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Foreword   
I.	Deligkiozi,	D.A.	Charalambopoulos	

“ENERGY	 in	BUILDINGS”	 is	 an	 annual	 International	 Conference	 that	 took	place	 for	 the	 sixth	
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	 6th	 International	 Conference	 EinB2017	
was	 organized	 by	 the	 ASHRAE	Hellenic	 Chapter	 in	 collaboration	with	 the	 Technical	 Chamber	 of	
Greece	(TEE).	The	event	was	held	in	Athens,	Hellas	on	October	21,	2017.		

A	 total	 of	 54	 speakers	 from	 Cyprus,	 Egypt,	 France,	 Germany,	 Hellas,	 Italy,	 Lebanon,	
Netherlands,	Portugal,	Serbia,	Singapore,	Spain,	and	the	USA,	along	with	several	poster	authors,	
presented	1	 training	course,	3	workshops,	4	case	studies	and	29	 technical	papers.	The	 technical	
papers	 are	 included	 in	 these	 Proceedings.	 The	 main	 conference	 topics	 covered	 numerous	 hot	
topics	 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	Utilization	
&	Integration,	Life	Long	Learning.	Combined	Cooling	Heat	and	Power,		

The	program	also	included	twelve	key-note	and	invited	speakers: 	
Speaker:	 Thomas	H.	Phoenix, P.E.		
	 ASHRAE,	Presidential	Member,	ASHRAE	Fellow,	LEED	Accredited	Professional,	USA	
Topic:	 Improving	Building	Performance	

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:	 Alkis	Triantafillopoulos	
	 President,	ASHRAE	Hellenic	Chapter,	Greece	
Topic:	 Welcome	presentation,	the	State	of	the	Hellenic	Chapter	

Speaker:	 Dr.	Ing.	Olga	Rio	Suarez 
European	 Commission,	 DG	 Research	 &	 Innovation,	 D3.,	 Advanced	 Materials	 and	
Nanotechnologies,	EU	

Topic:	 Horizon	2020	Work	Programme	for	Research	and	Innovation	2018	–	2020		

Speaker:	 Nikolaos	Milis	
	 Vice	President	Technical	Chamber	of	Greece	(TEE),	Greece	
Topic:	 Welcome	 Presentation,	 the	 Co-operation	 of	 The	 Technical	 Chamber	 of	 Greece	 (TEE)	

with	the	Hellenic	Chapter	of	ASHRAE	

Speaker:	 Dr.	Chandra	Sekhar	
ASHRAE	 Fellow,	Programme	 Director	 School	 of	 Design	 and	 Environment	 National	
University	of	Singapore,	Singapore	

Topic:	 Decoupled	Ventilation	Strategies	 for	Enhanced	 IAQ	–	“Demand	Cooling”	and	“Demand	
Ventilation”	
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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	 Buildings”	 International	
Conferences	

Speaker:	 Dr.	Samir	R.	Traboulsi	
Senior	Lecturer	at	the	American	University	of	Beirut,	Lebanon 	

Topic:	 Waiting	for	the	Net	Zero	Energy	Buildings?		

Speaker:	 Nohad	Boudani	
Technical	Manager	at	SODICOM	SAL,	Beirut,	Lebanon	

Topic:	 Challenges	in	Passive	Buildings	Design	

Speaker:	 Zacharias	Hadjigeorgiou,	Mech	Eng,	MASHRAE 

	 President,	ASHRAE	Cyprus	Chapter,	Cyprus	
Topic:	 Nearly	Zero	Energy	Buildings.	Presentation	of	a	Case	Study	&	Design	‘Soft’	Elements	of	a	

HVAC	Project	can	be	Critical	to	Reach	a	Nearly	Zero	Energy	Building	

Speaker:	 Kalliopi	(Popi)	Droutsa,	M.Sc.		
Environmental	 Physicist,	Research	 Assistant	 at	 Institute	 for	 Environmental	 Research	&	
Sustainable	Development	of	the	National	Observatory	of	Athens,	Greece	

Topic:	 Developments	of	the	Hellenic	Regulation	on	the	Energy	Performance	of	Buildings	

Speaker:	 Dr.	Aleksandar	S.	Anđelković	
Assistant	Professor,	Mech.	Engineer,	University	of	Novi	Sad,	Serbia	

Topic:	 SENSO	-	An	Intelligent	Answer	for	Indoor	Environmental	Quality	Performance	Control	

	
Workshop:	 RESEARCH	 &	 INNOVATION	 ACTIVITIES	 IN	 NANOTECHNOLOGY	 CONCERNING	

ENERGY	EFFICIENT	BUILDINGS	

This	year	the	Conference	hosted	a	thematic	workshop	in	the	field	of	the	use	of	nanotechnologies	
in	 Energy	 Efficient	 Buildings	 took	 place.	 The	 workshops	 theme	 was:	 “Research	 &	 Innovation	
Activities	 in	Nanotechnology	Concerning	Energy	Efficient	Buildings”. Consortiums	actively	 related	
to	Nano	and	Advanced	Building	Materials,	Industrial	Supply,	production	engineering	and	services,	
as	 well	 as	 research	 and	 development,	 in	 the	 EU,	 participated	 and	 benefited	 from	 this	 unique	
opportunity.	 The	 workshop	 presented	 finalized	 and	 ongoing	 projects	 funded	 by	 the	 European	
Commission	and	coordinated	by	academia	and/or	industry.		

Topic:	 Development	of	 Insulating	Concrete	 Systems	Based	on	Novel	 Low	CO₂	Binders	
for	a	New	Family	of	 Eco-Innovative,	Durable	and	Standardized	Energy	Efficient	
Envelope	Components	

Presenter:	 Dr.	Chrysanthi	Panagiotopoulou	
	 Senior	Researcher,	National	Technical	University	of	Athens	(NTUA),	Greece	

Topic:	 Vacuum-Insulation-Panels	(VIPs)	for	Buildings	–	From	Research	into	Market	
Presenter:	 Christoph	Sprengard	
	 FIW	München,	Head	of	Department	R	&	D,	Munich,	Germany	

Topic:	 Novel	Wall	Insulation	Systems	
Presenter:	 Dr.	Michael	Fooken	
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	 Head	of	Research	&	Development	Quick-Mix	GmbH&	Co.	KG,	Osnabrück,	Germany	
Topic:	 Development	 of	 a	 Novel	 Façade	 Panel	 with	 Nano-insulation	 Properties	 for	

Energy	Efficient	Buildings	
Presenter:	 Dr.	Jorge	Corker	
	 Project	Manager	 and	 Head	 of	 the	 Unity	 of	 Characterization	 and	 Certification	 of	

Granular	Materials	(UGRAN)	at	Instituto	Pedro	Nunes	(IPN),	Coimbra,	Portugal	

Topic:	 Development	 and	 Demonstration	 of	 Highly	 Insulating,	 Construction	 Materials	
from	Bio-Derived	Aggregates	

Presenter:	 Nadia	Sid	
	 Senior	Project	leader	at	TWI	Ltd,	Spain	

Topic:	 Innovative	Technologies	for	Improved	Built	Environment	and	Energy	Efficiency	
Presenter:	 Marco	Arnesano	
	 Researcher	at	Università	Politecnica	delle	Marche	(UNIVPM),	Italy	

Topic:	 Pre-industrial	Development	of	Super-Insulating	Material	and	Systems	
Presenter:	 Dr.	Brice	Fiorentino	
	 Innovation	Manager	at	ENERSENS,	Bourgoin-Jallieu,	France	
Topic:	 Large	Area	Fluidic	Windows	
Presenter:	 Benjamin	Heiz	
	 Research	Associate	at	Friedrich	Schiller	University,	Jena,	Germany	
Topic:	 Green	 Integrated	Structural	 Elements	 for	Retrofitting	and	New	Construction	of	

Buildings	
Presenter:	 Prof.	Dr.	Glykeria	Kakali	
	 Professor	at	National	Technical	University	of	Athens	(NTUA),	Greece	

Topic:	 Towards	Greener	and	Energy	Efficient	Buildings:	The	SUS-CON	Project	
Presenter:	 Dr.	Konstantina	Papakonstantinou	
	 Ph.D.,	 candidate	 and	 Researcher	 at	 National	 Technical	 University	 of	 Athens	

(NTUA),	Athens,	Greece	

DISCUSSION:	 Research	and	Innovation	Activities	in	Nanotechnology	Concerning	Energy	Efficient	
Buildings	

	
The	 two	 additional	 workshops	 and	 four	 cases	 studies	 that	 were	 organized	 during	 the	

conference	and	chaired	by	Alkis	Triantafillopoulos	were: 	
Workshop	–	1:	 Energy	 Saving	 and	 Comfort	 Level	 Optimization	 Through	 Relative	 Humidity	

Sensing	in	Variable	Refrigerant	Flow	Systems		
Presenter:	 Christos	GEKAS	
	 Mechanical	Engineer	NTUA,	AE	Academy	Supervisor,	LG	Electronics,	Athens,	Greece	

Workshop	–	2:	 Air	to	Air	Heat	Exchangers		
Presenter:	 Alkis	Triantafyllopoulos	
	 Mechanical	Engineer,	MSc	in	Energy	Engineering,	Menerga	Hellas	ASHRAE	Hellenic	

Chapter	President,	Greece	

Case	Study	–	1:	Dedicated	 Outdoor	 Air	 Systems:	A	 Comparison	 of	 the	 Initial	 and	 Recurring	
System	Operating	Costs	

Presenter:	 Gaitanos	Stefanos	
	 Mechanical	Engineer,	AHI	Carrier	SEE	Air-Conditioning	S.A.,	Greece	
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Case	Study	–	2:	Commission	 Regulation	 (EU)	n°1253/2014	-	 Eco-Design	 Requirements	 for	
Ventilation	Units	

Presenter:	 Cristiano	Dal	Seno	
	 Mechanical	Engineer,	Air	Side	Business	Developer,	Mitsubishi	Electric	Hydronics	&	

IT	Cooling	Systems,	Italy	

Case	Study	–	3:	Smart	Heat	Pumps	for	High	Efficiency,	Low	Carbon	4-Pipe	Hydronic	Plants	
Presenter:	 Alessio	Scantamburlo 
 Energy	 Engineer,	Product	 Manager	 at	 Mitsubishi	 Electric	 Hydronics	 &	 IT	 Cooling	

Systems	S.p.A.,	Italy	

Case	Study	–	4:	Greek	Highway	&	Tunnel	Innovative	LED	lighting	Projects 

Presenter:	 Leonidas	Vergos 
	 Electrical	Engineer	NTUA,	Project	Developer	at	Sirecled	SA,	Greece	

The	 Conference	 ended	 with	 an	 open	 discussion	 on	 “Establishing ASHRAE – EUROPEAN 
Collaboration for Technological Integration & Advancement”.	
	

All	 the	presentations	and	videos	 from	 the	 conference	are	available	on	 the	ASHRAE	Hellenic	
Chapter’s	website	(http://ashrae.gr/einb2017.php).		

We	 specially	 thank	 the	 speakers,	 the	members	of	 the	Conference	Scientific	Committee,	 the	
numerous	 volunteers,	 the	 sponsors	 and	 the	 over	 430	 participants	 that	 made	 this	 a	 successful	
event.	

	

	

Ioanna	Deligkiozi,	Ph.D.	
Chemical	Engineer	
Senior	Researcher,	CERTH	
EinB2017	Conference	General	Chair	
ASHRAE	Hellenic	Chapter	President	2017-2018	

Dimitris	A.	Charalambopoulos,	M.Sc.,	MASHRAE,	BEAP  
Mechanical	Engineer	
EinT2017	Conference	General	Chair	
ASHRAE	Hellenic	Chapter	Treasurer	2017-2018	
ASHRAE	Members	Council,	Region	XIV	RMCR	
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Practical Impact Assessment of Weather 
Data on Calculated Energy Performance of 

a Residential Hellenic Building 

C.A. Balaras1,*, N. Stefanakis2, E.G. Dascalaki1, K.G. Droutsa1

1
 Institute for Environmental Research & Sustainable Development, National Observatory of Athens, Greece 

2
 Electrical Engineer, Athens, Greece 

ABSTRACT 

This work presents the results obtained with TEE-KENAK software for a typical single-family house as influenced by using the available 

standard weather datasets for 62 locations in Greece. The goal is to compare the impact of the different weather datasets on the calculated heating 

and cooling energy demand, annual primary energy use and resulting energy class. The analysis is performed for the four climate zones defined in 

Greece in order to gain an insight on the variability of the results and make a first practical assessment of the impacts on the uncertainty of input 

weather data, the need for additional weather data and the allocation of the various locations in the four national climate zones, among others. The 

results are elaborated in terms of the tool’s practical functions and its use as the official tool for the energy labelling of buildings in Greece. For this 

case study, the calculated annual primary energy consumption using the available weather datasets presents a variability that ranges from 16.8% 

in climate zone A (south) to 3.1% in climate zone D (north) for a partially insulated house and from 14.3% to 9.0% for a well insulated 

house..The variations in energy class rankings are limited. The analysis also reveals potential issues with the allocation of some locations in the 

defined climate zones. 

INTRODUCTION 

The transposition of the European Directive to the energy performance of buildings (EPBD) in Greece was enforced 

as of 2011 by the national regulation - KENAK (Dascalaki et al. 2012), introducing higher thermal insulation and system 

efficiency standards for new buildings and the refurbishment of existing ones. TEE–KENAK is the official national 

software that was developed by the National Observatory of Athens for the Technical Chamber of Greece (TEE), to 

support the implementation of KENAK and issue energy performance certificates (EPCs). The buildings’ energy class is 

expressed according to the national nine grade scale (A+ to H) on the EPC, i.e. ranging from H (lowest energy 

performance) to A+ (highest energy performance). According to the available EPCs, about 34% of the residential buildings 

are ranked at the lowest energy class-G, while only 3% are ranked in energy class-B or higher (Droutsa et al. 2016). The 

calculated primary energy average is 261.6 kWh/m2 and the average emissions are 70.3 kg CO2/m2. 

The calculation engine of TEE-KENAK is based on the European standards ISO EN 13790 for the calculation of 

energy use for space heating and cooling. The main calculation procedure of the building energy demand is estimated using 

the quasi-steady state monthly method. The tool incorporates the relevant national technical specifications outlined in four 

supporting technical guidelines. The normative calculations are performed using standard weather files for 62 Hellenic 

locations, organized in the four climate zones according to KENAK and the relevant technical guideline (TOTEE 2010). 

The monthly mean data is derived from measured weather data from the Hellenic National Meteorological Service.  

Users of energy calculation and simulation programs can work with a wide variety of weather data ranging from locally 

recorded weather data to preselected typical datasets. However, it has long been recognized that weather data can have a 

significant impact on the accuracy of results (Crawley 1998; Pernigotto et al. 2014), depending on the calculation method 

and tool. Simulations of the annual building energy consumption may vary by ±7%, while monthly building loads variations 
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can reach ±40% for different weather datasets (Bhandari et al. 2012). The impact of different weather data on the predicted 

energy consumption from building simulations has also been investigated by (Murphey et al. 2013) using datasets from 14 

UK locations. Their results showed that external temperature differences among the various datasets alone, can result in 

15% variation in the calculated energy use.  

The calculations in the current work are performed with a specific tool (i.e. TEE-KENAK) that is used for building 

energy labelling in Greece. The intent is not to assess the accuracy of the tool but rather to quantitatively evaluate the 

influence of available standard weather data on the calculated energy performance of a building. The analysis looks at the 

variability of the calculated building loads and energy rating using data from different locations in each climate zone and 

compares the results against those obtained using the zone average weather datasets. The results can be used to yield 

answers to a number of questions. For example, how concerned should users be when performing calculations for a 

location where there is no available standard weather dataset and has to use the data from a nearby location ? Do we need 

to develop more weather data for additional locations in some climate zones ? Can we use a single average weather dataset 

for each climate zone for an estimate of a building’s energy class label ? 

THE APPROACH 

The work considers two typical constructions of a single-family house, one of a partially insulated building and one in 

compliance with KENAK. The available standard weather data from the 62 Hellenic locations are organized in the four 

climate zones and they are also used to derive an average weather data file for each zone. The calculations are performed 

using TEE-KENAK with specific weather data for all available Hellenic locations and the results are then compared against 

the ones obtained using the corresponding average weather data. The analysis focuses on the resulting trends and quantifies 

noticeable differences on the calculated energy use for each location in a given climate zone along with the zone’s average 

weather data, and identifies the practical impacts on the resulting energy class and overall building performance. Descriptive 

statistics are derived for the two case studies, including the mean and median total primary energy use, heating and cooling 

energy demand, for each climate zone. 

Furthermore, the work also considers the relationship of the heating degree days (HDD) or the cooling degree hours 

(CDH) with the calculated energy use and the resulting energy class. A simple sensitivity analysis is used to explore and 

quantify the potential dependency, considering the coefficient of determination (R2) for a simple (straight-forward) 

regression. Values close to 1 are obtained when the variation about the regression model is small and the regression model 

accounts for most of the uncertainty. Values close to 0 imply that there is no proper relationship between the two 

parameters. For most purposes, an acceptable value is R2 > 0.7. 

The Building 

The building considered in this work is a representative 380 m2 single-family house (SFH) from the TABULA 

Hellenic typology (Dascalaki et al. 2011). It is a free-standing building with a SW-NE long axis. The first case study is a 

partially insulated SFH according to the first Hellenic building thermal insulation regulation (HBTIR) introduced in 1980, 

with ordinary double glazing aluminium frame windows, an oil-fired boiler for space heating. Given that a partially insulated 

building is expected to have a more direct dependence on outdoor weather conditions, a second case study considers a SFH 

that complies with KENAK requirements for the opaque and transparent elements (Dascalaki et al. 2016). Relevant 

information on the main thermal envelope characteristics of the Hellenic typology are summarized in Figure 1. 

The Weather Data 

The available weather data for the 62 locations around Greece are organized in the four climate zones defined by 

KENAK on the basis of the HDD. Zone A in the south includes most of the Hellenic islands and is the warmest portion 

of the country. Zone D covers the northern parts of the country and some high elevation regions in the mainland with the 

coldest conditions (Figure 1). 

The monthly mean weather data is available in a technical guideline (TOTEE 2010) and is accessible through libraries 
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in the TEE-KENAK software. The available weather data include temperature, heating and cooling degree days, relative 

and absolute humidity, wind speed, horizontal total solar radiation, ground and water temperature. The standardized 

weather files were derived from long time series of measured weather data from the Hellenic National Meteorological 

Service. The HDD and CDH are not used in the calculations performed by TEE-KENAK, but they are utilized in this 

work to facilitate the investigation and analysis of the results to reflect the prevailing weather conditions at the various 

locations.  

 

Figure 1. Overview of the main thermal envelope characteristics of the Hellenic residential building typology, with the U-

values (W/m2K) for single-family houses (SFH) and multi-family houses (MFH) at the four national climate zones (A in the 

south and D in the north of the country) along with the range of heating degree days (HDD) in the corresponding climate 

zone. 

 

Annual variations of calculated energy demand depend on various factors (e.g. differences in the outdoor air 

temperature, solar radiation that affects direct solar gains along with their duration and persistence during the calculation 

period). Although there is no single criterion that can fully explain all the complex and coupled phenomena of a building’s 

thermal performance, the HDD is a commonly used parameter. To a great extent, the building’s heating energy demand is 

proportional to the number of HDD that are calculated as the sum of the positive differences between a base temperature 

(usually 18oC) and the average outdoor air temperature for the day. Higher HDD values imply periods with lower outdoor 

air temperatures and thus a higher heating demand. The CDH is a similar parameter that has also been used to reflect the 

cooling energy demand in summer. In this case, the number of CDH is calculated as the positive difference between the 

average outdoor air temperature for the hour and a base temperature (usually 26oC. To some extent, higher CDH values 

would imply periods with higher outdoor air temperatures that lead to higher cooling demand, although the main driving 

mechanism is the solar radiation and direct solar heat gains. 

Furthermore, an average weather data file was created for each of the four climate zones. This replicates all the 

necessary weather parameters with average values of the corresponding data for each available location in the four zones. 

The average weather data is used as an additional weather file to compare against the results during the follow-up analysis. 

RESULTS 

The different input weather data were used to determine the variation and impact on the calculated heating and 

cooling energy demand, total energy consumption and energy class label. The calculations were performed using the 
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standard weather data for the 62 locations in all four climate zones (ZA to ZD) and the average weather data for each one 

of the four zones (ZA_Average to ZD_Average). Representative results are illustrated in Figure 2 for the two case studies 

considered in this work. Using the average weather data sets, the calculated heating energy demand and total primary energy 

consumption provide reasonable results for each climate zone that capture the anticipated variability and overall trend. 

 

  

  

Figure 2. Heating energy demand (left column) and total primary energy consumption (right column) for the partially 

insulated building according to HBTIR (top row) and for the building according to KENAK (bottom row), as a function of 

HDD at the four climate zones (ZA to ZD). Symbols indicate the results using the standard weather data for each available 

location. The results for the zone’s average weather data are identified with the solid symbols. 

 

For the SFH according to HBTIR, the total primary energy use using the average weather data for each zone was 98.5 

kWh/m2 in ZA (with an energy class-E), 131.9 kWh/m2 in ZB, 196.6 kWh/m2 in ZC, 233.1 kWh/m2 in ZD, with a lower 

energy class-F in all three zones (Figure 3). In Zone A, there are 21 locations with available standard weather data, resulting 

in a correlation of the total primary energy use with HDD and CDH with an R2 equal to 0.93 and 0.68 respectively. All the 

locations result to an energy class-E label; the same label is obtained by using the average weather dataset. The highest and 

lowest primary energy consumption in ZA differ by 45.6% (65.8 kWh/m2), while compared against results using average 

weather data the maximum deviation is +46% and the minimum deviation is -1%. The derived values for the mean, 

standard deviation (SD), coefficient of variation (COV) and median are summarized in Table 1 for all cases.  

There are 7 locations in ZA (33% of the total) with higher HDD than the location with the lowest HDD in ZB. This 

type of overlap raises some concern on the allocation of different locations in the specific climate zones. In Zone B, there 

are 21 locations with available standard weather data, resulting in a correlation of the total primary energy use with HDD 

and CDH with an R2 equal to 0.84 and 0.05 respectively. Practically all the locations average an energy class-F label and only 

two locations have better performance at a class-E. The highest and lowest primary energy consumption in ZB differ by 

35.3% (58.3 kWh/m2), while compared against the average weather data the maximum deviation is +25% and the 

minimum deviation is +4%. There are 9 locations in ZB (43% of the total) with lower HDD than the location with the 

highest HDD in ZA. Again, this type of overlap raises some concern on the allocation of the different locations in the 

specific climate zones. 
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Table 1. Overview of descriptive statistics for the case studies 

 SFH according to HBTIR SFH according to KENAK 

Climate Zone MeanSD 

(kWh/m2) 

COV 

(%) 

Median 

(kWh/m2) 

MeanSD 

(kWh/m2) 

COV 

(%) 

Median 

(kWh/m2) 

 Total primary energy use 

A 99.216.6 16.8 95.4 58.38.3 14.3 56.6 

B 132.618.7 14.1 125.8 69.89.2 13.2 66.6 

C 194.95.9 3.1 196.5 92.02.8 3.0 92.1 

D 234.322.3 9.5 237.2 103.29.2 9.0 104.4 

 Heating energy demand 

A 37.59.6 25.6 36.0 14.24.8 33.8 13.2 

B 56.910.8 19.0 53.5 20.65.4 26.2 19.0 

C 98.05.0 5.1 98.9 36.32.5 6.9 36.7 

D 125.716.9 13.4 131.2 44.87.2 16.1 46.8 

 Cooling energy demand 

A 46.26.7 14.5 45.6 42.64.3 10.1 42.3 

B 46.46.0 12.9 45.5 42.33.5 8.3 41.8 

C 33.96.3 18.6 34.2 31.83.6 11.3 32.0 

D 23.19.7 42.0 21.8 25.06.1 24.4 24.7 

 

 

 

Figure 3. Total primary energy consumption (kWh/m2) and resulting energy class (identified by the circled letter symbols) 

for a SFH according to HBTIR and KENAK in all available locations with standard weather data in the four climate zones 

(ZA-ZD).  

 

In Zone C, there are 15 locations with available standard weather data, resulting to a correlation of the total primary 

energy use with the HDD with an R2 equal to 0.62, while there is no correlation with CDH, since the energy use is 

dominated by heating. All the locations result to an energy class-F label; the same label is obtained by using the average 

weather dataset. The highest and lowest primary energy consumption in ZC differ by 26.7% (49.8 kWh/m2), while 
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compared against the average weather data the maximum deviation is +20% and the minimum deviation is 0%. Finally, in 

Zone D, there are only five locations with available weather data and only one with CDH. The correlation of the total 

primary energy use with the HDD has an R2 of 0.93. Practically all the locations average the lowest energy class-G label. 

Only one location results in better performance reaching a class-F label, but this corresponds to a location in ZD with 

lower HDD than the average HDD in ZC. Again, this type of overlap raises some concern on the allocation of the different 

locations in the specific climate zones.Using the average weather dataset the resulting energy class is F, as a result of the 

questionable location (outlier).  The highest and lowest primary energy consumption in ZD differ by 19.5% (47.7 kWh/m2), 

while compared against the average weather data the maximum deviation is -16% and the minimum deviation is +2%.  

Similar results were also obtained using the SFH with the thermal envelope minimum requirements according to 

KENAK. As expected, the overall energy performance of the building is improved, reaching an energy class-C. Apparently, 

compliance with KENAK’s thermal envelope requirements alone is not sufficient to meet the minimum energy 

performance standards and reach the class-B label. Using the average weather data the calculated total primary energy use 

was 57.7 kWh/m2 in ZA, 69.4 kWh/m2 in ZB, 92.6 kWh/m2 in ZC, 103.0 kWh/m2 in ZD (Figure 3).  

Figure 4 illustrates the variation of the total primary energy consumption for the SFH according to HBTIR as a 

function of the HDD and CDH for the three climate zones (ZA-ZC), since there is only one location in ZD with CDH 

data. Apparently, for most of the locations, the variations are not significant, giving some confidence that the available 

number of locations is sufficient, with the exception of ZD. However, closer analysis of the clustered data along the valleys 

and focusing on the peaks may highlight the ranges and identify geographic areas for enhancing spatial coverage (e.g. 

provide more weather data) and possibly reconsider the allocation of the corresponding locations to other climate zones or 

the definition of the climate zone boundaries.  

 

           

                      ZA                                                                      ZB                                                        ZC 

Figure 4. Total primary energy consumption (kWh/m2) as a function of heating degree days (HDD) and cooling degree 

hours (CDH) for all available locations with standard weather data in the three climate zones (ZA-ZC).  

 

The analysis of the calculated heating demand with HDD and cooling demand with CDH provided some additional 

insight. Table 1 summarizes the main descriptive statistics for all cases. The results of the heating demand for several 

locations of ZA fall within the group of results for ZB (Figure 2). For example, a location with 1327 HDD in ZA has a 

heating demand of 63.3 kWh/m2 with an energy class-E for the SFH according to HBTIR and 27.4 kWh/m2 with an 

energy class-C for the SFH according to KENAK that end-up well within the group of results for ZB. Similarly, a location 

with 1746 HDD assigned in ZD has a heating demand of 96.6 kWh/m2 with an energy class-F for the SFH according to 

HBTIR and 32.7 kWh/m2 with an energy class-C for the SFH according to KENAK that end-up well within the group of 

results for ZC. Accordingly, it appears that there is a need to reconsider the allocation of some locations in the specific 

climate zones in KENAK or the definition of the climate zone boundaries. 
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The variation of the cooling energy demand as a function of CDH in all climate zones is summarized in Figure 5. The 

data for ZD refers to only one location. As expected, the CDH do not properly relate to the calculated cooling demand. 

Overall, the most notable issues occur in ZA that covers the warmest climate zone in the country and has the highest 

cooling loads. The cooling energy demand for the SFH according to HBTIR and KENAK using the average weather data 

for each zone was 46.2 and 42.6 kWh/m2 in ZA, 46.4 and 42.3 kWh/m2 in ZB, 33.9 and 31.8 kWh/m2 in ZC, 23.1 and 25.0 

kWh/m2 in ZD, respectively. The impact of lower thermal envelope transmittance in the northern zone (ZD) results in a 

small increase of the cooling demand, as a result of the building’s lower ability to dissipate heat to the milder outdoor 

conditions. This is of course compensated with the much lower heating demand, which is significant in areas where the 

total energy demand is dominated by high heating loads. 

 

      

Figure 5. Cooling energy demand for the partially insulated building according to HBTIR (left) and for the building 

according to KENAK (right), as a function of CDH at the four climate zones (ZA to ZD). Symbols indicate the results 

using the standard weather data for each available location. The results for the zone’s average weather data are identified 

with the solid symbols. 

 

CONCLUSIONS 

This work is part of an ongoing investigation to quantitatively evaluate the influence of varying inputs on the outputs 

using a building energy labeling software like TEE-KENAK. The overarching goal is to use the results to help determine 

whether there is a need for more weather data from more locations in Greece, or how much emphasis and effort should be 

placed during the energy audit on determining some input parameters or how concerned the tool users should be while 

selecting some inputs due to lack of knowledge or other factors, in order to obtain realistic results.  

This paper presents the preliminary results from the analysis of the different weather data sets that support the 

relevant work for the building energy labeling efforts in Greece. Overall, the available data sets provide a good spatial 

coverage, although there are large areas that do not have available local weather data to use (e.g. climate zone D). Using the 

zone average weather data sets, it is possible to easily estimate the building’s energy demand that reflects the anticipated 

overall variability in the four climate zones. 

At this stage of the work that considers a SFH as a case study, the results indicate that the variations in energy class 

rankings are limited. The total primary energy use for a SFH with partial thermal insulation according to HBTIR has a 

coefficient of variation of 16.8% in ZA, 14.1% in ZB, 3.1% in ZC and 9.5% in ZD. Similarly, for a SFH with envelope 

characteristics according to KENAK, the relative variability is 14.3% in ZA, 13.2% in ZB, 3.0% in ZC and 9.0% in ZD. 

However, it is also important to separately consider the impacts on heating and cooling energy demand in the different 

climate zones that indicate considerable variability. Accordingly, for the two case studies there is significant variability 

ranging from 5.1% up to 33.8% for heating demand and 8.3% up to 42.0% for cooling demand. Future work should also 

consider the possible variability of the system efficiencies and the combined impact on the resulting energy use. 

The analysis also revealed a potential issue with the allocation of some locations in the defined climate zones. In 
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particular, there is a need to carefully reconsider the analysis of the available weather data and the allocation of some 

locations in climate zones A-B and one location in ZD, or the definition of the climate zone boundaries. This problem 

probably originates from the early days of preparing the predecessor regulation on the rational use and reduction of energy 

consumption (ΚΟΧΕΕ), defining the climate zone boundaries and allocating the various locations to the four Hellenic 

climate zones that were then carried on to KENAK and TOTEE. 

The work should be expanded and consider other building types that have different characteristics than the house 

used in this case study and perform a more extensive parametric analysis. One needs to recognize that part of the resulting 

energy class variations may be related to the specific building characteristics of the case study. For example, the calculated 

energy use may be close to the class boundaries, so that even a small change in the inputs may be sufficient to trigger a 

change in the resulting energy class. Additional work is also underway to investigate the impacts from the uncertainties of 

other input parameters (e.g. U-values, shading factors, thermal efficiency of heat generation equipment), especially when 

one considers their combined effects. The results can be used to provide better guidance to energy auditors or software 

users on the importance that certain input parameters have on the calculation outputs or initiate efforts for enhancing the 

available input parameters and software libraries. They may also be used to direct efforts for developing simplified practical 

tools with fewer inputs and more standardized data that can be used for fast preliminary assessments. 
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ABSTRACT 
The present study treats energy and techno-economical aspects of the deep renovation of an existing typical residential building. The examined 
building is a typical five storey building, located in Munich, with 20 apartments, 75m2 each. The renovation concerns the total refurbishment of 
the building envelope and the technical building systems (HVAC and DHW). Two renovation scenarios were examined: a) an advanced 
renovation and b) a deep renovation. Both cases were evaluated through dynamic energy simulation using the EnergyPlus software. The techno-
economic analysis is performed using the Payback Period method considering all costs involved. 

In the existing state of the building, the envelope is not insulated. For the advanced renovation scenario, insulation is installed at the external side 
of the building envelope. The HVAC system is replaced by a biomass central heating system and mechanical ventilation with heat recovery. The 
DHW production is achieved with a combination of the biomass boiler and solar panels. In the deep renovation scenario, the external walls are 
replaced by prefabricated lightweight envelope components with drywall materials. The HVAC system is replaced with a natural gas condensing 
boiler, mechanical ventilation with heat recovery and an advanced Building Energy Management Systems (BEMs) with forecasting algorithms. 
Moreover, an extended PV system is assumed on the roof of the building. The results showed that the primary energy consumption is reduced by 
ca. 70% and85% for the advanced renovation and the deep refurbishment, respectively. The payback period for the deep renovation is 
approximately one year less than the advanced renovation. 

INTRODUCTION 

It is widely known that the building sector is responsible for approximately 40% of the total energy consumption and 
the 36% of the total CO2 emissions in the EU. In this frame, the European Commission set targets of 20% saving of 
primary energy consumption until 2020. To meet this target, two directives for the reduction of the energy consumption of 
buildings have been established: the Energy Performance of Buildings Directive (EPBD -2010) and the Energy Efficiency 
Directive (EED - 2012). For these reason, EU countries have to draw up national plans to increase the number of Nearly 
Zero Energy Buildings (nZEBs).  

The new buildings are designed according to national legislation setting the minimum requirements for the energy 
efficiency of building. On the other hand, the existing buildings represent the majority of the building stock and 
consequently the largest and most cost-effective sector for potential savings (Corrado et al., 2016). Hence, renovation of the 
existing building is a pressing need for the achievement of the EU energy targets. 

The renovation of buildings can be performed under different methods, such as the refurbishment of the building 
envelope, the upgrade of HVAC and DHW systems, the installation of energy production units, etc. Many studies have 
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investigated the optimization of the building envelope and the technical building systems for residential buildings (Huang 
Yu and Niu J.I., 2016). Corado et al. (Corrado et al., 2016) investigated a number of energy efficiency measures for typical 
Italian buildings refurbished towards nZEBs. They concluded that the appropriate measures depend on the building type 
(apartment block or single-family house) and the climate conditions. Serghides et al. (Serghides et al., 2015) estimated the 
overall economic viability of the refurbishment on an existed single-family house towards nZEB, evaluating the energy 
conservation measures. Their results showed that the refurbishment of the building is financially viable and the proposed 
measures gave a payback period of 8 years. They concluded that the most effective measure is the upgrade of the building 
envelope installing thermal insulation and new windows. Additionally the installation of PV systems can reduce the payback 
period by one year. 

Along the same line, the building industry has turned its attention to the industrialization of the buildings, and 
especially to the off-site construction, as an alternative to the traditional on-site method. Within the off-site construction, 
the processes of designing, manufacturing, and assembling of the building components and modules take place at an 
industrial environment prior to their installation to the final jobsite (Kamali & Hewage, 2016). Prefabricated building 
construction has irrefutable advantages against the typical massive cement-based-skeleton construction, such as the 
construction speed, the reduction of cost and wastes, the on-site safety, the construction quality etc. (Lawson et al., 2012 
and Haas & Fagerlund, 2002). 

The objective of the current study is the techno-economical investigation for the deep renovation of an existing 
typical residential multi-storey building, located in Munich. The renovation concerns the total refurbishment of the building 
envelope and the technical building systems (HVAC and DHW). Two renovation scenarios were examined and compared 
with the existing state of the building: a) an advanced renovation and b) a deep renovation. All cases were evaluated 
through dynamic energy simulation using the EnergyPlus software. The economic analysis is performed using the Payback 
Period method considering all costs involved. 

DESCRIPTION OF THE BUILDING 

The examined building is a residential five-storey, post war building located in Munich in Germany, with 20 
apartments 75 m2 each. The usable floor area is 1644 m2, while the roof area is 355 m2. The total area of the building’s 
masonry is 1619m2. The windows opening area is 128m2 at the East and West orientation and 38m2 at the South 
orientation. Each apartment of the building is divided into two thermal zones. The heating days are calculated equal to 3659 
K assuming that the indoor temperature is equal to 20oC. The under investigation building depicted in Figure 1 and further 
information about the envelope is summarized in Table 1 

 

Figure 1   The geometry of the building 

	

Table 1.   General data of the building 
Description Value 

Type Five-storey residential building 
City/town Munich 
Gross Floor Area 1644 m2 
Gross Roof Area 355 m2 
External Wall Area 1619 m2 
Windows opening Area 294 m2 
Heating Degree Days 3659 K 
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Description of the building envelope 

Two different renovation scenarios, were investigated and compared with the reference case. An advanced renovation 
and a deep renovation scenario. 

In the reference case, the building envelope is a typical not insulated envelope. The walls consists of hollow blocks 
resulting a U-value equal to 1.30 W/m2K.   

In the “Advanced Renovation” scenario, the external walls were insulated with a 24 cm thick EPS at the external 
surface, the roof is insulated with a 30 cm thick EPS above the concrete slab and the floor with a 12 cm thick EPS below 
the concrete cavity blocks. The windows of the building were replaced with triple pane glazing, filled with argon gas (34% 
lower thermal conductivity than the air).  

In the “Deep Renovation” scenario, the building envelope was replaced with dry prefabricated wall systems. The 
building elements consisted of drywall materials anchored on a steel frame structure. The external walls incorporated a layer 
with VIPs for further thermal insulation. This technology differs fundamentally from the technology and construction of 
heavyweight components offering higher efficiency regarding the lightweight properties and minimal use of materials. The 
resulting U-value of the walls was 0.25 W/m2K, including the effect of thermal bridges. The U-value of the floor was 
calculated equal to 0.51 W/m2K and that of roof equal to 0.31 W/m2K. The windows of the building were replaced with 
triple pane glazing.  

The individual elements of the building envelope, i.e. the walls, the roof and the floor for the reference and the two 
renovation scenarios are presented in Table 2.  

Description of the energy systems 

In the reference case the heating system consists of a poor energy performance central system with a low temperature 
oil boiler and non-insulated pipes. The efficiency of the boiler is assumed equal to 80%, while the losses of the distribution 
pipes were considered equal to 10%. The domestic hot water system is an independent system for each apartment. It 
consists of a low temperature stratified oil boiler and a poorly insulated circulation loop. The efficiency of the boiler is equal 
to 75%, while the distribution losses are equal to 15%. 

In the advanced renovation scenario the heating system were replaced by a biomass central heating system. A wood 
pellet boiler with efficiency 80% was considered while the pipes of the heating loop were insulated reducing the distribution 
losses to 5%. Moreover, a ventilation system with 80% heat recovery efficiency was assumed for each apartment. The 
domestic hot water production was achieved with a combination of the wood pellet boiler for each apartment, with 75% 
efficiency and a solar thermal system. 3.5 m2 of solar panels were considered at the roof of the building for each apartment. 
The circulation pipes were well insulated and the lost distribution of the DHW loop is only 5%.  

In the deep renovation case, the heating system was replaced with a natural gas condensing boiler, with 105% 
efficiency and high insulated pipes reducing the distribution losses to 5%. A ventilation system with 80% heat recovery was 
installed in each apartment. An advanced BEM (Building Energy Management) system with consumption forecasting 
algorithms was also installed at each apartment. During the occupancy period (approximately 18 hours/day at the 
weekdays) the thermostat temperature set point were set at 20oC, otherwise the indoor temperature was set at 18oC. 
Additionally, during sleeping hours the temperature at the living rooms is set at 18oC, while at the bedrooms is set to 20oC. 
The domestic hot water was produced combining a solar thermal system and an auxiliary natural-gas condensing boiler with 
110% efficiency. The circulation loop was well insulated with minimal heat losses. The loss distribution of the system is 
assumed equal to 10%. For each apartment 3m2 solar panels were installed at the roof of the building. Finally, an extended 
PV system was installed on the remaining roof area. The produced electricity was used for the electricity demands of the 
heating, ventilation and domestic hot water systems. The excess energy was sold to the electricity grid. The building systems 
for heating and DHW are summarized in Table 3. 
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Table 2   Building Envelope Details 
  Existing state Advanced Renovation  Deep Renovation 

Ex
te

rn
al

 W
al

l 

Surface Area(m2) 1325 1325 1325 

Figure 
 

   

Type of construction -Hollow blocks -Hollow blocks 
-24 cm of insulation 

-Gyspum board 
-Mineral Wool 

-Vacuum insulation Panels 
-Mineral Wool 
-Gypsum board 

-Ventilated facade 
Thickness (m) 0.3 0.54 0.318 

U-Value* [W/m2.K] 1.30 0.23 0.25 

R
oo

f 

Surface Area(m2) 355 355 355 

Figure 
   

Type of construction Concrete ceiling 
-Concrete ceiling 
-30cm insulation 

above(+flooring if necessary) 

-Gypsum board 
-Mineral Wool 
-Gypsum board 
-Mineral Wool 

-Floor Load panel 
Thickness (m) 0.3 0.6 0.46 

U-Value* [W/m2.K] 1.18 0.21 0.48 

Fl
oo

r 

Surface Area(m2) 355 355 355 

Figure 
   

Type of construction Concrete Cavity blocks 
-Concrete Cavity blocks 

-12 cm insulation 
 

-Floor covering 
-Floor Load panel 
-Sound insulation 
-Floor load panel 

-Mineral wool 
-Gypsum board 

-Concrete Cavity blocks 
Thickness (m) 0.3 0.42 0.61 

U-Value* [W/m2.K] 1.39 0.34 0.51 
* The U-values include all thermal bridges. 
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Table 3   Technical Building System details 
 Existing state Advanced Renovation Deep Renovation 

H
ea

tin
g 

sy
st

em
 

 
 

 
 

 

-Central heating system 
Oil boiler 

-Efficiency: 80% 
-Poorly insulated pipes, distribution losses: 

10% 

-Central heating system 
-Woodpellets boiler 

-Efficiency: 90% 
-Good insulated pipes,  
distribution losses: 5% 

 

-Central heating system 
-Natural gas condensing boiler 

-Efficiency: 105% 
-Full insulated pipes, distribution 

losses: 5% 
-Advanced BEM with forecasting 

algorithms 

Ve
nt

ila
tio

n 
Sy

st
em

 

No ventilation system   
-Ventilation system for each 

apartment 
-Heat recovery: 80% 

-Ventilation system for each 
apartment 

-Heat recovery: 80% 

D
om

es
tic

 h
ot

 w
at

er
 s

ys
te

m
 

 
   

-Domestic hot water system for each 
apartment 

-Oil boiler, 190 lt 
-Efficiency: 75% 

-Poorly insulated pipes, distribution losses: 
15% 

 

-Domestic hot water system for 
each apartment 

-Thermal solar system  
(3.5 m2 solar panel for each 

apartment) 
-Auxiliary woodpellets boiler  

-Well insulated circulation loop, 
distribution losses: 10% 

 

-Domestic hot water system for 
each apartment 

-Thermal solar system 
(3m2 solar panel for each 

apartment) 
-Auxiliary natural gas condensing 

boiler  
(110% efficiency, 200 lt) 

-Well insulated circulation loop, 
distribution losses: 10% 

 

El
ec

tr
ic

ity
 P

ro
du

ct
io

n 

No electricity production No electricity production  
-PV system 

-Tilted panels 
-Total area: 95 m2 
-Efficiency: 18% 
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METHODOLOGY 

The energy efficiency of the building was assessed based on the total annual primary energy consumption for heating, 
cooling and domestic hot water systems. The energy consumption was calculated with the EnergyPlus software. EnergyPlus 
is the official simulation program of the United States Department of Energy, promoted through the Building and 
Technology Program of the Energy Efficiency and Renewable Energy Office (Stadler et al., 2006). The software combines 
the best capabilities and features from BLAST (Building Loads and System Thermodynamics program for predicting energy 
consumption in buildings) and DOE-2 (a freeware building energy analysis program that can predict the energy use of 
buildings).Energyplus calculates the energy consumption of the building by solving the heat transfer equation assuming 
one-dimensional heat flow through the walls.  

