary between the ground and the borehole and in the U-tube surface, were analyzed. Despite the short 
period time considered in the simulations, the numerical results clearly have showed that enhancing the grout backfill material with PCM can 
improve the over all performance of the geothermal system. The PCM stabilizes the temperature inside the geothermal borehole and, as 
consequence, the heat transfer process in the geothermal heat pump evaporator occurs at a higher temperature level. 

INTRODUCTION 

Ground source heat pumps (GSHPs) are ones of the most clean and energy efficient systems for buildings 
climatization. In the last years the installed capacity of shallow geothermal systems have been rising, only in the European 
Union, geothermal heat pumps provided around 1400 ktoe in 2011 Lenhard and Malcho (2013). The most common 
borehole heat exchangers of GSHPs are closed loops of plastic tubes that can be disposed vertically or horizontally. In the 
horizontal configuration the loops are slightly below the earth’s surface in backfilled trenches, this configuration is common 
where ample ground area is available Stuart et al (2013). In vertical systems heat exchange pipes are deeply buried, the depth 
of vertical wells goes from 40 to 200 m, Zeng et al. (2003), typically with diameter of 150-200 mm. In multiple wells system, 
the space between boreholes is around 5–6 m in order to prevent interference between adjacent boreholes and changes on 
the ground conditions. In vertical geothermal boreholes U-type heat exchangers, diameters with 32 or 42 mm, are the most 
common. A vertical borehole can have one or two pairs of such tubes in a simple-U or double-U arrangement. 
Comparatively to the horizontal configuration, vertical systems have the advantages of reducing the installation area and 
locates the pipes deep in the ground, where the temperature is constant year-round, allowing a consistent heat pump 
performance. The main disadvantage of vertical system is the installation costs, since drilling is normally more costly than 
horizontal trenching Stuart et al. (2013). 

The performance of ground source heat pumps depends strongly on the heat transfer between the soil and the 
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borehole heat exchangers, which are closely related with the solid properties, generally, for a soil with low hydraulic 
conductivity, the heat transfer process is dominated by heat conduction. On the contrary, for a soil with high hydraulic 
conductivity, the heat transfer process is inherently coupled with heat conduction and heat advection by groundwater flow 
Lenhard and Malcho (2013). Other important factors that affects the performance of geothermal boreholes is the thermal 
resistance between the soil and the heat exchanger tubes. To ensure optimal heat transfer between the soil and the tubes, 
the gap between the pipes and the borehole wall are filled with grout backfill material. Over the years the industry has 
developed grout materials with high thermal conductivity with the objective of increasing the performance of geothermal 
systems by minimizing the thermal resistance between the heat exchanger tubes and the ground. 

Another approach that can potentially improve the performance of geothermal borehole systems is enhancing the 
grout material with PCM, with the objective of stabilizing the temperature inside the borehole, taking advantage of the 
energy that can be stored in the liquid/solid latent heat of the PCM. Such materials are ideal for thermal energy 
management, because when the PCM solidifies it releases large amounts of energy in the form of latent heat of fusion, or 
energy of crystallization, when the PCM is melted it absorbs a similar amount of energy. 

Nowadays, there are different types of PCMs on the market and in different forms including encapsulated in powder 
particles. The solid particles can have different sizes and independent on the phase of the PCM liquid/solid in the particles, 
the powder particles are always solid, which presents some advantages comparatively to non-encapsulated PCMs. Powder 
encapsulated PCMs can be mixed with common building materials in order to enhance its thermal properties Kalnaes and 
jelle (2015). 

This work presents numerical simulations of the heat transfer process in a vertical geothermal borehole with the 
objective of study the influence of enhancing the grout material with PCM on the performance of GSHPs. The simulations 
were developed for a case with a commercial grout backfill material and a case with a grout backfill material enhanced with 
PCM. A typical profile of extracted heat from the geothermal borehole for residential heating was set for both cases. 

CASES STUDIED AND COMPUTATIONAL DETAILS 

Computational domain 

The geometry study is a conventional vertical borehole with a simple U-tube heat exchanger. The borehole is 60 m 
deep and 150 mm diameter, the heat exchanger is a simple U-tube probe with 42 mm diameter, Figure 1 presents the 
geometry studied. 
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Figure 1 Geothermal borehole geometry. 

Due to the symmetry of the geometry, the simulations were developed in a half-cylindrical computational domain, 
with a total length of 60 m and an external diameter of 4 m. The borehole is in the center of the computational domain, the 
annular volume between the borehole border and the external diameter of the computational domain represents the 
ground, the borehole is filled with grout backfill material, the U-tube probe is made of high density polyethylene (HDP) and 
a mixture of water and glycol was considered as heat transport fluid (HTF). Table 1 presents the properties of the materials 
used in the CFD simulations. The bulk values of the density, thermal capacity and thermal conductivity of the PCM 
enhanced grout material were considered equal to the commercial grout material, and for the bulk value of the latent heat 
was 20 kJ/kg. Which represents a mass fraction of encapsulated PCM in the grout mixture of 0.15 for a powder 
encapsulated PCM with a density of 1250 kg/m3 and a latent heat of 150 kJ/kg. 

Table 1.   Material Properties 

Property HTF HDP Soil Grout backfill 
material 

PCM enhanced 
Grout backfill 

material 
ρ [kg/m3] 1033 950 1400 1400 1400 

Cp [J/kg*K] 3930 2000 1260 1250 1250 
k [W/m*K] 0.47 0.42 2.2 2.0 2.0 
α [m2/s] 1.16 E-7 2.21 E-7 9.57*E-6 1.14*E-6 1.14*E-6 

Latent heat [kJ/kg] - - - - 20 
Solidus Temperature [ºC] - - - - 13 
Liquidus temperature[ºC] - - - - 15 

The model was built in a 3D grid with approximately 700000 quadrilateral elements; the mesh is finer in the borehole 
region. Figure 2 presents a detail view of the computational mesh. In the longitudinal direction the mesh has 60 elements 
with the size of one meter. The Soil volume mesh has 80 no-uniform elements along the radial direction and in the U-tube 
and the borehole zone the element size, in the radial plan of the mesh, is two and three millimeters, respectively. 

 

Figure 2 Detail view of the mesh used in the CFD simulations. 

Mathematical Model 

The numerical simulations were done with the aid of Ansys Fluent 16.0. The numerical code solves the mass, 
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momentum and energy transport equations for constant density. The turbulence was modelled by the two equations k-
epsilon of standard model and the energy equation was solved in the form of total enthalpy. 

  (1) 

  (2) 

  (3) 

v represents the velocity, ρ the density, µ the dynamic viscosity, k the thermal conductivity, T de temperature and H de total 
enthalpy defined as: 

  (4) 

  (5) 

h represents the sensible enthalpy, Cp the specific heat and ΔH the phase change enthalpy. To simulate 
melting/solidification process the software uses a mathematical formulations based on the enthalpy-porosity technique. The 
temperature is calculated through the total enthalpy and the liquid mass fraction, γ, defined as: 

 g = 0  if, T < Tsolidus 

  if, Tsolidus < T < Tliquidus  (6) 

 g = 1  if, Tliquidus < T 

locally, the phase change enthalpy can be expressed in terms of the liquid mass fraction and the material latent heat, L, as: 
ΔH=gL. 

Computational details 

The simulations were performed for 24 hours with a time step of one second, for a heating mode operation of the 
geothermal system. The average temperature of the soil was 17 ⁰C and the HTF mass flow rate was 0.32 kg/s. For both 
simulations the amount of the heat removed from the geothermal borehole over the time is present in Figure 3. At each 
time instant the inlet temperature of the HTF into the borehole was calculated based on the HP evaporator energy balance, 
expressed by equation (7). 

  (7) 

The simulations convergence criterion was 10-6 for the residuals of the mass, momentum, and turbulence equations 
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and 10-12 for the solution of the energy equation. 

 

 

Figure 3 Heat transfer rate extracted from the borehole over the time. 

RESULTS AND DISCUSSION 

Figure 4 shows the temperature distribution in the computational domain at the 20 hours time instant. The results 
presented in Figure 4 clearly show that the heat transfer process occurs essentially along the radial direction and the main 
temperature gradients are in the Borehole region. The data of Figure 4 are from the Base case simulations the results of the 
PCM case are qualitatively similar and are not presented here. 

[107][107]



 
EinB2018 – 7th International Conference “ENERGY in BUILDINGS 2018”	

	

 

Figure 4 Temperature distribution at 20 hours (Base case). 

Figure 5 presents the temperature radial distribution at 30 m deep, for both simulations, at two time instants (12 and 
24 hours). The temperature radial profiles indicate that the temperature gradients are restricted to the central region of the 
computational domain; at the external boundary the temperature gradient is zero, which proves that the dimension of the 
computational domain is appropriate to perform the simulations. These results also show that, for both cases, the influence 
in the ground temperature of extracted heat from the borehole, increases as process progress. At 12 hours, the temperature 
radial profile is the same for both simulations, however at 24 hours the temperature near the center of the borehole is 
higher for the Base case comparatively to the PCM case. 
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Figure 5 Temperature radial profiles at 12 and 24 hours (30 m deep) 

To better understand the influence of the enhancement of the grout backfill with PCM on the performance of the 
geothermal borehole system Figure 6 presents the time profiles of the temperature in two control points at 30 m deep, 
Point A at the center of the borehole and Point B located at the borehole boundary (see Figure 4). Figure 7 presents the 
time profiles of the borehole HTF inlet and outlet temperatures, Figure 8 presents the time profile of the PCM average 
liquid mass fraction and Figure 9 shows the heat transfer rate to the HTF through the U-tube and the heat transfer rate 
from the soil to the borehole, for both simulations. 
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Figure 6 Temperature time profiles at point A and B (30 m deep). 

 

Figure 7 HTF inlet and outlet temperature time profiles. 
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Figure 8 Average PCM liquid mass fraction time profile. 

The results show that enhancing the backfill material with PCM can improve the performance of the whole 
geothermal system. As is shown in Figure 6, in general, the temperature at points A and B is higher in the PCM case 
comparatively to Base case. The borehole inlet and outlet temperatures of the HTF, presented in Figure 7, are also higher 
for the PCM case, which indicates that the heat transfer process to the heat pump (HP) evaporator occurs at higher 
temperatures, improving the efficiency of the heat pump. Figure 6 also shows that over the first 7:50 hours the temperature 
at points A and B presents the same time evolution, for both cases. However, after that instant, the temperature profiles of 
both simulations are different. In the PCM case when the temperature locally decreases below the PCM liquidus 
temperature, the PCM solidifies, and releases latent energy which stabilizes the temperature inside the borehole. On the 
other hand, at the end of the simulations, when heat extracted from the borehole becomes very low and finally stops, the 
temperature at points A and B, for the Base case becames superior to the PCM case. After the 19 hours, the energy balance 
between the heat received from the soil and extracted by the HTF becomes positive and the temperature inside the 
borehole starts to increase. When the temperature locally rises above the PCM solidus temperature, the solid PCM starts to 
melt back, storing energy. As a consequence the temperature rising is slower for the PCM case comparatively to the Base 
case. This process is clearly illustrated by the time profile of the average PCM liquid mass fraction inside the borehole 
presented in Figure 8. For the PCM case the time evolution of the temperature inside the borehole depends on the balance 
of the energy that is extracted by the HTF, the conduction of heat from the soil to the borehole and the energy that is 
released/stored by the PCM melting/solidification process. 

Finally, the results presented on Figure 9 clearly show the effect of adding PCM to the backfill material on the heat 
transfer rates in the geothermal borehole. When the PCM solidifies, to transfer the same amount of energy to the HTF, the 
heat transfers rate from the soil to the borehole is lower for the PCM case comparatively to the Base case. On the other 
hand, when the PCM melts back, the heat transfer rate from the soil to the borehole is higher for the PCM case 
comparatively to the Base case. 
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Figure 9 Heat transfer rate from the borehole to the HTF and from the ground to the borehole. 

CONCLUSION 

In this work the heat transfer process was studied in a vertical geothermal borehole with a simple U-tube heat 
exchanger using a numerical simulation tool (Ansys 16). The simulations were developed for a Base case with a commercial 
grout backfill material and a case with a grout backfill material enhanced with PCM. The simulations were developed for the 
heating mode for a period of 24 hours. The same profile of extracted energy from the geothermal borehole was set for both 
cases. Despite the short period time considered in the simulations, the CFD results indicates that: 

• enhancing the backfill material with PCM stabilizes the temperature inside the geothermal borehole at a 
higher level when heat is extracted from the geothermal borehole; 

• the heat transfer process occurs at higher temperatures in geothermal HP evaporator for the PCM case 
comparatively to the Base case; 

• enhancing the grout backfill material of a geothermal borehole with PCM can improve the performance of 
whole geothermal system. 
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ABSTRACT 

Solar-driven cogeneration system is a promising choice for the building sector in order to produce great amounts of heating and electricity. In this 
work, a thermal photovoltaic collector (PVT) is coupled to a heat pump which produces space-heating. The heat pump is fed with low-temperature 
heat input from the PVT, as well as with electricity from the PVT. The system is designed property in order to produce net electricity production 
for utilization in other applications. More specifically, the examined system includes 10 PVT modules with 2 m2 of collecting area each one while 
there is also a storage tank with a storage volume of 1 m3. The main innovation of this study is the investigation of nanofluid as the working fluid 
in the solar collector field. The use of nanofluid is able to enhance both the thermal and the electrical performance of the collector and consequently 
of the total system. In this work, the examined nanofluid is water/Cu with 2% nanoparticle (Cu) concentration in the base fluid (water). The 
system is optimized in steady-state conditions and also it is investigated on a daily basis. Six typical days are examined in order to examine 
typical days from the winter period from November to April. The last step in this work is the yearly evaluation of the examined system with and 
without nanofluids. The optimization of the system is performed using a multi-objective optimization procedure which utilizes the energy and eth 
exergy efficiency criteria. According to the final results, it is found that the use of nanofluid enhances the energy and exergy efficiency of the system. 
More specifically, the energy efficiency enhancement is 4.80% and the exergy efficiency enhancement is 0.66%. Furthermore, it is found that the 
seasonal space-heating production is 7423 kWh and the seasonal electricity production is 1068 kWh. The final results indicate that the use of 
nanofluids is an attractive choice for enhancing the performance (energetic and exergetic) of the solar-driven cogeneration systems in the building 
sector. The thermodynamic analysis is conducted with a developed model in Engineering Equation Solver (EES) while the dynamic modeling is 
performed by solving the differential equations of the storage tank during the daily operation. 

1. INTRODUCTION  

Solar energy is a promising energy source for facing tremendous problems as the fossil fuel depletion, the increasing 
energy demand and global warming. Solar energy can be used for heat production and for electricity production. Moreover, 
it can be used in a cogeneration system for simultaneous production of heat and electricity. These energy systems are usual 
in building applications where there is a need for heat (space-heating or domestic hot water production), as well as there is 
important electricity demand. 

The thermal photovoltaic collectors (PVT) are usual choices for the simultaneous production of heat and electricity. 
These collectors are practically the combination of a flat plate collector with a photovoltaic panel (PV). This collector is 
more efficient than the alone PV because the working fluid (usually water) is able to cool the panel in order to increase the 
PV cell electrical efficiency. The last years, a lot of research has been focused on nanofluid-based solar thermal systems. The 
nanofluids are special working fluids of the last generation which are created by suspending nanoparticles (with dimensions 
of some nanometers) into a base fluid (water, ethanol-glycol or thermal oil). The main advantage of the nanofluids is the 
increased thermal conductivity as compared to the base fluid, while the disadvantage is the increased dynamic viscosity 
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(Mahian et al., 2014). The nanofluids lead to enhanced thermal performance because of the increases heat transfer rates 
inside the flow, the fact that leads to higher heat production rates and to more effective cooling in the PVT. 

In the literature, there are numerous studies which investigate the nanofluid-based PVT. Bellos and Tzivanidis (2017) 
examined the water/Cu nanofluid and they found 4.35% thermal efficiency enhancement, 1.49% electrical efficiency 
enhancement and 3.19% exergy efficiency enhancement of the PVT on a yearly basis for Greek climate conditions. 
Sardarabadi et al. (2017) studied the water/TiO2, water/Al2O3 and water/ZnO nanofluids and they found that the 
water/Al2O3 is the best candidate which enhances the performance about 5.3% compared to the pure water operation. 
Soltani et al. (2017) examined the water/SiO2 and water/Fe3O4 nanofluid and they found enhancements 3.35% and 3.13% 
respectively. Moreover, Nasrin et al. (2018) found the enhancement with water/MWCNT to be 4%, while Lari and Sahin 
(2018) found 11.7% enhancement with water/Ag. 

The previous literature review proves the great interest in solar PVT system with nanofluids. However, there is a lack 
of literature studies with nanofluids-based solar collector coupled to other devices for building applications. In this 
direction, the nanofluid-based PVT is coupled with a heat pump in order to produce space-heating and also to give net 
electricity production. The PVT feeds the heat pump both with heat and electricity, while it is properly designed in order to 
give net electricity production for other applications or for net-metering. The examined nanofluid is water/Cu because of 
the high thermal conductivity of the Cu nanoparticle. The system is optimized in steady-state conditions, while it is analyzed 
for all the winter season period. 

2. MATERIALS AND METHODS 
2.1 The examined configuration 

Figure 1 illustrates the examined system with the PVT and the heat pump. The heat pump is water to air heat pump 
which is totally fed from the hybrid PVT with heat and electricity. The basic idea of this system is that the PVT gives heat 
of low temperature in the heat pump and with the use of electricity, the heat pump convents this low-temperature heat 
quantity to a heat of higher temperature in order to produce the demanded space-heating load. The system includes also a 
storage tank in order to store the useful heat production during the high solar irradiation hours and to provide it later in the 
afternoon. The inverter of the system is used in order to convert properly the current and also it is connected to the grid for 
net-metering. So, when there is extra electricity production (the usual case), electricity is given in the gird. While when the 
heat pump needs more electricity, then the grid gives it to the system.  

 

 

Figure 1 The examined system with the PVT and the heat pump 
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Totally 10 modules of PVT in parallel connection are used in this study. Every module has 2 m2 collecting area and 
also the used tank has 1 m3 volume. It is assumed that the air from the building has a temperature level of 20oC, while the 
produced hot water is at 30oC. The temperature of the condenser in the heat pump is close to 35oC for all the cases. The 
working fluid in the heat pump is R152a which is selected after a proper sensitivity analysis. Lastly, it is essential to state that 
this work has been conducted in Engineering Equation Solver (EES) by f-chart (http://www. fchart.com/ees). 

2.2 Modeling of the system components 

In this section, the basic information about the followed modeling is presented. Also, the proper references are given 
in order to make clear the way that the system components have been modeled in this work. 

2.2.1 PVT collector 

The PVT collector is modeled according to the methodology in the paper of Bellos and Tzivanidis (2017), so there is 
no reason for giving again all the mathematical modeling. Moreover, validation evidence of the used model is also given in 
the previous reference. However, it is useful to give the main characteristic of the solar collector. Table 1 includes the basic 
information about the used module which has area 2 m2, operates with a volumetric flow rate of 2 L/min, includes 10 riser 
tubes and it has 45o slope. This slope is a reasonable value for the Athens location with latitude 38o and for investigation 
during the winter period. 

Table 1. Data for the one PVT module (Bellos and Tzivanidis, 2017) 
Parameters Values 

Collector aperture (Acol) 2 m2 
Volumetric flow rate (Vcol) 2 L/min 

Collector length (L) 1.916 m 
Number of water tubes (Nr) 10 tubes 

Inner tube diameter (din) 7.72 · 10-3 m 
Outer tube diameter (dout) 9.52 · 10-3 m 

Cover transmittance (τ) 0.83 
Plate absorbance (α) 0.95 
Cover emittance (εc) 0.88 
Plate emittance (εp) 0.93 

Reference efficiency of PV (ηref) 0.173 
Packing factor (PF) 0.804 

Reference temperature (Tref) 298 K 
Reference temperature coefficient of PV (b) 0.00405 K-1 

Insulation layer thickness (Lins) 0.03 m 
Collector slope (βcol) 45o 

Insulation thermal conductivity (kins) 0.034 W/mK 

The thermal efficiency of the PVT (ηth) is the ratio of the useful heat production (Qu) to the solar irradiation (Qs): 

            (1) 

The electrical efficiency of the PVT (ηel) is the ratio of the electricity production (Pel) to the solar irradiation (Qs): 
             (2) 

2.2.2 Storage tank 

The storage tank is modeled by using mixing thermal zones which is a usual technique in solar systems (Duffie and 
Beckman, 1991). In every zone, the temperature of the fluid is assumed to be uniform. The energy balances in every zone 
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are performed and so there is temperature stratification in the storage tank. The general energy balance in the storage tank is 
given below:   

          (3) 
The stored energy (Qst) is calculated as the difference between the useful heat production (Qu) and the quantities of 

thermal losses (Qloss) and load input to the pump (Qload).    