Each apartment of the building was separated into two different thermal zones while the whole building was separated 
into 41 thermal zones including the non-conditioned space of the staircase of the building. The consumption of the 
domestic hot water was assumed equal to 126 lt per day and apartment. 

The investment analysis for the two examined renovation scenarios was performed by means of the Payback Period 
methodology. The Payback Period (PP) is defined as the time required after an investment to recoup the initial investment’s 
costs. The Payback Period is calculated from the following equation: 

 
 

tC
CPP 0=    (1) 

 
where C0 is the initial investment cost and Ct is the annual revenue obtained from the reduction of the operating costs due 
to the renovation in each case.  
The annual revenue is calculated from: 

 

RBEBt OCOCC -=  (2) 

   
where OCEB are the operating costs for the existing building and OCRB are the operating costs of the renovated building. 

RESULTS AND DISCUSSION  

Energy analysis 

The examined scenarios as well as the reference case were simulated by EnergyPlus software. The most essential 
results concerning the energy balance are summarized in Table 4. The net primary energy consumption for heating in the 
existed state case of the building is 303.7 kWh/m2 annually, while after the advanced Renovation the required net primary 
energy is 67.4 kWh/m2 annually and in the case of deep Renovation it is reduced to 41.7 kWh/m2 annually. This means that 
the primary energy consumption is reduced by 77.8% in case of the advanced Renovation and by 86.3% in case of the deep 
Renovation. The difference between the two renovation scenarios is 38.1%. The total heat loss coefficient for the reference 
case is 3523 W/K, while in advanced Renovation it is 735 W/K and in deep Renovation it is 905 W/K. Despite the fact 
that in the deep renovation scenario the heat loss coefficient is ca. 23% higher than that in advanced renovation, the 
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resulting reduction of the needed annual primary energy consumption is caused by the operation of the energy systems of 
the building. 

 
Table 4   Summary of the simulation results 

 Existing state Advanced 
Renovation 

Deep  
Renovation  

Total building envelope heat loss 
coefficient [W/K] 3523 735 905 

Primary energy consumption for Space 
Heating [kWh/ m2 year] 258.3 43.0 43.6 

Primary energy consumption for DHW 
[kWh/m2 year] 45.4 24.4 15.5 

Annual primary energy production 
[kWh/m2 year] 0 0 13.0 

Net primary energy consumption 
[kWh/m2 year] 303.7 67.4 41.7 

The annual savings of the primary energy for the two renovation scenarios are illustrated in Figure 2. The replacement 
of the heating system in advanced Renovation reduces the primary energy consumption by 69%, i.e. 210 kWh/m2 per year, 
while the replacement of heating systems in the deep Renovation scenario reduces the primary energy consumption 
additionally by 2%. Moreover, the refurbishment of the domestic hot water systems in the advanced Renovation scenario, 
reduces the primary energy consumption for domestic hot water by 7% and in the deep Renovation by 10%.  

 

Figure 2 Energy savings for each case of renovation 

The results regarding the improvement of each upgrade measure on the consumed primary energy of the building 
between the two renovation scenarios are quite similar. Figure 3 shows the impact of the deep renovation of the building 
envelope with the prefabricated elements and the replacement of the boilers for space heating and domestic hot water, with 
high efficiency boilers on the net primary energy consumption of the building. The renovation of the envelope reduces the 
energy consumption for heating by 137 kWh/m2, which means a total 45%reduction at the net primary energy 
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consumption. The replacement of the boilers results to further reduction of the energy consumption by 22.5%. This 
reduction concerns the energy for both space heating and domestic hot water. 

 

Figure 3 Primary energy savings due to envelope and boiler renovation 

Figure 4 shows the additional energy savings due to the implementation of the solar thermal heating systems for 
DHW and ventilation with heat recovery for the deep renovation scenario. As it is shown, the installation of the solar 
thermal heating systems for DHW reduces the total primary consumption by 12.4% related to the previous case with the 
envelope renovation and the replacement of the boilers. The installation of the ventilation system with heat recovery results 
to further reduction of the primary energy consumption by 31%. Concerning the energy production by PVs, the produced 
energy is consumed by the technical building systems (HVAC and DHW systems) reducing the primary energy by 5.9%. 
The excess produced electricity energy is been fed to the grid by using a Net metering utility, resulting to 8.8 further energy 
savings. Finally, the use of the advanced BEM based on real occupancy profiles results to a further energy saving by 6.3%. 

 

Figure 4 Primary Energy Savings due to solar thermal heating, ventilation with heat recovery, PV electricity production and BEM. 
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The initial investment cost for the renovation consists of two main costs: the cost for the envelope components 
(purchase and installation of walls, windows and door), and the cost for the energy systems (purchase and installation of 
boilers for domestic hot water, photovoltaic panels and boiler for the central heating system). The average subsidy 
percentage for renovation in residential buildings across the European countries is ca. 45%. Taking this into consideration, 
the final investment cost that the building’s owners are going to pay is analyzed in Table 5. 

Table 5   Initial investment costs after the subsidy 

Type of Renovation Envelope Components 
Cost (€) 

Energy Systems 
Cost (€) 

Total Renovation 
Cost (€) 

Advanced 121192.5 32450.0 153642.5 
Deep 161891.5 34375.0 196266.1 

The investment analysis was performed taking into account the annual operating costs for heating the building and for 
the domestic hot water for the reference and for the two renovation scenarios. In the advanced renovation scenario, pellet 
is used for the heating and for the domestic hot water, while in the deep renovation case natural gas is used. Also, it should 
be noted that in the deep renovation the building’s needs for electricity are covered from the photovoltaic panels, while the 
remaining is sold to the grid. Table 6 summarizes the energy consumption costs, energy production revenues and annual 
operating costs for the existing building and the building after the implementation of the renovation measures for the two 
scenarios. As it is shown, in the advanced renovation case, the cost savings for the energy needed for heating and domestic 
hot water are equal to 11948.0 € (61.6% cost reduction). In the deep renovation, the cost saving are 13870.4 € (71.5% cost 
reduction) for the energy needed for heating and domestic hot water, while when taking into account the revenue from 
selling the remaining electricity produced by the PVs to the grid there are 16215.7 € cost savings (83.6% cost reduction). 

Table 6   Operating costs for the three cases 
 Existed state Advanced Renovation Deep Renovation 

Energy Consumption Costs [€] 19398.05 7107.75 5527.65 
Energy Production Revenues [€] 0.00 0.00 2345.28 

Annual Operating Costs [€] 19398.05 7107.75 3182.37 

Taking into account the overall annual operating cost savings and the initial investment cost for each type of 
renovation, the overall payback period was estimated according to the equations analyzed in methodology. The payback 
period for the advanced renovation case is equal to 12.5 years while the payback period in the deep renovation case is 12.1 
years. Figure 5 shows the payback period and the break-even points for both renovation cases. 
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Figure 5 Break-even points for Advanced and Deep Renovation Cases 

CONCLUSIONS 

The present study carried out a techno-economic analysis for two renovation scenarios for a five-storey building: an 
advanced renovation and a deep renovation. The cases were compared with the reference, existed state of the building. The 
renovation concerns the upgrade of the building envelope and the heating/DHW systems. The advance renovation 
included the installation of extra insulation on the building envelope and the upgrade of building systems combining a 
ventilation with heat recovery system, the installation of new biomass boilers and solar thermal systems for the DHW. The 
deep renovation included the replacement of the building envelope with high thermal performance prefabricated wall 
systems and the upgrade of building systems combining a ventilation with heat recovery system, the installation new natural 
gas boilers and solar thermal systems for the DHW, as well as the installation of PVs and Building Energy Management 
(BEM)systems. 

It was found that in the advance renovation case, the primary energy consumption was reduced by 76% in 
comparison with the existing state of the building, while the in the deep renovation case there was a further reduction by 
9%. This reduction occurs in the primary energy production through the installation of the PVs and the Building Energy 
Management Systems (BEMs) that also give the advantage to monitor and control the building’s energy needs by 
controlling the functions of heating, ventilation, HVAC and domestic hot water systems. Moreover with the use of net 
metering utilities, any excess produced electricity could be added to the grid. 

The economic analysis showed a remarkable reduction of the Payback Period for the investment of the deep 
renovation of approximately one year lower than the advanced renovation. The annual operation cost in the deep 
renovation is ca.4268€ lower than that in advanced case. 
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ABSTRACT 

Energy renovations offer unique opportunities to increase the energy efficiency of the built environment. And for the existing housing stock, energy 
renovations are the most important solution. Usually, energy savings, achieved after renovating, are based on modelling calculations. However, 
patterns of the predicted energy reduction, in most cases, differ from the actual energy consumption. Monitoring is essential and can provide 
valuable information concerning the energy savings that can be achieved, in terms of both actual and predicted energy consumption. In this paper, 
the effectiveness of energy measures is re-assessed based on actual consumption data. To do so, we analyse, first, the energy efficiency state of the 
stock in the Netherlands. We use a monitoring system, which contains information about the energy performance of around 60% of the Dutch 
non-profit housing sector (circa 1.2 million dwellings). This system is based on the Dutch energy labeling method. We connect the data from the 
monitoring system to actual energy consumption data, from Statistics Netherlands, on a microdata level. Furthermore, we assess the type of energy 
renovations applied at the housing stock. Using longitudinal analysis methods, from 2010 to 2014, we identify the energy efficiency improvements 
of the stock and determine the effectiveness of different measures, and combinations, in terms of actual energy savings. The results reveal the savings 
of different efficiency measures and highlight the significance of the actual energy consumption when a renovation is planned or realized. In other 
words, we provide insight into the effect that the thermo-physical characteristics of dwellings have on efforts to make the existing housing stock 
energy-efficient. 

INTRODUCTION 

The existing housing is instrumental for achieving the energy efficiency targets set worldwide and in the European 
Union (EU) (European Commission 2016; SER, 2013; Ürge-Vorsatz et al., 2007). The energy performance of buildings is 
inadequate placing the sector among the most significant CO2 emission sources in Europe (BPIE, 2011). Existing buildings 
account for approximately 38% of the energy consumption in the European Union (EU), and are responsible for 36% of 
the CO2 emissions (European Commission, 2008, 2014 and 2016b). A large percentage of this energy consumption is 
assigned to the residential sector. On average households consume 24.8% of the total energy consumption in the EU 
(Eurostat, 2016). 

Energy renovations in existing dwellings offer opportunities to reduce the energy consumption and greenhouse gas 
emissions. Renovating the housing stocks is instrumental for reaching the EU and national 2020 goals (Saheb et al., 2015). 
It has implications for growth and jobs, energy and climate, as well as cohesion and economic policies. Although there have 
been various energy renovation actions of dwellings in Europe and the Netherlands, the assessment and monitoring of the 
savings achieved is not sufficient. Monitoring the energy improvements of the existing housing stock can provide valuable 
information, concerning the energy savings that can be achieved both in terms of actual and predicted energy consumption. 
The patterns of the predicted energy reduction in most cases differ from the actual energy consumption (Filippidou et al., 
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2016; Balaras et al., 2016; Majcen et al., 2013, Tigchelaar et al., 2011).  Predicted or modelled energy consumption differ 
from the actual consumption by as much as 50% less or 30% more in dwellings (Majcen et al., 2016). Previous research 
(Balaras et al., 2016; Majcen et al., 2013; Sunikka-Blank & Galvin 2012) has highlighted the performance gap - the 
difference between predicted and actual energy consumption, in different building stocks. The focus on actual consumption 
is increasing and studies on the gap between the predicted and actual energy consumption of buildings start to appear in 
Europe. 

Is the actual impact of renovations, in terms of energy savings, close to what we predict? This paper examines the 
impact of thermal renovation measures on both the predicted and actual energy consumption of the renovated non-profit 
stock in the Netherlands. The actual savings reveal the true effect of renovations on the reduction of energy consumption. 
The actual energy savings also highlight the impact of single and combinations of measures on the dwellings’ performance. 
First we analyse the energy saving measures (ESMs) realized and then their impact on the actual and predicted energy 
consumption. In the following background section we discuss energy renovation concepts and the role of non-profit 
housing. Section 3 focuses on the data and research methods used. In section 4 we present the results of the analysis and in 
section 5 we draw conclusions based on the outcomes of the research. 

ENERGY EFFICIENCY IN THE NON-PROFIT HOUSING SECTOR 

There is a present need to research energy renovation practise in the existing housing stock. Monitoring is essential 
and can provide valuable information concerning the energy savings that can be achieved, in terms of both actual and 
predicted energy consumption. The aim of the current study is to examine how can energy savings be achieved, in the 
existing housing stock, through the application of energy renovations. To do so, we analyse, first, the energy efficiency state 
of the stock. Furthermore, we assess the type of energy renovations and their impact on the energy efficiency and the actual 
energy savings. In other words, we provide insight into the effect that the thermo-physical characteristics of dwellings have 
on efforts to make the existing housing stock energy-neutral. 

The energy savings potential of the existing dwellings is large. In the Netherlands, policy measures have been 
employed since the last quarter of the 20th century, mainly through building decrees. The energy consumption of new 
buildings has been regulated since 1975 consisting of limits on transmission losses based on insulation values (Boot, 2009). 
In 1995 these limits were expanded to include the national “EPC” (Energy Performance Coefficient) which is a figure 
expressing the energy performance of a building depending on the energy consumed for space heating, hot water, lighting, 
ventilation, humidification and cooling. The energy performance of the existing housing stock is being regulated through 
energy labels (A to G – most efficient to least efficient), since 2008, when the EPBD was implemented in the Netherlands. 
The average energy label in 2015 was C (RVO, 2015). As the years pass, more dwellings adopt an energy label and thus far 
2.9 million have one. The majority of these dwellings belong to the rental sector. Figure 1 presents the distribution of the 
energy labels of the non-profit housing stock for four different years (2010 - 2014). In the first column of the graph (A 
label), the A+ and A++ labels are also included. It is clear that there is a tendency towards an increasing performance 
through the years. The labels denoting a relatively inefficient home (D, E, F, and G) show a decline through the years, 
whereas the ‘higher’ efficiency labels (A, B, C) show an increase. 

Moreover, in 2008, the Energy Performance of Buildings Directive (EPBD) of the EU was applied, setting the goals 
for the built environment higher. Under this directive, all Member States must establish and apply minimum energy 
performance requirements for new buildings, for major renovation of buildings and for replacement or retrofit of building 
elements (heating and cooling systems, roofs, walls, etc.). The revised EPBD of 2010 requires Member States to also 
guarantee that by the end of 2020, all new buildings are 'nearly zero-energy buildings' (Beuken, 2012; van Eck, 2015). New 
buildings and major renovations in the Netherlands are required to meet specific standards e.g. Rc values of floors, facades, 
roofs and U values of windows, as of January 2015 (van Eck, 2015). However, the pace of renovations and the amount of 
energy savings achieved are essential to reach the ambitious goals set on a national and European level. It is critical to attain 
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insight into whether these goals can be achieved. There are contradicting studies: some argue that the goals are reachable, 
and others mention that any progress is based on estimated values of energy consumption so the realization could be much 
more difficult (Balaras et al., 2016; Majcen et al., 2013; Sunikka-Blank & Galvin 2012). 

 

Figure 1 Energy label distribution in the non-profit housing stock 2010-2014 (Filippidou et al., 2017b) 
Despite the regulations and directives, there is a greater focus on newly built dwellings, achieving nearly zero energy 

standards, than on energy renovations of the building stocks. Nonetheless, energy renovations of dwellings are considered 
to be more sustainable and cost-effective than demolition and rebuilding (Itard & Klunder, 2007), and should be given 
priority and incentives, especially taking into account the low and declining construction rates in the EU (Pombo et al., 
2016; Thomsen & Van der Flier, 2002, Filippidou et al., 2017b). Renovating existing buildings is seen as a 'win-win' option 
for the EU economy (Saheb et al., 2015). However, there are challenges mainly relating to the financing, market uptake and 
occupant awareness of energy renovations. Further, although there have been various energy renovation actions of 
dwellings in Europe, the assessment and monitoring of these renovations is lacking. 

Non-profit housing sector 

The tenure mix of dwellings is an important factor for the ability to renovate regarding both the energy performance 
and the impact on the pace of energy renovations. The total amount of dwellings in the Netherlands is 7.5 million. The 
owner occupied sector comprises 55.8% of the total, whereas the rental sector amounts to 43.5% (BZK, 2016b). The 
ownership type is unknown for the remaining 0.7% (BZK, 2016b). The vast majority of the rental sector belongs to 
housing associations forming the non-profit housing sector. In this paper, we focus on the Dutch non-profit housing 
because the sector comprises approximately 2.3 million homes, which adds up to 30% of the total housing market (BZK, 
2016a). Figures 2 and 3 present a comparison of the non-profit housing stock and the national housing stock in terms of 
the building year, first, and the type of dwelling. When considering the building year, we can observe that the non-profit 
housing stock is representative. Figure 3 points to the fact that the same cannot be stated about the type of dwelling. 
However, if we sum up the detailed individual types of dwellings to single- and multi-family dwellings we will notice that 
the non-profit housing stock comprises of 53% multi-family dwellings and the national housing stock of 47%. The rest 
represent the single-family dwellings. This difference cannot be considered as non-representative. 

We examine the non-profit rented housing stock of the Netherlands, also referred to as social housing, where a 
significant amount of data are available, for three reasons. First, the non-profit housing sector in the Netherlands is the 
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largest in Europe, having a share of 30% of the total stock as mentioned above. This fact advances the research, providing 
the opportunity to work on a representative sample of the national housing stock, in terms of typology. Second, having 
such an extensive and representative sample of dwellings is a stepping stone for the provision of statistically significant 
results. Last, the non-profit housing sector is making decisions about energy efficiency and sustainable solutions collectively 
and is being subsidised by the state for goals promoting the energy neutrality of the country (Filippidou et al., 2017b). 

 

Figure 2 Comparison of building year cohorts distribution between the national and social housing stock.1 
Although no common definition for the non-profit housing sector is used, three elements are shared across the 

European non-profit social housing sectors: a mission of general interest, affordable housing for the low-income population 
and realization of specific targets, defined in terms of socio-economic status or the presence of vulnerabilities (Braga & 
Palvarini, 2013). Non-profit housing is typically owned by the public sector; however, there is an increasing trend towards 
non-public involvement or the privatization of the non-profit housing sector in Europe, as is the case in Ireland, UK, 
Austria, France, and Denmark (Filippidou et al., 2017b). Since the beginning of the 1990s the Dutch non-profit housing 
sector deviated from government control and public financing and became an independent sector. In the Netherlands, non-
profit housing is almost entirely in the hands of private organisations (Elsinga & Wassenberg, 2014; Priemus, 2013; BPIE, 
2011; Kemeny, 2002). These organizations can be better described as “hybrid” – they act between government, market and 
community (Nieboer & Gruis, 2016). They have to manage the different and frequently competing interests from each of 
these three entities (Nieboer & Gruis, 2016). The housing organizations have to fulfil several mandatory goals regarding the 
provision and allocation of homes. 

Energy savings and sustainability are high on the agenda of the non-profit housing sector, especially since 2008 
(Aedes, 2013). The main energy efficiency policy for the sector is described in the Energy Saving Covenant for the Rental 
Sector (“Convenant Energiebesparing Huursector”, 2012). The current aim of the non-profit housing sector is to achieve 
an average energy performance indicator, called Energy Index (EI), of 1.25, corresponding to an energy label B, by the end 
of 2020 (BZK, 2014). The Covenant is a voluntary agreement between Aedes – the umbrella organisation of housing 
associations – the national tenants union, and the national government. The goal of the agreement means a reduction by 
33% in energy consumption compared to the 2008 levels (BZK, 2014; CECODHAS Housing Europe, 2012). This 
voluntary agreement is a prominent example of policy implementation in organized housing. Agreements like this one could 
be enforced in communities and other public or private bodies to ensure energy efficiency of housing stocks. However, the 

                                                             
1 Source: AgentschapNL, Voorbeeldwoningen 2011; bestaande bouw (In Dutch) and SHAERE database 
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application of such agreements is difficult in the owner-occupied housing sector where the owner bears the energy 
efficiency investment weight alone and is difficult to motivate (Filippidou et al., 2017a). 

 

Figure 3 Comparison of type of dwelling cohorts distribution between the national and social housing stock.2 

DATA AND METHODS 

This study includes an inventory of ESMs of the non-profit rented stock in Netherlands from 2010 to 2014. 
Moreover, we examined the effectiveness of these measures based on actual and predicted energy savings as annual values 
between 2010 and 2014. In the Netherlands, 85% of households are heated with natural gas (ECN, 2014). Thus, for the 
purpose of this study we focus on the gas consumption data that mainly correspond to the heating demand. We used two 
different datasets to achieve the identification of the measures and examine their effectiveness. In both datasets an 
encrypted identifier variable for each dwelling is used, comprising of the address, postcode and housing number (Filippidou 
et al., 2017a). 

Data 

First, we used the SHAERE database (“Sociale Huursector Audit en Evaluatie van Resultaten Energiebesparing” – in 
English: Social Rented Sector Audit and Evaluation of Energy Saving Results). SHAERE is the official tool for monitoring 
the progress in the field of energy saving measures for the non-profit housing sector. SHAERE is the first monitoring 
database of the energy efficiency evolution of the building stock in the Netherlands with microdata information, on a 
dwelling level. It includes information on the dwellings’ geometry, envelope, installations characteristics and the predicted 
heating energy consumption based on ISSO publication 82.3 (ISSO, 2009). In more detail, the data include the U values 
(thermal transmittance, W/m2K) and Rc values (thermal resistance, m2K/W) of the envelope elements, the type of 
installation for heating, domestic hot water (DHW) and ventilation and the predicted energy consumption. The data are 
categorized as variables per dwelling. It is a collective database in which the majority of the housing associations participate 
(Filippidou et al., 2015). This monitor became operational in 2010. Housing associations report their stock at the beginning 
of each calendar year accounting for the previous year (e.g., in January 2014 reporting for 2013) (Aedes, 2016). They report 
the energy status of their whole dwelling stock using two specific software (Aedes, 2016 and Tigchelaar, 2014), whose basis 

                                                             
2 Source: AgentschapNL, Voorbeeldwoningen 2011; bestaande bouw (In Dutch) and SHAERE database  
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is the Dutch energy labelling methodology (ISSO, 2009). The database includes data from 2010, 2011, 2012, 2013, 2014 and 
2015, on the performance of the stock in the form of energy certificates. Table 1 presents the number of dwellings 
reported in SHAERE every year. 

Second, we matched the data from SHAERE database, on microdata level, to the actual energy consumption data, 
which is collected by Statistics Netherlands from energy companies. The companies report the billing data, which are 
calculated on the basis of the dwellings’ meter readings annually. In order to compare the data of the predicted heating gas 
consumption and the actual gas consumption from the Statistics Netherlands a climatic standardization was applied. The 
Statistics Netherlands data corresponded to the years of 2009, 2010, 2011, 2012, 2013 and 2014. 

The analysis is based on longitudinal data using the identifier variable to follow the energy saving measures of the 
dwellings. In order to identify the ESMs we follow and examine seven ESM variables. These include: heating system (type 
and efficiency), domestic hot water system (type and efficiency), ventilation system (type), floor insulation (Rc value), roof 
insulation (Rc value), façade insulation (Rc value), and type of glass (U value). 

Table 1.   Number of dwellings reported in SHAERE per year 

Year of reporting Amount of individual 
dwellings 

Percentage of the total 
non-profit stock 

2010 1,132,946 47.2% 
2011 1,186,067 49.4% 
2012 1,438,700 59.9% 
2013 1,448,266 60.3% 
2014 1,729,966 73.7% 
2015 1,275,390 53.3% 

Methods 

Selection of the data sample 
The initial dataset from SHAERE comprised 2,189,591 dwellings containing records from 2010 to 2015. Data filtering 

was required from the beginning of the data analysis and especially when we coupled the SHAERE dataset to the actual 
energy consumption dataset of the Statistics Netherlands. The maximum amount of records per dwelling can be six (2010 - 
2015). 1,794,415 dwellings, 82% of the initial records, were coupled on an address basis with the actual energy consumption 
data from the Statistics Netherlands. After the double cases control, 1,752,427 unique dwellings formed the sample. 

In continuity, we performed different controls for dwellings’ missing data on gas, electricity and district heating 
consumption. 45,625 (2.6%) cases were excluded. Also, the cases with district heating had to be eliminated due to lack of 
individual metering - 92,545 (5.3%) cases were removed. The number of cases forming the sample at this point was 
1,706,775. 

Furthermore, we removed the dwellings that had unrealistic values of gas consumption (<15m3 and >6000m3). We 
also eliminated dwellings with default set values in all variables and with unrealistic useful living area (when <15m2 or 
>800m2) - 1,602,391 cases remained. The boundaries are based on the distribution of the gas consumption and living area 
variables – we exclude outliers and illogical values. We, then, selected the dwellings with records both in 2010 and 2014. 
Dwellings that were renovated in 2014 or 2015 had to be excluded, as the actual gas consumption data are available until 
2014. The final sample comprised 650,460 dwellings. 
Renovated dwellings 

The goal of this paper is to examine the impact of thermal renovation measures on both the predicted and actual 
energy consumption of the renovated non-profit stock in the Netherlands. Throughout the paper we focus on the 
renovated stock. For this reason, we applied the following method in order to select the renovated stock though the ESM 
variables. 

The insulation variables are based on the thermal resistance (Rc value), the glazing on the thermal transmittance (U 
value), and are numerical variables. However, in order to identify the improvements of the ESMs, the categorization of the 
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insulation and glazing variables was necessary. The values and boundaries used to distinguish between the levels of 
insulation derive from the Dutch ISSO publication 82.3 and are presented in Table 2 and Table 3 (ISSO, 2009). By 
creating the categorical variables we were able to identify any improvements of the envelope insulation, in this case ESMs, 
through the yearly reports. The installation variables (heating system, DHW and ventilation) are already categorical. These 
seven categorical variables form the group of thermo-physical ESMs examined in this paper. 

Table 2.   Insulation categories for floor, roof and façade based on the ISSO 82.3 (2009) 

Characterization Rc value floor 
W/(m2K) Rc value roof W/(m2K) Rc value façade 

W/(m2K) 
No-insulation   Rc ≤0.32 Rc ≤0.39 Rc ≤1.36 

Insulation 0.32<Rc ≤0.65 0.39<Rc ≤0.72 1.36<Rc ≤2.86 
Good insulation   0.65<Rc ≤2 0.72<Rc ≤0.89 2.86<Rc ≤3.86 

Very good insulation  2<Rc ≤3.5 0.89<Rc ≤4 3.86<Rc ≤5.36 
Extra insulation Rc >3.5 Rc >4 Rc >5.36 

We, then, create seven variables indicating the improvement of one of the seven ESM variables. These change variables 
show the improvement or not of each ESM variable (dichotomous variables). We go on creating a single “number of ESM” 
variable to indicate the number of measures applied in each dwelling. The minimum value of this variable is 0, suggesting 
that the dwelling belongs to the non-renovated stock, and the maximum is 7, suggesting that a complete renovation was 
realized. 

Table 3.   Window categories based on the ISSO 
82.3 (2009) 

Characterization U value window 
W/m2/K 

Single glass  U≥4.20 
Double glass  2.85≤U<4.20 
HR+ glass  1.95≤U<2.85 

HR++ glass   1.75≤U<1.95 
Triple insulation glass   U<1.75 

 
Actual and predicted energy savings 

Consequently, we focus on the dwellings that had at least one ESM realized – i.e. the renovated stock. The coupling of 
the SHAERE data with the Statistics Netherlands microdata allows us to access the actual gas consumption before and 
after the ESMs are applied. To calculate the energy savings, we subtracted the gas consumption in 2014 from the one in 
2010. This deduction forms the two main variables of this analysis per dwelling – the actual gas savings, where we subtract 
the actual gas consumption, and the predicted gas savings, where we subtract the modelled gas consumption, as explained 
by Equations 1 and 2. In order to compare the actual and predicted savings we applied climate correction factors to the 
gas consumption. The energy label calculation reported in SHAERE, assumes 2620-heating degree days (ISSO, 2009), 
therefore we applied correction factors to the actual gas consumptions supplied by the Statistics Netherlands. 

The actual and predicted energy savings are calculated as follows: 

 

 
where: 

: Space heating demand before renovation, Statistics Netherlands 
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 : Space heating demand after renovation, Statistics Netherlands 
: Space heating demand before renovation, calculated according to ISSO 82.3 (ISSO, 2009) 

: Space heating demand after renovation, calculated according to ISSO 82.3 (ISSO, 2009). 
This study examines different single ESMs and combinations of ESMs realized in the renovated stock. In the 

following, Results and Discussion, section we present the outcomes from the twofold analysis performed. In the first part 
we present the amount of ESMs realized per dwelling. Relatedly, we introduce the type of single and combination ESMs 
realized in the renovated stock and the actual and predicted savings categorized by the ESMs applied. The single ESMs are 
based on the change variables, described above in the Renovated Dwellings sub-section, for the dwellings that only had one 
ESM realized. But for the dwellings that more than one ESM was realized, we created new variables to identify the 
combinations of ESMs. 

RESULTS AND DISCUSSION 

This section, first, discusses the amount of measures applied per dwelling. We then go on introducing the effect of 
different, single ESMs on the yearly energy savings between 2010 and 2014 for the dwellings that had only one ESM 
realized. Furthermore, the effect of various combinations of ESMs on the energy savings is analysed for the dwellings 
where more than one ESMs were realized. 

The mean gas consumption savings in this paper are expressed in kWh/m2 and as a result are not floor area weighted 
(for example a dwelling of 500 m2 weighs the same as a 40 m2 apartment). In this way, the scale effect is neutralized. We 
used the Statistics Netherlands dataset to determine the gas consumption pre- and post-renovation. We used the 2009 or 
2010 gas data for the pre-renovation values and the 2014 data for the post-renovation consumption values. Results 
concerning groups of dwellings with less than 10 cases (dwellings) could not be exported from the Statistics Netherlands 
environment for privacy issues and would not be statistically significant. They are, therefore, excluded from the analysis. 

Table 4.   Number of ESMs realized during 2010 - 2014 

Number of ESMs Frequency (number of 
dwellings) Percentage 

0 384,069 59.0 
1 108,131 16.6 
2 100,211 15.4 
3 35,506 5.5 
4 14,052 2.2 
5 5,871 0.9 
6 1,967 0.3 
7 653 0.1 

The maximum amount of ESMs is 7. Table 4 depicts the amount of dwellings and the number of measures applied per 
dwelling. According to SHAERE, when we examine the percentage of dwellings with at least one measure (266,391 
dwellings), the division between 1 and 2 measures is flat. As the amount of measures increases, the amount of dwellings 
decreases and only 0.1% of the dwellings had seven measures performed. In 59% of dwellings no action was taken and 
these 384,069 dwellings form the non-renovated stock of 2010 – 2014 (in light grey font in Table 4). 24.4% of the 
dwellings had a combination of measures performed, meaning at least two or more ESMs. In the continuity of this paper 
we focus only on the renovated stock and the ESMs that were applied. 

The amount of 108,131 dwellings (16.6% of the sample) had 1 ESM realized between 2010 and 2014. Table 5 depicts 
the frequency and ratios of mean actual to predicted gas savings of the ESMs. Replacing the heating and DHW systems and 
glazing are the most popular single ESMs. Figure 4 depicts the effect of these single measures on the actual and predicted 
savings. 
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Figure 4 Mean actual and predicted gas consumption savings for dwellings with single ESMs 

Figure 4 presents the mean actual and predicted savings categorized per type of ESM applied. The mean actual gas savings 
derive from the Statistics Netherlands data and the predicted from SHAERE.  The dwellings depicted in Figure 4 are the 
ones where only one of these ESMs have been performed with the exception of the ESM heating and domestic hot water 
(DHW) systems because in the Netherlands in 80-90% of the cases the systems are combined. As a result we also regard 
the combined change of the heating system and the DHW system as one ESM. This way we present the effect of each 
individual ESM on the actual and predicted savings. In most cases, the predicted savings are higher than what is actually 
achieved by a factor of 0.46 to 0.90 (actual/predicted ratio) as shown in Table 5. However, in the case of the heating 
system change and the ventilation the actual savings achieved are higher than the predicted. In the case of ventilation the 
actual savings are 4.87 (actual/predicted ratio) higher than the predicted ones, which is larger than any other ratio. 
However, the same air flow rates are assumed by the calculation method for both mechanical and natural ventilation 
systems. The ESM where the mean actual and predicted savings are almost the same is the floor insulation with a ratio of 
1.04. Figure 4 shows that predicted savings are closer to the actual ones for the heating (space heating and DHW) systems 
and glazing than for the envelope insulation ESMs. This phenomenon can be attributed to the fact that most of the old 
stock’s envelope insulation values (façade, roof, floor) are ‘simply’ based on the regulations in the building year (Rasooli et 
al., 2016). 

Table 5.   Inventory of single ESMs 

ESMs Frequency (number of 
dwellings) 

Ratio mean 
actual/predicted 

savings 
ESM heating system 18036 1.33 
ESM DHW system 8878 0.49 

ESM heating and DHW 
systems 

63675 0.77 

ESM ventilation system 24934 4.87 
ESM glazing 16521 0.90 

ESM roof insulation 10392 0.46 
ESM façade insulation 16182 0.55 
ESM floor insulation 14414 1.04 
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While 16.6% of the dwellings had only one ESM applied, 24.4% of the dwellings had a combination of ESMs performed, 
meaning at least two or more ESMs. We examined a total of 22 different combinations of measures. Table 6 presents the 
combinations of ESMs studied along with the number of dwellings were each combination has been applied and the ratio 
of actual to predicted savings. These combinations of ESMs were based of the frequency of the individual ESMs, the 
combinations where a standard renovation is depicted (see 5 to 14) and the ones representing deep or more advanced 
renovations (see 15 to 22). In all cases of the 22 combinations examined the mean predicted savings are much higher than 
the mean actual savings achieved. 

 Table 6.   Index of combination of ESMs 

Index of combinations 
of ESMs Combinations of ESMs 

 
Frequency 

Ratio mean 
actual/predicted 

savings 
1 Primary and secondary 

heating system 
1584 0.21 

2 Heating system and 
domestic hot water 

system 

63675 0.77 

3 Heating system and 
ventilation 

9256 0.72 

4 Heating system and 
glazing 

6379 0.58 

5 Heating system and 
roof insulation 

2993 0.35 

6 Heating system and 
façade insulation 

5373 0.48 

7 Heating system and 
floor insulation 

7208 0.55 

8 Heating system, glazing 
and roof  insulation   

944 0.41 

9 Heating system, glazing 
and façade  
insulation   

2223 0.38 

10 Heating system, glazing 
and floor  
insulation   

1407 0.51 

11 Heating system, 
ventilation and 

glazing 

1835 0.53 

12 Heating system, 
ventilation and roof  

insulation   

577 0.30 

13 Heating system, 
ventilation and 

façade  insulation   

2090 0.41 

14 Heating system, 
ventilation and 
floor  insulation   

2554 0.45 

15 Heating system, glazing, 
ventilation and roof  

insulation   

490 0.29 

16 Heating system, glazing, 
ventilation and 

770 0.32 
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façade  insulation   
17 Heating system, glazing, 

ventilation and 
floor  insulation   

910 0.31 

18 Heating system, glazing, 
ventilation, roof 

and façade 
insulation 

417 0.32 

19 Heating system, glazing, 
ventilation, roof 

and floor insulation 

472 0.32 

20 Heating system, glazing, 
ventilation, roof, 
floor and façade 

insulation  

71 0.45 

21 Heating system, 
domestic hot water 
system, ventilation, 
glazing, roof, floor, 

and façade 
insulation 

642 0.38 

22 Glazing, roof, floor and 
façade insulation 

2898 0.40 

The combinations of measures in Figure 5 are depicted in ascending order of the mean actual gas savings. This way we 
want to highlight both the gap between mean actual/predicted savings and the difference in actual savings between the 
combinations of ESMs. The smallest over-prediction of the energy savings can be found in the combinations 2 and 3, in 
comparison to the rest of the combinations. It is our understanding that in the modelled results, in this case the predicted 
savings, a much more positive picture of the insulation of the dwellings, the energy installation and the occupant behavior is 
assumed than what is actually happening. In reality, the synergy of two or more ESMs can prove to achieve less or more 
actual savings and the gap between the two can be smaller. These results highlight the issue of the gap between actual and 
predicted energy consumption in terms of savings after renovation measures have been realized. When only the primary 
heating system is involved, the predicted savings are much closer to the actual (see Figure 4). On the contrary when the 
change of both the primary and secondary heating system is plotted (index 1 of Figure 5) then the actual savings differ 
greatly from the predicted savings. Table 6 also depicts the reality of simple combinations of ESMs being realized much 
more frequently than standard or deeper combinations of ESMs. The results indicate that depending on the mix of ESMs 
the ratios are fluctuating as well. The biggest differences occur when 5 or more ESMs are presented (see 16 to 22 in Figure 
5). This may be due to assumed occupant behavior (including indoor temperature and hours of heating system operation) 
or wrong predictions of the state of the dwelling before an ESM takes place (Balaras et al., 2016; Majcen et al., 2016; Galvin 
2014). 
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Figure 5 Mean actual and predicted gas consumption savings for dwellings with combinations of ESMs realized 

CONCLUSION 

The goal of this paper was to examine the impact of thermo-physical renovation measures on both the predicted and 
actual energy consumption of the renovated non-profit stock in the Netherlands. We focused on the actual savings as they 
can reveal the true effect of renovations on the reduction of energy consumption. The actual energy savings also 
highlighted the impact of the number and combinations of measures on the dwellings’ performance. First we analysed the 
ESMs realized and then their impact on the actual and predicted energy consumption savings. 

One of the main outcomes of this work is the fact that in the majority of renovated dwellings either 1 or 2 ESMs have 
been realized (78.2% of the renovated stock). This fact highlights the lack of deep renovations in the non-profit stock in the 
Netherlands. As the number of measures increases the gap between actual and predicted savings is also increasing. When 
we examined the single ESMs, we concluded that the heating systems (space heating and DHW) and glazing are predicted 
better than the ventilation and insulation values. Furthermore, ESMs of the combined heating system and DHW and the 
glazing yield the highest actual gas savings. The ESM of ventilation was the most under-predicted. The reason for that is 
probably the assumed air flow rates of the model. In the combinations of ESMs the results reveal that in most dwellings 
standard renovations have been performed (2 ESMs usually) rather than deep renovations. The gap between actual and 
predicted savings is larger when more ESMs are applied. Several reasons can be attributed to this effect. Predominantly, the 
assumed occupant behavior (including indoor temperature and hours of heating system operation) by the models used to 
predict the savings is a common factor causing the gap. However, falsely input envelope insulation variables, often based on 
the consumption year, is another issue raised by the results of this study. 

In conclusion, this paper showed the significance of the actual energy savings on understanding the impact of the 
number and combinations of measures applied to dwellings. The reality is far different from what is modelled at the time. 
This can be a demoralizing factor when housing associations take decisions to renovate or not parts of their stock. The 
predicted savings cannot be considered accurate with the current calculation models when compared to the actual savings. 
The main question to be answered by future research is how we can determine the effectiveness of ESMs and packages of 
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ESMs if no actual energy savings are provided. Large statistical studies maybe the answer to providing more realistic energy 
saving values. 
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ABSTRACT 

Energy efficiency in buildings has been amongst the most highlighted energy-related topics studied in recent years. Parallel to the thermo-physical 
and HVAC characteristics of a building, the thermal comfort of the occupants plays a significant role in the buildings’ energy consumption. Many 
studies have shown the necessity of studying the buildings’ actual energy consumption which is usually obtained via the traditional meters. With the 
introduction of smart meters, there is now a huge potential available for analysis of the real-time energy consumption patterns. From the scientific 
point of view, the analysis of such patterns in parallel with real time measured data of other variables such as air temperature, can lead to 
invaluable information. Along the same line, measurement campaigns provide the opportunity to observe the correlations between measured data 
leading to thermal comfort, thermo-physical characteristics of the building, HVAC, and the energy consumption. In the current research, the setup 
of an extensive monitoring campaign of 150 houses in the Netherlands is explained and the preliminary results of the collected data are shown. 
Three separate monitoring campaigns are run in a period of one year. Each campaign takes place in 50-60 dwellings. The houses are inspected, 
the tenants fill in questionnaire and the measurement equipment are installed in all rooms by installers who are trained for the whole procedure. In 
addition to the smart data which is the pattern from the gas and electricity consumption, various parameters such as air properties (temperature, 
relative humidity, and CO2 concentration), presence patterns of occupants, perceived comfort level of occupants, and more, are examined. Similarly, 
for the thermo-physical properties, the thermal resistance of exterior walls and windows, the supply and return temperatures of the heating system 
are studied in few case studies. More in-depth investigation takes place in a smaller sample by studying extensive measured data of thermal comfort 
including radiant temperature and local air velocity, local climatic conditions. Along the same line, other thermo-physical characteristics such as the 
seasonal efficiency and electricity consumption of the heating systems take place in selective houses. This would also show the level of dependence of 
the results on the extensity of the measurements. 

Keywords: Monitoring campaign, in-situ measurements, energy efficiency, Smart meter 

INTRODUCTION 

In the field of built environment, energy efficiency is a highlighted area, demanding special attention. Many studies 
have shown the difference between actual and theoretical energy consumption [1-4]. Follow-up studies have shown the 
most critical reasons for such difference, obtained by sensitivity analysis [5-7]. From the technical point of view, the 
thermo-physical properties, such as walls’ thermal transmittance [8], and from behavioral point of view, occupant behavior 
due to thermal comfort have shown to play a significant role [9, 10] . Numerous researches have been carried out to study 
these matters through simulations. However, the accuracy of the input data being used, which are mostly assumed values, 
has always been under doubt. This is due to the difficulty of performing in-situ measurements in terms of time, costs, and 
effort. Therefore, projects including in-lab and in-situ experiments have become of high importance since they aid to collect 
more accurate data, directly measured from the field or in the lab. For the same reason, performing large scale measurement 
campaigns in the buildings are of high value. The main obstacles for performing such campaigns are the high expenses vs 
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limited resources of funding and the willingness of people to participate and cooperate. Unlike other studies, in this paper, 
the main focus is specially laid on the process of performing an extensive measurement campaign which takes place in 150 
Dutch houses. The step by step procedure is explained and the future plans and methods are briefly depicted.  

ECOMMON (Energy and Comfort Monitoring) [11] is an on-going project from Delft University of Technology, 
started in 2014, aiming to measure, collect, and analyze data leading to more accurate energy consumption prediction next 
to better thermal comfort perceptions. The first phase of this project (2014-2016) had been accomplished in 35 houses [12, 
13], where the scope was to specially focus on indoor air quality and thermal comfort monitoring. At the second phase, 
which is currently on-going [14], the aim is to lay a great emphasis on energy consumption parallel to thermal comfort. At 
the current (2nd) phase (2016-2019), much attention is laid on analysis of the data from the actual energy consumption. With 
the introduction of smart meters, it is nowadays possible to log such data via the P1 port of the smart meters. Thus, the 
targeted houses for this phase of the project are the ones equipped with a smart meter. Up until now, the installations of the 
monitoring setup in 100 houses (of which 45 have on-going measurements) have been completed. The houses are located 
in diverse areas in the Netherlands. 

THE MONITORING CAMPAIGN 

The current phase of the project consists of three campaigns. The campaigns take place in 3 different periods. In 
some of the houses, the measurements continue for a longer period. In a few houses, extensive measurements take place to 
gather more detailed data. The last (Campaign 1), the on-going (Campaign 2) and the future (Campaign 3) campaigns, their 
periods, the number of houses in each period, the number of long period measurements, and the number of extensive 
measurements are mentioned in Table 1. 
 

Table 1.   Detailed descriptions of the measurement campaigns  
Campaign Period Number of houses Long-term  Extensive  
Campaign 1 Feb 2017 - May 2017 55 10 0 
Campaign 2 June 2017 - Nov 2017 45 0 0 
Campaign 3 Dec 2017 – Apr 2018 55 0 5 
  
The monitoring campaign consists of various procedures. The first part is to inspect the houses in terms of energy 

consumption. This can simply lead to an approximated energy label. At the same time, the occupants fill in a questionnaire 
asking about the salary, consumption habits, number of residents, hours of presence, etc. Thereafter, the measurement 
setup is installed. The whole procedure takes in average, 3 hours per house. In the following parts, the most relevant details 
and aspects of performing the measurement campaign are introduced and explained. 

Team training 

The installation team consists of 10 students. These students are officially registered through university organizations 
providing students with part-time and short term jobs. Before each campaign, the students follow a 2 full-day course. 
During the course, the students learn about building inspection, network connection, and equipment installation. They also 
learn about energy and comfort in general. During the second day, they practice all they have learned in a real house. This 
way it is ensured that they are ready to go to people’s houses. After this test, they are planned on a daily basis to visit houses 
for the campaign. People who want to participate in the campaign, have registered before on a website. Through the 
university, the appointments are scheduled for the installers to visit these houses. In each house, the following procedures 
take place. 

Inspection of the houses 

Before the installation begins, the house is inspected in a variety of aspects. Floor plan, dimensions, tyes and thickness 
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of the doors and windows and the insulation of the walls as well as the heating and ventilation systems and the installations 
are part of inspection. The inspection is energy-related and has the same theme as an energy labelling inspection. This, in 
addition to the valuable information (to be coupled with the measurement data) gives an opportunity for personalized 
advice to the occupants on how they can use their building more efficiently or which parameters to choose for an effective 
energy renovation [15] .  

Occupant survey 

During the installation, the occupants are asked to fill in a survey. The questions of this survey are divided in four 
categories. The first part asks about general characteristics of the households, such as household composition, age and 
revenues. The second part is about their heating and ventilation habits including thermostat settings, hours of ventilation in 
each room, number of showers taken per day, and so on. The third part is about the overall comfort perception (warmth, 
cold, humidity, and draught) of their dwellings in winter and summer. 

Installation for measurements 

At the university, equipment are prepared in boxes. Each box goes to one house and the contents will be installed in 
different rooms. In each box, there is a router (to create an individual Wi-Fi network), a P1 port reader, a mini PC, a set of 
four TRHC (Temperature, Relative Humidity, CO2) sensors (to measure air temperature, relative humidity, and CO2 
concentration), a set of four motion detectors, an RH (Relative Humidity) sensor for bathroom, an electricity power 
measurement apparatus (ELP), and antennas for making a wireless network. In Figure 1, the boxes and the contents are 
shown. 

 

 

Figure 1. The boxes with equipment inside: Each box goes to one house and the equipment are installed. All the equipment are 
coded and labeled and coupled with the database.  

 
Actual Energy Consumption  
The main focus of the project is to collect and analyze the data from the actual energy consumption (from the P1 port 

of the smart meters). A P1 port reader [16] is installed at the P1 port of the smart meter to read out the gas and electricity 
consumption. This device communicates to the router through Wi-Fi. The P1 port reader streams the data via a secure 
pathway to the university server, which stores them in the database 

Indoor Air Properties  
The TRHC sets measure the average air temperature, RH, and CO2 concentration within the time intervals of 5 
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minutes. They connect via a wireless system to the antenna of the mini-PC. Each pair of these sensors with a motion sensor 
is installed in one room. The whole equipment is installed in 4 rooms: living room, kitchen, master bedroom, and secondary 
bedroom (child room or study room). The motion sensors detect motion, which in combination with CO2 leads to presence 
[17]. The measurements are logged every 5 minutes (Average value). Performing such measurements provides data to be 
used in thermal comfort perception models as well as energy consumption predictions. 

Electricity of the heating/ventilation system 
The electricity (power) consumption for the heating system is measured via the ELP sensor. In case of an electrical 

heating system, combination of this data with the efficiency, leads to actual heating demand. In case of combination boilers 
which are very common, the separation of domestic hot water and space heating can be done.  In case of a balanced 
ventilation system, this data next to the occupant survey, leads to an estimation of the ventilation rate. 

Comfort Monitoring 

The actual thermal comfort of the occupants is of high importance. Therefore, a Comfort App [18] is used to monitor 
the tenants’ comfort. The occupants are provided with the app installed on their smartphones/tablets. They are given 
individual codes to log their relevant comfort data. This includes clothing, activity, metabolism, etc., and finally the actual 
comfort perception.  

In Figure 2, the installation setup is shown. As seen in Figure 2, the modem of the house is the interface between the 
university database and the measurement network. The data is sent on a daily basis to the servers of the university.  

 

Figure 2. Schematic representation of the equipment installed in each house. Dashed lines indicate wireless connection and the 
solid lines indicate wired connection. The data is stored daily at the database and live remote access is available for assistance. 

Privacy 

Within monitoring projects, privacy is a key issue. Therefore, the privacy measures are applied under the regulations of 
the university’s ethical committee. The raw data contain private data such as address data that can relate the data to specific 
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people. Before analysis, the address data are deleted and replaced by a random dwelling code. This code is used to combine 
data from different sources (meter readings, sensor data, comfort data and inspection data). During data collection, the 
sensor data are stored on a local computer and backed up via a secure internet connection to a server, specifically 
designated to this project. The meter readings are streamed via a secured internet connection to the same server and stored 
in a database. All data collection and handling complies to the Dutch privacy regulations. 

Uninstallation 

After each campaign, teams are sent to uninstall the equipment. The teams follow special manuals on how to collect 
the equipment appropriately. The occupants are asked to give feedback and they are offered with a small gift for their 
participation. This procedure is normally quick and takes about 30 minutes per house.  

Accuracy of the measurements 

With every measurement, there is always a concern for accuracy. Depending on the type of analysis, the accuracy level 
matters. In case the analysis is to be done using the absolute values rather than the trend, the accuracy is more critical.  

Sensors’ Accuracy 
The CO2 sensors are the NDIR (nondispersive infrared sensors) with +/- 50 ppm accuracy. The RH sensors have an 

accuracy of 3%.  The temperature sensors are the KT Thermistor type with an accuracy of 1% per °C. Motion sensors 
cover a range of 11 × 12 m (range at 2.3 m mounting height) [13]. To ensure minimum measurement error, the sensors are 
mounted in each room at a location where is the most representative for the whole room in terms of air properties and 
motion.  

Sensors’ Calibration 
The main challenge with calibration of sensors for such a large-scale campaign is the quantity vs the high costs for in-

lab calibrations. The total number of temperature, relative humidity, and CO2 sensors equals 780. This number of sensors 
can only be calibrated with a very careful and well-planned procedure. The calibration has taken place in a small room that 
is prepared to behave similar to a climate chamber. A convectional heater and a humidifier were placed in the middle of the 
room, under a main table where the sensors were placed with a certain distance with each other and the same conditions 
(Figure 3). In the corners of the room, fans are placed to ensure perfect mixing. At the same time, it is ensured that the 
sensors have not been exposed to any form of direct heat/humidity/air movement. Two pre-calibrated sensors (calibrated 
in a company with a calibration certificate) are placed on two different points of the table to assure consistency of air 
properties for the whole measurement area. A good agreement was observed between the values measured by the two pre-
calibrated sensors. The data has been measured and the average was logged every 5 minutes.  
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Figure 3. The set up of calibration: the sensors are placed with a certain distance with each other, measuring the changes in air 
properties. The air is well mixed to ensure consistency of its properties. 

The calibration curves have been generated using two points. The first one has high RH and low temperature and the 
second point has low RH and high temperature (Table 2). The sensors are custom made and therefore, cannot be tuned. 
However, by using the calibration curve (line), the measured data can be corrected before analysis. 

 
Table 2.   Two-Point Calibration Details 

Calibration Points Temperature RH (%) CO2 (ppm) 
Point 1 Low (20 °C) High (70%) Constant (~500 ppm) 
Point 2 High (35 °C) Low (40%) Constant (~500 ppm) 

Extensive measurements 

In a sample of 5 houses in the whole campaign, additional measurements will take place. The R-value of the walls will 
be measured via ISO 9869 method [19]. The efficiency of the boiler, the supply and return temperature of the heating 
system, and the thermal resistance of the windows will additionally be measured. From the thermal comfort aspect, the 
mean radiant temperature, air velocity, PMV, and PPD are measured via a local micro-climate unit. These buildings are 
selected from the ones under long-term monitoring. The tenants agree with each and every step of this procedure. Such 
measurements give a far better impression of the thermal behavior of the building and the comfort of its occupants. 

FUTURE DATA ANALYSIS 

Once the whole data is gathered (by the end of 2018), the analysis can begin by looking at different combinations of 
the measured data and gathered information. In the comfort area, the data of the temperature and RH parallel to presence 
measurements in different rooms will be compared with the data from the Comfort App where actual comfort perception 
has been logged. This way, the consistancy between the predictions of thermal comfort models and actual thermal comfort 
can be examined.  

The data gathered from the smart meters can be analyzed individually by pattern analysis methods such as pattern 
recognition, anomaly detection, and other similar algorithms. Additionally, matching the specific profiles such as irregular 
sores and plunges between the smart meter data and other measurements can give information about sensitivity level of 
each of the measured parameters in individual houses. Along the same line, by comparing different levels of measurements 
with actual energy consumption (smart meter data), the dependency of the outcomes of the study to the extensiveness of 
the measurements will be illustrated.  

In addition to such analyses, with such large amount of data, it will be very well possible to improve energy 
consumption prediction models through machine learning algorithms. This way, the actual energy data can be fed to the 
models and through mahine learning, the models can be calibrated and improved to predict closer to reality. Similarly, it 
should also be possible to extract some of the buildings’ thermo-physical characteristics via reverse modelling of the 
buildings’ thermal and energy behavior. 

Comparison between the long term and short term monitoring can highlight the differences in energy behavior and 
comfort-related behavior between the heating season and the cooling season. 

In the energy performance area, the air temperatures and CO2 cycles (providing some information about infiltration 
and ventilation rates) can lead to a rough estimation of the global U-value of the building envelope. 

PRELIMINARY RESULTS 

The campaign is on-going and as a result, the whole data and its extensive analyses will be presented in the future. 
However, the preliminary results are shown in this part. The presented data is taken from a random dwelling with four 
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rooms (living room, kitchen, and two bedrooms) in Campaign 1. In Figures 4, 5, and 6, the measurements of air relative 
humidity, temperature, and CO2 concentration are shown in four rooms.  

 

 

Figure 4. Relative humidity in four rooms. Combination of these values with temperature leads to thermal comfort perceptions.  
 

 

Figure 5. Air temperature in four rooms: This data can be used to study energy efficiency and thermal comfort 
 

It is seen in Figure 5 that the air temperature in bedroom 2 has been relatively high for a certain period. This shows 
that heating has taken place. The living room and the kitchen follow the same pattern because they are connected to each 
other. The average temperature in the rooms and the peaks can be studied to investigate energy consumption and can also 
be compared to the thermostat settings.  

 

Figure 6. CO2 concentration in four rooms. This data gives information about ventilation rates as well as air quality and health.  
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As seen in Figure 6 where CO2 measurements are presented, the master bedroom has a high CO2 level during the 
night. This is due to the number of people sleeping and the ventilation rate. During the day, the CO2 level drops to a 
standard level. The kitchen and the living room are not separated and therefore, their temperature and CO2 profiles follow 
almost the same pattern. It is seen from the CO2 level of these two rooms that in the evening, the cooking and dining takes 
place and after that, the CO2 level decreases in these two rooms and starts increasing in the master bedroom where the 
occupants sleep. The constant level of CO2 in bedroom 2 implies two possible senarios: no occupancy or an excellent 
ventilation. However, according to the high temperature profile, it seems that frequent ventilation is not the case. 
Acordingly, it seems probable that the room is not occupied but only being heated and therefore, there can be a doubt if 
the room is being heated efficiently. The decay profiles after the CO2 peaks relate to the ventilation and infiltration rates.  

In Figures 7 and 8, respectively, the pattern of electricity and gas consumption are shown. The electricity 
consumption measurements take place on a level of seconds while the gas consumption is measured on an hourly basis. 
The peaks in the electricity pattern can refer to short term use of high power appliances such as vacuum cleaner or hair 
drier.  

 

Figure 7. Electricity consumption read outs from the P1 port of the smart meter over a 24 hour period. 

 

Figure 8. Gas consumption converted from the read outs from the P1 port of the smart meter over a 24 hour period. 
 

From the two energy consumption patterns, it can be seen that the total energy consumption of this household during 
a 24 hour period is 40.7 kWh. The total electricity consumption, with an average power of 0.246 kW, is 5.9 kWh and the 
total gas consumption with an average consumption of 1.45 kWh is 34.818 kWh. The unit of the P1 port read-outs for the 
gas meter is in cubic meters. With an average Calorific value of 35.17 MJ/m3, the readings are converted to kWh. According 
to the season of the measurement, it could already be predicted that space heating has taken place. In addition, this can be 
confirmed from the order of magnitude of the gas consumption. Therefore, it can be concluded that the gas is used for 
space heating in addition to cooking (in case of stove) and domestic hot water. Comparing this to the consumpsion during 
the non heating season, the gas demand for domestic hot water and cooking can be separated from heating demand. 

The comfort app, installed on the tablets/smart phones of the occupants, asks about clothing, activities, and feeling of 
the occupant. These data will be compared to the comfort prediction extracted from the data of the measurements. In 
Figure 9, an example of the aforementioned questions is shown. 
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Figure 9. An example of the questions asked in the comfort app: The occupants fill the app occasionally and the data is saved in 
the servers for further comparison and analysis. 
 

For privacy reasons, the app works only with specific codes, given to the ocupants in order to keep the process 
anonymous. The code is then coupled with the house number in order to analyse and compare the data with the comfort 
app responses.  

CONCLUSION 

The project has until now so far led to a large set of data for an extended period. The campaigns have drawn great 
attention from the researchers, professionals, and experts in the field of HVAC and energy efficiency as well as others who 
are interested in areas alike. The importance of large-scale in-situ measurements for collection of real-time accurate data is 
of no doubt. 

The major process outcome of the campaigns relates to the trade-off between expectations and reality during a 
practical work. The most critical aspects for performing the campaign include the logistics, planning, transport, equipment 
numbering, labeling, training, organization, and communication. From the completed installations there are a variety of 
lessons learned. People generally tend to be cooperative and kind. Most people are very interested in the research and tend 
to ask many relevant questions about measurements, data gathering and analysis outcomes. Few participants are slighty 
concerned about the motion sensors installed in their bedrooms. However, once explained by the installers that these 
sensors only log 0 and 1, they are convinced. People are mostly curious about the rooms’ air temperature ( as an indication 
for their energy use and their thermostat settings). Additionally, due to healh concerns, people are interested to know about 
their rooms’ CO2 levels. 

From the preliminary results of the ongoing campaign it can be seen how possible it is to already interpret occupant 
behavior, indoor air quality, and energy consumption by solely studying the profiles of indoor air properties. On a higher 
level, the combination of different sets of data gives insight on a variety of aspects such as detailed energy consumption 
habits, thermal comfort of the occupants, and how energy efficient the buildings are being used.  

From the energy data gathered from the smart meters, the real electricity consumption can be depicted. Studying these 
patterns, the peaks, and the anomalities, certain aspects of energy-related occupant behavior can be interpreted. Similarly, 
from the order of magnitude of the gas consumption and its hourly pattern, comparing different periods in each house 
(heating/cooling seasons), the share of gas consumption for space heating and domestic hot water can be separated. From 
the separated values, following additional methods and measurements, each of these areas can be explored individually (e. g. 
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the efficiency of the space heating installations). These additional measurements are planned to take place in the final phase 
of the project. Thus, long term monitoring of the houses is of great value.  
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NOMENCLATURE  
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ABSTRACT 
Since 2009 European countries are obliged to implement an Energy Performance Certificate (EPC) for buildings. In most countries (including 
the Netherlands) this EPC is determined by a theoretical energy consumption, which is based on a simplified steady state energy simulation 
method. Previous research has shown that the Dutch Energy labelling calculation method does not result in a realistic reflection of the actual energy 
consumption. It shows that ‘energy-efficient’ houses consume more energy than calculated and ‘energy-inefficient houses consume less energy than 
calculated. The difference between actual and theoretical energy consumption is called the Energy Performance Gap. This gap is a problem because 
the theoretical energy consumption is not only used to inform potential house buyers and renters about the energy efficiency of a house, but also by 
policy makers to determine energy saving policies and targets. Because of the Energy Performance Gap these saving targets are often not met. 
Therefore, a more accurate energy prediction method could help policy makers to set more realistic goals. Many researchers assume that the Energy 
Performance gap is caused by occupant behavior. The used calculation methods can also be a cause of these discrepancies. Therefore, this research 
compares the results of simplified steady state models with dynamic simulation models. As a basis for this study we simulated a sample of a large 
database that contains building characteristics data for 1.4 million social houses in the Netherlands. The theoretical energy consumption is 
calculated based on the Dutch energy labelling system method and with the use of validated, more advanced dynamic simulation software 
(EnergyPlus). To define if the simplified calculation method is a cause of the energy performance gap both calculation methods are compared with 
actual energy consumption from Dutch Statistics. This paper shows the preliminary results. The comparison shows that the dynamic calculation 
method has an overprediction for houses with a low energy label (A-C) while the steady state method shows an underprediction. The differences 
between the energy labels of the dynamic method are closer to the actual energy consumption than the steady state model, which means that expected 
savings will be better projected with the dynamic method compared to the simple steady state method. The regression analysis indicates that the 
calculation method has an influence on the energy performance gap, but also other factors play a role. This comparison is only conducted on a small 
part of the building stock; further research will conduct the simulations on all 1.4 million houses available, and should focus on a more detailed 
comparison with the actual energy consumption and it will further investigate with the use of a sensitivity analysis.  

  

1. INTRODUCTION 

Since 2009 European countries are obliged to implement an Energy Performance Certificate (EPC) for buildings. The 
aim of this EPC (in Dutch called Energy label) is to inform potential buyers or renters of the energy efficiency of their 
building (Rijksoverheid, 2016). The EPC is also frequently used to set energy saving targets, for the development of energy 
saving policies and also as a monitoring tool for the energy efficiency of the national building stock (Filippidou, Nieboer, & 
Visscher, 2015) 

For the EPC to be an effective tool, it should predict the energy consumption fairly accurate. However, previous 
studies showed a large gap between calculated energy consumption of a house and actual energy consumption (de Wilde, 
2014; Guerra Santin, 2013; Majcen, Itard, & Visscher, 2013; Menezes, Cripps, Bouchlaghem, & Buswell, 2012; Sunikka-
Blank & Galvin, 2012). This is visualized in figure 1. It shows that houses with a high energy label (D-F) consume less 
energy than expected and houses with a low energy label (A-C) consume more than expected. This implicates that the 
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expected saving policies based on the energy labelling method will not result in the expected saving because the actual 
difference in energy consumption between energy labels is in reality smaller than theoretically determined. Many researchers 
assume that this gap is mainly caused by different types of occupant behavior (Aydin, Kok, & Brounen, 2013; Gram-
Hanssen, 2013), but other factors might also play a role. Such as: errors in the construction process; wrong assumptions of 
building characteristics or the use of an oversimplified calculation method. The theoretical energy consumption used to 
determine the Dutch energy label is based on a steady state calculation. 

 

Figure	1	comparison	actual	versus	theoretical	energy	consumption	(steady	state	method)	(source	paper)	
 
In this paper we investigate to which degree the simplified calculation method is responsible for the energy 

performance gap. A better insight on the impact of simplificating the calculation will give policy makers and engineers a 
better grip on how the EPC can be used and should be interpreted. To determine the effect of the simplified method on 
the performance gap, we compare the method used for the Dutch energy labels with another validated dynamic calculation 
method. The most important difference between steady state and dynamic simulation is that steady state assumes that 
variables are constant over time. This means that in steady state there is no accumulation in the system so the overall mass 
and energy input matches its output. Dynamic models take into account the mass and energy rate of accumulation within 
the system, which allows one to determine how long it would take to reach a stable condition starting form a specific initial 
state (Hunn, 1996).  

In the following section of this paper we give a description of the used databases, building simulation tools and 
research method. The third section contains the results and discussion. The final section of this paper contains conclusions 
and, because this paper is based on preliminary simulation results, recommendations for further research.  

2. METHOD 

To define the impact of the calculation method on the Energy Performance Gap the average predicted energy 
consumption per energy label based on the Dutch Energy labelling method (steady state method) and average predicted 
energy consumption calculated with the EnergyPlus simulations (dynamic method) per energy label are compared with each 
other and to the average actual energy consumption per energy label from the Dutch Statistics database. Averages are 
compared instead of single cases to limit the effect of the occupant behavior and to validate the accuracy of the energy 
label. If only one house is compared with the actual energy consumption, the discrepancy can be caused by occupant 
behavior but if multiple houses are compared, the different types of behavior should be equaled out. The buildings that are 
simulated with EnergyPlus are a small sample of the buildings available in the SHAERE database (explained below).  

2.1 SHAERE database 
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SHAERE stands for: Sociale Huursector Audit en Evaluatie van Resultaten Energiebesparing – in English: Social 
Rented Sector Audit and Evaluation of Energy Saving Results. It is the official tool for monitoring the progress in the field 
of energy saving measures for the social housing sector (Filippidou et al., 2015). The database contains building 
characteristics data (e.g. U-value windows, insulation rate, façade area, floor area, type of heating system etc.) Energy Index 
data and theoretical energy consumption data calculated with the official Dutch Energy labelling method. A short summary 
of the calculation method of theoretical energy consumption is described in the paragraph below.  

2.1.1 Dutch Energy Performance Certificate 

Every building in the Netherlands requires an Energy Performance Certificate (Energy label) if it is sold or rented. 
The entire calculation method for the Dutch Energy Performance Certificate can be found in ISSO-publicatie 82.1 and 
ISSO 82.3(82.3, 2011). The Dutch Energy Label is based on insulation, type of heating system, type of domestic hot water 
system,type of ventilation and airtightness of the building,. A simplified heat transfer calculation determines the energy 
index and the Energy labels (A-G) a related to the energy index (table 1). The energy index is calculated based on theoretical 
energy consumption and indicates how energy efficient the house is (eq 1).  

 
Table 1. Energy index related to Energy label (ISSO 82.1) 

Energy Label Energy Index (EI) 
A++ ≤ 0.5 
A+ 0.51-0.7 
A 0.71-1.05 
B 1.06-1.3 
C 1.31-1.6 
D 1.61-2 
E 2.01-2.4 
F 2.41-2.9 
G ≥2.9 

155 106 9560
tot

g verlies

QEI
A A

=
× + × +

  (1) 

EI= Energy Index 
Qtot=total energy consumption [MJ] 
Ag=Area [m2] 
Averlies=heat loss area [m2] 
 
The theoretical energy consumption is a combination of energy used for heating, domestic hot water, energy for 

pumps and ventilators, energy consumption for lighting and the generation of energy by solar systems and cogeneration 
systems. The energy consumption for heating is based on a simple annual heat loss calculation, an average indoor 
temperature of 18 °C and the energy efficiency of the heating system. Energy for domestic hot water is determined by the 
assumed number of occupants in the house, which are on their turn assumed by the number of square meter of the house 
(table 2) and the energy efficiency of the Domestic Hot Water (DHW) system. A general overview of the parameters and 
assumptions made in the Dutch Energy labelling method can be found in table 2. The entire calculation method can be 
found in ISSO 82.1 and 82.3 (82.3, 2011).  
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tot rv tap hulp verl pv wkkQ Q Q Q Q Q Q= + + + - -   (2) 

 
Qtot= total energy consumption 
Qrv= total energy consumption for room heating 
Qtap=total energy consumption for domestic hot water 
Qhulp=total energy consumption for help energy (e.g. pumps and ventilators) 
Qverl=total energy consumption for lighting 
Qpv= annual contribution of photovoltaic solar energy system 
Qwkk= annual contribution of cogeneration 
 

Table 2.   Input variables 

Heading Number 
One 

Fixed/multiple 
choice/string  

Input data Energy 
Labelling method 

Input data dynamic 
building 

simulation 

Weather fixed Weather data according 
TRY Bilt 

ASHREA Amsterdam 
Energy data 

Heating season Fixed 1 October – 30 April Corrected for 1 October 
-30 April 

Indoor temperature for 
heating fixed 18 °C Idem 

Number of occupants Dependent on number 
of square meters 

Area [m2] Number 
occupants 

<50 1.4 
50-75 2.2 
75-100 2.8 
100-150 3.0 
≥150 3.2 

 

idem 

Internal heat production Fixed 6 W/m2 idem 
Electricity consumption 

for lighting Fixed 6 kWh/m2 idem 

Floor insulation Manual input Numeric input idem 
Roof insulation Manual input Numeric input idem 

Façade insulation Manual input Numeric input idem 
U-value window Manual input Numeric input idem 

Type of heating system Multiple choice 

Conv. gas boiler ɳ<0.8; 
conv. gas boiler ɳ= 
0.8-0.9; cond. gas 

boiler ɳ= 0.9-0.925; 
cond. gas boiler ɳ= 
0.925-0.9; cond. gas 

boiler ɳ>0.95 

idem 

Type of domestic hot 
water system Multiple choice 

Geyser 0.77, combi 
boiler ɳ=0.7, combi 
boiler ɳ=0.8, combi 
boiler ɳ=0.9, elec 
boiler>20 l ɳ=0.5, 
gas heater ɳ=0.77 

idem 

Use of DHW  Depending on assumed 
family size and m2 Per m2 
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floor area 

Type of ventilation Multiple choice 

Natural, mech exhaust 
(ws-3.5; gs 2.4), 
balance (+heat 
recovery)(ws-5, 

gs=1.9 kWh/m2) 

idem 

Floor area  Numeric input idem 
Façade area  Numeric input idem 
Roof area  Numeric input idem 

Window area  Numeric input Idem 
Volume  Numeric input idem 

 

2.2 Design builder, EnergyPlus and jEPlus 

To define if the simplified method used in the Dutch energy labelling method is a cause of the energy performance 
gap, the theoretical energy consumption calculated with this method is compared with a scientifically validated dynamic 
building simulation software. The software used for this is EnergyPlus. EnergyPlus is an energy building simulation 
software with an ANSI/ASHRAE 140 2004 validation. Because it does not have a user friendly interface DesignBuilder is 
used to create the basic input files. The inputfiles are adapted to make them suitable for  jEPlus, which is an EnergyPlus 
simulation manager for parametric studies. From the SHAERE database we selected a random sample of houses from the 
SHAERE database. Only houses with complete datasets are used. From this sample we made a parameter input list that was 
used as “joblist” file for the parametric simulation with jEPlus. The parameters taken into account in these simulations are: 
ventilation system, heating system, DHW system, insulation roof, insulation floor, insulation facades, type of glazing, 
number of occupants, floor area, window area, roof area, volume of the house. These are the same parameters that are used 
in the Dutch Energy labelling method and they can be found in the SHAERE database. To make a reliable dynamic 
simulation preferably, more detailed information is needed, but because the aim is to compare the calculation method the 
simulation is executed with the same data input as used in the Dutch Energy labelling method, for the missing data 
assumptions are made. Thermal mass is for example unknown as is orientation; therefore a high thermal mass is assumed 
because this is the most common in the Netherlands, further we assume half of the windows is orientated North and the 
other half on the South façade. For the efficiency of the heating, domestic hot water and ventilation systems the same 
efficiencies as ISSO 82.3 describe are taken into account. Also the assumed occupant behavior is based on the assumptions 
in ISSO 82.3. The input variables can be found in table 2. Because this is only a preliminary investigation and to reduce 
simulation time we decided to only simulate a small part of the SHAERE database.  

2.3 Statistics Netherlands (CBS) database 

The results of both energy calculation methods are compared with the actual energy consumption of the dwellings in 
the SHAERE database. The actual energy consumption data is conducted from a database from Statistics Netherlands. This 
database contains annual energy consumption per household. Because of privacy regulations it was for this paper not 
possible to compare on a household level; therefore only averages are used in this paper. Because we compare relatively 
large samples and occupants behave different in every house we assume that the effect of occupant behavior equals out and 
can be neglected in the comparison. Because at the time of writing this paper it was not possible to get the actual energy 
consumption of the simulated sample the actual energy consumption data sample differs from the sample used for the 
building simulations. 

3. RESULTS AND DISCUSSION 
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This section shows the results of the simulation outcomes, compared to the theoretical energy consumption 
determined by the Dutch Energy labelling method and average actual energy consumption data from the Dutch statistics 
database. All energy consumption data are shown per square meter to avoid bias by floor area. First a comparison between 
the simulated energy consumption with the Dutch energy label calculation method and EnergyPlus is given. Because the 
actual energy consumption is privacy sensitive we cannot give this information per individual dwelling. Therefore the 
second part of the results will show a comparison between the aggregated simulation data and actual energy consumption 
data.  

3.1 Comparing results of Dutch Energy Labelling method (steady state) with Energy Plus simulations 
(dynamic) 

As written previously, the Dutch Energy labelling method uses a simplified steady state calculation method. To 
determine if the simulation method is a cause of the gap between actual and predicted energy consumption we simulated 
the same buildings with a dynamic building simulation program. We aimed to use largely the same input variables that were 
used in the simplified calculation method. Although the buildings from the SHAERE database are simulated with similar 
input parameters the simulated consumption differs from each other. Reason for this is the different calculation method 
that is used. Figure 2a and 2b show a different spread in simulated energy consumption between the two different methods. 
On the x-axis the Energy Index is shown. The energy index is supposed to reflect the energy efficiency of the building. On 
the Y-axis we show the simulated gas consumption. Figure 2a shows a smaller spread of the data than figure 2b. The figures 
and regression (table 3) results also show that the simulated energy consumption increases more rapidly per energy index 
for the simplified method than for the EnergyPlus simulations (standardized Beta figure 2a < standardized Beta figure 2b).  

 
Figure	2a	Dutch	energy	labelling	method	

 
Figure	2b	EnergyPlus	simulations	

 
	

Table 3a.   Regression results Energy labelling method (R2=0.743) 

 

Unstandardized 
Coefficients 

Standardized 
Coefficie

nts 

t Sig. 

B Std. 
Error 

Beta 

1 (Constant) -140.937 2.765  -50.975 .000 
EI 433.187 1.489 .862 272.650 .000 
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a. Dependent Variable: Gas consumption MJ/m2 Energy labelling method 

 
	

Table 3b.   Regression results EnergyPlus (R2=0.258) 

 

Unstandardized 
Coefficients 

Standardized 
Coefficie

nts 

t Sig. 

B Std. 
Error 

Beta 

1 (Constant) 285.659 5.638  50.669 .000 
EI 305.618 3.240 .508 94.336 .000 

       
a. Dependent Variable: Gas consumption MJ/m2 Energy labelling method 

 
 

3.2 comparing actual energy consumption with a dynamic and steady state building simulation method 

Due to strict privacy regulations it is not possible to compare the actual energy consumption on a household level, so 
we were only able to compare averages. These results give an indication if the calculation method is of importance to 
explain the energy performance gap, but to be certain more in depth and detailed analysis should be conducted. 

 
Figure 3 shows a comparison of the average energy consumption per energy label for the actual consumption, steady 

state simulation results and dynamic simulation results. This graph shows that the dynamic simulation results are on average 
higher than the actual energy consumption. The differences between the energy labels are smaller than the differences 
between the energy labels in a steady state calculation, which matches better to the actual energy consumption. However, 
we should take into account that the average results of the simulated building (steady state and dynamic) results are based 
on a relatively small sample of the total SHAERE database. Based on these preliminary results we could conclude that the 
calculation method has an influence on the energy performance gap, but sensitivity studies and more detailed in depth 
analysis should be conducted to determine if the performance gap is indeed reduced or if this is only the case when we 
study averages.  
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Figure	3	comparison	actual	energy	consumption	with	steady	state	and	dynamic	simulation	results 

 
To compare the actual energy consumption to the steady state and dynamic simulated data we also made regression 

analysis for the actual energy consumption, with the energy index as independent factor. These results show that the 
standardized beta is for the actual energy consumption even smaller than the standardized beta for the dynamic and steady 
state method. Also the R2 is significantly smaller. This indicates that not only the calculation method explains the energy 
performance gap but also other factors contribute to this gap. However, the results of the dynamic simulations approach 
the actual consumption results more than the steady state results. 

Table 4.   Regression results EnergyPlus (R2=0.058) 

 

Unstandardized 
Coefficients 

Standardized 
Coefficie

nts 

t Sig. 

B Std. 
Error 

Beta 

1 (Constant) 243.547 0.899  217.003 .000 
EI 137.129 0.513 .292 267.088 .000 

       
 

4. CONCLUSION 

This is one of the few studies that compare the influence of simulation method on the energy performance gap on 
such a large scale with real houses, although the sample was different. Because of time limitations it was not possible to 
conduct all simulations within the available time. It is often assumed that dynamic simulations predict better than steady 
state simulations but this is mainly because more detailed input data is available, it also requires more calculation time and 
therefore it is not always worth the effort. For dynamic simulations more detailed information of the building is required, 
and as this was not available some assumptions were made. These assumptions might bias the results. It should be taken 
into account that the results shown in this paper are only preliminary results. Sensitivity analysis should be executed to 
define the impact of the assumptions on the simulation results. The sensitivity analysis should at least take into account: 
infiltration rate, orientation and thermal mass.  

This analysis shows that dynamic versus steady state simulation delivers, despite the using the same main input 
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parameters, different simulation results. The differences between the energy label steps seem more accurate for the dynamic 
simulation model, but the simple steady state model does project the actual energy consumption for the energy efficient 
houses better (energy label A-C). However, it should be taken into account that these are only that the results are compared 
with different samples. This comparison indicates that the calculation method does have an influence on the energy 
performance gap, but to be certain more research is needed. Users of the simplified calculation method should always take 
into account that the numbers they use are simplified. If for example renovation savings are estimated it would be better to 
use results of actual energy consumption instead of the results of the simplified calculation method. This will prevent 
disappointing energy saving results. The results indicate that the calculation method has an influence on the energy 
performance gap, therefore we can conclude that it is probably worth to further investigate the effect of the calculation 
method on the performance gap. 

As mentioned before because these are only preliminary results further research is required to define the actual impact 
of the calculation method on the energy performance gap. A sensitivity analysis should be conducted to determine the 
influence of certain assumptions in the simulation models. Furthermore, a comparison on household level should be made 
to investigate if the performance gap is really reduced by dynamic simulation. Because it could also be the case that effects 
are equaled out because of the aggregation of data. Besides comparing different calculation methods, the developed 
simulation model in EnergyPlus/jEPlus also offers also other possibilities to conduct parametric studies. For example to 
test different occupancy profiles, which might give us a better insight in the effect of occupant behavior on residential 
energy consumption.  
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ABSTRACT 

Absorption chiller technology can play a key role in providing energy efficient, low-cost and ecological 
cooling for various sectors. The latest design of heat driven absorption chillers [1] are installed in a broad 
German field test [2] and in four solar cooling systems in Jordan [3]. By utilizing waste heat, solar heat or 
heat from district heating networks absorption chiller systems can further increase the overall system 
efficiency for the supply of process energies such as electricity, heat and cold.  

Monitoring results show good installations with an electrical efficiency of absorption chiller cooling systems 
that can reach based on yearly balances high values over 20 kWhcooling/kWhel and thus provide a much 
more energy efficient cooling than a reference cooling technology using compression chillers. Moreover, 
this high potential of energy savings is given further when evaluating the primary energy demand and 
efficiency of an absorption chiller system. While for solar cooling systems the primary energy demand for 
the supply of solar heat is neglectable, in districting heating systems or in combination with decentralized 
CHP systems the primary energy factor for the driving heat has to be taken into account.  

The analysis of the specific electrical energy consumption, ie. electricity per cooling, shows that the cooling 
water circuit and the reject heat device of absorption chiller systems is responsible for up to 80 % of the 
total electricity demand. Thus, advanced control strategies for dynamically varying flow rates, fan speeds or 
set point values can play a key role in decreasing the specific energy consumption for cooling water pumps 
or the reject heat devices of an absorption chiller system.  

First monitoring periods emphasize strongly the necessity of a good system integration. In combination with 
modern chiller control the absorption chiller technology can reach satisfying results in respect to 
operativeness, reliability, security of cooling supply and energy efficiency.  

INTRODUCTION 

The absorption chiller types Bee and Bumblebee which have been developed by the TU Berlin in 
corporation with Vattenfall Europe Wärme AG and the Bavarian Center for Applied Energy Research (ZAE 
Bayern) are installed in 20 field tests. The heat driven absorption chiller is based on the non-ozone 
depleting and climate-friendly working pair water/lithiumbromide and has a high potential for decreasing 
indirect/direct greenhouse emissions without the use of fluorinated gases like in conventional cooling 
technologies.  
The broad installation of the single-stage absorption chiller systems in Germany is taking place within the 
framework of the project FAKS [4] while the installations in Jordan took place in the scope of the project 
SCIC [5]. TU Berlin has a supportive and accompanying role in the planning, installation, operation, 
monitoring and optimization.  
In most of the field tests a single unit is installed, whereas in some sites a combination of up to three 
absorption chillers can be found. The installation and commissioning of the absorption chillers has taken 
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place between 2011 and 2016. District Heating (DH) systems, Combined Heat and Power (CHP) plants or 
solar collector systems serve as a heat source for the driving heat. Absorption chillers driven by heat from 
CHP plants are referred to in general as CHPC1 systems. Figure 1 highlights the variety of design cooling 
capacity and requested temperature level of the absorption chiller systems along the installed capacity per 
cooling sector.  
The main characteristics of the absorption chillers with regard to the operation field are as follows: 

 Driving temperature at desorber inlet from 55 °C to 110 °C

 High temperature difference ΔT for DH systems on hot water side (ΔT from 5 K to 40 K possible)

 Cooling water temperature at absorber inlet from 15 °C to 45 °C allowing
o the use of dry cooling units as reject heat devices
o the operation of the absorption chiller as a heat pump and thus supplying heat at 60 °C

First monitoring results have demonstrated the feasibility of the absorption chiller technology especially with 
the use of dry cooling reject heat devices and in combination with CHP plants. 

Figure 1: Field test overview, installed cooling capacity and requested chilled water temperature 

OVERALL SYSTEM SETUP OF THE FIELD TESTS 

The overall system setup and the configuration of the installed absorption chillers is individual for every field 
test and depends on the complexity and demands of every system. The PID of several field tests has been 
introduced previously in [6-8]. However, the basic configuration of an absorption chiller cooling system 
shown in Figure 1 consists of three external circuits: chilled , reject heat and hot water circuit. In every 
circuit a pump supplies the heat exchanger of the absorption chiller (AbC) with a volume flow, eg. the 
chilled water pump (0.1) supplies the evaporator with chilled water from the main network at a low 
temperature level. A three way valve in the reject heat/hot water circuit (1.2/2.2) controls the inlet 
temperature for the absorber/desorber, so as to control the cooling capacity. A reject heat device (1.3, dry 
cooler/wet cooling tower/etc.) is responsible for rejecting heat to the environment, thus supplying the 
absorber/condenser with cooling water at an intermediate temperature level.  
Moreover a high temperature heat source (DH/CHP/Solar) supplies the desorber of the absorption chiller 
system with hot water at a high temperature level. Depending on the system, auxiliary pump(s) (2.3) might 
be necessary. Apart from being installed as a standalone unit or in combination with further absorption 
chiller(s) and depending on the total cooling demand, back-up chiller(s) might be necessary for supplying 
sufficient cooling. Figure 1 shows a parallel configuration of an air-cooled compression chiller (CC) along a 
chilled water pump in its chilled water circuit (0.1C).  
In some field tests, the installed reject heat devices of the absorption chiller system can be operated during 
winter time for cooling directly the chilled water circuit. This operation mode, also known as Free Cooling, 
can take place when the ambient air temperature is below the temperature level (t7Ki<t0Eo,set) that is 
requested by a BMS2 for cooling. A (flat plate) heat exchanger (HEX) separates further the chilled water 
network from the reject heat water circuit if an anti-freezing agent is used the reject heat water circuit. In the 
Free Cooling mode auxiliary circulation pumps (0.1B/1.1B) might be needed.  

1 Combined Heat, Power and Cold (CHPC) 
2 Building Management System (BMS) 
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Figure 2 shows further exemplarily the installed heat flow meters3 (HFM) and watt-hour meters (ELT) that 
are needed for evaluating the cooling performance in every cooling mode. In addition, the location of some 
temperature sensors is given. To highlight monitoring devices not all control and safety related sensoring is 
shown.  
An overview of all the regarded and analyzed field tests along their driving heat source is given on right 
side of Figure 2. The absorption chiller systems will be referred to by the sites numbers D1-1 to S3-1.  

Figure 2: Simplified process and instrumentation diagram (PID) for an absorption chiller based cooling system 
    List of regarded/analyzed absorption chiller systems 

EXTENDED ABSORPTION CHILLER CONTROL 

The Programmable Logic Controller (PLC) of the absorption chiller is responsible for the control and 
operation of process related actuators so as to supply the chilled water network with cooling at a demanded 
set point temperature (t0Eo,set). The capacity control follows the following main objectives:  

a) supply of the demanded cooling capacity Q̇0Ex,set = V̇0Ex · ρ · cp · (t0Ei – t0Eo,set), which results from
the set value of chilled water temperature t0Eo,set, the measured inlet temperature t0Ei and the
measured chilled water volume flow V0Ex. The heat capacity and density is given by ρ/cp.

b) keeping of the demanded chilled water outlet temperature t0Eo,set.
c) keeping of the demanded hot water outlet temperature t2Do,set.

In order to achieve these objectives the hot (t2Di) and cooling (t1Ai) water inlet temperatures of the absorption 
chiller are adjusted simultaneously. If the solar field and the dry cooler provide higher and/or respectively 
lower temperatures than needed, the three-way-valves (1.2/2.2) are controlled in order to obtain the set 
inlet values (t2Di,set, t1Ai,set). The set inlet values are calculated by the absorption chiller control on the basis of 
the so-called characteristic equations which are based on thermodynamic fundamentals. Further 
specifications on the applied absorption chiller control can be found in [9].  
An extension of the absorption chiller control has been implemented recently on the PLC of the absorption 
chillers. The extended control concept, whose details have been introduced in [10], aims at improving the 
electrical efficiency of absorption chiller by adjusting automatically the speed of the installed pumps or fans 

3 As shown exemplarily in the chilled water circuit of the AbC a heat flow meter (HFM) consist of two temperature sensors, an 
ultrasonic volume flow sensor and a calculating unit.  
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of reject heat devices according to specified control strategies. Three of the control strategies in the 
extended control will be described shortly. All addressed monitoring points are highlighted in Figure 2. 

A) Strategy 1 – Control of chilled water flow: The volume flow in the evaporator circuit V̇0Ex is controlled

in such a way that it matches the main volume flow in the circuit of the cold water network V̇Network:

)(0 NetworkEx VgfV  

In most systems a gain factor (g≈1.1) is taken into account, to ensure lowest network inlet
temperature without getting mixed with hotter return water in hydraulic short cuts. The goal of this
strategy is to reduce the electrical energy needed for operating the evaporator pump and thereby
increasing the average temperature level in the evaporator circuit that can lead to an increased
performance of the absorption chiller process.

B) Strategy 2 – Control of cooling water flow: The volume flow in the absorber/condenser circuit V̇1Qx is
controlled in such a way that the difference between the outlet temperature of the condenser t1Co

and the inlet temperature of the absorber t1Ai matches a specified temperature difference Δt1AC,set:

)( 11,11 AiCosetACQx tttfV   

The goal of this strategy is to reduce the electrical energy needed for operating the
absorber/condenser pump.