2.2.3 Heat pump 
The working fluid in the heat pump is R152a. The heat pump is modeled with simple thermodynamic equations. The 

compressor isentropic efficiency (ηis) is calculated according to the following model (Brunin et al., 1997), using the pressure 
ratio (πc) as a parameter:  

                (4) 

2.2.4 Nanofluid thermal properties 
The nanofluids are simulated by using the proper equations for the estimation of their thermal properties. In this 

section, the references for the used equations are given. The density and the specific heat capacity are taken according to 
the study of Khanafer and Vafai (2011). The thermal conductivity and the dynamic viscosity are molded using the equations 
that have been suggested by Corcione (2011). The Nusselt number is used from the results of Li and Xuan (2002). The 
thermal properties of the Cu nanoparticle are given in table 2 (Turkyilmazoglu, 2017). The volumetric concentration of the 
nanoparticle is 2%. 

Table 2. Thermal properties of the Cu nanoparticle (Turkyilmazoglu,	2017) 
Nanoparticle Density Specific heat capacity Thermal conductivity 

Cu 8933 kg/m3 397 J/kgK 393 W/mK 

2.2.5 System evaluation indexes 
The net electricity production of the system (Pgrid) is calculated using the electricity production of the PVT (Pel), the 

inverter efficiency (ηinv) and the electricity demand of the heat pump (Pel,hp): 
          (5)  
The system energy efficiency of the system (ηen) is calculated using the heat production (Qheat), the neat electricity 

production (Pgrid) and the solar irradiation input (Qs):   

           (6)  

The system exergy efficiency (ηex) is calculated as below. It is essential to state that the Petela model (Petela, 2003) for 
the exergy flow of the solar irradiation is used.  

          (7) 

2.2.6 Followed methodology 
The main information of the present work is summarized in table 3. The system firstly is examined in steady-state 

conditions and after it is investigated in dynamic conditions. The dynamic analysis is conducted for all the day duration and 
for the winter period (November to April). The used weather data for the climate conditions of Athens (Greece) are given 
in figure 2 (Bellos and Tzivanidis, 2017). Figure 2a gives the solar irradiation on the collector surface and figure 2b the 
ambient temperature level. These data are used in the dynamic simulation of the optimized system in order to evaluate the 
system performance in the suitable operating conditions. 
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Table 3. Various parameters of the examined system 
Parameter Symbol Value 

Total collecting area Acol,t 20 m2 
Storage tank volume VT 1 m3 

Tank thermal loss coefficient UT 0.5 W m-2 K-1 
Inverter efficiency ηinv 90% 

Compressor shaft efficiency ηcom 85% 
Overall heat transfer coefficient in the condenser (UA)con 1 kW m-2 K-1 

Evaporator heat exchanger - tube diameter dtube 0.01 m 
Evaporator heat exchanger - coil diameter dcoil 0.1 m 
Evaporator heat exchanger - coil length Lcoil 12 m 

Inlet air temperature Tair,in 20oC 
Outlet air temperature (calculated) Tair,out ~30oC 

Condenser temperature Tc 35oC 
Nominal solar irradiation GT 800 W m-2 

Nominal ambient temperature Tam 10oC 
Reference temperature To 298.15 K 

Sun temperature Tsun 5770 K 
 

  

(a) (b) 
Figure 2. The used weather data (a) Solar irradiation (b) Ambient temperature for Athens (Greece) 

3. RESULTS AND DISCUSSION  
3.1 Steady-state analysis 

The first step in this work is the analysis of the system in steady-state conditions. Figures 3a and 3b illustrate the 
thermal and electrical efficiency of the PVT with pure water and nanofluid. The results indicate that there is an 
enhancement in both useful outputs. The enhancement of the thermal efficiency is higher (around 5%) than the 
enhancement of the electrical efficiency which is close to 1%. Figure 4 shows the impact of the evaporator temperature on 
the system performance. It is obvious from figure 4a that the increase of the evaporator temperature enhances the net 
electricity production while it reduces the heat production. Moreover, figure 4b proves that the exergy efficiency is 
enhanced while the energy efficiency six reduced with the higher evaporator temperatures. Practically the exergy efficiency 
follows the electricity output and the energy efficiency the heating output. Figure 5 proves that the energy efficiency, the 
exergy efficiency and the heating are enhanced by the flow rate in the evaporator heat exchanger, while the electricity is 
reduced. The obtained results about the system outputs prove that the use of nanofluids leads to higher heating production, 
while the grid electricity production is similar. There are cases with the increase and some with a decrease in the electricity 
production with the nanofluid. 
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(a) (b) 
Figure 3. (a) Thermal efficiency (b) Exergy efficiency of the solar collector with and without nanofluid 

  

(a) (b) 
Figure 4. (a) Electricity and heating production (b) System energy and exergy efficiencies for different evaporator 

temperature levels 
 

  

(a) (b) 
Figure 5. (a) Electricity and heating production (b) System energy and exergy efficiencies for different flow rates in 

the evaporator heat exchanger 
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The previous results indicate that the evaporator temperature and the flow rate in the evaporator heat exchanger 
influence on the useful outputs in a different way. So, a multi-objective evaluation method is followed in order to determine 
the global optimum case. Figure 6 depicts a two-dimensional depiction of energy and exergy efficiencies for different 
combinations of the evaporator temperature and the flow rate in the evaporator heat exchanger. The ideal point is the one 
with the maximization of both these parameters. The optimum value is the one with the minimum dimensionless 
geometrical distance. This case has 17oC evaporator temperature, 0.0004 m3/s flow rate, while the grid production and the 
heating production are 1108 W and 7948 W respectively. The energy efficiency is 56.60% and the exergy efficiency is 
10.12%. 

 

 

Figure 6. Optimization with the energy and exergy efficiency criteria for water case 

3.2 Dynamic analysis 

The optimum case of the previous analysis is investigated on a daily basis for six typical days. The daily performance 
of the system for the February (a reasonable winter month example) is given in figure 7. It is obvious from figure 7a that 
the heating production is maximized about two hours later than the solar noon because of the existence of the storage tank. 
Also, during the last hours of the day, the system consumes electrical energy from the grid. However, the daily electricity 
balance indicates that electricity is supplied to the grid. Figure 7b indicates an important increase in energy efficiency with 
the nanofluid and a small increase in electricity production. Figure 8 shows the monthly energy and exergy production. The 
results prove that the use of nanofluid is beneficial in all cases. The months with the highest electric efficiency are 
November and April, while the maximum exergy efficiency is obtained in January and February. Table 4 summarizes the 
results for all the months with pure water and nanofluid, as well as the yearly results are given. The energy efficiency is 
enhanced by 4.80% on a yearly basis while the exergy efficiency of 0.66%. The heating production is enhanced by 5.75% 
while there is a reduction in the grid electricity production by about 1.75%. The use of nanofluids increases the heating 
production so higher work is needed in the compressor and this is the reason for the grid electricity production. However, 
both energy and exergy efficiencies are enhanced and so the total system performance is improved with the use of 
nanofluid. 
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(a) (b) 
Figure 7. Daily variation of various parameters in February (a) Energy rates for water (b) efficiencies for both 

working fluids 

 

  

(a) (b) 
Figure 8. Monthly results (a) Energy efficiency (b) Exergy efficiency 

 

Table 4. Summary of the results on the monthly and yearly basis 

Month 
Pure water Water/Cu 

Eheat Egrid ηen ηex Eheat Egrid ηen ηex 
(kWh) (kWh) (%) (%) (kWh) (kWh) (%) (%) 

Nov 34.5 5.1 56.48 10.90 36.5 5.0 59.17 10.96 
Dec 25.3 4.4 49.88 11.24 26.8 4.4 52.34 11.32 
Jan 26.4 4.9 47.52 11.34 28.0 4.8 49.90 11.43 
Feb 36.1 6.2 50.17 11.33 38.3 6.1 52.63 11.42 
Mar 49.0 7.4 54.91 11.05 51.8 7.3 57.53 11.12 
Apr 62.7 8.1 61.06 10.41 66.1 8.0 63.88 10.44 
Year 7020 1082 54.18 11.11 7423 1068 56.78 11.19 

Deviation (%) - - - - 5.75 -1.38 4.80 0.66 
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4. CONCLUSIONS 

In this work, a cogeneration system with thermal photovoltaics and the heat pump is examined. This system produces 
space-heating and net electricity. Moreover, the use of water/Cu nanofluid in the solar collector is examined. The analysis is 
conducted in Engineering Equation Solver in steady-state conditions and on a daily basis. The most important conclusions 
of this study are summarized below: 

- The use of nanofluid in the PVT enhances both the thermal and the electrical production. 
- The heating production of the system is enhanced, while the electricity production is reduced. The reason for the 

lower grid electricity production is based on the greater compressor demand for electricity due to the higher heating load 
production with the nanofluid. 

- The yearly system energy efficiency is enhanced by 4.80% and the exergy efficiency is enhanced by 0.66%. These 
enhancements prove that the overall system is improved with the use of nanofluids. 

- The heating production is maximized round two hours later than the solar noon. 
In the end, it has to be stated that the use of nanofluids makes the system generally more efficient. However, the 

application faces difficulties because of the high cost of them and due to the stability problems. So, a lot of research has to 
be made before the nanofluids to be made a reliable choice for real applications. 
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ABSTRACT 
Thermal energy storage (TES) consist a technology that can be used to decrease the energy demand of buildings. It is critical for renewable 

energy sources (RES) applications implementation such as solar or geothermal energy, as it provides a mean to store the excess energy produced. 
TES can be classified into sensible, latent heat and thermo-chemical storage. Latent heat thermal energy storage (LHTES) is the most promising 
due to its ability to store energy at nearly constant temperature corresponding to the phase transition temperature of the material. LHTES 
comprises at least a suitable phase change material (PCM) with its melting point in the desired temperature range, an adequate heat exchanger, 
and a container compatible with the PCM. The PCM choice for LHTES lies on the target application as the materials exhibits different 
characteristic properties. PCMs are classified as different groups depending on the material nature, however, in real applications the most PCMs 
used are paraffins (organics), salt hydrates (inorganic) and fatty acids (organics) [1-7]. Salt hydrates have high energy storage density, low price, 
relatively good thermal conductivity and compatibility with plastics. However, they suffer from incongruent melting and super-cooling, which can be 
tackled in different ways e.g by adding thickening agents. Since one of the main drawbacks of PCMs is their low thermal conductivity to fully 
exploit their potential in practical applications, a suitable heat exchanger is one of the key issues to be addressed. In a recent work [8] a detailed 
analysis of different heat exchanger configurations was carried out through experimental characterization, during both charging and discharging 
phases, employing a commercial PCM, RT35. Among them, the most effective from the heat transfer efficiency, resulted the compact HEX 
(staggered type) with PCM between coil and fins.  

In the present work, the initial assessment of the working performance of a laboratory-scale LHTES unit when salt hydrates are used as 
PCM material is attempted. Tests were carried out in a testing rig specifically developed for such experiments using a staggered finned heat 
exchanger. The melting and solidification behavior of a commercial salt hydrate was studied. The operation temperatures were monitored collecting 
data based on the requirements of solar thermal energy storage for domestic applications. Results were used to understand the process duration and 
the effect of the heat transfer fluid (HTF) flow rate in both melting and solidification processes 

INTRODUCTION 

Due to the continuous increase in energy consumption and the respective depletion of energy resources it is necessary 

to develop technologies that will reduce the energy demand and increase the energy supply while utilizing renewable energy 

effectively. Thermal energy storage is a technology  that  can increase  the  efficiency  of  energy  consumption  particularly  

by  bridging  the  period  between  periods  when  energy  is  harvested  and  periods when it is needed [1-5]. TES 

comprises thermochemical storage, sensible heat storage and latent heat storage, or a combination of these storage systems 

[1,2]. Phase change materials (PCMs) are used for latent heat storage, as they can storage and release energy by melting and 

solidification, thus solving the contradiction of supply and demand of energy, such as peak difference of power load and 
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gap of solar energy [6-7]. PCMs are divided into two main categories: organic and inorganic [4]. Organic materials can be 

further classified into paraffin and non paraffins such as alcohols, esters, fatty acidsand glycols. Inorganic materials are 

subdivided into salt hydrates and metallics [1-7]. The PCM selection for a specific application depends on many criteria, 

including material aspects [8], the storage duration, cost, supply and utilization temperature requirements, and storage 

capacity. For example compatibility issues of some organic PCMs with tank container or encapsulation polymer material 

may exist as we recently reported [8]. Among PCM materials, salt hydrates are attractive to use due to their high energy 

storage density, their price and their relatively good thermal conductivity and high volumetric energy storage density [6,11]. 

Ηowever, they suffer from defects as supercooling, phase separation and difficulties to melt incongruently [6]. To overcome 

supercooling one of the most effective ways is adding nucleating agents as graphite nanoparticles, metal nanoparticles, 

nano-silica molecules [6, 11]. Adding thickener agents into salt hydrates is one of common methods to minimize or avoid 

phase separation [6, 11-13]. 

Various works have been conducted using PCMs in Latent heat thermal energy storage applications (LHTES) 

studying their thermal behavior and showing the advantages and thermal storage improvements using experimental or/and 

numerical approach [14-20]. Numerous configurations have been studied including different types of heat exchangers and 

fin configurations have been suggested as they proved to significantly enhance the heat transfer during the phase change 

process [9, 14-20]. Banaszek et al [14] studied the behaviour of PCMs during charging and discharging periods in a spiral 

TES system. Zhang and Faghri [15] studied the heat transfer enhancement in the latent heat thermal energy storage heat 

exchanger using an internally finned tube. Khan et al [16] built a novel shell and tube LHS unit that they tested for different 

inlet temperatures and HTF flow rates. The inclusion of longitudinal fins made conduction more important than natural 

convection. Youssef et al [17] proposed a heat exchanger designed with spiral-wired tubes containing an organic paraffin. 

They carried out a CFD modelling which they validated experimentally. The model was used to study the effect of varying 

HTF inlet temperature and flow rate on melting and solidification processes. Liu and Groulx [18] experimentally studied 

heat transfer inside a horizontal copper double pipe heat exchanger with longitudinal fins. The effectiveness for heat 

transfer enhancement was tested and compared for two configurations: straight and angled fins. The influence of HTF inlet 

temperature and flow rate on melting and solidification processes were studied as well. Results showed that melting time is 

more strongly affected by the first parameter than by the latter. Medrano et al [9] compared different types of heat 

exchangers operating with RT35 by Rubitherm GmbH as PCM and water as HTF. Performance evaluation was based on 

the required time to fully melt a certain PCM quantity with different types of heat exchangers. Results indicate that compact 

tube finned (staggered) heat exchanger made of aluminum fins and copper tubes widely used as evaporator or condenser in 

small air conditioning units, shows the highest ratio of heat transfer area to external volume. Porteiro et al [19] tested three 

different PCMs, two of them were hydrated salts (an encapsulated and a micro-encapsulated type) and a vegetable-based 

PCM was also studied with transition temperatures between 50 and 60 °C. A temperature recovery was observed after 

exposing the test tank to an energy demand. 

In a recent work of ours [20,21], an LHTES rig has been developed in order to generate data about the performance 

of heat exchangers when they are used in such applications. A range of operation temperatures was monitored collecting 

data by four types of PCMs based on the requirements of solar thermal energy storage for residential building applications. 

The testing temperature range was 30-70oC and the PCMs nominal melting points used were 40-53oC. The main target of 

this work was to make an initial assessment of the working performance of the latter thermal energy storage (TES) 

unit,when using salt hydrate as PCM and in a temperature range suitable for residential cooling or heating and domestic hot 

water production systems. A staggered heat exchanger has been installed and a commercial salt hydrate was tested. Such 

type of exchanger has not been tested for salt hydrates and in such a temperature range. Data were collected by applying 

three different HTF flow rates on the melting and solidification time of the salt hydrate. 

EXPERIMENTAL SET-UP DESCRIPTION 

Figure 1 show the test rig used in the experiments. An insulated heat storage glass tank is used that permits visual 
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observation and recordingofthe melting and solidification processes. Tank dimensions are: 600 x 120 x 100mm (Length x 

Width x Depth). A staggered type heat exchanger was immersed in the tank with technical characteristics given in Table 

1.The heat exchanger is rotated by 90o so as to retain the height up to 50mm to minimize the phase separation issue (Figure 

2). Hot water was supplied by an 80lt boiler with a 4kW electric heater and cold water was supplied by a 200lt water buffer 

tank connected to an air to water heat pump.The experimental rig also comprises a circulation pump (Grundfos® ALPHA 

2 32-60 180 inverter pump), a three-way temperature control valve (Belimo® LR24A-SR valve and Vector® TCI-W11 

controller), a flowmeter (rotameter with measuring range of 6-60lt/h with ±4% accuracy), thermocouples (T-type, with 

±0.5% accuracy), and  the necessary piping and valves to regulate water flow. 

 

Figure 1 Lay out of the small experimental facility used in the experiments. 

 

Table 1.   Heat Exchanger Features 
Number of tubes 12 

Inner tube diameter (mm) 7.75 

Outer tube diameter (mm) 9.525 

Tube material Copper 

Fins material Aluminium 

Fin thickness (mm) 0.3 

Fin length (mm)  68 

Fin spacing (mm) 5.0 

 

Data recording for PCM temperatures, HTF inlet/outlet temperatures,under charging/dischargingprocesses, was 

accomplished by a data logger (National instrument®cDAq - 9174 base, 2 x 9213 16ch cards, LabVIEW® data logger) and 

a personal computer. Thermal insulation has been applied on the outer side of the tank glass walls. The space between the 

tubes, the fins and the tank is filled with PCM. Hot HTF supplied from hot water boiler, delivers its thermal energy through 

HE and melts the PCM causing charging process. HTF inlet temperature is above the melting point of PCM in use. 

Charging is complete when PCM melts and an amount of HTF heat is now stored in the molten PCM. During the 

solidification (discharging) process, HTF supplied by the cold water buffer tank in a low temperature according to the PCM 

used. Cold HTF flows through the tube and solidifies the molten PCM absorbing the heat of the exothermicphase change. 

The stored energy is released from the PCM as it solidifies and discharges. 

To analyse the heat exchanger thermal performance and the charging and discharging process taking place in the 
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LHTES rig, temperature measurements are performed on the HTF inlet and outlet and also within the PCM mass. The 

positioning of the thermocouples is shown in Figure 2.      

 

Figure 2 Thermocouple positions in the heat exchanger. 

 
PCM PROPERTIES 

The salt hydrate studied in this work was selectedbased on the consideration of a low temperature solar thermal 

energy storage application. The thermal and physical properties of the commercial material tested as provided by the 

producer PCM PRODUCTs are summarised in Table 2 [22]. 

 

Table 2.   Thermal and Physical Properties of S44 salt hydrate used in the experiments [22]. 
Freezing (Solidification) point (oC) 42.05 

Melting point (oC) 44.35 

Density solid (kg/m3) 1660 

Density liquid (kg/m3) 1560 

Thermal conductivity solid (W/m·K) 0.557 

Thermal conductivity liquid (W/m·K) 0.421 

Specific heat solid (kJ/kg·K) 1.87 

Specific heat liquid (kJ/kg·K) 2.34 

Latent heat (kJ/kg) 100 

 

 

EXPERIMENTAL PROCEDURE AND CONDITIONS TESTED 
The experimental procedure comprises a charging - discharging sequence in a temperature range related to product 

properties (Table 2) and as described below [21]: 

Charging: At the beginning HTF circulates within the piping at a temperature of about 8°C higher than the nominal S44 

melting temperature. Inlet temperaturewas controlled by mixing water of the boiler and the buffer tank using a three-way 

mixing valve. The process of charging endswhen the temperature of the thermocouples at the edges of the exchanger 

(Figure 2) exceedsthe nominal melting temperature by more than 3°C. Subsequently the discharging process initiates. 
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Discharging: Cold water from the buffer tank circulateswith a temperature of about 8°C less than the S44 melting 

temperature. Inlet temperature was controlled similarly with the charging process by a three-way mixing valve. The 

solidification process endswhen the temperature of the thermocouples at the edges of the exchanger (Figure 2) ismeasured 

about 3°C or less than the nominal solidification temperature. 

The experiments were performed by applying three HTF flow rates: 30lt/h, 45lt/h and 60lt/h. 

 

REPRODUCIBILITY AND ERROR ANALYSIS 
All the experiments were performed at least two times in order to assure the consistency of the results. Prior 

experience with the discussed system and with other storage systems has helped to achieve reproducibility of the results 

[20,21]. In Figure 3 it is presented an indicative plot of the inlet and outlet water temperatures for a HTF flow rate of 30 

lt/hr. The results of two experiments, No 1 and 2, are similar for the entire charging and discharging procedure and this is 

also true for the temperature of the PCM. The same similarity yielded from the other experiments as well, so the 

reproducibility was validated.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3 Comparison of the inlet and outlet water temperatures for experiments No1 and No2 with 30 lt/hr flow 

rate. 

 

The measurements of the temperature and the volumetric flow rate follow a rectangular distribution as each 

measurement has the same propability to be wherever between the range that the uncertainty defines. For the 

thermocouples, each measurement uncertainty derives from the combination of the accuracy of the sensors and the A/D 

converter as it is listed in Table 3. The temperature range that the thermocouples can measure is from -40 oC to 70 oC.  For 

the flow meter, the measurement is obtained once (either 30, 45 or 60 lt/hr) and the sensor is analog. 
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Table 3 Accuracy of the temperature and flow rate sensors and A/D converter. 