C) Strategy 3 - Set point temperature reject heat device: In general the reject heat device controls the
fan speed in such a way that the water outlet temperature t1Ko matches the set point temperature
t1Ko,set that is provided by the PLC of the absorption chiller. As dry coolers cannot reach a lower
water temperature t1Ko than the ambient air inlet temperature (t7Ki), the requested temperature t1Ko,set

is limited by the measured ambient air temperature plus an offset Δtoffset. In case the absorption

chiller control requests a higher value for the water temperature at the inlet of the absorber
(t1Ai,set>t7Ki+Δtoffset), then t1Ko,set is limited by t1Ai,set:










offsetKisetAi
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In some installations the fan speed is controlled directly by the PLC of the absorption chiller 
according to the requested t1Ko,set. The goal of this strategy is to reduce the electrical energy needed 
for operating the reject heat device, especially in times of high ambient air temperatures and for 
solar cooling systems.  

ENERGY PERFORMANCE PARAMETERS 

In this chapter energy performance parameters of an absorption chiller (system), a compression chiller or 

any other cooling unit will be introduced briefly. The thermal efficiency  
ith,  for a time period   and a 

thermal driven chiller i is defined as the ratio of the total cooling energy at the evaporator 

iE ,0 to the total

driving heat at the desorber 

iE ,2 (expressed in kWh0/kWh)4:









 

i

i
ith

E

E

,2

,0
, ( 1 ) 

The electrical efficiency5 
 
iel , for a time period  and a thermal/electrical driven chiller i is expressed as 

the ratio of 

iE ,0 to the effective electric energy needed 

ieffW ,  (expressed in kWh0/kWhel). 


ieffW ,  describes 

the sum of all necessary electrical energy consumptions for the operation of process related actuator k 
(pumps, valves, reject heat devices, etc):  

4 kWh0 represents a kilo-watt-hour of cooling, kWhel (kWhpe) represents a kilo-watt-hour of electrical (primary) energy 
5 Also known as Seasonal Energy Efficiency Ratio (SEER) 
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The specific electrical energy consumption 
iw of a thermal/electrical driven chiller i can be expressed 

further as inverse proportional to 
 
iel , (expressed in kWhel/kWh0)4 Thus, the specific electrical energy 

consumption of a process related actor 
ikw ,  is defined as follows: 
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Moreover the specific primary energy consumption6 
ipe is the ratio of the total primary energy 

consumption 


iPE to 


iE ,0  (expressed in kWh0/kWhpe)4.


iPE is the sum of the primary energy needed for

the supply of electrical energy ( elikikiel PEFWPEPE  
 
,,, ) and, in case of a thermal driven 

chiller, the primary energy needed for the supply of the driving heat ( HiiW PEFEPE   
,2, ): 
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This allows a more rational comparison between thermal and electrical driven chillers. The primary energy 

factors for electrical energy elPEF  and heat from a district heating system or a CHP unit HPEF  must be

taken into account. elPEF  depends on the national electricity mix, whereas (in case of heat from DH/CHP)

HPEF depends on the combination of fuels and technologies utilized in the DH network that the chiller is 

connected to. Analogue to 
ikw ,  the specific primary energy consumption of a process related actor 

ikpe ,  is 

defined as follows: 
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The ratio 
ikw , / 

iw  (in terms of primary energy: 
ikpe , / 

ipe ) describes the relative contribution  
ikel ,,

(  
ikpe ,, ) of electrical energy 

ikW , ( 
ikPE , ) needed for the operation of an actor k to the total energy 

demand 
iW ( 

iPE ). 

The introduced parameters are calculated for the regarded field tests on a daily basis and for the time 
period Jan/2016 to Jul/2017.  

6 Also known as inverse proportional to the Primary Energy Ratio (PER) 
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PERFOMANCE RESULTS 

Absorption Chiller Cooling with standard control 

In the following section the performance results with regard to the specific (electrical/primary) energy values 
will be presented and discussed. For most of the installed absorption chiller systems the first operation 
phase is characterized by an operation according to the design parameters of each system. Among other 
things the circulation pumps in the external circuit operate at a constant speed (standard control) and 
adjustments are made manually solely. The results of the extended control will be discussed further down. 

Figure 3 shows for the regarded time period Jan/2016 to Jul/2017 the following operating phases of the 
absorption chillers:  

 Total Operation: Operating days for the installed absorption chiller system 

 Standard Control: Operating days without activated extended control strategies 

 Strategy 1: Operating days with control of volume flow by evaporator pump (0.1) 

 Strategy 2:  Operating days with control of volume flow by 

absorber/condenser pump (1.1) 

 Strategy 3: Operating days with control of t1Ko,set as a function of t7Ki 

Some absorption chiller systems are in operation throughout the year (D1-1, D2-1, D6-1/D6-2), whereas in 
other field tests the absorption chillers are not operated due to Free Cooling mode or are not requested to 
operate due to the absence of a cooling load. Further, the implantation of the extended control took place 
sequentially in 2016/2017 so that only few absorption chiller systems (D1-1, D2-1, D4-1, S1-1, S2-1) are 
have reliable operation phases with the above described control strategies. Further operation with an 
activated extended control in other systems is expected to take place in the coming months. 

Figure 3: Operation phases for the regarded absorption chiller systems (Jan/2016 to Jul/2017) 

Figure 4 (top) gives an overview of the distribution of the total specific electrical energy consumption 
iw

for each absorption chiller i (regarded time period: Δτ=1/2016 to 6/2017). The daily values for each chiller 
are shown in a box plot showing the median and the distribution area of 20 % to 80 % or 5 % to 95 % of the 

calculated daily values. Figure 4 (bottom) highlights the relative contribution  
ikel ,, of electrical energy 

needed for the operation of each actor group (chilled/reject heat/hot water circuit, AbC control and reject 
heat device).  
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The solar thermal driven absorption chiller systems (S1-1 to S3-1) show generally a wide range for the 
specific electrical energy consumption ranging from 0,05 kWhel/kWh0 to 0,6 kWhel/kWh0. High values are 
mostly related to a higher energy consumption of the installed reject heat devices (dry coolers) and the high 
fluctuation of the ambient air temperature itself. On average the solar cooling systems S2-1 and S3-1 reach 
a value below than 0,2 kWhel/kWh0, which equals an electrical efficiency of over 5 kWh0/kWhel.  

On average the specific electrical energy consumption 
iw for the absorption chiller systems and for the 

regarded time period is between 0,03 kWhel/kWh0 (D8-2) and 0,3 kWhel/kWh0 (D4-1). With 
iw being 

inverse proportional to the electrical efficiency 
 
iel , , this equals an electrical efficiency between 

3 kWh0/kWhel and over 30 kWh0/kWhel. However the low electrical efficiency of the absorption chiller 
system D4-1 (or D5-1) can be related to a reduced thermal efficiency of this particular absorption chiller 

( kWhkWhDth /5.0 014, 


 , as shown further down in Figure 5). To summarize, it can be mentioned that 

good absorption chiller systems with an inactive extended control can reach an electrical efficiency higher 
than 10 kWh0/kWhel. 

Moreover, the relative contribution  
ikel ,,  of electrical energy for each actor group shows in general the 

highest electrical energy consumption in the reject heat water circuit and the reject heat device. Both 
actuator groups account in sum for 55 % to 93 % of the total electrical energy needed. The hot water circuit 
of field test D1-1 has a relative contribution of over 50 % caused by the auxiliary pumps 2.3, whereas the 
rel. contribution of the reject heat device is zero due to the fact that reject heat circuit is cooled by water 

from a river ( eldeviceheatreject kWhW 0 ). 

Figure 4: Distribution of the specific electrical energy consumption 
iw for each AbC, standard control (top)  

  Rel. contribution  
ikel ,, of each actor group/circuit (0.1/1.1/2.1/AbC/1.3) (bottom) 

On the basis of eq. 1, the results and the distribution for the calculated thermal efficiency  
ith, of the 

regarded systems is given in Figure 5. On average  
ith,  reaches a value from approx. 0,5 kWh0/kWh to 

0.75 kWh0/kWh. For most of the systems a wide distribution of the daily values for  
ith,  can be seen, as 

there are frequent operating phases for the absorption chillers in strong part-load, not fully automatic 
operation, varying temperature levels in the evaporator circuit or even constraints with regard to the internal 
process performance. However, the thermal efficiency for absorption chiller systems such as D2-1/ 
D8-1/ D8-2 reach high values up to 0,78 kWh0/kWh. Also the solar cooling systems S2-1 and S3-1 can 
reach a thermal efficiency higher than 0,7 kWh0/kWh.  
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Figure 5: Distribution of the thermal efficiency  
ith,  for each AbC system 

In terms of an overall energetical evaluation of the installed absorption chiller systems the required primary 
energy for operating pumps, fans and for driving the absorption chiller has to be taken into account. Apart 
from the regarded solar thermal driven absorption chillers installed in Jordan (S1-1 to S3-1), all other 
absorption chiller systems are installed in Germany. The assumed PEFel, which is dependent on the 
national electricity mix, remains the same for installations in Germany or in Jordan (PEFel,Germany=1.8 [11] / 
PEFel,Jordan=3.0 [12]), whereas the assumed PEFH is dependent on the fuel mix used in a DH or CHP 
system. The assumed values for the PEFH in DH systems is given by the corresponding energy suppliers 
and are moreover summarized by the German District Heating Working Group (AGFW) in [13]. For the heat 
supply from the CHP system in C1-1 / C1-2 a PEFH value of 0.21 is used7, whereas a PEFH value of 0,7 is 
assumed for the CHP system C2-18. For solar heat a value of 0 can be taken for PEFH.  

Analogue to Figure 4 the total specific primary energy consumption 
ipe for each absorption chiller i and 

for the regarded time period Δτ can be calculated. Figure 6 (top) shows an overview for the distribution of 


ipe along the corresponding assumed values of PEFel and PEFH that are given for each absorption chiller

system. 

Figure 6: Distribution of the specific primary energy consumption 
ipe for each AbC system, standard control (top)  

 Rel. Contribution  
ikpe ,, of each actor group/circuit (0.1/1.1/2.1/AbC/1.3 and driving heat) (bottom) 

7 For C1-1 / C2-1 a PEFH of 0,21 has been calculated on the basis of first monitoring results and the allocation methodology 

described in [14] 
8 In [15] the PEFH for heat from CHP systems is generally given with 0,7, allocating 70 % of the primary energy to the generated 
heat. 
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In comparison to 
iw the total specific primary energy consumption for the systems D1-1 to C2-1 is 

strongly dependent from the assumed PEFH. Absorptions chillers systems with a high value for the PEFH 
(0,7) reach on average values up to 1,4 kWhpe/kWh0 (D6-1 / C2-1). Due to the high fraction of used 
renewable fuels in DH systems, such as D1-1 or D7-1 / D7-2, a total specific primary energy consumption 
down to 0,1 kWhpe/kWh0 can be reached.  

Figure 6 (bottom) highlights the relative contribution  
ikpe ,,  of each actor group. In solar thermal driven 

systems and in field tests with a very low PEFH the contribution of the required primary energy  
Hpe,

related to the heat source is negligible or even zero. In the remaining systems,  
Hpe,  reaches values from 

at least 50 % (D2-1) to 95 % (D8-1/D8-2). The influence of the thermal efficiency of an absorption chiller 
(Figure 5) in combination with the “conversion factor” PEFH onto the specific primary energy consumption 


Hipe ,  correlates by using eq. 1 and eq. 5 as follows:   

ithiHHi PEFpe ,,, ~ . As a result, a high value for 


Hipe ,  can be reached for a low PEFH and a high thermal efficiency  

ith, . As discussed in [16] a primary 

energy analysis is undoubtfully a justified approach to evaluating systematically trigeneration systems. The 
strong dependency of the CHPC system’s efficiency highlight in relation to parameters such as PEFH or 

 
ith,  the key role of using low primary energy rated heat to reach energy efficient cooling systems. 

Absorption Chiller Cooling with activated extended control 

The average values for the total specific electrical energy consumption 
iw  have been shown in Figure 4 

for all regarded absorption chiller systems and for the time period Jan/2016 to Jul/2017. The operating 
phases in which the absorption chiller systems operated with an activated extended control were shortly 
introduced in Figure 3. The selected field tests D4-1, S1-1 and S2-1 will be analyzed with respect to their 
performance while having an activated extended control.  
The spec. el. energy consumption (of an actuator) for an activated control strategy 1, 2 or 3 (suffix Str-x) is 

given by xStr
kiw 

,  and is calculated respectively for selected operating phases shown in Figure 3 according 

to eq. 3. Moreover, the relative change in the total specific electrical energy consumption xStr
kiw 

,  is given 

with ii
xStr

ki
xStr

ki wwww )( ,,    and expresses the increase (or decrease) of the electrical efficiency. 

Thus, positive values for xStr
kiw 

,  represent an increase of the specific el. energy consumption, whereas 

negative values highlight a decrease of xStr
kiw 

,  and thus an increase of the total el. efficiency 
 
iel , of the 

absorption chiller system. The results in Figure 7 (left) show the rel. change of the spec. el. energy 

consumption in the chilled water circuit (activated Strategy 1) 1
,

Str
kiw for the installation9 D4-1. Here the

operation according to Strategy 1 (variable chilled water flow) has decreased the spec. el. energy 
consumption by almost 70 %. Figure 7 (right) highlights also for the sites S1-1 and S-21 the rel. change of 

the spec. el. energy consumption in the reject heat water circuit 2
,

Str
kiw . The operation according to

Strategy 2 (variable cooling water flow) leads to a decrease of the spec. value by approx. 60 % to 80 %. As 
a result, the operation of the absorption chiller (D4-1, S1-1 and S2-1) with activated Strategies 1 and 2 

results in an overall decrease of 
iw from 30 % (S1-1) to 60 % (D4-1). In comparison to the average 

efficiency with standard control (see results in Figure 4) the electrical efficiency iel , with activated 

extended control can be increased for S1-1 to 4,2 kWh0/kWhel and in D4-1 / S2-1 to 9,1 kWh0/kWhel. A 
further increase in the electrical efficiency and therefore savings is expected with an activated strategy 3 
(variable fan speed of dry cooler), which has not yet been successfully implemented in the regarded sites.  

9 Strategy 1 (Str-1) is not applicable to S1-1 or S2-1. 
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Figure 7: Relative change of the specific el. energy consumption in chilled water circuit 
1

,
Str
ChWaiw (Strategy 1), 

   reject heat water circuit 
2

Re,
Str

Waiw (Strategy 2) and for the overall chiller performance iw

Overall System Analysis of the Cooling Performance 

In the following chapter an overall system evaluation is undertaken. Analogue to Figure 3 the operation 
phases of the installed compression chiller (CC), Free Cooling (FC) and Absorption Chiller Systems (AbC) 
are highlighted for the regarded time period Jan/2016 to Jul/2017 in Figure 8. In some field tests 
compression chiller(s) are not installed (D5-1, D6-1 / D6-2) or the monitoring data is not available 
(D7-1 / D7-2, D8-1 / D8-2, C1-1 / C1-2), whereas the free cooling mode is only available and operative in 
D3-1 and D4-1.  

Figure 8: Operation phases of Compression Chiller (CC), Free Cooling (FC) and Absorption Chiller (AbC) Systems 

As a result, only for the above mentioned field tests with operating compression chiller systems and/or free 
cooling systems an energetical evaluation in terms of the total specific electrical energy consumption is 
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possible. The distribution of the total specific electrical energy consumption 
iw for each operating 

compression chiller system is shown in Figure 9 (left) and for each operating free cooling system in Figure 
9 (right). On average the evaluated compression chiller systems reach a spec. el. energy consumption 

between 0,25 kWhel/kWh0 (
 
iel , = 4 kWh0/kWhel) and 0,6 kWhel/kWh0 (

 
iel , = 1,7 kWh0/kWhel). From a 

primary energy point of view, the highest total specific primary energy consumption in S1-1 accounts for 
1,8 kWhpe/kWh0 (assuming PEFel,Jordan=3.0), whereas the lowest value of 0,5 kWhpe/kWh0 (assuming 
PEFel,Germany=1.8) can be reached in D1-1.  

Figure 9:  Distribution of the specific electrical energy consumption 
iw for compression chiller systems (left) and  

 free cooling systems (right) 

Moreover, the Free Cooling mode in D3-1/D4-1 accounts for the lowest values of 
iw reaching an electrical 

efficiency up to 20 kWhel/kWh0. The temperature level in a chilled water network plays further an important 
role with regard to the total operating hours of Free Cooling. Henceforth the system in D3-1 is operated 
more in Free Cooling mode than D4-1.  

CONCLUSION 

Energy efficient cooling based on modern absorption chillers that were recently developed by TU Berlin and 
partners has been demonstrated in two demonstration projects with a sum of 20 installations. Long known 
deficiencies as limitation in driving heat temperatures or reject heat temperatures are overcome.  
Driving heat sources can be used with temperatures starting at 60 °C with increasing cooling capacity if 
higher temperatures are available. Reject heat temperatures over 35 °C are feasible, which not only enable 
the use of dry reject heat devices but also the operation as heat pump for low temperature heating 
systems, used eg. in floor or wall heating systems. Dry reject heat devices avoid excess water 
consumption, therefore investment and operation costs are significantly lower than for wet cooling towers 
as water treatment facilities become dispensable.  
State of the art control systems have been proven to deliver energy efficient operation if the hydraulic setup 
is chosen with guidance and awareness. If thermal absorption chiller efficiency, often known as COP is at a 
reasonable 0,7 or even higher, the electrical efficiency for the absorption chiller system including all 
auxiliary devices such as pumps, reject heat device (mainly fan motors) and control equipment, can reach 
values between 10 kWhcooling/kWhel to 20 kWhcooling/kWhel. With the thermal and electrical efficiency of 
selected absorption chiller systems already on a remarkable level, the demonstration project has shown 
that the next control generation can increase the electrical efficiency at least by 20 % to 40 %. 
Monitoring results shows that not only in terms of the electrical efficiency but also for the primary energy 
efficiency cooling from absorption chiller systems can be provided by far more energy efficient than by 
conventional cooling technologies as compression chiller systems. A low primary energy factor for the 
driving heat in DH/CHP system or solar thermal systems can further increase the efficiency of CHPC or 
solar cooling systems.  
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ABSTRACT 
In the present study, a lightweight steel framed building envelope incorporating VIPs, is experimentally and numerically investigated. Temperature 
and heat flux measurements at several locations of the envelope, obtained over a period of one year, are presented and analyzed. The building was 
unoccupied for the whole monitoring period and the indoor temperature was maintained stable during winter months. The investigation concerns the 
total energy needs for the maintenance of the indoor temperature and the thermal performance of the envelope focusing on the impact of the VIPs. 
The measurements evaluated the thermal performance of the VIPs indicating a reduction of the thermal transmittance of the central part of the 
wall by ca. 50%. Additionally, the thermal behavior of the building was simulated using an energy modelling program. The respective Energy 
Plus model was validated and tuned against the collected measurements. The validated model was employed for the assessment of the thermal 
behavior of a typical residential building for different climatic conditions revealing the impact of the VIPs and the thermal bridges on the energy 
efficiency of the envelope. The results showed that the incorporation of VIPs reduces the energy demands by ca. 20%. 

INTRODUCTION 

Current challenges for sustainability in building construction require advanced building envelopes combining high 
thermal performance with easy and fast implementation. In an effort to meet this need, lightweight steel framed building 
systems form an attractive solution. Lightweight buildings have become more and more widespread because of their 
advantages, such as seismic resistance, speed of construction, easy prefabrication, recyclability of wastes, reduction of costs 
in transportation and handling, etc. (Soares et al., 2017). On the other hand, the main drawbacks of these constructions are 
the strong thermal bridges, introduced by the steel frame structure, reducing the overall thermal performance of the 
building envelope.  

One of the main challenges is related to the limitation of the effect of thermal bridges. Many studies have investigated 
the impact of metal studs on the total thermal transmittance of the envelope indicating that the influence of thermal bridges 
have to be taken into consideration at the energy studies of these buildings. De Angelis and Serra (2014) investigated the 
thermal performance of lightweight steel framed walls, concluding that the metal studs increase the thermal transmittance 
of the wall 67 – 74%. 

Among others, a general design strategy for the limitation of the impact of thermal bridges due to studs is the 
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installation of a continuous insulation layer on the external side of the steel frame (Kosny and Christian, 1995). Martins et 
al. (Martins et al., 2016) investigated several solutions for the reduction of the effect of thermal bridges. They showed that 
the most effective way is the installation of superinsulation materials. 

In this direction, Vacuum Insulation Panels (VIPs) are innovative insulation lying into in the category of 
superinsulation materials. The insulation performance of VIPs is approximately seven to ten times better than that of 
conventional insulations, such as mineral wool or EPS. The thermal conductivity of VIPs can be less than 0.003 W/(m·K), 
which means that VIPs offer high thermal resistance with small thickness (Simmer and Brunner, 2005). For this reason, the 
utilization of VIPs in lightweight steel framed constructions results to the improvement of the energy efficiency of the 
envelope maintaining a slim construction (Baetens et al., 2010; Fricke et al., 2008). 

Several studies have experimentally investigated the actual performance of walls incorporating VIPs. Mukhopadhyaya 
et al. (Mukhopadhyaya et al., 2017) monitored a VIP retrofitted wall, exposed to subarctic climate, over a period of three 
years. They concluded that there were no significant changes in the in-situ thermal performance of the VIPs during the 
whole measuring period. Mandilaras et al. (Mandilaras et al., 2014) investigated the in-situ thermal performance of a 
building envelope incorporating ETICS (external insulation composite systems) with VIPs and the results were compared 
with an EPS ETICS wall. The thermal resistance of the VIP wall was significantly higher than the EPS wall. However, the 
in-situ measurements of the thermal resistance were 27% lower than the theoretical estimations. They indicated that the 
models have to be validated and calibrated with the use of reliable experimental results. 

The objective of the current study is the experimental and numerical investigation of the thermal performance of a 
lightweight steel framed building incorporating VIPs. The study comprises three distinct parts: a) the experimental 
investigation of a lightweight steel framed building envelope incorporating VIPs, b) the development and validation of a 
whole building simulation model for the calculation of the energy demands for heating and cooling and c) the 
implementation of the model in a real residential building for different scenarios. The analysis focuses on the effect of the 
VIPs on the energy efficiency of the building envelope. 

For the experimental part of the study, a lightweight drywall mock-up building, located in Switzerland, was 
investigated. The VIP layer was placed at the inner side of the external walls. Several sensors were installed for the thermal 
monitoring of the building over a whole year. The impact of VIPs at the overall thermal transmittance of the walls and the 
thermal bridges were investigated. At the second part of the study, a numerical model was developed using an energy 
modelling program. The model was validated using the experimental results. Finally, at the third part, the validated model 
was utilized for the investigation of the effect of the VIPs on the energy efficiency of a residential building. The 
heating/cooling demands at the test case building were calculated for four different climate conditions. 

EXPERIMENTAL SET UP 

Description of the mock-up building 

The mock-up building, located in Laupersdorf in Switzerland, is constructed by drywall materials anchored on a 
lightweight steel frame structure (Figure 1). The external dimensions of the mock-up building are 400 cm × 219 cm × 280 
cm. The configuration and the thicknesses of the envelope components as well as the materials utilized are the same as 
those in full scale buildings. 
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Figure 1 The mock-up building. 

Table 1 presents the configuration of the elements of the building envelope. The external walls, with total thickness 
317 mm, comprise two parts: the load bearing and the non-load bearing wall. The load bearing wall structure consists of 
one row of C-shaped steel studs (C-studs), with dimensions 150 mm × 50 mm and 1.5 mm thickness, located at a constant 
distance each other, equal to 625 mm. The intermediate gap between C-studs is filled with 150 mm thick mineral wool. Two 
gypsumboard layers are anchored on the external and internal side of the C-studs. A ventilated façade is installed at the 
central part of the external side of the wall while the upper and the bottom part is insulated with EPS coated with finishing 
mortar. The non-load bearing part of the wall consists of one row of C-shaped steel studs (CW-studs), with dimensions 50 
mm × 50 mm and 0.6 mm thickness, located at the middle of the distance between two C-studs. The intermediate gap 
between studs is filled with 50 mm thick mineral wool. Two gypsum board layers are located at the internal surface of the 
wall. One layer of Vacuum Insulation Panel (VIP), with thickness 20mm, is located between the load bearing and the non-
load bearing wall structure of the wall. The only opening of the building is a wooden door with dimensions 82 × 190 cm. 

The roof is based on I-shaped steel studs (I-studs), with dimensions 200 mm × 100 mm and 1.5 mm thickness, 
located at a constant distance each other, equal to 500 mm. The intermediate gap between I-studs is filled with 200 mm 
thick mineral wool. A load panel is anchored on the external side of the metal structure, while a gypsum board layer is 
installed at the internal side. An extra EPS insulation layer, 80mm thick, protected by finishing mortar is located at the 
external surface of the roof. The total thickness of the roof is 327 mm. 

The floor is based on 1.5 mm thick, I-shaped steel studs (I-studs), with dimensions 200 mm × 100 mm, located at a 
constant distance each other, equal to 500 mm. The intermediate gap between I-studs is filled with 200 mm thick mineral 
wool. A gypsum board layer and an extra 160 mm thick EPS insulation, are anchored on the ground side of the structure. A 
load panel, a sound insulation layer and the floor panel are located at the internal side of the structure. The total thickness 
of the floor is 455 mm. 
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Table 1.   The Configuration of the elements of the building envelope 

Element Configuration of the element No Materials Thickness 
[mm] 

Walls 

 
Total thickness: 317 mm 

U-value: 0.1105 W/m2K (including metal studs) 

1 Gypsumboard 30 

2 Mineral Wool 50 

3 VIP 20 

4 Gypsumboard 15 

5 Mineral Wool 150 

6 Air Cavity 27 

7 Cement board 12 

8 Finishing mortar 1 

Roof 

 
Total thickness: 327 mm 

U-value: 0.2155 W/m2K (including metal studs) 

1 Gypsumboard 15 

2 Mineral Wool 200 

3 Load panel 28 

4 EPS 80 

5 Roof sealing 4 

Floor 

 
Total thickness: 455 mm 

U-value: 0.1282 W/m2K (including metal studs) 

1 Floor 32 

2 Sound Insulation 20 

3 Load panel 28 

4 Mineral Wool 200 

5 Gypsumboard 15 

6 EPS 160 

The thermal properties of the incorporated materials are presented in the Table 2. The thermal properties of the individual 
materials used for the construction of the walls were either measured in the laboratory by a Guarded Hot Plate (GHP) 
apparatus or obtained from the manufacturer. Particularly, the effective thermal conductivity of the VIPs, taking into 
account thermal bridges at the joints of panels was estimated with the procedure described by Ghazi Wakili et al. (Ghazi 
Wakili et al., 2011). 
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Table 2.   The design thermal properties of materials 

Materials Thermal conductivity 
[W/(m·K)] Density [kg/m3] Specific Heat 

[J/(kg·K)] 

Steel stud 60.5 7854 434 
Gypsum board 0.27 1033 990 
Mineral Wool 0.035 23 850 

VIP 0.0042a 195 800 
Cement board 0.35 1150 1000 

Finishing mortar 0.50 700 1000 
Load Panel 0.44 1500 1000 

EPS 0.035 42 1400 
Roof Sealing 0.2 1000 1000 

Floor 0.38 1500 1000 
Sound Insulation 0.07 250 2100 

Door 0.22 850 900 
a effective thermal conductivity, λeff. 

Instrumentation and measuring devices 

The Data Acquisition System (DAS) was designed to collect and record the necessary data for the calculation and 
characterization of the thermal performance of the envelope assessing the overall thermal behavior of the mock-up 
building. In particular, it monitors and records temperatures inside the elements of the envelope (walls, floor and roof) heat 
flux though the walls, indoor conditions, weather data and energy consumption of the electrical devices. For the 
temperature at the central part of the walls, the temperature was recorded in three sections: “C”, “CL” and “CW”, as 
presented in Figure 2. The temperature sensors were installed at the interfaces between the layers of the envelope. 

 

Figure 2 The locations of sensors at the wall configuration 

For the temperature measurement, NTC thermistor probes were used. The heat flow through the elements was 
measured with the use of high sensitivity heat flux sensors. A mini weather station was constructed for the weather 
conditions measurements (temperature and humidity of air). Finally, the electrical power consumption was measured by a 
portable power/energy meter. A DAQ device was used for signal processing and logging. The time interval for all the 
measurements was set to 2 minutes. Infrared thermography was performed by means of an IR camera. 

A temperature control system was used for the control of the indoor air temperature. One controller was used in 
order to control the indoor temperature of the mock-up building. 
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DEVELOPMENT OF THE MODEL 

A model was developed for the estimation of the total annual energy heating and cooling demands of the building 
envelope. The total energy consumption is calculated from the simulation of the whole building’s energy performance using 
the commercial software EnergyPlus. This energy modelling program is a well-known program for the determination of the 
energy consumption and the heating/cooling load of the building. It solves the heat transfer equation assuming one-
dimensional heat flow through the walls. The impact of the thermal bridges is introduced to the modelling program by 
modifying the thermal properties of the incorporated materials. The model has been analyzed in previous study by the 
authors (Atsonios et al., 2016). 

Assumptions 

The whole building was simulated with the use of the energy modelling program software. A unique thermal zone was 
considered for the whole building. The internal convection coefficient algorithm developed by Walton (Walton, 1983) was 
used in the simulation (TARP), using ASHRAE correlations (ASHRAE, 1981), while the DOE-2 algorithm, developed by 
Yazdanian and Klems (Yazdanian and Klems, 1994) was used for the external convection coefficient. The ‘‘Conduction 
Finite Difference” method is used as the heat balance algorithm at the building surfaces. 

RESULTS AND DISCUSSION 

Experimental results 

Consecutive measurements were recorded for a whole year, from February 2016 to February 2017. The in-situ thermal 
transmittance of the external wall was calculated according to the Average Method described in ISO 9869 (1994) utilizing 
indoor/outdoor air temperatures and heat flux measurements. Table 3 presents the theoretical and experimental U-values 
for the wall including the effect of metal studs. The experimental U-value is in a good agreement with the theoretical, 
providing a difference ca. 6%. Further numerical investigation of the wall indicated that the theoretical U-value of the wall 
without the layer of VIP is 0.2467 W/(m2·K). So, the VIP layer reduces the U-value at the center of the wall by 53%. 

Table 3.   Theoretical and experimental U-value 
Theoretical  

U-value [W/(m2·K)] 
Experimental 

U-value [W/(m2·K)] Difference 

0.1105 0.1169 6% 

The contribution of insulation materials on the resulting temperature difference of the wall is presented in Figure 8. A 
period of three days with low variation of the outdoor temperature was selected in order to reduce the effect of heat 
storage. The results referring to the three sections are illustrated in Figure 2. In all sections the VIP causes the largest 
temperature difference in the wall. At section “C”, the MW 150 causes only the 10% of the total difference, despite of the 
large thickness. This occurs due to the thermal bridge of the C-stud. In sections “CL” and “CW”, the VIP layer causes ca. 
50% of the total difference while MW 150 causes ca. 35%. The results obtained by the measurements are in a good 
agreement with the simulations in steady state conditions. It is observed that more than the 51% of the average temperature 
difference for the whole surface of the wall is caused by the VIP, while the MW 150 causes the 29%, despite of the 7.5 
times larger thickness due to the C-stud. As it is observed from simulation results, the presence of studs is strongly affects 
the insulation efficiency of the materials. The efficiency of VIPs is reduced by 8% while that of MW150 is increased by 10% 
in the case of the clear wall (without studs). 
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Figure 3 The contribution of materials at the percentage temperature difference for the three sections: “C”, “CL” and “CW” a) based 
on three days measurements and b) steady state numerical analysis 

Validation 

The mock-up building was simulated in order to validate the model of the energy modelling program. All thermal 
bridges were calculated in detail in order to calculate the equivalent thermal properties of the incorporated materials 
according to the proposed methodology, analyzed by Atsonios et al. (Atsonios et al., 2016). 

The measured temperatures and the relative humidity obtained by the weather station were used as boundary 
conditions. The electrical consumption of the devices is assumed to be equal to 45 W which is converted into radiant heat. 
The indoor temperature set point was set equal to 20.8oC for the period when the temperature control system was turned 
on. The infiltration of the elements of the envelope was assumed equal to 0.1 ACH.  

The model was validated using the measurements of the indoor temperature and the energy consumption. Figure 4 
presents the measurements and the simulation results for the indoor temperature. The validation of the model is based on 
the temperatures during the periods when the temperature control system was turned off. It is shown that the results of the 
model are in a good agreement with the measurements. The mean differences is 0.27oC, near to the measuring error, while 
the maximum differences are ca. 0.6oC. The good agreement between the simulated results and the measurements are 
indicated by the coefficient of determination, R2. Figure 5 presents the comparison of the indoor temperature obtained by 
the measurements and the model. The coefficient of determination was calculated equal to 99.21%. 

The model was also validated taking into account the energy consumption of the mock-up building. Figure 6 and 
Figure 7 present the daily and annual energy consumption results of the model and the measurements respectively. It is 
observed that the results of the model are in a good agreement with the measured values. The mean difference between the 
simulated and the measured daily energy consumption is about 9% and the maximum difference rarely exceeds the value of 
20%. Furthermore, the difference for total annual energy is only 1.3%. 
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Figure 4 Comparison between the measured and the simulated indoor temperature. 

 

Figure 5 Coefficient of determination 
between the measured and the simulated 

indoor temperature. 

 

Figure 6 Comparison between the measured and the simulated daily energy consumption 

 

Figure 7  Comparison between the 
measured and the simulated total energy 

consumption 

Test case 

In order to evaluate the thermal performance of the envelope incorporating VIPs in a typical residential building, a 
series of annual thermal simulations were performed using the validated model. The under investigation typical building, 
depicted in Figure 8, has dimensions 10 m × 10 m and 3 m height. The building envelope consisted of the same elements 
with the experimental mock-up building, described in Table 1. Additionally, each external wall contained two windows. A 
unique thermal zone was considered for the whole building and the internal temperature was set equal to 20oC during 
winter and 24oC during summer season. The building was simulated for the climatic conditions of Athens and the 
meteorological data were obtained from the program database. Further assumptions for the model are summarized in Table 
4. 
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Figure 8 The geometry of the building 

Table 4.   Assumptions for the model 
Description Value 

Window dimensions 1 m × 1.5 m 
Window U-value 1.25 W/(m2K) 
Door dimensions 1.10 m × 2.20 m 

Door U-value 1.2 W/(m2K) 
Infiltration 0.125 ACH 

Electrical devices 50 W 
	

The energy efficiency of the building envelope is assessed by calculating the annual energy consumption for heating 
and cooling. The impact of the VIP layer is investigated for four different climate conditions: Athens, Oslo, Kuwait and 
New York. The results are presented in Figure 9. It is observed that the additional VIP layer decreases the total energy 
consumption for heating and cooling by 18% up to 20%. This effect is stronger at the cities with cold climate, since the 
additional insulation layer saves 1680 kWhr annually, at the climatic conditions of Oslo. This reduction can be translated 
into a saving up to 280 €/year. For the rest climates, the VIPs reduce the heating needs by 20% up to 25%, and the cooling 
needs by 9%-17%. 

 

Figure 9 The impact of VIP on the energy consumption of the mock-up building for four different climates 

CONCLUSION 

An experimental and numerical investigation of a lightweight building envelope incorporating VIPs has been 
performed. The whole analysis focused on the impact of the VIPs at the energy efficiency of the building envelope. The 
current study comprises three distinct parts: a) the experimental investigation b) the validation of a whole building 
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simulation model and c) the implementation of the model at a typical residential building. 
In the experimental investigation, a lightweight mock-up construction incorporating VIP at the external walls was 

built. Several sensors were installed at different locations of the envelope, collecting measurements during a whole year. The 
results obtained from the processing of the measurements showed that the VIPs improved the thermal transmittance of the 
walls by ca. 50%. The layer of VIPs was more effective than the conventional insulation even though it has 7.5 times less 
thickness.  

A model on an energy modelling program was developed in order to evaluate the energy performance of the 
lightweight building envelope, taking into account all the thermal bridges. The model was implemented into the mock-up 
building and it was validated be means of the temperature and energy consumption measurements. The results of the model 
were in a very good agreement with the experimental values. 

The model was used for the evaluation of a typical residential building incorporating the same envelope with the 
mock-up building. The building was simulated for four different climatic conditions. The results indicated the improvement 
of the energy efficiency of the envelope due to the presence of VIP layer. The VIPs reduced the total energy consumption 
for heating and cooling by ca 19% for all climates. This reduction can be translated into an energy saving up to 1680 
kWhr/year in cold climatic conditions (Oslo conditions).  
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ABSTRACT 
The realization of the EU strategic target for a “Greener, Energy Efficient and a Resource Efficient Europe” requires radical 

interventions, changes and vision. For the building sector though, the “Greener Europe” concept sets a great challenge: in a time of economic 
predicament and scarcity of resources to establish, support and develop energy-efficient buildings. One of the smarter introduced solutions was 
the transformation of the buildings from energy-consumers to energy-producers: the large area spaces of building surfaces are ideal for the 
integration of renewable energy systems, providing in this way the possibility to generate energy.  

One of the most popular and easily installed renewable energy systems are photovoltaic systems (PVs). Nevertheless, for the successful 
integration of PVs into the building envelope, aesthetic issues along with technological issues, such as the highest possible energy performance, 
need to be considered and addressed. In this paper, a new generation of photovoltaic systems is presented, under the frame of the EU funded 
research program “Construct PV”. According to the “Construct PV” concept, PV panels are not mere means of harvesting solar energy but 
they are actually customizable, efficient and low-cost building components, integrated in the opaque part of the building skin. An overview of 
the existing PV integration solutions into building surfaces will be mentioned, covering the majority of the different roof topologies within 
Europe. Furthermore, the real demo BIPV installation, constructed on the roof of the School of Mining and Metallurgical Engineering at 
NTUA premises will be presented. At the demo site, an advanced online monitoring system has been installed providing the ability to gather 
all the necessary data for the performance evaluation of the BIPV system, such as power and specific energy yield. Additionally, for an in-
depth and detailed analysis, a number of different sensors have also been installed, accumulating data from weather conditions to specific in-
plane solar irradiation and module temperature in correlation to different inclinations. In this paper, the performance evaluation as well as the 
factors affecting the performance (i.e. temperature, shading effect) are discussed and analyzed, quantifying the results for the new BIPV 
technology. Suggestions and improvements for future installations will be also included in the conclusions. 

INTRODUCTION  

The orientation of EU towards a “greener” Europe sets new rules for energy management and consumption for 
all the involved sectors. One of the main goals set by the European Commission to be realized by 2020 is a “Greener, 
Energy Efficient and a Resource Efficient Europe”. For the construction sector, in particular, which is responsible for 
more than 40% of energy consumption within the EU, one of the main challenges is the development of solutions able 
to induce reduction of total energy consumption and to achieve the greatest possible integration of renewable energy 
systems into the building envelope. The use of renewable energy sources as part of the building envelope could 
potentially provide a promising solution, transforming buildings from “energy consumers” to “energy producers”.  For 
the PV technology in particular, the introduction of a PV panel that is not just the means for producing energy but also 
a building element with enhanced properties, can become a smart, multifunctional and cost effective solution not only 
for new constructions but for the retrofitting of old buildings as well.  

Several PV technologies are available; each one of these has other specifications, efficiencies and implementation 
costs. The majority of the PV applications are based on the installation of the PV panels on top of the building surfaces 
which cannot be easily integrated in several buildings such as those in traditional districts. On the other hand, focusing 
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on the Building Integrated PV (BIPV) technology, there is a wide range of products that can be categorized such as: i) 
foil, ii) tile, iii) module and iv) solar cell glazing products. The first three categories are mainly used for rooftop 
application while the fourth one is suitable for fenestration. One common obstacle that these technologies are facing, is 
the relatively low efficiency and the low active area. In order to be able to integrate to the several roof topologies by 
retaining the aesthetical appearance, they turn to have quite low active area leading to very low efficiencies.  

The “Construct PV” European research project aspired to confront all the new challenges of PV technology 
with a holistic approach of Building Integrated Photovoltaics (BIPV), by installing PVs for energy harvesting in the 
opaque surfaces of a building. As mentioned previously, one of the biggest quests for the improvement of PV module 
efficiency is finding ways of increasing the active area. For the “Construct PV” panels this problem was approached 
through the introduction of the SmartWire Connection Technology (SWCT). SmartWire Connection Technology 
developed by Meyer Burger (MB) is an innovative technology regarding the wire bonding between the cell and the 
module, also known as cell metallization-interconnection. Thanks to the shorter length of the fingers (no busbars 
needed) and the better light in-coupling there are less electrical and optical losses. SWCT reduces the shading losses by 
25% and increases the modules efficiency by up to 7%. Additionally, the finer finger lines provide a better optical 
appearance to the module leading to a more elegant optical result. 

 The “Construct PV” panels also deal with PV performance decrease due to temperature by benefiting from 
the heterojunction technology (HJT): HJT solar cell present an excellent temperature coefficient of -0.21%/K leading 
to higher cell efficiencies. The “Construct PV” panels possess also interesting building material properties such as water 
tightness, fire proof and a range of framing options, having all the related certification documents. It is foreseen that the 
industrialization of this modern technology panels will lead to a production cost of 0.60€/Wp, making the “Construct 
PV” panels competitive products in the building materials market.  

An important aspect of the project was the implementation of the developed technologies in real demo-sites, one 
of which was the building of Mining and Metallurgical Engineering at NTUA Zografos Campus of Athens, showcasing 
the Construct-PV rooftop applications. The first objective of the NTUA demo site was to present the architectural 
integration of the BIPV system to the existing building: the new system was not simply installed on the rooftop but the 
impressive architectural design improved the value of the whole building. Τhe second important objective of the 
NTUA demo site was the monitoring and the performance evaluation of the novel rooftop BIPV system. For that 
purpose, the IEC 61724 Standard has been implemented resulting to the measurement and analysis of a significant 
number of different parameters – from weather conditions to electrical parameters. A common difficulty in such 
monitoring systems is the large volume of data acquisition and the synchronization of the different monitoring 
equipment. Therefore, NTUA has developed an advanced real-time and on-line data acquisition monitoring system, 
where all the different monitoring equipment (weather station, irradiance and temperature sensors, inverters) are 
connected though MODBUS interface to a common data logger, perfectly synchronized. The gathered data are stored 
in a database having a 5-min time interval and the user can have access and analyze more than 130 parameters by 
logging-in to the data base and querying the preferred time period.  In this paper, the specific details of the demo-site, 
the monitoring system and the tool developed for the efficient monitoring are discussed in detail. Furthermore, 
preliminary performance evaluation is performed while the factors affecting the performance (i.e. temperature, shading 
effect) for a period of one week are discussed and analyzed, providing a first quantification of the results for the new 
BIPV technology.  Suggestions and improvements for future installations will be also included in the conclusions. 

EXPERIMENTAL: DESCRIPTION OF THE SOLAR PV-GRID SYSTEM  

The demo site that will be described in detail in the following sections, is grid- connected, thus, the renewable 
power generated by the solar panel is supplied, under proper conditions, to the local utility grid. A grid-connected BIPV 
system mainly consists of solar panels, inverters and all the necessary grid connection equipment.  
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Geographical location of the site.  

The BIPV system was installed on top of the roof of the building that hosts the School of Mining and 
Metallurgical Engineering of the National Technical University of Athens, in Zografou campus. This building hosts the 
NTUA “Construct PV” research team, has a clear South orientation with no surrounding obstacles and is located at a 
longitude of 23,47”E and latitude 37,58”S.  