 Temperature, oC Volumetric flow rate, lt/min 

Sensor accuracy ± (0.005· Temp) ± (0.04·|Flow|) 

Sensor reader accuracy 
± (0.15 +0.002· 

Temp) 
- 

A/D Converter 

accuracy 

± (0.002 · Temp 

range) 
- 

 

The maximum values of the relative errors for the water temperatures range between 1.23-1.28% for all the flow rates 

studied. The relative error for the volumetric flow rate is calculated 4.62%. The thermal power that the water provides (or 

extracts) to (from) the system and the environment is analogue to the difference of the inlet and the outlet temperature, as 

the flow rate and the heat capacity of the water are constant [21]. The calculated relative error for the heat power ranges 

between 0.24-0.38%. 

 

EXPERIMENTAL RESULTS AND DISCUSSION 

Melting and solidification process of a material is related to the energy provided (charging) or extracted (discharging) 

by the HTF [20, 21]. In order to follow the operation of the TES unit the temperature difference between heat 

exchangerinlet and outlet was monitored and recorded. At the beginning of each experiment, the heat flow rate was 

maximised due to high temperature difference while it reduces as temperatures converge. Apart from flowrate, a key role 

regarding melting and solidification processes of a PCM is the temperature variation between HTF inlet temperature and 

PCM temperature. 

The starting and ending points of each process were defined as follows: the start of charging is defined when the inlet 

temperature curve reaches its maximum for the first time since the beginning of the experiment. The end of charging is 

defined right before the sharp raise of the inlet temperature curve at the end of the charging process.The start of 

discharging is defined when the inlet temperature curve becomes horizontal. Finally, the end of discharging is defined at the 

last measurement of the experiment. Also, the mean charging and discharging inlet temperatures were calculated based on 

those start/end definitions. In Table 4 the mean temperature values and the duration of each process are given for the S44 

experiments. Although, the average inlet temperatures are not exactly the same, it can be stated that the duration of 

charging or discharging is not a linear function of the water flow rate. Consequently, doubling the flow rate does not result 

to reducing the duration to the half although with high flow rates the flow becomes turbulent and the heat transfer is 

enhanced. 

Table 4. Duration and mean inlet temperature for the S44 experiments. 
 Charging  Discharging 

Feed rate (lt/hr) 30  45 60  30  45  60  

Duration (hr) 3.39 3.10 2.75  4.55 2.95 2.44 

Average inlet temperature (oC) 52.5 52.4 52.3  35.3 35.5 36.3 

 

It is clear that for the low flow rate, the duration of the charging is significantly shorter than discharging. On the other 

hand, for the high flow rate the duration of charging is about half an hour larger than discharging. So, there is a trend the 

duration of discharging to be affected strongly by the feed rate. This effect may be attributed to the formation of solid PCM 

around the tubes which inhibits the heat transfer via convection between the liquid PCM and the fins and tubes. It must be 

pointed out that the conductivity of S44 is higher at the solid phase than the liquid (Table 2).   

In Fig. 4 inlet and outlet water temperatures are plotted and it is clear that how charging or discharging times are reduced as 
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the water flow rate increases. Additionally, the phenomenon of subcooling is evident on the discharging outlet curves at the 

areas where they present a dip. Subcooling, is not desirable in a PCM as it prolongs the duration when the heat transfer 

occurs with sensible heat and not latent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4 Water temperatures at the inlet and outlet of the tube for flow rates 30, 45 and 60 lt/hr. 

 

In Fig. 5 the average PCM temperatures are depicted for the three feed ratesapplied. It is interesting that the subcooling 

characteristic dips in the temperature curves are not present in this diagram. However, the points where the slope of the 

discharging curves changes are clear for all curves. The points are located at (3.29hr, 41.4oC), (3.55hr, 41.7oC) and (4.05hr, 

41.3oC) for 30, 45 and 60 lt/hr respectively (green dots on the diagram). 

 
 
 

 

 

 

 

 

 

 

 

 

Figure 5 PCM temperatures for flow rates 30, 45 and 60 lt/hr. 
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In Figs. 7 and 8 the instant heat transfer rate between the water and the rest of the system (PCM, tubes, fins, losses) is 

calculated for the three flow rates. In both diagrams the 60 lt/hr case starts with the highest heat transfer rate and then 

reduces lower from the other two rates. In discharging, the subcooling effect is again obvious. Moreover, the accumulated 

energy was calculated which is equal to the area under the curves of the instant heat transfer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 Instant heat transfer for charging for flow rates 30, 45 and 60 lt/hr. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 Instant heat transfer for discharging for flow rates 30, 45 and 60 lt/hr. 
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battery whose capacity does not depend on the rate that it was charged. TES systems are the thermal analogue of the 

electric batteries. It must be stated also that part of the accumulated energy is lost the ambience due to the imperfect 

insulation of the tank. So, the values of the accumulated energies are listed in Table 5. For charging the values of the 

accumulated energies are similar, contrary to discharging where the values showdifferencies. However, as the expanded 

uncertainty for the accumulated energies is higher such differencies fall within the range of the calculated errors. 

Furthermore, as the losses inhibit the charging process it is expected that the accumulated energy will be higher for the 

charging process than the discharging, which is in accordance with the experimental results. 

 

Table 5. Accumulated energies for charging and discharging for all feed rates. 
 Charging Discharging 

Feed rate (lt/hr) 30 45 60 30 45 60 

Accumulated energy (kWh) 0.386 0.347 0.345 0.287 0.309 0.229 

 

CONCLUSIONS 

The performance of an LHTES unit using a staggered heat exchanger was studied using a commercial salt hydrate and 

considering the limitations for a low temperature solar application [21]. Three different HTF flow rates were applied and 

their influence on the melting and solidification time of the salt hydrate was evaluated. The LHTES unit studied can be 

considered as an effective solution with short response times up on charging. Discharging performance is strongly affected 

by the thermal transfer limitations as well as the super cooling of the salt hydrate. The latter may be addressed either by 

optimised TES operation control or heat exchanger design. 
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ABSTRACT 
Phase change materials (PCM) offer a solution to bridging the energy gap between energy use and energy availability. These materials store 

energy in the form of latent heat, which is the heat required to convert a solid into a liquid, without a change in temperature. This physical process 
is completely reversible and allows energy to be stored in a dense, safe and convenient way. One of the major drawbacks which limits the practical 
application of many organic PCMs is their low thermal conductivity, many researchers have lead focused investigations into a number of thermal 
conductivity promoters to help improve their thermal characteristics, but very few have been commercially viable. This paper presents a practical 
study on the thermal conductivity enhancement of organic phase change material using randomly packed aluminium wool and discusses the 
practical reality of applying this technology. A number of composite PCM samples were created, each using the same base PCM and different 
weight percentages of thermal conductivity promoter. The composite PCMs were tested using differential scanning calorimetry (DSC), T-history 
method and the thermal conductivity was measured. The performance of each composite PCM was then compared and discussed. It was found that 
composite PCM had an improvement in thermal conductivity by up to 70.8%. Their freezing and melting rates improved by up to 167.7% and 
68% respectively. This gain in thermal performance was at the expense of the samples latent heat capacity. 

 
Keywords: Energy management, Energy storage in buildings, Phase change materials, Thermal conductivity promoter 

INTRODUCTION  

An ideal candidate phase change material (PCM) would have a number of properties and features including: a small 
phase transition range; high volumetric heat capacity; high thermal conductivity; uniform freezing and melting; rapid 
crystallisation; completely reversible freeze-melt cycles; no degradation after repeated phase transitions; compatible with 
plastics such as HDPE, GRP and metals for encapsulation; non-toxic, non-flammable, non-hazardous and non-corrosive; 
low cost with readily available components; and a phase transition temperature which is in accordance with the operating 
temperature range of the system. The ideal PCM has yet to be found; however, in any given engineering application the 
PCM that matches the most of these criteria is selected. 

 
Organic phase change materials are made up of materials such as waxes, paraffin and fatty alcohols. These PCMs 

often exhibit a small phase transition range and a high heat capacity; however, they suffer from having poor thermal 
conductivity. This poor thermal conductivity leads to poor heat transfer as described by Fourier's Law. By increasing the 
thermal conductivity of a substance the rate of heat transfer will increase, which in this case leads to faster charging and 
discharge rates for thermal energy storage (TES). From a commercial perspective, the market has a strong desire for faster 
charging and discharging rates within PCM TES for an acceptable price. The introduction of using a thermal conductivity 
promoter within phase change materials has been the subject of numerous studies that go back a number of decades, the 
resulting PCM being known as composite PCM. The focus of this work has surrounded aluminium-based thermal 
conductivity promoters; however, there has also recently been the trend of featuring nanomaterials. The question of how to 
apply these promoters is not only based on the materials thermal properties, but also their shape, chemical make-up and 
configuration. As these shapes become more complex; the cost of manufacturing increases exponentially, as does the 
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expertise required to produce these advanced materials, leading to the commercial practicality suffering. Aluminium wool is 
a highly conductive; compatible; cheap and readily available material which could potentially be an effective thermal 
conductivity promoter.  

 

 

Figure 1: Close-up picture of the structure of aluminium wool.  
 
Figure 1 illustrates how the thin, chaotic, strands of aluminium create a web of intersecting material. This offers a 

network, through which heat can easily conduct and diffuse. In addition, these thin strands present a high heat transfer area, 
which further improves heat flow through the composite PCM. A common drawback of many thermal conductivity 
promoters is that any they must be functionalised, otherwise they can separate from their solution and their effectiveness 
can drop dramatically. One of the benefits of aluminium wool is that it does not require functionalisation; it can be bent 
and compressed to take a desired configuration, which it will retain. Often, PCM functionalisation leads to a reduced latent 
heat capacity; however, in this case the only loss in latent heat capacity is due to the loss of PCM volume because of the 
presence of aluminium wool. In this paper, thermal conductivity improvement of PlusICE A44 as a PCM using aluminium 
wool was investigated. The effect of the thermal conductivity enhancement was investigated experimentally; in addition, the 
latent heat capacities were measured by DSC analysis technique and the phase transition time was estimated experimentally 
using the T-history method. These results were then compared to that of pure A44. 

EXPERIMENTAL RESULTS 

Preparation of A44 & Aluminium Wool Composite PCMs 

Four samples of PCM were tested, using A44 phase change material from Phase Change Materials Products Limited 
as the baseline material. The different composite PCM will be tested on a volumetric basis; therefore, 43cm3 was selected as 
the test volume. Their respective compositions are as shown in Table 1. 

 
Table 1.   Composite PCM Composition  

Component Sample 1 Sample 2 Sample 3 Sample 4 
Aluminium wool (g) 0.00 1.46 3.52 5.60 

Aluminium wool (wgt%) 0.00 4.3 10.0 15.3 
A44 phase change material (g) 32.68 32.30 31.69 31.10 

A44 phase change material (wgt%) 100 95.7 90.0 84.7 
Total weight of composite PCM (g) 32.68 33.76 35.21 36.70 
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These composite PCMs were prepared by weighing out the necessary quantity of aluminium wool into a container. It 

could then be manipulated inside the container to ensure that it is evenly distributed. A44 was then melted and poured into 
the container, filling all the void space between the aluminium wool strands.  

 

 

Figure 2: Aluminium wool composite PCM in containers.  
 
Figures 2a, 2b, 2c and 2d show samples 1, 2, 3 and 4 respectively. It illustrates that the increasing fractions of the 

aluminium thermal conductivity promoter is visible to the observer and the random nature of the aluminium strands. 
Figure 2d shows that there is a relatively small amount of void space between strands compared to that of Figure 2b, 
further compression of the aluminium wool becomes difficult without mechanical assistance, suggesting that beyond 
15wt% aluminium wool composite PCM would be more difficult to achieve. 

Thermal Conductivity Measurement 

The thermal conductivity of each sample was determined by using a KD2 Pro Thermal Properties Analyzer. The 
samples were heated above their phase transition region and the SH-1 sensor was inserted into the liquid PCM. The PCM 
was allowed to cool to room temperature of approximately 18°C; six measurements of thermal conductivity were taken and 
averaged. As shown in Table 2, there is a clear trend that increasing weight fractions of aluminium wool thermal 
conductivity promoter lead to an increasing thermal conductivity in the composite PCM; however, this will be at the 
expense of the composite's latent heat capacity. This is due to the aluminium promoter not offering any latent heat storage 
at the target temperature for this PCM. 

 
 

Table 2.   Composite PCM Thermal Conductivity  
Property Sample 1 Sample 2 Sample 3 Sample 4 

Average thermal conductivity (W/mK) 0.288 0.356 0.468 0.492 
Change compared to baseline (%) 0.0 +23.7 +62.5 +70.8 

 
 
Figure 3 illustrates the link between increasing amounts of aluminium wool and the thermal conductivity of the 

sample. It appears that there is a rough linear relationship between thermal conductivity and the weight percentage of the 
aluminium wool. Even at relatively low weight fractions of 4.3%, the thermal conductivity promoter appears to have a large 
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effect on the thermal conductivity of the composite, with sample 2 exhibiting a 23.7% increase in thermal conductivity. The 
drawback, as previously discussed, is the resulting loss in latent heat capacity; however, due to the high density of 
aluminium relative to that of the A44 PCM the latent heat capacity loss will likely be minimal. Further analysis of the 
samples will determine how impactful the increase in thermal conductivity is on performance at a macroscale and the latent 
heat storage potential of the PCM. 

 

 

Figure 3: Comparison of the thermal conductivity and percentage of aluminium wool in composite PCM 
 

Determination of Thermal Properties 

Differential scanning calorimetry (DSC) analysis technique is a valuable tool for determining the latent heat storage 
potential of a given substance. In this study, the experiments were performed using a DSC823e from Mettler Toledo under 
a nitrogen atmosphere, supplied at a rate of 100 ml/min. The heating rate was 10 K/min. Dynamic samples masses were 
taken to be analysed between a temperature range of 10-95 °C. Figure 4a, 4b, 4c and 4d show the DSC results for the 
samples 1, 2, 3 and 4 respectively. The numerical results are summarised as shown in Table 3. 
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Figure 4: DSC Results 
 
 

Table 3.   Composite PCM Latent Heat Capacity Comparison  
Property Sample 1 Sample 2 Sample 3 Sample 4 

Latent heat capacity (kJ/kg) 242.06 240.59 233.30 222.70 
Change compared to baseline (%) 0.0 -0.61 -3.03 -4.55 

 
 
As shown in Figure 4a, the DSC for pure A44 shows a very narrow peak, suggesting that is has a small phase 

transition range. It has a latent heat capacity of 242.06 kJ/kg. Figure 4b shows the DSC for sample 2, as anticipated there 
is a corresponding drop in the latent heat capacity of the sample; which is related to the corresponding weight percentage of 
PCM in the composite. The latent heat capacity of sample 2 is 240.59 kJ/kg. This trend continues in the other samples, with 
samples 3 and 4 having reduced latent heat capacities of 233.30 kJ/kg and 222.70 kJ/kg respectively. Table 3 further 
illustrates the change in latent heat capacity for each sample compared to the base PCM. The latent heat capacities of the 
samples show a strong negative correlation with the increasing fraction of aluminium wool within the composite. 

Determination of Phase Transition Time 

By modifying the T-history method, experiments can be run simultaneously to observe the temperature changes of all 
samples under the same conditions. This allows the changes in freezing and melting rates to be observed, as well as 
confirming the phase transition region and the presence of subcooling at a larger, macro-scale. By comparing the freezing 
and melting times, the effects on the effective thermal conductivity presented by the introduction of the thermal 
conductivity promoter can be better understood. A number of conditions have been set to ensure that the test is fair, 
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a) a)          b) 

b) c)       
  

including: sample volume; container type and material and ambient conditions to ensure the same ΔT is presented at the 
beginning of each test. 

 

 

Figure 5: T-history Results 
 
 
Figure 5a shows the simultaneous T-history method results for samples 1 and 2. This offers a direct comparison 

between the freezing and melting of the baseline PCM and composite PCM. Figures 5b and 5c show the simultaneous T-
history method results comparing sample 1 with sample 3 and sample 4 respectively. On observation, the shorter freezing 
and melting plateaus presented by the composite PCM in all tests indicate that the freezing and melting rates are increased. 
Even when considering the marginally different latent heat capacities, the composite PCMs appear to have a much faster 
freeze-melt time.  
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Table 4.   Numerical Analysis of T-History Method Results  
Property Sample 1 Sample 2 Sample 3 Sample 4 

Onset of freezing (min) 20.0 20.0 20.0 20.0 
Endset of freezing (min) 107.0 79.5 61.0 52.5 
Onset of melting (min) 179.5 175 175.5 174.5 
Endset of melting (min) 240 227.5 219.5 210.5 

Rate of freezing compared to sample 1 (%) +0.0 +46.2 +112.2 +167.7 
Rate of melting compared to sample 1 (%) +0.0 +15.2 +37.5 +68.1 

 
Table 4 illustrates the findings from the T-history method in a quantitative manner, showing the change in the rate 

of freezing and melting. These results show a strong correlation between the weight fraction of aluminium wool and the 
rate of both freezing and melting. Even at the low weight fraction of 4%, there is a large improvement in the freezing and 
melting rate of 46.2% and 15.2% respectively. As the weight fraction of aluminium wool increases to approximately 10% in 
sample 3, there is an increase in the freezing and melting rate of 112.2% and 37.5% respectively. Sample 4 has been shown 
to have the highest thermal conductivity of all PCM tested during these experiments, this was reflected in its performance 
during this test, exhibiting a freezing rate improvement of 167.7% and melting rate improvement of 68.1%. These results 
further illustrate the impact of improved thermal conductivity on the macro-scale phase transition time. 

DISCUSSION 

Compatibility of Aluminium Wool with Organic PCM 

Aluminium is fully compatible with all common organic PCM components. The aluminium wool is distributed as 
evenly as possible; however, the composite still is not entirely homogenous. The densities of samples 1, 2, 3 and 4 are 760, 
785, 819 and 853 kg/m3 respectively. This suggests that greater weight fractions of aluminium promoter within a composite 
PCM will lead to a heavier TES system, assuming the systems are of the same volume. Following numerous freeze-melt 
cycles, the aluminium wool has proven to be shape-stable and not separate from the PCM component, this mechanical 
robustness should allow the composite PCM to be beneficial in a greater number of applications. There were some 
concerns that the higher density of aluminium would lead to the wool settling; however, even after 120h at temperatures 
over the melting point of A44, the promoter did not settle out and the composite PCM showed a near homogenous state. It 
appears that, whilst being ductile, the aluminium can resist the compressive stress created by the surrounding PCM and 
therefore maintains its shape. 

Thermal Conductivity Improvement 

Figure 3 shows the variation of thermal conductivity with different weight fractions of aluminium wool present. This 
indicates that increasing weight fractions of aluminium lead to increased thermal conductivity. A relationship between the 
thermal conductivity and weight fraction of aluminium can easily be drawn from Figure 3 as follows: 

       (1) 
 

Where, y and x represent thermal conductivity and weight fraction of aluminium wool, respectively. The high coefficient of 
determination (R2=0.9547) indicates a strong relationship between the thermal conductivity and weight fraction of 
aluminium. 
 
Thermal conductivities of the composite PCM with weight fractions of 4.3%, 10.0% and 15.3% aluminium wool indicated 
that the thermal conductivity of A44 (0.288 W/mK) increased by 23.7%, 62.5% and 70.8% respectively. This was attributed 
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to the high thermal conductivity of aluminium. The results indicated that the thermal conductivity could be further 
improved by even greater weight fractions of aluminium; however, it becomes difficult to compress the aluminium wool 
further without mechanical assistance. Increasing the amount of aluminium beyond 15wt% would further decrease the 
latent heat capacity of the composite due to the decrease in weight fraction of A44 present in the composite. The high 
thermal conductivity of the composite PCM make this much more attractive than pure A44 for systems that require a faster 
thermal response time. 

Thermal Properties of A44/Aluminium Wool Composite PCM 

DSC analysis was conducted to investigate the influence of aluminium wool on the latent heat storage capacity of A44 
and the composite PCM. The DSC curves in Figure 4 were taken as a reference to evaluate the change in thermal 
properties of composite PCM. It shows that increasing weight fractions of aluminium wool leads to a decrease in the latent 
heat storage; the latent heat storage of A44 (242.06 kJ/kg) was reduced in each composite PCM to 240.59 kJ/kg, 233.30 
kJ/kg and 222.70 kJ/kg for the PCM with weight fractions of 4.3%, 10.0% and 15.3% aluminium wool respectively. This 
illustrates the resulting latent heat capacity losses of 0.61%, 3.03% and 4.55% for each composite PCM respectively. This 
performance loss, whilst noteworthy is relatively small and this satisfactory latent heat capacity means it is still suitable for 
TES applications. 