Specifications of solar panels 

In the BIPV system, the majority of solar panels were the “Construct PV” panels (Figure  1), which are 
prototypes developed within the framework of the research program: glass-glass panels coupled with bituminous back 
cover for waterproofing, having the ability to be used both as building and as roofing material. Meyer Burger (MB) was 
responsible for the production of the HJT photovoltaic cell having the Smart Wire Cell Technology (SWCT) cell 
interconnection while TEGOLA was responsible for coupling the bituminous back cover to the PV panel. Commercial 
thin-film panels were used only in one area of the demo-site (Area 8) due to specific shape requirements of the 
architectural design.  

As far as the technical characteristics of the photovoltaic panels are concerned, the “Construct PV” panels consist 
of monocrystalline solar cells, with power at 48 Wp, open circuit voltage (Voc) of 6.5 V, short circuit current (Isc) of 9.39 
A and rated efficiency of 12.3%. Each “Construct PV” panel measures 950 mm (Length)x420 mm (Width)x 10 mm 
(Thickness), resulting to an active area of 884 mm (Length)x 365 mm (Width). It must be noted that the electrical 
characteristic of panels were obtained at STC after lab tests by SUPSI according to IEC standards.    

 

Figure  1. A close look from the “Construct PV” panels. 

Specification of inverters 

Two types of commercial inverters were used in the installed BIPV system: The 1-phase SMA SB 2.5-1 VL-40 
inverter for the Areas 3 to 8 (Figure 3) and the 3-phase inverter for Areas 1 and 2 (Figure 3). The 1-phase inverter 
power rating is 2.5 KW, and  from the DC side, the maximum input current is 10 A and the rated voltage is 360 V while 
from the AC side, the output voltage and current are 230 V and 11 A. For the 3-phase inverter, the power rating is 8 
KW and from the DC side, the maximum input current is 15 A and 10 A and the rated voltage is 580 V while from the 
AC side, the output voltage and current are 230 V and 11.6 A, respectively. For both inverters, their output is 
synchronized automatically with same voltage and frequency as that of the utility grid. 

Demo rooftop BIPV system layout 

The main objective of the roof demo BIPV system was to simulate the majority of roof inclinations throughout 
Europe as well as to demonstrate the effective combination between system’s performance and architectural 
integration. Therefore, the inclinations and the configuration of the BIPV system were chosen accordingly. 

The system’s concept and the architectural approach was performed by UNStudio (UNS), realizing as a first step 
an extensive analysis of roof topologies within Europe  after which the majority of the roof inclinations was identified. 
According to the findings and with respect to the building’s structural and technical limitations (provided by NTUA), 
UNS proposed the “dragon tail” design (Figure 2), achieving in this way the proper roof integration combined with an 
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architectural added-value to the existing building. The BIPV system is comprised by eight large areas (Table  1), 
covering the different European roof inclinations. 

From a technical point of view, the roof demo system targeted the evaluation of the “ease-of-installation”, the 
identification of possible technical risks, the development of necessary additional installation elements and the 
inspection of the rigidity and robustness of the whole installation (i.e. construction stability and water tightness). For 
that purpose, NTUA performed an extensive structural analysis for the metallic substructure that hosted the whole 
BIPV system. As a result, the metallic substructure in mounted only on the cement structural columns and the walls of 
the building and was dimensioned accordingly so as to be able to overcome all structural and wind loads. The 
construction of the whole demo-site, under the guidance of NTUA, was performed by AMS. The total nominal rating 
of the BIPV system is 15 KWp and is comprised of 303 PV panels (298 “Construct PV” panels and 5 commercial 
TEGOSOLAR 68i thin-film photovoltaic shingles) with bituminous base, achieving an active area of almost 97.5 m2.  

 
 

 

1. 

 

2. 

 

3. 

 

4. 

 

Figure 2. From the architectural concept (1.) to the completed rooftop BIPV system installation (4.). 

 
Table  1.   BIPV System Overview 

Module type Area 1 Area 2 Area 3 Area 4 Area 5 Area 6 Area 7 Area 8 
Number of “Construct PV” panels 58 64 16 30 59 48 23 - 
Number of TEGOSOLAR panels - - - - - - - 5 

Inclination (degrees) 30 25 22 25 19 16 13 curved 
Area power capacity (KW) 2.8 3.1 0.77 1.44 2.83 2.3 1.1 0.34 
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Figure 3. BIPV System overview and positions of the monitoring equipment. 

Area 8 is a curved area hosting only commercial panels. The rest of the areas accommodate only “Construct PV” 
panels, but are substantially differentiated by the number of panels they host as well as the area inclination. For 
architectural integration purposes, metal shingles – a common commercial roofing material – covers the rest area of the 
structure. 

From the electrical point of view, each area is an individual string. As mentioned previously, from Area 3 to Area 
8 there is one dedicated 1-phase inverter per area, whereas Area 1 and 2 are connected to a large 3-phase inverter. The 
inverters convert the DC current to AC current and provide the renewable energy production to the local utility grid. 

Monitoring system equipment 

The meteorological conditions in the area are monitored using a Davis Vantage Pro2 Plus cabled weather station, 
located at the roof of the building, next to the BIPV system, in carefully selected position, eliminating the possibility of 
shading. The weather station includes two components: the Integrated Sensor Suite (ISS), which houses and manages 
the external sensor array, and the console, which provides the user interface, data display, and calculations. The 
measured meteorological conditions include (among others) barometric pressure, dew point calculation, heat index, 
relative humidity, temperature, solar radiation, UV radiation, wind speed and wind direction, rain rate, rain fall etc. 

The evaluation of a BIPV system requires the recording of the in-plane irradiance, therefore a total of 6 
pyranometers were installed measuring the in-plane irradiance for each system’s inclination (Figure 3). The DeltaOHM 
LP PYRA 03 second class pyranometers were used, proving a measuring range from 0 – 2000 W/m2 and a sensitivity of 
15.33 µV/(W/m2). Additionally, for the evaluation of the partial shading effect a pyranometer has been placed 
intentionally on Area 4, in which partial shading is caused due to the shape of the building.  

A crucial factor that can have a severe impact on the performance of a PV system is temperature. Therefore, 6 
thermocouples were coupled to the intermediate layer between the PV cells and the bituminous back cover in order to 
accurately measure the temperature effect. The ASPT-P RTD Pt 1000 class A thermocouples were selected, having a 
range process from -50 to +200 oC. In Areas 3 and 7 the thermocouples was placed in the middle of the area where it is 
most probable to reach the highest temperature. In Areas 1 and 2 the thermocouples were placed in the margins of the 
areas in order to correlate the height and the heat dissipation effect with the temperature. Additionally, the temperature 
in correlation with the different inclination will be examined, taken also into account the wind effect. 

In addition to the abovementioned parameters, electrical characteristics such as current and voltage as well as 
energy yields are necessary for the performance evaluation of a BIPV system. In Figure 4 the architecture of the whole 
monitoring system is illustrated. 
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Figure 4. Monitoring system architecture 

PERFORMANCE EVALUATION ANALYSIS AND MONITORING SYSTEM CHARACTERISTICS 

The performance evaluation analysis of the demo BIPV system is performed in accordance to the International 
Energy Agency Photovoltaic Power System (IEA PVPS) program and follows the guidelines of IEC standard 61724 for 
the calculation of daily global irradiation, array/final/reference yields, array/system efficiencies, and performance ratio. 
NTUA, in close collaboration with Fraunhofer ISE, has identified all the necessary monitoring parameters and 
monitoring procedures needed for the performance evaluation of the BIPV system according to the above standard. 
These parameters include a variety of data , ranging from meteorological– such as ambient temperature, irradiance, 
wind speed, etc. – up to electrical and other BIPV-related data – such as module temperature, electrical characteristics, 
energy yield, etc. 

 
Table  2.   Performance evaluation parameters according to IEC 61724 

Parameter Symbol Equation 
Array Yield YA YA = (EA/P0) 

Reference Yield Yr Yr = (H/G0) 
Performance Ratio of Array PRA PRA = (YA/Yr) 

 
A common difficulty for monitoring systems is the synchronization of all monitoring equipment. In order to 

overcome this problem, NTUA, using MODBUS communication protocol, developed a user-friendly monitoring 
database targeting the desired synchronization. As a result, the user aiming the monitoring and analysis of the BIPV 
system, has the ability to download all the necessary data for a specific period of time, in a simple calculating 
application. More information are provided in the section “data acquisition system” 

Data acquisition system 

As mentioned previously, four different equipment (weather station, pyranometers, thermocouples, inverters) 
comprise the monitoring system.  In total, 136 meteorological and electrical data points are real-time logged into the 
COMET MS6D data logger and afterwards all the measuring data are stored to the NTUA database (Figure 4). 
Additionally, on-line monitoring, alarm signals and value ranges can be defined and the user can always get informed 
about the status of the monitoring system, thus the robustness and the reliability of the system is ensured. 

NTUA database, configured to store each monitoring value with a time interval of 5 minutes, allows the 
possibility to synchronize all the recorded values according to date and time. Especially for the case of irradiance, the 
measurement is performed every minute and then, through integration, the irradiation (Wh/m2) for the 5-min time 
interval is stored. For the further processing of the monitoring data, the registered user, by using a Username and a 
Password, has the ability to download the data in csv files and perform the analysis in a simple commercial program. 

For facilitating the monitoring process, NTUA has also developed an online, web-based and mobile-friendly 
visualization of the whole system. The user is able to get informed in real time about all the vital information of the 
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BIPV system (i.e. total or per array energy yield, daily power production, panels’ temperature, etc.) as well as current 
status of the system (i.e. alarms).  

 

Figure  5. Snapshot from the NTUA online monitoring system. 

RESULTS AND DISCUSSION  

In this section, the data that were collected for a time period of one week of July (10/07/2017 – 16/07/2017), are 
presented and analyzed for the performance evaluation of the “Construct PV” module as well as the whole rooftop 
BIPV system. More specifically, the analysis is focused on the Areas 1,2,3,4 and 7 as the complete series of data (in-
plane irradiance, module temperature and electrical and energy data) are gathered. It must be noted that the results are 
indicative, the measurements are still in progress and for a full-scale evaluation, the data of a whole year should be taken 
into account. 

 

Total and Specific Energy Yield 

 

Figure  6. Total and Specific Energy Yield per inclination. 
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In Figure  6 the combination of the Total (Yield 1 to 7) and the Specific (Area 1 to 7) Energy Yield per Area are 
illustrated. As it can be seen, Areas 7 (13°) and 6 (16°) present the highest specific energy yield, reaching the value of 
almost 6 Wh/Wp/day. For the rest of the areas, the specific yield is lower and it is decreasing as the inclination 
increases. Even though for Greece, the optimum inclination for the optimum performance was found to be about 30°, 
at the construct-PV demo the areas having the smallest inclination seem to be favored. The behavior deviation of the 
Construct-PV modules will be evaluated and possibly explained after the collection of data for longer periods of time.  
During the monitoring week, Area 7 has produced the highest Total Specific Energy by almost reaching 39 Wh/Wp.  
Based on the bibliography, the specific annual energy yield for Attica is 1570 Wh/Wp/year or in daily basis 4.3 
Wh/Wp/day and the results of the first monitoring week indicate that the Construct-PV panels perform better that the 
average PV-systems.  

Performance Ratio (PR) and influence of Module Temperature 

In this section the performance evaluation of the “Construct PV” module is performed. For that purpose Area 3 
has been chosen since there is no partial shading on this area and thus concrete results regarding the influence of 
module temperature on PR could be obtained. Moreover, in order to have results focused on the “Construct PV” 
module and to exclude any losses derived for the electrical system, the PR is calculated based on the electrical 
characteristics obtained on the DC side of the inverter and so referring as the Array Performance Ratio (PRA). 

 

Figure  7. Module Temperature influence on Array Performance Ratio (Area 3). 

In Figure  7 the influence of module temperature to the performance ratio is illustrated, and as it was expected, 
the performance of the module seems to be significantly affected by the module temperature. According to the weekly 
data gathered for the Area 3, the maximum PRA value is 0.96 at almost 11:00 at 15/07 while the maximum temperature 
that the modules reached was almost 76 oC at 14:45 at 13/07. As it is presented in Figure  7, the highest values of PRA 
were obtained during morning hours, when, due to the sunrise there are high values of solar radiation, while the 
modules have not been yet heated. After 12:00, period where the module temperature reaches values up to 76 oC, it 
seems that PR is significantly decreased. A slight increase of PRA can be detected during afternoon hours when 
modules temperature has decreased again, even though during afternoon hours solar irradiation receives also lower 
values. Based on the bibliography, for a hybrid mono-a-Si PV module installed in Athens at 20 degrees tilt angle and 
having a south orientation, the PR is about 0.88, indicating that the Construct-PV prototypes are performing better that 
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the average (at least for the specific monitoring week).  

 

Figure  8. Module Temperature influence on Array DC Voltage (Area 3). 

In order to better highlight the influence of temperature to the PV performance, the DC voltage output for an 
indicative day is presented in Figure  8, confirming the behavior observed in Figure  7. It seems that during morning 
hours, the DC voltage produced by the PVs reaches the maximum values of up to 99.4 VDC.  

Wind Speed influence of Module cooling effect 

The temperature of a PV module derives from its heat balance:  the heat dissipated to the environment is 
proportional to the solar radiation received by the module while the heat dissipated is proportional to the difference 
between module and ambient temperature. As mentioned previously, since temperature is a crucial factor for the 
performance of a photovoltaic panel, wind could play an important part in the performance of a PV system since it can 
provide a significant cooling effect. 

The relationship which connects the temperature difference between module and ambient and the instantaneous 
reference yield can be expressed as follow: 

                                Tmod – Tamb = kth Yr         (eq.1) 
where, 
Tmod the module temperature, 
Tamb the ambient temperature, 
Yr the instantaneous reference yield and 
kth the equivalent thermal resistance 
 
Consequently, by comparing the equivalent thermal resistance kth to the wind speed, the cooling effect deriving by 

the wind could be investigating, as presented in Figure  9 .  
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Figure  9. Wind influence to the module temperature. 

As can be seen in Figure  9, areas 1 and 7 are presenting the higher cooling effect due to the wind probably due 
to their location which favors the wind exposure (both areas are located at the edges of the BIPV system). On the other 
hand, Area 2 seems to be the less benefited from the wind since due to the reduced aeration of the array.  

CONCLUSIONS 

The final stage of Construct-PV project, was the integration of a new generation BIPV’s at a demo-site located at 
NTUA, Zografos Campus, where the evaluation and monitoring of the whole system is taking place. The conclusions 
deriving from the whole installation, monitoring and evaluation processes can be summarized below: 

• The new BIPVs, developed within the project, were successfully integrated at the roof of the School of 
Mining and Metallurgical engineering. It was showcased that the Construct-PV modules can replace 
conventional tiles and other roofing systems while producing energy at the same time. Furthermore, 
these new building components have proven to be easily installed and provide the building with good 
water resistance.  

• NTUA managed to develop an advanced real-time and on-line data acquisition monitoring system, where 
all the different monitoring equipment (weather station, pyranometers, thermocouples, inverters) are 
connected though MODBUS interface to a common data logger, perfectly synchronized. All the 
monitoring data are consolidated in a user-friendly web interface where the installers or the users can 
easily understand the system operation and performance.  

• Even though the examined monitoring time is very limited (one week), the first monitoring data indicate 
that the Construct-PV panels perform better that the average PV-systems, reaching the value of almost 6 
Wh/Wp/day.  

• The performance of the module seems to be significantly affected by the module temperature. The 
highest values of PRA were obtained during morning hours, when, due to the sunrise there are high 
values of solar radiation, while the modules have not been yet heated.  

• Wind seems to play an important role in reducing the negative effect of temperature at the performance 
of modules. The areas that are better aerated (Areas 1 and 7), are found to present the better cooling 
effect.  
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ABSTRACT 

The design of energy efficient buildings is a crucial issue in order to succeed the sustainability. The most 
important parameter in the building envelope is the insulation thickness and this parameter is investigated 
in this work with details. Different insulation thicknesses are applied for a typical Greek building. The 
location of the building is examined parametrically by testing the four climate zones (A, B, C and D). In 
every case the heating and cooling loads, as well as the primary energy consumption, CO2 emissions and 
the yearly operational cost are calculated. The analysis is performed with the software of the Greek 
government (KENAK). According to the results, the optimum insulation thickness is ranged from 4 cm to 6 
cm, a fact that is depended on the decision criteria of every study-case. Furthermore, the insulation 
thickness has greater impact on the heating loads than in the cooling loads. This is an interesting result 
which determines the optimum design among the examined cities.  

Keywords: Heating and cooling loads, Insulation, KENAK, Primary energy consumption, CO2 emissions 

1. INTRODUCTION 
Energy consumption in buildings has a very important role in the European energy market, because it has a 
proportion of 40% of the total energy in Europe. Specifically, energy consumption for heating and cooling 
demands is responsible for 70% of energy building consumption which is an important percentage [1]. 
Especially, the yearly specific heating consumption for buildings varies from 15 kWh/m2 to 100 kWh/m2 [2-3], 
fact that is depended on many parameters as the climatic zones and the building cell quality. In order to cover 
this load, many technologies can be applied in order to reduce the energy consumption and to create low-cost 
systems [4]. 

A comfortable environment is essential for health based on thermal, acoustic and visual comfort, but also for 
the productivity of the occupants inside the building [5-6]. Many studies have shown that people spend a 
great part of their life time inside buildings, because of working, sleeping or living generally [7-8]. Furthermore, 
many countries apply a combination of policy regulations to design more efficient buildings, but in many cases 
the results are not the desirable. For example, in many countries, the energy requirements for buildings, 
which are suitable for funding, are not aligned with the proper energy requirements of the buildings [9]. Also, 
another factor which increases the profitability of energy efficiency investments is the higher energy prices, 
including energy taxes for carbon dioxide emissions. However, research in several countries have proved that 
the consumer response in the buildings sector, to higher energy prices, is relatively inductile. Specifically, an 
increase of 1% in household energy prices would lead to the reduction of the energy demand of 0.25% [9]. 

The use of the appropriate thermal insulation in the building envelope is a very effective and efficient way to 
decrease the transmission rate of heat and also to decrease the energy consumption from heating buildings 
[10]. Architectural and physical properties of buildings, such as thermal mass, structural material, and its 
shape, are the most important parameters that influence the space-cooling load. During the last few decades, 
the use of insulation materials has increased significantly, because national regulations oblige the use of 
increasing values of insulation thickness [11]. It is known that an optimum thickness of insulation offers 
minimum total cost, including the cost of insulation and energy consumption on the life of the building [10-12]. 

There are many energy tools that can calculate the heating and the cooling loads in buildings. According to 
Greek legislation, TEE-KENAK software is the most suitable energy tool for making energetic calculation in 
buildings. This tool provides information about the dynamics of the thermal behavior, the individual building 
element, and the entire building envelope and energy systems.  Moreover, this software is based on detailed 
simulation models or simplified methods and allows the assessment of the overall energy performance of a 
building and its indoor climatic conditions. These models calculate the values of a series of variables such as 
the inside temperature, the humidity, the temperature of the surfaces, the air flow, energy consumption, the 

[99]



 
EinB2017 – 6h International Conference “ENERGY in BUILDINGS 2017” 

                   

 
 

thermal comfort and air consumption etc., solving differential equations describing mass transport and heat in 
buildings. Often their use by scholars is limited due to the high demands on computing power, the high cost in 
time and money, the expertise that is often required to have the designer and usually difficult to use. It is also 
important to state that other usual energy software are TRNSYS, eQuest, EnergyPlus and ESP-r. 

In this study, the impact of the insulation layer in the thermal behavior of Greek buildings is investigated with 
the TEE-KENAK software. The analysis is made for 4 cities (Heraklion, Athens, Thessaloniki and Florina), one 
for every climate zone. The insulation thickness is analyzed parametrically up to 8cm and the final outputs of 
this study are the heating loads, the cooling loads, the primary energy consumption, the carbon dioxide 
emissions and the yearly operating cost. 

2. The examined study case 
2.1 Greek climate zones 
Greece is a country with many climate variations because of the high percentage of mountainous land. For 
this reason, it has been separated to 4 climate zones in order to be analyzed with higher accuracy. Four 
representative cities (one for every climate zone) are examined and their exact location in the map is 
illustrated in figure 1. 

 

Figure 1. The examined cities in the Greek map [13] 

Heraklion is a city with high cooling loads, while Florina is the one with high heating loads. Thessaloniki and 
Athens have intermediate cooling and heating loads because of their locations. It is obvious that it is very 
interesting to compare the loads of these cities and to make parametric analysis in order to determine the 
optimum insulation thickness for city separately. 

[100]



 
EinB2017 – 6h International Conference “ENERGY in BUILDINGS 2017” 

                   

 
 

2.2 The examined building 
The same building cell is used in all the cities in order to make a suitable energetic comparison. This 
building is presented in this paragraph. A usual structure is selected in order to conclude to general results. 
The floor area is a square (10m x10m) and the height of the cell is equal to 3m. All the external walls are 
located in the four directions (south, west, north and east) and windows have been placed in all the walls 
except to the north wall, where there is the building door. This is a domestic building and the proper 
operation program, according to KENAK, has been selected. Table 1 includes all the information about the 
building details that have been used in the simulation: 

Table 1. Building parameters [12] 
Parameter Value 

Cities Athens, Florina, Thessaloniki, Heraklion 
Area 100 m2 

Height 3m 
East window 3m2 
West window 3m2 
South window 

U-value of windows 
Door area 

U-value of door 

6m2 

1.57W/m2K 
1.98 m2  

2.95W/m2K 
Shading coefficient 75% 
Occupants density 0.05 person/m2 

Specific light 6.4W/m2 
Ventilation rate 1 change per hour 

hin 8 W/m2K 
hout 16 W/m2K 

Insulation area 306 m2 

It is essential to refer that the windows are double in order to reduce the thermal losses. Their thermal 
transmittance (or U-value) is equal to 1.57 W/m2K, including the peripheral frame.  Moreover, the external 
walls are same to each other and are consisted of 5 layers. The outer layer is plaster with 1.5 thickness, the 
next is brick with 12cm thickness and the intermediate is the insulation thickness, which is analyzed 
parametrically form 0 to 8cm. After the insulation, 12cm of brick and 1.2cm of plaster are the last layers of the 
wall. The roof composition is 20cm cement (outer surface), insulation layer which varies from 0 to 8cm and 
plaster of 1.5cm. Furthermore, it is essential to say that the building ground has various layers of cement and 
insulation, with the insulation to vary in the same ranges as in the previous components. There is a not 
internal wall in this building, fact that makes the examined case more general.  The structure and the 
composition of outer walls influence significantly the thermal behavior of the building. Table 2 exhibits the 
material properties which have the TOTEE values 20701-2/2010[14].   

Table 2. Properties of structural materials 
Material k (W/m K) Cp (kJ/kg K) ρ (kg/m3) 

Brick 0.89 1.0 1800 
Plaster 1.39 1.0 2000 

Insulation 0.04 0.8 40 
Concrete 2.10 0.8 2400 

The most important parameter from the above table is the heat conductivity of insulation which determines 
the U-value of every structural component in a high rate. Table 3 includes the thermal transmittance of every 
structural component and the total equivalent of the whole building cell. The results are presented for 
insulation thickness from 0cm to 8cm, in order to examine all the usual insulation thicknesses. 

By taking into consideration the TOTEE KENAK regulations for Greek buildings, the equivalent building 
thermal transmittance has a maximum acceptable value. The ratio of external building area to the building 
volume is 1.07, greater than 1, fact that leads to a needed mean thermal transmittance of 0.81 W/m2K, 0.73 
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W/m2K, 0.66 W/m2K and 0.60 W/m2K for the climate zones from A to D respectively. These values are taken 
from KENAK tables [15], for all climatic Zones, where all the examined cities are belonging. Table 3 shows the 
thermal transmittance of all the examined structural components and of the total building cell, for all the 
examined cases. With a quick view, 4cm insulations are adequate for respect the TEE-KENAK regulations 
about the maximum building cell thermal transmittance. 

Table 3. Thermal transmittance of structural components 
Structural 

components A (m2) U (W/m2K) 
L=0cm L=4cm L=6cm L=8cm 

Walls 106 2.537 0.717 0.528 0.418 
Roof 100 1.325 0.570 0.444 0.363 

Ground 100 0.589 0.371 0.313 0.270 
Windows 12 1.570 1.57 1.570 1.570 

Door 2 2.950 2.95 2.950 2.950 
Building 320 1.516 0.609 0.489 0.414 

For thermal comfort conditions, the daily temperature should be 20 oC in the winter and 40% humidity and   
26 oC in the summer with 45% humidity which means that a control system is used to determine the operation 
of the heating system. 

3. Mathematical background and methodology 
3.1 Mathematical equations 

The basic equations which describe the analyzed case are presented and explained in this section. These 
equations are related with the system energy balances, the building thermal behavior and the energy 
consumption. 

Building 
The structure of every building is an important factor for its heating and cooling loads. Specifically, the 
thermal resistance of the structural components (walls, roof and ground) determines the heat exchange 
between the building and the ambient. 

The thermal resistance of a structural component is a summary of many small thermal resistances. Each 
layer has its own thermal resistance and also, the thermal resistances of the indoor and outdoor heat 
convections are taken into consideration. Equation 1 is the formula for calculating the thermal resistance for 
a usual structural component: 
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,      (1) 

Usually in building applications, the thermal transmittance U or the U-value is used and equation 2 shows 
its definition:  

R
U 1
=  ,        (2) 

These parameters are influenced from the material properties and their thicknesses. Insulation layer is the 
most important structural material, due to the low thermal conductivity, having a great impact on the thermal 
transmittance of the respective structural component. For this reason, the analysis of the impact of the 
insulation layer thickness on the heating loads has a significant value for the thermal behavior of the 
building. 
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Mechanical equipment 
For covering the heating loads, a boiler with radiators devices is used. The energy from the fuel can be 
calculated according to equation 3: 

uBB HMQ ×= ,       (3) 

The efficiency of the heating system is given as the product of boiler efficiency and heat exchange system 
efficiency. The final value for the heating system efficiency is about 65%, according to equation 4: 

65.0»×== hexboiler
B

heating
heating Q

Q
hhh ,     (4) 

The cooling loads are covered by using a heat pump with a mean coefficient of performance (COP) equal 
to 3.4, according to equation 5: 

4.3==
el

cooling

P
Q

COP ,       (5) 

Environmental Indexes 
The Primary Energy is calculated from the next equation 6: 

elB EEPE ×+×= 9.21.1 ,      (6) 

The mass of CO2 which is produced from the consumption of the primary energy is the following 

 Equation: 

elBCO EEM ×+×= 989.0204.02 ,     (7) 

Where PE, EB, Eel are Primary Energy of fuel and Electrical Energy respectively. 

Financial index 
The simple payback period can be calculated as the ratio of the insulation cost to the reduction of the 
operation cost, compared to the uninsulated wall. Equation 8 shows this parameter: 

( ) ( )LcmL

ins

OCOC
CCSPP

-
=

=0

,      (8) 

The total cost of the insulation is calculated according the equation 9: 

inininin LAACC ××+×= 27 ,      (9) 

The above equation shows that there is a constant part of the insulation installation at 7€/m2 and a varying 
cost of 2€/m2cm [12]. 

 
3.2 Methodology 
In this paper the impact of the insulation thickness in heating and cooling loads is analyzed parametrically. 
The simulation tool is the TEE-KENAK program which is the official Greek program for the energy 
certificates in Greece. The insulation thickness varies up to 8cm in order to cover all the usual cases, from 
uninsulated to very well insulated building cells. It is important to state that the insulation layers of the 
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external walls, roof and ground are changing together in the parametric analysis. Greece is a country with a 
very variable local climate and for this reason, 4 different cities, one for every climate zone are examined. 

The heating load, the cooling loads, the primary energy consumption, the carbon dioxide emissions and the 
yearly operation cost are calculated for every examined case. The heating load is covered by a central 
heating system with boiler, while the cooling is covered by local heat pumps. Finally, the optimum insulation 
layer for every city is determined energetically and financially. Specifically, for the financial evaluation, the 
simple payback period is calculated based on the reduction in operation cost due to insulation layer. Table 
4 includes important parameter values for the present study. 

Table 4. System parameters 
Equipment Parameters Value Control Parameters Value 
Hu 42000 kJ/kg Tset (summer) 26 oC 
ηheating 65% Tset (winter) 20 oC 
ηboiler 87% Humidity summer 45% 
ηhex 75% Humidity winter 40% 
COP (cooling) 3.4 Thermostat dead band 1 K 

4. RESULTS 
In this paragraph, the results of the simulations are presented with parametric diagrams. In every figure, the 
results for all the cities and for all the examine insulation thicknesses are given in order the comparison to 
be clear. According to figure 2, greater insulation thickness leads to lower heating demand because of the 
increase in thermal transmittance of structural components. After 6cm, the reduction in heating demand is 
approximately negligible and the 4 curves tend to horizontal lines. These results show that the optimum 
insulation thickness is lower than 6cm energetically. Florina is the city with the greater heating load with 
Thessaloniki, Athens and Heraklion to follow respectively. The impact of the insulation utilization is greater 
in the cities with higher heating loads and for this reason, the use of an appropriate insulation layer in these 
locations is strongly recommended. Thus, the use of insulation layers is more important for Florina (Zone D) 
than for Heraklion (Zone A), because the heating loads in the first city is about 4 times greater compared to 
the last referred city. 
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Figure 2. Energy heating demand for the examined cases 

Figure 3 illustrates the impact of insulation thickness on cooling loads of the examined cities. The 4 curves 
of this figures are not follow the same trends, something very interesting. Athens, Heraklion and 
Thessaloniki have lower cooling loads for greater insulation thicknesses, while the cooling loads in Florina 
are not affected by the insulation thickness. Florina is a relative cold city with low cooling loads and for this 
reason the extra insulation thickness does not lead to cooling load reduction. Generally, the cooling loads 

[104]



 
EinB2017 – 6h International Conference “ENERGY in BUILDINGS 2017” 

                   

 
 

are lower than the heating loads for the examined cases, by evaluating figures 2 and 3 together. Moreover, 
another impressive result is that the cooling demands of Athens are greater than of Heraklion, which is in 
the southeast part of Greece. This is happening because of the Greenhouse effect which plays an 
important role to all big cities. 
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Figure 3. Energy cooling demand for the examined cases 

Figure 4 shows the primary energy consumption and figure 5 the carbon dioxide emissions. These curves 
follow the heating loads curves of figure 2 and no the cooling curves of figure 3. The reason for this result is 
based on the higher values of heating loads compared to the respective cooling. The operating cost is 
determined by the primary energy consumption and for this reason the curve trends of figure 6 are similar 
to the curve trend of figure 4. 

 

Figure 4. Primary energy consumption for the examined cases 
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Figure 5. Carbone dioxide emissions for the examined cases 
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Figure 6. Operating costs per year for the examined cases 

In order to compare all the above results for every city, the simple payback period (SPP) for every 
examined insulation thickness is calculated. According to figure 7, 4 cm insulation minimizes the SPP for all 
the cities. These results come with accordance with the general rule of using 4cm insulation in buildings. 
Moreover, by taking into account the results of figure 2 and 3, this thickness lead to reduced heating and 
cooling loads respectively, something very important. Table 5 summarizes the results for the optimum 
cases for the 4 examined cities. The mean heating load reduction is about 56.7% and the respective for 
cooling 12.0%. Thus, it is obvious that the use of insulation is beneficial for cities with high heating loads 
and no for these with high cooling loads. 
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Figure 7. Simple payback period for the examined cases with insulation 

Table 5. Final results for the optimum insulation thickness 

Location Zone 
Lopt  SSP  Qheating Qcooling Heating 

gains 
Cooling 

gains 
(cm) (years) (kWh) (kWh) (%) (%) 

Heraklion A 4 8.13 26.9 36.4 62.0 13.5 
Athens B 4 4.96 53.2 46.6 57.0 23.0 

Thessaloniki C 4 3.56 86.5 32.9 54.7 17.3 
Florina D 4 2.56 134.7 13.4 52.8 5.5 
Greece - 4 4.80 75.33 32.33 56.7 12.0 

5. CONCLUSIONS 
This study examines the impact of insulation thickness in the heating and cooling loads for a usual building 
in 4 Greek cities (Athens, Thessaloniki, Florina, and Heraklion). Each city belongs to a separate climate 
zone and is enough representative for its zone. TEE-KENAK software is used in order to calculate heating 
loads, cooling loads, primary energy consumption, carbon dioxide emissions and yearly operational cost. 
Florina is the city with the greatest heating loads and Athens is the one with the highest cooling loads.  

According to energetic analysis, insulation thickness up to 6cm has to be used, while the financial 
evaluation proved that 4cm insulation is the optimum value. Moreover, the use of insulation is more 
important for the heating loads than the cooling loads. The primary energy consumption, the carbon dioxide 
emissions and the yearly operational cost are following the trends of the heating loads; something that is 
explained by the previous statement.  

Nomenclature 
A area, m2 
COP, coefficient of performance, - 
CC Capital cost, € 
cp specific thermal capacity, kJ/kgK 
E energy, kWh 
h heat convection coefficient, W/m2K 
j sum counter 
Hu Lower heating value, kJ/kg 
k thermal conductivity, W/mK 
L Insulation thickness, mm 
M Mass, kg 
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N number of layers 
OC Operational cost, € 
PE Primary energy consumption, kJ 
Pel Electrical energy, kJ 
R Thermal resistance, m2K/W 
SPP Simple payback period, years 
Greek letters 
η efficiency, - 
ρ density, kg/m3 
Subscripts  
B fuel 
Boiler boiler 
cooling cooling 
CO2 carbon dioxide 
el electrical 
heating heating 
hex heat exchange 
in indoor 
ins insulation 
opt optimum 
out outdoor 
set set to control system 
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ABSTRACT 

The building sector is responsible for the 1/3 of the total energy consumption worldwide [1] and this situation makes the utilization of the 

renewable energy sources to be vital in order to achieve the sustainability. Solar energy is one of the most promising solutions, especially in countries 

with high solar potential as Greece. The last years, a lot of research has been focused on trigeneration system which can produce all the demanded 

energy sources for buildings: electricity, cooling and heating. This work presents an innovative solar driven trigeneration system which is able to 

produce electricity, cooling and heating which different proportions in order to cover the variable loads of the buildings. This system is based on the 

absorption heat pump technology and it includes an absorption heat pump operating with LiBr/H2O and a steam turbine. More specifically, the 

produced superheated steam from the generator is separated into two quantities: the first one goes to the condenser (heating production) and to the 

evaporator (cooling production), and the other to the turbine in order electricity to be produced. The basic thermodynamic analysis of this system 

has also presented recently in Ref. [2], but this study examines the combination of this system with a solar collector loop. Parabolic trough 

collectors of 100 m2 collecting area are coupled to a storage tank of 5 m3 and this sub-system feeds the generator with heat. The final results of this 

analysis prove that the exergetic efficiency of the system is close to 10% and significant amounts of electricity, heating and cooling can be produced. 

For the case of 80% steam fraction to the turbine and steady state conditions, the electricity production is 7.16 kW, the heating production is 

9.35 kW, the cooling production is 8.55 kW and the system exergetic efficiency is 9.80%. These results show that different steam fractions to the 

turbine can regulate the operation of the system according to the energy needs of the building. The daily analysis proved that the electricity, the 

heating and the cooling production are 48.3 kWh, 62.9 kWh and 57.7 kW respectively, for a sunny day and 80% steam fraction. Moreover,  it 

is important to state that this system is analyzed parametrically with a developed model in EES (Engineering Equation Solver) under steady 

state and time dependent conditions. 

1. INTRODUCTION 

The energy production and management are among the most important issues of the last decades. The increasing rate 

of energy needs, the fossil fuel depletion and the climate problems as global warming makes the utilization of alternative 

and renewable energy sources to be vital [3]. Especially for the building sector, which is responsible for about the 1/3 of the 

worldwide energy consumption [1,4], the adoption of renewable energy sources is the sole way. Solar and geothermal 

energy sources are the most usual renewable energy sources which are exploited in the building sector because of their high 

availability. Numerous applications can exploit solar energy because it can be converted into useful heat with the solar 

thermal collectors or direct into electricity with photovoltaic panels [5-6] 

A trigeneration system is one system which can produce three useful outputs at the same time [7]. The usual outputs 

are electricity, heating and cooling; the three main energy demands in the buildings. Thus, the utilization of trigeneration 

system in the building sector is an attractive choice. Moreover, the utilization of trigeneration systems which are driven by 
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renewable energy sources seems to be the ideal idea for achieving the sustainability in the building sector. 

The use of absorption chillers or heat pumps is usual in trigeneration systems. Al-Sulaiman et al. [8] examined an ORC 

with absorption chiller for trigeneration. According to their results, the exergetic efficiency of this system can reach to 27%, 

when the electrical efficiency is close to 11%. Al-Ali and Dincer [9] investigated the combination of solar parabolic trough 

collector and geothermal energy for electricity, cooling, space heating, hot water and industrial heat. The examined system 

included absorption chiller, ORCs and heat exchangers and it performed 78% energetically and 36.6% exergetically. 

Hassoun and Dincer [10] studied a solar driven multi-generation system for electricity, fresh-hot water, seasonal heating and 

cooling production with final exergetic efficiency close to 14%. This system was a complex system with ORC, absorption 

chiller, storage tanks and batteries. Baghernejad et al. [11] investigated an innovative trigeneration system driven by 

parabolic trough collectors. This system uses an absorption heat pump coupled with a Rankine power cycle. More 

specifically, the power cycle rejects heat to the generator of the absorption heat pump and by this way, the two subsystems 

are coupled. Wang et al. [12] designed a trigeneration system with solar collectors, ejector, turbine and heat exchanger for 

heating, cooling and power production. This system was optimized with a multi-objective optimization procedure. The 

previous studies prove that a lot of research has been focused on trigeneration systems the last years. Many configurations 

have been examined and absorption heat pumps are usually selected in these systems. The reason for this selection is the 

simultaneous production of heating and cooling. These absorption heat pumps need heat of low or medium temperature 

for their operation and thus they can be coupled with low or medium grade renewable energy sources (for instance solar 

energy, geothermal energy, waste heat, etc.) 

In this study, an innovative trigeneration system based on an absorption heat pump and a steam turbine is examined 

energetically and exergetically. More specifically, the steam production in the generator of the absorption heat pump is 

separated in two quantities. The first goes to the condenser, as in usual absorption heat pumps. The second is delivered to 

the steam turbine where it is expanded up to the low pressure of the system. So, electricity is produced. The analysis is 

performed with EES (Engineering Equation Solver). This system has been examined in Ref [2] with details. However, in 

this study, this trigeneration system is modified, by increasing the condenser temperature, and also it is driven by parabolic 

trough collectors (PTC). This type of solar collectors is selected in order high temperature to be achieved with simultaneous 

high thermal efficiency. In the first part of this analysis, the system is analyzed parametrically under steady-state conditions 

and in the next step, it is examined during a typical sunny day in dynamic basis. 

2. THE EXAMINED SYSTEM 

The suggested system is present in figure 1 with details. The trigeneration system includes an absorption heat pump 

operating with LiBr-H2O and a steam turbine. This system has also been analyzed in Ref [2]. However, in this work, the 

heating load is taken only from the condenser and not from the absorber. This strategy has been followed in order to take 

the heating load to a higher temperature level (80oC for this study) and to utilize it in a great variety of applications (space 

heating, DHW, etc). Moreover, the higher condenser temperature levels lead to greater electricity production, compared to 

the system in Ref [6], and thus this modification is adopted. The absorber temperature is kept equal to 40oC and the 

evaporator temperature equal to 10oC; an adequate temperature for cooling applications. As it is obvious, this system is 

ideal for building application because the three main energy demands (electricity, heating and cooling) can be covered by 

this system. 

This innovative trigeneration system is coupled to a collector field in this study. The collector field includes 100 m2 

parabolic trough collectors (PTCs) and a storage tank of 5 m3. Eurotrough II module [13] is selected as the proper PTC and 

Therminol VP-1 [14] is the working fluid. The need of operation in temperature levels close and over to 150oC justifies the 

selection of a concentrating technology and of thermal fluid in the collector and storage tank circuits. 
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Figure 1 The examined system 

3. MATHEMATICAL FORMULATION 

In this section, the basic equations for the modeling of the examined system are given below. These equations 

concern the solar field modeling and the trigeneration system modeling. 

3.1 Solar field and storage tank modeling 

The solar collector efficiency is calculated as the ratio of the useful heat (Qu) to the available solar irradiation on the 
collector aperture (Qsol). The useful heat is calculated by the energy balance of the working fluid volume and the available 
solar irradiation is the product of the total collector aperture (Aa) and of the direct beam irradiation (Gb). 
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For Eurotrough II, the collector thermal efficiency is calculated according to the following equation [13]: 
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The storage tank modeling is based on mixing zones. In the present study, three mixing zones are selected and the 
energy balance for every mixing zone is made. Combining these energy balances, the thermal oil temperature can be 
calculated in every time step. More information about this modeling can be found in Refs [15-16].The storage tank outer 
surface for every zone is symbolized with (Ast) and the thermal loss coefficient (UT) includes radiation, convention and 
conduction thermal losses to the ambient. 
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The delivered energy into the generator can be calculated by using the energy balance of the thermal oil.  

       outSinSpsin TTcmQ ,,  ,                          (6) 

Moreover, the heat exchange effectiveness is used in order to calculate the energy exchange in the dynamic analysis. 
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3.2 Trigeneration system basic modeling 

The basic equations of the trigeneration system (absorption heat pump and steam turbine) are presented below. More 
information about the present modeling can be found in Ref [2]. The energy balances in the generator, in the condenser, in 
the evaporator and in the absorber are given in the following equations: 

     992433 hmhmhmhmQ rwsrg  ,            (8) 

       633 hhmQ rc  ,              (9) 

       783 hhmQ re  ,            (10) 

     1091583 hmhmhmhmQ rwsra  ,          (11) 

The mass flow balances in the generator are given below. Equation 12 is the total mass flow rate balance and equation 
13 is the LiBr substance mass flow rate balance. 

         wsr mmm  ,            (12) 

      ssww mXmX  ,                         (13) 

An important parameter for this study is the ratio of the steam delivered to the turbine to the total produced steam in 
the generator. This quantity is called “steam ratio” (L) and it is defined below: 

            
r

r

m

m
L 9 ,             (14) 

Moreover, the steam production mass flow balance is given below: 

           
rrrr mmm 93  ,            (15) 
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Furthermore, it is essential to state that the enthalpy is conserved in the throttling valves, as well as in the solution 
pump (extremely low electricity consumption). 

The turbine is the device where the useful work is produced. This work is taken from the generator and then electricity 
is produced. Equation 16 presents the energy balance between generator and turbine, while equation 17 is the isentropic 
efficiency definition of the turbine. 
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3.3 System evaluation indexes 

The presented system has three basic outputs: Electricity (Pel), heating (Qc) and cooling (Qe). The energy input is the 
solar energy (Qsol). In order to evaluate the system performance, two basic indexes are defined. Equation 18 is the energy 
performance (ηen) index of the system: 

      
sol

ecel
en

Q

QQP 
 ,            (18) 

The exergetic performance (ηex) of the system is given in equation 19: 
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It is important to state that for the definition of the exergy flow of the incident solar irradiation, the Petela model [17] 

has been used. This model is the most appropriate about the undiluted solar irradiation.  

4. METHODS 

The examined system is modeled according to the equations of section 3. EES (Engineering Equation Solver) is used 

for the simulation of the system. The first step in the analysis is the parametric analysis of the system in steady state 

condition. The next step is the determination of the daily performance of the system performance. This methodology 

presents with a clear way the system performance. It is important to state that both steady state and dynamic simulations are 

performed with EES. The time step in the dynamic simulation is determined to 60 seconds, after a simple sensitivity 

analysis about the independence of the results. Table 1 includes the basic parameters of the examined system. It is essential 

to state that for the steady state analysis, the solar irradiation on the collector aperture (Gb) has been assumed to be 1000 

W/m2 and the ambient temperature (Tam) equal to 25oC. 