Comparison of Freezing & Melting Time of Composite PCM with Baseline 

This marked improvement in thermal conductivity was further tested by comparing the freezing and melting times of 
the composite PCM with that of A44. This improvement in times can be observed in Figure 5. Composite PCM with 
weight fractions of 4.3%, 10.0% and 15.3% aluminium wool indicated that the freezing time of A44 (87min) decreased by 
31.6%, 52.9% and 62.6% respectively; and the melting time of A44 (60.5min) decreased by 13.2%, 27.3% and 40.5% 
respectively. This is due to the enhanced heat transfer by higher thermal conductivity and increased thermal diffusivity. The 
reduction in these phase transition times confirmed the improvement of thermal conductivity in the composite PCM. This 
would mean that the composite PCM could absorb any heat supplied more rapidly from a heat source compared with pure 
organic PCM; furthermore, it would release energy faster leading to a more agile TES system. 

 

CONCLUSIONS 

Thermal conductivity of the A44 was efficiently improved using aluminium wool thermal conductivity promoter. In 
addition, it acted as a heat diffusion promoter. The results clearly indicate a linear relationship between thermal conductivity 
and the weight fraction of aluminium wool. The variation in thermal conductivity improvement of A44 was caused by 
differences in homogeneity within the composite PCM, due to the chaotic nature of the aluminium wool strands. The 
thermal conductivity improvement of pure A44 was also tested by examining the freezing and melting times of pure A44; 
A44/Al (95.7/4.3wt%); A44/Al (90.0/10.0wt%); and A44/Al (84.7/15.3wt%) composite PCM. The reduction of the 
melting times of composite PCM with respect to both the freezing and melting time confirmed the thermal conductivity 
improvement of A44. This result also proved that the heat transfer rate of composite PCM were markedly higher than that 
of pure A44, this being owed to the presence of aluminium, which has a high thermal conductivity. Furthermore, the effects 
of aluminium wool thermal conductivity promoter on the latent heat capacity of pure A44 were investigated by DSC 
analysis. Results from the DSC indicated that the decrease in latent heat capacity of the composite PCM due to the presence 
of the promoter was minimal, meaning that the composite PCM had latent heat storage capacity that could be considered 
useful for thermal energy storage applications. As a result, aluminium wool can be considered an effective thermal 
conductivity and heat diffusion promoter to improve the thermal performance of A44, without greatly reducing its latent 
heat storage capacity as shown by Table 5, which summarises all key findings. 
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Table 5.   Key Results Summary  
Property Sample 1 Sample 2 Sample 3 Sample 4 

Aluminium wool fraction (%) 0 4.3 10.0 15.3 
Average thermal conductivity (W/mK) 0.288 0.356 0.468 0.492 

Thermal conductivity change (%) 0.0 +23.7 +62.5 +70.8 
Latent heat capacity (kJ/kg) 242.06 240.59 233.30 222.70 

Latent heat capacity change (%) 0.0 -0.61 -3.03 -4.55 
Rate of freezing compared to sample 1 (%) +0.0 +46.2 +112.2 +167.7 
Rate of melting compared to sample 1 (%) +0.0 +15.2 +37.5 +68.1 

 
 
With respects to the real-world application of this composite PCM, it was found to be both easy to handle and simple 

to produce in comparison to the majority of alternative PCM enhancement methods. This simplicity lends itself to the 
technology being both cheap and accessible, both of which are important for engineering projects at scale, as end-users 
must believe that the technology is the right choice and the right price. Thermal energy storage systems often have a return 
on investment of approximately 3~7 years depending on application, therefore any composite or enhanced PCM that is 
applied must lead to an appreciable benefit whilst remaining economically viable for the given application. In the case of 
aluminium wool composite PCM, it has proven to have a number of the ideal PCM characteristics discussed previously, 
whilst remaining economically attractive. 
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ABSTRACT 
The present study discusses the impact of VIPs on the energy and cost efficiency in the renovation of an old building located in cities 

with different climatic conditions and economic factors. A comparative assessment between VIPs and conventional insulants is carried out 
from the techno-economic point of view. Five renovation cases, regarding the use of VIP and EPS in different thicknesses, are evaluated in 
terms of the achieving energy saving and the financial viability for three different European cities: Athens, Geneva and Stockholm. As the 
building is historical, the insulation is located at the internal side of the walls. The economic analysis is performed for two scenarios: excluding 
and including the impact of the rent revenues caused by the reduction of the net floor area, due to the increase of wall thickness after the 
renovation. The comparative assessment of the renovation cases is performed by means of the calculation of the annual savings/operating costs 
and the time for the recovery of the initial installation cost. The energy analysis is based on the reduction of the energy demand for heating and 
cooling calculated by the EnergyPlus software, while the economic analysis is performed according to the common payback period method. The 
results show that the use of VIPs with the current prices can be profitable in cold climates and for areas with high rental prices. 

INTRODUCTION 

The reduction of the global energy consumption is the driving force for the limitation of the energy demand in 
building sector. To meet this target, the upgrade of the building envelope thermal performance is the most effective 
way. In this context, the scientific community emphasizes on the development of new high-insulation materials. Such 
materials are the Vacuum Insulation Panels (VIPs) which are the most promising Super Insulation Materials with the 
lowest thermal conductivity, resulting an insulation capability 5 – 10 times better than the conventional insulation. VIP 
consists of an evacuated open pore core material surrounded by a thin envelope barrier. The evacuated microporous 
core material provides a very low thermal conductivity, while the envelope contributes to maintain the high level of 
vacuum.  

At the dawn of the 21th century, Vacuum Insulation Panels (VIPs) have introduced in building applications, first 
in Europe and then in East Asia and North America (Brunner et al., 2012). The very low thermal conductivity of VIPs 
(below 0.005 W/(m·K)) offers high thermal resistance, in conjunction with thin walls, increasing the net floor area of 
building. The incorporation of VIPs in building envelope results to low U-values and high thermal performance 
elements. The use of 20 mm thick VIP at the walls can reduce the energy consumption for heating by 20% - 30% for a 
multi-family building in Sweden (Johansson et al. 2016, Johansson et al. 2014). 

Due to the thin dimensions of VIPs, their use for the renovation of historical buildings is ideal, since the space 
constraint is a usual challenge for the architectural design process. Johansson et al. (Johansson et al. 2014, Johansson et 
al. 2014) renovated a historical brick wall with wooden beams by means of VIPs at the internal side reducing the energy 
demand for heating and improving the hygrothermal performance of the wall. In IEA/ECBCS Annex 39 (HiPTI) 
(Binz et al. 2005), the thermal performance upgrade of a natural stone masonry of a German church, built in 1612, was 
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examined. Since thick conventional insulation was not permitted, as the building is a historical monument, the use of 
VIPs was an ideal solution. 

On the other hand, the still relatively high cost of VIPs along with the durability of panels are the main reasons 
that they have not already gained popularity in the building market. Alam et al (2011) assessed the financial viability of 
the use of VIP and EPS as building insulation. They found that the case of EPS insulation recovered the initial cost 
much earlier compared with the VIP. However, considering the economic value of space saving due to thinner VIP, the 
payback period in the VIP case was significantly reduced. Alam et al. (2017) indicated that the energy and cost 
effectiveness of VIP application depend on the type of building, the climatic conditions and the economic factor of the 
location. They underlined the need for further research to clarify the achieving energy saving potential of VIPs. 
However, the new technologies of VIPs are directed to the reduction of process and the extension of service life 
(Kucukpinar et al. 2015, Zhai et al. 2017) 

In this framework, the present study discusses the impact of the VIPs on the energy and cost efficiency in real 
scale buildings located in cities with different climatic conditions and economic factors. A comparative assessment 
between the VIP and conventional insulation for the renovation of an old building is carried out. Five renovation cases, 
regarding the use of VIP and EPS in different thicknesses, are evaluated in terms of the achieving energy saving and the 
financial viability for three different European cities: Athens, Geneva and Stockholm. As the building is historical, the 
insulation is located at the internal side of the walls. The economic analysis is performed for two scenarios: excluding 
and including the impact of the rent revenues caused by the reduction of the net floor area, due to the increase of wall 
thickness after the renovation. The comparative assessment of the renovation cases is performed by means of the 
calculation of the annual savings/operating costs and the time for the recovery of the initial installation cost. The 
energy analysis is based on the reduction of the energy demand for heating and cooling calculated by the EnergyPlus 
software (EP model), while the economic analysis is performed according to the common payback period method. 

DESCRIPTION OF CASE STUDY 

The analysis of the current study concerns the envelope upgrade of a single storey residential building with 
dimensions 10 m × 10 m and 3 m height. The building is supposed to be an old construction built at the beginning of 
20th century, with traditional non-insulated rubble walls (R-value ca 0.3 m2K/W). The building comprises of two 
bedrooms, one kitchen, one dining room, one living room and one bathroom. 

Bedroom
1

Bedroom 
2

Kitchen

Dining 
room

Living 
room

Bathroom

N

 

Figure 1  Plan of the examined building. 

Table 1    Details of the building envelope. 
Description Value 

Total envelope area 120 [m2] 
Total windows area 12 [m2] 

Windows’ dimensions 1 × 1.5 [m] 
Windows U-value 1.25 [W/(m2K)] 
Door’s dimensions 1.10 × 2.20 [m] 

Door U-value 1.25 [W/(m2K)] 
Infiltration / Ventilation 0.5 ACH 

People 3 
Electric devices 150 W 

Lighting 4 W/m2 
 

A schematic description of the building is depicted in Figure 1. Two windows are located at each orientation, and 
a door is placed at the South wall. Aiming to focus only on the upgrade of the opaque envelope elements, the windows 
are assumed to be energy efficient, comprising modern insulated aluminum frame and triple pane, low-e glazing. 
Further details of the building are summarized in Table 1. 

The upgrade of the envelope’s thermal performance is achieved by means of the installation of insulation in the 
walls and the roof. As the contribution of floor to the energy losses is small (Atsonios et al. 2016), the renovation cases 
do not examine the installation of insulation in the floor. The configurations of the envelope elements are presented in 
the Table 2 for the existing case and the examined renovation cases. Due to the traditional façade, the insulation of the 
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walls has to be installed at the internal side. A gypsum board layer is also added in order to protect the insulation by 
damages and moisture effects. Regarding the roof, the insulation is applied at the top along with a load panel and roof 
sealing for protection from weather conditions 

Table 2 The configuration of the building envelope for the existing and the renovation 
cases. 

 Existing case Renovation Cases 

External 
Walls 

 

Outdoor

Indoor
Stone

Mortar
 

 

IndoorAdditional 
insulation

Gypsum 
board

Outdoor

Mortar
 

Roof 

 

Mortar Concrete Outdoor

Indoor

Roof  sealing

 
 

Additional 
insulation

Load 
panel Outdoor

Indoor

Roof  sealing

 

Floor 

 

Concrete Indoor

Ground

Floor covering

 

Indoor

Ground
 

 
The materials’ thermal properties are presented in Table 3. Particularly, the thermal conductivity of the VIP was 

considered to be equal with the equivalent effective thermal conductivity for a useful time period of 25 years, as 
suggested by Simmler and Brunner (2005), taking into account the aging and edge effect. 

Table 3 Material thermal properties. 

Material Thickness 
[mm] 

Thermal conductivity 
[W/(m·K)] 

Density 
[kg/m3] 

Specific Heat Capacity 
[J/(kg·K)] 

Stone 400 1.25 2000 1000 
Mortar 5 0.63 800 1000 

Concrete 150 1.3 2000 1000 
Roof sealing 4 0.2 1000 1000 

Floor covering 10 1.5 2000 1500 
EPS 70/100/150 0.035 23 1450 
VIP 20 0.007 195 800 

Gypsum board 12.5 0.27 1033 990 
Load panel 28 0.44 1500 1000 

 
In total, 5 renovation cases are examined using different types and thicknesses of insulation, as presented in Table 

4. In all renovation cases, the insulation is installed at the “additional insulation” layer illustrated in Table 2. EPS70, 
EPS100 and EPS150 cases examine the installation an EPS layer with 70 mm, 100 mm and 150 mm thick, respectively, 
while the VIP case represents the installation of 20 mm thick VIP both in the walls and in the roof. The VIP+EPS case 
examines the combination of 20 mm thick VIP in the walls and 150 mm thick EPS in the roof. 
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Table 4 Additional insulation at the building envelope for the five proposed renovation cases. 
Renovation Case Walls insulation Roof insulation  

EPS70 EPS 70mm EPS 70mm 
EPS100 EPS 100mm EPS 100mm 
EPS150 EPS 150mm EPS 150mm 

VIP VIP 20mm VIP 20mm 
VIP+EPS VIP 20mm EPS 150mm 

 

METHODOLOGY 

The methodology followed for the techno-economic assessment of the five proposed renovation cases is 
described in this section. First, the annual energy consumption for heating/cooling demand is calculated by means of 
the simulation of the energy performance of the building using the EnergyPlus software for the six different envelopes 
under three climate conditions: Athens, Geneva and Stockholm. Then, the economic assessment is based on the simple 
payback period method, taking into account the energy savings (reduction of the operating costs), the rent revenues 
reduction due to the reduction of net floor area, and the initial costs. 

ENERGY ANALYSIS 

The under-investigation residential building is simulated for the six cases (existing and five renovation cases) by 
means of the EnergyPlus software. The annual energy consumption for heating and cooling are calculated for the three 
different climate conditions: Athens, Geneva and Stockholm. 

A unique thermal zone is considered for the whole building. All thermal bridges are calculated according to ISO 
10211 (2017) and introduced into the model, according to the methodology described in Atsonios et al (2016). The 
heating system of the house is composed of a natural gas condensing boiler, with efficiency 100% and high insulated 
pipes resulting to distribution losses equal to 5%, while the cooling system is a typical air conditioning system with 
COP = 3. The set point indoor temperature is assumed 20oC during winter and 24oC during summer months. The 
weather data are obtained from the EnergyPlus database (EnergyPlus, 2018). The ventilation and infiltration rates are 
calculated equal to 0.5 ACH according to ASHRAE (2013). The internal gains caused by the electric equipment is 
assumed 150 W and the lighting 4 W/m2 (Table 1), according to ΚΕΝΑΚ (Hellenic regulation, 2010). 

The results of the annual energy consumption for heating and cooling for the three European cities are depicted 
in Figure 2. As it is expected, the renovation of the envelope leads to a significant reduction of the energy consumption 
for all renovation cases. The reduction ranges between 66% – 75% for the three cities. The higher reduction of energy 
consumption is observed for EPS150 case. The VIP case offers the same reduction with the EPS100 case in all climate 
conditions, because the two insulation layers (100 mm EPS and 20 mm VIP) have the same thermal resistance and 
similar thermal capacity. The VIP+EPS case further reduces the energy consumption by 2% in contrast with the VIP 
case. The envelope upgrade can save more than 10000 kWhr in Athens, 22000 kWhr in Geneva and 33000 kWhr in 
Stockholm conditions. Significant electricity loads for cooling are presented only in the Athens, while in Geneva and 
Stockholm the cooling demand is almost negligible or zero. 
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Figure 2 Annual energy consumption for heating and cooling of the examined cases for the three European cities. 

ECONOMIC ANALYSIS 

A techno-economic analysis of the five examined renovation cases is performed investigating their financial 
viability. The analysis investigates the most profitable solution for the renovation of the building taking into account the 
annual cash inflows (revenues) and outflows (operating costs). Revenues are considered the cash inflows from the 
rental of the house, taking into account the net floor area and the rent prices for each country. Annual costs are 
considered the operating costs for the energy consumption of the house. In the current analysis the operating costs are 
paid by the owner of the house for all cases, for comparison purposes, even in the case of Athens, where the operating 
costs are paid by the tenants. The assessment of each renovation case is based on the reduction of the operating costs 
(energy saving due to the envelope upgrade) and the reduction of the rent revenues (due to reduction of net floor area) 
compared with the existing case. 

The five examined renovation cases are compared with the existing case taking into account the installation costs. 
Table 5 summarizes the prices that were taken into consideration. The current prices (second semester of 2017) for the 
natural gas (operating cost for heating) and the electricity (operating cost for cooling) for each country are taken from 
Eurostat (Eurostat Statistics Explained, 2018), while the rent prices concern the average values of each city, taken from 
Global Property Guide (Global Property Guide 2018) 

 

Table 5 Prices for the heating and cooling energy systems, the rent prices, the material and 
labor costs. 

Material Athens Geneva Stockholm 

Natural gas price [€/kWh] a 0.065 0.101 0.113 
Electricity price [€/kWh] a 0.194 0.189 0.194 

Rent price [€/m2 net floor] a 5.17 26.65 19.02 
EPS material cost per 50 mm thickness [€/m2] 

a 7.31 6.37 7.38 

VIP material cost per 20 mm thickness [€/m2] 
a 71.30 71.30 71.30 

Other materials [€/m2] a 9.87 8.59 9.95 
Labor cost [€/m2] a 14.94 63.38 34.79 

a including all taxes and levies (VAT: 24% for Athens, 8% for Geneva and 25% for Stockholm) 
 
The renovation cases are also evaluated by means of the payback period method. The payback period (PP) is the 
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most common used index representing the time required for an investment to recover its initial costs. The PP is 
calculated by the following equation: 

 0CPP
ES RRR

=
+

 (1) 

where C0 [€] is the installation cost, ES [€] is the energy saving and the RRR [€] is the rent revenue reduction 
(negative value) for each renovation case. The purpose of the tecno-economic analysis is the comparative assessment of 
the five examined renovation cases, allowing the use of the simple payback period instead of the discount payback 
period or other financial index, which take into account the varying time value of money. 

 

RESULTS 

The installation cost for each renovation case is analyzed into two different costs, i.e. purchase of raw materials 
and labor cost. The data for these costs is specified based on information obtained from material suppliers and 
manufacturers for the year 2018. The VIPs are considered to consist of fumed silica core, due to the high thermal 
performance and lifetime, even though it is more expensive (Alam et al., 2017). For the other countries, it was assumed 
that the cost for purchasing raw materials is approximately the same as in Greece, while the labor costs were assumed 
to be proportional to the Greek’s labor cost, based on the national average salary. Hence, the labor cost in Sweden and 
Switzerland is set 2.31 and 4.87 times the Greek’s labor cost, respectively, according to Trading Economics (Trading 
Economics, 2018) for year 2018. 

The installation cost for the five examined renovation cases for the three cities are presented in Figure 3. It is 
observed that the VIP case is always more expensive than the other cases (more than 9000 € in contrast with EPS150 
case), while the VIP+EPS case reduces the installation cost by ca. 5000 €. The difference in taxes and labor costs for 
the three cities results to different installation costs. Particularly, the installation cost is higher than 6500 € in Athens, 
15000 € in Geneva and 10000 € in Stockholm. Besides, for each 1 cm increase of the additional conventional insulation 
thickness the installation cost increases by ca. 270 €. 
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Figure 3 Installation cost of the five renovation cases for the three European cities. 

In each renovation case, the operating costs are reduced resulting a significant energy saving due to the building 
envelope upgrade. In the same time, the revenues are also decreased due to the reduction of the net floor area caused 
by the additional insulation layers at the internal side. The annual energy saving is compared with the annual rent 
revenues reduction in Figure 4 for the three cities. As it is shown, the renovation saves a significant amount mainly in 
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cold climates, reducing the annual operation costs by 950 € - 1050 € in Athens, 2200 € - 2400 € in Geneva, and 3600 € - 
4000 € in Stockholm. 

The numbers above the bars in the Figure 4 illustrate the annual profit for each case. It is observed that the energy 
saving is higher than therent revenue reduction providing annual profits for all cases. The annual profits in Athens 
range between 700 € - 960 €, while in Geneva and in Stockholm range between 500 € - 2000 € and 2600 € - 3600€, 
respectively. The cases with VIP (VIP and the VIP+EPS) offer by far the highest profits in the three cities due to the 
combination of the high insulation level with low thickness. Particularly in Stockholm the annual profit of cases with 
VIP reaches by 650 € – 970 € higher than the cases with conventional insulation. 
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Figure 4 Annual energy saving and rent revenue reduction for each examined renovation case for the three cities. 

The results concerning the PP are presented in Figure 5 assuming two scenarios: excluding and including the 
impact of the rent revenue reduction. In the first scenario, the cases with conventional insulation recover the initial 
costs earlier than the cases with VIP. In each city, the VIP case has by far the largest payback period, while the 
replacement of roof insulation with conventional (VIP+EPS case) results to a significant reduction of the PP. In the 
second scenario (Figure 5b), taking into account the impact of the rent revenues reduction, the PPs are significantly 
increased. The selection of the most viable renovation case significantly depends on the climate conditions and 
economical factor of each city. 

In Athens, the EPS70 case has the lowest PP, providing 7 years for the scenario excluding the house rent and 8.5 
years including the house rent. In the first scenario, the VIP and VIP+EPS cases require 17 and 12 years to recover the 
initial cost, respectively. In the second scenario, the PP of the VIP is 19 years due to the high installation cost, while the 
PP of the VIP+EPS case is 13 years. 

In Geneva, the three conventional insulation cases provide the approximately the same PP (7 years) in the first 
scenario. On the other hand, for the scenario including the rent revenue reduction, the use of VIPs in the walls is the 
most viable and profitable solution, as the PP in the VIP+EPS case is 11 years and in the VIP case 14 years. The 
conventional insulation cases require more than 12 years for the paying off. The latter shows the importance of the 
insulation thickness in cities with high rents. 

In Stockholm, in both scenarios the PP values for all cases are low due to the high achieving energy saving caused 
by the extremely cold conditions and the poor-insulated existing case. In the scenario withoutrent revenue reduction, 
the PPs of all cases are close since the conventional insulation require 3 years, the VIP+EPS case 4 years and the VIP 5 
years for the recovery of initial cost. In the second scenario, all cases have close PP values (4 - 6 years), however the 
extremely high annual profit of the VIP+EPS case (Figure 4) make it as the optimum and most cost-effective solution. 
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Figure 5 Payback period a) excluding the house rent and b) including the house rent. 

It is noted that the reference case (existing case) for the economic analysis of the three cities is a non-insulated 
building (initial U-value ca. 2.5 W/(m2K)). Further investigation showed that a more insulated reference building 
(existing case) in cold climates, which is close to the reality, resulted to lower energy saving and higher PPs. However, 
the outcomes regarding the comparison of the most profitable and cost-effective solution were not changed. 

Figure 6 illustrates the results of the economic analysis regarding the five examined renovation cases in 
Stockholm, assuming a poor-insulated building (U-value = 0.7 W/(m2K)) in the existing case. For the scenario 
including the impact ofrent revenue reduction, the cases with conventional insulation are not profitable, since the 
EPS70 and EPS100 cases require more that 40 years to recover the initial cost and the rent revenue reductions of the 
EPS150 case are higher than the energy savings. The only cost-effective solution is the use of VIPs in the walls, 
however the PP are larger than 19 years (but within the service life of VIPs). On the other hand, for the scenario 
excluding therent revenue reductions, the EPS solutions recover the installation costs within 10 years, while the VIP 
and VIP+EPS cases required 20 and 14 years, respectively, for recovering the installation cost. 
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Figure 6 Economic analysis for the examined renovation cases assuming poor-insulated building in the existing case in Stockholm 
a) Energy saving and rent revenue reduction and b) Payback periods for two scenarios. 

CONCLUSION 

The present study investigated a comparative techno-economic assessment of five examined renovation cases for 
an old building located in cities with different climatic conditions and economic factors. The renovation cases 
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concerned the opaque envelope using VIP or conventional insulation in different thicknesses and their application at 
the internal side of the walls (as the building was historical) and at the top of the roof. Three cases concerned the 
installation of an EPS layer with thicknesses 70 mm, 100 mm and 150 mm, respectively and one case concerned the 
installation of 20 mm thick VIP at the walls and the roof. The fifth case involved the combination of 20 mm thick VIP 
at the walls and 150 mm thick EPS at the roof. All cases were investigated from the techno-economic point of view for 
three European cities: Athens, Geneva and Stockholm. 

The energy analysis was performed by means of the whole building simulation in EnergyPlus software. It was 
showed that the renovation reduced the energy consumption for heating and cooling by 66% - 75%, depending on the 
renovation case and the climate conditions. This high reduction was caused by the extremely low envelope performance 
at the existing case, as the initial building was a non-insulated traditional masonry (U-value ca. 2.5 W/(m2K)). 

The economic analysis of the renovation cases was carried out in terms of the calculation of the annual 
savings/operating costs and the time for the recovery of the initial installation cost (payback period). The economic 
analysis was performed for two scenarios: excluding and including the impact of the rent revenue reduction caused by 
the reduction of the net floor area, due to the increase of wall thickness after the renovation. It was found that the 
replacement of EPS with VIPs at the external walls and the roof increased the installation cost by ca 9000 € in all cities, 
while the combination of VIP at the walls and EPS at the roof (VIP+EPS case) reduced the installation cost by 5000 €. 
Despite the high installation cost, the use of VIPs at the walls offered the maximum annual profit, owed to the high 
thermal performance coupled with the low rent revenue reduction. 

The comparative assessment between the renovation cases indicated that the use of VIPs with the current prices 
can be profitable in areas with cold climates and high rental prices. In Athens, the use of conventional insulation with 
low thickness was the most profitable providing lower payback period, both in the scenario excluding and including the 
house rent. This is caused due to the low energy demands and relatively low rent prices. In Geneva, for the scenario 
excluding the rent revenue reduction, the use of conventional insulation was the most profitable case, while for the 
scenario including the house rent the use of VIPs was the most cost-effective solution, due to the high rent prices. In 
Stockholm, all renovation cases provided the lowest and close payback period, compared with the other two cities. In 
this city, the use of VIP at the walls was more cost-effective because offer by far the highest annual profit. Finally, the 
concept of poor-insulated existing building (U-value ca. 0.70 W/(m2K)) was investigated providing similar findings 
regarding the comparative assessment and the optimum solution, but lower energy savings and higher payback periods. 

 

REFERENCES 

Alam M., Singh H., Limbachiya M.C., 2011, Vacuum Insulation Panels (VIPs) for building construction industry – A 
review of the contemporary developments and future directions, Applied Energy, 88 (11) 3592-3602. 

Alam M., Singh H., Suresh S., Redpath D.A.G., 2017, Energy and economic analysis of Vacuum Insulation Panels 
(VIPs) used in non-domestic buildings, Applied Energy, 188 (Supplement C) 1-8. 

ASHRAE Handbook, Fundamentals (SI), 2013. 
Atsonios I.A., Manolitsis A.Α., Mandilaras I.D., Kontogeorgos D.A., Founti M.A., 2016, The Effect of Vacuum 

Insulation Panels on the Energy Efficiency of Lightweight Steel-framed Drywall Buildings, EinB2016 – 5th 
International Conference “ENERGY in BUILDINGS 2016, Athens, 2016. 

Binz A., Moosmann A., Steinke G., Schonhardt U., Fregnan F., Simmler H., Brunner S., Ghazi K., Bundi R., 
Heinemann U., Schwab H., Cauberg H., Tenpierik M., Johannesson G., Thorsell T.,. Erb M, Nussbaumer B., 2005, 
IEA/ECBCS Annex 39, Vacuum Insulation in the Building Sector - Systems and Applications (Subtask B). 

Brunner S., Stahl T., Ghazi Wakili K., 2012, An example of deteriorated vacuum insulation panels in a building façade, 
Energy and Buildings, 54, 278-282. 

EnergyPlus, Weather Data, https://energyplus.net/weather, 2018. 
Eurostat Statistics Explained, http://ec.europa.eu/eurostat/web/energy/overview, 05/2018. 
Global Property Guide, http://www.globalpropertyguide.com/most-expensive-cities, 05/2018. 
Hellenic regulation on the energy performance in the building sector, Hellenic ministry of environment, energy and 

Climatic change – YPEKA, ministerial decision D6/B/5825 (Official Journal of the Hellenic Republic FEK 
407/B/9.4.2010), 2010. 

[153][153]



 
EinB2018 – 7th International Conference “ENERGY in BUILDINGS 2018”	

	

ISO 10211:2017, Thermal bridges in building construction - Heat flows and surface temperatures - Detailed 
calculations. 

Johansson P., Adl-Zarrabi B., Sasic Kalagasidis A., 2016, Evaluation of 5 years’ performance of VIPs in a retrofitted 
building façade, Energy and Buildings, 130 (Supplement C), 488-494. 

Johansson P., Geving S., Hagentoft C.-E., Jelle B.P., Rognvik E., Kalagasidis A.S., Time B., 2014, Interior insulation 
retrofit of a historical brick wall using vacuum insulation panels: Hygrothermal numerical simulations and 
laboratory investigations, Building and Environment, 79 31-45. 

Johansson P., Hagentoft C.-E., Sasic Kalagasidis A., 2014, Retrofitting of a listed brick and wood building using 
vacuum insulation panels on the exterior of the facade: Measurements and simulations, Energy and Buildings, 73  
(2014) 92-104. 

Kucukpinar E., Miesbauer O., Carmi Y., Fricke M., Gullberg L., Erkey C., Caps R., Rochefort M., Moreno A.G., 
Delgado C., Koehl M., Holdsworth P., Noller K., 2015, Development of Transparent and Opaque Vacuum 
Insulation Panels for Energy Efficient Buildings, Energy Procedia, 78  412-417. 

Simmler H., Brunner S., 2005, Vacuum insulation panels for building application: Basic properties, aging mechanisms 
and service life, Energy and Buildings, 37 (11) (2005) 1122-1131. 

Trading Economics, http://www.tradingeconomics.com/country-list/wages, 05/2018. 
Zhai C., Li Z., He Y., Liu T., Sun M., Liu J., 2017, A Comprehensive Study on the Production Process and Properties 

of Composite Core Materials for Vacuum Insulation Panels for Construction Applications,13th International 
Vacuum Insulation Symposium (IVIS), Paris, France,20-21 September, 2017. 

 

 

[154][154]



 
EinB2018 – 7th International Conference “ENERGY in BUILDINGS 2018”	

	
	

Deep renovation of a residential building - a 
life cycle perspective 

A.A. Bonou1*, A.A Manolitsis1, I.A. Atsonios1, I.D. Mandilaras1, D.A. Kontogeorgos1, M.A. Founti1  
1 National Technical University of Athens, School of Mechanical Engineering, Lab. of Heterogeneous Mixtures and 

Combustion Systems, Zografou, Athens, Greece 

ABSTRACT 
The environmental impacts related to energy renovation of an existing multi-storey building, located in Athens, Greece were investigated. Three 
scenarios were developed: a) reference one which corresponds to the existing state of the building, b) an advanced case which includes all the basic 
energy renovation interventions according the KENAK regulation and c) a deep renovation scenario which includes not only the upgrade of the 
building’s energy systems but also a total refurbishment of its envelope by prefabricated lightweight components with drywall materials. For all 
three scenarios, the energy efficiency of the building was based on the total annual energy consumption. Life cycle assessment (LCA) was 
additionally employed to complement the typical energy performance evaluation. The LCA results for climate change for the reference building were 
approx 50 kgCO2eq/m2GFA/y. Compared to the reference case, the advanced renovation scenario was found to perform 73% better and the 
deep renovation 76% better. Similar was the performance in terms of primary energy demand. The results signified the need to shift the focus 
upstream the life cycle of the building, to the “materials” stage. The novel materials in the deep renovation and specifically the VIPs in the outer 
wall were found to account for 60% of the total life cycle impact of the building. The adopted approach allowed to estimate the building’s 
environmental footprint, to identify tradeoffs between impact categories and to highlight parts of the system that are typically not assessed such as 
the end-of life of demolition waste.	

INTRODUCTION 

On a European level, buildings account for 40% of the EU's energy consumption, 36% of its CO2 emissions and 55% 
of its electricity consumption [1]. At the same time, more than 40% of these buildings were built before 1960 and 90% 
before 1990, which means that much of the European building stock is in need of renovation [2]. Therefore, the policy 
frame regarding he EU’s climate and energy targets calls for emissions reduction and energy savings in the sector [3]. 

Indeed, researchers and manufacturers are working towards that direction and there is abundance of literature dealing 
with the energy efficiency of buildings. These include the analysis of novel insulation materials. such ass the Vacuum 
Insulation Panels (VIPs). VIPs provide a thermal resistance of about 8-10 times that of conventional insulation materials 
with the same thickness [4]. Other technological innovations in the direction of the energy reduction in the building sector 
include the update of the building automation and control functions, the far end of comfort levels setpoints in heating and 
cooling, the update of mechanical ventilation with heat recovery, the replacement of the older oversized and not efficient 
boilers for heating, etc [5].  

However, beyond energy savings and climate change mitigation there is a plethora of other sustainability related 
policies and targets. The Waste Framework Directive [6] and the the European emerging policy context of circular 
economy [7] call for maximisation of waste reduction, reuse and recycling. The need is particularly urgent since the waste 
management for construction and demolition waste is guided by ambitious policy targets on European level (70% recycling 
by 2020) [8]. In parallel the Ecodesign Directive [9] requires systematic integration of environmental aspects in product 
design. 

Such policy initiatives create a challenge for the manufacturers to keep satisfying the growing market demand while 
ensuring the sustainability of the building sector. Therefore, the need for more holistic assessments emerges to account for 
environmental tradeoffs between different impact categories (e.g. climate change vs toxicity) and between life cycle stages of 

[155][155]



 
EinB2018 – 7th International Conference “ENERGY in BUILDINGS 2018”	

	

a product (e.g. energy use during production vs energy savings during use). Such a need can be addressed by Life Cycle 
Assessment (LCA). This is a state of the art methodology for assessing multiple environmental impacts of a system over 
time and space throughout its lifecycle from cradle to grave, i.e. from extraction of the materials through production and 
use or operation of the system till its end-of-life (EoL) [10]. Although there are scientific and policy papers on building 
LCAs there are limited country specific examples for Greece, that can be used as a proof of concept showcasing the added 
value the LCA can bring in the sector [11,12]. 

With this background the present research aims (i) to provide an understanding of the environmental impacts related 
to the energy renovation of residential buildings (ii) to showcase how LCA results can inform technology and system 
planning and what is their added value compared to simple energy efficiency assessments. 

METHODS AND MATERIALS  

The energy renovation of an existing multi-storey building, located in Athens, Greece is investigated. Three scenarios 
have been developed corresponding to a “reference” (existing state) building which could go through “advanced” and 
“deep” renovation.  The LCAs for the three scenarios were conducted according to the International Reference Life Cycle 
Data System (ILCD) Handbook for LCA [10]. The functional unit (FU), which reflects the primary function of the system 
and is the basis of the LCA [38], is defined as “a multi-storey residential building of Gross Floor Area (GFA) 1500m2 with 
a life time of 25 years”. The results are presented per m2 GFA and per year. The choice of FU and the presentation of the 
results follows the EU recommendation for performing building LCAs [13].   

Building description 

The examined building, was demonstrated before 1980, a period where there was no observation of any compulsory 
regulation setting minimum requirements for the buildings energy efficiency. The general data of the building are given in 
Table 1. The main orientation of the building is at the South, and the heating days are calculated equal to 1077Kdays, 
assuming that the indoor temperature is equal to 20oC. 

	

                                Figure 1 The examined Building 

Table 1 General data of the building 
Description Value 

Type Five storey residential building 
Location Athens, Greece 

Gross Floor Area 1500m2 
Gross Roof Area 355m2 

External Wall Area 1620m2 
Windows opening Area 290m2 
Heating Degree Days 1077Kdays 

	

Description of the building’s envelope. The building was established according the national building regulation of 
1973 with the bearing structure made of reinforced concrete with external plaster from the both sides which results to a U-
value equal to 3.40W/m2K. In the existing state, the building’s envelope is non-insulated while the walls, consist of 
brickwork plastered from both sides, result to a U-value equal to 2.20W/m2K. 

The “Advanced Renovation” scenario is based on the TABULA residential building typologies which have been 
developed for 13 European countries [14]. Each national typology consists of a classification scheme grouping buildings 
according to their size, age, energy systems, and a set of exemplary buildings representing the building types, displaying their 
energy related features and the possible energy savings by implementing refurbishment measures. According to the 
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advanced scenario, the building’s wall is insulated with an 8cm thick EPS; 9cm thick of EPS was placed in roof while 6cm 
thick EPS is installed above the floor of the building. The U-value of the walls is equal to 0.44W/m2K, 0.39W/m2K that of 
the roof and 0.5W/m2K of the floor of the building. The windows of the building are replaced with double pane glazing.  

In the “Deep Renovation” case, the building’s envelope is replaced with prefabricated dry wall systems. Building 
elements consist of drywall materials anchored on a steel framed structure. External walls incorporate a layer of Vacuum 
Insulation Panel’s (VIPs) for more efficient insulation. The total U-value of the walls, including the effect of the thermal 
bridges, is 0.25W/m2K.. The U-value of the roof was calculated equal to 0.31W/m2K and that of the floor equal to 
0.51W/m2K. The windows of the building are replaced with triple pane glazing. 

For all three scenarios, simplified assumptions about the components type and their exact weight are given in Table 3 
which is given in relation to the inventory data collection. 

Description of the energy systems (Table 2). In the reference case, the heating system consists of an oversized oil 
boiler and non-insulated pipes. The efficiency of the boiler is assumed equal to 80%. Each apartment has an independent 
domestic hot water system (DHW) consisteing of a low temperature stratified boiler with poor insulated circulation loop. 
The efficiency of the boiler is equal to 75% without the distribution losses. 

In the Advanced renovation scenario, the oil boiler is replaced by a natural gas condensing boiler with 105% 
efficiency. The losses of the circulation loop are reduced by insulating the pipes. For each apartment, a ventilation system 
with 80% heat recovery efficiency was assumed. The DHW production of each apartment is achieved with the combination 
of a natural gas condensing boiler and a solar thermal system. 

In the deep renovation scenario, the heating the ventilation and the DHW systems are assumed the same as in the 
advanced renovation case. Furthermore, advanced Building Energy Management Systems (BEMs) with forecasting 
algorithms, monitor and control the energy systems, ensuring the building operates at maximum levels of efficiency and 
removing wasted energy usage and associated costs. An extended Photovoltaic system (PV) is installed for the electricity 
demands, on the rooftop of the building. 

Table 2.   Description of the energy systems 
 Existing State Advanced Renovation Deep Renovation 

Heating System 
Central heating system with 
oil boiler (Efficiency: 80%, 
Distribution losses: 10%) 

Central heating system with 
Natural gas condensing 

boiler (Efficiency: 105%, 
Distribution losses: 5%) 

Central heating system with 
Natural gas condensing 

boiler (Efficiency: 105%, 
Distribution losses: 5%) 

Ventilation System No Ventilation System 
Ventilation system for each 
apartment with 80% Heat 

Recovery 

Ventilation system for each 
apartment with 80% Heat 

Recovery 

Domestic Hot Water 
System 

DHW system for each 
apartment with Oil boiler, 

(Efficiency: 75%, 
Distribution losses: 15%) 

DHW system for each 
apartment with Thermal 
solar system -Auxiliary 
natural gas condensing 

boiler (Efficiency 105%, 
Distribution losses: 5%) , 

DHW system for each 
apartment with Thermal 
solar system -Auxiliary 
natural gas condensing 

boiler (Efficiency 105%, 
Distribution losses: 5%)  

Electricity Production No electricity production No electricity production PVs (Area: 95m2, Efficiency 
18%) 

 
LCA Scope, system boundaries and modelling principle. The system boundaries (Figure 2) include the life cycle 

of the building split in three stages a) “materials” stage: includes extraction and manufacturing of the materials that are used 
to make the building components b) “use” stage: includes the energy consumption for heating and electricity purposes 
during the 25 year life time c) the End of Life “EoL” stage: includes the management and treatment of the demolition 
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wastes.  
Given the descriptive and comparative nature of the assessment aiming to document the analysed systems, the 

modelling principle chosen for the inventory followed an attributional LCA approach. Multifunctionality (processes that 
perform many functions) was addressed by system expansion. This is reflected in the waste treatment technologies where 
for instance recycling leads to the avoided production of energy and materials; also, in the energy production which leads to 
avoided use of the grid. Potential structural consequences on other systems i.e. longterm implications to the grid due to 
increased renewable energy production in the deep renovation case were out of scope. Out of scope was also the detailed 
exploration of future treatment technologies of construction and demolition waste. 

 

Figure 2 Life Cycle Stages  

Inventory data collection and modeling 

For the “materials” stage Table 3 presents the bill of materials used in the three assessed scenarios.   

Table 3.   Building Envelope Details 
 Existing state Advanced Renovation Deep Renovation 

 Construction 
material 

Total Weight 
(kg) 

Construction 
material 

Total Weight 
(kg) 

Construction 
material 

Total 
Weight (kg) 

O
ut

er
 w

al
l Brickwork 212000 Brickwork 20cm 212000 Gypsum Board 115275 

Internal/External 
Plaster 53000 Internal/External 

Plaster 53000 Mineral Wool 5600 

Simple Glazed 2940 Insulation (EPS) 
80mm 3710 Vacuum Insulation 

Panels 5168 

  Double Glazed 5880 Triple Glazed 8820 

R
oo

f Concrete roof tile 74550 Concrete roof tile 74550 Roof Sealing Film 2130 

Internal Plaster 17750 Insulation (EPS) 
90mm 1120 Gypsum Board 20590 

  Internal Plaster 7100 Mineral   Wool 4047 
    Concrete roof tile 74550 

Fl
oo

r Cement floor 74550 Cement floor 74550 Floor Covering 7988 
Internal Plaster 17750 Internal Plaster 7100 Gypsum Board 26625 

  Insulation (EPS) 
60mm 746 Mineral Wool 3550 

    Ceramic tile 74550 

Specifically for the VIPs the NanoInsulate project [15] provided industry specific data for materials and energy 
requirements as well as wastes and emissions during production. The aggregated material and energy inventory per kg VIP 
is given in Table 4. A transport distance of 2500 km is additionally assumed corresponding to the distance from Germany, 
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where VIPs production takes place, to Greece.  