Table 1. Basic system parameters 
Trigeneration system Value Solar field  Value 

Tc 80oC ms 2 kg/s 

Te 10oC mc 2 kg/s 

Ta 40oC UL 0.5∙10-3 kW∙m-2∙K-1 

ηhex 75% Aa 100m2 

ηgen 75% V 5 m3 

ηis 90% Working fluid Therminol VP-1 

ηmg 99% Tsun 5770 K 
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5. RESULTS 

5.1 Parametric analysis in steady state conditions 

In this subsection, the results parametric performance of the chiller in steady state conditions is presented. Figure 2 

illustrates the electricity production for various generation temperatures and for various steam ratios (L). According to the  

results, higher generator temperature leads to higher electricity production and thus the highest generator temperature, 

which is equal to 160oC, has selected as optimum. This result is the same for all the steam ratios. 

Figure 3 depicts the electricity heating and cooling production for various generator temperatures and for a steam 

ratio equal to 80%. This steam ratio is a typical value, as it will be discussed in the following paragraphs of this section. This 

figure also proves that higher generator temperature is beneficial for the system performance because all the useful outputs 

are getting greater for higher generator temperatures. It can be said that the increase in generator temperature after the limit 

of 150oC has a small impact on system performance. In the following analysis, the generator temperature of 160oC is 

selected to be used. It is also essential to state that higher generator temperatures are not examined due to crystallization 

problems in the system. 

Figure 4 shows the variation of the useful outputs for different steam ratios. These results have been made for 

generator equal to 160oC, the optimum value according to figures 2 and 3. Figure 4 proves that the heating load is higher 

the cooling load with a relatively low difference. The ratio of the cooling to the heating load is about 0.91 and it is a 

characteristic of the present system. This result indicates the utilization of this system in the building where the ratio of the 

cooling to the heating loads is close to 0.91 for the majority of the operation scenarios. The electricity production is 

generally lower than heating and cooling production for steam ratios up to 80%. For higher steam ratios, the electricity 

production is the dominant useful output. Higher steam ratios mean that higher steam quantity is expanded in the turbine 

and lower steam quantity are delivered to the condenser and to the evaporator. Thus, higher stem ratio leads to greater 

electricity production and to lower heating and cooling production. Generally, the electricity output varies from 0 to 8.95 

kW, the heating load from 0 to 46.72 kW and the cooling load from 0 to 42.76 kW. 

Figure 5 exhibits the energetic and exergetic performance of the system for various values of the steam ratios and for 

generator temperature equal to 160oC. Both energetic and exergetic performance is getting lower with the increase of the 

steam ratio. The variation of the exergetic efficiency is extremely low and it is ranged from 9.61% to 10.25%. The variation 

in the energetic efficiency is higher and it is ranged from 8.95% to 89.48%. The great variation of the energetic performance 

is associated with the great decrease of heating and cooling loads for higher steam ratios. 

 

  

Figure 2 Electricity production for various generator temperatures and steam ratios 
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Figure 3 Electricity, heating and cooling production for various generator temperatures and for steam ratio equal to 

80% 

 

Figure 4 Electricity, heating and cooling production for various steam ratios and generator temperature equal to 

160oC 

In real applications, the heating, cooling and electricity demand is ranged in similar values and thus, a steam ratio close 

to 80% seems to be a representative solution. For this case, the electricity production is 7.16 kW, the heating production is  

9.35 kW, the cooling production is 8.55 kW and the system exergetic efficiency is 9.80%. However, in every application 

different design can be applied in order to satisfy the building energy demand profile.  
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Figure 5 Exergetic and energetic system efficiency for various steam ratios and generator temperature equal to 160oC 

5.2 Daily performance 

The next step in this analysis is the determination of the daily performance of the examined solar driven trigeneration 

system. Figure 6 depicts the solar irradiation on the collector aperture, the ambient temperature and the temperature inside 

the storage tank. It is essential to state that in the start of the day, the temperature inside the storage tank is assumed to be 

equal to the generator temperature. Also, the generator temperature has been kept constant during the day and it has its 

optimum value (160oC). Figure 6 proves that the variation of the thermal oil temperature has a small variation between 

160oC and 167.5oC. The maximum value is found at 13:00, about one hour after the noon (maximum solar irradiation). This 

time lag is explained by the existence of the storage tank.  

Figure 7 illustrates the daily variation of the useful outputs. The three presented curves have similar shapes and the 

heating load is the maximum output during the day. The cooling is the second in the order the electricity is the third. The 

maximum heating production is 8.34 kW, the maximum cooling load 7.66 kW and electricity production 6.64 kW. These 

values are obtained close to 13:00, one hour after the solar noon and they are lower than the respective for the steady state 

analysis. This fact is explained by the lower maximum solar irradiation (about 917 W/m2) in the dynamic simulation, 

compared to the 1000 W/m2 of the steady state analysis. 

For the daily operation, about 700 kWh of solar energy are given in the system. From this quantity, about 481.5 kWh 

are given in the trigeneration system, a fact that proves 68.78% solar field mean thermal efficiency. From this heat quantity, 

the electricity production is 48.3 kWh, the heating production is 57.7 kWh and the cooling production is 62.9 kWh. 
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Figure 6 Daily variation of solar irradiation, ambient temperature and thermal oil temperature inside the storage tank 

 

  

Figure 7 Daily production of electricity, heating and cooling 

6. DISCUSSION AND CONCLUSIONS 

In this study, a novel trigeneration system with an absorption heat pump coupled to a steam turbine is examined. This 

system is fed with heat input from a solar field with parabolic trough collectors and a storage tank. The system is 

investigated with EES in steady state and dynamic conditions. Below the basic conclusions of this study are given: 

- Higher generator temperature leads to higher system performance. Electricity, heating and cooling production are 

maximized for higher generator temperatures. Finally, the optimum generator temperature is selected equal to 160oC, while 

over the 150oC the system performance increase with a low rate. 

- Different operation scenarios can be satisfied with the present system by selecting different steam ratios. This result 

is very important to indicate that this system can be applied in various building application where different load demand 

exists. More specifically, in the cases with higher heating and cooling load, lower values of the steam ratio can be selected. 
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On the other hand, in the cases with higher electricity needs, higher values of the steam ratio have to be selected. 

- The steam ratio equal to 80% seems to be a representative value for the usual buildings. For this case and for steady 

state conditions, the electricity production is 7.16 kW, the heating production is 9.35 kW, the cooling production is 8.55 kW 

and the system exergetic efficiency is 9.80%. Th dynamic analysis proved that the daily electricity production is 48.3 kWh, 

the heating production is 57.7 kWh and the cooling production is 62.9 kWh when the solar energy is 700 kWh during the 

day. 

- The system exergetic performance is close to 10% while the energetic performance varies a lot among the operation 

scenarios. This result is based on the high deviation of cooling and heating load with the steam ratio. Moreover, in all the 

cases, the ratio of cooling to heating load is equal to 0.915 and this is a characteristic result of the present design. 

Finally, it is important to state that this system is a promising solution, mainly for the building sector, and it can 

operate only by using solar energy. In the future, this system can be optimized and modified. Moreover, the direct coupling 

of this system with a real building is something that has to be examined with details. 
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ABSTRACT 

The recent EU directive ΄΄Building the future with CDE΄΄ prescribes a recycling rate of various construction and demolition waste by 2020 of 
70%. This means that soon the recycling of old concrete and rubble will be mandatory. In Greece 54.82 x 106 tons of aggregates for concrete are 
needed to be recycled. The use of modern construction materials should be performed emphasizing on the energy intensity of materials, natural 
resources and the materials consumed, recycling and safe disposal, and the effects they cause to the environment.  

Life Cycle Assessment (LCA) is a technique for assessment of possible environmental aspects associated with a product or service, by setting up a 
list of relevant inputs and outputs, evaluating the potential environmental impacts associated with these inflows and outflows, and an interpretation 
of the census results and impact in relation to the study objectives. The LCA GaBi 6.0 is a powerful tool for the evaluation of life cycle and it is 
used in this paper to implement the method ILCD ((International Reference Life Cycle System) and the method TRACI (Tool for the Reduction 
and Assessment of Chemical and other Environmental Impacts) at the construction industry.  

This paper is trying to sensitize the use of construction demolition materials (after the end of life of the materials) as materials for the manufacture 
of concrete aggregates and not just the disposal in landfills. The main objective of this project is to raise awareness for minimizing loss of all the 
useful materials. It proposes permanent Recycling Centers of old concrete (green points), to settle to Regions of residential areas, thereby solving 
several problems of public bodies to manage old materials, including the problem of deposition sites of rubble. This will lead to protecting the 
environment against the spread of outdoor quarries, decrease the use of raw materials and to the Sustainable Development of the Construction 
sector.

INTRODUCTION 

During the life building, a building consumes abundant resources and energy, occupies land and eventually 
demolished. This resulted in the construction sector, to turn its attention to sustainable housing technologies and the 
research for more friendly construction environment. The awareness in seeking more eco-construction environment 
enhanced by the international agreement to a reduction of greenhouse emission, leading to global warming and the Kyoto 
Protocol (Buyle et all, 2013; Yilmaz et all, 2015). 

Ecological, economic and social parameters affect the sustainability of a building except for energy consumption. This 
led to a creation of sustainability assessment tools such as the Environmental Impact Assessment (EIA), the Environmental 
and Economic Management System (SEEA) and also the Environmental Auditing and Material Flow Analysis (MFA). 
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Especially in the construction sector there are methods for the assessment of so-called ''Green Building’’ such as the 
method BREEAM (Building Research Establishment - Methodology for Environmental Impact) or software program 
LEED (Leadership in Energy and Environmental design) recognizing strategies and practices for the design and 
construction of a ''Green Building'' (Zezhou et all,2015;Whitehead et all,2015;Bartelmus,2007; Dong et 
all,2015;Fowler,2006). 

In the construction sector, this resulted in the introduction of regulations that will lead to the reduction of energy 
consumption in buildings, as in the example of Greece and promotion of the program “Energy Efficiency at Household 
Buildings” (Greek Ministry of Environment & Energy, 2015).  

This thesis tries to reveal and compare environmental indicators between the classical method of preparing concrete 
and that the use of recycled materials. From this use is trying to raise the use of demolition materials, after the end of their 
lives, as materials for the production of concrete and not simply their disposal in landfills. The direct targets of this paper 
are to increase awareness and to minimize the loss of useful materials. Also the protection of the environment from the 
spreading of opencast quarries and the reduction of the use of raw materials for the manufacture of concrete. 

LITERATURE REVIEW OF LIFE CYCLE ASSESSMENT (LCA) IN CONSTRUCTIONS AND GABI 6.0 LCA 

SOFTWARE 

The method of LCA (Life Cycle Analysis) is considered the most comprehensive method as environmental 
assessment tool because it is more detailed, considering the life cycle of a material or a process from the beginning to end 
(cradle to grave) avoiding shifting the environmental problems between the stages of the life cycle of the material or the 
process (Badea et all,2014; Chau et all,2015; Baumann et all,2004;Heede et all,2012 ;Turk et all,2015) 

Figure 1      A Building Life Cycle Assessment and GaBi 6.0 software environmnet 

In 2003 the European Commission officially published the Integrated Product Policy IPP (Ortiz et all,2009; 
Europa,2015). The recent European Union directive (Building the future with CDE) prescribes 70% a recycling rate of 
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various construction and demolition waste by 2020. This means that soon the recycling of old concrete and rubble will be 
mandatory. The Worldwatch Institute as a world-renowned environmental research center based in Washington estimates 
that global construction of buildings is responsible for 40% of the stones - sand and gravel, 40% of the energy, and 16% of 
the water used worldwide (Matos et all,2010;Smith et all,2015;Europa,2015). 

The selection of construction materials which would be used in a construction is an important decision. Careful 
selection of sustainable building materials has been recognized for designers as the easiest way for the integration of 
sustainable principles in building projects and is considered a multi-criteria decision problem. (Akadiri et all,2012;Civic et 
all,2013;Drejeris et all,2014). 

GaBi 6.0 software and Life Cycle Assessment (LCA) 

The LCA program GaBi 6 (GaBi, 2016) includes: 
• The user interface modeling of production system
• Impact assessment data bases with data which supporting various methodologies of the life cycle impact

assessment and
• A calculator which calculate - combine data derived from the database, according to the modeling of the product

system and user requirements.

Data in GaBi 6.0 software - Process Plan 1 - Assumptions for Classic Concrete production in Greece on 

C20/25 class

For 1m3 concrete according to the mix design for class C20/25 (Study of Composition in Greece for Concrete class 
C20/25 Full text of the Rules of Concrete Technology / Ministry of Environment, 1997; YPEKA 2015) applies: 

Concrete Class   Percentage of volume 

C20/25 Sand  31% Aggregates 69% 

Table 1   Rules of Concrete Technology for C20/25 class 

Assumptions and data elements: 
Sand Volume: 0,7043 X 31%  = 0,217  = 0,22 m3 
Sand weight: 0,22 X 2620 = 572,03 = 572 kg 

Aggregates Volume: 0,7043 X 69%  = 0,485  = 0,49 m3 
Aggregates weight: 0,49 X 2620 = 1238,80 = 1238 kg 

Cement:  W/ω = 170,46 kg / 0,5  =  340,96  =  341,00 kg 

Therefore we will introduce in Gabi 6.0 software as data elements 572kg of sand and 1238 kg of aggregates (common 
Gravel). Also according to the Concrete formulation C20/25, we will need 341,00kg of Portland cement as data elements. 
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Scenario 1. Production of  Concrete C20/25, with common, no recycling Gravels, distance transportation 

of materials 100km and ILCD  method  in GaBi 6.0 software 

We will use the data from the study of concrete composition for class C20/25 with amounts of the calculation process for 
1m3 concrete. We will introduce in GaBi 6.0 software as elements 572 kg sand, 1238 kg of aggregates (Gravels) and 341, 00 
kg Portland cement. This scenario concerns the preparation of concrete C20/25 to Greece without the recycling process of 
aggregates and distance transportation of materials 100km. Selected for analysis the analytical method ILCD / GaBi (The 
International Reference Life Cycle Data System). The International Reference Life Cycle Data System (ILCD) has 
published ‘Recommendations for Life Cycle Impact Assessment in the European context’ which chooses the methodology 
which has been evaluated as the best within the impact category (Wolf, 
2012).

Figure 2   Scenario 1/ production of Concrete C20/25, distance transportation of materials 100km and ILCD method in GaBi 

6.0 software 

Scenario 1a. Production of Concrete C20 / 25, with common, no recycling Gravels, distance 

transportation of materials 100km and TRACI  method  in GaBi 6.0 software 

Using again Scenario1 but now with TRACI Analysis Method (Tool for the Reduction and Assessment of Chemical 
and other Environmental Impacts) of GaBi 6.0, which is designed to reduce and assessment of chemical and other 
environmental effects examined environmental indicators as compared to ILCD method so that we can draw useful 
conclusions. This scenario it concerns again the preparation of concrete C20 / 25 to Greece without the recycling process 
of aggregates and transport distance of 100km.The Environmental indicators which analyzed by TRACI method (Bare et 
al,2003) for the preparation of 1m3 Concrete in Greece without the recycling process of aggregates are: 

• Global warming potential (GWP)
• Ozone Depletion (OPD)
• Acidification Potential (AP)
• Eutrophication Potential (EP)
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The aim of TRACI method is specifically for carrying out LCA and recommended for uses such as the prevention of 
pollution and the sustainability measurement (European Commission,2010; Αmir et all,2010; EPA U.S.A .,2012). 

Scenario 2. Production of Concrete C20 / 25, with 70% Recycling Gravels, distance transportation of 

materials 50km and ILCD method in GaBi 6.0 software 

The recent European Union directive (Building the future with CDE) prescribes a recycling rate of various 
construction and demolition waste of 70% by 2020. This means that soon the recycling of old concrete and rubble will be 
mandatory (Matos et all, 2010). 

In Scenario 2 for the production of Portland cement used the same ingredients as defined by the Study of 
Composition in Greece for Concrete class C20 / 25, namely: 1238 kg of aggregates (Gravel), 572 kg of sand and 341,00 kg 
Portland cement and energy from various sources. 

At this scenario and the preparation of concrete C20 / 25 in Greece by using the maximum 70% percentage of 
recycled aggregates from construction waste after their life end, added three new parameters:  

a) Replace part of the aggregates with recycled demolition materials according to the latest EU directive (Building the
future with CDE, 70%) 

b) Reducing the distance transportation of materials from 100km to 50km, and
c) Considered as producing energy only the hydropower energy.

Figure 3   Scenario2 /production of Concrete C20/25 with 70% Recycling Gravels, distance transportation of materials 50km 

and ILCD method in GaBi 6.0 software 
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At the second parameter, we determine the transport distance of materials as 50 km, leading to a decrease in energy 
required during the transportation of materials and therefore a reducing the overall environmental impacts. The data for the 
energy carrier based on statistics of the country. Been used trucks for transportation of raw materials to the production 
plant by using diesel as energy. 

As a third parameter type and power, we define the energy produced by hydropower, a type of energy which is 
considered eminently renewable and with large scope in Greece. The data collected from the program administrators for 
Greece during the period 2008 - 2013 and with validity until 2016. The infrastructure data are from literature. The refinery 
data was based on statistics and measurements of large refineries and also in literature data. We would like to examine under 
this scenario all differences in environmental indicators, after part replacement of the aggregates and also the environmental 
effects of the manufacture of concrete in this manner. 

RESULTS AND DISCUSSION

In Figure4 and our first comparing we observe 352, 17 kg CO2 - Eq. in Scenario 1 by ILCD method. More 
specifically 316, 45 kg CO2-Eq for Portland cement and 2, 86 kg CO2-Eq for Aggregates 2/32. About the transportation of 
materials by trucks: 15, 51 kg CO2-Eq /GWP, for Aggregates 2/32 4, 27 kg CO2-Eq /GWP for Portland cement and 
finally 7,17 kg CO2-Eq / GWP for the sand. 

Figure 4    GaBi Analysis/Senario1/Global Warming Potential indicator/ILCD method/Concrete C20/25 

In a deeper analysis of flows relative to GWP indicator, for a production of concrete C20/25 according to Scenario 1 
and using GaBi 6.0 software, the emissions to air was 6.39% percent (pounds per mass).  The high burden in percentages 
on the resources with 55,8% and also in fresh water with a percentage 36.80% while low rates burden on agricultural - 
industrial land and sea water emissions. 
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Table 2 Global Warming Potential - Impact category Resource % with GaBi 6.0 in Greece 

Production of Concrete in Greece  (GWP) - % 

Flows 100 % 

Resources 55,8 

Deposited goods 2,13 

Emissions to air 6,39 

Emissions to fresh water 35,54 

Emissions to sea water 0,119 

Emissions to agricultural soil 1,026Ε - 006 

Emissions to industrial soil 3,32Ε - 007 

In Scenario 2 using the method ILCD and GaBi 6.0 database for Global Warming Potential indicator (GWP) and 
since we added new parameters to our plan, the results from the graph below can be summarized as follows: 

• 334, 85 kg CO2-Eq in GWP indicator responsible for Global Warming Potential.
• 316, 45 kg CO2-Eq for Portland cement,
• does not appear CO2-Eq charge from 2/32 aggregates due to the low participation rate in the process.
• For transporting materials by truck 2,14 kg CO2-Eq environmental impact GWP, for aggregates 2/32. Also 7,76 kg

CO2-Eq GWP environmental impact for Portland cement and 3,58 kg CO2-Eq GWP for the sand. 

Figure 5   GaBi Analysis/Senario2/Global Warming Potential indicator/ILCD method/Concrete C20/25 
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Remarkable is the reduction of the indicator 334,85 kg CO2 - Eq. in Senario2, in which incorporated the process of 
recycling of aggregates, reducing the distance to 50km and the use of RES. In Scenario2 the concrete prepared and contains 
aggregates from demolition material recycling we observe that has the lowest impact on most categories of indicators. 

 In Scenario1 with primary energy form the energy from different sources and official data for Greece by GaBi 6.0 
manufacturers the index of the global situation of freshwater (Resource depletion, water) is 87.6 kg while in Scenario 2 is 
more than doubled to touch the price of 198,47 kg.  

Table 3   Impact Indicators with GaBi 6.0 software, three scenarios, methods ILCD and TRACI 

Environmental  
indicators 

Scenario1 
ILCD 

Measurement 
Unit ILCD 

method 

Scenario1a 
TRACI 

Measurement 
Unit TRACI 

method 

Scenario 2 
ILCD 

GWP 352,17 kg CO2 – Eq. 351,86 kg CO2 – Eq. 334,85 

ODP 1,1 e - 9kg CFC11-Eq. 1,1 e - 9kg CFC11-Eq. 

4,127 e – 10 
kg CFC11-

Eq. or 
0,4127 e – 9 
kg CFC11-

Eq 

AP 

1,674 Μole of 
H + eq.   or 

0,00167 kg of 
H + eq. 

Μole of H + eq. 

79,37 kg H + 
moles-Equiv 
or 0,00100 
kg of H + 

eq. 

kg H + moles-
Equiv 

1,527 

EP 

5,17 Mole of 
N. Eq or

0,07238 kg N 
- Equiv

Mole of N. eq 0,063 kg N - Equiv 
4,42 or 

0,06188 kg 
N - Equiv 

POCP 0,99 kg NMVOC Equiv - - 0,95 

ADP 1,467 kg Sb-Equiv. - - 2,055 

Resource 
Depletion Water 

87,6 Water [kg] - - 198,47 

Human toxicity -
Non cancer 

effect 

2,793 CTUh - - 2,29 

Particulate 
Matter 

0,044 PM2.5 eq - - 0,039 

In above table, in Scenario2 we observe the majority of the indicators having a significant reduction in most 
Environmental indicators, but should not be neglected a significant burden of the indicator concerning the freshwater.  
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Figure 6 GaBi Analysis / Environmental impacts on the overall situation of fresh water indicator, including rainwater 
from the preparation of a cubic (1m3) concrete C20/25 / ILCD method 

Another indicator that more compounded in Scenario2 is the indicator Abiotic Natural Resources (APD), which 
concerns the exhaustion of renewable energy sources. We observe in Senario1 and Table3 to have the value 1,467 e-5 kg 
Sb-Equiv. while in Senario2 from the using of hydroelectric power to grow and finally to have a value of 2,055 e-5 kg Sb-
Equiv. This is because in the hypothetical Scenario 2 only hydropower is used as output energy. 

Figure 7   GaBi Analysis / Abiotic resource depletion indicator (ADP), [kg Sb-Equiv.] / ILCD from the preparation 
of a cubic (1m3) concrete C20 / 25 / ILCD method 

CONCLUSION

This study shows that the main contributor to the environmental impact of concrete depends on the type of material 
production together with the transportation operations and the type of energy. Studying the mixture of a cubic (1m3) 
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concrete in two different scenarios by the source of aggregates we observe that GaBi 6.0 software is a powerful tool for 
assessing the life cycle assessment and a tool that can produce impressive results. The ILCD and TRACI methods are two 
powerful tools in the analysis of the life cycle of building materials. During the application of Life Cycle Analysis (LCA) in 
the process Plan 1 and the ILCD method in the first stage of concrete manufacturing, a total of 352,17 kg CO2-Eq in 
Global Warming Potential (GWP) indicator, which is responsible for heating the planet and the most severe impacts of 
climate change phenomenon. At Senario2, the concrete which prepared and contains aggregates materials from demolition 
material recycling show the lowest impact on most categories of indicators. 

Hollberg et all and his previous research in 2014 using the environmental data for concrete from EPD provided by the 
German Institute of Building and Environment  was based on data for a mix of ready-mix concrete and precast concrete 
parts. The mix is weighed according to the statistical share of both types in Germany. The declared unit is 1 m3. The 
transportation distance is 17 km for C20/25. Data research showed total 199.93 kg CO2-equivilant showed the results for 
Germany and Concrete C20/25.  In the case of recycling concrete 176.85 kg CO2-equivilant. The low values of this 
research comparing with our research are due at first to shortest Transportation distance 17km and secondly at different 
type of Energy production in German. This shows the urgently use of Renewable Energy Sources in largest percentage and 
the reduction of lignite 52.13% as main presentence of Energy production in Greece. 

Raw materials were considered to exist in Greece. It is important to consider in future the so-called ''worst-case scenario'' 
where a material is no longer available in the country or the high cost reason that maybe we'll have to come from the other 
side of the world, for example, China or America. The globalization of industry and mining resources has become more and 
more a reality throughout the 20th and the 21st century with main component the economic costs. 

Permanently Recycling Concrete Centers can be installed in all Greek regions to solve the problems of various public 
institutions and the management of old materials like concrete demolition. New recycling technologies ensure economic 
benefits and environmental protection so that it no longer constitutes an obligation to nature but a profitable business. 

Summarizing, the environmental impact till today of using non-recyclable building materials have serious effects on the 
climate change and global warming potential and are a mandatory need for recycling and reclaim building materials from all 
demolition products in line with the European Union directions 
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ABSTRACT 

Tertiary buildings account for a sizeable proportion of the EU total carbon footprint. More than 80% of total energy consumption of the buildings 

life-cycle is directly attributed to their operational phase [1], while 70% of this consumption is driven by individual occupants’ behaviour and 

building operations supporting daily business activities (accounting for more than 30%) [2]. Towards this direction, we are proposing an ICT 

framework that transforms live streams of sensing/metering data into personalized feedback, facilitating that way the establishment of energy 

efficient behaviours. By linking core operational aspects (equipment usage) and environmental conditions (temperature, humidity and luminance) to 

occupants’ behaviours, underlying business processes and organizational structures, the proposed framework aims to enhance the comprehensiveness 

and ease of interpretation of building energy performance metrics within an extended and automated Systemic Enterprise Operational Rating 

framework (SEOR). The proposed EPC framework is developed within the context of EU H2020 OrbEEt project and is tested and evaluated 

in four pilot buildings around Europe, addressing different social, business and operational characteristics. The results from the evaluation of the 

proposed framework are presented in this document. 

NTRODUCTION 

Tertiary buildings account for a sizeable proportion of the EU total carbon footprint. More than 80% of total energy 

consumption of the buildings life-cycle is directly attributed to their operational phase [1], while 70% of this consumption is 

driven by individual occupants’ behaviour and building operations supporting daily business activities (accounting for more 

than 30%)[2]. Despite the fact that occupants’ behaviour constitutes the most dominant factor of building performance, 

occupants are still treated as “fixed metabolic heat generators” represented by predefined static profiles within the context 

of modern building performance frameworks. What is more, today’s energy performance certificates lack the spatial and 

temporal granularity to offer sufficiently relevant and timely information of building performance.  

Towards this direction, the concept of alignment of fine-grained building energy data and ambient conditions 

(temperature, humidity and luminance) to organizational processes, should enable the dynamic extraction of previously 

unknown links between the physical ecosystem (building spaces, organizational units and respective activities) and energy 

use breakdown, further allowing for a systemic and holistic view over the building energy performance. This is the idea 

behind OrbEEt project; to develop an ICT framework that transforms live streams of data into building knowledge, by 

linking building aspects (equipment usage) and environmental conditions (temperature, humidity and luminance) to 

occupants’ behaviours, underlying business processes and organizational structures, subsequently leading to the definition 

of an enhanced building energy performance within an extended and automated Systemic Enterprise Operational 

Rating framework (SEOR). SEOR enables real time energy management and direct association with occupant behaviour, 

through enhanced Display Energy Certificates (eDECs).  

A State of the Art analysis on existing EPC framework is provided in Section II. Then, the SEOR and eDECS as the 
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main innovations of the OrbEEt project are presented in detail in Section III highlighting the adoption of a dynamic energy 

baselining framework. The validation methodology and early results of the OrbEEt framework are presented in Section IV. 

Finally, main conclusions and future research plans are presented in Section V. 

ENERGY PERFORMANCE CERTIFICATES AND OPERATIONAL RATING 

Energy Performance Certificates (EPC) have been placed at the core of the EU Energy Efficiency Policy, as it is 

reflected in the Energy Performance of Buildings Directive and its recent revision included in the EC’s Winter Package[3], 

and comprises a fundamental instrument for improving the energy performance of buildings. The main aim of EPCs is to 

serve as an information tool for building owners, occupants and real estate actors, towards creating demand for energy 

efficiency in buildings, providing recommendations for the cost-effective or cost-optimal upgrading of energy performance 

and introducing the latter as a decision-making criterion in real-estate transactions. 

 Even though EPCs have been already applied for more than 10 years in the EU, there is still an active controversy 

among regulators and experts evolving around two main building rating approaches, namely Asset Rating and Operational 

Rating. Building asset ratings assess the theoretical performance of the building’s physical envelope and major systems. 

Asset rating evaluates how efficiently a building is designed, not how efficiently it operates. Rather than focusing on energy 

use by occupants an asset rating evaluates the building itself based on physical characteristics, revealing the building’s 

intrinsic energy. It judges how the building should perform, not how it actually performs. Therefore, asset ratings very often 

present high deviations when compared with the actual building performance, mainly because they disregard all major 

factors resulting from the way the building is actually used by occupants. 

On the other hand, operational ratings assess the actual performance of buildings based on actual energy 

consumption. Nevertheless, the current implementation of Operational Ratings framework is typically based on an annual 

basis at the level of entire buildings to quantify the comparative energy efficiency of buildings independently of factors like 

construction characteristics or weather conditions. Subsequently, the current framework fails to address significant energy 

performance aspects like occupant behaviour which accounts for more than 30% of overall energy consumption and 

combined with business activities typically exceeds 50% to 60%[4][5]. Towards this direction, energy performance methods 

and business practices have proved to be insufficient in improving energy behaviours, since EPCs are generated annually 

and in most cases do not differentiate between various plug loads. The lack of detailed and timely information significantly 

hinders the effectiveness of EPCs as a means of influencing occupant behaviour, since they fail to present in a concrete 

manner the impact of individual daily actions on the overall energy performance of an entire building. 

 To effectively tackle such inefficiencies and enable significant improvements in energy performance, EPCs need to 

fulfil the following requirements, towards delivering a robust framework that can trace the impact of individual and 

collective behaviours on the energy performance of the building and, subsequently, trigger behavioural change in a targeted 

and sustainable manner: 

 Provide detailed and timely information on energy performance and easily adjust in different contexts and types of

buildings

 Incorporate heterogeneous measurements and indicators towards the extraction of enhanced Display Energy

Certificates (eDECs).

 Not only evaluate energy related factors but also assess the impact of energy performance on comfort, productivity and

well-being aspects.

 Fully and dynamically adjust to the real time operational processes of the building.

 Align with standardized auditing approaches towards the extraction of buildings EPC information

 Exploit building rating towards triggering sustainable transformation of energy behaviours on the basis of meaningful

feedback.

The next table summarizes the level of fulfilment to these high level criteria of EPC implementations in the EU

countries in which the OrbEEt framework is validated. The comparative analysis clearly highlights current EPC deployment 
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inefficiencies and indicates its extension focal points towards delivering certificates of enhanced spatio-temporal granularity.  

Table 1 Comparative analysis of EPC frameworks 

Criteria AUSTRIA GERMANY SPAIN BULGARIA 

Easily adjustable EPC 

framework 
+ + + + 

Multi indicators analysis - - - - 

Comfort-related rating - - - - 

Real time performance 

rating 
- - - - 

Standardized auditing  + + + + 

Triggering sustainable 

behaviour change 
- - - - 

 

By taking into account the aforementioned analysis, we are proposing a semantically enhanced EPC framework. The 

ideal DECs mechanism shall be continuously updated using real-time building measurements and reveal timely and 

concrete information to building occupants, thus increasing their awareness on how their everyday actions influence 

building energy performance and providing meaningful and targeted feedback for adopting more sustainable energy 

behaviours. The main principles of the proposed framework are presented in the next section. 

ORBEET SYSTEMIC ENTERPRISE OPERATIONAL RATING METHODOLOGY  

The main innovation of OrbEEt is the alignment of fine-grained building energy use data to the organization business 

processes by introducing a novel form of enhanced display energy certificates (eDECs), which intuitively visualize various 

levels of building and organizational energy performance, in a normalized and comparable manner. Furthermore, critical 

factors underlying and influencing occupant behaviour (e.g. comfort aspects) are identified and analysed in a measurable 

manner, towards offering a systemic and holistic view of building’s operation and performance. The conceptual architecture 

of the OrbEEt framework is presented in Figure 1. 

 

Figure 1 OrbEEt Conceptual Architecture  
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By linking building data (equipment usage) and comfort related ambient conditions (temperature, humidity and 

luminance) to occupants’ behaviour and organizational/business activities, OrbEEt aims to enhance the comprehensiveness 

and interpretation of building energy performance metrics. The different conceptual layers comprising the OrbEEt 

framework are presented in detail in the following sections. 

Information Management Layer - IML (Sensing & Analytics Layer) 

The starting point of the proposed framework is to enable real-time access to a vast amount of diverse information 

(including energy consumption and ambient conditions) towards understanding the driving factors of energy behaviour. 

OrbEEt combines off-the-shelf technological solutions with a powerful cloud-based machine learning engine, to establish a 

non-intrusive but still efficient Sensing and Energy Analytics layer. Within this layer, a network of low-cost plug meters 

and sensors is deployed to continuously monitor the energy use of all relevant building loads (and consequently the 

respective organizational activities). This stream of data is automatically captured, appropriately processed and analysed, 

focusing on specific types of information including: a) ubiquitous loads, like HVAC and lighting b) office equipment loads 

and c) environmental sensors, which capture ambient conditions (luminance, temperature & humidity). A simplified 

deployment view of the OrbEEt IML is depicted in Figure 2. More specifically, the IML consists in a wireless sensor 

network of distributed device managers, efficiently capturing and integrating information generated by various types of 

sensors. Furthermore through the semantic enhancement of sensor data, IML allows for the formation of specific classes 

corresponding to various physical nodes and the dynamic alignment of data gathered or managed by the various device 

managers.  

 

Device Manager

Unified Data Access Layer

Device Manager

Z-wave Gateway

     

Information Management Layer
OrbEEt Cloud 

Insfrastructure

Internet

Z-Wave 

WSN

 

Figure 2 Information Management Layer Deployment View 

 

Tightly associated with the definition of the IML layer, is the design and development of a robust energy baseline 

definition that can cope with the near-real time nature of the proposed framework as well as the high spatio-temporal 

granularity of all dimensions in which performance is sought. Accurate baselining is considered nowadays as the “holy grail” 

for the future success of flexible and dynamic EPC concepts, mainly due to the lack of access to real-time building data. 

Even when metering and sensing equipment is available, existing approaches require a prolonged time period of data 

[134]



capturing prior to baseline calculation.  

To address these limitations, a hybrid baseline methodology has been designed and developed in the scope of the 

OrbEEt project. The goal of this approach was to produce precise “reference points” to all performance aspects (comfort, 

building, organization) and what is more, produce dynamic baselines that can continuously and rapidly adopt to any changes 

occurring during the reporting period, by appropriately analysing the streams of building data provided by the IML.  

The hybrid baselining approach developed in OrbEEt combines core elements from IPMVP (International 

Performance Measurement and Verification Protocol) created by EVO (Efficiency Valuation Organization) [6]. IPMVP 

documents common terms and methods to assess energy performance of energy efficiency projects and provides methods, 

with different levels of cost and accuracy, to determine baselines for a whole facility or for individual energy conservation 

measures. IPMVP provides four possible options to verify energy savings, considering baseline definition [7]: 

A. Retrofit Isolation: Key Parameter Measurements: Savings are determined by field measurement of the key performance 

parameter. 

B. Retrofit Isolation: All Parameter Measurements: Savings are determined by field measurement of the energy use of the 

ECM-affected system. The measurement frequency ranges vary from short-term to continuous, 

C. Whole Facility: Savings are determined by measuring energy use at the whole facility or sub-facility level. Continuous 

measurements of the entire facility’s energy use are taken throughout the reporting period.  

D. Calibrated Simulation: Savings are determined through simulation of the energy use of the whole facility, or of a sub-

facility. Simulation routines are demonstrated to adequately model actual energy performance measured in the facility.  

In Table 2 we are presenting a brief comparison table summarizing the pros and cons of the different IPMVP 

alternatives against the specific challenges set by the OrbEEt performance framework, highlighting the gaps that lead to the 

adoption of a new hybrid approach. Option A is a sub case of Option B and this is not explicitly mentioned as part of the 

analysis. 

Table 2 Pros & Cons of IPMVP Options against OrbEEt challenges 

Characteristics Option B Option C Option D Hybrid 

Sub-metering information X   X 

Ability to Assess savings at the level 

ECM was applied 
X   X 

Routine and non-routine dynamic 

adjustments required 
X X  X 

Whole facility level   X X X 

Energy savings > 10%  X  X 

Performance Measurement based on 

Energy Simulation 
  X X 

Low-cost efficient non-intrusive 

infrastructure 
 X X X 

Varying measurement periods per 

load 
X  X X 

 

Since no single IPMVP option could sufficiently address all requirements of the OrbEEt performance framework, a 

mixed and dynamic approach needs to be considered: Mixed, on the way to cope with the need for a low-cost and non-

intrusive sensing network as well as the various performance aspects evolving around the human factor (e.g. comfort 

related, occupancy related, and business activity related). Dynamic, as we need to cope with varying measurement periods 

(from near real time to annual) and measurement levels (from single loads to aggregated loads at the level of building 

spaces) in order to facilitate real-time and personalized feedback following closely both building conditions/operations. The 

hybrid baseline calculation process is incorporated as parts of SEOR engine towards dynamically update the metric values 

considered for KPIs calculation. 
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Systemic Enterprise Operational Rating Engine - SEOR 

Operating on top of the Sensing and Energy analytics layer, the Systemic Enterprise Operational Rating layer 

offers an alignment of building energy data with operational activities, thus allowing for a more systemic view over the 

organizational energy performance. Buildings are treated as live ecosystems hosting occupants and dynamic activities rather 

than passive building structures. Moreover, in the context of OrbEEt, operational rating is performed at the level of 

business processes and organizational units establishing direct accountability of the latter to the overall building and 

organization energy performance. Apart from the integration of organizational and building energy performance aspects, a 

major advancement of OrbEEt is the incorporation of occupants’ comfort parameters through the development of 

dynamic Human Preferences (HP) models. The HP models reflect the visual and thermal preferences and respective 

comfort boundaries of building occupants. HPs are extracted and updated dynamically based solely on analysing the 

interaction of occupants with lighting and HVAC, under different ambient conditions. More specifically: 

 Thermal comfort models are generated by analysing temperature (and humidity) measurements and the operational 

status of HVAC devices  

 Similarly, visual comfort models are generated by analysing ambient luminance and the operational status of 

lighting in different building spaces 

A detailed description both of the algorithmic approach and respective HP models produced by the comfort profiling 

framework adopted by OrbEEt can be found in [7]. The main innovation of the OrbEEt project consists in the seamless 

integration of HP models into SEOR, towards delivering a unified performance framework equally addressing the often 

conflicting factors of human comfort, energy consumption, building operations and organizational performance. 

Consequently, the OrbEEt eDECs offer multiple drill-in and drill-through analytical views on all performance dimensions 

(comfort, energy, business, building) addressed by the SEOR framework.  

Enhanced Display Energy Certificates - eDECs 

Undoubtedly, it is impossible for individual organizational entities or individuals to associate the impact of their own 

daily behaviour with the energy consumption of the entire building. In order for DECs to become a valuable and more 

effective source of feedback towards sustainable behaviour, they need to present significantly higher granularity both in 

terms of space and time. DECs need to be produced in a more frequent (ideally near-real time) manner and also address 

devices involved in the everyday activity patterns of occupants, so as to produce any meaningful effect on occupant 

behaviour. The generation of such enhanced DECs require continuous information flow about the energy consumption of 

many different loads in the building. This is exactly the responsibility of the OrbEEt eDECs as depicted in Figure 3. 

   

Figure 3 OrbEEt eDECs View  

[136]



OrbEEt eDECs formation enables the dynamic revelation of previously unknown links and relations between the 

physical organizational ecosystem (building spaces, organizational units and respective activities) and disaggregated energy 

use. Moreover, it significantly increases intuitiveness and transparency in energy performance assessment through real-time 

monitoring and continuous insights, using engaging dashboard visualizations and injunctive agents (personas), at varying 

granularities (spatial, temporal, business and organizational).  

PILOT SITES DEMONSTRATION AND EDECS VISUALIZATION 

The evaluation of the Systemic Enterprise Operational Rating framework is performed in four dispersed geographical 

areas (Erlangen in Germany, Asparrena in Spain, Pernik in Bulgaria and Innsbruck in Austria). Even though the high 

diversification of the pilot sites poses significant challenges to the ability of OrbEEt to be seamlessly ported, applied and 

successfully perform in different settings, at the same time it offers a representative variety of requirements that will verify 

its adaptability and effectiveness under different environmental, social, ethnographic and cultural contexts. 

Verifying and validating the effectiveness, cost-efficiency and persistency of OrbEEt interventions is achieved through 

a sequence of experiments that are carefully planned using a hybrid Design-of-Experiments methodology and executed 

during pilot activities. 

 

Figure 4  The Imperium Palace pilot and eDECs generated by OrbEEt 
 

The OrbEEt validation methodology involves four different but still interrelated phases: 

A. Initial calibration and baselining towards presenting the status of enhanced Display Energy Certificate for the 

building at the beginning of the demonstration period; 

B. First real-life trial and evaluation under real-life conditions, aiming at detecting deployment-related problems that 

could not be previously identified; 

C. Optimization of the SEOR framework, second pilot roll-out and evaluation of the results achieved; 

D. Continuous monitoring and evaluation of the persistence of pilot occupants’ behavioural change through the 

progressive fading of external stimuli/ feedback. 

 

Validation of the OrbEEt framework involves an extensive 18-month pilot roll-out period in a variety of buildings 

(administrative offices, museum, banquet facilities, and medical centre and leisure spaces, with a total annual energy 

consumption of approx. 740 kWh/m2) and engages over 200 employees in action for altering their energy behaviour. 

Moreover, targeted communications activities complement the pilot deployment, towards enhancing the visibility and 

outreach of the project results towards the visitors of the public buildings involved (approx. 1,500 visitors daily, on 

average). The initial results of the validation process from a demonstration site are presented in Table 3. 
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Table 3 OrbEEt framework Evaluation 

KPI   KPI  

Energy Consumption Reduction ~ 7-8 %  User Acceptance >90 % 

Peak Demand Reduction ~ 11 %  User Participation >75 % 

CO2 Emissions Reduction ~ 7-8 %  Persistence of Effects ~ 85 % 

 

CONCLUSIONS & SUMMARY 

Energy performance of commercial buildings heavily relies on three interrelated spatio-temporal groups of factors: 

facility characteristics, business processes & occupant behaviour. In this paper we have presented a holistic organizational 

energy performance framework that is built on top of contemporary and standardized energy performance rating practices 

by incorporating building, business and human-centric information. This is the OrbEEt Systemic Enterprise Operational 

Rating framework, that presents the ability for real time building monitoring, continuous assessment of the impact of 

different activities on the overall building energy performance and most importantly, for timely, relevant and personalized 

feedback that aims at triggering sustainable behaviours. Along with the detailed presentation of the methodological 

framework, the initial validation activities performed in different demonstration cases around Europe are presented. 

Our plans for future work consist in the thorough validation of the proposed framework followed by appropriate 

optimizations and in specific: a) holistic evaluation of the proposed framework for an extended reporting period focusing 

on business aspects like cost-efficiency, user acceptance as well as persistence of effect, b) further validation of the 

proposed framework to heterogeneous building types and devices in order to further promote the easy adaptation of the 

SEOR engine to different case studies and organizational domains. Furthermore, our future planning includes appropriate 

extensions of the OrbEEt models within an integrated building automation system  
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ABSTRACT 
Efficient operation of an air conditioning system depends on various parameters such as desired thermal comfort indoor conditions, local 

weather conditions and operational system performance. Proper system design, capital cost and installation complexity are important issues, while 
environmental impact is also of concern. A typical office building in Greece is selected as a case study to perform comparison of seven types of 
popular air conditioning systems. Design heating and cooling loads are calculated for the building assuming its location to be at the four climatic 
zones in Greece and annual building loads are compared among zones. For each of the systems under comparison, the complete design and 
installation in the building is accomplished. Annual energy simulations are performed by means of relevant software and the corresponding energy 
consumptions are compared. The systems are also compared from a cost analysis point of view and with respect to their environmental impact. 