 
Table 4.    Aggregated material and energy inputs for the production of 1 kg VIP 

 Material type Weight 

VIP material 

polyethylene terephthalate 7.6E-02 
High density polyethylene 2.3E-02 

Silicone Oxide 9.5E-04 
Polyurethane 3.9E-03 

Methyl Ethyl Ketone Solvent 2.2E-03 
TEOS 1.7E+00 
HCL 6.0E-01 

NH4OH 1.4E+00 
Ethanol 5.5E-01 

CO2 8.8E+00 
Energy Electricity 3.0E+01 

During the use stage of the building energy consumption occurs for heating and electrification purposes. For all three 
scenarios, heating, cooling and electricity demands have been calculated. EnergyPlus software has been used for modelling 
and dynamic energy simulation. The results regarding the energy consumptions for heating and DHW for the existing state 
and the two renovation scenarios, are represented in Table 5. Concerning the energy production by the PVs in the deep 
renovation case, it is used to cover the needs of the energy systems of the building, while the excess energy produced is 
been fed to the grid.  

Table 5.    Energy Balance Results 
 Existing 

State 
Advanced Renovation Deep Renovation 

Total building envelope heat loss 
coefficient (W/K) 

6481 1623 905 

 Oil Electricity Natural Gas Electricity Natural Gas Electricity 
Energy Consumption  

for Space Heating (kWh/m2/y) 97.55 0.29 172.37 1.86 6.96 2.05 

Energy Consumption  
for DHW (kWh/m2/y) 41.71 1.20 11.92 0.56 9.31 0.40 

Annual Energy  
production (kWh/m2/y) - - - - - 2.79 

The EoL of the building and the C&D waste management and treatment is associated with several uncertainties [16,17]. 
Temporal ones are due to the long lifetime of the building and the difficulty in predicting future markets and treatment 
technologies. Uncertainty is enhanced by the lack of inventory data for existing technologies such as recycling of metals as 
well as the geographical differentiation of recycling rates  e.g. collection of aluminium in C&D waste can range 15-90% 
[18,19]. Main assumptions for the EoL of the buildings are given in Table 6.   

Table 6 Assumptions for the EoL treatment of the main building materials 
Waste type % collected  Treatment method Avoided product 

Metals  50 
Recycling (energy based 

on [20]) 
Average material in market; substitution rate 90wt%  

Plasterboard
/ fibreboard 50 Recycling  

Average material in market; substitution rate 90wt% 
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Concrete 50% Crushing and ecycling  Crushed gravel; substitution rate 90wt%	 
Glass 50% Recycling Average material in market; substitution rate 90wt%	
VIP 50% Recycling Average material in market; substitution rate 90wt% 
Modelling assumptions and choice of indicators. For modelling the background processes, e.g. extraction of the 

materials, waste treatment etc., the study relied on generic data from ecoinvent v3.1 [46]. For the EoL operations, e.g. the 
use of fuel for dismantling and the avoided production of materials there were no technological adjustment to future 
conditions.  

Regarding indicators, of primary interest was the system’s contribution to climate change (carbon footprint). This was 
assessed via the IPCC findings [21]. Another indicator commonly characterizing building renovations is energy efficiency 
which is calculated on the basis of Primary Energy Demand [22]. In addition to climate change, all ILCD recommended 
impact categories [23] at a midpoint level, were assessed. The impact assessment was also done at endpoint level using 
ReCiPe methodology, where the emissions are related to their damages to the three areas of protection: ecosystems quality, 
human health and natural resources [24]. The systems were modelled in SimaPro software v.8.1 

RESULTS AND DISCUSSION 

Carbon footprint and primary energy 

The LCA results for climate change for the three cases are given in Table 7. The carbon and energy savings thanks to 
renovation are obvious. Both the advanced and the deep renovation scenarios are more than 70% better compared to the 
refenece case for both indicators (carbon footprint and primary energy demand). 

Table 7.   Climate change potential and Primary Energy Demand per FU.-Percent change after 
renovation compared to reference 

 

Environmental hotspots and contribution analysis. LCA results were used to identify hotspots in two dimensions: 
across the life cycle of the product and within each life cycle stage to the maximum resolution level according to the 
available data. As Figure 3 shows for climate change, the most impactful life cycle stage varies between scenarios. The 
“use” stage is the most impactful in the reference case while the “materials” stage dominates in the case of deep renovation. 
The high impact of the “materials” stage leads to higher savings from the recycling processes at the EoL of the building 
(negative values in Figure 3).  

	
Figure.3 Percent contribution of life cycle stages to the total climate change impact for the three building scenarios 
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This finding reflects the success of energy efficiency measures. Using simpler building materials and no insulation, as 
in the reference case, leads to higher consumption of electricity and fuel for heating purposes during the use stage of the 
building. Contrary, the more advance the renovation with novel insulating materials, the more energy efficient the building 
and therefore the less the energy consumption during the use stage. It also highlights the need for more holistic approaches 
for assessing the energy efficiency and the energy savings in the building sector. Typical approaches, only account for the 
energy consumption during the use stage. As Table 8 shows this view is incomplete since the energy consumption during 
production or EoL treatment and the embeded energy of the materials is disregarded.  

Table 8.   Comparison between typical energy efficiency assessment and LCA for deriving the 
energy efficiency of the building 

Change in primary energy demand compared to the reference 
scenario 

Advanced 
renovation 

Deep 
renovation 

Only use stage (Energy efficiency analysis) 79% 96% 
The whole life cycle (Life cycle assessment) 73% 77% 

The finding also signifies the need to shift the focus upstream the life cycle of the building, to the “materials” stage. Figure 
4 shows the relative contribution of the building components within each scenario. The outer wall is found to be the most 
impactful component in all cases.  

	
Figure 4. Contribution (%) of components to the ‘Materials’ impact on climate change 

Figures 5a-5b further focus on the materials that compose the walls. Both the contribution to the wall’s weight and 
it’s climate change impact are given. This allows seeing whether the impact is driven by the type of material or the quantity 
used, e.g. in the advanced case, EPS insulation and plaster have similar impact. For plaster this is driven by the weight while 
for the EPS insulation it is due to the impact density of the material (EPS is 17 times more impactful per kg compared to 
plaster). As Table 9 explicitly shows, the more novel the materials the higher their impact per kg.   

	 	

Table 9.   Impact Density of 
materials 

Material kg/kgCO2 
Cement mortar 0.2 

Brick 0.3 
Plaster 0.2 

EPS insulation 3.4 
VIP 48.8 

Gypsum plasterboard 0.4 
Rock wool 1.4 	
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Figure 5a) (%) contribution to wall’s weight Figure 5b) (%) contribution to wall’s impact 
on climate change 

Steel 2.1 
	

Beyond Climate change. All the ILCD recommended impact categories assessed at a midpoint level are presented in 
Figure 6. Despite the methodological uncertainties related to life cycle impact assessment for different impact categories, 
this view exemplifies the need to account for multiple environmental criteria, beyond climate change, when designing 
‘environmentally friendlier’ technologies and systems.  

	
Figure 6 Normalised LCA result for all ILCD recommended environmental impact categories 

To identify which environmental impacts are most relevant, Figure 7 shows the end point modelling results for 
human health, and directs attention also to impacts from particulate matter and toxicity. A similar trend is identified in 
other economic sectors striving for a better environmental performance e.g. in the energy sector literature argues that 
shifting from the current European electricity generation mix to renewables avoids carbon but could raise human toxicity 
impacts [25]. 

 
Figure 7. End point modelling results for Human Health 

CONCLUSION 

The objectives of this research were (i) to provide an understanding of the environmental impacts related to the 
energy renovation of residential buildings (ii) to showcase how LCA results can inform technology and system planning and 
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what is their added value compared to simple energy efficiency assessments. 
For this purpose, a multi-storey residential building located in Athens, Greece of Gross Floor area 1500m2 and a life 

time of 25 years was assessed. Three scenarios were developed corresponding to a “reference”, existing, building which 
could go through “advanced” or “deep” renovation 

 The LCA results for climate change for the reference building were approx 50 kgCO2eq/m2GFA/y. Compared to 
the reference case, the advanced renovation scenario was found to perform 73% better and the deep renovation 76% 
better. Similar was the performance in terms of primary energy demand. 

For both indicators the most impactful life cycle stage varied between scenarios. The “use” stage was the most 
impactful in the reference case while the “materials” stage dominated in the case of deep renovation. This finding highlights 
the incompleteness of typical approaches that only account for the use stage of the building when assessing the energy 
efficiency after renovation disregarding the other life cycle stages. Specifically, only accounting for the use stage, the deep 
renovation performs 96% better than the reference. However when accounting for the whole life cycle, the savings drop at 
77%.  

The results also signify the need to shift the focus upstream the life cycle of the building, to the “materials” stage. The 
novel materials in the deep renovation and specifically the VIPs in the outer wall account for 60% of the total life cycle 
impact on climate change.  

Beyond climate change the LCA results at an end point modelling showed that the assessed systems have also a 
significant contribution to human toxicity and impacts from respiratory inorganics. 

Aside the comprehensive analysis of the environmental impacts of the buildings this research also showed how. LCA 
can be used in product development for eco-design applications e.g. for understanding the environmental impacts of 
materials, therefore supporting the selection of more sustainable alternatives. Additionally, the potential savings from 
recycling at the EoL could feed the discussion around transitioning to more circular business models. 
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ABSTRACT 
The objective of this study is to present and examine a novel solar assisted mechanical compression refrigeration system. Flat plate collectors 

are used in order to partially thermally compress the refrigerant, after the mechanical compressor. This design aims to reduce the electricity 
consumption using a renewable energy source, creating a sustainable system. The thermal compression technology is a consenting technology due to 
the ability to use volatile fluids that have the ability to evaporate at ambient temperatures and of course to work as gas and not as vapours. The 
suggested design is analyzed parametrically in order to investigate its energetic behaviour in various operating conditions and it is examined with 
EES (Engineering Equator Solver) in steady state conditions. The examined parameters are the temperature levels -like those prevailing in super 
markets in the evaporator and the maximum one in the condenser- as well as the thermal compression fraction expressed with the pressure ratio 
parameter. The final results proved that the optimum values of the pressure after the mechanical compressor is the 75% of the maximum pressure 
and for this case, energy savings from 25% to 30% can be achieved. Moreover, the specific collecting area is found to be relatively low, close to 
2m2/kW for the optimum cases. The final results proved that the new design leads to energy savings in all the examined cases and especially in 
cases with higher evaporating temperature levels, a fact that makes it ideal for space cooling applications.  

INTRODUCTION 

Our society faces many problems associated with the energy production and management. Global warming, fossil fuel 
depletion and the increasing cost of the electricity are the main reasons which make the turn to renewable and sustainable 
solutions to be a mandatory issue [1–3]. Solar energy is one of the most promising technologies for producing heat and 
electricity for a great range of applications [4]. Air conditioning is one of the most energy consuming technologies, 
especially for countries with hot climate [5–6]. 

Mechanical compression refrigerators are the conventional devices which produce the demanded cooling load by 
consuming electrical energy [7]. These devices operate with a coefficient of performance close to 3 [8–9], something that 
depends on the operating conditions. Thus, a lot of research has been focused on finding alternative technologies for 
cooling production. The most usual idea is based on using heating instead of electricity for producing the demanded cooling 
load with a great variety of thermal machines. This heat is preferred to be taken from renewable energy sources as solar 
energy and geothermal energy, while the use of waste heat is an alternative and environmentally friendly option [10–11]. 
The most usual techniques for using solar energy for refrigeration are absorption chillers, adsorption chillers, ejectors, 
desiccant wheels and hybrid systems. 

In this study, a novel solar-assisted system is suggested and examined parametrically under thermodynamic basis. 
More specifically, in the present refrigeration cycle, the total compression of the refrigerant is separated into six parts. Each 
of the six parts of the refrigerant compression is separated in two parts; the first is integrated with the compressor thus 
consuming grid electricity and the second is achieved inside a vessel through an isochoric heating process. Solar collectors 
supply the demanded heat in the vessel causing the refrigerant pressure to increase and to reach the desired levels. This idea 
utilizes solar energy and leads to electricity savings. The proposed system is examined for usual conditions like those 
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prevailing in super markets. The evaporator and condenser temperature levels areaccording to the standards for 
refrigeration in super markets and South Europe climate conditions. Numerous combinations of the examined parameters 
are investigated in order the system to be fully analyzed. The final results consist of useful guidelines for designing and 
evaluating the proposed system. 

THE SUGGESTED SYSTEM 

System description 

The main parts of the suggested refrigeration system are the solar field, or other waste heat, the storage tank and the 
mechanical compression part which includes an extra vessel. The new idea is to separate every compression into two parts; 
the first part with mechanical compression and the second part using thermal compression. More specifically, the thermal 
compression is an isochoric process caused by a pressure increase due to heat addition inside a vessel of constant volume. 
According to the ideal gas law, the pressure is analogous to the temperature, under constant volume conditions, something 
that explains the thermal compression. The proposed system aims to operate with lower electricity consumption, a fact that 
leads to lower greenhouse emissions and to solar energy utilization which is a renewable energy source [12].  

Moreover, this configuration is an alternative solution for the efficient utilization of installed collector fields during the 
summer, which are mainly designed for winter applications such as solar space heating. The suggested system is innovative 
and thus its operation has to be explained with more details. In a real system, three vessels can be used in every pressure 
stage in order to achieve continuous operation. The basic idea is to use a vessel for feeding with vapour the condenser, a 
vessel for capturing the incoming vapour from the compressor and a vessel for the thermal compression, in every pressure 
stage. The role of every vessel can be changed with the time in order to complete the thermal compression process with a 
continuous way. Moreover, valves have to be used in the system in order to control the flow of the vapour streams. 

Fig. 1 describes the examined solar cooling system with thermal compression in detail for each compression step and 
the examined solar cooling system with multi (j=1 to 6) stage thermal compressing. Cold water at a pressurized temperature 
(Tcol,in) flows from the bottom of the storage tank and enters the collector field.  

Solar collectors have been selected for use in this system because temperatures are below 80°C. Working fluid is water 
at 3 bar. The water at the collector array outlet has a high temperature (Tcol,out) and is given at the top of the storage tank. 
The storage tank consists of 3 mixing zones [13] and has a total heat loss to the environment equal to Qloss. Hot water at a 
temperature (Ts,in) flows from the top of the containers to the thermal compressors of the refrigeration system. In these 
thermal compressors there are suitable heat exchangers in series (Qaux,j) from the hot water flow to transfer refrigerant fluid 
to the inside of the cooling cycle (R744 / CO2). The water exits the thermal compressors by the temperature (Ts,out, j) and 
returns to the bottom of the storage tank. 

The refrigeration device is a common integrated system which additionally includes spaces for the isochoric thermal 
compressors. In the main analysis, the test cycle is close to the ideal without overheating or subcooling. The cooling cycle 
starts from a saturated vapor condition (Fig.2) from the evaporator outlet to the compressor. This device increases the 
pressure and temperature of the steam. In the proposed system for each step, compression is made from a low pressure 
level (pl,j) to an intermediate pressure level (pm,j) corresponding to the intermediate point m,j. The pressurized refrigerant 
fluid (pm,j) enters the space where it is subjected to sudden heating and increasing its pressure. The cooling fluid is heated 
under constant volume conditions and the pressure is increased up to the high level (ph,j). High pressure superheated steam 
(point 2) enters the condenser in order to dissipate the heat in the environment, for each intermediate step it enters the 
intermediate heat exchanger mixer and for the V-stage water cooler. At the condenser outlet, the saturated liquid, point 3, is 
generated and this amount is expanded by means of the throttle valve under ideal conditions. Thus, process 3-4 is supposed 
to be adiabatic and therefore the enthalpy of points 3 and 4 is the same. The cold mixture point 4 enters the evaporator 
where it absorbs the cooling load. In this way the circle closes and all processes are repeated again. 
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Figure 1 The examined solar refrigeration with details for multi (sixth) stage thermal compression. 
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Figure 2 Μulti-stage thermal compression refrigeration system (a) & (b) in EES. 
The point 1,2,4 is on isentropic line, S1=S2=S4 and point 2 and 3 is on isochoric line, v2=v3. The same is for 5,6,8 and 

6,7 and the other similar points. 
Depending on the pressure difference, the thermal compressor may be single or multiple flow. The concept of 

thermal compression by necessity is step-by-step and not continuous. Each route of the thermal compressor consists of 
two non-return valves of different opening pressure. The first (opening) opens at low pressure - inlet pressure towards the 
space of the thermal compressor and the second opens at high pressure - outlet pressure and directs to the outlet to the 
condenser. Thus, by sequential cooling and heating in the duct forming the thermal compressor it can be filled (and then 
expanded). If the requirements are small, even the unitary cold production is sufficient, in the case of higher loads the 
multiple arrangement with sequential use is appropriate. Typical multiple layouts are triple. 

Methodology 

In the case of devices with CO2 (coolant fluid) the method used is the operation of the devices in a critical area. This 
is because the refrigerant in question has a critical point at a temperature of 30oC, ie much lower than the ambient 
temperature where the heat is discharged. At the same time, the process of one-stage or two-stage refrigeration leads to 
high exit temperatures from the compressor (about 94oC) which when heat compression is used will lead to even higher 
temperatures exceeding 180oC. These temperatures are detrimental to the quality and durability of the lubricating oils used 
in these devices, while requiring large compressions in thermal compression. For this reason, it is proposed to use multiple 
stages, namely six (6) compression stages with parallel cooling of the fluids, which leads to much lower exit temperatures. In 
particular, the maximum outlet temperature is determined at 68 oC value which is sufficient to protect lubricating fluids. At 
the same time, since the thermal compression is not unlimited, neither the temperature at the outlet of the thermal 
compressor as mentioned above can be excessive, for reasons of strength of the fluids and the cooling oil, this device can 
be converted into several successive mechanical compressions and thermal equivalents. That is, the device can be varied in a 
multi-layered configuration with successive pairs of mechanical and thermal compressors that can lead to significant energy 
savings. Mathematical modeling for all parts of the system is described in the module and developed in EES (Engineering 
Equator Solver) [14]. The properties of R744 /CO2 were obtained from the program library [15], as well as the properties 
of pressurized water [16]. The basic parameters of the tested system, which have remained constant during the simulations, 
are given in Table 1. 

Table 1 Basic parameter values for system examined. 

Parameter Value 
nis 80% 
nm 70% 

(UA) 6,25 kW/K 
GT 0,8 kW/m2 
Tsun 5770K 
Tam 30oC 
To 298K 
UT 0,5 W/m2K 
Qe1 20kW 
Qe2 50kW 

Working fluid R744/CO2 

 
The system is examined for various combinations of the evaporating temperature (Te) and the condensation temperature 
(Tc) in order to examine its performance in various operating conditions. The evaporating temperature studied is -25 oC 
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and -5 oC in order to cover the requirements for a great variety of applications, from freezing technologies to cooling 
applications. Moreover, the condensation temperature examined is 55 oC in order to include the usual condensation 
temperature levels. For all the combinations of (Te, Tc), a parametric analysis is performed for different values of the 
pressure ratio parameter (a). This parameter indicates the pressure level where the mechanical compression stops and the 
thermal compression starts. Performing a complete parametric analysis, this parameter is examined in a great range from 0.5 
to 1.0. Higher values of this parameter lead to lower utilization of thermal compression, a fact that leads to lower demanded 
collecting area. Lower values of this parameter leads to extremely high collecting area, something that is proved by the 
following results. It is essential to state that in this point, the sub-cooling and the superheating have not been taken into 
account in the main parametric analysis. 
In the case of appliances with cooling fluid CO2 the method used is the operation of provisions in favour of critical area. 
This occurs because CO2 presents critical point at a temperature 30oC, i.e. much lower than the ambient temperature where 
the heat is rejected. 
The mathematical modeling of all the system parts is described in next section and it was developed in EES (Engineering 
Equator Solver) [14]. The properties of R744/CO2 are taken from the program library [15], as well as the properties of the 
pressurized water [16]. The basic parameters of the examined system, which have been kept constant during the 
simulations, are given in Table 1. It is important to state that the system is examined in steady-state conditions in order its 
performance to be investigated. 
The performance of the system results from the use of vaporizers at two different vaporization temperatures. One at -25 ° 
C which is the freezer and the other at -5 °C operating for all maintenance temperatures. Based on the requirements in a 
typical supermarket store, the needs in both areas amount to 20kWc in the freezer and 50kWc in maintenance. These values 
were based on full power conditions. 
Six steps were selected which are allocated based on the required cooling chamber temperatures and intermediate pressures 
for the system's operational behavior. Correspondingly, equal amounts of mechanical and thermal compressors are being 
developed which work in succession. 
The solution of the operation of the system was done in EES software and it was confirmed by the corresponding carbon 
dioxide charts. The selected six tiersare allocated on the basis of the required temperatures cooling chambers and 
intermediate pressure for the functional behavior of the system. Respectively, equal amounts of mechanical and thermal 
compressors working sequentiallydeveloped. 

 

Figure 3 Diagram of compression and thermal compressors, in EES. 
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Methodology 

The basic equations describing the refrigerator operation are given below. Eq. (1) shows the energy balance in the 
condenser and Eq. (2) shows the energy balance in the vaporizers. 