 

INTRODUCTION 

The existing building stock in both the European countries and the USA are responsible for over the 40% of the total 
energy consumption (Energy Information Administration of USA, 2015). Furthermore, the residential sector is responsible 
for over the 63% of the building energy consumption. In case of Greece, according to the Greek ministry of energy (Ypeka, 
2015), buildings are responsible for the 36% of the total energy consumption and, from year 2000 to 2005, building energy 
was increased by 24%, which is of the highest increases in the European Union. In addition, the low energy efficiency of 
many buildings in Greece is due to the use of insufficient thermal insulation or lack of it, old construction technology of 
windows and doors, bad orientation of the building, inappropriate use of solar potential and inadequate service of heating 
and air conditioning systems. It should be mentioned that, a significant portion of building energy is that consumed by air 
conditioning systems, which exhibit different performance under different working conditions. In the light of the above, 
the present work attempts a comparative study on the performance of seven types of standard air conditioning systems 
implemented in the same reference building, which is considered to be located in the four different climatic zones in the 
Greek territory. The aim is to assess the effect of the geographical location to the building loads and system performance, 
to compare air conditioning systems in terms of various criteria (energy related, financial, environmental) and to draw useful 
conclusions concerning the implementation of such systems in Greece. 

 
DESCRIPTION OF THE CASE STUDY 

The building 

The building that has been selected as a case study is located in Athens and is used for office services by an insurance 
company. An intermediate floor (the 3rd of 5th floors) of it is studied herein, assuming that the floors above and below it 
are air conditioned spaces with the same temperature. Figure 1 depicts the orientation of the building and the plan view of 
this floor, which has been divided in two zones, namely A (northern) and B (southern). The total area of the conditioned 
spaces is 267.1 m2 and the floor height is 3,5m (0,5m is the height of the suspended ceiling). Daily working hours are 8:00-
18:00, including meeting and lunch time. The building was considered to be located in four different cities, one per climatic 
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zone of Greece, namely at Irakleio of Crete (climatic zone A), Athens (zone B), Thessaloniki (zone C) and Florina (zone D). 
The indoor desired temperature was set to 22oC for winter and 24oC for summer with 50% relative humidity. An infiltration 
rate of 0.35 ach-1 was considered all systems except AHUs according to (TEE KENAK, 2015), in which a necessary 
ventilation rate of about 3 m3/h/person is prescribed. The building is relatively new (constructed in 2012), so the suggested 
U-values per climatic zone (TEE KENAK, 2015) were used as summarized in Table 1. 

 

Figure 1 Plan view of the floor under consideration. 

Table 1.   Suggested U-values [W/m2/K] per climatic zone (TEE KENAK, 2015) 
Component A B C D 

Roof 0.50 0.45 0.40 0.35 
External walls 0.55 0.50 0.45 0.40 
Floor above outdoor air (pilotis) 0.50 0.45 0.40 0.35 
Floor above ground or on unconditioned space 1.20 0.90 0.75 0.70 
Walls above ground or on unconditioned space 1.50 1.00 0.80 0.70 
Roof 3.20 3.00 2.80 2.60 
Windows or glazing  2.20 2.00 1.80 1.80 
Glass facades  0.50 0.45 0.40 0.35 

 

The air conditioning systems 

Split type air conditioners (SPLIUs). Split type air conditioners are actually air to air (AA) heat pumps used for 
space heating or cooling in residential, commercial or industrial applications. Their capacity ranges from 6000-36000 
BTU/hr (Chua et al, 2010). The split type is preferred for its easy installation, low cost, outstanding efficiency and its 
general use for many applications of any kind. In accordance with (Chua et al, 2010), the split type that which was selected 
has an efficiency of 4.3 in heating (COP) and of 4.2 in cooling (EER), while its seasonal efficiency is 4.6 in heating and 6.7 
in cooling (the selection of commercial systems for the purpose of this work was carried out in 2015 (Lampro, 2015)). 

Air to water heat pump with fan coil units (AWHP-FCUs). Air to water (AW) heat pump is actually the same 
device with the AA heat pump. A difference between them is that the AW heat pump produces domestic hot or cold water 
at heating or cooling mode, respectively. Moreover, a constructual difference is that the evaporator is a refrigerant-to-water 
heat exchanger that is contained in the outdoor unit. Usually, the AW heat pump has the option of the hydronic module 
(which includes the water pump). The produced domestic hot or cold water can be used in combination with fan coil units 
(floor, roof or split types), radiator panels, underfloor heating system, swimming pool heating and many other industrial or 
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commercial applications. A typical range for the capacitiy of AW heat pumps is 5-500 kW, while the temperature of the 
produced water usually ranges in practice from 35-60oC. With the addition of two-stage refrigeration cycle technology, they 
can reach temperatures as high as 80oC; however, the latter involve a greater investment cost.  

Water to water heat pump with fan coil units (WWHP-FCUs). Both water to water (WW) and AW heat pumps 
produce domestic hot or cold water as a means to transfer heat to or from another medium. The difference between them 
is that AW heat pump exchanges heat with the outdoor air, while the WW one exchanges heat with a water system (e.g. 
geothermal lake or heat exchanger, waste water from industry, cooling tower device). Both evaporator and condenser are 
refrigerant-to-water heat exchangers contained in the indoor unit of the WW heat pump. Similarly to the AW heat pump, 
the WW one has the option of the hydronic module. The WW heat pump has a typical range of capacities 5-500 kW and 
generally involves a greater investment cost than the AW one. 

Air to air VRF system (AAVRF). The AA Variable Refrigerant Flow (VRF) system looks like the simple type of split 
air conditioner. The difference however is that the VRF system has an outdoor unit or a complex of interconnected 
outdoor units, which are combined with many interconnected indoor units. In particular, the outdoor unit controls and sets 
the flow of refrigerant in the indoor units depending on the load demand of the conditioned space. The indoor unit can 
combine up to 60 indoor units with the same outdoor unit. Usually, the VRF system is used in combination with inverter 
technology. 

Water to air VRV system (WAVRV). The difference between AAVRF and water to air (WA) Variable Refrigerant 
Volume (VRV) is that the former operates with air-to-refrigerant coil in the outdoor unit, while the latter operates with 
water-to-refrigerant coil in the outdoor unit. In addition, the former exchanges heat between outdoor and inside air, while 
the latter exchanges heat between inside air and a water system (geothermal lake or heat exchanger, waste water from 
industry, cooling tower device). A constructual difference is that the external heat exchanger in WAVRV system is water-to-
air type, while in AAVRF it is air-to-air type. Like, AAVRF, WAVRV is combined with inverter technology and its indoor 
unit combine up to 60 indoor units with the same outdoor unit. 

Air handling unit with AW or WW heat pump (AHU-AWHP or AHU-WWHP). Figure 2 presents the layout of a 
central air handling unit (AHU) with supply and return ducts used for both cooling and heating. Its operational options are 
free cooling or heating, cooling or heating with recovery of waste energy, cooling or heating with partial use of the returning 
air through mixing with fresh air. This system includes a recovery plate AA heat exchanger and operates in a constant air 
volume option in combination with the heat recovery option. The plate heat exchanger can recover the energy of waste 
internal air in order to prepare the fresh air. The effectiveness of such a heat exchanger can reach up to 80%. In the present 
work, it was assumed that the temperature efficiency factor had the constant value of 65%. The energy simulation of AHUs 
is the same with that of AWHP or WWHP. Actually, the energy consumption of the AHU is greater by approximately 10% 
because it contains the reheat coil and steam humidifier; however, it is difficult to take into account these components in 
the energy simulation. 

 

Figure 2 Air handling unit with double deck. 
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METHODOLOGY 

For each type of air conditioning system a specific commercial product was selected and the manufacturer’s data sheets 
were made available. For each AC system and location of the building, the following steps were carried out: 
1. Calculation of cooling (summer) and heating (winter) design loads. To this end, the selection of outdoor design criteria, 

based on local weather data was required (August and January were used to calculate cooling and heating loads, 
respectively). Cooling loads were calculated by means of the Hourly Analysis Program (HAP), (AHI Carrier A, 2015), a 
software used for the design of building AC systems. Heating loads were calculated by a simple program in Excel. 

2. Design of system installation. The design of each system was accomplished according to the worst case scenario and 
for the worst climatic zone with respect to the design loads, including the creation of the relevant drawings. 

3. Annual energy simulation. The simulation of system operation in order to calculate annual energy consumption was 
based on available relevant information, in accordance with partial loads involved and hourly temperature variation of 
outdoor air. Since the performance index (EER in cooling or COP in heating mode) depends on outdoor air 
temperature and load percentage of heat pump (in case of compressors with inverter), energy consumption was 
simulated for each hour of the day, while the value of EER or COP was estimated by means of linear interpolation in 
the corresponding manufacturer’s data sheets. The relevant calculations were carried out in Excel.  

4. Comparative cost analysis. For each system, installation cost, operational energy cost and financial cash flow on an 
annual basis were estimated in order to compare the systems on the basis of their present value in a 20 years period.  

5. Environmental analysis. For each system, carbon dioxide emissions were estimated and possible environmental impact 
due to the system refrigerant was quantified and assessed. 

Design of installation 

The design of the whole system installation (step 2) in each case is very important in order to record and quantify the 
necessary equipment required by the system. The plan view and vertical drawings of the installation were necessary in order 
to calculate the length of various lines and identify the positions and number of the required equipment (valves, branches 
etc.). As an example, Fig. 2 depicts the plan view of the AAVRF system installation.  

 
Figure 3 Indicative plan view drawing for the AAVRF installation. 

Estimation of energy performance 

In order to estimate the energy consumption for each system considered in this study, apart from the building load 
profile in time, the EER and COP values in partial load operation of the device were required (step 3). Such data are 
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available in the corresponding manufacturer’s data sheets and were recorded in Excel in order to be accessible by the energy 
simulation software. Figure 4(a) presents graphically the winter performance chart of an AWHP in terms of COP, 
consisting of a curve as a function of outdoor temperature. In contrast to no-inverter technology, the machines which have 
inverter technology have the capability of variable rotational speed in compressor and hence, achieve different performance 
in part load operation. In Figure 4(b), the summer performance chart of a SPLIU with inverter type compressor in terms of 
EER is depicted. Due to the inverter technology the performance of the SPLIU depends both on outdoor air temperature 
and percentage of load, so this is represented in the chart by a surface. 

 

(a)      (b) 
Figure 4 (a) Performance chart of a AWHP with no-inverter. (b) Performance chart of a SPLIU with inverter. 
 

 

 

 

Figure 5 Cooling and heating design loads of the building under consideration per climatic zone. 

 

RESULTS AND DISCUSSION 

Design cooling and heating loads 

The design cooling and heating loads were determined for each climatic zone according to the corresponding worst 
case scenario for the outdoor design conditions. In particular, cooling loads were calculated by use of the software HAP 
4.51 (AHI Carrier A, 2015), while heating loads were calculated by a simple program in Excel. Figure 5 summarizes the 
results for design loads per climatic zone. It is obvious that the maximum cooling load occurs in climatic zone A, obviously 
due to the high solar gains in this zone. On the other hand, the maximum heating load occurs in climatic zone D, due to the 
low temperatures involved in this zone. The maximum total load of about 33kW occurs in climatic zone A, while the other 
three zones have same total load of about 30kW. Annual total building loads are proved to be almost independent the 
climatic zone, since in locations where cooling loads are dominant, heating loads are lower and vice versa. 

Energy consumption and energy cost 

Figure 6 presents the annual cooling and total (cooling plus heating) energy consumption for the various AC systems 
per climatic zone. These results are also used in next sections in estimations concerning comparative cost analysis and 
carbon dioxide emissions. In particular, Figure 6(b) presents the various systems from the most energy consuming 
(SPLIUs) to the least consuming one (WAVRV) in terms of total energy. Depending on the type and operation of each 

A. Irakleio of Crete B. Athens C. Thessaloniki D. Florina
Cooling 29,6 26,3 25,7 24,6
Heating 8,1 10,8 13,6 17,5
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system, they can be classified in two groups, namely the group of air-source systems (SPLIUs, AWHP-FCUs, AHU-AWHP, 
AAVRF) and that of water-source systems (WWFCUs, AHU-WWHP, WAVRV). Water-source systems exhibit less energy 
consumption compared to air-source ones in each climatic zone. The explanation is that efficiency and energy consumption 
of air-source machines depend on the outdoor air temperatures which is a random variable that varies according to location, 
wind orientation and wind speed, solar radiation etc. On the other hand, efficiency and energy consumption of water-
source machines depend on water temperature of the external loop. If the latter is a shallow ground heat exchanger, this is 
the temperature of ground which is almost constant and higher or lower than outdoor air in heating or cooling season, 
respectively. 

From the first group, the AAVRF is the least energy consuming system in all climatic zones, while the rest of air-source 
systems exhibit about the same energy consumption compared each other for each climatic zone. From the second group 
that follows, WAVRV is the least energy consuming in all climatic zones, while the rest of water -source systems exhibit 
about the same energy consumption compared each other for each climatic zone. Thus, in both groups, systems using 
variable refrigerant flow/volume technology exhibit the lowest consumptions. In contrast to the AAVRF system that 
exhibits a maximum consumption in climatic zone B, the consumption of WAVRV is almost the same, idependent the 
climatic zone. This is explained by the fact that the temperature of ground is approximately constant and changes slightly 
from one climatic zone to another. 

The maximum energy consumption is noticed in climatic zone B, especially for the air-source systems, while the 
maximum cooling load (the most important component of total load) occurs in zone A. This happens due to the fact that 
energy efficiency of air-source machines depends on outdoor temperature, in contrast to water-source machines, the 
efficiency of which depends on ground temperature that is almost constant. Climatic zone B is characterized by higher 
external temperatures compared to zone A and this is translated to higher energy system consumption. Similar remarks can 
be made in terms of energy cost, since all the systems consume electric energy and the relevant cost amounts are directly 
analogous to the energy consumption (Lampro, 2015). 

 
(a) 

 
(b) 

Figure 6 Annual energy consumption per AC system and climatic zone. (a) Cooling. (b) Total.  

Comparative cost analysis 

A comparative cost analysis was performed based on simple estimations of the present value (PV) for a time horizon 
of 20 years for each AC system. The present value was estimated by PV=IC+(OC+SC)(1+r)n, where PV (in €) is the 
present value, IC, OC and SC (all in €) are the investment, operational and service costs, respectively, r is the  interest rate 
(taken as 3,5%) and n is the number of years from installation. The results for the various cost parts are summarized in 
Table 2 in increasing order in terms of their investment cost. According to it, SPLIUs (obviously) exhibit the lowest 
investment cost and the simplest installation. On the other hand, systems containing an AHU are characterized by the 
greatest investment cost of all systems, since they have additionally the cost of the air-ducting system. 

In order to compare the systems each other, their PV was plot as a function of the number of years from installation. 
All the curves were plot in the same diagram. For example, Figure 7 presents the plots of the various systems for climatic 
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zone A. From this figure, one can see the cost evolution of each system compared to every other system. A number of ten 
years was selected as the critical number of years for the sake of comparison. This ten-year limit actually corresponds to the 
guarantee period usually provided to these machines by their manufacturers. In addition, after ten years, their performance 
drops down significantly and the estimations become much more inaccurate. For any two systems, the slope of their curves, 
as well as the location of their intersection point with respect to the ten-year limit is the criterion for their comparison. The 
system corresponding to the curve with the smallest slope that intersects the curves of the rest systems at the ten-year limit 
or before is the most viable one from an economical point of view. 

 
Table 2.   Cost of AC systems (in €) 

A/C System Main unit 
cost 

Other parts 
cost 

Installation 
cost 

Total (Investment) 
cost 

Service 
cost 

SPLIUs 7719 360 840 8919 420 
AWHP-FCUs 11485 280 400 12165 225 
WWHP-FCUs 22175 5000 2000 29175 225 
AAVRF 10713 300 400 10713 240 
WAVRV 17980 5000 2000 24980 225 
AHU-AWHP 26379 5850 1500 29009 250 
AHU-WWHP 37069 1130 2500 45419 250 

 
According to Figure 7, one can classify the curves with respect to their slopes in two groups. The group with the 

smaller slopes contains AHU-WWHP, WWHP and WAVRF, i.e the water-source systems. On the other hand, the group 
with the greater slopes contains SPLIU, AHU-AWHP, AAVRF and AWHP, i.e the air-source AC systems. Based on Figure 
7, a cross comparison of each system’s curve against the curves of the rest ones was performed and the results are 
presented in Table 3. In this table, referring to any system in the first column, symbol X in the diagonal means that there is 
no comparison, while 0 or - means that the system under consideration outperforms or is outperformed (from the 
beginning to the end) by the system corresponding to the horizontal labels, respectively. In case that the system from the 
vertical labels outperforms a system from the horizontal ones, the required number of years in order this to occur has been 
written. Whenever this number is lower than the ten-year limit it appears in bold fonts. According to the results of Figure 7 
and Table 3, the most economically viable system for climatic zone A is AAVRF, since it outperforms most of the rest 
systems and in the shortest time period.  In the same sense, the next more viable choice is WAVRV. However, if one 
selects a system with AHU for fresh air purposes, the most viable option between the two such systems is AHU-AWHP. 

 

 
Figure 7 Plot of present value with number of years from installation for the various systems in climatic zone A. 
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Similar diagrams to those of Figure 7 and corresponding results to those of Table 3 were created for the other three 
climatic zones (Lampro, 2015). Table 4 summarizes a synthesis of these results for the four climatic zones. According to 
this table and in the sense that was described before, the most viable system for climatic zones B and C is WAVRF. In case 
of selecting a system with AHU, the most viable option for zones B and C is AHU-WWHP. Finally, for climatic zone D, 
the most viable system is AAVRF. If a system with AHU is to be selected, the most viable option is AHU-WWHP. 
 

Table 3.   Comparative PV cost analysis for climatic zone A 

AC System SPLIUs AWHP- 
FCUs 

WWHP- 
FCUs AAVRF WAVRV AHU- 

AWHP 
AHU- 

WWHP 
SPLIUs X 0 - - - 0 0 
AWHP-FCUs - X - - - 0 0 
WWHP-FCUs 13,0 12,0 X 16,5 - 0 0 
AAVRF 4,5 0 - X - 0 0 
WAVRV 9,5 8,5 - 11,5 X 0 0 
AHU-AWHP - - - - - X - 
AHU-WWHP >20,0 >20,0 - - - 11,5 X 

 
Table 4.   Comparative payback time for climatic zones A/B/C/D 

AC System SPLIUs AWHP- 
FCUs 

WWHP- 
FCUs AAVRF WAVRV AHU- 

AWHP 
AHU- 

WWHP 
SPLIUs X - - - - 0/0/0/0 0/0/-/0 
AWHP-FCUs - X - - - 0/0/0/0 0/0/-/- 
WWHP-
FCUs 13/11.5/11.5/12.8 12/10/10/10.5 X 16.5/13/13/16 - 0/0/0/0 0/0/0/0 

AAVRF 4.5/4.5/5/4.5 -/0/-/0 - X - 0/0/0/0 0/0/0/0 
WAVRV 9.5/8.5/8.5/10 8.5/7/7/7.5 - 11.5/9.5/9.5/11.7 X - - 
AHU-AWHP - - - - - X - 
AHU-
WWHP >20/19/18.3/>20 >20/17/17.2/18 - - - 11.5/10/9.7/10 X 

Environmental impact 

Each of the AC systems under consideration consumes electric energy that is a “pollutant” kind, since it is produced in 
Greece by 47.7% by coal burning (Power public corporation S.A. - Hellas – DEI, 2015). Hence, the greater the system 
energy consumption, the larger the amount of carbon dioxide emissions (CO2). Table 5 presents CO2 emissions per fuel, as 
well as the mixture of electricity production in Greece. Figure 8(a) presents CO2 emissions per system and climatic zone. 
According to it, AWHP-FCUs exhibits the greatest CO2 emissions, while WAVRV exhibits the lowest such emissions. 

 
Table 5. CO2 emissions per fuel (left). Mixture of electricity production in Greece (right). 

Fuel CO2 emissions 
(kgCO2/kWh) Electricity production from* Participation (%) 

Oil 0,298 Coal 47,69 
Natural gas 0,212 Oil 8,20 
Biomass - Pellet 0,027 Natural gas 23,93 
Electricity* 1,120 R.E.S 10,55 

  Large hydro 6,21 
  Interconnections 3,42 
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Apart from CO2 emissions, in the case of AC systems there is also the environmental impact related to refrigerant 
fluids. Such impact actually concerns leakage of refrigerant to the environment and is very important. Figure 8(b) presents 
estimation of the mass content of refrigerant for each of the systems under consideration. Assuming that leakage possibility 
and extent is analogous to the refrigerant mass, according to Figure 8(b) WAVRV is the system with the largest refrigerant 
impact. Thus, in terms of only CO2 emissions WAVRV seems more advantageous, while if one takes into account also 
refrigerant content, the friendliest system seems to be WWHP-FCUs. 

 

 

 

(a)      (b) 
Figure 8 (a) CO2 emissions per system and climatic zone. (b) Content of refrigerant fluid (R104A) per system. 
 

CONCLUSIONS 

Seven types of popular air conditioning systems were selected to be compared in a typical office building in Greece. 
The latter was assumed to be located at the four climatic zones in Greece, where design loads were calculated. For each of 
the systems under comparison, the complete design and installation in the building was accomplished. Annual energy 
simulations were performed by means of relevant software. Comparative cost analysis among the systems was performed, 
as well as their assessment in terms of their environmental impact. 

The above analysis revealed that maximum energy consumption is noticed in climatic zone B, especially in air-source 
systems, in contrast to the maximum cooling load which occurs in zone A. SPLIUs is the system with the highest annual 
energy consumption , while WAVRV is the system with the lowest one. In all climatic zones, water-source systems exhibit 
less energy consumption compared to air-source ones; among air-source systems AAVRF is the least energy consuming, 
while among water-source systems WAVRV is the least consuming one. Systems using variable refrigerant flow/volume 
technology exhibit the lowest consumptions among either air- or water-source systems. 

SPLIUs involve the simplest installation, while AHUs require most complicated installation. SPLIUs involve the lower 
capital cost, while water-source systems with geothermal heat pump exhibit a high capital cost; however, this could be 
significantly decreased in applications where there is no geothermal heat exchanger and heat recovery is realized by means 
of energy from lakes, sea, underground water, waste water from industrial processes or any combination of solar panels 
with heat pump. From a financial point of view, the most viable system for climatic zones A and D was found to be 
AAVRF, while, for zones B and C the most viable one is WAVRV. However, if thermal comfort was considered to be the 
main criterion (qualitative) instead of cost (quantitative), the systems containing an AHU are advantageous. These systems, 
except of heating, cooling and dehumidification, can also provide ventilation, humidification and cooling with 
humidification. The rest of the systems considered herein require a ventilation system if the infiltration rate is lower than 3 
m3/h/p. Finally, from an environmental point of view, WAVRV seems more advantageous in terms of CO2 emissions. 
However, if environmental impact due to refrigerant is also taken into account WWHP-FCUs seems to be the friendliest 
system. The geothermal systems (WWHP-FCUs, WWVRV, AHU-WWHP) require a large capital cost. This cost can be 
significantly decreased in case that there is no geothermal heat exchanger and waste heat from industrial processes, lakes, 
rivers, etc is utilized for heat recovery. Also, in case that a dry cooler is used, the geothermal system will have lower capital 
cost; however, its efficiency will not be the same compared to that based on earth heat recovery. The assessment of such a 
selection involves techno-economical criteria and would need more investigation. 
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As a continuation of this research, it is proposed to perform a similar study for some European capitals in various 
climatic zones in Europe where, apart from the different climatic data, price of electricity, carbon dioxide emissions, cost of 
installation will also be different. Life cycle analysis of these AC systems is also of interest in order to be able to take into 
account the relevant information in the construction of future near zero energy buildings. 
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AC = Air conditioning 

SPLIUs = Split type units 

AWHP = Air to water heat pump 

WWHP = Water to water heat pump 

FCUs = Fan coil units 

AAVRF = Air to air variable refrigerant flow 

WAVRV = Water to air variable refrigerant volume 

AHU = Air handling unit 

EER = Energy efficiency ratio (used in cooling mode) 

COP = Coefficient of  performance (used in heating mode) 
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ABSTRACT 

With the increased involvement of new market actors in the operation of modern distribution grids, namely prosumers, aggregators, 

distribution system operators (replacing distribution network operators), retailers, etc., there will be more sources of uncertainty in distribution 

system studies. Therefore, more detailed monitoring and analysis of behaviour of different actors and their assets will be required with special focus 

on the incorporation of demand side as an active element of the electricity grid. The goal of the paper is to present a holistic demand flexibility 

framework, as a back end application running to support Demand Response Aggregator business role. More specifically, the goal of this paper is 

to design load models and their behaviour when subject to demand response events, towards establishing a holistic modelling approach that takes 

into account demand capabilities to participate in alternative demand response strategies that aim both at network operation and market 

participation optimization. 

INTRODUCTION 

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 (SEDC, 2017). 

Non-forecastable variable generation from RES is causing critical challenges in grid management at all levels while network 

stresses continuously necessitate for costly upgrades towards increasing capacity and flexibility. Demand Response is a 

means that can efficiently contribute in various power system ancillary services like regulation or load-following, delivering 

much higher real-time value than traditional peak load management. However, current DR practices are based on highly 

centralized control and heavily depend on continuous consumer interaction, thus exhibiting considerable complexity on the 

central level and significant drawbacks in terms of real-time applicability and response capacity on grid events. 

Undoubtedly, wide spread utilization of DR within power grid regulation services, necessitates for the deployment of robust 

and cost-efficient technological solutions that will allow for automated demand coordination on a minute-to-minute basis. 

What’s more, this needs to be performed in a way that minimizes consumer interaction as well as consumer discomfort.  

In fact, Ruff (2002) argues that by establishing mechanisms for price-responsive demand responding to wholesale spot 

prices, can significantly reduce the total costs of meeting demand reliably. Faruqui and George (2005) examine how 

residential and small to medium commercial and industrial consumers effectively reduced peak energy demand following 

time-varying prices. However, Orans et al. (2010) suggest that current energy market operations and pricing schemes, have 

no significant effect on actual demand, especially in the residential sector. One important limitation of traditional demand 

models is their strong focus on average rather than real-time or even peak demand which arise on an hourly, daily, weekly 

or seasonal basis. Moreover, there are numerous circumstances where occupants are not directly affected by building costs, 

rendering price as an ineffective means of demand side management.  

Subsequently, demand flexibility must be viewed in its full context, taking into account all realtime environmental and 

behavioural parameters that eventually define the shape of demand. Future DSM strategies should safeguard consumer 

preferences while also being able to respond to realtime market conditions (even using market prices as a trigger). Torriti, J. 

(2011), provided a thorough assessment of occupancy elasticity, as an underlying factor of demand elasticity, arguing that 
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demand loads are predominantly determined by the timing of human presence and activities (e.g. travelling to work, taking 

children to school) rather than prices. Detailed findings on occupancy elasticity provide a clear path for potential DSM 

strategies based on estimated occupancy levels and activities. Overall, energy use is influenced by energy-related behaviours 

which are distinguished between purchase, usage, and maintenance related behaviours. As Delmas Et al. (2013) argue, 

effective and long lasting DSM strategies should continuously consolidate unconscious aspects of people’s everyday choices 

and preferences. Thus, offering intelligent, integrated and personalized energy services through various modalities and 

communication channels should be among the highest priorities of future DSM strategies.  

The goal of the paper is the design and specifications analysis of the Holistic context aware demand flexibility 

framework, as a back end application running to support aggregator business role. The flexibility profiling mechanism 

enables the delivery of Context-Aware Flexibility Profiles, reflecting real-time demand flexibility as a function of multiple 

parameters, such as time, device operational characteristics, environmental context/ conditions, energy cost and occupant 

comfort preferences. The development of the proposed Holistic Demand Flexibility Profiling Framework is performed as 

part of the work in E.U. projects NOBELGRID (646184) and MOEEBIUS (680517), while the evaluation is part of the 

demonstration activities in several E.U. counties and different building types (residential and commercial building premises). 

A CONTEXT AWARE DEMAND FLEXIBILITY PROFILING FRAMEWORK 

We present a holistic framework for demand modelling, forecasting and control, based on the premise that demand 

flexibility (the amount by which demand can be actually adjusted) can ultimately be derived from consumer utility functions 

that quantify consumer discomfort caused by these adjustments. To this end, our framework, attempts to deliver accurate, 

“context aware” consumer flexibility profiles, that are generated and are continuously adapting to low-level sensor and 

consumption data. Consumer flexibility profiles, define the extent to which demand can be adjusted while most 

importantly, quantify the cost of these deviations in terms of consumer discomfort. Defining and quantifying in real-time 

the “boundaries” and “cost” of demand flexibility, can deliver critical information to any automated demand control and 

optimization strategy.  

Starting with DER modelling, the DER models contain the mathematical formulas for the calculation of electric 

demand (consumption) of each DER type as a function of dynamic (input data) and static (configuration) parameters 

affecting DER’s operation. For example: the DER model for a HVAC system contains the mathematical model that 

calculates the power consumption of the HVAC given HVAC characteristics (rated power, efficiency, thermal 

characteristics of the building) and some inputs that change dynamically (temperature set point, outdoor temperature etc.). 

In addition to energy consumption data, the enhanced DER models defined in the project further incorporate as an output 

parameter the impact of each DER on external environmental condition. The loads to be modelled will have greater 

capacity to provide flexibility, namely HVAC and lighting devices, as the ones more appropriate and favourable with respect 

to DR capacity. 

Along with the definition of DER model parameters, the proposed framework is considered as context driven, and 

thus the incorporation of human preferences and environmental conditions is a main prerequisite for the definition of 

flexibility profiling engine. Therefore, the objective is to define occupants’ comfort profiling models that could be further 

incorporated in the algorithmic process towards the extraction of DER flexibility values. Thermal and visual comfort 

profiles are defined associated with the operation of the aforementioned controllable devices. We select the Bayesian 

networks as the algorithmic framework for extraction of comfort profiles. While the detailed framework for the extraction 

of occupants’ behavioural profiles is reported in (Malavazos et al, 2014), the focus of this presentation is on the detailed 

presentation of semantically enhanced DER models to support the holistic demand flexibility framework. 

Light Device Type 

The light device model is defined as: “consumption as a function of status and dimming level”. Therefore, the learning 

model is based on the definition of the average consumption values for the different device status and dimming levels.  

(1)      Dim_Level StatusNomnal_P
output

P 

A regression analysis is considered to correlate input (dimming level & device status) and output (power consumption) 
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parameters towards correcting the configuration factors. Linear regression attempts to model the relationship between two 

variables by fitting a linear equation to observed data. One variable is considered to be an explanatory variable, and the 

other is considered to be a dependent variable. A linear regression line has an equation of the form Y = a + bX, where X is 

the explanatory variable and Y is the dependent variable. The slope of the line is b, and a is the intercept (the value of y 

when x = 0). Once a regression model has been fit to a group of data, examination of the residuals (the deviations from the 

fitted line to the observed values) allows the modeller to investigate the validity of assumption that a linear relationship 

exists.  

The complex part of the learning process is the extraction of the device impact on illuminance level, (towards the 

provision of enhanced DER profiles). Caicedo et al. proposed a framework for the disaggregation of illuminance levels on 

ambient luminance and luminance contribution from lighting devices. We consider a lighting system in an indoor office, 

with N light sources and the associated luminance sensors. The average net illuminance Wm at a single (mth) zone in the 

zone, given that the lighting system is at dimming vector d, may be written as 

(2)     Um  )(dVmWm

Where Vm=Hm,n*dn and Um are the illuminance contributions due to lighting system and daylight at the mth zone, 

respectively. Here, Hm,n is the illuminance contribution to the average on the mth zone when the nth light source is at 

maximum intensity. Denote H to be a matrix whose (m,n)th element is Hm,n.  Illuminance values at the workspace place 

cannot be measured; only illuminance measurements at light sensors are available following the sensor installation as 

depicted in the next schema (Figure 1).  

Figure 1 Illuminance at workspace plane 

Therefore, the measured illuminance at a light sensor in the ceiling is the net illuminance due to contributing light 

sources and daylight reflected from the objects (e.g. furniture) in the office. Denote Em,n the measured illuminance at the 

mth light sensor when the nth light source is at maximum intensity, in the absence of daylight. We assume that the 

illuminance scales linearly with the dimming level. This assumption holds well for practical light sources, e.g. LED light 

sources. The net illuminance at the mth sensor at the ceiling, given that the lighting system is at dimming vector d and under 

daylight, can then be written as 

(3)      Sm 



 
p

n

dnnEmSmdIdm

1

*,),(

Where Sum (Em,n* dn) is the illuminance due to the lighting system and Sm is the illuminance due to daylight measured 

at the mth sensor on ceiling. In any case, the impact on illuminance is calculated as the linear impact of illuminance from 

lighting system plus daylight illuminance level. To sum up, the enhanced DER model is defined by 1) load profile as a 

function of dimming level 2) the impact on illuminance level as a function of dimming level following the algorithmic 

process presented above. 
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HVAC Device Type 

About HVAC system performance, we are adopting the model proposed in (Bashash et al, 2011) (Kamgarpour, 2013) 

towards modelling and controlling thermostatically controlled loads for participation on demand side management 

strategies. The dynamic behaviour of the temperature θt of a thermostatically controlled cooling-load (TCL), in the ON and 

OFF state and in the absence of noise, can be modelled by: 

, when ON State  (4) 

, when OFF State   (5) 

Where θamb is the ambient temperature, C is the thermal capacitance, R is the thermal resistance, and P is the power 

drawn by the TCL when in the ON state. In steady state, the cooling period drives a load from temperature θ+ to 

temperature θ-. Thus solving with initial condition θ0= θ+ gives 

   (6) 
The same approach is considered for heating where for rated power is -P. Therefore, the calculation of final 

temperature is a mixture of input context conditions (indoor air temperature & ambient air temperature) and configuration 

parameters (C, R, P & Set-point). The learning process consists at the extraction of C, R parameters that set the thermal 

demand parameters of each building zone examined. Taking into account HVAC historical data for a short training period, 

the configuration parameters C, R are calculated.   

Demand Flexibility Profiling Framework 

The next step of the work is the incorporation of comfort profiles to DER modeling process towards the extraction 

of demand flexibility profiles. The algorithmic framework towards the extraction of context aware demand flexibility 

profiles is presented in Table 1. 

Table 1 Demand Flexibility Profiling Framework 

for i=1:Devices 

    for j=1:Setpoint 

        Actual_Consumption(j)=DER_Model(Device(i), Setpoint); 

  Baseline_Consumption(j)=DER_Model(Device(i), Current_Setpoint); 

        Context=DER_Model(Device(i), Setpoint); 

        Comfort(j)=Building_Comfort(Device(i),Context); 

        Flex_Amount(j)=Baseline_Consumption(j)-Actual_Consumption(j); 

    end 

end 

Where, Setpoint: is the operational point of each Device, Context: is the impact of device operation on 

environmental conditions, Comfort: is the instance of comfort profile as presented above, Flex_Amount: the amount of 

demand flexibility associated with the specific set point operation. We are setting the modelling framework for any 

controllable device in the smart home environment.  

By taking into account the “Flex_Amount” and “Comfort” model parameters, we may further select the optimal 

control strategies (Setpoints definition) considering business (Demand Response) and contextual (comfort constrains) 

objectives. We presented above the overall modeling framework towards the definition of context aware demand flexibility 

profiles. The next section is focusing in real life demonstration and evaluation of the proposed framework.  
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REAL LIFE DEMONSTRATION AND EVALUATION ANALYSIS 

The overall evaluation of the proposed framework will take place in five pilot sites around Europe (UK, Italy, Serbia, 

Portugal and Belgium), addressing that way different geographical and business characteristics in tertiary and residential 

premises. Towards the initial evaluation of the, a fully scale lab (protected) environment was established in our premises.  

 

 

Figure 2 HYPERTECH Lab Set up  

 

This lab consists of the basic minimum infrastructure (loads as presented above, sensors, actuators, metering 

equipment and respective software) in a controlled environment to facilitate that way the smooth integration and operation 

of the heterogeneous elements of the system. Different test scenarios were performed to enable the extraction of accurate 

demand flexibility profiles. 

 Test 1: Evaluation of DER learning process by taking into account real time and historical data, enhanced with 

DER semantics as defined above. The analysis shows an accuracy level of 92-95%, dependent on the data 

availability during the training process 

 Test 2: Evaluation of Comfort Profiling learning process by taking into account real time and historical 

contextual data  extraction of thermal and visual comfort boundaries as constrains for demand flexibility profiles 

 Test 3: Real time calculation of the potential demand flexibility, by taking into account the profiles and 

current contextual conditions evaluation of different control strategies towards the extraction of maximum 

potential demand flexibility value. 

 

Figure 3 presents the typical load profile of an A/C unit further associated with the DER model characteristics as 

extracted from the learning process. Nominal Power and duty cycle characteristics are defined from the training process. 

 

 

 

 

 

 

 

 

 

   

Figure 3 HVAC DER model 
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The same analysis is provided for lighting device modeling. The nominal load profile and the impact on indoor 

illuminance are derived from time series analysis. 

 

 

 

 

 

 

 

Figure 4 Light DER model 

 

Along with the extraction of typical load profiles, we set the framework for the definition of comfort profiles, thermal 

and visual. Following training process for a month period, the behavioural profiles are presented in Figure 5. 

 
 

 
 

 

 

 

Figure 5 Thermal & Visual Thermal Profiles 

 

Finally, the extraction of demand flexibility profiles is based on the enhanced DER models, incorporating as constrains of 

the analytics process the (dis)comfort profiles presented above. HYPERTECH lab is the main testbed for the evaluation analysis 

covering both HVAC and Lighting device types. Heating and cooling are the device types with the highest potential of 

controllability and subsequently demand flexibility and the results from analytics process are presented in Figure 6. 

 

Figure 6 HVAC Device – Demand Flexibility Profile  
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For the selected timeperiod, the demand flexibility potential (expressed in terms of potential savings) is 9.90 % with 

Comfort Level Indicator (CLI) over 90% (91.46%). The same analysis is performed for lighting devices, highlight the 

dimming and therefore demand flexibility potential, fully preserving end users’ needs and preferences (Potential Savings: 

47.41 % with CLI: 84.27 %). 

 

Figure 7 Light Device – Demand Flexibility Profile  

The next table presents the summary results (week period) for the three office zones that consist of the lab environment. 

 

Table 2 Demand Flexibility Potential – Summary  

  
Thermal Visual 

Savings Comfort Savings Comfort 

Zone A 9.41% 94.30% 25.10% 95.39% 

Zone B 10.01% 92.83% 50.67% 85.62% 

Zone C 6.19% 93.89% 35.46% 88.83% 

 

 

The analysis shows a high level of accuracy on DER and demand flexibility profiling process, enabling that way the 

establishment of a context aware demand side management framework under different business objectives. 

CONCLUSIONS 

This paper introduces an innovative framework for automated and personalized control in residential and commercial 

buildings based on an "event-driven” oriented architecture. The framework is structured around a dynamic behavioural 

profiling mechanism constantly adapting to real-time events and ambient information. By incorporating the behavioural 

profiling mechanism to the overall DER modeling process, we can further proceed with the definition of an innovative 

context aware flexibility profiling framework that will further enable the implementation of more accurate and fine grained 

control strategies as part of an automated mechanism.  

Pilot assessment indicated more than 10% savings retaining comfort levels above 90%. The thorough evaluation of 

the proposed framework in large scale demonstration is still in progress. Our future research topics include the extension of 

scope of the profiling models, towards addressing other major commercial and residential loads (other than lighting), along 
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with appropriate integrated building control strategies.  
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HVAC  =  Heating, Ventilation and Air Conditioning 

TCL =  Thermostatically Controlled Load  

CLI  =  Comfort Level Indicator  
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ABSTRACT 

The main objective of this paper is to present a new and cost-effective ICT tool that can lead to efficient energy management in buildings and 
optimal operation of electricity networks with increased share of Renewable Energy Sources (RES). The new ICT infrastructure is based on the 
Digital Audio Broadcasting (DAB) standard and its interoperability with smart metering technology, Intelligent Transportation Systems (ITS) 
and Building Automation Systems (BAS). The main idea involves the attachment of a DAB receiver to electric devices (from small household 
appliances up to EVs), and the development of proper DAB interfaces and gateways to building automation systems, in order to enable DAB-
based switching of electric loads and implementation of the functionalities for smart metering systems and building automation. The first, necessary 
step towards the realization of the new technology is the development of a DAB communication protocol that will enable the functionalities of the 
smart buildings and of the smart electricity grids. Especially the potential of smallest household loads for demand response is enormous and of the 
order of billions of potential appliances in Europe. Therefore, in the perspective of an optimum usage of in principle available demand response 
capacities, it is reasonable to focus on the most cost-efficient infrastructures. Against this background, we want to highlight the usage of digital 
audio broadcasting (DAB) as one novel possible technology to address this smallest loads regime.  

INTRODUCTION 

The trends of increasing urbanization, increasing number of electric appliances and the expected penetration of heat 
pumps and electric-vehicles (EVs) lead to the conclusion that the electricity demand in urban areas in Europe will rise in the 
near future. On the other hand, all European Union (EU) countries have the commitment to increase the share or 
Renewable Energy Sources (RES), which however are fluctuating and uncertain.  Therefore, in many EU countries, the laws 
allow premium access to the grid for RES. Consequently, weather-dependent RES, such as PV-plants and wind-farms, 
operate at their maximum possible outputs whenever technically possible and therefore do not follow the variation of 
energy consumption. In high RES penetration cases and especially whenever local grids (e.g. microgrids) or isolated energy 
networks (e.g. islands) are considered, the above operational principles and trends include the risk of reduced reliability of 
power supply to the consumers. Hence, a holistic approach is required that will enable at the same time increased RES 
participation into the energy mixture, grid stability and consumers satisfaction by replicable, cost-effective and advanced 
technological tools.  

Positive trends towards this approach are: 
(a) The need of energy efficiency improvement in buildings, which leads to the adoption of Building Automation

Systems (BAS) at demand side, 
(b) The Smart Grid trend, which will enable a comprehensive interoperable energy management,
(c) Smart meters, which are installed in more and more households to enable time-dynamic electricity tariffs and
(d) The Green Mobility and especially the electro-mobility trend, which turns vehicles into an active part of the grid
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with storage options. 
 To address these issues, the consortium relies on a new technology in the ICT sector: digital audio broadcasting 

(DAB). DAB is seen as the replacement for the outdated FM radio broadcasting in many European countries. It is well 
established and allows transmitting arbitrary data alongside audio programs and is especially suited to address small electric 
loads for demand response. This technological approach is so far unique and enables new, innovative business models. Due 
to the cost effectiveness of this technology and the already existing infrastructure, small electric loads can be utilized for 
demand response which otherwise could not be integrated economically. 

The main idea involves the attachment of a DAB receiver to electric devices (from small household appliances up to 
EVs and PV units) in order to enable DAB-based switching of electric loads and Distributed Generators (DGs). As a 
second step, to have the manufacturers of the devices integrate a receiver already in the factory. This integration can involve 
also several DAB services, from which the user picks one using displays and controls on the devices. Another advantage of 
the DAB-energy data related concept is the possibility to develop secure interfaces and systems that will enable and enhance 
the implementation of the functionalities for smart metering systems recommended by the EC (Recommendation 
2012/148/EU). For example, a BAS/DAB gateway, that will enable the control of a pool of loads through only one DAB 
energy data receiver. The functionalities for smart metering systems that will be enabled by the new interfaces will be user-
friendly and support implementation of Demand Response (DR) schemes by special user groups, such as elderly persons, 
disabled persons, etc, with special focus on smart homes. 

Our article is structured as follows: First, we will summarize the main aspects of the DAB standard, followed by a 
section about aspects of DAB in the context of energy supply system relevant data. In the main part, we will outline a 
protocol extension for DAB that is proper for demand response of small household loads or group of loads and even net-
metering applications. Then, a proof of concept example presents a cost-efficient solution of DAB-based control of 
thermostatically controlled loads, such as heat-pumps, refrigerators, water-heaters, etc.  

MAIN ASPECTS OF THE DAB STANDARD 

The nature of DAB as a uni-directional communication standard naturally ensures the protection of users’ privacy 
rights and data protection. There are no further regulatory constraints concerning the frequencies used for the DAB 
broadcast, as the data is sent within a multiplex with an already existing broadcasting license. Regarding DAB standard and 
its availability in Europe, in many countries regular service is provided while in the rest, DAB is in the phase of final trials 
or implementation, as shown in Fig. 1. 

DAB is mostly transmitted in Band III (174-240 MHz) and can transport arbitrary digital data in parallel to the live 
audio stream. The protocol [ETSI EN 300 401 V2.1.1 (2017-01)] is based on several layers, the lowest ones containing 
error-correction coding and an orthogonal frequency-division multiplexing (OFDM) modulation. On the higher levels, data 
can be transported in the fast information data channel (FIDC), which is done already for traffic data and emergency 
warning system data or it can be transported in the main service channel (MSC). On the broadcasting operator's side, 
multiplexing is done to combine several audio and data streams into a single data stream. On the receiver side, several 
commercial DAB baseband receivers are available offering DAB reception on a single IC. DAB receivers exist that combine 
DAB, FM-radio (including RDS decoding) and WLAN on a single chip. Stand-alone DAB processors can further directly 
connect to digital displays and device's control keys. Signal decoding can be done on-chip and output through the serial 
peripheral interface (SPI) or universal asynchronous receiver transmitter (UART) standard. The bitrate of a multiplex can 
vary, but a typical value for the UK is 1,184 kbit/s.). 
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Figure 1 DAB broadcasting countries: (i) dark blue color: full-scale roll-out with close to 80-100% coverage of 
private households in the coming years, (ii) blue color: coverage of up to 50% and expectations to switch to DAB 
in the coming years, (iii) light blue color: trials and services or have plans to switch [ www.worlddab.org. ]    

DAB IN THE CONTEXT OF ENERGY SUPPLY SYSTEM RELEVANT DATA 

The main goal of using DAB for energy data transmission is to adjust various existing Demand Response (DR) 
schemes on the Digital Audio Broadcasting (DAB) standard and its secure interoperability with smart meter technology 
(which can act as a back-channel of the information flow), Building Automation Systems and Intelligent Transportation 
System technologies. The main idea involves the attachment of a DAB receiver to electric devices (from small household 
appliances up to EVs and PV systems and other RES) in order to enable DAB-based switching of electric loads and DERs, 
and as a second step, to have the manufacturers of the loads integrate a receiver already in the factory. This integration can 
involve also several DAB services, from which the user picks one using displays and controls on the devices. The electric 
loads (eg heat pumps) are grouped into subsets-clusters. Each subset is treated and addressed as a single unit using the DAB 
standard, thus representing and demonstrating a virtual power plant that consists of a pool of a large scale of small electric 
loads or prosumer’s. Using this technology, a trade-off is made between the ideal, individual control of each load and the 
communication and infrastructure costs, which are kept as low as possible, enabling even small loads for demand response 
and therefore increasing the total available load for demand response. By furthermore equipping the loads with voltage and 
frequency metering electronics, the devices can contribute to grid stability as well, since they will act properly when local 
voltage or frequency variations occur. These local voltage and frequency measurements can furthermore ensure optimal 
security against cyber-crime by decoupling grid stability intelligence of the switchable loads and the information technology 
infrastructure. The advantages of using unidirectional DAB signalling are the following: 

 DAB is one of the cheapest technologies as it exploits synergies with radio programs, has very cheap and
established infrastructure costs as well as inexpensive receiver technology, and this maximizes the total load
which can be exploited for demand response. A large city can be connected with a single antenna; for
example, compare GSM with 1000 antennas for Berlin vs. 1 antenna for DAB vs. 1 million routers/home
WLAN installations for WLAN connectivity.

 It is the most promising technology for applying emergency grid stability actions, since it reaches
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simultaneously to a great number of appliances with minimum time delays. 
 It has very good reliability; it has emergency battery supply in the case of a blackout which is much more

robust than other technologies.
 It can be easily integrated into existing devices/appliances. Therefore, a much larger market can be addressed.
 It is future proof (compared to FM radio, even though both systems may exist in parallel for some time).
 It can be combined with local voltage/frequency measurements to obtain a technology with very high

protection with respect to cyber-security issues.
 There are no privacy/data protection issues.
 There is reception in buildings and outside.
 It is one of the few demand response technologies that can be easily attached to special loads, like pumps

used in agriculture, etc.
 In a final solution, the DAB receivers are integrated into the appliances by the manufacturer already, bearing

also a “DR-enabling label” in analogy to the “EU energy label” for devices which support this feature.
 In a final solution, standardization efforts (starting during the project) will lead to the development of one (1)

protected DAB communication protocol for DR schemes.
As the DAB standard is already available in most parts of Europe, in 2015 uGreen AG has conducted the first 

feasibility study, demonstrating a DAB controlled switching of an electric load under laboratory conditions for the first 
time. Therefore, broadcasting electricity grid relevant data to various electric loads in a large scale urban environment using 
the DAB standard can be applied. The long-term ambition is to provide this service alongside the DAB signal in Europe 
and any location where DAB or similar standards are available. 

DAB PROTOCOL EXTENSION FOR TRANSMISSION OF ENERGY DATA AND DR SCHEMES 

The first, necessary step towards the realization of the new technology is the development of a DAB communication 
protocol that will enable the functionalities of the smart buildings and of the smart electricity grids. The potential of 
smallest household loads for demand response, prosumers and PV plants is enormous and of the order of billions in 
Europe. The requirements of such a protocol (DAB+) are: 

 The protocol extension should integrate into existing software from the transmitter side as multimedia
objects. Reception and decoding should be possible using currently available digital broadcast receiver
integrated circuits.

 The transmitted data is placed as encrypted data within the DAB data stream.
 The protocol is modular and new features can be added at a later time.
 The protocol has to support very low datarates (one DAB capacity unit, corresponding to approximately 1

kbit/s) and high reliability. This excludes for example any ascii based encoding such as XML.
 There is the possibility to transmit conditions and parameters.
 Despite a flexible and extendible structure, the protocol is always unambiguous and no freedom for

interpretation by the receiver side exists.
 The data sent is intended to be read by electrical loads (or machines in general). It should be possible to

distinguish between different classes of loads, but it is not intended to address individual loads only.
 There is the possibility to address loads only in a specific region or only for a specific timeframe.
 The system as a whole is robust to transmission errors in any case (even if no data is received at all).
 There is a way to guarantee that received data is free of errors.

The overall structure is as follows: The protocol itself is structured into data packages which are considered to be 
transmitted instantaneously. Each data package contains zero or several ”and-condition” fields, one or more parameter 
fields and zero or several ”or-condition” fields. Only if the receiving device meets all conditions of the “and-condition” 
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fields and at least one condition of the ”or-condition” fields, it will regard the parameter fields. If a condition field is not 
known to a receiving device, it is considered as not fulfilled. If no “or-condition” fields are present, it will be interpreted as 
a valid condition. Newer data packages overwrite settings or data of older data packages if they are contradictory. It is 
legitimate that a package is not received due to data losses during transmission. A parameter field can contain data such as a 
price signal for example or a command code to lead to a behavioural change of the receiving device. If the field is unknown 
to the receiving device, it is disregarded. 

And-Conditions: Each condition field consists of a key and a value pair which have to be defined in a table. These 
comprise, for example: 

1. Location: Two lines of longitude and two lines of latitude which describe an area the receiving device has to be
contained in.

2. Time-frame: A starting time and ending time which has to be fitted. After the ending time, parameters are set back
to default values.

3. Device class: A classification number of a device.
Parameters: Each parameter field is supposed to carry parameters or, more general: arbitrary data. Each Parameter field is 
separated into a key and a value field. Possible parameter fields are, for example: 

1. Price: a price value.
2. Temperature: a reference temperature value.
3. Command: a command byte leading to some action of the receiving device.

Or-Conditions: These conditions are defined in the same way as the and-conditions, the difference is only in their 
interpretation. It is sufficient that a single or-condition is valid for the parameter fields to be regarded by the receiver, while 
all the contained and-conditions have to be met. 
Full protocol: The full protocol contains a header with version and length infor-mation and cryptographically relevant bit. It 
uses 128 or 256 bit AES encryption and an additional 1 byte CRC. The and-conditions, parameters and or-conditions are 
aligned in this seemingly unlogical order to minimize the amount of necessary separation characters. 

A main concern of the application of the DAB+ protocol to the electricity grid devices is the back-channel 
information flow from the loads, prosumers and PV installation to the DSOs or energy providers. This should be achieved 
through the smart metering infrastructure and is possible, since DAB+ receivers are supposed to be installed to smart 
meters as well. Thus, the smart meter will send data back to the DSOs and energy providers on-demand, i.e. only when it 
receives the DAB signal to do so, e.g. after an emergency request for reducing the output power of a PV installation or for 
switching on or off or dimming loads, or when it receives a signal for DSM policy application, etc. This way, data transfer 
congestion is avoided and an immediate feedback, of which PV installations or loads responded, is available. The 
adjustment of the DAB receivers even to existing smart meters is possible, since DAB extension boards and interfaces to 
other protocols (MODBUS, etc) are already available [1], such as the ones shown in Fig. 2. 

Figure 2: A DAB+ DIN-rail controller. 
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EXAMPLE OF DAB USAGE FOR DOMESTIC LOAD SWITCHING 

We report on a first proof of concept of the technology, using a precursor protocol version. The proof of concept was 
done with the help of SwissMedia-Cast AG in Switzerland. During this proof of concept, data was transmitted in northern 
Switzerland for several weeks and processed by specially developed electric receivers which were attached to different 
electric loads. Control data was transmitted and received successfully. In Fig. 3, the results of the operation of a refrigerator 
with an attached DAB+ receiver and a wireless thermostat are presented. However, it is obvious that the operation 
curve of a heat-pump or an air-conditioning unit would be similar with Fig. 3. 

Figure 3: Operation of a refridgerator with attached DAB+ receiver. The right-hand side prices are Phelix intra-day trading 
prices, 20 Aug. 2014 (data: epexspot.com) but could also be any arbitrary price signal. 

The green line is the energy-charging prices, which are transmitted through the DAB+ protocol. The blue line is the 
inner-temperature variation of the device. The down-hill slopes correspond obviously to the operation phase of the cooling 
system, whereas the up-hill slopes correspond to the idle phase of the cooling system. The command for the starting or the 
stop of the cooling system comes from the thermostat and the DAB+ receiver, which is programmed to take into 
consideration not only the inner-temperature upper and lower limits (here 6,5 and 4,5 oC respectively), but also the cost-
effective operation according to the price line. So, it is obvious that the down-hill slopes of the temperature appear almost 
concurrently with local minima of the energy prices.  

CONCLUSION 

The main objective of this paper is to present a new technology for the efficient energy management of electricity 
loads in buildings and cities in the framework of the smart grids trend. The new technology is based on the Digital Audio 
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Broadcasting (DAB) standard and its interoperability with smart metering technology, that optimally utilize the Distributed 
Energy Resources (DER) penetration and energy price signals. DAB is a powerful and highly reliable technology and its 
integration with smart grid can enable secure contribution of distributed load in the power grid. The main idea involves the 
attachment of a DAB receiver to electric devices (from small household appliances up to EVs and PV plants) and the 
development of proper DAB interfaces and gateways to building automation systems, in order to enable DAB-based 
switching of electric loads and enable the implementation of the functionalities for smart metering systems. In this paper, 
the DAB+ protocol is described, enabling high cyber-physical security and support of virtual power plants that include a 
large scale of small electric loads (household appliances) and small DER units that are addressed using the DAB standard. 
The new technology can be easily compatible with building automation networks and technologies for smart city 
applications, which also include smart energy meters operation and with the Intelligent Transportation Systems (ITS) 
technology that is developed rapidly and it concerns Grid To Electric-Vehicles communication tools (G2EV).  
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ABSTRACT 
Used properly, daylight can have lots of benefits, not only in visual comfort but also in reduction in energy consumption as well as improving 

H&S at work. [L. Bellia et al,2013]. This paper identifies the effects of different roof types (i.e. saw tooth roof, skylight and monitor) and 
opening geometries to the overall ingress indices of natural light and their effectiveness as complementary or exclusive light sources in an industrial 
environment in the Athens – Greece region.  The choice of building has been made as to be a representative unit of Greek domestic industrial 
facilities. As such, the selection to identify daylight properties in a structural module rather than a bespoke industrial facility has been made. The 
dimensions selected are standard dimensions frequently used in industrial expansion and new development projects. The methodology followed was 
based on a multiparametric approach consisting of 3 different roof opening arrangement types with different distances ranging from 1 to 20m and 
height aspect ratios of 1 to 4. In the absence of existing strong LEED criteria for this kind of structures it has been deemed necessary to calculate 
a large number of relevant indices for tracing dependencies. The most prominent results have been selected for further simulation for three distinct 
dates 21/03, 21/06 and 21/12 representing equinox as well as the summer and winter solstices respectively. For those, hourly simulations 
covering the work hours from 07.00 to 17.00 (those values selected over the usual 08.00-18.00 to better represent Greek workday hours) and the 
relevant annual sun exposure (ASE) indices have been extracted. In total 648 different simulations have been performed with standard overcast 
sky while an additional series of 300 clear sky simulations to represent 10 working hours for the 3 selected days.  Data were obtained through the 
use of Diva for Rhino and results indicated significant contribution of the type of opening in daylight acting at workbench height as light source. 
The superiority of north opening orientations and partially indirect light ingress (i.e. saw tooth and monitor roof opening arrangements) that avoid 
high glare values and promote light uniformity with reduced illuminance spikes has been revealed. On the other hand, skylights have been deemed 
quite an inadequate arrangement yielding highly concentrated high illuminance levels. Numerical results indicated reductions in ASE of a 55% 
(max) between the E-W and N-S orientations for Monitor roofs; an increase of 22% (max) between N and S and 2% (max) between E and 
W orientations for Saw Tooth roofs; while Skylights raised optical discomfort behaviour with ASE values ranging from 2% to >90%. Overall, 
a strong indication of Saw Tooth roofs as the best choice of natural light sources for industrial buildings at the selected geographic location.  

INTRODUCTION [LEVEL 1 HEAD] 

Green building notions and energy autonomy are becoming increasingly important in the last decades, especially so in 
the industrial sector where energy costs from machinery used to overshadow all other aspects. Traditional approaches to 
manufacturing have yielded way to leaner methods of production and management systems effectively putting pressure on 
architecture to focus on other aspects of energy "waste". [Acosta et al,2014]The last years sawed worldwide interest and 
considerable financial expenditure in the quest for better utilisation of available resources and reduction in reliance to 
traditional "wasteful" techniques of operation and an increased demand for solutions that can also be applied in the form of 
retrofits to existing structures as well. This signifies the need for an in-depth study of the interrelation between architectural 
characteristics and the degree of natural light autonomy a building experiences. Therefore, the need of creating an accurate 
mathematical model is apparent. This project investigates the influence of different opening types and arrangements in the 
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overall natural light provision of an industrial building. 
In more detail this work identifies the effects of different roof types and opening geometries to the overall ingress 

indices of natural light and their effectiveness as complementary or exclusive light sources in an industrial environment in 
the Athens – Greece region (37°59′02.3″N 23°43′40.1″E).  

SCOPE OF WORK 

Research experience suggests that the bulk of modern studies on industrial building lighting solutions have mainly sought to 
identify efficient artificial or natural light systems rather than focussing on the effect of the architectural structural shell can 
have on the lighting efficiency in the industrial domain. This paper focusses on that subject by identifying how different 
architectural roof opening solutions affect the above according to their type, shape and geometry as well as the orientation 
of the structure for a given geographical area. 

METHODOLOGY 

The methodology followed was based on a multiparametric approach consisting of 3 different roof opening 
arrangement types (i.e. saw tooth roof, skylight and monitor) with different distances ranging from 1 to 20m and height 
aspect ratios of 1 to 4. Several different natural light indices have been calculated (i.e. Daylight Area 300lux, Mean Daylight 
Factor, Daylight Factor >2%, Mean Daylight Autonomy, Mean Continuous Daylight Autonomy, Maximum Daylight 
Autonomy >5%, Uniform Daylight Index and Annual Sunlight Exposure) and the most prominent results have been 
selected for further simulation for three distinct dates 21/03, 21/06 and 21/12 representing equinox as well as the summer 
and winter solstices respectively. For those, hourly simulations covering the work hours from 07.00 to 17.00 and the 
relevant annual sun exposure (ASE) indices have been extracted. In total 9 different structural arrangements and 76 
simulations have been performed with standard overcast sky to ensure proper results granularity and results validity while a 
targeted series of 30 clear sky simulations have been undertaken to represent the approx. 10 working hours for the 3 
selected target days. Data were obtained through the use of Diva for Rhino plugin for the design program Rhinocerus that 
has been used to study the natural light conditions of the selected 20x50m footprint and 9m height typical industrial 
building. 

The purpose of this study is to identify which of the types of natural light ingress is best suited to provide optimum 
natural light level and comfort conditions to maximise autonomy and uniformity. For this reason a series of simulations 
were made. Initially, three different models were placed, which carry the same building shell but are modified with respect 
to the roof apertures. A model of industrial building with basic dimensions 20m width x 55m length x 10m height have 
been created and different types of roof natural light ingress solutions have been studied. The different types of roof 
openings for natural light ingress considered, as detailed in the relevant chapter have been implemented to the model (i.e. 
Monitor, Skylight and Saw Tooth) placed on the building shell with varied geometry and spatial frequency as shown in 
Figures 1-3 while the different possible orientations have been evaluated as well. 
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Figure 1 Monitor roof typical arrangement. 
 

 

Figure 2 Saw tooth roof typical arrangement. 
 

 

Figure 3 Skylight openning typical arrangement. 
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In each case, autonomy control was performed at natural lighting levels for the Monitor, Skylight, and Saw Tooth 
Roof ceiling aperture models in order to extract the relevant natural light indicators and conclusions. As the first physical 
light effect check, the percentage of the surface that receives sufficient illumination (> 300 lux) for more than 50% of the 
hours under investigation was selected. The definitions of the factors under investigation are given below: 

Daylight Factor (DF). Physical light factor on a given unitary surface. 
Useful Daylight Illuminance (UDI). Percentage (%) of the surface under consideration fed with natural lighting 

between 100-2000lux during hours of use. 
Spatial Daylight Autonomy (sDA). Percentage (%) of surface area under consideration which is fired with natural 

lighting above 300lux for a duration corresponding to at least 50% of the operating hours of the year. 
Annual Sunlight Exposure (ASE). Percentage (%) of the surface under consideration fired with natural light from 

1000lux and above for over 250 hours during the year. 
The LEED v4 protocol. This protocol delivers a maximum of 3 degrees for natural lighting. In fact, it gives a degree 

if at the same time the following limitations are met: A. The AES coefficient is <10%, B. The SDA shows enough 
illuminated spaces (from 300 to 3000 lux) for at least 50% of the operating hours during the year. At the same time, the 
rating can be raised to two degrees if the SDA is achievable at 55% and in three if it is at 75% of the area under study. 

 

Opening types and arrangements 

Three important and well used types of roof opening have been considered for this study as detailed bellow. With the 
implementation of varied geometric parameters a parametric study of the different natural light solutions have been 
evaluated. Those geometric parameters were selected as the spacing between openings, their overall height and were 
applicable their aspect ratios. In addition to the above different orientations have also been studied providing an overall 
view of the behaviour of such solutions for a given geographic area. 

To fulfil the purpose of this particular study in identifying the most appropriate type and dimensions of natural light 
ingress openings as to provide maximum autonomy of natural lighting and uniformity a series of simulations were made. 
Initially, three different models were placed, which carry the same building shell but are modified with respect to the roof 
apertures. These models consist of a Monitor, Skylight and Saw Tooth roof opening types creating the three distinctively 
different types that we will study. The 72 different models are modified for the width and height dimensions of the roof 
openings and are evaluated for different orientations as shown in Table 1. Reduced transparency (opaqueness) has been 
selected for some cases in case of transparent glass referring to 20% and 70% transparency for T1 and T2 respectively. 

Table 1. Opening Types and Geometries 
Skylight Saw Tooth Monitor 

Height 
(m) 

Opaqueness 
(Type) Orientations Height 

(m) 
Width 

(m) Orientations Height 
(m) 

Width 
(m) Orientations 

4 Τ1 N-S / E-W 4 3 N/S/E/W 4 3 N-S / E-W 

4 No N-S / E-W 4 4 N/S/E/W 4 4 N-S / E-W 

4 Τ2 N-S / E-W 4 5 N/S/E/W 4 5 N-S / E-W 

5 Τ1 N-S / E-W 5 3 N/S/E/W 5 3 N-S / E-W 

5 No N-S / E-W 5 4 N/S/E/W 5 4 N-S / E-W 

5 Τ2 N-S / E-W 5 5 N/S/E/W 5 5 N-S / E-W 

6 Τ1 N-S / E-W 6 3 N/S/E/W 6 3 N-S / E-W 

6 No N-S / E-W 6 4 N/S/E/W 6 4 N-S / E-W 

6 Τ2 N-S / E-W 6 5 N/S/E/W 6 5 N-S / E-W 
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Spatial and time domain information 

To carry out the simulations on the Rhinoceros program, it was required to define the latitude and surface materials. 
The area chosen to be studied is Attica and the city of Athens (37.90 N / 23.73 W) was used to obtain the corresponding 
climatic data (https://energyplus.net/weather). Due to the choice of the study to focus on industry uses, basic working 
hours were considered to be the typical flexible hours of 07.00 - 17.00 to cover office and production line working hours. 

The location chosen (Athens - Greece) presents climatic characteristics that are encountered in the Mediterranean 
climates with relatively small rainfall and intense sunshine. A deeper study of these characteristics is considered necessary 
for the present work as it will not only give depth to the result but will also be a cornerstone in the study of natural lighting 
characteristics. Thus, in addition to finding and using the relevant weather records for use in the Diva for Rhino program, it 
is important for the scholar to be aware of these characteristics and how they relate to the desired result. 

The periods of sunshine as well as the knowledge of cloud weather in general are very important for the present work. 
For this reason, we asked for a specialized website to save and statistically process weather conditions 
(www.meteoblue.com). From there, information was received about the sunshine and cloud periods to be used for better 
post-processing of the results. 

From the above we can extract useful information regarding the gravity and the accuracy of the results as, especially 
for the Illuminance study, the selected dates (Summer and Winter Solstice and Spring Equinox) must be representative of 
the situations. These results are presented in diagrams (a) and (b) of Figure 4 for clarity. 

 

Figure 4 (a) Annual sky conditions in Athens and (b) Monthly sky conditions in Athens. 
 

From the above we can see that the selection of the characteristic periods for the calculation of the intensity intensities 
in the context of the Spring Equinox and the two solstice summers give at a glance the characteristics of the weather 
variation. With the addition of the study of cloudy sky during Spring, the work includes another important benchmark and 
better provides a fuller appreciation of the prevalent conditions. 

One of the key controls is the degree of autonomy in natural lighting as defined by the percentage of control surface it 
receives above an illumination value. In the case of this study this was chosen to be 300 lux for the reasons outlined in 
previous sections of the work for more than 50% of the hours of operation of this space. The most important reason we 
were led to use the 300lux as a guide is the research we made on the basis of EN 15193-1, which refers to the minimum 
required lux in the interior of industrial buildings. Analysing these data, it was found that most of the work in an industrial 
building required 300lux. These operations represent 2/3 (> 66%) of industrial works as presented in EN 15193-1 and are 
shown in the graph below. 
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Figure 4 Illumination level requirements throughout the industry 

 
 

RESULTS 

The coefficients examined through the Rhinoceros program and the DIVA plug in are DA, sDA, ASE, LEEDv4 and the 
results of the analyses are summarized in the table below for all three types of natural roof lighting apertures for different 
orientations as well as geometric characteristics. Analyses performed on the basis of the aforementioned methodology 
provided a variety of natural lighting and comfort indicators. The following Table 2 summarizes these results for the three 
different types of roof apertures with their geometries as well as the different orientations. Reduced transparency 
(opaqueness) has been selected for some cases in case of transparent glass referring to 20% and 70% transparency for T1 
and T2 respectively. 

Table 2.  Natural Light Simulation Results 
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4 3 N-S 73 2 46 66 83 41 99 7,7 39,5 0 

4 3 E-W 73 2 46 63 82 34 97 18,2 35,7 0 

4 4 N-S 80 2,3 57 73 88 50 100 11,5 47 0 

4 4 E-W 80 2,3 57 71 87 43 100 23,4 40,6 0 

4 5 N-S 87 2,4 67 78 91 60 100 15,4 54 0 

4 5 E-W 87 2,5 66 76 90 48 100 28,7 44,8 0 

5 3 N-S 74 2,2 51 67 84 41 99 10,2 40,4 0 

5 3 E-W 74 2,2 51 65 83 36 97 21,4 36,7 0 

5 4 N-S 83 2,6 66 76 89 55 100 15,1 51,4 0 

5 4 E-W 82 2,6 65 74 88 49 100 32,2 45,6 0 

5 5 N-S 90 2,9 77 81 92 67 100 19,4 61,5 0 
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5 5 E-W 90 2,9 77 80 91 56 100 38,3 50,3 0 

6 3 N-S 75 2,3 54 68 84 46 99 11,9 44,6 0 

6 3 E-W 74 2,3 54 66 83 40 97 25,6 41,2 0 

6 4 N-S 83 2,6 64 76 89 56 100 15,7 52,8 0 

6 4 E-W 82 2,6 63 74 88 49 100 31,6 47,8 0 

6 5 N-S 91 3,2 79 83 93 70 100 23,1 62,6 0 

6 5 E-W 91 3,2 79 81 92 58 100 44 53,5 0 

Sa
w

 T
oo

th
 

4 3 N 42 1,2 23 34 60 0 72 41,2 0 0 

4 3 S 67 1,2 23 59 76 36 87 13 36,3 0 

4 4 N 51 1,4 32 42 66 0 80 51,4 0 0 

4 4 S 72 1,4 31 65 79 46 89 20,2 42,2 0 

4 5 N 43 1,4 31 37 64 0 78 43,6 0 0 

4 5 S 78 1,5 34 68 81 54 90 25,3 48,1 0 

5 3 N 26 1,2 23 27 56 0 69 26,7 0 0 

5 3 S 64 1,2 24 56 73 38 85 12 38,2 0 

5 4 N 55 1,5 35 45 68 0 82 55,5 0 0 

5 4 S 74 1,5 35 67 81 53 90 27,1 46,3 0 

5 5 N 51 1,6 37 42 67 0 80 50,7 0 0 

5 5 S 76 1,6 38 66 80 56 88 28,8 50 0 

6 3 N 49 1,4 28 40 63 0 74 49,2 0 0 

6 3 S 69 1,4 28 63 79 44 89 19,3 40,6 0 

6 4 N 58 1,7 37 48 69 0 82 57,8 0 2 

6 4 S 75 1,7 36 69 82 56 92 31,5 48,6 0 

6 5 N 65 1,9 44 53 74 0 85 63,1 0 2 

6 5 S 82 1,9 43 73 85 61 93 40,7 53 0 

4 3 E 49 1,1 21 43 66 21 75 11,1 18,9 0 

4 3 W 54 1,2 23 46 68 20 76 18,9 14,1 0 

4 4 E 58 1,3 29 49 70 29 81 19,8 26,7 0 

4 4 W 61 1,4 31 52 73 27 83 32,5 19,8 0 

4 5 E 64 1,4 31 53 73 34 82 26 28,4 0 

4 5 W 65 1,5 34 56 75 31 84 42 24,6 0 

5 3 E 51 1,2 23 45 67 23 76 13,6 20,1 
 5 3 W 44 1,2 23 41 65 20 73 12,7 15,9 0 

5 4 E 61 1,5 34 55 73 33 82 39,9 27,1 0 

5 4 W 62 1,5 34 56 75 30 84 41,8 21,4 0 

5 5 E 65 1,5 37 56 75 36 83 35,6 31,7 0 

5 5 W 62 1,5 38 53 73 33 82 32 28,3 0 

6 3 E 62 1,5 15 53 75 26 89 34 22 0 

[171]



 
EinB2017 – 6th International Conference “ENERGY in BUILDINGS 2017” 

 

6 3 W 57 1,4 29 52 71 27 78 33,4 17,5 0 

6 4 E 61 1,5 33 54 73 32 83 30,8 28,6 
 6 4 W 63 1,7 36 58 76 36 85 47,4 23,8 0 

6 5 E 67 1,7 40 59 77 39 84 43,2 33,2 0 

6 5 W 69 1,9 44 63 79 43 87 54,7 30,8 0 

Sk
yl

ig
ht

 

4 T1 N-S 0 0 0 3 19 0 0 0 0 0 

4 Τ1 E-W 0 0 0 3 19 0 0 0 0 0 

4 No N-S 85 6,1 74 81 91 71 78 65,6 66,5 0 

4 No E-W 88 6,1 74 81 91 63 77 58,6 51,4 0 

4 Τ2 N-S 77 4,3 69 74 87 63 100 41,8 62,3 0 

4 Τ2 E-W 79 4,3 69 73 87 55 97 41,6 50,9 0 

5 Τ1 N-S 0 0 0 6 24 0 0 57,2 72,6 0 

5 Τ1 E-W 0 0 0 6 24 0 0 0 0 0 

5 No N-S 94 7,6 80 87 94 81 60 66,5 65,6 0 

5 No E-W 94 7,6 80 87 94 71 62 65,8 55,1 0 

5 Τ2 N-S 85 5,7 75 81 91 75 85 0 0 0 

5 Τ2 E-W 88 5,7 75 80 91 63 81 57,5 54,5 0 

6 Τ1 N-S 0 0 0 9 27 0 0 0 0 0 

6 Τ1 E-W 0 0 0 9 27 0 0 0 0 0 

6 No N-S 99 9 85 90 95 87 50 0 77,8 0 

6 No E-W 92 7,8 81 86 93 73 62 67,6 58,2 0 

6 Τ2 N-S 92 6,8 80 86 93 82 72 63,6 77,6 0 

6 Τ2 E-W 93 6,8 80 85 93 69 71 64,3 59,1 0 
 
The results of the simulations show a multitude of important elements in terms of the variations between the level of 

natural lighting as shown by the different values of the relevant parameters. Accordingly, the MeanCDA for the different 
types of openings: 

• Monitor roof openings ranged from 82-93% for the different sizes and orientations studied. 
• Saw Tooth roof openings range from 56-74% for North (N) Orientation openings, 73-85% for South (S) 

Orientation openings and 65-79% for Eastern (E) and West (W) orientation. 
• Skylight roof openings exhibit the largest variations depending on the type of glass pane with a permeability 

of 0.8 and values> 91%, having a permeability of 0.7 and values of 87-93% and finally with glass pane with a 
low permeability of 0.2 with values <30% 

Accordingly, annual sun exposure> 300lux Average Sunlight Exposure for the different types of exposures: 
• Monitor roof openings ranging from 12-49% for the different sizes and orientations studied. 
• Saw Tooth roof openings show zero (0%) values for North Oriental (N) orientation apertures, ~ 60% for 

South (S) Orientation openings and 14-33% for Eastern (E) and West (W) Orientation. 
• Skylight roof openings exhibit the largest deviations depending on the type of glass pane, with a permeability 

of 0.8 and values> 91%, with a permeability of 0.7 and 87-93% and finally a low permeability 0.2 with values 
<30% 

In addition to the above, a proper reprocessing of these values gives rise to a series of interesting elements which 
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highlight the importance of proper selection of natural lighting systems, always in relation to the climatic and morphological 
peculiarities of the area. In order to determine the degree of interdependence between the different results as presented in 
the above table, the Kendal and Spearman correlation coefficients were calculated, both declaring the degree of hierarchical 
covariance between two different parameters. Thus, one can see that the correlation of the height of the opening with the 
final result of natural lighting is very small. This means that there is no significant effect on the increase in this geometric 
feature, or a significant interrelationship between the width of the aperture and the level of natural lighting (as well as that 
being measured). The following schemas confirm this observation by showing the different influence of these attributes on 
the monitor roof lighting parameters. 

It has therefore been decided to choose the average autonomous value (MDA) as an indicator of natural lighting as 
well as the annual solar exposure (ASE). However, it remains important to have a global picture of the variations in these 
values for a similar geometry of exposures in relation to their positioning relative to the horizons. In order to study the issue 
from this point of view, further processing of the results of these simulations was carried out in order to obtain the relevant 
information as shown in Table 3 where the difference (reduction) between the different orientation results are presented. 

Table 3. Difference Between Natural Light Parameter Results 
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4 3 N-S 73 2 46 66 83 41 99 12 40 

4 3 E-W 73 2 46 63 82 34 97 19 36 

 
Reduction 

 
0% 0% 0% 5% 1% 17% 2% -55% 10% 

5 3 N-S 74 2,2 51 67 84 41 99 13 40 

5 3 E-W 74 2,2 51 65 83 36 97 20 37 

 
Reduction 

 
0% 0% 0% 3% 1% 12% 2% -52% 9% 

6 3 N-S 75 2,3 54 68 84 46 99 14 45 

6 3 E-W 74 2,3 54 66 83 40 97 14 41 

 
Reduction 

 
1% 0% 0% 3% 1% 13% 2% 0% 8% 

4 4 N-S 80 2,3 57 73 88 50 100 27 47 

4 4 E-W 80 2,3 57 71 87 43 100 30 41 

 
Reduction 

 
0% 0% 0% 3% 1% 14% 0% -10% 14% 

5 4 N-S 83 2,6 66 76 89 55 100 42 51 

5 4 E-W 82 2,6 65 74 88 49 100 35 46 

 
Reduction 

 
1% 0% 2% 3% 1% 11% 0% 18% 11% 

6 4 N-S 83 2,6 64 76 89 56 100 30 53 

6 4 E-W 82 2,6 63 74 88 49 100 37 48 

 
Reduction 

 
1% 0% 2% 3% 1% 13% 0% -23% 9% 

4 5 N-S 87 2,4 67 78 91 60 100 39 54 

4 5 E-W 87 2,5 66 76 90 48 100 39 45 

 
Reduction 

 
0% -4% 1% 3% 1% 20% 0% 0% 17% 

5 5 N-S 90 2,9 77 81 92 67 100 45 62 

5 5 E-W 90 2,9 77 80 91 56 100 44 50 
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Reduction 

 
0% 0% 0% 1% 1% 16% 0% 2% 18% 

6 5 N-S 91 3,2 79 83 93 70 100 49 63 

6 5 E-W 91 3,2 79 81 92 58 100 47 54 

 
Reduction 

 
0% 0% 0% 2% 1% 17% 0% 5% 15% 

Sa
w

 T
oo

th
 

4 3 N 42 1,2 23 34 60 0 72 0 0 

4 3 S 67 1,2 23 59 76 36 87 59 36 

 
Reduction 

 
-60% 0% 0% -74% -27% --- -21% --- --- 

5 3 N 26 1,2 23 27 56 0 69 0 0 

5 3 S 64 1,2 24 56 73 38 85 16 38 

 
Reduction 

 
-146% 0% -4% -107% -30% --- -23% --- --- 

6 3 N 49 1,4 28 40 63 0 74 0 0 

6 3 S 69 1,4 28 63 79 44 89 64 41 

 
Reduction 

 
-41% 0% 0% -58% -25% --- -20% --- --- 

4 4 N 51 1,4 32 42 66 0 80 0 0 

4 4 S 72 1,4 31 65 79 46 89 59 42 

 
Reduction 

 
-41% 0% 3% -55% -20% --- -11% --- --- 

5 4 N 55 1,5 35 45 68 0 82 0 0 

5 4 S 74 1,5 35 67 81 53 90 64 46 

 
Reduction 

 
-35% 0% 0% -49% -19% --- -10% --- --- 

6 4 N 58 1,7 37 48 69 0 82 0 0 

6 4 S 75 1,7 36 69 82 56 92 65 49 

 
Reduction 

 
-29% 0% 3% -44% -19% --- -12% --- --- 

4 5 N 43 1,4 31 37 64 0 78 0 0 

4 5 S 78 1,5 34 68 81 54 90 64 48 

 
Reduction 

 
-81% -7% -10% -84% -27% --- -15% --- --- 

5 5 N 51 1,6 37 42 67 0 80 0 0 

5 5 S 76 1,6 38 66 80 56 88 65 50 

 
Reduction 

 
-49% 0% -3% -57% -19% --- -10% --- --- 

6 5 N 65 1,9 44 53 74 0 85 0 0 

6 5 S 82 1,9 43 73 85 61 93 68 53 

 
Reduction 

 
-26% 0% 2% -38% -15% --- -9% --- --- 

4 3 E 49 1,1 21 43 66 21 75 16 19 

4 3 W 54 1,2 23 46 68 20 76 14 14 

 
Reduction 

 
-10% -9% -10% -7% -3% 5% -1% 17% 25% 

5 3 E 51 1,2 23 45 67 23 76 19 20 

5 3 W 44 1,2 23 41 65 20 73 16 16 

 
Reduction 

 
14% 0% 0% 9% 3% 13% 4% 15% 21% 

6 3 E 62 1,5 15 53 75 26 89 21 22 
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6 3 W 57 1,4 29 52 71 27 78 19 18 

 
Reduction 

 
8% 7% -93% 2% 5% -4% 12% 11% 20% 

4 4 E 58 1,3 29 49 70 29 81 22 27 

4 4 W 61 1,4 31 52 73 27 83 20 20 

 
Reduction 

 
-5% -8% -7% -6% -4% 7% -2% 9% 26% 

5 4 E 61 1,5 34 55 73 33 82 24 27 

5 4 W 62 1,5 34 56 75 30 84 23 21 

 
Reduction 

 
-2% 0% 0% -2% -3% 9% -2% 3% 21% 

6 4 E 61 1,5 33 54 73 32 83 27 29 

6 4 W 63 1,7 36 58 76 36 85 28 24 

 
Reduction 

 
-3% -13% -9% -7% -4% -13% -2% -4% 17% 

4 5 E 64 1,4 31 53 73 34 82 24 28 

4 5 W 65 1,5 34 56 75 31 84 22 25 

 
Reduction 

 
-2% -7% -10% -6% -3% 9% -2% 7% 13% 

5 5 E 65 1,5 37 56 75 36 83 28,3 31,7 

5 5 W 62 1,5 38 53 73 33 82 28,2 28,3 

 
Reduction 

 
5% 0% -3% 5% 3% 8% 1% 0% 11% 

6 5 E 67 1,7 40 59 77 39 84 32 33 

6 5 W 69 1,9 44 63 79 43 87 33 31 

 
Reduction 

 
-3% -12% -10% -7% -3% -10% -4% -5% 7% 

Sk
yl

ig
ht

 

4 Τ1 N-S 73 2 46 66 83 41 99 12 40 

4 Τ1 E-W 73 2 46 63 82 34 97 19 36 

 
Reduction 

 
0% 0% 0% 5% 1% 17% 2% -55% 10% 

5 Τ1 N-S 74 2,2 51 67 84 41 99 13 40 

5 Τ1 E-W 74 2,2 51 65 83 36 97 20 37 

 
Reduction 

 
0% 0% 0% 3% 1% 12% 2% -52% 9% 

6 Τ1 N-S 75 2,3 54 68 84 46 99 14 45 

6 Τ1 E-W 74 2,3 54 66 83 40 97 14 41 

 
Reduction 

 
1% 0% 0% 3% 1% 13% 2% 0% 8% 

4 No N-S 80 2,3 57 73 88 50 100 27 47 

4 No E-W 80 2,3 57 71 87 43 100 30 41 

 
Reduction 

 
0% 0% 0% 3% 1% 14% 0% -10% 14% 

5 No N-S 83 2,6 66 76 89 55 100 42 51 

5 No E-W 82 2,6 65 74 88 49 100 35 46 

 
Reduction 

 
1% 0% 2% 3% 1% 11% 0% 18% 11% 

6 No N-S 83 2,6 64 76 89 56 100 30 53 

6 No E-W 82 2,6 63 74 88 49 100 37 48 
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Reduction 

 
1% 0% 2% 3% 1% 13% 0% -23% 9% 

4 Τ1 N-S 87 2,4 67 78 91 60 100 39 54 

4 Τ1 E-W 87 2,5 66 76 90 48 100 39 45 

 
Reduction 

 
0% -4% 1% 3% 1% 20% 0% 0% 17% 

5 Τ1 N-S 90 2,9 77 81 92 67 100 45 62 

5 Τ1 E-W 90 2,9 77 80 91 56 100 44 50 

 
Reduction 

 
0% 0% 0% 1% 1% 16% 0% 2% 18% 

6 Τ1 N-S 91 3,2 79 83 93 70 100 49 63 

6 Τ1 E-W 91 3,2 79 81 92 58 100 47 54 

 
Reduction 

 
0% 0% 0% 2% 1% 17% 0% 5% 15% 

 
Regarding the influence of the orientation on autonomy in natural light it is observed that different types of openings 

exhibit different "sensitivity". Thus, for Monitors of Physical Lighting, we see that the variance of values for the two 
different orientations (N-S, E-W) is small and does not exceed 2-5% for their average values. The same is observed in the 
"Skylight" type openings where the variations are also relatively small and range to ± 10%. In the case of the Saw Tooth 
ceiling, the differences are significantly greater, highlighting the sensitivity of this type of natural light aperture as regards its 
placement and orientation with 100% differences. 

 

DISCUSION 

Results indicated the significant contribution of the type of natural light opening in the overall ability of natural day 
light to act as a complementary or exclusive workbench height light source. The results showed the superiority of north 
opening orientations and partially indirect light ingress (i.e. saw tooth and monitor roof opening arrangements) that avoid 
high glare values and promote light uniformity with reduced illuminance spikes. On the other hand, skylights have been 
deemed quite an inadequate arrangement yielding highly concentrated high illuminance levels. Results indicated reductions 
of a 55% (max) between the E-W and N-S orientations for Monitor roofs; an increase of 22% (max) between N and S and 
2% (max) between E and W orientations for Saw Tooth roofs; while Skylights presented a rather erratic behaviour with 
change in ASE values ranging from 2% to >90%. Overall, the results shows a strong indication that Saw Tooth roofs 
present the best choice of natural light sources for industrial buildings at the selected geographic location. 

From the above results we can see the convergence of hours during the day when the average light intensity levels are 
at levels above 300 lux with those in the range of 300 lux with 500lux at values of openings greater than 9 meters. This 
helps us choose a solution that will provide high levels of illumination, but at the same time will allow the rationalization of 
the number of openings. 

Thus, we notice that for values of distances between SawTooth roof apertures without showing a particularly 
significant reduction in the number of hours that the average illumination level provided exceeds 300 lux, they exhibit a 
range of variation from 5 meters up to 17 meters. What remains to be studied is the study of the individual qualitative 
characteristics of the uniformity of the natural light provided in order to provide safe conclusions as to the selection of the 
optimal spacing of these openings. 

Furthermore, with the development of the relevant penalty function algorithm that takes into account the illuminance 
as well as the overall uniformity indices this project identified the optimal solution based on the above characteristics and 
proceeded in making further recommendations. Through the above, the optimum distance between Saw Tooth roof 
openings has been identified as varying between 10m and 13m. Values bellow 9m presenting acceptable illuminance and 
uniformity characteristics but at the penalty of introducing more openings and hence increasing the construction and 
maintenance cost. 
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