 

{ }condoutcompoutmrc hhmQ ,,, -*=       (1) 

{ }
II -*= stinstoutre hhmQ ,,,1        (2) 

{ }
IIIIII -*= stinstoutre hhmQ ,,,2        (3) 

 
where Qc is heat flow discharged into the environment by the condenser, Qe1 is absorbed heat from the evaporator 1, Qe2 is 
absorbed heat from the evaporator 2, mr,I is CO2 mass flow to the evaporator 1 of first stage I, mr,IIIis mass flow CO2 to the 
evaporator 2 of 3rd stage III, hout,stis enthalpy of CO2 at the evaporator outlet, hin,stis CO2 enthalpy at the evaporator inlet 
and Ι, ΙΙΙ the stages where the evaporators are situated, mr,mis CO2 mass flow to stage m, hout,comp is enthalpy of CO2 at the 
compressor outlet, hout,cond is enthalpy of CO2 at the condenser outlet. 
The power consumption in the compressors, for each stage j, Pel,j is given by: 
 
For j = I toVI 

{ }
jmiscompiniscompoutjrjel nnhhmP )/()(* ,,,,, *-=      (4) 

The total electricity consumption is: 

å=
=

m

j
jeltotel PP

1
,,          (5) 

The isentropic point "is" is "the point with high pressure (ph) and entropy equal to each point in, comp. Engine 
performance (nm) is used to take into account the amount of electricity and that the engine consumes as well as the 
mechanical damage to the system. 
The thermal energy consumption in the thermal compressors, for each stage j is given as: 

{ }
jcompthincompthoutjrjth hhmQ )(* ,,,,,, -=!       (6) 

Total heat consumption is: 

å
=

=
m

j
jthtotth QQ

1
,,
!!         (7) 

The electrical efficiency factor of the system is calculated as: 

( )
totel

ee
el P

QQCOP
,

21 +=        (8) 

RESULTS 

From the processing of results, the yields were calculated according to the participation of mechanical and thermal 
compressors in the whole process. In particular, the minimal use of mechanical compressors by compressing some kPa 
from 200 to 500 was investigated, and the rest of each compression was subjected to thermal compression at values ranging 
from 1 to 2300 kPa. The optimal performance occurs in the area with the lowest mechanical compression as expected and 
the lowest yield in the area with the participation of the higher thermal compression, as is also expected. 
The change values of the respective COPs are shown in Fig. 4. The change in the maximum temperature of the fluid 
throughout the process is shown in Fig. 5. 
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Figure 4 Variation of the COP device as a function of the mechanical compression used. 
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Figure 5 Change in the maximum developed temperature Tmax of the fluid of the device as a function of the 
mechanical compression used 

 
The calculations analyzed the change in yields and developing temperatures in the intermediate compression stages in the 
case of a multistage device with mechanical compressors and a multistage device with a combination of mechanical 
compressors and thermal compressors. Indeed, in the latter case, the possibility of changing the mechanical compression to 
the benefit of the thermal onedepending on the available heat, was analyzed. 
The developed temperatures at the outputs of the thermal compressors, i.e. at points 3, 7, 11, 15, 19 and 22 of Fig.2 are 
shown in Table 2 below. While Table 2 shows the developed temperatures in the two- thermal compressors and their 
output when there is only mechanical compression. 
Specifically, Table 2 shows the case of the mixed multi-stage device when the mechanical compression ratio with the 
thermal one follows values from 5 to 550 kPa and it is compared with a corresponding multi-stage device with mechanical 
compression. 
It can be realised that while the multi-stage with six stages device exhibits a COP ~ 1.883, in the case of the mixed assembly 
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even if the mechanical part covers 500kPa, it results in COP ~ 5.1, while in intermediate values it reaches in sizes that are 
inconceivable with today's technology. 
From energy analysis, an improvement of COP from 1.86 for mechanical compression to 1.883 from the corresponding 
multistage and for multistage thermal compression values of COP ranges between 5.1 and 12.1 inversely depending on the 
change in mechanical compression with values ranging from 500 to 200 kPa. 
 

Table 2. Growing temperatures in multi-stage thermal compressors according to mechanical 
compression. 

Multi-stage with mechanical compressor 
Dp T[3] T[7] T[11] T[15] T[19] T[22] COP 
kPa [oC] [oC] [oC] [oC] [oC] [oC] 

 200 18,9 29,6 36,0 43,5 49,0 66,8 12,1 
250 15,6 27,3 34,4 42,5 48,5 66,5 9,7 
300 12,6 25,1 33,0 41,6 48,1 66,2 8,2 
350 9,7 23,0 31,6 40,7 47,6 65,9 7,1 
400 7,0 21,0 30,2 39,9 47,1 65,5 6,2 
450 4,5 19,0 28,9 39,0 46,7 65,2 5,6 
500 2,0 17,2 27,7 38,2 46,3 64,9 5,1 

Multi-stage with mechanical compressor 
kPa oC COP 

Dp_I:581,2 T[3]: -1,6 

1,883 

Dp_II:781,9 T[7]:8,2 

Dp_III:991,2 T[11]: 17,5 
Dp_IV:1314 T[15]: 28,1 
Dp_V:1741 T[19]: 38,6 
Dp_VI:2308 T[22]: 56,9 

 
In Table 3, respectively, a similar analysis is made to Table 2, but for the case of two-stage mixed or only mechanical 
compression. It can be seen that while the mechanical compression performance does not change, its mixed ratio is much 
higher across the range. 

Table 3 Growing temperatures in the thermal compressors of the two-stage compressor 
according to the mechanical compression and the output of the mechanical compressors 

without thermal compression. 

Dp T[3] T[6] COP 
kPa [oC] [oC]   
200 95,36 311,7 29,2 
250 90,41 306,5 23,62 
300 85,71 301,5 19,9 
350 81,24 296,7 17,24 
400 76,97 291,9 15,24 
450 72,91 287,3 13,69 
500 69,04 282,9 12,44 

Two Stages    

[172][172]



 
EinB2018 – 7th International Conference “ENERGY in BUILDINGS 2018”	

	

Dp_I: 1363 23,3   
1,883 

Dp_II:6354  94,1 

CONCLUSION 

In this study, a solar thermal-assisted mechanical compression cooling system is thermodynamically tested under various 
operating conditions. The basic idea is to use solar energy to partially compress the refrigerant. This project leads to a 
reduction in electricity consumption, which reduces the operating costs of the system and also makes the system more 
environmentally friendly. 
According to the final results, the electrical COP can be increased by incorporating the refrigerant thermal compressors 
through the solar collector system. The optimum value for the pressure ratio for the system to be functional has been 
selected for 75% of the compression in order to combine the electricity savings. More specifically, 28.8% of energy savings 
can be achieved with a specific collection area of less than 2m2/kW. 
Greater energy savings can be achieved for applications such as the cooling space that require evaporation at lower 
temperatures. In these cases, solar compression can give much of the increase in demand pressure in the system. However, 
this system can be used for a wide variety of applications, because energy savings have been found in all the cases under 
consideration, which demonstrates the high viability of the proposed technology. 
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ABSTRACT 
The present paper is part of an ongoing research that deals with the inclusion of the effect of bio-luminescence as a 

substitute or complimentary light source in urban environments, to not only reduce energy consumption for lighting in 
outdoor areas, but also to mitigate light pollution and raise awareness for sustainability. To achieve these goals, a 
methodology is formed for selecting plants that can be acclimatized to Greek urban outdoor areas and for which there is 
already a genetic modification protocol. Through bibliographic data and experiments, further attempts are made to 
simulate gene plants as point light sources, in appropriate lighting design software. Preliminary results show that the use 
of bioluminescent plants cannot fully replace the lighting output of conventional urban lighting; However, taking into 
account the European standards on outdoor lighting, they could provide lighting to pedestrian pathways in suburban 
settings, or in protected areas, with not excessive ambient luminance.  

Keywords: Bioluminescence, transgenic plants, genetic modification, substitute light 
source 

INTRODUCTION 

By learning from the study of bio-physical-chemical phenomena, such as the phenomenon of 
bio-luminescence, with the help of other sciences, such as genetics and digital technology, we can 
"represent" and exploit these phenomena in modern design, with the specific application of the 
illumination of shells and their surroundings.  The aim of this research is to study the possibility of 
replacing conventional lighting fixtures with bioluminescent plants at a suburb of Athens, Greece and 
to make the necessary comparisons both qualitative and quantitative, by extracting a final result 
calculating the amount of energy saved. 

Bioluminescence is defined as the production and emission of light from a living organism. The 
earliest observations about the phenomenon of bio-luminescence in nature were recorded in China 
between 1500-1000 BC  (Roda, 2011, p. 4), while in later years, to date, a multitude of scientists, 
researchers and philosophers have dealt with this phenomenon  (Newton, 1957, σ. 41).  

Marine organisms naturally occupy the dominant position in the bio-luminescence broadcast, 
which is now being exploited at a spectacular pace by genetics and biotechnology, to improve the 
quality of human life. Extensive research and the achievements of new specialized instruments for 
measuring and imaging light as well as tools of molecular biology have led to the rapid development 
of bio-luminescence utilization, indicative of the discovery and development of GFP (Green 
Fluorescence Protein) for which researchers Osamu Shimomura, Martin Chalfie and Roger Y. Tsien 
were honored with the 2008 Nobel Chemistry Award (Roda, 2011, p. V). 
Drawing on information, knowledge and inspiration from the past, with the help of contemporary 
tools and construction technologies, architectural creation can proceed in its transformation, so that 
the generated structure fits perfectly into the natural environment and develops and operates 
autonomously without burdening it. The term "emergence", referring to modern technologies, marks 
a new science that creates a new stream of architectural culture and requires the understanding of the 
behavior of complex systems, their mathematical processes for evolution and then the systematic 
transfer of this knowledge in design and production (Hensel, 2010, σσ. 10-11). 
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 The main novelty of this research is the attempt to estimate of the light performance of 
transgenic bioluminescent plants, so that they can be used as substitute sources of outdoor urban 
lighting in Greece. At the end of the 20th century, after the completion of the genome definition and 
the evolution of digital architecture, we are at the threshold of a new "post-human" era that changes 
the way of thinking and interacting with the world as a whole. Essentially, between biology and 
architecture, the concept of artificial intelligence interferes for the first time. 

 
Bioluminescence as a desirable property in plants  
 

Testimonies for human efforts to "improve" the properties of plants to meet their needs are 
already in existence since the discovery of reliefs in the 9th century BC (Lukas, 2000, pp. 1-6).  Since 
the 19th century, a new science was specifically concerned with research for the development of 
plants with desirable features. Thus, a series of plant combining processes with desired properties for 
"breeding" was initiated, but at the same time - with the development of molecular biology - the 
"production" of desirable properties was sought, intervening in their genetic material (Vamling, 2007) 
and proceeding to genetic mutation specific properties (Branchini, Magyar, Murtiashaw, and 
Anderson, 1999, pp. Biochemistry 38: 13223-13230). General principles for the genetic improvement 
of plants are to have genetic variation in the improved attribute and genetic recombination to produce 
offspring with new combinations of features (Fanourakis, Genetic Improvement of Plants: Basic 
Principles, 2005, p. 40). 

 
The production of bio-luminescence in the laboratory has involved a multitude of scientists 

during the 20th century. Taking advantage of the findings of previous researchers' studies, they have 
succeeded in reproducing the phenomenon, as well as formulating conclusions through a series of 
experiments. Since 1961 at Johns Hopkins University, researchers have been able to chemically 
synthesize luciferin by isolating genes encoding the photo productive luciferase enzyme from fireflies. 
In 1984, the team of researcher Marlene De Luca succeeded in synthesizing a luciferase enzyme in the 
laboratory by synthesizing RNA from the beginning, resulting in the cloning of luciferase and its 
subsequent expression initially in cells and transgenic plants, and finally in mammalian cells (DeLuca, 
November 1986) (see fig. 1). 

 
Figure 1. Transgenic luminescent Tobacco plant (origin Lonsdale, 

Moisan and Harvey, 1998), (Barnes, 1990) 
 
Bacterial bioluminescence 
 
Apart from Dinoflagellates, single-celled bioluminescent organisms in 

oceans and coastal areas, bioluminescent bacteria are the most widespread 
bio-luminescent organisms, with the majority being endemic in seawater, 

while fewer are found in the terrestrial or aquatic (freshwater) environment (Charrier, 2010, pp. 1-2). 
The spectral emission of marine bacteria varies between 400-750 nm (Thouand, 2003, p. 145). 
Although several species are found to live freely, the greatest proportion in nature is found living 
symbiotically in "submissive" organisms (e.g. fish, mollusks, crabs, etc.). From the bio-luminescent 
bacteria that have been isolated and their luminescent genes have been cloned, the most well-known 
are the bacteria Vibrio Harveyi and Fischeri (Mitcell, 2004, p. 48), (Farles, 2009), (Phiefer, 1998),  
(Koncz, 1990, p. 224) –see fig, 2.  

 
 Figure 2. Vibrio Fisheri colonies on an agar plate under 

normal light (left) and in the dark (right), demonstrating 
bioluminescence production (Credit G.W. Hastings through 
E.G.Ruby) 
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Research methodology for implementing bioluminescence in outdoor areas 
 
The process that was implemented in this research, concerning the development and use of 

transgenic bioluminescent plants in outdoor areas to replace conventional artificial lighting sources, is 
described in the following stages (see fig. 4): 

 
1. Identifying the properties and characteristics of bioluminescence that can be exploited 
2. Studying the applicability of bioluminescence especially in Greek suburban outdoor 

environments.  
The peculiarities of the urban environment in Greece, which affect the health of the flora, can 

be summarized as follows: pollution of the atmosphere due to the exhaust of vehicles, industries and 
heating, soil and root system pollution, drought from the large quantity solar radiation, mechanical 
damage to plants from the uncontrolled use of vehicles and a lack of know-how for the proper 
maintenance of urban greenery. The plants for the formation of the Greek urban outdoor space could 
be classified into three categories: plants for the formation of public open spaces, plants for building 
façades and climbing plants.  

3. Searching for the appropriate plants in terms to their acclimatization in the particularities of 
the Greek suburban area and identification for plants for which a protocol for genetic modification 
already exists. Of the plants considered suitable for the climatic and general environmental conditions 
of the Greek urban area, the following representative plants specimens by category have under some 
methods undergone genetic transformations and therefore it is considered possible to create a 
protocol of photogenic properties (Fanourakis, Genetic Improvement of Plants: Basic Principles, 
2005, p. 40): Quercus suber L, Pittosporum Tobira and Morning Glory climbers –see fig. 3 

 
 

. 
Figure 3. Representative transgenic plants, in which stable genetic transformation has already 

been achieved, suitable for Greek urban outdoor areas 
Min=minimum requirement, M= moderate requirement, H=high resistance, No=zero endurance 
 
4. Conduct experiments with bioluminescent organisms to calculate measured results of emitted 

luminescence, recording and comparison of results, assumption of rates selection 
3.  Calculation the exploitable area for foliar luminescence per plant and simulation of foliage as 

a light source through software 
4. Creation of a profile for each plant simulated as a light source and anticipating possible 

problems in the development and performance of plant beds and proposing to deal with them 
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5. Testing the above in an application study and simulation of the case study with the selected 
plants as bioluminescent and calculating their photometric properties and lighting performance as 
well. 
 

 
 
Figure 3. Structure graph of the survey 
 
 

Defining the light output of the selected transgenic plant 
 
From a limited quantity of photometric data of the emitted bio-luminescence of both the 

denatured and the bioluminescent bacteria (when fully induced), the light emission of the latter being 
slightly correlated with the cell density of the bacterial cultivation (Meighen A., 1993, p.p.1016-1022) 
has been recorded. From these data, the luminescent intensity of Vibrio Fisheri type bacteria is used 
in the following calculations in this research. 

For the adoption of regulations for the lighting of public spaces, the qualitative and quantitative 
parameters of light emitted from selected light sources are taken into account. For the convenience of 
controlling outdoor lighting, the urban environment is classified into environmental zones. The 
specifications for shaping the lighting pattern of roads and open spaces in general are determined by 
reference to their geometrical characteristics, the circulation of vehicles or not, the traffic load and the 
speeds being developed, their use and the local environmental conditions. The classification of the 
above areas corresponds to the local conditions and specifications of each country, with efforts to 
harmonize the peculiarities in a common direction, while the photometric requirements for each 
category are determined on the basis of international specifications. 

In this paper, interest is limited only to the outdoor illumination through the bioluminescent 
plants, where the luminescent intensity is low and therefore cannot substitute entirely the artificial 
lighting, except in small open spaces, or in dark environments such as parks, low-traffic roads and 
trails, elevation of water surfaces, sculptures, building shells, etc. 

In order to achieve computations, each plant is simulated at a medium expected growth with a 
light source by first calculating the recoverable foliage per proposed transgenic plant and then 
simulating the leaves of the above plants as spot light sources by means of the Relux software.  For 
the gene modification of the plant, it is assumed that the bacterial luminescence of the Vibrio Fisheri 
bacteria is exploited for the photometric data already recorded. 

[178][178]



 
EinB2018 – 7th International Conference “ENERGY in BUILDINGS 2018” 

 

Subsequently, tables are produced with the intensity of illumination emitted per medium growth 
plant and a region of urban Greek space is selected as a study area under the application of the above 
survey. For the selected area, simulation of this part will be carried out by placing transgenic plants 
("lights" above) and their photometric data will be recorded. 

 
Results 

 
The next phase of the research concerns the inclusion of the simulation model light source in a 

case study, so that early simulation results of light calculations can verify the assumption that bio-
luminescent plants can be used as outdoor light sources either on their own or complimentary to 
conventional lighting fixtures and as such can reduce energy consumption. The case study presented 
in this paper used a representative suburban outdoor space, with low ambient luminance levels, in 
Athens, Greece. The resulting values will be compared to those required by the specifications and the 
conclusions from the use of the above proposed plants for the possibility of artificial light substitution 
for the Greek urban space will be recorded. Finally, energy savings will be calculated and the 
photorealistic imaging of the studied part of the sub-study will be created. 

 
It is unquestionable that all processes of genetic transformation in natural organisms are 

interventions in nature and it seems paradoxical that these interventions aim at creating a sustainable 
environment. But it is also undeniable that continuous manmade interventions in nature and the 
intensive overexploitation of natural resources have led to the irreversible failure of many of them, as 
well as to the destruction of the environment. Mankind has to choose the least harmful version. We 
are obliged to use every possible source of energy to create the environment of our habitats, without 
consuming natural resources, employing every opportunity of state of the art technology. On the 
other hand, molecular biologists claim that new transgenic species do not exchange their properties 
with their environment (Hanneman , USDA, 1995). They are simply organisms that are “gifted” with 
a new property, that of luminescence. In their words, it will not be possible to reproduce between 
different plant species in order to overcome the potential danger of the propagation or prevalence of 
the luminescent plants within the ecosystem. 

Considering the likelihood of light pollution induced by the emission of luminescence from 
transgenic plants, the latter is expected to be low for the following reasons: 1. Plants foliar (acting as 
luminaires) use to be orientated vertically during nocturnal hours (luck of sunshine), resulting to very 
small quantity of light to escape to the sky, 2. Produced light intensity is execrated in low rates and 3. 
Greenery reflection coefficients are small. 

Regarding the side energy costs for this transgenic transformation of the plants, it is not possible 
to be evaluated accurately in the present work. However, as the feedstock for transgenic plants are 
easily assured in extremely large quantities (very fast-growing bacterial cultures) and are maintained 
for very long (decades years) at an affordable cost, the projected total expense is expected not to 
exceed much the usual open spaces maintenance by Community agencies. 

 
Conclusions 
 

Preliminary results show that the use of bioluminescent plants cannot fully replace the lighting 
output of conventional urban lighting. But it should be mentioned that bio-lighting, with mild 
intensity and brightness levels, is a promising method of coping with night light pollution and its 
adverse effects on flora and fauna of the earth. It is also a fact that a new, more qualitative than 
quantitative perception has become prevalent in the lighting design of open public spaces in the city, 
whose main objective is "how to lessen the outdoor space" or "how to learn to live with less artificial 
light ", that is to say, how to avoid nocturnal light pollution in any way.  
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ABSTRACT 
          In residential applications, energy saving is possible with alternative cooling methods. Evaporative cooling, which is one of them, is based on 
the principle of taking heat from the air by evaporation of water. As the water evaporates, it draws heat from the air and causes the air to cool; in 
this way, it also causes changes in relative humidity of the room. In this study, cooling effect of decorative pool with wind catcher; an important 
vernacular architectural detail especially found in the city of Yazd, Iran was investigated for energy efficiency. CFD solutions of previous swimming 
pool studies in literature have been verified and the methods used in these studies has been integrated into this present 3D model with wind catcher. 
However, in previous studies, simulations were carried out with a uniform velocity distribution for the wind catcher’s inlet. In this study, the 
velocity profile at the section of the wind catcher and gauge pressure for outlet, which was located at the rear of the building, were extracted by 
performing external flow analysis and then subsequent investigations were continued using the results as inputs. The water vapour was defined as a 
mass source spreading perpendicularly from the interface of air-water at the pool. The temperature and relative humidity distribution of air 
interacting with this mass source in the room were analysed. Evaporation rate was calculated according to ASHRAE Fundamental Book and 
VDI 2089 German standards with activity factor. Study also includes optimization case for four different outlet positions and two wind 
velocities. These positions and outdoor air velocities are chosen respectively 0.6, 1.5, 2.4, 3.3 meters above the ground and 4 and 6 m/s. The best 
air comfort was detected for these parameters. The simulations were carried out in ANSYS Fluent software program and k-epsilon turbulence 
model was used in all solutions with coupled algorithm. 

INTRODUCTION  

         Energy efficiency is very important for sustainability. Instead of electricity consumption for cooling and heating, 
evaporative cooling can be used as a one of the alternative methods. Evaporation of water enables to decrease temperature 
of air with energy transfer, so indoor can be cooled by water vapour (Cengel et al. 1989). Evaporation rate is depending on 
some parameters such as velocity and speed of wind are different in this case. Moreover, water vapour increases the 
humidity in the air and helps to moisten the dry air. The best relative humidity condition for indoor can be achieved by 
evaporation of water and ideal condition was obtained as between 40% and 55% (ASHRAE Handbook 1999). 
          There are many investigations about pool evaporation because of HVAC system selection. For the best air comfort, 
relative humidity should not exceed 60% and velocity of air should be lower than 1 m/s. Also, occupied and unoccupied 
pools have different evaporation rates because of activity levels in the water. In this study, the focus is on a decorative pool 
and there is not any activity in the pool, so it can be categorized as an unoccupied situation.  
          Species transport is one of the alternative methods for applying evaporation mass from interface of air-water and 
water vapour was defined as a mass source in previous works; moreover, lower temperate and higher relative humidity were 
obtained above the pool area. Also evaporation rates were calculated according to different mathematical formulations and 
standards (Li 2005). In addition to this study, indoor air quality in enclosed swimming pools was investigated as 
experimental and these results were verified by CFD using mass source method and these studies achieved temperature and 
relative humidity distributions in the building (Elazm et al. 2015). 
          Furthermore, wind catchers are the additional structures above the roof that allow air flow into the building and 
providing natural ventilation for indoor. Wind catchers are used in the city of Yazd in Iran commonly and they are taking 
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air from trap. Air passes through rooms and building annexes and exits from solar chimney generally, so indoor air is always 
refreshed by the help of wind catchers (Dehghani-Sanij et al. 2015). The effect of evaporative cooling with wind catcher was 
examined in 2D and the air cooled by evaporation is distributed in the room along the streamlines in previous work 
(Janajreh 2018); however, understanding effect of building geometry on the pressure zones and streamlines, this study will 
be achieved as a 3D model. 
          The first aim of this study is to investigate wind catcher and residential/decorative pool together for cooling effect 
and to work out a new approach by combining them with methods from different studies in the literature. Other purposes 
can be listed as; effect of outlet locations, wind speed and 3D geometry on the humidity and temperature distribution in the 
room because these parameters play important roles for understanding temperature and relative humidity distribution in the 
building.            

METHODOLOGY  

          The accuracy of the numerical method was investigated by experimental and literature surveys. Evaporation rate is 
one of the most significant factor which affect the temperature and relative humidity distribution. Although relative 
humidity and absolute humidity are specified for the boundary conditions, the relative humidity is used for the air 
conditioning in the literature. Effect of evaporation was imported with species transport method and validation of this 
method is the main parameter for precision. CFD software does not perform calculations for phase changing with this 
method and governing equations are simplified. Evaporation rate was preliminarily computed according to ASHRAE 
model and it was integrated as a boundary condition. Velocity profile of wind Cather’s inlet was obtained for 4 m/s and 6 
m/s external flow analysis because of creating more precise computational domain for indoor and reducing computational 
time.  

Method of approach 

          In order to increase indoor air comfort, special HVAC systems are designed for swimming pools. Pools have 
significant impact of temperature and humidity distributions. Interaction of evaporation rate and fluid flow with species 
transport method were investigated at Aalborg, Denmark previously (Li 2005); in addition to this, experimental validation 
study for this case is being setup by at the Heat&Mass transfer laboratory of Istanbul Technical University, Faculty of 
Mechanical Engineering. In this study, Shah evaporation model was used for unoccupied swimming pool and Mass flow 
rate of inlet was determined according to experimental results. All boundary conditions are shown in Figure 1. Relative 
humidity of ventilation system and indoor moisture conditions are respectively 28% and 60%. Fans blow air which has 
lower relative humidity into swimming pool complex and velocity of air is 1.26 m/s. There is an assumption that water 
vapour source is spreading perpendicular from bottom of pool and it has 100% relative humidity.  

 
Figure 1. Boundary Conditions for Pool Case 

          Same boundary conditions were applied for validation; however, mesh resolution is higher in the present model than 
the literature case. 80,000 Elements were created for mesh and all of elements are structured.  
          Temperature of water is 26 °C and indoor temperature was taken as 28 °C. Air which enters into swimming pool 
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complex has 28% relative humidity and it is equal to 0.00979 mass fraction of water vapour. Residuals were adjusted below 
1e-04 and criterias of convergence were satisfied.  
 

 
Figure 2. Contour plot of a) Velocity-x b) Temperature 

          According to CFD results, temperature and humidity distributions are shown in Figure 2. Also the temperature and 
velocity distribution were obtained and they were used comparatively with experimental and literature cases. Velocity-x was 
scaled between 0.311 m/s and 0.483 m/s. There is a velocity streamline in the clockwise direction and it flows above the 
pool about 0.1-0.15 m/s. Indoor temperature decreases when the flow interacts with water vapour from pool surface, so 
direction of fluid flow changes. In addition to this, walls have lower temperature compared with inlet temperature and 
average of temperature of indoor is around 29 °C. Effect of evaporation can be seen clearly for pools and this method can 
be used for evaporative cooling. 
 
 
 
 
 

          This method was found useful and decided to be used for combination of wind catcher and residential pool. Water 
vapour was defined as a mass source which is spreading from bottom of pool to room. The main challenge is applying 
effect of evaporation to simulation. As the water evaporates, it draws heat from the air and causes the air to cool; in this 
way, it also causes changes in relative humidity of the room. There are different ways to simulate evaporation for CFD 
cases, such as; dispersed phase model, multiphase model for evaporation/condensation and species transport as a mass 
source. Water vapour was determined as a specie and it has relative humidity of 100%. Evaporation rate was calculated 
according to ASHRAE Fundamental Book with typical activity factor.  
          In the summer season at city of Yazd, Iran which has an average annual relative humidity of 30% and average 
absolute humidity of 0.012 kg/m3; temperature reaches 35 °C on average. Temperature of water in the room space was 
taken as 26 °C; moreover, two different velocities for external flow were investigated. Figure 3 shows the properties of air 
and water vapour for analysis. 

 

Figure 3. Model of Architectural Building 
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          Because of the fact that whole analysis domain causes increasing of computation costs, external flow analysis in 
Figure 4 was repeated just twice for obtaining velocity profile of wind catcher’s inlet. Therefore, this output was applied as 
a boundary condition and computational domain was simulated for indoor domain only. 

  
Figure 4. External flow analysis for (a) 4m/s Wind Speed (left) b) 6m/s Wind Speed (right) 

          Area-average of windcatcher’s inlet velocity is 1.87 m/s and 2.79 m/s but they are not uniformly distributed, so that a 
plane was created at windcatcher’s inlet and velocity profile was exported for each case. 

Evaporation Condition 

          Evaporation rate was calculated according to ASHRAE Fundamental Book and typical activity factor was selected as 
0.5 for residential pool. Because of symmetric model, half of the calculated evaporation rate was applied for boundary 
condition.  

Wp = [ A (Pw-Pa) (0.089+0.0782V) ] / Y     (1) 

           Where Wp is evaporation rate in [kg/s] and Pa, which is saturation pressure at room air dew point in [Pa], is an 
important factor for determining vapour mass; therefore, average relative humidity and temperature of Yazd were detected. 
Pw represents saturation vapour pressure taken at surface water temperature in [Pa] and its value is 3363 Pascal. Here A 
denotes the area of the pool in [m2] and Y is latent heat required to change water to vapour at surface water temperature in 
[kJ/kg], for Y values about 2500 kJ/kg; moreover, V values are 0.143 m/s and 0.201 m/s for 4m/s and 6m/s wind 
velocity. All boundary conditions which is used in simulations are listed in Table 1.  

Table 1.   Boundary Conditions for Evaporation Rate 
Parameter Value 

Temperature of Water 26 °C 
Temperature of Air 35 °C 

Relative Humidity of Air 30 % 
Horizontal velocity above the Pool for 4 m/s 0.143 m/s 
Horizontal velocity above the Pool for 6 m/s 0.201 m/s 

          Evaporation rate was calculated as 0.0001021 kg/s for 0.143 m/s wind velocity and 0.0001069 kg/s for 0.201 m/s. In 
addition, the evaporation rate also was determined using the VDI 2089 standards; therefore, ASHRAE and VDI 2089 
standards were compared to determine the mass of water vapour (VDI 2089). 
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Ep = [ e (Pw-Pa) A ]      (2) 

          In VDI 2089 German standards, Ep is evaporation rate in [g/h]; Pw and Pa represent respectively saturation pressure 
at room air dew point and saturation vapour pressure taken at surface water temperature in [mbar], A denotes pool area in 
[m2]. Similar with the typical activity factor in the ASHRAE Fundamental Book, e is the evaporation coefficient of VDI 
2089 German standart VDI defines evaporation coefficient between 5-15 for unoccupied pools and average evaporation 
mass was obtained 0.0001085 kg/s for each velocity. As a result, there is not a significant difference between evaporation 
rates; however, the most important factor of temperature and relative humidity distribution is related with streamline 
characteristic. 

CFD SIMULATIONS 

Computational Geometry and Grid 

          Computational domain is made by combination of wind catcher and residential pool. Analysis was performed on 
symmetric 3D model. Dimensions of the main domain are W X D X H = 6 X 4 X 8 m and area of pool is 3.14 m2. All 
dimensions are shown in Figure 5. In addition to this, wind catcher’s height is 4 meter from the roof and section of wind 
catcher has 0.5 x 1 m dimensions. Outlets have 4 different positions and they can be listed as; 0.6, 1.5, 2.4, 3.3 meters above 
the ground. All dimensions, grid generation and outlet positions can be seen in the Figure 5. 

 
Figure 5. Computational Geometry (left) and Grid (right) 

          The grid of computational domain consists of 1,534,623 hexahedral elements. All elements are structured which can 
be seen in Figure 5 and elements size varies from 0.02 m to 0.04 m. Especially around the pool and outlet locations, 
element size is lower than the rest of domain. Also, maximum of aspect ratio is 3.72 and maximum of skewness is 0.59.  

Boundary Conditions 

          Velocity profile, which was applied for wind catcher’s inlet section, is exported from external flow simulation. There 
are two different non-uniform profile show in Figure 6.   
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Figure 6.  Contour of velocity for (a) Velocity Inlet profile for 4m/s (left)(b) Velocity Inlet profile for 6m/s (right) 

          Average velocities are 1.87 m/s and 2.79 m/s but they are not uniform, so exact velocity profiles were obtained from 
external flow simulations. All simulations were run as 3D because of the fact that rear side of the building has lower 
pressure zone. Instead of giving zero as relative outlet gauge pressure, real pressure interval was obtained. In general, the 
pressure in the outlet is between -2 [Pa] and -9 [Pa]; therefore, an average of -5 [Pa] boundary condition was applied for 
boundary conditions. 
          Building material was selected as insulation brick which is commonly used in Iran. Density of brick is 2000 kg/m3 
and it has 0.15 W/mK conductivity. Also the specific heat of the material was determined as 920 kJ/kg °C. Ground has 
been selected adiabatic wall but convection was applied to all other walls. Building walls have 0.2 m thickness and they were 
built by brick.  

Governing Equations 

          The fluid flow is steady, 3 dimensional and turbulent. There is heat transfer in the walls and species. The 
computational process is based on governing equations.  In the continuity equation (Eq. 2), ρ represents density of fluid in 
[kg/m3] and t denotes the time in [s]. Also Ui is mean velocity in [m/s] and xi is the direction of coordinate in [m].  

          (2) 

          Another governing equation is Momentum equation which consists of a series of equations that define the motion of 
fluids such as liquids and gases. Where P is the pressure in [Pa] and Tij is the fluid stress. Terms can be defined from left to 
right in Momentum equation (Eq. 3); Local change with time, momentum convection, surface force, Molecular-dependent 
momentum exchange and mass force. 

          (3) 

          All computation steps include energy terms in this study and energy equation which is another governing equation 
have to be used for calculations. Energy equation contains terms respectively local energy change with time, convection 
term, pressure work, heat flux and Irreversible transfer. In addition to the energy equation, conservation equation is 
performed as governing equation because there is additional term for creation of water vapour as species. 

Solver Settings 

          Numerical computations were carried out by solving the 3D model, incompressible flow, steady case and Reynolds-
Averaged for the turbulent state. Navier–Stokes equations including energy and species transport terms were performed by 
finite volume discretization method using with software of ANSYS Fluent 18.0. Turbulent flow is assumed throughout 
building and indoor also two equations K-epsilon turbulence model is used for computations. Pressure based coupled 
algorithm is used for pressure-velocity coupling. For the discretization of momentum, k and Epsilon equations, a second 
order upwind scheme is used. Moreover, it is recommended to keep y+ values between 30 and 300 for standard k-Epsilon 
turbulence model.  
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RESULTS AND DISCUSSION 

          Figure 8, 9 and 10 represent respectively 3D relative humidity distribution, temperature distribution at 2 m height 
above the ground and temperature distribution of the axi-symmetric section. Relative humidity is scaled between 33% and 
%50, also evaporation rates are 0.0001021 kg/s for 4 m/s and 0.0001069 kg/s for 6 m/s wind speed. Lower velocity 
enables a balanced distribution of relative humidity through the room; therefore, it provides a more significant temperature 
drop than experienced in higher velocity case. Maximum relative humidity except air-water interface is nearly 50% and the 
minimum is 30%. Also, average absolute humidity increased from 0.012 kg/m3 to 0.00145 kg/m3 for 4m/s wind speed; 
however, it increased up to 0.00135 kg/m3 for 6m/s wind speed at the 2 meters above the ground. Up to 1 meter, relative 
humidity is between %32-34 for 6m/s wind speed and 38-42% for 6m/s wind speed. According to ASHRAE standards, 
relative humidity shouldn’t exceed 55% and there is not any over moisture indoor in this case. Conditions are convenient 
for air comfort. 
 

 

 
Figure 8. Comparison of relative humidity distribution for 4 m/s (left) and 6 m/s (right) in 3D (a) Outlet-1: 0.6 m above the ground (b) 
Outlet-2: 1.5 m above the ground (c) Outlet-3: 2.4 m above the ground (d) Outlet-4: 3.3 m above the ground 

          Temperature of the room middle height section (2 m above the ground) is shown in Figure 9 and the best cooling 
performance was achieved for 4 m/s and outlet-4 which was located 3.3 meters above the ground. When compared with 
other outlet combinations, outlet-4 enables spreading water vapour into room easily; however, higher velocity value doesn’t 
have a positive effect on cooling performance. For 4 m/s wind speed, the average temperature at 2 meters above the 
ground is 32.56 °C for outlet-4; however, average temperature is 33.48 °C for outlet-1. Moreover, for 6 m/s wind speed, the 
average temperature at 2 meters above the ground is 33.05 °C for outlet-4; however, average temperature is 34.01 °C for 
outlet-1. Lateral sections of the room have lower average temperature because of the fact that wind which enters into room 
impinges the ground and later on it forms counter-rotating swirl flow. 
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Figure 9. Comparison of temperature distribution for 4 m/s (left) and 6 m/s (right) at section of 2meters above the ground a) Outlet-1: 0.6 m 
above the ground (b) Outlet-2: 1.5 m above the ground (c) Outlet-3: 2.4 m above the ground (d) Outlet-4: 3.3 m high from the ground 

          The temperature distributions at the symmetry axis of the room were plotted in Figure 10 and four different outlets 
aspirate the air from indoor to outdoor. As the outlet heights increase, the air tends to move upwards after attaining the 
pool surface. The air comfort quality is investigated at 1.8-2 m height above the ground for pedestrian level the in literature, 
so all calculations and investigations were done in middle sections (2m above the ground) of the computational domain. 
Mass source for water vapour interacts with free stream and changes temperature and direction of air. Average temperature 
reduces when outlet height increase or air speed decreases. As can be seen from the contours at Figure 10, the outlet-4 
reduces the temperature of the air inside the room to around 32 °C by aspirating up the relatively cold water vapour on the 
surface in the pool. 
 

 

 
Figure 10. Comparison of temperature distribution for 4 m/s (left) and 6 m/s (right) at axi-symmetric plane section of indoor high a) Outlet-
1: 0.6 m above the ground (b) Outlet-2: 1.5 m above the ground (c) Outlet-3: 2.4 m above the ground (d) Outlet-4: 3.3 m above the ground 

           Distributions of temperature, velocity and relative humidity were plotted from the middle of the pool up to the roof 
of the space in Figure 11 for all cases. For 6 m/s wind speed, air velocity on the line is higher than 4 m/s wind speed and 
the velocity of air is between 0.25 m/s and 0.6 m/s at the pedestrian level. However, lower air velocity enables to cool 
efficiency and increase more humidity for the room. Also there is an inverse relationship between the temperature 
distribution and the relative humidity, so the temperature is lower at the higher humidity regions. 
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Figure 11.  Distribution of temperature (left), relative humidity (middle) and velocity (right) on line which was created in the middle of the pool 
extending to roof. 

CONCLUSION 

          The effect of evaporation on temperature and humidity distribution was obtained for a space with wind catcher and a 
decorative pool. Numerical predictions show that evaporative cooling with residential pool is useful for energy efficiency 
because of the fact that the thermal comfort conditions are improved via the decoration of the internal space without 
electricity consumption. Also, the wind catcher which is integrated with residential pool enables air circulation for indoor 
and it helps to refresh the air.  
          Evaporation was defined as a mass source with species transport method, so phase changing equations and process 
were simplified for governing equations in CFD software. In addition to this, species transport method can be used for 
evaporative cooling application instead of multiphase flow or dispersed phase model. The water vapour is spreading from 
the air-water interface of pool perpendicularly with 100% relative humidity. Evaporation rates are 0.0001021 kg/s for 4 m/s 
and 0.0001069 kg/s for 6 m/s and there is not significant difference for evaporation mass between wind speeds. Also, 
evaporation rate was calculated according to VDI 2089 standards and it was obtained as 0.0001085 kg/s and there is no 
significant difference with ASHRAE formulation. 
          Building structure was selected as brick which is suitable material for local area of Yazd and convection boundary 
conditions are valid for all walls except for ground. All boundary conditions were applied like a real conditions and two 
different velocity situation was compared for evaporative cooling effect. Because of applying real wind effect to inlet, 
simulations were done for two external flow situations to get velocity profile for wind catcher. Moreover, location of outlet 
is important factor for cooling performance and indoor air quality. Average temperature at the middle section (2 m above 
the ground) of the room was decreases 2.5-3°C with evaporation and lower velocity play more important role than higher 
wind velocity for cooling of building. Also, 4 m/s wind speed provides more quality for air comfort with moisture and it 
varies from 30% to 45% up to 1 meter; however, 6m/s wind speed enables increasing of relative humidity up to just 35%. 
Avarage absolute humidity increased from 0.012 kg/m3 to between 0.00135 kg/m3 and 0.00145 kg/m3 at the 2 meters 
above ground. 
          Another important issue is direction of air flow in the room. The air which initially impinges the pool forms a pair of 
counter-rotating swirl vortices, so that the lateral portions of the space has lower temperatures than the middle section. As 
outlet height increases, streamlines of fluid flow changes. The best outlet position was obtained as outlet-4 which was 
located 3.3 m above the ground and combination of wind catcher and residential pool provides 3 °C decrease and increases 
the relative humidity up to 45%. In addition, maximum velocity is 0.62 m/s and average velocity 0.23 m/s at plane 2 m 
above the ground. 
          In future studies, the evaporative cooling effect will be investigated with the dispersed phase model and the flow 
characteristic of the wind catcher will also be studied. 
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NOMENCLATURE  

           Wp    =     Evaporation rate [kg/s] 
          A      =     Area of pool [m2] 
          Pw     =     Saturation vapour pressure taken at surface water temperature [Pa] 
          Pa     =     Saturation pressure at room air dew point [Pa] 
          V     =     Horizontal velocity above the pool [m/s] 
          Y     =     Latent heat required to change water to vapour at surface water temperature in [kJ/kg] 
          e      =     Evaporation Coefficient 

Subscripts 

          ρ      =     Density of fluid in [kg/m3] 
          t      =     Time in [s] 
         Ui     =     Mean velocity components corresponding to i direction in [m/s] 
          g      =     Gravitational acceleration in [m/s2] 
         xi      =     The coordinate direction in [m] 
         Tij        =     Fluid Stress in [Pa] 
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